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FOREWORD
With the presentation of this volume on molecular physics we reach
just about the half-way mark in the publication of our series on experimental physics. This occasion gives me a chance to review briefly the
present status of the whole series and the expectations for finishing the
job. First of all the companion volume to Nuclear Physics, 5A, is going
to come out soon. The manuscripts are coming in fast and I sincerely hope
that by the time these lines are printed we will be a t the galley proof stage
of Volume 5B. Equally favorable is my report on the electronics Volume 2. A good part of the manuscripts have already been processed and
the few missing ones should be in within the next few months so that concurrently with Volume 5B, Volume 2 also may be ready for the printer.
The atomic and electron physics volume will have to be split, also, into
Volumes 4A and B. Some of the manuscripts of 4A are on hand but
it will take probably several months before we can start typesetting this
volume.
It remains the present task to thank all those who contributed so generously their time and effort to the production of this volume. First my
thanks go to the editor of this volume, Professor Dudley Willbms, whose
wide knowledge and enthusiasm for the project are primarily responsible
for the success which I am expecting for this volume. The publishers again
did their usual very careful work which we are now accustomed to receiving from them, and finally all the work in the editorial office a s before has
been handled by Mrs. Claire Marton.

L. MARTON
Washington,D. C.
August 1961
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1. INTRODUCTION*
1 .l. Origins of the Molecular Theory
The molecular theory of matter is a relatively modern elaboration of
the atomic theory. Without this elaboration, the atomic theory led to
such serious inconsistencies and contradictions that it never achieved
universal acceptance.
The “atomic philosophy” can be traced from the time of Democritus
in the fifth century B.C. Although accepted by the Epicureans, it was
discredited by Aristotle and was in abeyance during the Middle Ages.
During the Renaissance there was a revival of interest in atomism. Galileo
regarded it with favor, and P. Gassendi presented a restatement of the
views of Epicurus and Lucretius.
During the latter half of the seventeenth century, atomism gradually
changed from a philosophical speculation to a fruitful concept employed
widely, but by no means universally, by the scientists of the time. The
atomic nature of matter was treated by Robert Boyle a t various intervals
between 1661 and his death in 1691. I n the Principia, 1687, Isaac Newton
pictured matter as consisting of atoms surrounded by vacuum. Boyle
and Newton both freely employed atomism in their chemical and physical
speculations ; the atomic view was also supported by Christian Huyghens.
Despite the opposition of Gottfried von Leibniz, the constitution of matter
was generally considered as atomic by many physical investigators.
Atomic ideas were employed in a highly sophisticated manner by Daniel
Bernoulli in 1738 in his development of the kinetic theory of gases;
although his theory of gases was quantitatively correct in certain respects,
Bernoulli’s work appears to have been largely unappreciated for more
than a century after its publication.
Although the assumption of the existence of atoms was attractive,
there was an understandable lack of clarit,y in the atomic concept until
the beginning of the nineteenth century; prior to that time the terms
atom, corpuscle, particle, and the like were used more or less interchangeably t o refer to invisibly small and indivisible parts of objects. However,
no precise and unambiguous conceptual scheme of the structure of matter
had been developed. Many choices of detailed models were possible; the
choice of fruitful models was hampered by a lack of understanding of the
nature of heat. It was possible to adopt a kinetic theory of gases of the
kind proposed by Bernoulli; on the basis of the kinetic model, the particles
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of the gas interact only during collisions and the speed of the particles
increases with temperature. According to the opposing static theory,
supported initially by Robert Hooke and later by John Dalton himself,
the addition of heat or caloric fluid produces repulsion between the
particles of a gas. At the end of the eighteenth century, the static model
was generally accepted. According to both theories, mutual attraction
between particles in solids and in liquids was assumed.
The modern atomic theory was first set forth in John Dalton’s treatise,
A N e w System of Chemical Philosophy, which appeared in 1808. Many
of the ideas presented can be traced to Robert Boyle, who gave a modern
operational definition of chemical element in The Sceptical Chymist in
1661 and to Antoine Lavoisier’s quantitative treatment of chemical
reactions in his Trait6 e’lbmentaire de chimie, published in 1789. According
to Dalton’s theory, matter is composed of indivisible atoms; there are
as many varieties of atoms as there are chemical elements. In chemical
reactions, atoms are neither created nor destroyed but only rearranged ;
the smallest portion of a compound was assumed to consist of a definite
number of elementary atoms and was called a compound atom. I n the
elaboration of his theory, Dalton employed what has been called the rule
of greatest simplicity. According to this rule, elements entered reactions
atom by atom and, when a compound atom was formed, it was assumed
to be binary, consisting of two elementary atoms, “unless some other
cause appears to the contrary”; when “other causes” appeared, ternarg
or higher combinations of elementary atoms were assumed. Dalton’s
theory gave a satisfactory account of the gravimetric law of multiple
proportions but ultimately led to ambiguities in the determinations of
relative atomic weights.
In the very year in which Dalton’s book was published (1808), J. L.
Gay-Lussac announced the discovery of certain important volumetric
relations applying to gaseous reactions : reactive gases, under conditions
of equal pressure and temperature, combine in simple volumetric proportions. Gay-Lussac’s experimental results could not be explained in terms
of Dalton’s theory. Some additional amendment of Dalton’s theory was
needed.
Such an amendment was supplied in 1811 by the Italian physicist
Amadeo Avogadro. With Avogadro’s amendment, the atomic theory
ultimately emerged in its present-day form. Avogadro pointed out that
if there is a simple numerical relation between combining volumes of
gases and if they combine into uniform “atomic groups,” then there
must be some simple connection between the actual numbers of these
“atomic groups” in equal volumes of combining gases. These “atomic
groups” behave like discrete particles prior to reaction but are divisible
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during reaction. These discrete groups of atoms Avogadro named molecules or “little masses.” Avogadro’s hypothesis-now called Avogadro’s
law-asserted that equal volumes of all gases under identical conditions
of temperature and pressure contain equal numbers of molecules; the
recognition that the molecules of elements as well as those of compounds
may be diatomic or polyatomic proved to be the salvation of the atomic
theory.
Avogadro’s ideas were not immediately acceptable to his colleagues
and his papers lay neglected for many years. However, the vigorous
development of chemistry during succeeding decades disclosed so many
shortcomings in Dalton’s simple theory that following 1840 there was a
general loss of faith in the atomic theory of chemistry. The solution to
the confusion of the chemists came in 1858 when the Italian chemist
Stanislao Cannizzaro called for a revival of Avogadro’s theory and showed
that it provided a reasonable basis for chemistry.
By the time of Cannizzaro’s suggestion in 1858, the work of Benjamin
Thompson (Count Rumford) and J. P. Joule had led to a n understanding
of the nature of heat. The abandonment of the caloric theory of heat and
the growing acceptance of the kinetic theory of gases made the existence
of molecules acceptable to the physicists of the time. The rapid progress of
chemistry involving the development of the concept of valence, D. I.
Mendeleev’s recognition of “periodic ” variations of chemical properties of
the elements, and a clearer understanding of organic compounds was firmly
based on a molecular-atomic theory of chemistry by the end of the
nineteenth century. Similarly, the elaboration of the kinetic-molecular
theory of gases by such men as H. von Helmholtz, J . C. Maxwell, L. Boltzmann, and J. W. Gibbs eventually became one of the major triumphs of
nineteenth century physics.
There was one final attack on the kinetic-molecular theory of matter
between 1890 and 1908 during the period when the extensive uses of
thermodynamics were being realized. Wilhelm Ostwald and his “Energetics School” attacked the molecular theory on the grounds that it was
based on unjustified hypotheses involving particles whose existence had
never been demonstrated; from the point of view of the Energetics School,
the mere statement of the thermodynamic relations describing physical
processes or chemical reactions should be the goal of science and any
discussion of detailed mechanisms is needless and even undesirable. The
attacks of Ostwald were suddenly brought t o a halt in 1908 as a result
of the brilliant experiments of Jean Perrin on the Brownian motion of
particles large enough to be seen by means of a microscope. The observed
behavior of the visible particles agreed quantitatively with predictions
based on kinetic-molecular theory.
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Since the time of Perrin’s definitive experiments, there has been no
serious reason to doubt the existence of atoms and molecules. The
physicists have proceeded with their studies of the properties and structure of atoms. Chemists have successfully used the resulting quantummechanical models in understanding chemical reactions.

1.2. Molecular Physics
I n the treatment of molecular physics in the present volume, attention
will be largely restricted to work on stable molecules, i.e., atomic groups
which maintain their identity under normal laboratory conditions. The
internuclear separation of atoms in stable molecules is typically of the
order of 1 angstrom (lb =
cm); dissociation energies normally fall
within the range 1 to 5 ev. This restriction of the subject eliminates from
consideration such entities as “collision pairs,” pairs of atoms or groups
of atoms for which there is no energetically stable configuration, and
loosely bound “van der W aals molecules,” in which internuclear separations are typically from 3 to 5 b, and for which dissociation energies are
small as compared with those of stable molecules.
Most of the molecular physics to be discussed will be concerned with
relatively small molecules. Little attention will be devoted to “ macromolecules,” although these entities are of major importance not only to
the polymer chemist but also to the molecular biologist and are being
investigated extensively b y physical methods. Similarly, the treatment
of large arrays of molecules will be limited, since detailed study of such
arrays more properly falls in the realm of solid state physics. The general
approach t o molecular physics in the present volume consists of a presentation of the methods being employed to determine: ( a ) the sizes and
shapes of molecules; ( b ) the electric and magnetic properties of molecules;
( c ) the internal energy levels of molecules; and (d) molecular ionization
and dissociation energies.
The arrangement of atoms within molecules can be determined by the
methods of spectroscopy and by means of diffraction techniques. From
the microwave, infrared, and Raman spectra of gases, moments of inertia
of small molecules can be determined; from the moments of inertia,
internuclear distances can be inferred in cases where isotopic substitutions are possible. X-ray diffraction studies also provide information on
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internuclear distances in molecules and are particularly effective for
molecules containing atoms of elements of high atomic number. Neutron
diffraction studies are useful in structural parameter determinations for
molecules containing hydrogen and other elements of low atomic number.
Electron diffraction techniques find special structural applications in
studies of gases and in studies of surface effects in solids.
Determination of molecular energy levels can be made by all branches
of spectroscopy. Rotational energy levels can be determined directly
from microwave, far infrared, and high resolution Raman spectra of
gases. Vibrational energy levels and effective “force constants” can be
precisely determined from near infrared and Raman studies along with
additional information regarding rotation; interactions between vibration
and rotation sometimes lead to interesting phenomena observable in the
near infrared. Information regarding electronic energy levels and dissociation energies can be obtained from studies of visible and ultraviolet
spectra and from studies of mass spectroscopy. Energy levels in which
atomic nuclei produce hyperfine splitting can be studied by means of
extensions of conventional spectroscopy along with the newer methods
involving magnetic resonance, nuclear quadrupole resonance, and
molecular beams.
The electrical properties of molecules-including molecular dipole and
quadrupole moments and intramolecular electric fields-can be studied
by newer methods involving microwaves and radiofrequencies along
with the more conventional investigations of molar refraction, optical
polarization, and dielectric constants. Magnetic properties of molecules
can be studied by means of magnetic resonance methods as well as by
methods involving Zeeman studies of conventional spectra.
Although precise molecular information has been obtained by recently
developed methods involving studies of isolated molecules in molecular
beams and mass spectrographs where molecular collisions are avoided,
valuable information is still being accumulated by classical thermodynamic and acoustical studies of gases in which collisions are a factor
of major importance. Modern methods are being employed in treating
some of the same phenomena that were initially involved in the development of the molecular-kinetic theory!
The present volume will attempt to present a survey of the experimental methods employed in molecular physics. Emphasis will be placed
on general methods of investigation as opposed to detailed description of
currrently popular techniques and “gadgetry,” which are subject to rapid
change. It is recognized that theory is necessary in order to interpret
experimental measurements in terms of molecular parameters. Basic
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theoretical relationships will be presented a t appropriate places with
references t o original papers, review articles, and definitive theoretical
treatises; in certain cases for which suitable references were not readily
available, the insertion of somewhat lengthy chapters on theory has
been necessary. In general, however, the attempt has been made t o concentrate on the general experimental methods of molecular physics.

2. MOLECULAR SPECTROSCOPY
2.1. Microwave Spectroscopy*
2.1 .l. Introduction
The center of the microwave region of the spectrum is close to one
centimeter wavelength. Most molecular spectra have been studied at
wavelengths close to this, but microwave spectra have been studied at
wavelengths as long as 100 cm3 and as short as 0.59 mm.4 While these
wavelength units are useful and convenient in the design of apparatus,
the frequency of the radiation, 30,000 Mc (30 kMc) a t about 1 cm wavelength, can be measured with much greater precision by comparing it
with a standard frequency, so th at spectral line centers are always reported in frequency units.?
The spectroscopic techniques in the microwave region of the spectrum
differ markedly from those in the shorter wavelength regions. There is
no need for a source of radiation followed by a grating, prism, or filter
monochromator since vacuum tube oscillators can be used as monochromatic sources. Using vacuum tube oscillators, a n “optical system” with
a resolving power of lo6 can be easily obtained. The consequence is that
the resolving power of the “optical system” is rarely a limiting factor
in studies of microwave spectra.
The molecular spectra observed in the microwave region originate primarily with changes in molecular motions caused by the interaction of
the molecule with the radiation. The experimental task of the microwave
spectroscopist is to observe the spectral lines, t o measure their frequencies, and to identify which molecular motions are involved. In order to
make clear the problems involved in these three tasks, a description of
spectrometers and the experimental equipment is preceded by a review
of the laws of absorption of radiation which account for the shapes and
intensities of spectral lines, of the pertinent molecular motions, and the
resulting energy levels, and finally the effects of magnetic and electric
fields. These fields give rise to fine or hyperfine structures if they origi-

t See also Vol. 2, Part 10; Vol. 4, A, Sections 4.1.2 and 4.2.3.
W. Gordy, W. V. Smith, and R. F. Trambarulo, “Microwave Spectroscopy.”
Wiley, New York, 1953.
* C. H. Townes and A. L. Schawlow, “Microwave Spectroscopy.” McGraw-Hill,
New York, 1955.
8 F. Sterzer and Y. Bears, Phys. Rev. 100, 1174 (1955).
4 M. Carvan and W. Gordy, Phys. Rev. 104, 551 (1956).
1
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* Chapter 2.1 is by DeForest Smith.
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nate within the absorbing molecule. They give rise to Stark or Zeeman
splittings and shifts if they are externally applied fields.
2.1.2. The Spectral line

2.1.2.1. Laws of Absorption. If a beam of radiation of frequency
v and of intensity I0 is incident upon a layer of absorbing material of
thickness 1, the emerging beam has an intensity

I

=

lee-"'.

(2.1.1)

The absorption coefficient a is a function of the frequency. Van Vleck
and Weisskopf6 have modified the Lorentz collision broadening theory so
that i t applies t o the microwave region. For gas pressures sufficiently low
that the average interval T between molecular collisions is long compared
with the duration of a collision an expression is given:

i

ff=

j

3hc

1gie-EJkT

(2.1.2)

i

where the shape factor f ( v i j , v ) is given by

The collision frequency 1/2m has been denoted by A v , the molecular density of the absorbing gas by n, the degeneracy of the ith state by g i , the
Bohr frequency (Ei - E , ) / h by vij, and the matrix element of the dipole
moment by p i j .
According t o this equation, the absorption coefficient a t the frequency
v is the sum of the absorption coefficients of the individual transitions. If
we consider only a single pair of energy levels, E , and E b , the summation
of Eq. (2.1.2) consists of only two terms, nearly equal in magnitude, but
opposite in sign. The larger corresponds to absorptive transitions, the
smaller to stimulated radiative transitions. The factor containing the
difference between these two terms is
(e-EblkT

-

e-EdkT)

= e-Eb/kT(l

- e--laudkT 1.

Since in contrast to the shorter wavelength regions of the spectrum
hvab/kT is of the order of loT2in the microwaveregion, we canapproximate
e-Eb/kT(l
6

- e--hv*blkT)

= (hVab/kT)e-Eb/kT.

J. H. Van Vleck and V. H. Weisskopf, Revs. Modern Phys. 17,227

(1946)
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At low pressures, where AV is small, we can write

where the Bohr frequency is now vo. The term in brackets is the molecular
density of the molecules in the lower state of the transition. At v = y o ,
a has its maximum value ao,with
(2.1.5)

Since n,the molecular density, and Av, the collision frequency, are both
linear in the sample pressure, a0 is independent of the sample pressure.
Equation (2.1.4) can be written as
a =

Av2
(Yo

(V

-

YO)'

+ Av'

(2.1.G)

a standard dispersion shape. Bleaney and Penrose6p7studied the NH3
microwave spectrum in the region of 18 to 27.8 kMc/sec, at pressures
from 0.5 to 600 mm Hg. At the lower pressures, a number of lines were
resolved, and for 17 of the lines Av and (YO were measured. I n each case,
the value of the product (YO AV calculated from Eq. (2.1.5) was within the
experimental error of 5%
' of the product of measured quantities. At higher
pressures, where the lines were not resolved, the absorption could be
calculated using values of a0 and Av measured a t low pressures, and the
calculated absorption was in agreement with the observed absorption for
pressures below about 100 mm Hg. C. H. Towness found that the NHI
3-3 microwave line could be fitted to the dispersion form (2.1.6) at pressures of 0.27 and 0.85 mm Hg.
This J = 3, K = 3 inversion doubling line of NH3 is the strongest line
in the one centimeter region of the spectrum. At 20°C it has an absorption
coefficient at the line peak of (YO = 4.8 X
cm-l. Thus, in a one meter
path, only about 5 % absorption occurs. Many interesting microwave
transitions have absorption coefficients less than lo-" cm-l, so that per
The attenuation is very small.
meter path the absorption is less than
Many of the difficulties encountered in microwave spectroscopy occur
because the absorptions are so weak.
B. Bleaney and R. P. Penrose, Proc. Roy. Soc. A189,358 (1947).
B. Bleaney and R. P. Penrose, Proc. Phys. SOC.(London) 69, 418 (1947).
8 C. H. Townes, P h p . Rw. 70, 665 (1948).
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I n Eq. (2.1.5) there is a temperature dependent factor

which for most transitions increases with decreasing temperature. I n
many cases (YO can be increased about threefold b y packing COZ snow
around the absorption cell.
From Eq. (2.1.6), A V is the half-breadth of the line a t half-maximum
absorption. Because A V is proportional to the pressure, a breadth parameter Av/p can be determined for a transition. Values of Av/p so determined range from 3 to 30 Mc/mm Hg. Clearly, if a spectrum is to be
observed with best resolution, the pressure must be reduced. At low pressures, however, other sources of broadening become noticeable. The
Doppler broadening half-breadth is given by
Av = 3.5(10)-7(T/M)1’2vMC

where M is the molecular weight of the absorbing gas. At room temperature this amounts to about 20-50 kc for most spectra. At the low pressures where Doppler broadening becomes comparable with the pressure
broadening, the absorption coefficient a t the peak of the line decreases
with decreasing pressure.
If a sample is diluted with a nonabsorbing gas, the density of the
absorbing molecules is not changed but the collision frequency Av is increased. By Eq. (2.1.5), (YO is decreased. There is thus some incentive to
employ chemically pure gases.
Usually, in microwave spectroscopy, a measurement involves a signal
dependent on the intensity absorbed
AI

= (I0

- I) = l 0 ( 1 - e-”’) E Ioal

since a2 << 1. From this, it would appear that the signal could be increased by increasing the absorption cell length. The wave-guide cells
usually employed are made of imperfect conductors, and they, too,
attenuate the intensity. If the attenuation coefficient of the cell is aC,
then the signal A I decreases if the cell length is increased beyond 2a;’.’
The limit can be on the order of a few tens of meters cell length, but is
usually much shorter.
2.1.2.2. Saturation Broadening. It would also appear that, by increasing the intensity lo, the signal could be increased. At lower pressures a
phenomenon called “saturation broadening l J occurs. The energy absorbed
Q

W. Gordy, Revs. Modern Phys. 20, 585 (1948).
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from the radiation b y the molecular system is transferred to other internal
and translational motions. This transfer is accomplished during the collision process. If these collisions are not sufficiently frequent, then, for
the states involved in the transition, thermal equilibrium is disturbed.
At sufficiently high microwave power densities, A I becomes independent
of lo, and depends only on the rate a t which energy is transferred from
the levels involved in the transition into other energy states. At low
pressures, then, Eq. (2.1.1) does not pertain. The apparent absorption
coefficient is less than a t very low power levels. The effect of incomplete
saturation is t o reduce the apparent absorption coefficient everywhere,
but more seriously a t the line center than at other frequencies. Thus, a
line observed under conditions of saturation appears to broaden as the
microwave power level is increased. Detailed observations have been reported only for the NHI spectrum,lO but saturation effects can generally
be observed. The saturation increases with decreasing pressure or increasing power so that the same saturation occurs for a given value of the
,
is, the same apparent value of a is observed. The use
product 1 0 ~ 2 that
of high power levels is not very effective in increasing the sensitivity of
the spectrometer, and it does decrease the effective resolution.
2.1.3. Origin of lines

2.1 -3.1. Rotational Motion.1.2J1 With some important exceptions,
the transitions observed in the microwave region of the spectrum involve
changes in molecular rotational energy. This rotational energy is describable in terms of the moments of inertia of the molecule.

I,

=

2
i

mi(yi2

+ x i 2 ) , I , = 2 mi(xi2 +
a

xi2),

I,

=

2

mi(xi2

+ yi2).

(2.1.7)

i

The coordinates, xi, yi, zi, are the Cartesian coordinates of the i t h nucleus
of mass mi, with the coordinate axes selected so that their origin is a t the
center of mass of the molecule; that is,
(2.1.8)
The axes are so oriented that the moments are principal moments. This
condition is established by requiring the products of inertia to vanish,
(2.1.9)
B. Bleaney, Proc. Phys. Soe. (London) 60, 83 (1948).
G . Hersberg, “Infrared and Raman Spectra.” Van Nostrand, Princeton, New
Jersey, 1945.
10
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The moments of inertia computed by Eq. (2.1.7) are ordered according
to size, with the smallest designated Id, the largest Ic, and the intermediate I e , by convention. It is these moments, obtained from the constants of the rotational spectrum, which are used to compute bond angles
and internuclear distances. For a single isotopic species of molecule, there
are then, a t most, three parameters to be used for the determination of a
molecular structure; for a planar molecule, only two. If a n isotopic substitution for one of the nuclei is made, the nuclear mass mi is changed,
so that conditions (2.1.8) and (2.1.9) are altered and the moments of
inertia changed. When a n isotopic substitution is made on a n atom, one
obtains only the distance of that atom from the center of mass, however.
Costain12 has discussed the determination of molecular structures from
ground state molecular constants. The rotational constants are related to
the moments of inertia,

A = - h

B=-

7

87r2IA

h

,

87r2IB

h
c=-.87r2Ic

(2.1.10)

If I n # I S # I c , the molecule is called a n asymmetric top. For a
planar molecule IC = I A IB. If Zo = ZA, the molecule is a prolate
symmetric top, if I B = I c it is an oblate symmetric top. For a linear
molecule I A = 0, and the spectrum is described in terms of a single
rotation constant B.
2.1.3.1.1. DIATOMIC MOLECULE.
For the even simpler case of a diatomic
molecule, the energy levels are given b y

+

E

=

B,J(J

+ 1) + D J 2 ( J + 1)2.

(2.1.11)

The term in D, is small and corresponds to the centrifugal stretching
of the molecule. B , is the rotational constant for the vibrational state
with vibrational quantum number v. B, = B, - ae(v +) where B, is the
equilibrium rotational constant which would obtain for the hypothetical
vibrationless state. For electric dipole transitions, Ipij[ = 0 unless
AJ = i-1, so that the transition frequency is

+

Y =

2B,(J

+ 1) + 4L),(J + l)3.

(2.1.12)

For the ground vibrational state, (v = 0 ) , the spectrum is a series of
nearly equally spaced lines. I n most cases, only the lower J lines occur in
the microwave region. For HF, even the lowest J line, the 0 - 1 , is a t frequency beyond the microwave region.
Accompanying this ground-state spectrum is the spectrum of the molecules in the first excited vibrational state, displaced to lower frequency by
12

C. C. Costain, J . Chem. Phys. 27, 864 (1957).
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+

l), and reduced in intensity an amount exp ( [ -E(u = l ) ] / k T1 ,
24J
where E(u = 1) is the energy of the 1st excited vibrational state.
2.1.3.1.2. LINEARTRIATOMIC
MOLECULES.
For a linear triatomic molecule, there are not one, but three vibrational states; so th a t
3

B,

=

Be -

i =1

ai[ui

dil

+ -2

where di is the degeneracy of the ith state. One of the three vibrations
would be doubly degenerate in the absence of rotation, but the interaction between the vibration and the rotation removes this degeneracy,
and separates the levels in this excited vibrational state. This is known
as 1-type doubling, and the doublet separations are given by

For most molecules ql is quite small, but for H C N and D C N it is large
enough to permit observation of direct transitions between the doublet
components in the microwave region.13
2.1.3.1.3. SYMMETRIC
TOPMOLECULES.
For symmetric top molecules
there is additional quantization, and an additional quantum number K.
The energy levels are given by

E

=

BJ(J

+ 1) + ( A - B)Kz - D j J 2 ( J + 1)'
- D J K J ( J+ 1)K2 - D K K ~ (2.1.14)

where the D's are distortion constants small compared with the rotational
constants. The transition moment lpij12 = 0 unless AJ = 1, and AK = 0,
so t ha t the absorption frequencies are given by
=

+

~ B J ( J 1) - 40.41

+

113

-

+

~ D ~ ~I )(K J~ .

Lines for the same J , but different K, differ only in the last term.
Although this last term is very small, lines of different K can sometimes
be resolved in the microwave region. Note that only one moment of inertia
is determined from the spectrum. Isotopic substitution is always necessary
to determine a structure.
2.1.3.1.4. ASYMMETRIC
TOPMOLECULES.No general explicit solution
is available for the energy levels of an asymmetric top molecule. Except
for the lowest rotational levels the computation is not simple. King a n d
associates14 have described the computation of the energy levels of a n
asymmetric rotor, using a continued fraction method. They write the
13
14

R.G . Shulman and C. H. Townes, Phys. Rev. 77, 421 (1950).
G. W. King, R. M. Hainer, and P. C. Cross, J . Chem. Phys. 11,27 (1943).

14

2.

MOLECULAR SPECTROSCOPY

energy levels in the form

E
h

where

K

-

A+C
2 J(J

+ 1) +-A -2 C

ETJ(~)

(2.1.15)

is a n “asymmetry parameter’’
K =

2B-A-C
A-C

(2.1.16)

K approaches - 1 as the moments approach those of a prolate symmetric
rotor, and +1 as they approach those of a n oblate symmetric rotor.
, values of K varying by
Tabulations of the reduced energy E , J ( K )for
units of 0.1 have been tabulated for J 5 10, by King et aZ.l4 and through
J = 40 by Erlandsson.16 A tabulation of E T J ( ~with
) , K varying by steps
of 0.01, have been reproduced for J 5 12.16
The number r is not a quantum number, but only a n integer used to
identify the levels. It has a value +J for the highest energy level with
total quantum number r, and is reduced by 1 unit for each lower level.
The T value is - J for the lowest of the series of levels. An alternative
Sometimes both methods are
terminology involves a designation JK-~,K+,.
~ ; is
~ .the K quantum number of
used with level specified by J K - ~ , K +K-l
the symmetric top molecule which would be obtained by taking K = - 1,
and values of K-1 run from 0 to J . I n a symmetric top the levels for
K # 0 are doubly degenerate, and this degeneracy is removed in a n
asymmetric top, so that each value of K-1 occurs twice. In like fashion,
K+1is the K quantum number of the oblate top obtained when K -+ +.l
For low J levels, exact solutions are available.” The transition probabilities have been given by Cross, Hainer, and King.ls The transition
moment IpiJ2 = 0, unless AJ = 0, i-1. Beyond this, the transition probability depends upon the component of dipole moment along the inertial
axis. For example, the transition permitted for the J = 0-1, and J = 1-1
are shown in Fig. 1.
I n general, only A - C and K can be obtained if only Q type (AJ = 0)
transitions are observed. It is necessary either to demonstrate that the

G. Erlandsson, Arkiv. Fysik 10, 65 (1955).
See C. H. Townes and A. L. Schawlow, “Microwave Spectroscopy,” Appendix IV.
McGraw-Hill, New York, 1955. These were reproduced from a report by T. E. Turner,
B. L. Hicks, and G. Reitwiesner, Ballistics Research Rept. No. 878. Aberdeen, Maryland, 1953.
17 See W. Gordy, W. V. Smith, and R. F. Trambarulo, “Microwave Spectroscopy,”
p. 11. Wiley, New York, 1953. See also G. Herzberg, “Infrared and Raman Spectra,”
p. 48. Van Nostrand, Princeton, New Jersey, 1945.
l8 P. C. Cross, R. M. Hainer, and G. W. King, J . Chem. Phys. 12,210 (1944).
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molecules are planar or to observe R type (AJ = +1) transitions if all
three rotational constants are to be obtained. I n general, the attempt is
made t o observe the low J transitions since, not only are the computations easier, and the centrifugal distortion corrections smaller, but usually the J value can be more certainly identified.
If a molecule has an axis of symmetry, there are imposed requirements
on the wave functions as to the symmetry with respect t o exchange of
identical off-axis nuclei. These restrictions depend upon spins of these
off-axis nuclei, and different statistical weights result for rotational states
of different symmetry. This sometimes results in a clearly noticeable
intensity alternation in the spectrum. I n some cases, the observation of

---7
-----r ’

A t B

‘lO,+l

A+ B

B+C

II. 0

-7
-Po

101 , - I

p b

PC

FIG. 1. J = 0-1, 1-1 transitions for dipole moment components along different
inertial axes.

the intensity alternation has been used as evidence of the presence of a
symmetry axis which could pertain only for a planar configuration.
2.1.3.2. Other Type of Transitions. 2.1.3.2.1. AMMONIAINVERSION
SPECTRUM.
The ammonia molecule has the shape of a nearly flat pyramid.
There are two configurations, one with the N atom above the plane of
the hydrogens, the other with N atom below. There is a potential hill
separating these two configurations. The hill is sufficiently low so that
tunneling can occur. As a result, the energy levels are doubled, with
separations, in the ground vibrational state of NH3 amounting to about
23 kMc. The splitting depends upon the rotational state, so th a t the lines
can be identified b y the symmetric top quantum numbers, J and K .
There are no lines for K = 0. Since the moments of inertia of NH3 are
small compared with those of other compounds having spectra in the
centimeter spectral region, many fewer rotational states are populated,
and each state has a larger fraction of the molecules. This is one of the

16
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main reasons for the exceptionally strong absorption of the NH, inversion
spectrum. Because of this strength, the NH, spectrum has been more
thoroughly investigated than any other. The strongest line involves the
rotational state J = 3, K = 3.
2.1.3.2.2. FINESTRUCTURE
TRANSITIONS.
There are a few molecules for
which the orbital angular momentum of the electrons does not vanish.
These include 0 2 , the chemically stable molecules with an odd number of
electrons NO, Not, and (3102, as well as chemically unstable free radicals
such as OH. With these molecules the total angular momentum is composed of this electronic angular momentum and the rotational angular
momentum. The energy level schemes are considerably modified from
those of the usual molecule. The magnetic moment of the molecule is
much greater than that of the usual molecule and magnetic dipole transitions give rise to observable absorptions. The Zeeman shifts are so much
larger than usual that techniques closely related to the electron resonance
studies (see Chapter 4.2) have been employed by Beringer and Castle19s20
for studies of some of these molecules.
2.1.4. Stark Effect

If the sample is in a uniform static electric field, the spatial M degeneracy of the energy levels may be removed. The lines of different M ,
where -J 5 M 5 J , may be displaced differently. For a linear molecule
with a permanent electric dipole moment 1.1 the shifts of the energy levels
in a field E are quadratic in the field
EY.'M
unless J

=

p2E2

= __

3hB J ( J

3MZ- J ( J

+ 1)

+ 1)(2J - l ) ( 2 J - 3 )

(2.1.17)

0, and then
(2.1.18)

Observations are usually made with the static field vector parallel with
the direction of the radiation field, and only AM = 0 transitions are then
observed. The intensities are proportional to ( J f 1)2 - M 2 where J is
the lower J involved in the transition.
For a symmetric top molecule, the levels with K = 0 exhibit only
quadratic Stark shifts as for a linear molecule, but for levels with K > 0
there is a linear Stark shift, at low fields much greater than the quadratic
shift. and
(2.1.19)
19
20

R. Beringer and J. H. Castle, Phys. Rev. 76, 1963 (L) (1949).
R. Beringer and J. H. Castle, Phys. Rev. 78, 581 (1950).
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Again, for AM = 0 transitions the intensities are proportional' to
l)z
- M2.In molecules for which appreciable hyperfine structure
splittings occur, the Stark shifts are more complicated and are not simply
linear or quadratic in the field strength.
An analytical expression for the Stark split>tingsof the energy levels
of an asymmetric top molecule cannot be given. Golden and Wilsonz1
have discussed the method of computing these Stark shifts. They find
that, in the absence of degeneracies, as usually occurs, the Stark shifts

(J

+

M: 4

AJ=O

I

AJ=l
M=0,1

Iul-

lul
J=4-5

J= 4 - 4

FIG.2. Typical quadratic Stark patterns.

are quadratic in the field strength. For AM
form of the shift of a transition is
v = (A'

=

0 transitions, the general

+ B'M2)EZ

(2.1.20)

where A' and B1are constants which depend upon the transition involved.
For AJ = 1 transitions, the relative intensities of the Stark components
are I = Q [ ( J 1)2 - M 2 ] , just as for linear molecules, while for the
AJ = 0 transitions, I = P M z . The spectra are illustrated in Fig. 2.
The relative spacings and intensities of Stark components of transitions of asymmetric top molecules are of important use in distinguishing between transitions for which AJ = 0 and those for which AJ = 1,
and in identifying the J involved.22
The resolution of Zeemaii splittings of molecules that have no electronic angular momentum require magnetic fields of several kilogauss.
Such shifts have been studied only for individual transitions whose field
free frequencies had already been measured. From the shifts the small
molecular magnetic momentsz3were determined. Although nuclear mag-

+

21
12

23

s. Golden and E. B. Wilson, Jr., J . Chem. Phys. 16, 669 (1948).
A. Roberts and W. F. Edgell, J . Chem. Phys. 17, 742 (L) (1949).
C. K. Jen, Ann. N. Y. Acad. Sci. 66, 822 (1952).
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netic moments can also be obtained, other methods are almost always
superior.
2.1.5. Hyperfine Structure

Hyperfine structure in molecular rotational spectra results from the
coupling of the nuclear spin I to the rotational angular momentum J .
In general for molecules which have no electronic angular momentum,
the magnetic coupling is small, and the magnetic coupling only adds a
small perturbation to the electric coupling. For values of the nuclear spin
I > 1 , the total angular momentum F takes on values

F=J+I,

J + I - l ,

. . . > IJ

-

II

with the energy of rotation increased by an amountz4

where

C

=

F(F

+ 1 ) - 1(1+ 1) - J ( J + 1 ) .

(2.1.22)

p is the gradient of the electric field at the nucleus produced by the

charges outside the nucleus, along the molecular axis.
Casimir’s function,

has been tabulated for J < 5, I < 9.24Other tabulations which include
relative intensities are available.z6
For symmetric top molecules, an additional factor 1 - 3 K 2 / J ( J 1 )
must be included. The simplest hyperfine group results for the J = 0 ---f 1
transition. The three-line spectrum involving I = $ is illustrated in Fig. 3.
The additional complexity of higher J transitions is indicated in Fig. 3
for the 0 4 1 transition of a linear molecule (or the K = 0 part of a
symmetric top J = 1 -+ 2 transition). If a linear molecule has more than
one nucleus showing quadrupole coupling, the splitting must be computed
by solving a determinant. The method has been described and some of
the transformation coefficients tabulated.zB Figure 3 also illustrates a
simple spectrum for the J = 0 -+ 1 transition of a diatomic molecule in
which two nuclei show quadrupole coupling, so that J I couple to form

+

+

24 J. Bardeen and C. H. Townes, Phys. Rev. 75, 97 (1948).
26See W. Gordy, W. V. Smith, and R. F. Trambarulo, “Microwave Spectroscopy,”
p. 374. Wiley, Xew York, 1953. Also, C. H. Townes and A. L. Schawlow, “Microwave
Spectroscopy,” p. 499 ff. McGraw-Hill, New York, 1955.
56 J. K. Bragg, Phys. Rev. 74, 533 (1948).
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El,and FIcouples with 1 2 to form the total angular momentum F. I n the
case presented, the coupling I1 is about eightfold greater than 1 2 .
For an asymmetric top molecule, Bragg26 has shown that the quadrupole coupling can be written as

where E r J ( ~is) the reduced energy of Eq. (2.1.15) and aE(K)/aK is the
partial derivative of E r J ( ~with
) respect to K . The components of the field

fU

UNSPLIT

Iul-

-

f V UNSPLIT

lul

FIG.3. (a,b,c) Typical nuclear HFS for diatomic molecule. (d) For asymmetric top
molecule.
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gradient are taken in the direction of this principal axis. For an asymmetric top molecule, the AJ = 0 transitions often have unique structures
that permit the direct identification of the J level involved in the transition. The splittings of the levels involved contain a s factors the Casimir
function. For example, Fig. 3c gives the splitting of a J = 4 + J = 4
transition of a molecule with one nuclear spin I = g. From the ratio
X , / X 2 ,J can be evaluated. This is an important method of identification
of the J quantum numbers of asymmetric tops. Further, a AJ = 1 transition will present a pattern with these spacings and intensities only if the
splitting of one of the levels is negligible. Hence, the kind of transition
involved is indicated by the hyperfine spacings.
2.1.6. Summary of Procedures

I n undertaking the study of the microwave spectrum of a molecule for
the first time, a structure with a specific dipole moment orientation is
assumed. The principal moments of this assumed structure are computed.
The effects of symmetry, the hyperfine splitting and Stark shifts are considered and the approximate frequencies and intensities of the permitted
transitions are estimated. The region where the information should be
most readily obtained is then searched. If lines are found, conditions
such as sample pressure and microwave power are adjusted for optimum
presentation of the lines. The frequencies of the lines are determined.
The J value of the transition is identified from either the hyperfine struct,ure or from Stark resolution. From these lines the experimental rotational
constants are determined. If a good assumption as to the structure has
been made initially, only a very small spectral region has been examined.
In the case of an asymmetric top, other transitions are usually predicted
from the rotational constants, and these transitions are searched for and
observed primarily in order to verify the assignment. There may then
result rotational constants from which the actual molecular configuration
is to be determined, Stark shifts from which the molecular dipole moment
is computed, and hyperfine structures from which the nuclear quadrupole
coupling constant is obtained.
2.1.7. Microwave Componentsz7
2.1.7.1. Reflex Klystrons.* The reflex klystron (see Fig. 4) is n velocity
modulated electron tube. An electron beam is accelerated to pass through
a gap in a resonant cavity in such a fashion that the electrons are accelerated in the direction of motion if the cavity is excited. The acceleration

* See also Vol.

2, Section 10.3.2.3.
Montgomery, “Technique of Microwave Measurements” (M.T.T. Radiation Lab. Ser., Vol. 11). McGraw-Hill, New York, 1947.

*’ C. G.
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in the cavity depends upon the phase of the oscillation of the fields in the
cavity. The electrons emerge from the cavity into a drift region, where
the faster ones catch up with the slower ones, tending to form bunches.
A voltage more negative than the cathode, applied to a reflector electrode
in the drift region, returns the electrons to the cavity. If the electrons are
returned properly bunched, and at the correct phase of the cavity oscillations, the fields are built up in the cavity and the oscillations sustained.

-($p
FOCUS

CAVITY

CATHODE

REFLECTOR

OUTPUT

FIG.4. Diagram of reflex klystron.

The klystron will oscillate only for cert'ain combinations of beam and
reflector voltage. The cavity is coupled to a waveguide to deliver microwave power.
The frequency of the oscillation is determined primarily by the resonant frequency of the cavity, but can be modified over a range of about
0.1 % by varying the reflector voltage. This is particularly convenient
since the reflector draws no current. (See Fig. 5 . )
hf
FREQUENCY
DEVIATION

VR,

-

REFLECTION

VOLTAGE

+

0

FIG.5. Typical reflector characteristics.

The klystron output is also determined by the load into which the
klystron delivers the microwave power. The frequency of the oscillation
is changed by changing the resonant frequency of the cavity, by adjusting the cavity dimensions with the beam acceleration voltage fixed, and
the reflector voltage adjusted for maximum output.
By modulating the voltage of the reflector V E ,the microwave output
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can be frequency modulated with very little amplitude modulation. (See
Fig. 6.)
With a sawtooth sweep added to the reflector voltage, the frequency is
repeatedly swept over a narrow frequency range at a nearly constant rate.
If a voltage is available which is proportional to the frequency deviation of the klystron output from some other frequency, such as a high
Q cavity, a spectral line, or the harmonic of a quartz crystal oscillator,

REFLECTOR
VOLTAGE

-

REFLECTOR
VOLTAGE

TIME

-

+

FIG.6. Frequency modulation.

this voltage can be added to the reflector voltage to stabilize the klystron
frequency.
The range of frequencies over which a single klystron oscillates is
limited to a few kilomegacycles so that several klystrons are necessary
if any extensive spectral region is to be covered. Most microwave spectroscopic investigations have used the Raytheon 2K33 tube which oscillates
in the 22-25 kMc range or the Raytheon QK series of tubes with which
the region 25-60 kMc can be covered. These tubes have similar power
supply requirements, and a single power supply can be constructed which
may be used for any of them. The power supply stability requirements
are quite severe. For a 2K33, with a rated beam voltage of 1800 volts at
8 ma, the short time, or periodic voltage fluctuations should not exceed
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about 0.1 volt, and the reflector voltage, usually in the range of 50 to
300 volts negative with respect to the cathode, should be maintained
within 10 mv.
The cavities of these klystrons are part of the external parts of the
klystron and join directly to the waveguides. It is thus required that the
cavity be grounded and the heater, cathode, and reflector be a t full voltage off ground. This complicates the design of the power supply, but all
the requirements have been met with electronic voltage regulation using
a voltage regulator tube for reference voltage. Specific circuits have been
published. 28--30 The reflector voltage has been supplied from voltage regulator tubes. For best operation it is necessary to select the voltage regulator tubes for the smoothest operation characteristics. I n the 2K33, and
QK series of tubes the beam passes through a very small hole (0.0028 in.)
in the cavity, and an electrode is included in the electron gun to aid
focusing. This focusing voltage is also derived from a voltage regulator
tube. All the high voltage leads of the power supply are wired with 5-kv
test probe leads t o avoid the random spikes in the output voltage that
occur when less well insulated wire is used.
While some workers have used unrec tified 60 cycle for the klystron
heater supply, most have found that a 6.3 volt dc supply is required to
prevent hum. Some have found that rectification and filtering is satisfactory but others have felt required to use a storage battery supply for
the heater.
Since the frequency depends upon the klystron geometry, some care
must be taken to prevent microphonic modulation. Klystrons require
cooling for which centrifugal air blowers are usually employed. The vibrations of the blower can produce microphonic modulation unless care is
taken t o mount the fan so that the vibration is not transmitted to the
klystron. This has been accomplished by using flexible mountings. I n
other instances the fan has been placed a t some distance from the Klystron and the air carried through in vacuum cleaner hose.
The 2K50 thermally tuned klystron is also useful and convenient in the
22-25 kMc region. It operates a t only 300 volts. At lower frequencies
there are several series of tubes used, all of which operate a t lowervoltage than the 2K33. The Raytheon 2K25 (or 723 A / B ) has a coaxial line
leading from the klystron cavity to the waveguide, and can be conveniently immersed in oil. This eliminates the need for air cooling, reduces

** M. W. P. Strandberg, H. R. Johnson, and J. R. Eshback, Rev. Sci.Instr. 26, 776
(1954).
49 A. H. Sharbaugh, Rev. Sci. In&. 21, 120 (1950).
30 See W. Gordy, W. V. Smith, and R. F. Trambarulo, “Microwave Spectroscopy,”
p. 54. Wiley, New York, 1953.
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microphonics, and eliminates the effects of drafts in the klystron output.
The Sperry, and Varian series of tubes give substantially more output
than the higher frequency tubes. The micrometer drive on some of the
Varian tubes is particularly convenient since frequencies can be reset to
within about 100 Mc even though the tube has been tuned over its whole
range of oscillation.
2.1.7.2. Waveguides.* One of the features of the microwave region is
that microwave power can be transmitted through hollow metal pipes of
cross-sectional dimensions which are comparable with the wavelength.
These pipes are called waveguides. There are many different field configurations possible for transmission in a waveguide. Each configuration
is called a mode. The most common form of waveguide is the rect>angular
waveguide with walls of dimensions which are denoted a and b with a > b.
The modes can be classified as those having transverse electric fields ( T E
modes) and those having transverse magnetic fields ( T M modes). The
various possible modes can be further ident,ified by two integers m and n.
A mode can be excited only if the wavelength is shorter than the cutoff
wavelength A,
2
x (2.1.25)
' - d ( m / a ) 2 (n/b)2

+

Since a > b, the largest value of A, is obtained for n = 0, m = 1. The
next largest value of A, occurs either for the mode n = 0, m = 2 or n = I,
m = 1, and these occur together if a = 2b. Most waveguides are chosen
with a equal to about 2b. Since for the T M modes both m and n must be
greater than zero, there is a single TEO.1 dominant mode of propagation
from cutoff A, = 2a to close to the TEo,2 cutoff A, = a. I n this interval
the field can be specified without any uncertainty as to mode. I n the
TEo,Imode the electric field is polarized with electric vector parallel with
the small face of the guide, and a field intensity that varies across the
guide as sin 2 a ( z / a ) , vanishing near the narrow walls, maximum in the
center of the guide. No currents flow at the center of the wide face of
the guide, so that it is possible to cut a narrow slot down the center of the
wide face of the guide without appreciably changing the fields.
The wavelength in the guide is longer than in free space, and is given by

(2.1.26)
where A O is the free space wavelength c/v. The absorption of a gas per
wavelength is the same inside the guide as in free space YO th a t the
* See also Vol. 2. Section 10.2.2.
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apparent absorption coefficient in the guide is
a0

= a(X,/ho) =

a/dl -

(XO/XJ2.

(2.1.27)

Rectangular waveguides made of brass, copper, and silver are available. As a n example, K band guide for use over the 16-28 kMc range are
0.25 in. X 0.50 in. o.d., with walls 0.040 in. thick. Two pieces of waveguides are joined by soldering on flanges and screwing them together.
2.1.7.3. Waveguide Components.* I n general, in a waveguide there is
in addition t o propagation down the guide from the oscillator, propagation back toward the oscillator by reflections. These reflections give
rise t o standing waves with a period X,/2. The Voltage Standing Wave
Ratio is the ratio of the maximum to minimum field strength.
If the waveguide were terminated by a perfectly reflecting element, or
short circuit, the reflected wave would be equal to the incident wave and

FIG.7. Waveguide plunger.

the voltage standing wave ratio would be infinite. If the waveguide were
infinitely long and uniform, there would be no reflected wave and the
standing wave ratio would be unity. A reflectionless or “matched” termination can be made from electrically lossy material cut to a taper and
inserted into the end of the guide. IRC resistance card, a Bakelite sheet
coated with graphite so that the surface resistance is a few hundred ohms
per square can be used; it is convenient to glue it onto a wooden support
which fits in the guide. Sintered iron powder of the type used for inductance cores has also been used. Rectangular stock which fits the waveguide is ground to a taper, so th at the point of the taper fits into the
corner of the guide. If the taper is long, the reflection from any one part
of the taper is small and is nearly canceled by the reflection of a similar
element a quarter of a wavelength away. A short circuit can be made in
the form of a rectangular plunger. The slots of Fig. 7 are so chosen th a t
the base of the slot is transformed to the face of the plunger and there
are no losses a t the gap between the plunger and the waveguide. The
standing wave pattern can be displaced by displacing the plunger. Some

* See also Vol. 2, Chapter 10.2.
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tubes which are waveguide mounted, such as the 2K33, are equipped with
plungers which are used t o maximize the tube output. While these are
usually satisfactory if the tube is to be used at fixed frequency, there is
some profit in using tighter fitt,ing plungers with a spring-loaded drive
mechanism t o avoid erratic positioning of the plunger, if the frequency is
to be swept over a fair range.
The transmission can be decreased by inserting a n attenuator in the
line. Adjustable flap attenuators are made by partial insertion of a tapered
piece of resistance card into the waveguide through a narrow centered
slot. The reflections from an attenuator are very small, so that on one
side of the attenuator the standing wave ratio can be high, but because
the reflected wave is attenuated, on the oscillator side of the attenuator
the standing wave ratio is small. Its use, however, decreases the power
available from the klystron. The ferrite isolator has a high transmission
in one direction, and a high attenuation in the other, so that it can be
used to reduce the standing wave ratio without seriously decreasing the
power level beyond the isolator.
Stubs can be screwed through a slot into the waveguide to cause reflections dependent on their depth. If a post is mounted on a sliding
carriage the position of the post in the guide can be adjusted. These
posts can be used as matching devices.
I n general, any discontinuity that is gradual, extending over several
wavelengths will not be highly reflecting. Thus, waveguide horns can be
used to join two different sized waveguides. If such transitions are carefully made i t is possible to have only the TEo,, mode excited in a waveguide of such dimensions that higher modes are possible. By twisting a
waveguide over several wavelengths it is possible to rotate the long guide
dimensions by 90". By bending the guide, so that the curve extends over
several wavelengths, the direction can be changed 90".
A "Magic T" is a junction of four waveguides. It has the attribute
that if the microwave power is incident on one arm it is distributed to
the two adjacent arms, and is not transmitted into the opposite arm.
Other forms of couplers extract only a small amount of power. In general,
these couplers have holes or slots so disposed that the wave is propagated
in the same direction in both the initial guide and in the guide into which
the coupling occurs, and are called directional couplers. These couplers
are useful for monitoring wavemeters, power monitors, and with equipment associated with frequency measurements.
2.1.7.4. Cavities.* I n the microwave region resonant circuits can be
constructed as dielectric regions surrounded by conducting walls. For

* Cf. Vol. 2, Section

10.2.4.
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certain geometries, the resonant frequencies and field configurations for
the possible resonances or modes have been worked out. The most important configuration used in microwave spectroscopy is the right circular
cylinder. There are an infinite number of modes which are classified as
TE modes if the electric field vector has no component in the direction
of the cylinder axis. If the magnetic field vector has no component in
the direction of the cylinder axis, the modes are called T M modes. They
are further identified by the integers I, m, n which are determined by the
number of variations of the field components with the cylindrical coordinates. The lowest frequency mode occurs for wavelengths comparable
with a linear dimension of the cavity. For these lower frequency modes
of a cavity, the modes can usually be easily identified. When the cavity
dimensions are made considerably larger than the wavelength, the number of modes in a given frequency region is great enough to make identification difficult.
The figure of merit for a cavity is defined just as for resonant circuits
at lower frequencies
energy stored
Q = 2n
(2.1.28)
energy dissipated/cycle*,

Q is related t o the sharpness of resonance. If j ois the frequency of the
resonance, and A j the breadth of half-maximum response,
Af/.fO = 1/Q*

(2.1.29)

The figure of merit can be computed. Practical values range from 3000
through 30,000.
A cavity can be used as a wavemeter. A plunger, driven by amicrometer screw is used to tune the cavity. The micrometer screw setting is calibrated in frequency units. Several wavemeter designs used in microwave
spectroscopy have been d e s ~ r i b e d and
, ~ ~ wavemeters
~~~
of commercial
manufacture are available for frequencies even greater than 40 kMc. A
cavity is coupled to a waveguide by means of a thin iris. The iris is so
positioned that the fields in the desired cavity mode and in the waveguide are parallel. A single coupling hole is used with a reflection cavity,
two with a transmission cavity. Since these coupling irises load the cavity,
they reduce the cavity Q. From this point of view a single iris cavity is
to be preferred. The cavity wavemeter can usually be reset to kO.1 or
0.05%. They are calibrated with known frequencies. In microwave spectroscopy known spectral line frequencies are conveniently used.
In some cases, cavities have been used as absorption cells. It can be
31
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B. Bleaney, J. H. N. Loubser, and R. P. Penrose, PTOC.
Phys. SOC.69, 185 (1957).
See Gordy et aZ.,so p. 44; also Sharba~gh.2~
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shown that on introducing a gas with an absorption coefficient a a t the
cavity resonant frequency, the Q changes in such a fashion that
(2.1.30)

where Q1 is the Q of the cavity evacuated and Q 2 with the sample. If a
detector is loosely coupled to the cavity, the detection output a t the peak
of the resonance, dl will decrease on admitting gas with Q 1 2 / d l = QZ2/d2
and
(2.131)
a = (27rv/c&)
- 1)

(~‘m

2.1.7.5. Crystals. The crystal rectifier used in microwave spectroscopy
consists of a small wafer of silicon with a fine, pointed, tungsten wire contact. These are mounted in a cartridge with the contact fixed. The contact resistance is greater in one direction than the other. Figure 8 shows

FIG.8. Operating characteristics of typical IN26 crystals. Solid curve is for a better
detector crystal.

typical dc operating voltage current characteristics of IN26 crystals.
Such a nonlinear device can be used for detection, for mixing two signals
and for frequency multiplication.
2.1.7.5.1. CRYSTAL
DETECTORS.*
A crystal rectifier can detect even at
microwave frequencies because of the low capacitance at the fine contact
point. At low power levels, up to about 10 pw, the crystal output is proportional t o the square of the high frequency amplitude. That is, the
crystal is a square-law detector, with the rectified voltage or current out-

* See also Vol. 2,

Section 10.4.1.
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put proportional t o the microwave power. At higher power levels the
power output is less than if square-law detection were to extend to higher
power level. The input impedance of the crystal also depends upon the
power level, so that the crystal should be matched to the waveguide a t
the operating power level. There is a great deal of variation from crystal
to crystal, but a typical sensitivity is 1 ma/mw for a IN26 crystal (or a
1N23 a t longer wavelengths) matched to a waveguide.
The noise power output of a crystal rectifier corresponds to (‘Johnson”
noise only a t the very lowest power levels. I n the presence of radiation
the noise power output is increased. The increase is proportional to the
square of the microwave power. While the Johnson noise has a spectrum
in which the noise power output in any small frequency range Af is independent of the frequency f, the additional noise has a spectrum in which
the noise in the interval Af varies as l/f. This excess noise overshadows
the Johnson noise with microwave power in the microwatt range. If the
crystal functions as a mixer with a 30 Mc intermediate frequency, the
excess noise a t 30 Mc becomes comparable with Johnson noise a t powers
as high as one milliwatt.
2.1.7.5.2. CRYSTAL
HARMONIC
GENERATOR.
Rectifier crystals are used
for harmonic generation, as well as detection. The harmonic content increases strongly with the fundamental power level. Crystal multipliers
are used as radiation sources in the millimeter region of the spectrum
where klystrons are not available. About 20 mw of fundamental power is
required for satisfactory power generators. The design of the multiplier
usually provides for a filter to reject the fundamental. Usually this involves mounting the coaxial crystal with a probe passing into two crossed
waveguides with the smaller guide beyond cutoff for the fundamental
frequency. The shortest wavelengths have been obtained by mounting a
small silicon crystal directly in the waveguide, and adjusting the fine
wire contact position and pressure with a fine thread differential screw
The rectifier crystal is also used to generate harmonics of lower frequencies in the microwave region. The output is large enough to compare
harmonics of standard frequencies with the klystron frequency as discussed in Section 2.1.8.
2.1.7.5.3. CRYSTALMIXER. Crystal rectifiers are also used as mixers.
If two or more sources of rf power are applied to a crystal there will be
developed not only a dc output and the harmonics of each frequency, but
also the sum and difference frequencies formed by every possible combination of frequencies of the input.
s3

W. C. King and W. Gordy, Phus. Rev. 93, 407 (1954).
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2.1.8. Frequency M e a s u r e r n e n t ~ .*~ ~ ? ~ ~
The most commonly used method of frequency measurement involves
the comparison of the microwave frequency with th a t derived from a
stable quartz crystal oscillator. The quartz crystal oscillator frequency is
standardized with one of the frequencies broadcast by the National
Bureau of Standards station WWV. A typical method is illustrated in
Fig. 9. The quartz crystal is a temperature controlled crystal, in the
present instance oscillating a t 10 Mc. The output of the quartz oscillator
is compared with WWV. It is convenient to adjust the quartz oscillator

FIG.9. Microwave frequency measuring equipment.

frequency t o zero beat. Th e output of the quartz oscillator is multiplied
by conventional push-pull frequency triplers to 30, 90, and 270 Mc. While
klystrons multiplying from 270 t,o 2970 Mc are available and sometimes
used in microwave spectroscopy, the tuning of these dual cavity systems
is somewhat tedious, and nearly as good results can be obtained using a
lighthouse tube tripler 270-910 Mc. With an input consisting of a capacitor loaded coaxial line, the tuning can be easily achieved with a variable
condenser. The output at 910 Mc together with sidebands of those harmonics a t 90-Mc intervals are generated by the crystal. These are mixed
with radiation of the unknown microwave frequency in a rectifier crystal,
so that there is a beat frequency between the unknown frequency and the
standard frequency marker which is less than 45 Mc. This beat is detected
* See also Vol. 2, Section 10.5.3.
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R. Unterberger and W. V. Smith, Rev. Sci. Znstr. 19, 580 (1948).
Hedrick, Rev. Sci. Instr. 24, 565 (1953).
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with a radio receiver. If the unknown frequency is derived from a klystron which is frequency-modulated, and the receiver output is displayed
on a n oscilloscope whose horizontal sweep is derived from the same voltage that is used to modulate the klystron, then a pip will be observed on
the oscilloscope if the receiver is tuned to the beat frequency. If this
oscilloscope is used to display the output of a microwave spectrometer,
and presents a spectral line, the “marker pip’’ can be matched to the
peak of the line b y tuning the receiver. The marker can be identified by
means of a cavity wavemeter. Because there are often time lags in the
receiver and the spectrometer amplifiers, it is usual to reverse the direction of the sweep and realign the pip and the line. The line frequency is
then determined as the average of the two measurements. By reducing
the sweep rate, the effect of these time lags can be reduced. Usually the
precision of the frequency measurement is limited by the setting of the
marker pip on the spectral line.
2.1.9. Spectrometers*
2.1.9.1. Unmodulated Spectrometers. The absorption coefficient a t
the frequency v can be evaluated by observing the detector output current i before and after admitting an absorbing gas into a waveguide cell.
If the output of the detector is decreased an amount Ail the absorption
coefficient is ag = A i / i l where I is the cell length. Because cq, is small,
the cell length 2 must be large. It is difficult t o eliminate completely the
reflections by the waveguide windows, which must contain the sample,
so that even with the cell isolated from the klystron and the detector by
attenuators, the standing wave pattern, and hence the output power,
changes when gas is admitted to the cell. The detected output can change
with changes in index of refract<ionof the material in the cell. The method
is limited by this to strongly absorbing samples, and has been used only
Even here it was used a t preswith the strong NH, and O2
sures so high that the individual lines were not well resolved. The comparison method of measuring the change in cavity Q with sample pressure
has been used only for relatively high pressures and poorly resolved lines.6
2.1.9.2. Simple Sweep Spectrometers. If the klystron oscillator is
frequency modulated by applying a sufficiently small sawtooth voltage
to the reflector, the detected output will be constant unless there is a frequency sensitive element in the microwave transmission line. If a spectral
line from a sample at low pressure is in the frequency region swept, the
output will be modulated. This can be amplified and presented on the
1~ axis of an oscilloscope, with a voltage derived from the sawtooth gener-

* See also Vol. 2, Section
as

10.6.1.1.

R. Beringer, Phys. Rev. 70, 53 (1946).
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ator applied t o the x axis. The trace then displays the spectral lines. The
klystron is tuned manually to search for spectral lines, and a wavemeter
is used to follow the course of the search.
This method of observing spectral lines is simple, and excellent for the
more intensely absorbing lines. It has been used extensively in the millimeter wavelength region where many of the interesting absorptions are
more intense than in the centimeter region. I n order t o observe weak lines,
as mentioned earlier, long cells are required. With even small changes in
frequency there are changes in the standing wave pattern, and hence in
the transmission, so that an undulating background is presented against
which it is difficult to identify a weak line. Some reduction of the ratio
of the undulating background to the spectral line can be accomplished by
adjusting the sweep and amplifier pass so that the low-frequency Fourier
harmonics of the sweep frequency are below the low-frequency cutoff of
the amplifier. The lines are sharper, and richer in the high harmonics.
The high-frequency cutoff of the amplifier is not critical, and can be
10-15 times the sweep frequency.
I n principle the reflections can be eliminated by careful matching, a t
least over a narrow frequency range. If they were eliminated, the sensitivity would be limited only by the detector noise. If the microwave
power level were appreciable, this noise voltage would include noise well
in excess of Johnson noise with the noise voltage in the frequency interval
Af, AVn = aAf/f, previously noted. So long as this noise were t o predominate, the signal to noise ratio would be independent of the sweep
frequency, fa. For any amplifier accepting a given number of Fourier
components of the signal nfo . . mfo, the required pass band would
amplify the noise voltage,

-

which is independent of the sweep frequency fo. The signal to noise ratio
also varies from crystal to crystal. While the dc characteristics do not
assure the selection of a good crystal, the more satisfactory detector
crystals usually do have a high ratio of back to front resistance.
2.1.9.3. Double Modulation Spe~trorneters.~’If in addition to the
sawtooth modulation a t low frequency a very small rf voltage, a t say
100 kc, is also applied to the reflector, then the klystron will be frequency
modulated at 100 kc. If the transmission of the spectrometer changes
with frequency, say because of a spectral line, then the microwave power
is amplitude modulated a t 100 kc. The crystal detector output is modulated a t 100 kc, and the output can be amplified in a n a m radio receiver
37
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tuned to 100 kc. For small rf modulation the output is proportional to
the magnitude of the first derivative of the absorption with respect t o
the frequency. The output of the radio receiver 100 kc amplifier is usually displayed on a n oscilloscope. A line appears as two lobes. There is no
signal a t line center. The frequency int,erval between maxima is slightly
great.er than 2 4
3 X the line breadth. The line breadth can be determined
. ~ ~ main adby extrapolating this separation to zero rf m ~ d u l a t i o n The
vantage of the double modulation spectrometer is that the crystal noise
is obtained from a frequency interval comparable to that used with the
sweep spectrometer, but a t 100 kc. Because of the l / f noise law, the

100 KC.
AMPLIFIER

SWEEP OSC.

FIG.10. Stark modulation spectrometer.

excess noise is reduced about 100-fold. By using illock-in" det,ection of the amplified signal and a slow mechanical sweep, with chart
recording, the frequency band delivering noise can be greatly reduced so
that even if the microwave power is so low that the l / f noise is less than
Johnson noise, the signal to noise is improved over that of the sawtooth
sweep system, without any extra requirement as tjo source amplitude constancy. The double modulation system is of no help a t all in eliminating
the background undulations which arise from changes in the standing
wave pattern with frequency. For modulation frequencies greater than
the line breadth, side bands can be resolved, and rather complicated
records observed.
2.1.9.4. Stark Modulation spectrometer^.^^ A Stark electrode can be
fitted into a waveguide absorption cell so that a uniform static electric
field can be applied in the cell in such a fashion that the static electric
field vector is parallel to the microwave electric field vector. (See Fig. 10.)
If such a cell is used with a sweep spectrometer, the line is displayed as
as
39

R. R. Howard and W. V. Smith, Phys. Rev. 79, 129 (1950).
R. H. Hughes and E. B. Wilson, Jr., Phys. Rev. 71, 562 (L) (1947).
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Stark components displaced from the frequency a t which the line occurs
in the absence of a Stark field.40If a square wave voltage, so biased that
no Stark voltage is present during half the cycle, is applied to the Stark
electrode, the absorption occurs alternately a t the field free line frequency
and a t the frequency of the Stark components. The microwave energy is
then amplitude modulated by the molecular absorption with the modulation frequency the same as the square wave frequency, but only when
the microwave frequency corresponds to the frequency of either the undisplaced line or of the Stark components. The output of the crystal
detector is also amplitude modulated under these circumstances, and the
signal can be amplified at this modulation frequency. The line, and Stark
components can then be displayed on an oscilloscope just as with the
sweep spectrometer, either with or without detection of the signal after
amplification a t the Stark modulation frequency. Alternatively, the klystron can be tuned by a motor drive, and the output traced on a chart
recorder after detection of the amplified signal. If “lock-in” or phase
detection of the amplified signal is employed, the detected output for the
displaced Stark component is of sign opposite to th a t for the undisplaced
line. Since the standing wave pattern is riot affected by the Stark voltage,
the undulating background so troublesome with other types of spectrometers is eliminated. This discrimination between molecular absorption,
and other frequency sensitive power fluctuations greatly reduces the difficulties encountered in searching for weak lines over wide spectral regions.
If adequate microwave power is available, the crystal noise will again
be the noise in excess of Johnson noise and will follow the l/f law. It is
thus desirable to use as high a Stark voltage repetition frequency as
possible. I n order to retain resolution it is also desirable that the Stark
frequency be small compared with the line breadth. This limits the Stark
voltage repetition frequency to about 100 kc. Since a Stark cell has a
capacitance of about 150 .upfd/met,er, large charging currents are required,
and the 100 kc Stark voltage square wave supply becomes quite difficult
to build and maintain.
Under some circumstances, the line broadening due to t8he100 kc side
bands is considered excessive. The Stark voltage repetition frequency is
reduced, usually to about 5 kc, since in this frequency region thyratrons
can be used for the switching tubes and both construction and maintenance of the Stark voltage generator is simpler than with the vacuum
tubes necessary a t the higher modulation frequencies. This is at some
sacrifice in sensitivity.
If the Stark cell is used as part of the resonant circuit of a n oscillator,
a very simple 100 kc sine wave Stark supply can be constructed. If only
4”

T. W. Dakin, W. E. Good, and D. K. Coles, Phys. Rev. 70, 560 (1946).
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the 100 kc rf is present, however, there is no modulation a t the fundamental 100 kc frequency. This is because the Stark displacement depends
on the magnitude but not the sign of the Stark voltage. It is a simple
matter however to add a variable dc bias. The Stark components then
make excursions over a microwave frequency region proportional in extent
to the product of the dc and the ac amplitude of the Stark voltage. The
mean displacement depends primarily on the dc voltage. Only Stark components are observed. For lines with quadratic Stark shifts, the frequency
can be extrapolated to the field free value.
One of the major practical problems with the Stark modulation spectrometer is the elimination of leakage from the Stark voltage supply to
the detector amplifier. This leakage results in a signal dependent on the
Stark voltage. Even more serious is leakage to the klystron power supply,
since this results in modulation of the microwave power and spurious
signals are observed as with the double modulation spectrometer. Careful
attention must be given to shielding and to proper grounding. I n general,
the leakage is more easily reduced with the lower frequency square wave
or with the sine wave modulator.
Shulman and Townes41have made careful measurements of the Stark
shifts of the J = 1-2 OCS transition using a fixed square-wave voltage
with a much larger variable dc Stark bias. Their values are useful for
calibrating Stark cell dimensions, and their technique advantageous when
precise determination of Stark shifts are required.
2.1.9.5. Cavity Spectrometers. The cavity type absorption cell is compact when compared with a waveguide cell. The calculated minimum
detectable absorption is about the same as with the waveguide cell. For
high sensitivity, high cavity Q's are required. The klystron oscillator is
frequency-modulated so that the entire cavity mode can be displayed.
For observation of a line, the line breadth must be considerably less than
the cavity mode and low sample pressures are thus required. The energy
density in the cavity for t,he same detected signal as with a spectrometer
using a waveguide cell is much greater, so that saturation effects are
exaggerated.
Because the cavity cell is so compact, it has been used for studies of
Zeeman splittings of lines of diamagnetic molecules where fields of several
kilogauss have been required.23It is difficult to provide electrodes for the
application of electric fields which permit Stark modulation, but several
designs have been r e p ~ r t e d . ~The
~-~
cavity
~
type spectrometers are usuR. G. Shulman and C. H. Townes, Phys. Rev. 77,500 (1950).
R. H. Verdier, Rev. Sci. Instr. 29, 646 (1958).
43 R. J. Collier, Rm. Sci. Instr. 26, 1205 (1954).
41

42

44

A. Dymanus, Rev. Sci. Instr. 30, 191 (1959).
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ally considered inappropriate as search spectrometers because it is necessary to tune the cavity as well as the klystron.
2.1.9.6. Superheterodyne D e t e ~ t i o n *. ~For
~ maximum resolution with
a sweep spectrograph, the sample pressure must be reduced so tJhatpressure broadening is negligible. The microwave power level must also be
reduced to eliminate saturation broadening. At these low microwave
power levels, superheterodyne detection is preferred, and if the intermediate frequency is reasonably high, usually 30 Mc, the excess crystal
noise following the l/f law is greatly reduced. This requires a local oscillator which oscillates a t a frequency 30 Mc removed from the spectromet,er klystron frequency and which tracks when the spectrometer frequency
is changed. Since the signal in the i.f. amplifier is proportional to the
microwave power level, the amplifier may saturate before the absorption
signal is a t a useful level. T o avoid this, a dummy cell is used in parallel
with the absorption cell and the power transmitted is then combined a t
the detector. The path lengths are adjusted so that predetection cancellation occurs if the two cells are identical. The absorption signal is then
comparable to the carrier. Although the absorption signal is reduced, the
noise is reduced even more. Finally, a low-frequency (1 kc) Stark modulation may be used to discriminate between lines and standing waves.
These systems are very elaborate, and have been used only for those
problems which involve the very sharpest lines. 4 6 , 4 6
2.1.10. Sample Handling

With ordinary samples which do not react with glass, metal, or stopcock grease, a glass gas handling system can be used with no exceptional
precaution. The sample is admitted to the evacuated cell, and, if necessary, some is pumped away to obtain a n optimum pressure, usually less
than 0.1 mm Hg. Samples which react with the absorption cell walls are
best handled with a flow system. The sample is admitted through a n
adjustable leak into one end of the cell, and the cell is evacuated continuously. The leak is adjusted for optimum sample pressure. This continuously sweeps out decomposition products as well as any material
which may outgas from the cell walls. The spectrum of the free radical
OH was observed by using a cell prepared from a circular waveguide with
a glass liner, so that the sample was not exposed to a metal surface.47
Howard and Smith38in their studies of the line breadths of the NH, line

* See also Vol.

2, Section 10.43.
S. Geschwind, Ann. N . Y . Acad. Sci. 66, 751 (1952).
4 6 R. L. White, J . Chem. Phys. 23, 249 (1955).
47 T. M. Sanders, A. L. Schawlow, G . C. Dousmanis, and C. H. Townes, Phys. Rev.
89, 1158 (L) (1953).
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noticed that the concentration of their samples changed with time because
of differential adsorption of the NH, and foreign gas. They determined
the partial pressure of NH, by measuring the absolute intensity, and
breadth of the microwave line, and directly measured the total pressure.
When only limited amounts of sample are availabIe, as, for example,
with compounds prepared from separated isotopes, the cell is carefully
outgassed by pumping and heating before admitting the sample. If the
amount of sample must be very small, as, for example, when radioactive
isotopes are used, a n effort should be made to use a system which does not
require plastic Stark electrode supports which seem to absorb appreciable
amounts of sample.
Special cells have been constructed for samples which have sufficient
~ ~ , ~ ~ and quartz insuvapor pressure only at high t e r n p e r a t u r e ~ . Ceramic
lators are used for Stark electrode supports; and the cell placed in a n
evacuated envelope. The alkali halide rotation spectra have been observed
with such systems.
Garrison and Gordy have reported that they have observed lines a t
0.3 mm wavelength in molecular beams of KC1 and NaCl.50The Doppler
breadth is much less than would be observed in a heated cell. The molecular beam was sprayed across the absorption cell.
Very narrow line breadths have been obtained with the ammonia
Maser.61 In this device a molecular beam of NH, is injected into the
electric field of a system of four cylindrical electrodes with a static voltage applied between adjacent electrodes. This system acts a s a filter with
the property that molecules in states having positive Stark shifts are
deflected toward the axis by this field, and hence transmitted. The molecules in states with negative Stark shifts are deflected away from the axis,
defocused, and hence not transmitted by the electrode system. The NH,
molecules in the lower of the J = 3, K = 3 inversion level are rejected
from the beam while those in the upper state are transmitted. The beam
then passes into a cavity resonant a t the NH, 3-3 line frequency. The line
is detected in emission. Since the NH, molecules arc in a beam, the
Doppler broadening can be made small. The emission can be used as a
very stable oscillator or frequency standard.
2.1.1 1. Application of Microwave Spectroscopy

Studies in microwave spectroscopy have encouraged a considerable
amount of theoretical work on the dynamics of molecular motions and
P. A. Tate and M. W. P. Strandberg, Rev. Sci. Instr. 26, 956 (1954).
M.L.Stitch, A. Honig, and C. H. Townes, Rev. Sci. Instr. 26,759 (1954).
6" A. K. Garrison and W. Gordy, Phys. Rev. 108, 899 (1957).
61 J. P. Gordon, H. J. Zeiger, and C. H. Townes, Phys. Rev. 96, 282 (L) (1954).
48
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the coupling of angular momenta in molecules, much of which has been
subjected to experimental verification.
Information has been obtained on molecular configurations, and dimensions of many molecules have been established. Some indications of the
character of the molecular bonding has been obtained from the electric
dipole moment, and from the electric field gradients involved in nuclear
quadrupole coupling.
In several cases, the nuclear spin I has been determined and, from the
quadrupole coupling, estimates of the nuclear quadrupole moments have
been made. Nuclear mass ratios have been evaluated.
Line breadth measurements have been used to obtain information on
intermolecular forces.
Measurements of the CO spectrum, made in the infrared region in
wavelength units, have been combined with measurements of the CO
microwave spectrum made in frequency units to obtain a value for the
velocity of light.
Finally, the NH3 line has been used to construct a stable frequency
generator which can be used as a clock.

2.2. Infrared"
2.2.1. lntroductiont

The subject of infrared spectroscopy has its origin in the very earliest
investigations into the nature of light. The first demonstration th a t white
light could be dispersed into a spectrum was performed by Isaac Newton
in 1666. Roughly a century later, in 1752, Thomas Melvill observed the
first emission from a sodium flame, and in the Philosophical Transactions
of 1800 Sir William Herschel published the first investigation of the distribution of radiant heat from the sun. By placing thermometers in the
solar spectrum he discovered that the heating effect was most intense
beyond the red end of the visible spectrum. Since these very early experiments the names of Fraunhofer, Sir John Herschel (the son of
Sir William), Kirchhoff, Bunsen, Tyndall, Langley, Rubens, Nichols,

t As there already exist a number of excellent treatments of the subject of infrared
spectroscopy which contain extensive bibliographies over all phases of the field, it is
the opinion of the writer that it would be of greater value to the reader to list several
of these for his more detailed study than t o attempt to supply specific references
throughout. Particular attention is drawn to a recent Library of Congress Bibliography
listed in references 2j and 2k.
~

* Chapter 2.2 is by Alvin H.
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Coblentz, Wood, Pfund, Randall, and others have been connected in
an important manner with the growth of the science. For example, in
1840 Sir John Herschel demonstrated selectivity of absorption by showing t ha t a black paper soaked in alcohol dried more readily when exposed
to certain spectral regions than to others. I n a series of papers entitled
I‘ Investigations of Infrared Spectra, ’11 Coblentz, in 1905, published prism
spectra of a large number of substances in the gaseous, liquid, and solid
state, and details of new techniques developed largely by himself.
It is not the purpose of this section to recount the complete history of
infrared spectroscopy, but rather to lay a little foundation for the more
recent happenings theoretically and experimentally in a n effort to show
whence they came, and how they are important to modern-day science
and industry. By 1814, 700 dark absorption lines had been observed b y
Fraunhofer, and in 1835 Talbot wrote in the Philosophical Magazine“ I conclude, . . . that light when traversing a transparent medium is
able t o excite motion among its particles. This being admitted, let us
suppose iodine vapor so constituted that its molecules are disposed to
vibrate with a rapidity not altogether dissimilar to that of light. Now,
if the differently colored rays differ also (as is probable) in rapidity of
vibration, some of them will vibrate in accordance and others in discordance with the vibrations of the iodine gas. And these accordances and
discordances will succeed each other in regular order from the red end
of the spectrum t o the violet end; each discordance being marked b y a
dark line or deficiency in the spectrum, because the corresponding ray is
not able to vibrate through the medium, but is arrested b y it and absorbed.” Although the truth of the matter is just the reverse of the idea
expressed by Talbot-i.e., the light which is absorbed being th a t for which
the frequencies coincide with the medium, his words express the fundamental notion involved in the study of molecular structure.
Progress in infrared spectroscopy has been rapid since about 1942 with
the development by Barnes, Wright, V. Z. Williams, Strong, and others
of automatically recording prism spectrometers. This was made possible
by the results of intense wartime research on infrared detectors and infrared transparent materials. Automatic recording immediately made possible intense effort in the analysis of inorganic and organic molecules, and
the current catalog of well-known infrared spectra of pure compounds
runs into the thousands.
The electromagnetic energy spectrum extends from the extremely short
wave gamma rays of, say,
cm representing millions of electron volts
up through the visible region and on into the radio frequencies with wave1 W. W. Coblente, “Investigations of Infrared Spectra,” Parts I-VII. Published by
the Carnegie Institution of Washington, Washington, D.C., 1905, 1906, and 1908.
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lengths of many meters and representing millionths of electron volts.
Within this vast range of wavelengths lies a narrow band from, let us say,
the ultraviolet of 4000 to 1000 p comprising the range of energy of most
of the motions of molecules. If the electronic arrangement of the molecule
is disturbed the wavelength of the absorbed or emitted light is in the
ultraviolet or visible spectral region representing energy of the order of
electron volts. If the molecular motion is simply th a t of vibration of the
nuclei, the wavelengths are in the near infrared from about 1 p to 2 5 p
corresponding to tenths of electron volts; and if the molecule just rotates
the wavelengths are, in general, longer than 2 5 p and the energies are
measured in hundredths of electron volts, or less.
Molecules are generally thought of as being composed of atoms, or
groups of atoms, bound together in some geometric framework by forces
related to the electronic structure of the atoms composing the molecule.
Molecules can be separated again into neutral atoms or ions, depending
upon the nature of the characteristic binding forces. To a good approximation such a framework can further be thought of as mass points bound
by forces which, regardless of their origins, behave like Hooke’s law forces.
Such a framework, composed of N particles, has 3N degrees of freedom
of which, in general, 6 may be separated as being used up in translation
and rotation. There should, therefore, remain 3N - 6 degrees of freedom
representing the vibrations of t8heframework (3N - 5 for linear frameworks). These vibrations, depending on the masses and forces involved,
have frequencies distributed throughout the infrared spectrum corresponding to a wavelength of about 3.0 to 50 1.1. If there is associated with
any one of these vibrations a change in the electric moment of the molecule, energy may be absorbed, or emitted. It is primarily with the problem of discovering these 3 N - 6 (or 3 N - 5) fundamental frequencies
that infrared prism spectroscopy is concerned.
To a surprisingly good first approximation a potential function composed only of quadratic terms in the displacements may be made to fit
the vibrational spectrum of most molecules. Furthermore, the potential
energy constants for isotopic molecules are the same as in the normal
molecule, depending presumably on the electronic structure rather than
on the nuclear structure of the isotope. The latter has been abundantly
demonstrated by the agreement which exists between the observed frequencies for the deuterium halides and t,he frequencies predicted from
the hydrogen halides upon substitution of the appropriate reduced masses.
The identity of the potential constants is a fortunate circumstance because, when a potential function is written in its most general form to
include quadratic cross-product terms-i.e., bond-bond or bond-angle,
there are usually more potential constants than there are frequencies
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and it becomes impossible to calculate the constants uniquely. If, however, the frequencies for the isotopic molecule or molecules are available,
the number of independent relations available is increased and it frequently becomes possible to determine them. Force constant calculations
are important as they lead to better understanding of molecular binding.
The infrared spectrum of a molecule is as characteristic a property a s
any of its other physical properties since it is completely unique. This
fact, coupled with the additional fact that infrared spectra of compounds
in multicomponent mixtures are nearly additive, has made it practicable
to record and catalog the infrared spectrum of thousands of extremely
pure compounds as reference spectra for analysis and to use the data and
techniques of infrared spectroscopy as analytical tools in the chemical
industries. It is, thus, literally true that there are presently more chemists
plying the infrared trade in industry than there are physicists.
Tha t the forces between atoms in molecules are not strictly Hooke’s
law forces is evident from the fact that overtone frequencies of the fundamentals, and sum and difference frequencies occur. The existence and
intensity of such frequencies is indicative of the amount of anharmonicity
of the motion. The appropriate potential function should, therefore, include cubic and quartic terms. The inclusion of such terms in polyatomic
molecules enormously complicates the problem of obtaining the harmonic
frequencies as the number of frequencies required is enormously increased.
Indeed, i t is so complicated, and so much experimental information is required, that such calculations have only been carried out for a few molecules, including mostly triatomic and linear cases-as for example, COZ,
HCN, SOZ,CIOz, HzO, DzO, G H 2 , and CzDz.
I n addition to the vibrational degrees of freedom, the molecule also
has, in general, three degrees of rotational freedom. If it is now assumed
that the molecular framework is a rigid structure, the various possible
molecular configurations fall into the categories : spherical tops, symmetrical tops, and asymmetrical tops in which the moments of inertia
are, respectively: all equal; two equal and one different; and all unequal.
Symmetrical tops may further be classified as prolate and oblate. Theoretically, the asymmetrical top is much the most complicated to treat.
Quantum-mechanically, there exist discrete rotational energy levels the
energies of which depend upon the quantum number of total angular
momentum, and the quantum number of angular momentum about the
unique axis. The spectrum of the simple, rigid, nonvibrating, symmetric
rotator would be composed of equally spaced lines arising from transitions
between these levels according to well-known selection rules. The line
separation is inversely proportional to the moments of inertia. Thus, if
this separation is observable, information about the internuclear distances
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of the atoms may be derived. These details will be further described in
later sections. The asymmetric top spectrum does not, in general, contain
regularly spaced lines, and is, therefore, much more complicated to
interpret.
2.2.2. General Theory of Infrared Spectra2a-k
2.2.2.1. Introduction. In the present review we shall confine the discussion to those motions which involve energies that produce spectra in the
infrared region-i.e.,
vibration and rotation; to the types of spectra
which occur; and to the explanation of their appearance. We shall consider molecules as being of two classes-diatomic and polyatomic ; develop
the diatomic case in some detail; and then generalize the ideas presented
for the more complicated triatomic, tetra-atomic, etc., cases. In general,
the treatment will be along classical lines, but the results written down
will be those derived by quantum-mechanical methods.
2.2.2.2. The Diatomic Molecule. 2.2.2.2.1. THEVIBRATIONAL
PROBLEM.
In the formation of a stable molecule, it is generally supposed that when
the atoms are a distance T apart, the mutual force between them is the
algebraic sum of an attractive force and a repulsive force. Both of these
forces vary rapidly with T , but not to the same power, and they are
balanced a t some internuclear distance re which is the equilibrium distance of the molecule. When the internuclear distance is less than re, the
repulsive force is the bigger and when T is greater than re the attractive
2a T.-Y. Wu, “Vibrational Spectra and Structure of Polyatomic Molecules,’’
2nd revised ed. Edwards, Ann Arbor, Michigan, 1946.
2b W. Jevons, “Report on Band Spectra of Diatomic Molecules.’’ Cambridge Univ.
Press, London and New York, 1932.
2c R. de L. Kronig, “Optical Basis of the Theory of Valency.” Macmillan, New York,
1935.
2d G. B. B. M. Sutherland, “Infrared and Raman Spectra.” Methuen, London, 1935.
20 G. Herzberg, “Infrared and Raman Spectra of Polyatomic Molecules.” Van
Nostrand, New York, 1945.
sf R. C. Johnson, “An Introduction to Molecular Spectra.” Methuen, London, 1949.
2g G. Hersberg, “Spectra of Diatomic Molecules,” 2nd ed. Van Nostrand, Princeton,
New Jersey, 1950.
2h D. M. Dennison, Infrared spectra of polyatomic molecules. Revs. Modern Phys. 3,
280 (1931); 12, 175 (1940).
zi H. H. Nielsen, The vibration-rotation energies of molecules. Revs. Modern Phys.
23, 90 (1951).
*i C. R. Brown, M. W. Ayton, T. C. Goodwin, and T. J. Derby, “Infrared,” a
Library of Congress bibliography, Part I, PB111643. United States Dept. of
Commerce, Office of Technical Services, Washington, D.C., 1954.
2k M. W. Ayton, T. J. Derby, V. Boteler, and C. R. Brown, “Infrared,” a Library of
Congress bibliography, Part 11, PB121998. United States Dept. of Commerce, Office
of Technical Services, Washington, D.C., 1957.

2.2.

43

INFRARED

force is the bigger. A potential energy function which is a function of
r alone may then be written. This function has a minimum a t re, goes to
infinity when r = 0 and levels off to some fixed value for r = 00. The
energy difference between r = re and r = 00 represents the work or heat
of dissociation of the molecule.
When the amplitude of oscillation is small the resultant forces between
the atoms of molecules may, to a very good first approximation, be considered as of the Hooke's law type, or the force may be taken as proportional to the displacement coordinate x = r - re and opposite in sign.
The potential energy function is, therefore, a parabola and may be expressed as V = K x 2 / 2 , where K is the force constant, and is related to
the frequency of vibration along the internuclear axis by the relation
we =

(1/2*)

4-

where we is the frequency for infinitesimal amplitudes. The constant p is
m z ) . It may
known as the reduced mass and has the value mlmz/(ml
easily be seen a t this point how substitution of one isotope for another
would change the frequency of vibration of the molecule. It is a wellknown and reasonable notion th at as isotopes differ only in nuclear structure and not in their electronic structure, and a s molecular forces depend
upon the extranuclear properties of atoms the potential constant K should
be the same in isotopic molecules. If the above formula were applied to
HC136and DC13Sthe isotopic shift would depend on the ratio of the re4 2 and be toward lower frequencies, while if it were
duced masses
applied to HC136 and HC13', the effect would be much smaller and depend on the ratio 41.0015.
Although the simple harmonic approximation is quite good, it is evident from observed spectra that it is not good enough. For one thing,
overtones are observed-i.e., 2w, 3w, etc.-and this would be impossible
for the simple harmonic case. T o correct this difficulty in the theory,
additional higher powered terms in x = r - re are introduced into the
potential energy as for example

+

=

V

=

Kx2/2

+ K111z3+ K1111x4+ . . .

(2.2.1)

where K >> Kill >> Kllll, etc.
The quantum-mechanical solution to the vibrational problem of the
simple harmonic oscillator is quite straightforward and gives the energy
in terms of a quantum number v as follows:

E,/hc cm-' = we(v

+ +)

(2.2.2)

where we is still the frequency for infinitesimal amplitudes and v may take
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integral values 0, 1, 2, . . . . It may be seen that the energy levels occur
a t 4 2 , 3 w e / 2 , . . . etc., and are equally spaced. The selection rule is
Av = 1, and this predicts a single line occurring at w, cm-' in the spectrum. The introduction of higher powered terms in V causes the wave
equation not to have a n exact solution and a perturbation theory calculation must be carried out. This results in additional terms involving
quadratic and cubic, etc., terms in the vibrational quantum number:
EJhc em-'

=

Eo/hc

+ w,(v + +) - x,we(v + + yswe(v +

+ zewe(v + +
&)2

&)4

*

&)3

(2.23 )

. .

where the x , ~ ,and yewe, etc., are the anharmonic constants and are related to the K l l l and Kllll, etc., in the potential energy. The selection
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FIG.1. Potential energy curves and energy levels for (a) t h e harmonic oscillator and
(b) the anharmonic oscillator showing permitted transitions.

rule now becomes Av = any integer and thus overtones are now permitted
in the theory.
These remarks are all illustrated in Fig. 1 which shows the potential
energy curves for the harmonic oscillator and for the anharmonic oscillator drawn for the case of hydrogen fluoride which is a n exceptionally
good case because the anharmonic constants are about as large as in any
case on record except hydrogen itself. I n the left portion of Fig. 1 may be
seen the parabola with the energy levels equally spaced at 4000cm-'

2.2.

INFRARED

45

beginning with the zero-point energy. Actually we for HF is not exactly
4000 cm-l, but for simplicity in drawing and treatment the actual numbers have been rounded off. The spectrum is shown below consisting of a
single line with frequency 4000 cm-1 and wavelengt,h 2.5 p . I n Fig. l b the
effect of the higher power terms is shown in that, it makes the potential
energy curve unsymmetrical-steeper as r -+ 0 and less steep as r increases-thus the nuclei spend more time a t r > re than for r < re in
each cycle. From the energy relations, it is now also clear that the energy
levels are no longer equally spaced because of the higher terms in V . For

FIG.2. Thermal distribution of vibrational levels plotted versus E for iodine vapor,
= 300°K (after Herzberg). 12 vapor has no infrared spectrum.

I*, at T

illustrative purposes in the present case, x,we has been chosen 100 cm-1,
which is about right for HF, and yewe,zewe, etc., have been set equal to
zero as they are really quite small even for HF. Thus, the zero-point energy level comes at 1975 cm-’, and the level for v = 1 comes at 5775 cm-l,
and so forth. It is then clear that the transition v” = 0 to v’ = 1 falls a t
3800 cm-I in the spectrum instead of a t 4000 cm-I as shown a t the left.
Furthermore, the transition v” = 1 to v’ = 2 no longer coincides with
II” = 0 t,o v’ = 1, but falls at a still lower wave number. With regard to
the overtone, i t may be seen that the transition v“ = 0 to v’ = 2 falls at
7400 cm-I instead of a t 8000 cm-l.
The intensity of absorption I w ’ v depends essentially upon the number of molecules per cubic centimeter in the initial state, and upon the
transition probability from the initial to the final state. The number of
molecules in a vibrational state is proportional to the Boltamann factor
e - E I k T . The distribution is shown in Fig. 2 for the case of iodine vapor,
I z at T = 300’K with e-EIkT plotted versus E , and showing the levels
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. . . . Thus, as the number of molecules in state v = 1 is
much less than in v = 0, the transitions from v” = 1 to v’ = 2 are fewer
than from v” = 0 to v’ = 1. This is indicated in Fig. lb.
As has been remarked, overtones are permitted for the anharmonic
case through the selection rule Av = any integer. However, deviations
from the harmonic oscillator are usually small [Eq. (2.2.1)]and as a result
the transition probabilities for the overtones are much smaller than for
the fundamental. Thus, the first overtone is of the order of 50 times
weaker than the fundamental. Figure l b does not illustrate this disparity in intensities.
2.2.2.2.2. THEROTATIONAL
PROBLEM. In addition to the vibrational
degree of freedom, the molecule may also rotate about a n axis perpendicular to the internuclear axis. We shall first treat the molecule as a
simple rigid rotator with reduced mass p and equilibrium distance re.
The classical kinetic energy of such a rotator is ER = P2/21,, where P is
the total angular momentum and I , = pr,2 is the moment of inertia of
the molecule. If the molecule has a permanent dipole moment it may
absorb and emit electromagnetic radiation. The rotational energy may be
l)h2/4?r2
written in quantum-mechanical form by substitution of J ( J
for P 2 ,where J is the quantum number of angular momentum and takes
values 0, 1, 2, . . . . The rotational energy is generally written in the
following form
ER/hc cm-l = J ( J
1)B,
(2.2.4)

v = 0, 1, 2,

+

+

where Be is called the equilibrium rotational constant and is equal to
h/8?r21,c. From this relation it may be seen for the case of HI? where Be is
very nearly 20 cm-l th at a succession of energy levels spaced 0, 2B,, 6B,,
12B,, etc., ensues. This is shown in Fig. 3a, with the levels actually drawn
with Be = 20 cm-’. The level spacings are then 40, 80, 120, etc., cm-’.
It can be shown that the selection rule gives AJ = 1, so that the transitions J = O-+ 1, 1 + 2, etc., as shown are permitted. Thus, the first
line in the pure rotational spectrum should fall a t 40 cm-l or 250 p , the
second line should occur at 80 cm-’ or 125 p , the third a t 120 cm-l or 85 p ,
and so forth.
Actually, the molecule is not a rigid rotator, and the energy is affected
both by the vibration and the centrifugal forces. As the vibrational energy
increases-i.e., v increasing-the average distance between the nuclei r
increases because of the asymmetry of the potential energy function. This
has the effect of increasing the moment of inertia and reducing B, the
rotational constant. At the same time, the centrifugal forces also increase
the average internuclear distance so that B depends upon the angular
momentum symbolized b y the rotational quantum number J . This gives
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rise to a term in the energy proportional to J 2 ( J
energy may, therefore, be written

ER/hc cm-l

=
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BJ(J

+ l)2.The rotational

+ 1) - DJ2(J + 1)2

(2-2.5)

where B, is the rotational constant corrected for vibration

[B, = B, -

Q(V

+ 811

and D is the centrifugal stretching constant. I n rare cases, HF being an
example, it is necessary also to include a term proportional to J s ( J l)3.

+

I
J

Be-20 cm-'

u =/cm-'

=3

1.2

=I

v =I

"0

v =0
(a 1
(b)
FIG.3. Energy levels and permitted transitions for (a) the rigid and (b) the nonrigid

diatomic rotator showing the appearance of the spectrum.

The effect of this change in moment of inertia on the pure rotational
spectrum is to converge the lines somewhat depending upon the magnitude of the constants Q and D.
The thermal distribution of rotational levels is not simply expressed by
the Boltzmann factor but depends also on the fact that the rotational
1 degenerate-i.e., a rotational level with quantum numlevels are 2J
1 coincident levels in zero field. This number
ber J is composed of 2J
is also called its statistical weight. The number of molecules N J in the
J t h level in the lowest vibrational state a t temperature T is then

+

+

NJ

+

Q

(2J

+ l)e-BJ(Jf1,"/kkT.

(2.2.6)

(2J
1) increases linearly with J , while the exponential term decreases
in the manner shown in Fig. 2. Therefore, the distribution goes through
a maximum. For HF the maximum comes a t about J = 2. The behavior

48

2.

MOLECULAR SPECTROSCOPY

of this relation plotted versus J is shown in Fig. 4. The broken line ordinates show the relative populations of the rotational levels for the case of
HCl, T = 300"K, B = 10.44 em-'. Figure 5 shows a record of the pure
rotational emission spectrum of H F taken with a Perkin-Elmer model
12C. The lines shown are the transitions J = 10 + 11 up to J = 15 + 16

T

FIG.4.Intensity relations of vibration-rotation lines for the diatomic molecule HC1,
= 300°K (after Hersberg).

Jn15

5.14

Jz12

J=lO

which fall in a convenient region because of the extremely large value of
B for HF.
2.2.2.2.3. THEVIBRATINGROTATOR.
The next step in the development
is to combine the anharmonic vibrator with the nonrigid rotator. As has
already been shown, if the molecule is not rigid then the rotational energy
levels converge and this has a n interesting effect on the vibrational spectrum. Classically, one can see that the absorbing frequencies for such a
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system are w e k w R . I n Fig. 3b, the energy levels for the vibrational state
v = 0 and v = 1 are shown with reasonable values assumed for Be and
for a,the difference between the B values for v = 0 and v = 1. The selection rule AJ = f l , but not 0, shows how the vibration-rotation lines
occur. For example, on the high wave number side, or R branch, the transition J” = 0 to J’ = 1 is 37 em-’ higher than the forbidden J” = 0 to
J‘ = 0 or pure vibration band center. The next line J” = 1 4 J‘ = 2 is
35 cm-1 higher, the next 33, and so forth-showing a convergence which,
if it went far enough, would bring this branch t,o a head. On the low wave

d

.

.

d

FIG. 6. Vibration-rotation spectrum of HF (recorded by W. F. Herget, The
University of Tennessee).

number side, or P branch, the first line J” = 1 J‘ = 0 , however, is
39 cm-1 lower than the pure vibration frequency. I n this branch the lines
diverge steadily. I n the upper part of Fig. 3a may be seen a diagram of
the predicted spectrum of HF.
I n Fig. 6 is shown an actual record of the fundamental band
--f

v”

=

0 + v‘

=

1

for H F recorded on a vacuum grating spectrograph equipped with a
15,000 lines-per-inch grating and a lead sulfide detector. It is to be noted
that there is a gap a t the center-the so-called “missing line.” This comes
from the fact that AJ # 0 , when there is no angular momentum about
the internuclear axis. There is, however, a t least one case of a diatomic
molecule having a central line or Q branch. This molecule is nitric oxide
and its spectrum is shown in Fig. 7. The situation in NO is that the extra
electron has angular momentum about the internuclear axis. Another
effect already discussed may be seen in Fig. 8 which is a record of the
spectrum of ClzO and CI3O showing the vibration wave number separation of the two species produced by the difference in mass of the two
carbon isotopes, as well as the convergence of the rotation lines. The
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FIQ. 8. Vibration-rotation spectrum of C"0 and C*JOshowing the separation of the two isotopic bands (after Lagemann,
Nielsen, and Dickey).
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isotope effect is also shown in Fig. 9, which pictures the fundamental
band for HC136 and HC13'. The vibrational band center wave number
does not suffer nearly such a large shift as may readily be seen in the
closeness of the rotation lines. Evidence of the 3 to 1 abundance ratio
for the chlorines is also clearly shown.
To complete this rapid review of the theory of the spectra of diatomic
molecules, some comment should be made about the constants of the
molecules which can be calculated from such spectra. Equation (2.2.7)

FIG.9. Central lines of the vibration-rotation spectrum of HCl showing the separation of the HC135 and HC1S7isotopic bands (recorded by W. F. Herget, The University
of Tennessee).

shows the mathematical expression for the energy levels of the vibrating
rotator, and all the constants discussed herein.

E/hc cm-*

=

+

Eo/hc

+

[we

- zLw6(v

+ &IZ + .
- DvJ2(J + 1)' Y e 4 J

*

+ &)

*I@ + $1

[ae

+ B J ( J + 1)
- r e ( v + +)l(v + B)J(J + 1).

(2.2.7)

Eo/hcis a constant which does not enter the frequency relation, the second
term is the vibration with anharmonicity, the third is pure rotation, the
fourth is centrifugal distortion, and the last is the vibration rotation
coupling. From an analysis of the vibration-rotation bands the constants,
ue,xew6, y s ~ and
~ , so forth may be computed, and these in turn make it
possible to determine the potential energy constants Ki,and in some cases
the dissociation energy. When it is possible to resolve the rotational structure the moment of inertia in the various vibrational energy levels may
be determined, as the spacing between the rotational lines is approximately 2B. From this datum and the masses of the atoms, the equilibrium
internuclear distance re may be calculated. These features provide unique
information about the molecular forces and geometry. Table I gives a list
of such constants as obtained by Talley and co-workers3for HF and DF
some years ago. The following things are noteworthy in the light of the
previous discussion: the rough d2 relation between the HF and DF
vibration wave numbers; the rough 2 to 1 relation between the B values;
the decrease of B , with increasing v; the agreement between observed
3

R. M. Talley, H. M. Kaylor, and A. H. Nielsen, Phys. Rev. 77,529 (1950).
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TABLE
I. Molecular Constants for HF and DF (cm-95
Observed Vibrational Data
HF
y"

=

-1

y"

= f)-v'
=

U'I

= h'=

1)"

DF

= 1
=2
=3

4

5722.27
14831.71

Observed Rotational Data
DF
10.857
10.567
10.263

HF
20.555
19.795
19.035
18.303
17.573
0.0022
0.001~

0.0032
0.0022
0.0016

-

0.0006

-

Calculated Molecular Constants
HF

DF

4138.52
90.07
0.980
0.025

2906.86
5722.17
3000.36
47.34
0.373
0.007

Vibrational
y"
1)"

=
=

0-'
04)'

0.
5604

YSWS

2.Wa

Rotational
BE5
ffe

Ye

D,
I.
r.

=
=

1
2

I

calc.
from
obs.
HF bands

20.939
0.771
0.005
0.0022
1 .3363 X 10-40 g cm2
0.9170A

i

calc.
from
HF
data

11.005
0.294
0.001
0.0006s

-

-

a For more recent values for HF, see Kuipers, Smith, and Nielsen, J . Chem. Phys. 26,
275 (1956).

band center of DF and that calculated from HF; and the relative sizes of
we, X e W e , and Y e w e 2.2.2.3. Polyatornic Molecules. 2.2.2.3.1. INTRODUCTION.
The basic
motions occurring in molecules and their effect on the spectra have been
discussed in the first section of this chapter. It is the intention in this
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section to apply these principles to polyatomic molecules-i.e., three or
more atoms. These molecules are necessarily more complicated and cannot
be treated briefly with the same degree of rigor as for the diatomic case.
We shall again treat the problems of vibration and rotation separately,
because in these cases too it is a good first approximation to add the
energies of vibration and pure rotation. In addition, we shall break the
polyatomic group into linear and nonlinear molecules for convenience and
greater simplicity of treatment.
2.2.2.3.2. THEVIBRATIONAL
PROBLEM.
As was pointed out earlier, a
molecule composed of N particles has associated with it 3N degrees of
freedom. Of these, three are associated with translation of the molecule
and either 3 or 2 are associated with rotation depending upon whether
the system is nonlinear or linear. Thus, the remaining degrees of freedom,
3N - 6 or 3N - 5 , are ascribed to the normal modes of vibration of the
mechanical system. The usual way to treat the vibrational modes of a
system of particles is to subject it to a normal coordinate treatment for a
potential energy function involving quadratic terms, and finding expressions for the frequencies in terms of the constants in this potential energy
function. As this problem cannot either be treated as strictly harmonic,
a perturbation calculation must be made with suitable cubic and quartic
terms in the potential energy. Such calculation gives rise t o anharmonic
terms in the energy in much the same way as for the diatomic molecule,
and in principle they can be calculated. The exact calculation of these
constants is, however, in all but a few cases like COz, HCN, HzO, etc.,
an academic problem because there are so many more constants than
there are absorption band data that it is an impossible task. Data on
isotopic molecules, of course, provide more information, but are frequently neither sufficient nor easy to obtain.
2.2.2.3.2.1.Linear Molecules. Next to the diatomic molecule, the linear
triatomic molecule XYZ,of which COz is an example, is the simplest to
treat. This molecule is symmetric in form Y-X-Y and has a zero permanent dipole moment. The vibrational modes calculated from 3N - 5 are
four in number, two of which are degenerate. These modes may be represented, after a method proposed by Dennison, as shown in Fig. 10. In
the mode called vl, the motion is completely symmetrical and the dipole
moment change remains zero and this mode is inactive in the infrared.
In the mode called v 2 a degeneracy occurs because this motion is isotropic
in two planes. This motion incidentally gives rise to an angular momentum of vibration usually designated by a quantum number 1. This mode
involves a bending of the model and a change of the electric moment
perpendicular to the axis of the model. The bending force constant is
usually rather small and the frequency of this mode is, therefore, usually
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fairly low. I n the mode v3, which is unsymmetrical, there is a change of
the dipole moment along the axis or along the bond, and this mode is
active in the infrared, is usually quite intense, and because the bond
constant is quite strong the mode has a high frequency. For COZ, the
wave number of v 1 (from Raman spectra) is 1388.17 cm-'; for YZ, it is
667.40 cm-I; and for v3, it is 2349.16 cm-';* v 1 and v 3 are a p t to be fairly
close together because they are both bond vibrations. When one of the
t
,

O+

0

--O

Yl

(1)

U, (I]

-0

Inactive

Active

FIG.10. Normal vibrations of the linear triatomic molecule.
4

a-4
4

t
f

8--

4

Inactive

V2 ( I ) Inactive

t0-

V, ( 1 )

4

' t 1
i i t

V, ( 1 )

Active

v4 (2)

Inactive

V, (21 A c t i v e

FIG.11. Normal vibrations of the linear tetratomic molecule.

Y atoms is changed to a 2, as for example in OCS or HCN, all three
modes are infrared active. For the case of C02 which has been very
thoroughly studied both experimentally and theoretically, the harmonic
frequencies w1, w z , w 3 have been determined as well as the coefficients of
the cubic and quartic terms in the potential energy.
Another moderately simple linear case, with zero permanent dipole
moment, is that of XzYz, of which CZHz is a n example. The normal
modes are as shown in Fig. 11. The number of normal modes 3 N - 5 is
seven of which two are doubly degenerate, and only two are infrared
active. For CzHz and CzDz, both studied very thoroughly, the harmonic
frequencies and the anharmonic constants have been determined. Thus
* These figures are taken from C.-P. Courtoy, Ann. SOC. sci. Bruxelles IS, 87 (1959).
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far it may be seen that the substitution of isotopes, which does not alter
the force constants but does change the frequencies, provides additional
information for the computation of force constants. It is, of course, clear
that the frequencies used should be the true harmonic ones, but as these
are available for only a few cases, the actual measured band centers are
usually used.
2.2.2.3.2.2. Nonlinear Molecules. The next most simple vibrational
problem is the nonlinear XY2 of which water vapor is the featured

vl

fl

"u

t

e

(1)

Active

vz ( I f

Actfve

U,

Active

e9

"u

(1)

FIG.12. Normal vibrations of the nonlinear triatomic molecule.

example. This molecule has a permanent dipole moment and all the
modes are active in the infrared. The vibrations may be represented as
shown in Fig. 12. These are all nondegenerate because this is a space
figure and the number of vibrational modes is 3 N - 6 = 3. Such a molecule is, except accidentally, an asymmetrical top with modes v 1 and v 2
vibrating along the same axis and v3 vibrating perpendicularly to this axis.
This fact is of importance in the appearance of the bands and will be discussed later in connection with rotation problems. For HzO, the observed
band centers v 1 and v 3 are close together 3651.7 cm-l and 3755.8 cm-l,
and v 2 is much lower 1595.0 cm-' as given in Table 11.

TABLE
11. Table of Fundamental Frequencies for Bent Triatomic Molecules

YI

YZ

va

3651.7 cm-1 2666 cm-l
1595.0
1178.7
3755.8
2789

2610.8 cm-l
1290
2684

1891.6 cm-1
934
1999

830 cm-1
490
1110

680 cm-1
330
973

A group of molecules of considerable interest and importance is the
ZYXI of which the methyl halides and substituted methanes are examples. The normal modes for this type of molecule, typified by CH3C1,
shown in Fig. 13, number 3 N - 6 = 9, of which 3 are doubly degenerate
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and all are infrared active: v1, Val and v b are vibrations parallel with the
axis of geometrical symmetry which is also the unique axis of the symmetric top; YZ, v4, and V 6 are doubly degenerate and produce angular
momentum of vibration about the axis of figure. The three parallel vibrations are respectively the C - H stretch, the flattening of the CHzpyramid,
and the C-C1 bond stretch, while the three perpendicular ones represent

f"
31 SINGLE

V, SINGLE

Vs SINGLE

r
Vz DOUBLE

\r, DOU0LE

v6 DOUBLE

FIG. 13. Normal vibrations of the ZYX3 type molecule (after Sutherland).

the various tipping motions of the pyramid against the Cl-while maintaining the center of gravity position fixed, and linear momentum and
angular momentum equal to zero.
The last type of molecule to be treated in this discussion is the XY,
type, of which C H I is the common example. In this molecule the X atom
is at the center and the Y atoms are situated tetrahedrally about the
center giving the molecule, to first approximation, spherical symmetry.
The number of modes is 9 as in the previous case, but because of the
high symmetry they give rise to only four distinct frequencies of which
v 1 is the inactive singly degenerate breathing frequency; v 2 is the inactive
doubly degenerate bending of the Y-X-Y angle; v 4 is the active triply
degenerate bending vibration in which the bending is out of phase; and
v 3 is the active, triply degenerate, motion of the four Y atoms against
the X atom.
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2.2.2.3.2.3. Isotope E f e c t s . T o illustrate the effect of substitution of
isotopes or other atoms from the same group, the following examples
are cited:
I n Table I1 the effect of the deuterium substitution is clearly seen for
water and hydrogen sulfide in the first four columns, while the effect of
substituting chlorine for fluorine may be seen in the last two columns. I n
Table 111 the same effects may be seen for the methyl halide group.
Another glance a t Fig. 13 will show, for example, th a t in v 1 the halogen
does not enter into the vibration very much and thus this frequency remains substantially the same, while in v s the frequency changes greatly
TABLE
111. Table of Fundamental Frequencies for Methyl Halide Molecules
CHaF

CH3C1 CH3Br

CHJ

CD3C1 CD3Br

v1

2964.5

2966.2

2972

2969.8

2161

2151

v2

2982.2

3041.8

3055.9

3060.3

2286

2293

v3

1471.1

1454.6

1445.3

1440.3

1058

1053

v4
~g

1475.3
1048.2

1354.9
732.1

1305
611

1251.5
532

1029
695

987
577

V6

1195.2

1015.0

952

880.1

775

717

Remarks
C-H(C-D)
approx.
constant
C-H(C-D)
approx.
constant
CD3 flattening
CH:, approx. constant
X dependent
C-X varies with mass
of x
X dependent

from the fluorine to the iodine case. A similar situation is to be noted in
v 2 as compared with v 4 and V6 which are both halogen dependent.
2.2.2.3.2.4.Group
It should finally be pointed out that,
when a particular bond or chemical group appears in a molecule, certain
frequencies which are representative of the bond or group appear as absorption bands in the spectrum with a wave number which depends somewhat upon the environment, but which appears to be characteristic of the
bond or group. This is, of course, an extremely important point because
of its implications for analytical use of infrared spectroscopy. The few
examples shown in Table IV will suffice to illustrate, as this point is extensively treated in connection with analytical problems in the literature.
4a R. Bowling Barnes, R. C. Gore, U. Liddel, and V. Z. Williams, “Infrared Spectroscopy.” Reinhold, New York, 1944.
ab H. M. Randall, R. G. Fowler, N. Fuson, and J. R. Dangl, “Infrared Determination of Organic Structures.” Van Nostrand, New York, 1949.
4c L. J. Bellamy, “The Infrared Spectra of Complex Molecules.” Wiley, New York,
1954.
4d A. B. F. Duncan, in “Chemical Applications of Spectroscopy” (W. West, ed.),
Chapter 3 in Vol. I X of “Technique of Organic Chemistry’’ (A. Weissberger, ed.)
Interscience, New York, 1956; and R. N. Jones and C.Sandorfy, ibid. Chapter 4.
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TABLE
IV. A Few Examples of Characteristic Group Frequencies
=C-H
-0-H
-S-H

3300 cm-1
3680 cm-l
2570 cm-1

\
C=O
/

1700 cm-l

etc.

2.2.2.3.3. THEROTATIONAL
PROBLEM.
As in t.he diatomic molecule,
rotation may also occur, but here the problem is more complicated. Only
the symmetric rotors will be treated in the present discussion. The reader
will find the asymmetric rotator treated in detail in the works listed in
footnote 2.
2.2.2.3.3.1. Symmetric Rotators. Symmetric rotators fall into two classes:
the prolate-such as is shown in Fig. 14 in which C is the unique axis of

a/
FIQ. 14. Prolate symmetric top showing axes of the molecule (after Dennison).

FIG. 15. Coordinate axes and body
&xed axes of a molecule.

the top, IC is the smallest moment of inertia, and I A = I B ;and the oblate
in which C is again the unique axis but I c is the largest moment of inertia,
and I A = I B . A linear molecule such as COZ is a limiting example of the
prolate top, and a planar molecule such as BF, is a limiting example of
the oblate top. In the latter case IC = I A I B ( I A = I B ) .
The energy of a rigid symmetrical top may be expressed as

+

E ~ / h cm-l
c

=

+ 1) + OK2]

(h/8+'1~c)[J(J

(2.2.8)

-

where = [ ( I A / I c )
11. J is the quantum number of total angular momentum and K is the component of J along this axis, and must evidently
always be S J . It corresponds to the angular momentum of the electron
in nitric oxide mentioned previously. The selection rules governing absorption or emission are AJ = + 1 , 0 and AK = 0 for vibrations of the
molecule parallel with the top axis; and AJ = & 1, 0 and A K = 1 for
vibrations perpendicular to the top axis.

+
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It may fairly easily be seen classically that the above is true for the
case of a parallel type vibration-i.e., oscillation of the dipole moment
parallel with the unique axis of inertia. Let a molecule with moments of
inertia I A = 10 # I c have a system of axes f , q, 5 fixed in the molecule,
and let the system rotate in a space-fixed coordinate system X Y Z as
shown in Fig. 15. The dipole moment M will, in general, have components
along the body-fixed axes M t , M,, and M r as follows:
(2.2.9)
where qi = A; cos(27rvit - 6,) is the ith normal coordinate and vi is its
frequency. The M i , M,, and M r will have components along the spacefixed X Y Z axes as follows:

Mx

=

Me cos

a,a,

a+ M ,

cos 7 3

+ M , cos {2

(2.2.10)

where the angles
5 2 , etc., are time variant, as, for example,
= cos 27rvCxt. When these are substituted into M x , M y , and M z
cos
there will exist terms which must result from cos or sin 2 ~ ( v if vt2)t,
where ~ €is2 the rotation frequency. Thus, a vibration-rotation band
occurs with a band center plus rotation wings.
Suppose the above theory is applied to the special case where vi is a
parallel-type vibration where

f^x

Suppose further that
M X = M Y = 0 and

{, the axis of

M z = MIo

rotation, is coincident with Z. Then

+ Ai aMf
aqi
~

-

COS(~TY;~

~i).

(2.2.11)

Only one frequency vi appears and the absorption must be at the band
center and identified with the Q branch, and the quantum-mechanical
selection rule AJ = 0.
If, however, the molecule rotates about an axis perpendicular to {, as
for example El then the components of M,-i.e., M X and M y become time
variant as follows:
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where rp is the angle between the axis of rotation $. and the space-fixed
X axis. The products cos 2?rvitsin 2?rvrt,etc., derive from such terms as
cos or sin2?r(v; A vl)t. This corresponds to the selection rule AJ = + 1
and gives rise to the R and P branch respectively at higher and lower
frequencies than vi.
Theoretically, the permitted transitions for such a vibration give a
spectrum of equally spaced lines, separated by a wave number interval
of 2B, surrounding an intense central branch as shown in Fig. 16. It must
be recalled that a molecule is not rigid and the moments of inertia do not
remain constant in the excited states, and the effect of this, together with

FIG. 16. Theoretical appearance of vibration-rotation spectrum for a vibration
parallel with the unique axis in a symmetric top (after Dennison).

I
b

8

I

B

S

FIG. 17. Actual appearance of a parallel type vibration-rotation band for CHIC1
showing effect of chlorine isotopes (recorded by J. A. Herndon, The University of
Tennessee).

the effect of centrifugal stretching, causes the lines to converge from one
side t o the other as in the diatomic case. Figure 17 shows the actual
appearance of a parallel band in CHBCI. Notice the effect of the C137
isotope, on the resolution.
For vibrations which occur perpendicularly to the unique axis of the
top, the situation is somewhat more complicated because AK = 4 1. The
effect of this on the spectrum is shown in Fig. 18. At the top of the figure
is shown the sub-band which results when K (which must be less than or
equal to J) changes from 0 to 1, and just below it when K changes from
1 to 0. Notice the lines missing near the Q branches because of the K 5 J
restriction, and notice also the difference in intensities in the P and R
branches. Now, these transitions all go on a t once in different molecules
and the observed result shown a t the bottom is the composite of all. I t

2.

62

MOLECULAR SPECTROSCOPY

,Ill I I I I I I I I I I I I r

1st Nqative &uld

I

I

I

I

I

FIG. 18. Theoretical appearance of vibration-rotation spectrum for a vibration
perpendicular to the unique axis in a symmetric top (after Dennison).
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FIG. 19. Actual appearance of a perpendicular band for CHaCl (recorded by
J. A. Herndon, The University of Tennessee).
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thus appears that the perpendicular band consists of a series of intense
~ . actual
lines ( Q branches) separated by [ ( I A / I c )- l ] h / 4 ~ ~ c IThe
appearance of a perpendicular band for the methyl halide series, under
quite good resolving power, is shown in Fig. 19.

FIG. 20. Contours of perpendicular bands for symmetrical molecules with various
B = [ ( I A / Z C )- 11 values (after Gerhard and Dennison).

The energy levels and intensities depend upon the parameter

P

=

[(Idle)

- 11

and consequently the band contours will vary for the various geometrical
shapes of the symmetrical tops. This variation in contour is more evident
in perpendicular bands than parallel bands and is shown i n Fig. 20 for
parameters from P = to P = 4. For = -&, I A = ( $ ) I c which is the
disk-like molecule of which BF, is an example. The example shown in
Fig. 18 for the methyl halides is at the bottom of Fig. 20--p = 4 where

+

64

2.2.

65

INFRARED

I A = 5 1 ~ This
.
is the cigar-shaped molecule. It is thus clear that considerable caution must be used in postulating molecular geometries or
identities on band shapes alone.
Figures 21-24 are intended to show examples of the appearance of some
bands observed with high resolving power for a variety of molecules.
Figure 21 shows vs, a parallel band, for the linear triatomic C1202and
C1302.Notice the absence of a Q branch and the similarity to the diatomic
molecule. Figure 22 shows V Z , a perpendicular band for C1402.Only a
single sub-band, namely where K = 111 changes from zero to one, will be
present. Notice the Q branch and how much this band resembles the
d\
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appearance of the sub-band K = 0 + K = 1 shown at the top of Fig. 18.
Figure 23 shows a parallel band in the disk-like Bl"F3.Notice the Q branch
of the isotopic band BllF,. Figure 24 shows the band v 3 and v 4 for CH,
which is a spherical top in which parallel and perpendicular bands cannot
be distinguished from each other, and under low resolving power both
bands look very much alike.
2.2.2.3.3.2. Miscellaneous Effects. To conclude this review, brief mention should be made of a number of miscellaneous effects which have been
observed and explained, and which are of importance in band spectra
interpretation.
As has been shown, an expression may be developed, from quantummechanical considerations, for the vibration-rotation energies of molecules. Unfortunately, very few molecules have spectra which are consistent with these results in all details. The reason for this is now known
to be due to resonance,2i-i.e., caused by interactions which become large
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because certain combinations of frequencies are equal-or nearly soand which cannot be treated by the usual quantum mechanical methods.
Such resonances may be of any order-first order, second order, third
order, etc. They may, moreover, be divided roughly into two classes,
anharmonic resonances, and rotational resonances.
Most important of the anharmonic resonances is, probably, the FermiDennison type of resonance which was discovered in the spectrum of
COZ, and which is a first order resonance. It arises from a term in the
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CHI (after A. H. Nielsen and H. H. Nielsen).

potential energy of the form knn.,q,q3, and produces resonance if
= us.
A more general first-order resonance of this type arises from a term
k,, q.9, q,,t and produces resonance if w s = wn' wn".
Of the second-order anharmonic resonances, the Darling-Dennison
resonance is the most important. It arises from a term in the potential
energy of the form k,,l,~qs2qq,and similar terms, and when 2w, = 2wnt resonance occurs. The resonance does not affect the fundamentals w 8 and wn'.
A third-order anharmonic resonance was discovered in the case of HCN
by Douglas and Sharma. This resonance was first discussed theoretically
by Hansen and Nielsen and arises from terms of the type k,,,,,,~q,~q4, in
the potential energy.
2wn1

11'

+

I
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The principal effect of anharmonic resonance is to displace the center
of the bands in question from their predicted or unperturbed positions
by amounts of the order of the magnitude of the term. They do, however,
also have an effect upon the values of the rotational constants B, and D
which is significant, and cannot in general be neglected.
In the case of COz, vl, the totally symmetric Raman active (infrared
inactive) frequency lies very close to 2v2, the infrared active bending frequency. Instead of finding a single Raman line with this frequency, two
lines separated by about 100 cm-1 occur. These are explained on the basis
of Fermi-Dennison resonance as being v 1 displaced; and 2v2 both enhanced and displaced by about 50 cm-I on each side of the position
where v1 would be found without resonance. This type of resonance has
been observed in many molecules.
The most important rotational resonance is the Coriolis resonance
which arises when two resonant vibrations interact with the rotational
motion of the molecule and couples the vibrational angular momentum
operator to the principal angular momentum operator. The component
of the Coriolis operator directed along the axis has the form
S~7[(ws/W,,)"*qs~ps

- ( ~ . v ~ / ' w s'''qsps
)

IPalIoa

where {:;) is the Coriolis coupling factor;
and wsl the two perturbing
frequencies; q8 and p , are, respectively, the normal coordinate identified
with wB and the linear momentum conjugate to q8; Pa is the component
of the total angular momentum directed along the axis a;and I,, is one
of the principal moments of inertia. When w, and w8, are fairly wellseparated, the Coriolis operator contributes a term to B, proportional to
(w, - wsI)-l. When w8 0 w,', so that resonance occurs, the contribution
becomes a first-order effect and produces a strong convergence of the
The convergence is toward
rotational lines in the two bands w , and
and toward
higher frequencies in the lower of the frequencies w6 and
lower frequencies in the higher of the frequencies ws and wsl. The convergence is peculiar in that the spacings approach values Av = Avo(l L- a),
where AVOis the unperturbed interval between the lines, and a is a constant depending upon the nature of the perturbing operator. This type of
resonance was first recognized by Ebers and Nielsen in the two perpendicular bands wb and w6 of formaldehyde vapor. This convergence for
allene is shown in Fig. 25. Another example of the Coriolis coupling, first
explained by Teller, is the anomalous spacing of the Q branches in the
perpendicular bands of axial molecules like CH3X, and spherically symmetrical ones like CH4. For example, the Q branch spacing in CH3C1is
found to be 8.2 cm-l in v2, 12.0 cm-1 in v4 and 6.95 cm-' in v6, whereas
the simple theory predicts that it should be the same in all bands
wst.

w61J
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(hP/4r21Ac). The result of introducing the Coriolis coupling is to alter
the form of the spacing relation to
l - l i_ _
1 h_ _
~
Ic

I* 4a2c

where the Ti is the Coriolis coupling factor. The Cih/2a contributes to the
angular momentum about the figure axis, changing the energy, and hence
the line separations.
Vibration-rotationbands of allene

80
60

band A

40
20

3
t

g
GO40-

band B

20-

FIG.25. Y Q and Y L O of allene showing t h e convergence resulting from Coriolis interaction (after Miller and Thompson).

Other types of resonance are known and are constantly being discovered, but these lie beyond the scope of this discussion. As the resolving power and precision of measurement improve, they will become
increasingly important.
The case of NHI presents an interesting problem in that the parallel
bands v 1 and v 3 appear to be double with the Q branches of v 1 at 3337 cm-l
separated by 1.6 cm-l and the Q branches of v 3 a t 950 cm-” separated by
35 cm-’. This doubling was first qualitatively explained by Hund and
later in detail by Dennison and Uhlenbeck. When an atom or group of
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FIQ.26. Appearance of the 10.5 /I band of NHa showing the effect of the double
minimum potential function (after Caring, H. H. Nielsen, and Rao).

atoms in a molecule can occupy positions of equilibrium which are indistinguishable from one another there results from this resonance a
splitting of the energy levels. In ammonia this comes about because the
N atom has a position of equilibrium above and below the Ha plane.
Thus, its potential energy function may be represented as a curve with
two minima. The height of the barrier between the two curves determines the amount of splitting. Figure 26 shows the 10.5 @ band in considerable detail as revealed by the high resolution of a grating spectrometer. The two Q branches beautifully resolved are shown in the center
of the figure.
Another effect of considerable importance is the effect of the nuclear
spin upon the appearance of the spectrum. Let us consider briefly the
situation for v 3 in COz. The nuclear spin of oxygen is zero. The statistical
weight of energy levels is given b y (S 1)(2S 1) for symmetric and
by S(2S 1) for antisymmetric spin wave functions. T h e total wave
function for COz, \kv . Q B 9'9, must be symmetrical. We may now consider the symmetry of the rotational levels in the ground state

+

+

+

v,= vz =

v3 =

0

and the excited state V1 = V z = 0 , V , = 1. This is shown in the accompanying Fig. 27 in which the energy levels and transitions are drawn.
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FIG.28. Intensity alternation of rotation lines in C2Hzvibration-rotation band resulting from nuclear spin of H (after Allen,
Tidwell, and Plyler).
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FIG.29. Intensity alternation of rotation lines in C2Dz vibration-rotation band
resulting from nuclear spin of D (after Talley and Nielsen).
As the spin is zero the statistical weight of the antisymmetrical (spin)
levels is zero and alternate levels are absent. Thus only R(O), R ( 2 ) ,etc.,
and P ( 2 ) , etc., can occur, and the spacing of the rotation lines is really
4B instead of 2B. Another way to say this is that one set of lines occurs
with zero intensity.
For C2Hzthe ratio of symmetric to antisymmetric is 3 to 1 and for
CzD2it is 2 to 1. The resulting intensity alternation is shown in Figs.
28 and 29 for these cases.

2.2.3.

Experimental consideration^^^-^

*

2.2.3.1. Introduction. In the course of time, improvements and discoveries were made in instrumentation and experimental techniques, such
as fast detectors, new optical materials, methods of producing large diffraction gratings, etc., making possible much greater resolution than with
a prism alone. This increased resolving power led to the disclosure of fine
structure, line-splittings, and complexities undreamed of in the simple
theory, and it has become necessary to push perturbation theory for molecules at least to second order of approximation to explain observed inter-

* See also Vol. 1, Section 7.9.1.
GI. Schaefer and F. Matossi, “Das ultrarote Spektrum.” Springer, Berlin, 1930.
J. Lecomte, “Le rayonnement infrarouge,” Vol. I (1948), Vol. I1 (1949). GauthierVillars, Paris.
60 W.
Briigel, “Einfuhrung in die Ultrarotspektroskopie.” Steinkopff, Darmstadt, 1954.
6d R. A. Smith, F. E. Jones, and R. P. Chasmar, “The Detection and Measurement
of Infrared Radiation.” Oxford Univ. Press, London and New York, 1957.
6eV. Z. Williams, Rea. Sci. Instr. 19, 135 (1948).
6fProc. I.R.E. (Insl. Radio Engrs.) 47 (September, 1959).
6*

6b
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actions between vibration and rotation, such as l-type doubling, Coriolis
interactions, etc.
Some of the earliest applications of infrared spectroscopy to chemical
problems occurred in the decade 1920-1930. By 1935 industry had discovered that infrared spectroscopy provided a powerful tool for analysis.
Application studies were extended to such varied problems as reflection,
polarization, phosphors, reaction kinetics, astronomy and commercial
heating.
Few infrared spectrographs existed prior to 1940, and those which did
were, for the most part, built by individuals for specific problems connected with basic molecular structure phenomena. They were manually
operated ; extremely sensitive to outside disturbances such as ambient
temperature, atmospheric absorptions, foundation vibrations transmitted
to the radiometer or galvanometer; and it was a trying, tedious experience
to obtain infrared spectra over any extended wavelength range. Galvanometer readings for example in the beam and out of the beam had to be
plotted versus prism or grating angles, and conversions to percent transmission versus wavelength or wave numbers had to be made later as a
separate graph. Important details were lost through uncertainties involving instability of the detection system and lack of repeatability of circle
settings for the dispersing element.
During World War 11, however, military interest in infrared ranging,
direction finding, homing devices, etc., stimulated considerable research
activity in the fields of detection and infrared transmissive materials,
which led t o the development of several new fast detectors, increased
speed of older types of detectors and new optical materials which transmitted infrared radiation a t longer wavelengths. The increased speed of
response and sensitivity of detectors made it possible to design and mass
produce commercial prism infrared spectrometers which were completely
aut,omatic in operation; had much greater resolving power; and produced
spectra on moving chart recorders quickly enough so that scanning spectra for analytical purposes became feasible. These improvements were
also incorporated in high-dispersion grating instruments making it possible to observe the fine structures previously discussed.
I t is intended in this section to consider topics which are common, or
basic to all spectrometers, and to delay to a later section specific instrument details such as optical layout, special features, techniques, and
applications. The next paragraphs will, therefore, be concerned with the
basic parts of a spectrometer: the source, the dispersing element, and the
detector. This will include discussion of various radiation sources; kinds
of optical materials; reflective, transmissive, absorptive, and dispersive
properties of these materials; infrared detectors-thermal, photoconduc-

2.2.

INFRARED

75

tive, and other; and such miscellaneous items as slits, absorption cells,
filters, sampling techniques, atmospheric absorption, etc.
The basic layout of the parts of an infrared spectrometer is generally
about the same in most inst,ruments. This general design is shown in
Fig. 30 and includes a source of continuous radiation, a location for the
absorption cell or sample, a curved entrance slit, an off-axis paraboloidal
mirror for collimating the beam, a dispersing element (prism or grating) ,
a Littrow mirror, a straight exit slit, an ellipsoidal mirror to focus a
reduced image of the exit slit on the detector, and the detector. The dispersed wavelengths are caused to pass across the exit slit slowly by

FIG.30. Ray diagram of the basic design of a typical infrared prism spectrometer
(courtesy Perkin-Elmer Corporation). KEY:C, sample cell; G, Globar source; MI, MI^,
Mv, MVI,flat mirrors; MII, M v ~ Ispherical
,
mirrors; MIII, off-axis paraboloid; Ms,
slit micrometer; Mw, wavelength micrometer; P, prism; S, shutters; Sl, entrance slit;
Sll, exit slit; T, turret drum; Tr, turret release; Tc, thermocouple; D, temperature
compensator.

rotating the Littrow mirror, or the dispersing element. For prism spectrometers the condition of minimum deviation is met as nearly as possible.
Somewhere in the optical system is located a light chopper which periodically interrupts the beam to the detector. The square wave voltage
developed by the detector is amplified by a narrow-pass amplifier tuned
accurately t o the chopper frequency, and the amplified signal is coherently
rectified and recorded on a standard strip-chart recorder. For wavelength
calibration purposes, the Littrow position is related to the strip-chart in
a fixed and reproducible way. For absorption measurements an absorption cell containing the sample is inserted in the beam of continuous
radiation and the wavelength regions in which energy is absorbed are
detected as regions of smaller deflections of the recorder pen. Emission
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spectra as from a flame may be observed by replacing the continuous
source by a flame, or a discharge tube.
2.2.3.2. Sources of Infrared Radiation. 2.2.3.2.1. NERNSTFILAMENT.*
The most convenient and generally satisfactory source of continuous
radiation for use throughout the entire infrared spectrum is the Nernst
filament, which approaches the radiation characteristics of a blackbody.
The Nernst filament is a slender cylindrical rod about inch in diameter
composed of a mixture of several rare earth oxides. Fine platinum wire
wound closely at each end of the rod may be fused into a solid ring
wetting the surface and making good contact. When platinum leads are
spot-welded to these contacts and when operated at currents not exceeding 1 amp, such a filament has quite a long life. As the filament is a semiconductor and has a negative temperature coefficient of resistance, it
requires a ballast resistance and must be lighted either with a torch, or
by means of heating coils surrounding it. The filament is sensitive to
cooling by drafts, and for intensity work or where great stability is required it is suggested that an automatic stabilizer be used. The Nernst
filament may be operated either in air or in vacuum but should be surrounded by a water cooling jacket when used in vacuum. When used in
vacuum some filaments give off a fine white powder which collects on the
mirrors producing bad scattering effects. For vacuum spectrometers it is
recommended that a glower housing be built in which the filament can
operate in air a t atmospheric pressure.
For normal operation the Nernst filament has its radiation peak between 1.5 p and 2.0 p.
2.2.3.2.2. GLOBAR.~
Another convenient and excellent source for
general use is the Globar. The Globar is a cylindrical rod of carborundum
about inch in diameter and 2 inches long capped with silver electrodes.
It operates at about 1200°C for a power of 250 watts, and must be cooled
by means of a water jacket. Its long life makes it a very useful source,
although it is not as good an emitter as the Nernst filament.
2.2.3.2.3. GAS MANTLE.Although seldom used now, the gas mantle
composed of thorium oxide, and heated to about 1800°C by means of a
gas flame, is an extremely efficient source, especially beyond 10 p .
2.2.3.2.4. QUARTZMERCURY
ARC. For extremely long wavelengths
(40 p - 800 p ) , the quartz mercury arc is an excellent source.

* Nernst filaments are available from The Carborundum Company, Stupakoff
Division, Latrobe, Pennsylvania; Sir Howard Grubb Parsons and Co., Ltd., Walkergate, Newcastle upon Tyne, 6, England; British Thomson Houston Export Co., Ltd.,
Rugby (Warwickshire), England; Fa. Glasco-Lampengesellschaft, Coburg, Germany;
Hilger and Watts, Ltd., 98 St. Pancras Way, London N.W.1, England.
iMade by the Carborundum Co., Niagara Falls, New York.
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2.2.3.2.5. TUNGSTEN
FILAMENT.
In the very near infrared region a
substantial gain can be achieved over the aforementioned sources by the
use of a tungsten ribbon-filament lamp operated at 20-30 amperes in a
glass envelope with a quartz window.
2.2.3.2.6. ZIRCONIUMARC.* Another source of considerable brilliance
and usefulness is the concentrated zirconium point arc. While the other
sources mentioned are elongated and can be used to illuminate a slit,
this source approximates a point source. It has been used as a general
type source for the near infrared, and for the source in formation of
Fabry-Perot interferometer fringes for calibration purposes. Even when
surrounded by a water-cooled jacket the life of these lamps has been
found to be very much shortened when they were burned in a vacuum.
After some use zirconium sputters onto the envelope as a spot opposite
the arc, thus reducing the brightness greatly.
ARC. Strong6 and his collaborators have reinvesti2.2.3.2.7. CARBON
gated the use of the positive crater of the carbon arc operated a t about
3900°C. They have designed a special source with which the energy output is appreciably improved in the 3-15 p region. I n fact, a comparison
of this source with a Globar operated a t 1175°K showed a gain of about
sixfold in this region which increased the resolving power by a factor of 3
through narrowing of the spectrometer slits. The principal disadvantages
of this source are its bulky shape, necessity for automatically feeding the
carbon rods, relatively short life, and the fact that it cannot be used in
a vacuum. Some of these disadvantages can, however, be compensated
for by design improvements; and may be tolerated because of the tremendous increase in available energy at the detector.
2.2.3.3. Optical Materials for the Infrared. Among the many materials
which transmit infrared radiation, and which can be used as dispersive
media, the most frequently used is sodium chloride. It is the commonest
of the halogen salts of the alkali metals, and has satisfactory dispersive
properties for most problems in infrared spectroscopy met with in the
ordinary course of events. In general it may be said that all the alkali
halides transmit infrared radiation and may be fashioned into prisms
suitable for various spectral ranges. These materials, sometimes found in
nature as medium-sized crystals of optical quality, are now most frequently made synthetically into crystals of almost any desired size. For
the most part these materials are fairly hygroscopic and should be used
in a dry atmosphere to prevent their surfaces from fogging, and thereby

* Concentrated arcs are supplied by Sylvania Electric Products, Inc., New York 19,
New York. A power supply is made by George W. Gates and Co., Inc., Franklin
Square, Long Island, New York.
8 C. S. Rupert and John Strong, J. Opt. SOC.
Am. 39, 1061 (1949).
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scattering short wavelength light excessively. Sodium chloride transmits
well from the visible to about 650 cm-' and has fairly good dispersive
properties throughout its useful range (which coincides with the region
in which most vibrational absorptions occur), and has the added advantage of being fairly inexpensive. Other materials of this class may be used
in specific-and somewhat limited-spectral regions for the purpose of
gaining dispersion and resolving power. For example, it may be seen from
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FIG 31. Graph of spectral resolution of prisms made of NaCl, CaFz, KBr, and LiF
versus cm-l (after V. Z . Williams).

Fig. 31 that a prism of lithium fluoride will have a n observed resolution
of about 4 cm-1 a t 3000 cm-I, while a prism of sodium chloride will have
an observed resolution of only 17.5 cm-I a t the same wave number in the
spectrum. However, a LiF prism becomes opaque a t about l6GO cm-I and
is, therefore, more limited in its general usefulness. Table V lists the
materials of this class and their useful ranges.
Besides the alkali halides there are a number of other very satisfactory
materials which can be used both as window materials and as dispersive
media. These too are listed in Table V, but some brief comments will be
made about them individually.
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Quartz is very satisfactory both as prism and window material to about
3300 cm-’ where the transmission begins to fall off sharply. It remains
opaque from 4.0p to 40.0 p where the transmission again increases
markedly, and it is again used in the far infrared principally as window
and filter material.
TABLE
V. Principal Optical Materials for Prisms and Windows in the Infrared“
Listed in Order of Their Low-Frequency Cutoff (Approximate Values)
Material

Low-frequency cutoff (cm-l)

Comments

~~

Glass
Quartz
LiFb
Sapphirec

-5000
3300
1660
1600

CaF2b
NaClb

1100
650

KClb

500

AgClb

455

KBrb

400

KI
KRS-5
(Tl-Br-I)

330
250

CsBrb
CsIb

250
200

Exc. for prisms and windows
Exc. for prisms and windows
Exc. for prisms and windows
Exc. for windows-resists mechanical
and thermal shock
Exc. for prisms and windows
Best over-all coverage in infrared.
Hygroscopic. Is easily handled
Hygroscopic. Not used much
presently
Ductile-light
sensitive. Refl. losses.
Avoid contact with metals other
than Ag. In general good window
material
Hygroscopic. Fractures easily. Exc.
prism material to 25 p
Similar to KBr
Ductile. Toxic. Refl. losses. Prism
shape may alter with time. Resists
corrosion. Good window material
Hygroscopic. Fractures easily
Similar t o CsBr

See in Briigel,6a p. 105; in Smith el a1.,6dChapter I X ; in WilliamsJSepp. 148, 165;
also “American Institute of Physics Handbook,” Sect. 6c. McGraw-Hill, New York,
1957.
* Obtainable from infrared instrument companies and Harshaw Chemical Company,
Cleveland, Ohio; Isomet Corporation, P. 0. Box 34, Palisades Park, New Jersey.
c Obtainable from Linde Air Products Company, Tonawanda, New York.

Calcium fluoride with its cutoff at about 1100 cm-I has its region of
maximum dispersion a t about 1250 cm-l (8.0 p ) . Thus, a combination of
NaCl, LiF, and CaFz prisms would provide excellent coverage of the near
infrared vibration region (to 650 cm-l, 15.0 p ) .
Recently i t has become possible to manufacture sapphire windows of
considerable size. Sapphire is quite transparent to 1600 cm-’ (6.5 p ) in
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thicknesses suitable for windows, and has the advantage of being resistant
to mechanical and thermal shocks, and not subject to corrosion.
During World War 11 silver chloride, and a material called KRS-5
composed of a mixture of thallium bromide and thallium iodide, became
popular as infrared materials because they are not too susceptible to
attack by water vapor. Indeed, both materials are reasonably resistant
to corrosive substances. The principal disadvantages of silver chloride
are its softness-which causes i t to be easily scratched and causes the
windows to deform when used on cells under partial vacuum; and its
sensitivity to light-which causes it to turn black and opaque after long
exposure to light. It is also necessary to use silver or inert gaskets with
silver chloride because of the reaction which occurs to free silver from
the silver chloride. This material can, however, be used over relatively
long periods in direct contact with Monel or nickel without ill effects
occurring provided that no moisture is present-or the humidity is low.
KRS-5 is a heavy, deep red material with an extremely high refractive
index which, as for AgCl, causes it to have large reflective losses. Its
principal virtues are that it transmits nearly to 40.0 p in thicknesses suitable for windows, and that it is not readily attacked by water vapor or
subject to corrosion. It is, however, quite soft and care must be exercised
not to distort prisms made from it. It is also toxic so care must be used in
grinding or polishing not to inhale any of the powder which results. With
the availability of CsBr and CsI, which transmit to about 45 p and 50 p
respectively, KRS-5 has lost much of its usefulness in spectroscopy.
Diamond has come into fairly wide use in small pieces as window material for use in detectors for the far infrared (i.e., the Golay detector).
Various other substances such as germanium, selenium, silicon, arsenic
trisulfide glass, etc., may be used as window materials in special cases.
2.2.3.4. Infrared Detectors.sa 2.2.3.4.1. INTRODUCTION.
Improvement
of resolving power of spectroscopic instruments is dependent upon the
energy available from the source, the efficiency of the optical system and
the sensitivity of the detector. Until World War I1 the detector most
used in infrared spectroscopy was the thermopile-or, more simply, the
thermocouple. It was generally constructed of thin bismuth-antimony
and bismuth-tin alloy wires welded together as a junction with a slitshaped gold-black or platinum-black coated receiver attached to the
&&SeeSmith et a1.6d and Williams;6e cf. “Final Report-Germanium
and Lead
Telluride Infrared Detectors.” Solid State Laboratory, Dept. of Physics, Syracuse
University, Syracuse, New York. Prepared for Aerial Reconnaisance Laboratory,
Wright Air Development Center, Project A056 Task 40511, Contract AF33(616)2221
(February, 1957). See also R. C. Jones, Advances in Electronics and Electron Phys. 6,
1-96 (1953); 11, 87-183 (1959).
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junction. This device was mounted in a slender, cylindrical, evacuable
case closed with an NaCl or KBr window to pass the infrared. Such a
thermocouple would have a time constant of the order of one second,
and it was necessary to use dc amplifiers and galvanometers to measure
the radiation falling on the detector.
Because various military uses of infrared detection could only be satisfied with detectors having considerably shortened time constants without
sacrifice of sensitivity, a considerable government sponsored effort was
put into research and development of new types of infrared detectors as
well as for improved thermocouple materials and design. This program
resulted in development of a number of new detectors (photoconductive)
whose principle of operation depends upon changes in their solid state
properties with incident infrared radiation. Several of these detectors will
be described in the subsequent sections.
2.2.3.4.2. PHOTOCONDUCTIVE
DETECTORS.
* 2.2.3.4.2.1. Lead SulJide.t
Of the various available photoconductive detectors, lead sulfide is in most
general use. The sensitive surface is either chemically deposited or evaporated onto a glass substrate with gold electrodes deposited a t the ends
or at the edges. To these electrodes fine leads are soldered. Generally,
the unit is covered with a transparent plastic for protection of the surface.
For spectroscopic purposes these detectors are made slit shaped with
dimensions of the order of 5 mm long by &mm wide. To cause the
impedance to have reasonable values (0.1-1.0 megohm) the connecting
leads are usually attached so the resistance is measured across the narrow
dimension instead of across the long dimension of the detector. Lead
sulfide detectors for the infrared have a useful range of from 0.7 p to
somewhat more than 3 . 0 p , and even when used a t room temperatures
are of the order of 100 times more sensitive than a good thermocouple.
Their peak sensitivity is usually near 2.0 p. An additional factor of 25-50
can be achieved by cooling the detector to the temperature of solid COZ
(- 78°C) or liquid nitrogen (- 195°C). Cooling both increases the sensitivity and extends the useful wavelength limit. For cooling, the sensitive
surface is deposited so it will be in contact with the cooling device-as,
for example, on the inner surface of a Dewar flask. The flask may be
equipped with a sapphire window which is transparent well beyond the
long wavelength limit of the detector. The response time of lead sulfide

* See also Vol. 2, Section

11.1.4.
sulfide detectors, cooled and uncooled, are available from a number of
manufacturers among whom are: Eastman Kodak Company, Rochester 4,New York;
Electronics Corporation of America, Cambridge, Massachusetts; Infrared Industries,
Inc., P.O. Box 42, Waltham 54, Massachusetts; Santa Barbara Research Center,
Santa Barbara Municipal Airport, Goleta, California.

t Lead
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detectors is of the order of 100 psec. Chopping speeds of a t least 100 cps
may, therefore, be used making it possible to design excellent amplifying
systems to be used in conjunction with them. Figure 32 shows spectral
response curves plotted in noise equivalent power (NEP) versus spectral
wavelength for a number of typical cells at three temperatures.

FIG.32. Optimum noise equivalent power versus wavelength curves for photoconducting detectors of different wavelength cutoff (A,) (courtesy Infrared Industries,
Inc.)

2.2.3.4.2.2.Lead Telluride. I n general, the properties of lead telluride
detectors are similar to those of lead sulfide. However, cooling is much
more important, as it appears to be difficult to make PbTe cells having
much sensitivity at room temperature. These detectors are, therefore,
usually made with the sensitive surface evaporated directly onto the coolable surface. Because the spectral response at low temperature extends to
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nearly 6.0 1.1, i t is important that the window be of sapphire. Time constants for PbTe detectors are generally shorter than for PbS.
2.2.3.4.2.3.Lead Selenide. Detectors of lead selenide have recently been
developed. As in the two previous cases they are most sensitive and have
their longest wavelength response a t low temperatures. The technique of
making good PbSe cells is said not to be as difficult as for PbTe. Spectral
response curves* indicate a sensitivity peak of about 7.0 p for a temperature of 20°K. This spectral response extends the range of photoconducting detectors to a region of considerable importance, especially in
high resolution spectroscopy.
2.2.3.4.2.4.Germanium.t Gold-doped germanium has recently been
used in both “ p ” and “n” types for infrared detection. They, too, must
be cooled t o 90°K or lower before they become useful as detectors. The
spectral ranges of the “ p ” and “n” types are about 9.0 p and 6.0 p respectively, and both have rather sharp sensitivity peaks between 1.0 and
2 . 0 ~ The
.
time constant for the “ p ” type at wavelengths greater than
1.5 p is less than 1 psec, while for the “n” type it varies from 10 psec t o
1 msec. They both have NEP’s of the order of 10-lo watt. Germanium,
doped with such impurities as Zn and Cu, is sensitive to wavelengths of
30-40 p when cooled to temperatures close t o that of liquid helium.
2.2.3.4.3. THERMAL
DETECTORS.
2.2.3.4.3.1. Thermocouples.J In the
decade or more prior to World War I1 the thermocouple described in
2.2.3.4.1, in conjunction with various types of dc amplifier-galvanometer
combinations, was the standard detection system, and galvanometer
readings were observed and manually recorded for specific wavelength
settings of the prism or grating of the spectrometer. As has previously
been indicated, i t was, thus, a very slow process to observe, record, and
finally plot the data of infrared spectra. Except for a resonance amplifier
designed by F i r e ~ t o n eautomatic
,~
recording was virtually unknown. Research into new thermoelectric materials, and methods of producing the
elements, and better receiver blackening have, however, made it possible
to develop thermocouples of extremely high sensitivity and sufficiently
short time constant so that chopping speeds from 10-15 cps are practicable. Although varying with the type of thermocouple, minimum detectable powers for 1 cps band width of the order of a few times lo-” watt
have been claimed by the makers. Various designs have been executed
by Hornig and O’Keefe, Harris, Roess and Dacus, Cary and George,
Schwartz, and others, all of which may be used with chopping speeds

* See Smith et u Z . , ~ p.
~ 168.

t See the Syracuse University Report.6a

3 See Smith et a1.,6d p. 56ff, and Williams,6ep. 155ff.
F. A. Firestone, Rev. Sci. Instr. 1, 630 (1930).
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between 5-15 cps. Excellent thermocouples designed specifically for spectrometer use are available commercially. *
2.2.3.4.3.2. Bolometers. t The bolometer, first usediin 1880 by Langley ,
is a device the responsivity of which depends upon the first derivative of
the resistance with respect to temperature. Bolometers are essentially of
the types: metal strip (platinum, nickel, gold, etc.) ; thermistor (semiconductor) ; and the superconducting (columbium nitride).
Metal strip bolometers have been produced by a variety of methods
of obtaining thin films or wires-i.e., rolling, sputtering, electroplating,
and vacuum evaporation. In general, they have time constants of from
5-15 msec. Nickel, which has one of the largest temperature coefficients
of resistance of the metals, is frequently used, and minimum detectable
powers of about 3 X 10-9 watt a t 30 cps and bandwidth of 1 cps have
been reported.
The thermistor (semiconductor), described by Wormser, Brattain, and
Becker, is a bolometer made of a mixture of the oxides of Ni, Mn, and
Co-a combination having a very large temperature coefficient of resistance. The material is fashioned into flakes of about 10 p thickness and is
backed by glass or quartz. Such bolometers have time constants of
5-8 msec and 2-5 msec for glass and quartz respectively. Becker and
Moore have quoted a minimum detectable power of 7 X lo-" watt for
chopping at 15 cps a t 1 cps bandwidth. It appears that a good thermistor
is comparable with a good thermocouple.
During World War 11, D. H. Andrews, R. M. Milton, and W. de Sorbo
developed a bolometer operating on the principle that a t low temperatures certain substances become superconducting, and therefore have a
very steep dRldT in a narrow temperature range. The material used was
columbium nitride, which becomes superconducting at the triple point of
Hz, between 14" and 15'K. The bolometer is mounted on a Cu block
which projects into a cylindrical chamber filled with liquid hydrogen.
The liquid hydrogen chamber is shielded by a cylindrical shell-like chamber filled with liquid nitrogen, and the whole apparatus is enclosed in a
vacuum chamber with an infrared window. By pumping at an appropriate rate on the hydrogen, the temperature of the triple point may be
maintained. This detector has an extremely short time constant-about

* Baird-Atomic, Inc., 33 University Road, Cambridge 38, Massachusetts; Beckman
Instrument Company, Scientific Instruments Division, 2500 Fullerton Road, Fullerton, California; Hilger and Watts, Ltd., London, England; Farrand Optical Company,
Inc., Bronx Boulevard and East 238th Street, New York 70, New York; The PerkinElmer Corporation, Norwalk, Connecticut; Charles M. Reeder and Company, 173
Victor Avenue, Detroit 3, Michigan; Eppley Laboratories, Newport, Rhode Island.
t See Smith et U Z . , ~ p.~ 9lff, and Williams,6e p. 155ff.
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0.5 msec, and chopping speeds of 1000 cps may be used with small loss
over dc sensitivity. For 360 cps chopping speed a t 1 cps bandwidth,
Andrews and Milton have reported a minimum detectable power of
2.1 X lo-" watt. The principal disadvantages are the bulky character
of the cryostat in which it must be mounted, and the difficulty of pumping at the proper rate to maintain the hydrogen a t the triple point over
the long periods necessary for recording spectra.
2.2.3.4.3.3. The Golay Cell.* A thermal detector invented by M. Golay
which operates on an entirely different principle from either the thermocouple or the bolometer has proved to be a real competitor to them as to
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FIG.33. Schematic diagram of the Golay detector (courtesy of Eppley Laboratories).

convenience, sensitivity, and possible chopping speeds. This detector,
shown in Fig. 33, operates on the pneumatic principle. It is composed of
a small xenon-filled cylindrical chamber closed with two thin windows.
The front window, which has an infrared absorbing film deposited on it,
transfers the energy to the gas causing it to expand. The rear window,
normally a plane, but distensible, mirror bulges a little because of the
gas expansion and thus alters the optical constants of a point source, line
grid, photocell receiver amplifying system so that more or less light from
the source reaches the photocell. The signal from the photocell is further
amplified electronically in the same manner as with other detectors. By
design these detectors can be made to give peak response a t various chopping speeds from 10-100 cps. The detector is black and can be used
throughout the near and far infrared and as a microwave detector.

* The Golay Cell is obtainable commercially from Eppley Laboratories, Newport,
Rhode Island. See Smith el U Z . , ~ p.
~ 116, and Williams,6ap. 159,
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2.2.3.5. Miscellaneous Items. 2.2.3.5.1. SLITS.One of the most important parts of any spectrograph is the entrance and exit slit system. All
modern slits are bilateral so that the center of the slit remains fixed when
the slit jaws open and close. Slits are generally designed with ground
prismatic edges and so mounted that they present the flat surface to the
incident beam. The jaws must be accurately parallel so that a slit width
can be defined. For the infrared-depending on the optics-the slits may
be of various lengths, and capable of opening at least to 1 mm. The
mechanism must be very precise so that it is possible to repeat slit settings with considerable accuracy. This is particularly important when
intensity measurements are to be made. Most spectrographs for the
infrared-whether prism or grating-have one of the slits (usually the
entrance) made with curved jaws, because the prism angle, or the grating
space, is not a constant to rays from all points along the slit. A curved
image, therefore, results from a straight slit. If the entrance slit is curved
to counteract this image curvature, the final image is straight. I t should
be remembered that the curvature is opposite in gratings from that in
prisms.
2.2.3.5.2. FILTERS.A serious problem in the optical systems of spectrographs is that of scattered radiation-principally of wavelengths shorter
than 2 p. The problem is particularly annoying where quantitative work
or intensity measurements are attempted. In grating spectrographs there
is an additional problem which occurs because of overlapping orders.
Scattered light can be removed by one or a combination of the following techniques: clean mirrors, lenses, and slits; careful masking of components and properly placed baffles; double monochromatizing; powder
filters with appropriate particle sizes; Germanium filters with short-wave
cutoff; reststrahlen plates and coarse gratings used as mirrors at longer
wavelengths. There has recently been considerable research into the
theory and production of interference-type filters of infrared materials
with evaporated films laid down in such a manner as to make relatively
narrow pass-band filters. These can be made to transmit 85-95% of the
radiation over quite a narrow range of frequencies, which can be specified.
For special purposes they are very useful.
2.2.3.5.3. SAMPLING
TECHNIQUES.
Infrared spectroscopy is useful for
obtaining information about molecules in all the states of mattergaseous, liquid, and solid. Each state, however, requires the use of a
different technique for preparing the sample to be examined.
The gaseous phase is perhaps the simplest in that a11 that is required
is a vacuum-tight cell of appropriate length made from glass or metal.
The cell is closed with windows as described in 2.2.3.3. Windows may be
attached to the cells with a number of available waxes, or Glyptal-or by
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gaskets and pressure flanges making them more easily removed when
regrinding or repolishing the highly hygroscopic salts becomes necessary.
Gaseous cells used a t both low and high temperatures have been designed.
Where long absorbing paths are necessary it is frequently useful to employ
a multiple traversal cell similar to a design given by WhiteEin which a
relatively short cell can be made equivalent to a very long cell by folding
the beam many times. It must be realized, however, that possibly serious
energy losses may result from loss of beam aperture and reflection in the
many traversals.
Some substances are corrosive, and it has been found beneficial to use
stainless steel, Monel, or nickel in the construction of cells and gas handling apparatus. Such systems are actually simpler t o construct, and clean
up, than glass. An added problem is that cells must be closed with infrared
transparent windows, many of which are subject t o attack by the samples
to be studied. The attacking of the windows manifests itself in a variety
of ways: by fogging, etching, production of spurious window bands, or
even vapor impurities. Of the materials listed in Table V, sapphire,
LiF, CaF2, AgC1, and KRS-5 have been found t o be satisfactory in
most cases.
Because windows are so susceptible to attack some comment should be
made about processes useful in cleaning them. The subject of grinding and
polishing has been treated in detail-for example, by Strongg-and in
books on mirror making. However, it is frequently not necessary to resort t o extensive grinding and polishing unless the window is seriously
damaged. If a window is fogged it is often sufficient to polish on a lap*
stretched over a plate glass surface using filtered rouge or gammaaluminat as an abrasive and absolute alcohol as a lubricant. If a window
is etched badly, fine grinding is necessary before polishing. This can
readily be accomplished with Carborundum powder 2 / F and absolute
alcohol on a good piece of plate glass. Silver chloride and KRS-5 require
special treatment. It has been noted that cleaved surfaces of such matetials as rock salt, potassium bromide, etc., are less easily attacked than
are polished ones.
The infrared spectrum of a liquid sample is also fairly easy to obtain.
As the density of liquids is much greater than gases, the cell thickness
must be much smaller-of the order of hundredths of millimeters. The
window material must not be soluble in the sample. Thus, water solutions

* Polishing cloths of various grades may be obtained from Adolph I. Buehler, 228
N. LaSalle St., Chicago 1, Illinois.
t Linde Air Products Company, 30 East 42nd Street, New York 17, New York.
8 J. U. White, J . O p t . SOC.
Am. 32, 285 (1942).
9 J. Strong, “Procedures in Experimental Physics.” Prentice-Hall, New York, 1947.
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cannot be used with NaCl, KBr, CsBr, etc. Solvents such as CSZ and
CCL are useful because they have few absorptions and do not attack
cell windows. Liquid cells are generally made by clamping together two
windows separated by a spacer of proper thickness. Because so many
liquids have high volatility it is important that the cells be tightly sealed.
Spacers are frequently made of very thin lead sheets amalgamated with
mercury. When pressed between the plates this produces a tight seal.
Cells are also frequently designed to accept the ground glass end of an
hypodermic syringe, so that samples may be recoverable. Liquid cells are
available commercially for various purposes, such as microcells for extremely small samples and variable length cells which can be set accurately to a desired length by a micrometer head.
The solid state is somewhat more difficult to study from the point of
view of sample preparation. If the solid is crystalline or occurs in pieces
of some size, it must either be cleaved into extremely thin slices, or ground
extremely thin to prevent obscuration of detail in regions of absorption.
Thin slices may be placed in the beam as any other sample. Very thin
layers can be deposited by vacuum evaporation, or by evaporation from
solvents onto transparent windows which can then be placed in the beam.
Deposits of this sort, however, have a tendency to scatter the radiation,
and another procedure in common use which reduces the scattering
greatly is to mull the powder in some mineral oil, such as Nujol, or in a
fluorocarbon oil, and spread the mixture evenly on a rocksalt or potassium
bromide window. Certain regions are, however, obscured because of absorption by the oils-for example with Nujol the regions of 1375, 1450,
and 2900 cm-' have strong G - H absorption; and with the fluorocarbon
oil the region 900 to 1250 cm-' contains intense C-F bands. As these
regions do not overlap the two mulls complement each other. A technique of solid sample preparation has been developed in which the finely
powdered sample is thoroughly mixed with finely powdered KBr, placed
in an evacuated die, and subjected to great pressure. This process results
in a small clear tablet or pellet in which scattering by the powder is
greatly minimized. Such a pellet may readily be mounted and inserted
into the spectrometer beam. As much or as little sample may be put into
the mix as is found necessary to bring out the bands in the spectrum,
although best results are obtained with concentrations of about 1% or
less. The important field of solids a t low temperatures has also been developing recently, and special absorption cells have been designed for this
purpose. Generally, such cells are variations of the following sort: a transparent window, seated in good contact with a copper block which projects
into a liquid nitrogen bath, is situated in a vacuum chamber closed with
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transparent windows. A small amount of vapor admitted to the cell then
freezes on the cold window providing an absorbing layer of solid.
I n general, qualitative and quantitative results can be obtained in all
three states, although quantitative measurements are much more difficult
and less accurately done with solid samples.
2.2.3.5.4. ATMOSPHERICABSORPTION.
Under normal circumstances the
atmosphere contains a great deal of water vapor and carbon dioxide, both
of which absorb intensely over extensive regions of the infrared.
The water vapor fundamental bands, which are the most intense, are
centered at 3700 cm-l and 1595 cm-l and, depending upon moisture content of the air, extend several hundred cm-1 in each direction from band
center. There are several less intense overtones and combinations at about
5550 cm-I and 3200 cm-1 as well as pure rotation lines beginning in the
vicinity of 650 cm-l and running toward lower wave number units.
Carbon dioxide has its most intense fundamental band a t about
2350 cm-l and another fundamental band at 650 cm-l with several lesser
bands between. Thus, it may be seen that interference in several spectral
regions important for analytical purposes may be somewhat troublesome
unless efforts are made to eliminate these atmospheric absorptions. I n
general, the interference is greater in high dispersion measurements than
in prism work because of accidental overlapping of sample vibrationrotation lines with individual one hundred per cent absorbed water vapor
lines.
The most complete removal of atmospheric absorption may be accomplished by installing the spectrometer in a vacuum chamber, and indeed
this has been done for several commercial instruments, as well as for
several custom-built instruments. There are, however, certain inconveniences which result from evacuation, and in most cases instruments
are designed so that dry and COz-free air may be circulated throughout
the instrument housing. Such air may be provided by incorporating activated alumina towers with blowers in the instrument housing. Another
effective, though less convenient, method of drying the air is to place
trays of Pz06and Ascarite inside the spectrometer housing while causing
the air to circulate over the trays. I n all cases it is of course important
that the covers be tightly sealed to prevent leakage.
Another device which serves to obviate the atmospheric absorption
is the double-beam arrangement in which only differences between the
two beams are observed by the detector. Although the atmospheric
bands interfere somewhat with observations, they do, however, provide
many well-known wavelength standards which are useful for internal
calibration.
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2.2.3.5.5. CALIBRATION.
l o Each instrument with its dispersing element
must be calibrated in either wavelength units (microns) or frequency
units (cm-I). There exists a considerable number of molecules whose
spectra have been accurately measured under high resolution which provide wave number standards useful for the calibration of both prism and
grating spectrometers. As the dispersion of prisms is quite nonlinear, it is
desirable to have points as close together as can conveniently be arranged.
The diatomic molecules HF, HCl, HBr, and HI whose band centers are
located at about 3970 cm-I, 2860 cm-I, 2560 crn-l, and 2220 cm-', respectively, are all resolvable into rotational lines with LiF and CaFz prisms.
Calibration curves with Littrow mirror positions plotted versus cm-I of
the lines of these well-known bands may be made for each prism, and
positions of unknown bands accurately determined. Carbon monoxide,
with its fundamental band a t 2143 cm-I, and its overtone band a t
4260 cm-l, also provides many excellent calibration points. As has already been mentioned, H 2 0 vapor and COz vibration-rotation lines are
well-known and widely distributed. There is also a large number of easily
obtainable polyatomic molecules which may be used, as for example CHd
(3000 cm-1 and 1300 ern-'), CzHz(3300 cm-I, 1328 cm-I, 700 cm-l), NH,
(1000 cm-l), and HzO [pure rotation lines (650 cm-l t o lower cm-I)]. For
the very near infrared there exist many atomic emission lines from mercury, neon, etc., which are very accurately known and may be used.
Calibration of grating spectrometers is a considerably more difficult
problem because precision of an entirely different order is obtainable.
Until quit.e recently the usual procedure was to use a few well-known
frequencies, the measured angles between them and central image and
compute an instrument grating constant. This constant was then used to
calculate the frequencies of the measured lines. Even when grating circles
were carefully calibrated, really high precision was not possible, and band
centers measured on different instruments did not agree exactly with
each other. Two better methods have recently been widely used t o provide extraordinary precision. In the first a noble gas spectrum is used to
calibrate a carefully temperature-controlled Fabry-Perot interferometer
fringe system. This fringe system is recorded simultaneously with the
unknown spectrum on a two-pen recorder. The fringe system is then used
10 E. K. Plyler, L. R. Blaine, and E. D. Tidwell, J.Research Natl. Bur. Standards 66,
279 (1955); E. K. Plyler, L. R. Blaine, and M. Nowak, ibid. 68,195 (1957); E. K. Plyler,
L. R. Blaine, and W. S. Connor, J. Opt. Sac. Am. 46, 102 (1955); K. N. Rao, L. R.
Ryan, and H. H. Niehen, ibid. 49, 216 (1959); K. N. Rao, T. J. Coburn, J. S. Garing,
K. Rossman, and H. H. Nielsen, ibid. 49, 221 (1959); A. E. Douglas and D. Sharma,
J. Chem. Phys. 21,448 (1953); D. H. Rank, A. H. Guenther, J. N. Shearer, and T. A.
Wiggins, J . Opt. Sac. Am. 47, 144 (1957).
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as a comparison spectrum. I n the second method the emission lines of a
noble gas (neon), produced in a hollow-cathode discharge, are simultaneously recorded i n several orders with the unknown spectrum. As the
frequencies of these lines are extremely well-known, and can be quite
easily identified, and as they are well-distributed, this method too provides excellent accuracy. Careful consideration of the index of refractionll
of air must be made in precise measurements of infrared lines.
2.2.4. Infrared Instrumentation*
2.2.4.1. Prism Spectrometers. 2.2.4.1.1. SINGLEBEAM SPECTROMThe basic optical layout of a single beam, single pass infrared
prism spectrometer is shown in Fig. 30, and was described briefly in Section 2.2.3.1. An ingenious method, reported b y Walsh,12 of double passing a prism spectrometer whereby the resolving power is approximately
doubled, is shown in Fig. 34. The beam is returned through the prism b y
means of the plane corner mirrors. By locating a vertical axis chopper
just after the second of the corner mirrors the scattered light, even out t o
and beyond 15 p, is reduced to a negligible amount. By appropriate choice
of prism material (Table V), resolution of from 1.5-2.0 cm-I is feasible
from 2-25 1.1. Prisms are mounted so that they are readily interchangeable.
Double monochromatization may also be achieved by putting two spectrometers in series, with a slit between. This, however, requires the
doubling of optical components and increases the expense greatly. T o
obtain a spectrum in per cent absorption with a single beam system it is
necessary to record through the spectral region twice, once with the
sample in the cell, and once with the cell evacuated. The ratio of the
recorder pen deflection for sample in to sample out of the beam may
then be plotted versus wave number units or wavelength units to give a
per cent absorption curve. Absorbance or optical density may then be
determined for use in Beer’s law.
ETERS.

* Infrared spectrometers of both prism and grating design are available commercially from: Baird-Atomic, Inc., 33 University Road, Cambridge 38, Massachusetts;
Beckman Instrument Company, 2500 Fullerton Road, Fullerton, California; Hilger
and Watts Ltd., 98 St. Pancras Way, Camden Road, London N.W. 1, England;
Ernest Leitz, GMBH Wetzlar, Germany; Sir Howard Grubb Parsons and Company,
Ltd., Walkergate, Newcastle upon Tyne 6, England; The Perkin-Elmer Corporation,
Norwalk, Connecticut; Unicam Instruments, Ltd., Arbury Works, Cambridge,
England. These companies have exploited features described in this section in a
variety of ingenious ways. Auxiliary prisms, windows, absorption cells, pellet presses,
and many other accessories are made to fit their spectrometers. The reader should
write for descriptive bookets in which detailed specifications are given.
11 B. Edlkn, J. Opt. SOC.
Am. 45, 339 (1953).
12 A. Walsh, Nature 167, 810 (1951).
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2.2.4.1.2. DOUBLE
BEAMSPECTROMETERS.
The above described process
is actually a very tedious operation, and indeed the tediousness and labor
involved in obtaining spectra led to the development of the spectrophotometer involving the double-beam principle in which the sample-beam,
reference beam ratio is automatically plotted on a paper chart versus
wave number or wavelength units. The chart may be graduated logarithmically so that optical density may be read directly. A typical optical
layout for achieving these results is shown in Fig. 35. Radiation from the
source is made to pass through a sample cell, and through an identical
reference cell, and thence alternately t o the entrance slit by means of a
rotating half-mirror. There is located in the reference beam a comb which
may move into the beam, providing attenuation of the reference beam.
This comb is linked to the pen which moves on the chart. If the two
beams are exactly equal in intensity, the radiation of a given wavelength
received by the detector in successive half-cycles as the half-mirror rotates is the same, and the pen would draw a straight line at 100% trans-
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mission on the chart moving on the wavelength drum. If, however, the
sample beam is attenuated by sample absorption a t a certain wavelength,
unbalance occurs, and the amplified unbalance signal causes the comb in
the reference beam to attenuate this beam back to null. The link between

Shield

FIG.35. Optical layout of a typical double-beam spectrophotometer showing
coupling of the pen with the reference beam attenuator (courtesy oE Baird-Atomic
Corporation).

the comb and the pen causes the pen to move away from the 100% line
to record the ratio between the beams. The double beam principle is of
course very convenient particularly where atmospheric absorption occurs,
because the two beams continue to be exactly balanced as this region is
scanned. It may still be advantageous to dry the air in the instrument

v

FIG.36. Optical layout of the Savitzky-Halford scheme for a ratio-recording spectrometer (courtesy
Perkin-Elmer Corporation).

2.2.

INFRARED

95

because a t the very center of the atmospheric band the two beams may
be so attenuated th at there is insufficient energy to actuate the electronic
balancing. Normally, this is not serious. T o maintain the energy essentially constant throughout the spectrum, the slit system is programed
so that the slits are automatically widened as scanning proceeds toward
longer wavelengths and the energy diminishes. Prisms and wavelength
calibration cams can be interchanged so that advantage may be taken of
optimum dispersion in the various regions.
Savitzky and Halford13 have proposed a scheme for direct recording of
the ratio of the intensity of the sample beam I and reference beam lo,
which can be added to any standard single beam spectrometer in either
single or double pass arrangement. The optical layout for this scheme is
shown in Fig. 36. Mirrors M2 and M5 are beam splitters which provide
the sample and reference beams, and recombine them before entry into
the spectrometer. The beams are modulated by a 180" 13 cps chopper
so t ha t they bear a 90" phase relationship to each other. After recombination and dispersion by the prism the energy falls on the detector. The
electrical signal produced by the detector is amplified, rectified, and separated into I and I0 signals the ratio of which is plotted by the strip-chart
recorder. The rectification and phasing is accomplished by means of
breaker-type switches operated off the shaft of the beam chopper.
2.2.4.1.3. GRATING
MODIFICATION.
I n situations where more resolution
than is attainable with available prisms is desired, it is possible to modify
the single beam spectrometer by replacing the Littrow mirror by a grating
of suitable size and coarseness. Thus, the prism can serve as a wavelength
selector t o prevent overlapping of orders, or it may be removed and filters
used t o prevent the overlapping. Such modifications have been accomplished with considerable success by a number of investigators and are
reported in detail by Lord and McCubbin.14 The conversion to grating
use is more easily accomplished in a double monochromator because effectively one then has a grating spectrometer with a foreprism spectrometer
preceding i t to provide the wavelength band selection. Resolution of about
0.5 cm-1 is attainable in most spectral regions.
SPECTROMETERS.
I n order to study chemical
2.2.4.1.4. FASTSCANNING
problems in which reactions proceed with unusual rapidity, such as in
explosions or flames, etc., special high-speed scanning spectrometers have
been b ~ i 1 t . IThe
~ basic spectrometer is like those previously described,
A. Savitzky and R. S. Halford, Rev. Sci. Instr. 21, 203 (1950).
R. C. Lord and T. K. McCubbin, Jr., J . Opt. SOC.Am. 47, 689 (1957).
1sE. F. Daly and G. B. B. M. Sutherland, PTOC.
Phys. Soc. (London) 69, 77 (1947);
B. W. Bullock and S. Silverman, J. Opt. SOC.Am. 40, 608 (1950); P. J. Wheatley,
E. R. Vincent, D. L. Rotenberg, and G. R. Cowan, ibid. 41,665 (1951).
1s

14
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but the mirror arrangement is so made that certain fairly narrow spectral
regions may be swept a t high speed across the exit slit. The modern photoconducting detectors lend themselves well to this use because of their
small time constants. The spectral record is usually presented on the
screen of an oscilloscope where changes in the absorption pattern may be
observed, or photographed on a time scale for a permanent record.
IMAGES OF THg EXIT SLIT
AND WE SAMPLE
RKEIVW
OF THE
(f)

TneaMocouPLe
CONDENSER

(el

FIQ.37. Optical layout of an infrared microscope (courtesy Perkin-Elmer Corporation).

2.2.4.1.5. INFRARED MICROSCOPE.
The infrared microscope is an optical
attachment which may be added to a single beam prism spectrometer
making it possible to obtain infrared spectra from minute samples of as
little as 0.1 pg in the field. Its usefulness is most apparent in obtaining
spectra of fibers, cellular structures, minute crystals, etc. Figure 37 shows
the optical layout of the microscope. Radiation from the exit slit of the
prism monochromator is directed up through the opening in the monochromator cover. The condenser, consisting of two spherical mirrors in a
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Schwartzchild arrangement, forms a reduced (about 8.4 X ) image of the
exit slit in the sample space. The condenser position is fixed so that the
image of the exit slit is always formed a t the same point in space where
the slide sample is located. The field in the sample space available is
about 650 1.1 by 250 1.1. The sample is so located that the image of the exit
slit formed by the condenser falls a t the center of the sample. The objective, also consisting of a Schwartzchild combination, forms an enlarged
image of the sample in focus at a diaphragm. The diaphragm restricts
the field to the sample. After the diaphragm the radiation is collected by
another Schwartzchild combination identical with the objective, and the
reduced image is focused on the detector. The system is entirely composed of reflecting optics to prevent chromatic aberrations, and to permit
full infrared transmission. Because the microscope is located after the
prism, the radiation focused on the sample is dispersed radiation which
makes sample heating and photochemical effects negligible. A retractable
viewing system is incorporated in the optics so that positioning and
diaphragming is possible. The infrared microscope makes it possible to
obtain spectra of extremely small samples and has been used with considerable success in biological applications.
2.2.4.2. G r a t i n g Spectrometers. Until quite recently grating spectrometers for the infrared were not commercially available. The existing ones
were, therefore, designed for specific purposes, and reflected the individual
approach of the designer in optical and operational details. There are,
however, essentially three basic optical designs into which they all fall:
the off-axis paraboloidal collimator, the Pfund, and the Ebert. The next
few sections will describe these designs and give some special features of
existing instruments.
2.2.4.2.1. THEOFF-AXISPARABOLOID
COLLIMATOR. Figure 38 shows a
typical optical layout for a grating spectrometer in which an off-axis
paraboloid is used as a collimator. It may be seen that this layout is
essentially the same as that previously described for the prism spectrometer with the prism replaced by the grating. This is a convenient design
requiring few reflections and gives excellent resolving power depending
upon the excellence of figure of the principal mirror. Generally, the focal
length of the collimator is about one meter, but spectrometers have been
built with focal lengths up to ten meters. Modern gratings with dimensions of 6 X 8 in. and 6 X 10 in. are available making it possible to work
with large apertures. The grating section is preceded by a prism spectrometer which serves as a filter to select a narrow spectral range which
passes into the grating section. This is important because of the confusion which results from the overlapping of orders produced by the
grating. The prisms used in the monochromator may be the same as for
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the previously described prism instruments. Provided that suitably coarse
gratings and detectors with suitable windows are available, it is possible
to work to long wavelengths with such an instrument. The prism monochromator drive may be locked to the grating drive so that the energy is
always maximum for a given grating position. For the near infrared, it is
convenient to replace the fore-prism system by narrow-pass filters. This
reduces the number of reflection surfaces and the losses incurred by their
use, and considerably simplifies the optical and mechanical details. The
disadvantage, however, to this technique a t present is that it limits the
usefulness of the instrument to the shorter wavelengths because of the
lack of availability of suitable filters.

I
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FIG.38. Optical layout for a prism-grating spectrometer using a n off-axis paraboloid
as a collimator.

The grating drive must be very accurately made and smoothly operating so that the full resolving power of the large gratings may be exploited. Many designs for bearing and shaft assemblies have been made,
but the one most often used is a cone with about an 11' taper and a
reasonably large bearing surface. The cone may be driven either by a
large spur and worm gear, or by a long lever arm pulled by a metal tape
attached to a split nut and screw mechanism, or if a linear drive is preferred by a sine bar arrangement. In any case, it is usual and advantageous to have many possible speeds so that the grating may first of all
be rotated rapidly from central image position to the angle corresponding
to the wavelength of the spectrum, and secondly may be rotated slowly
for scanning the spectrum. It is desirable that one of the speeds be very
slow to take full advantage of available resolving power. When an amplifier with high gain, tuned with a narrow pass-band for low noise is used,
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the drive must be slow enough to permit the detector-amplifier-recorder
system t o respond to the changes in energy on the detector.
A method has been described b y Rank16 for extremely smooth scanning
of a very small spectral region in which a narrow wedge prism inserted in
the beam just in front of the exit slit is translated along the direction of
the beam. This scheme together with a Fabry-Perot interferometer makes
it possible t o take full advantage of the resolving power, and to obtain
very precise frequency determinations of observed lines.
AS indicated earlier, the problems attendant upon atmospheric absorption are more disturbing in grating spectrometry than in prism spectrometry. Whereas, in the latter case, many of the bands are not wellresolved, or resolved a t all, the interference is essentially related to lack
of energy, or uncertain backgrounds; in a grating spectrometer, the water
vapor or carbon dioxide bands are resolved into sharp rotation lines,
many of which are totally absorbing for the path lengths normally encountered in a spectrometer. There is, therefore, a rapidly varying background superposed on the spectrum being investigated which must be
subtracted out. The double beam feature of the previously described
prism instrument is, of course, an obvious way of eliminating this dificulty, although if at some atmospheric line peak no energy reaches the
detector the balancing system fails. To this writer’s knowledge, the double
beam principle has not been employed very much on existing grating
spectrometers. A simpler scheme is to enclose the spectrometer in a n airtight box equipped with activated alumina drying towers. The air within
the spectrometer is then continuously circulated and dried. A large fraction of the water vapor and carbon dioxide may thus be removed making
it possible t o work over the whole useful range of the instrument. A more
difficult and expensive, but also much more satisfactory, way of eliminating atmospheric interference is by surrounding the spectrometer by
an evacuable chamber. Another advantage in evacuation is th a t the wave
number of spectral lines may then be directly obtained in vacuum without
having t o correct for the index of refraction of air in the infrared.
2.2.4.2.2. THEPFUND
ARRANGEMENT.
Figure 39 shows a typical optical
layout of the mirror system in a n infrared spectrometer-originally proposed by Pfund and Hardy”-in which paraboloidal mirrors may be used
on axis in order to obtain excellent images throughout. It is simpler to
produce large excellent on-axis paraboloids than off-axis ones, and is
consequently somewhat less expensive. As may be seen from Fig. 39, the
D. H. Rank, E. R. ShuI1, J. M. Bennett, and T. A. Wiggins, J . Opt. SOC.Am. 43,
952 (1953).
17A.

(1931).

H. Pfund, J . Opt. SOC.Am. 14, 337 (1927); J. D. Hardy, Phys. Rev. 38, 2162
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FOREPRISM SECTION

FIG. 39. Ray diagram for a typical Pfund arrangement; prism-grating highdispersion infrared spectrometer (courtesy Department of Physics, The Ohio State
University).

M11

MlO

FIG.40. Ray diagram for a modified Pfund arrangement (The University of Tennessee vacuum-grttting'spectrometer).
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entrance and exit slits lie on the axes of the two paraboloids. The first
provides a parallel beam reflected to the grating by the first flat mirror,
and the diffracted beam is reflected to the focusing paraboloid by the
second flat mirror. Thus, as the grating turns, the spectrum produced is
swept across the exit slit and ultimately received by the detector. A modification of the Pfund arrangement is shown in Fig. 40 in which only one
paraboloid and one flat are required because the entrance and exit slits
are situated very close together and just off the optical axis. The image
imperfections thus introduced are minor, and this layout has the advantage of fitting into a smaller vacuum enclosure.
The Pfund arrangement may be preceded by a prism monochromator
or filter as previously described. An arrangement occasionally used is to
mount two gratings back-to-back so that two separate spectral regions
may readily be scanned by the simple expedient of turning the grating
circle through such an angle that reflection from the other grating may
occur. The Pfund arrangement is a very popular one and many of the
existing grating spectrometers have been designed along these lines.
2.2.4.2.3. THEEBERTARRANGEMENT. In 1952 W. G. FastieX8independently rediscovered a principle first stated by H. Ebertlg in 1889 and
0

I
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FIG.41. Ray diagram for the Ebert arrangement (after Fastie).

apparently not used since. This optical arrangement is shown in Fig. 41.
In this system one large spherical mirror is used as both collimator and
telescope with the slits situated on opposite sides of the grating. The
principal advantage of this system is that it corrects for image aberrations
in spherical systems except for astigmatism, and this defect, too, can be
corrected by curving the slits, thus producing a superior optical system
at lower cost. Another advantage is that by using longer curved slits
more light may be passed through the instrument than for the previous
two designs, thus permitting narrower slits. Lack of 100% theoretical
resolution is said to be caused by errors in grating ruling rather than by
defects in image produced by the mirror-slit system. This arrangement
can also easily be enclosed in a vacuum chamber for the elimination of
atmospheric absorption. The best aperture for this arrangement appears
to be between F / 6 to F/10.
l8

9'

W. G . Fastie, J. Opt. Soc. Am. 42, 641, 647 (1952).
H. Ebert, Ann. [4] 38, 489 (1889).
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The Ebert arrangement has gained much favor among spectroscopists
and several instruments have been built with excellent results.
2.2.4.2.4. MISCELLANEOUS
ITEMS.
2.2.4.2.4.1. Double Passing in Gruting Spectrometers. The scheme of double passing previously mentioned12
may also be applied to advantage in grating spectrometers. The mirror
arrangement necessary t o double pass varies with the design of the instrument, and illustrations need not be given here. Gain in resolving power
may be achieved so long as sufficiently large detector signal to noise ratio
can be maintained, and so long as the optical components are sufficiently
good.
2.2.4.2.4.2. DiffractionGratings. High-quality diffraction gratings were
first ruled by Rowland a t the Johns Hopkins University between 1882
and 1901. I n 1910 the echelette principle was discovered by R. W. Wood
in which, by properly shaping the grooves, a large fraction of the energy
could be concentrated at a given angle thus making the grating much
more efficient a t specifically chosen wavelengths. Since then a number of
grating ruling engines have been built, and many gratings of varying
degrees of success were made, and used by spectroscopists. In the decade
following World War 11, the technique of producing excellent replica
gratings of large dimensions has been developed to a high degree.* The
master gratings are ruled on optical flats heavily coated with aluminum
by vacuum evaporation, and for a grating with 600 grooves per mm about
1 in. of ruling can be accomplished in a 24-hour day. To produce the right
groove shape the diamond used in ruling the groove must be carefully
ground, and painstakingly adjusted. The replicas are made by transferring in a thin plastic mounted on another optical flat the rulings of
the master grating and covering this impression with a vacuum evaporated coating of aluminum. Such replicas are reported to be a t least as
good as the original, or master, because the ridges of the master ruling,
which are apt t o have a wiry edge, become the valleys of the replica.
Sizes up t o about 6 X 10 in. are available. Used by Rank and Plyler in
spectrometers equipped with cooled detectors, spectral lines separated by
as little as 0.02 cm-’ have been resolved in the region to 3.0 p. These
gratings are characterized by excellent echelette properties and extremely
weak “ghosts.”
In England replica gratings are made by an ingenious process suggested
by Sir Thomas Merton,20and developed further by L. A. Sayce and co-

* The Bausch & Lomb Optical Company, Rochester 2, New York, has rebuilt the
ruling engine originally built by Michelson and rebuilt by Gale a t the University of
Chicago, and currently produce excellent replica gratings in a variety of specifications
as t o size, lines per mm, blaze angle, etc.
2o Sir Thomas Merton, Proc. Roy. SOC.
A201, 187 (1950).
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workers21 at the National Physical Laboratory. It is reported that these
gratings are available commercially in sizes up t o 6 X 6 in. in a variety
of grating spaces.
2.2.4.2.4.3. Resolving Power of Grating Spectrometers. As has been previously stated, if the requirement of the investigation demands large resolving power, it is necessary to resort to gratings. A considerable number
of individually constructed grating spectrometers have sufficiently good
optical components and detecting systems to provide resolution of spectral lines separated by from 0.1-0.2 cm-' throughout the regions to about
2 0 p . A few are capable of resolving to almost an order of magnitude
better than this, but it is a fairly difficult task, as it requires the ultimate in excellence of the optics, the scanning system, and the detectoramplifier-recorder system. Improvements over this have been made by
Jaffe and associatesz2by combining a grating spectrometer with a FabryPerot interferometer. I n so doing the free spectral range is extremely
limited, and the system is only used to scan narrow regions of a few tenths
of a cm-'. The spectrometers previously described may be used over wide
regions. Further references to interferometric infrared spectroscopy are
being omitted from the present review.

2.2.5. Applications of Infrared Spectroscopy
2.2.5.1. Physics, Chemistry, Astrophysics. It has been pointed out in
earlier sections that infrared spectroscopy has become an important and
common tool in the investigation of molecular problems in physics,
chemistry, bacteriology, biology, and in numerous industries based on
these disciplines.
The interest of the physicist is primarily centered on the information
yielded by the spectrum about the vibrations and rotations of molecules
which leads to an interpretation of the fundamental nature of the interatomic forces, potential functions, electronic distributions, and size and
shape parameters. For the most part the physicist restricts himself to
relatively small molecules-10 atoms or less. The reason for such a limitation is the enormous complexity of the mathematical treatment involved in producing a n interpretation for such systems-even with the
aid of modern digital computers. So severe are the complications-normal
coordinates of the vibration problem; anharmonicities; the rotational
problem (spherical, symmetrical, and asymmetrical tops) ; problems involving degeneracies, vibration-rotation coupling, resonances, etc.,-that
very few molecules have received anything approaching a complete inter2 1 G. D. Dew and L. A. Sayce, Proc. Roy. SOC.
A207, 278 (1951); R. G . N. Hall and
L. A. Sayce, ibid. A216, 536 (1952).
Z Z J . H.Jaffe, D. H. Rank, and T. A. Wiggins, J . Opt. SOC.
Am. 46, 636 (1955).

4ooocw-' 3500
ALKANE GRO

3

e

ALKYNE
I

I

t

AROMATIC

*G

ETHERS
ALCOHOLS

--

W W E ) *--

fULIr?P>I _ _

I

I

'--

ACIDS'
,

!

I

ESTERS

Ill

ALDEHYI:
I l l

KETONE!
1

1

1

ANHY DR
I l l

AMIOES

I I I I

s

-I

e

FIQ.42. Correlation chart for identification of spectral groups in molecules (after Colthup).
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pretation. The combination of perturbation theory to several orders of
approximation with extreme high resolution experiments on fine structures have, however, extended the fundamental knowledge of the structure of molecules. Vibrational studies of long chain molecules have also
revealed some interesting features, and perhaps the study of large molecules will become more theoretical and less empirical in the future.
The chemist has made wide use of the experimental and theoretical
investigations thus far accomplished in attacking problems of recognition
of specific components in mixtures, quantitative analysis of mixtures,
compounds resulting from chemical reactions, reaction rates, quality control, isotopic substitutions, and in general in investigations of chemical
changes on nearly all substances including those for which only minute
samples exist, and those for which usual methods of chemical analysis
cannot be tolerated.
The enormous usefulness of infrared techniques comes about from the
fact that, except for local and environmental reasons, certain frequently
C=N, C=O, G-C,
occurring combinations of atoms: 0-H, N-H,
C=C, C z C , etc., give rise to absorption bands in specific narrow regions
of the spectrum and are, therefore, recognizable. As was shown, for example, in Table IV, a C-H bond, or in general a hydrogen stretching bond,
will always be observable as a vibration frequency in a fairly narrow
region centered around 3000 cm-l; a C=O bond will always occur in the
narrow range of 1900-1500 cm-l; a C r C is in general at higher cm-’
than C=C, and these higher in cm-’ than G C ; etc. It has, thus, been
possible, from the thousands of pure compound spectra now known, to
make correlation charts similar to the example shown in Fig. 42 in which
the ranges for the various groups in different compounds have been delineated. Bibliographic references to the voluminous empirical data may
be found in the works cited in Ref. 4. It should be pointed out that the
unwary use of correlation charts and table is apt to mislead the user.
However, the existence of absorption, or lack of it, a t a certain frequency
in the spectrum; or the intensity of an absorption band; or the shift of
an absorption band provided it is correlated with information on other
molecules containing the same groups may well lead to structure interpretations and knowledge of environmental differences in the hands of an
experienced investigator.
Because it is necessary to have easily accessible the wealth of empirical
data to facilitate infrared analyses several catalogs of pure spectra have
been assembled and are available commercially. * These systems differ

* “American Petroleum Institute Spectra]” Am. Petrol. Inst. Project 44. Carnegie
Institute of Technology, Pittsburgh, Pennsylvania; “Documentary Molecular
Spectra.’] Butterworths London; “ Natl. Research Council-Natl. Bureau Standards

2.2.

INFRARED

107

individually as to manner in which the data are presented, what data
are presented, and in the manner of sorting necessary to yield the information contained therein. I n general, however, all systems include some
of the following information: compound, source and purity, state, cell
length, tabulation of absorption peaks, type of instrument, dispersing
optics, boiling point, journal reference, etc. It is particularly important
that the spectra cataloged and indexed be of the highest possible purity,
and that the impurities and their extent be listed so that comparisons
may be made for the purpose of recognition.
Investigations of the sort just described are most frequently carried out
with prism instruments of the double beam design, although certain
regions of the spectrum especially rich in close-lying bands are more and
more frequently being scanned with grating instruments which provide
greater resolving power, and therefore increase the possibility of recognizing bands not observable with a prism.
The principle of double beam spectrometry leads to a n ingenious
scheme developed by Morgan and Staats which makes it possible to
record spectra of single components in isotopic mixtures where band
overlapping obscures the band of particular interest. This is shown in
Figs. 43 and 44. I n the upper part of Fig. 43 the absorption by v z for
NHDz in the 9-16 p region completely extricated from the overlapping
by v z of ND, is shown. The absence of NHzD lines in the R side of the
band is also apparent. The Q branch of a “ h o t ” band* of NHDz at
749 cm-I, never before observed, emerges from behind the Q branch of
the much more intense v 2 of ND,. The advantage of double beam compensation is dramatically demonstrated by this example. As the above
described situation is quite common in spectra of isotopic mixtures, i t
may be seen that this technique applied also in grating work would be
of great value.
Figure 44 shows the cell scheme by which the above separation was
accomplished. Cells A and C are in the sample beam while cells B and D
are in the reference beam. Ammonia containing all the isotopic components to various degrees is admitted to A . The spectrometer is set on an
intense line of ND, and a t a frequency where no other lines occur, and
gas of high purity is admitted to B until the line is compensated out and
Catalog.’’ National Bureau of Standards, Washington, D.C. ; Sadtler System, Samuel
P. Sadtler and Son, Inc., Philadelphia, Pennsylvania; Wyandotte-ASTM Punched
Cards, American Society for Testing Materials, 1916 Race St., Philadelphia] Pennsylvania; Coblentz Society Spectrograms, Published by Sadtler Research Laboratories; “Atlas of Steroid Spectra.” Interscience, New York. The reader should write
for descriptive pamphlets about the details of the variow systems.
* Transition from a temperature populated upper vibrational state.
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the line disappears. The sample of ND3 would very likely contain small
amounts of NHDz and NH2D. The spectrometer is now set on a line of
NH2D and a mixture of ammonia rich in NHzD is admitted to D until
this line is compensated out. Thus, a certain small amount of NHDZ and
I000
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FIG.43.

u2 for pure

NHDz and NHJ (courtesy Henry Morgan and P. A. Staats).

NH3occur in D. Finally, the spectrometer is set on an intense line of NH3,
and pure NHI is admitted to C until this line disappears. I n this way the
effect of ND3, NH3 and NHsD is eliminated by compensation leaving,
in the case shown, a partial pressure of 6.9 cm Hg of NHDz in the sample
beam.
Grating instruments equipped with PbS detectors are also very useful
for studying the regions of the overtones and combination bands in the
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very near infrared. Knowledge of these bands is important for better
determination of the anharmonic properties of the potential function and
the force constants of the molecule. The overtones and combination bands
are generally much weaker and require much longer absorbing paths such
as provided by a multiple traversal cell. Large numbers of new vibrationrotation bands have been found in this way for some of the more common
molecules like C2H2, C2D2, CH,, NH3, ND3, HzO, HDO, D20, HCOF,
DCOF, etc. The multiple traversal cell is also important because it makes
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FIG.44. Cell arrangement and pressures for compensation scheme (courtesy Henry
Morgan and P. A. Staats).

possible the observation of bands at extremely low pressures, thus reducing the collision line-broadening, and effectively increasing resolving
power. Studies of line shapes, intensities, and behavior of lines under self
and foreign gas broadening are of great interest and can best be done
with a grating spectrometer. Many other problems of varied nature are
of interest to infrared spectroscopists, as for example low-temperature
measurements on gases, liquids, and the solid state; flame spectra under
high dispersion for observation of transitions between highly excited
vibrational and rotational states.
The astrophysicist has made use of infrared spectroscopy to observe
the spectra of the atmospheres of the sun, earth, and the other planets.
These spectra have yielded much interesting and important information
about these bodies. A number of rare permanent constituents of the
earth’s atmosphere such as CO, NzO, and CH, have definitely been identified by their rotational fine structure in experiments observing the sun
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through the earth’s atmosphere. An example of this is shown in Fig. 45
which is a portion of a spectrum taken by M i g e ~ t t eThe
. ~ ~rotation lines
of v 3 of CH, may clearly be seen interspersed with atmospheric water
vapor. That these molecules are indeed permanent constituents of the
earth’s atmosphere and are worldwide in distribution has been shown by
similar observations made a t such widely separated places as Mt. Wilson
Observatory, Lowell Observatory, The Ohio State University, The University of Michigan (Lake Angelus Observatory), and the International

3140
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3120

3100

em‘’

3.22(U

FIG.45. Solar spectrum showing rotation lines of ~3 of CHI in the earth’s atmosphere
(after Migeotte). (A) Columbus, Ohio, November 30, 1949-11 A.M. (25”); (B)
Jungfraujoch, Switzerland, April 22, 1951-from 2:09 P.M. (4920‘) to 2:35 P.M. (46”).

High Altitude Scientific Station a t the Jungfraujoch, Switzerland. New
atomic lines in the sun, proof of the existence of CO in the solar atmosphere, and information on solar radiation exchanges in the atmosphere
have also been obtained by means of infrared spectroscopy. Solar radiation exchanges in the upper atmosphere are of interest to astrophysicists
in connection with upper-atmosphere photocombination of atoms. Finally,
there exists a large number of molecules which are physically stable, but
not chemically stable, such as OH, CN, CS, etc. The infrared spectra of
such molecules may be studied in discharge tubes to gain information
93 M. Migeotte and L. Neven, L’activitk de la Mission Scientifique Belge h la Station
du Jungfraujoch en 1950 e t 1951. In “Zwrtnzig Jahre Hochalpine Forschungsstation
Jungfraujoch,” pp. 71-78. Verlag Stampfli, Bern, 1951.
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about the ground-state constants. This also has astrophysical import as
some of these molecules occur in the upper atmosphere.
2.2.5.2. Biological. Because the infrared spectrum is such a characteristic feature of a molecule, and can be used a s a means of recognition, it
has also become a useful tool in biochemical research associated with
bacteriology, biology, physiology, pharmaceutics, and medicine. t Problems of such diversified nature as the effects of infrared radiation on
biological materials (skin, sugar content of human blood, chromosome
rearrangement, germination, etc.) ; infrared spectrometry in steroid
metabolism; infrared spectra of numerous biochemical substances (amino
acids, nucleic acids, proteins, peptides, etc.) leading to structure determinations; isolation of specific compounds for identification of tubercle
bacilli; relation of steroid production to cancer; infrared spectra of
penicillin and other antibiotics; and many others have been successfully
studied in this way, utilizing the wealth of empirical data already available from other sources.
A serious limitation in the application of infrared spectroscopy t o these
fields is the difficulty of obtaining spectra of aqueous solutions, or substances containing water because of the opacity of water a t certain important wavelengths (0-H, C-H regions) a n d the fact th a t most
window materials are soluble in water. Various techniques of the biochemists and biologists, however, are adaptable to separating out specific
compounds from the biological materials which can then be deposited as
thin films on infrared windows, or incorporated in KBr pellets, or dissolved in substances which do transmit infrared. Another technique utilizes deuterium oxide as a solvent. The absorption bands of DzO lie a t
somewhat longer wavelengths than HzO, and this frees the 3.0 p region
for investigation.

2.3.

Raman Effect"

2.3.1. Introduction

The Raman effect has its origin in atomic and molecular transitions
which occur during the light scattering process. The study of the Raman
effect is therefore a potential source of information of atomic a n d molecular energy levels.
When electromagnetic radiation of wavelength A 0 traverses a gas,
t The reader is particularly referred to the Library of Congress Bibliography,*j
Part I, pp. 288-313, for titles of papers and scope of this field.

* Chapter 2.3 is b y

8. P. Stoicheff.
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liquid, or solid and is not absorbed, a small fraction of the radiation is
scattered by the medium. This scattered radiation has the same wavelength as the incident radiation and its intensity is proportional to l/Xo4.
If the scattering centers have dimensions comparable with Xo, the scattering is also a function of scattering angle and particle size and is known as
Tyndall scattering. If the scattering centers are atoms or molecules, the
scattering is uniform in all directions and is known aa Rayleigh scattering.
The significant discovery made by Raman' in 1928 is that a small part
of the scattered radiation appears with shifted wavelength,
(about
that is, in the spectrum of scattered light new weak lines appear in addition to the strong Rayleigh line. These new lines are characteristic of the
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FIG. 1. A typical experimental arrangement for the Raman effect (schematic).

scattering substance. Their observation and interpretation forms the subject of the Raman efect.
A typical experimental arrangement for investigating the Raman effect
is shown schematically in Fig. 1. The scattering substance is usually
placed in a long glass or quartz tube (the Raman tube) and surrounded
by several powerful lamps. These are a source of intense emission lines,
usually of visible or ultraviolet wavelengths. One or more of these lines
may be selected (by means of suitable filters) to excite the Raman scattering. The light scattered at right angles to the incident radiation is then
focused on a high-speed spectrograph and the resulting Raman spectrum
is photographed or recorded photoelectrically.
Examples of typical Raman spectra of molecules are shown in Figs. 2
and 3. The exciting line is the most intense feature. Several lines or bands,
(the Raman spectrum) are observed on either side of it. Those on the
low-frequency side are more intense and are known as Stokes lines; those
1

Sir C. V. Raman, Indian J . Phys. 2, 387 (1928).
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FIG.2. Raman spectrum of liquid carbon tetrachloride (CCL) showing the Stokes and anti-Stokes lines. (The linos
labeled g are due to grating ghosts.)
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on the high-frequency side as anti-Stokes lines. The same pattern of lines
is found for any given substance no matter what exciting line is used.
That is, the frequency shifts of the Raman lines, or their displacements
in units cm-1, from any exciting line, are constant. These frequency shifts
are found to equal the frequencies of rotational and vibrational transitions
of the scattering molecules.
Rotational transitions give rise to rotational lines in the spectra of’
gases close to the exciting line, usually within about 100 cm-l. At low
resolution, these appear as a general broadening of the exciting line or aEi
“rotational wings.’’ At high resolution, the individual rotational lines
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FIQ.3. Raman spectra (Stokes lines only) of gaseous acetyIene, CzHz and CzD:.
(The drawing is based on the results of reference 73.)

may be observed (e.g., Figs. 9 to 12). These “rotational wings” sometimes
persist with reduced intensity and extent even in liquids, where (excepting
liquid hydrogen) free rotation is not found. Vibrational transitions give
rise to vibrational bands in the spectra of gases, liquids and solids, in the
frequency range 100 to about 4500 cm-I. In some liquids and solids the
Raman bands may be modified in frequency shift, intensity or breadth
from those in the gas phase because of intermolecular forces and often
entirely new bands may appear which are characteristic of the physical
state of the scattering substance. Other examples of Raman spectra of
gases, liquids, and solids are given in a later section.
Up to the present time there have been several thousand investigations
of the Raman effect, mainly in liquids but also in gases and solids, and
these have been concerned with rotational and vibrational transitions of
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molecules in their ground electronic states. * The measurement of frequencies, relative intensities, and optical polarization of vibrational bands
has given valuable data on molecular symmetry, force constants, and
thermodynamic quantities for a large number of molecules. The investigation of rotational spectra has led to the determination of internuclear
distances and bond angles of simple molecules and to the evaluation of
rotation vibration interactions. From changes in the spectra with physical state, information on intermolecular forces has been obtained. From
band intensities, data on the rate of change of electronic polarizability
with vibrational motion have been obtained. The Raman effect has also
been very useful in chemical analysis.
To be sure, much of this information is similar to that, obtained by
infrared spectroscopyt and in part by microwave spectroscopy. $ However, according to theory (and practice) the information obtained from
Raman spectra complements that obtained from infrared and microwave
spectra. This valuable property arises from the basically different mechanisms which produce the spectra: the Raman effect occurs because of a
change in magnitude o r direction of the electronic polarizability during the
molecular motion, while infrared and microwave absorption occur because of a change in magnitude or direction of the electric dipole moment
during the motion. I n addition, because of the vastly different experimental technique, the Raman effect has often been used to obtain information which was otherwise not easily obtainable. Accordingly, the
investigation of the Raman effect has made valuable contributions to
the development of molecular spectroscopy and to our present knowledge
of molecular structure.

2.3.2. Theory of the Raman Effect
I n 1923, Smeka12postulated the occurrence of shifted radiation in light
scattering. Shortly after the discovery of the Raman effect both classical
and quantum-mechanical theories were formulat,ed, culminating in the
polarizability theory, given by Placzek. In 1934, Placzek published a review article3outlining the development of the theory of the Raman effect

* The Raman spectrum of free atoms has not yet been observed although recently
the Raman spectrum of carbon atoms in graphite excited in the X-ray region has
been reported by K. Das Gupta [Phqs. Rev. Letters 3, 38 (1959)l. Also, NO is the only
molecule for which an electronic Raman spectrum has been observed [F. Rasetti,
2. P h p i k 66, 646 (1930)l.
t See this volume, Chapter 2.2.
$ See this volume, Chapter 2.1.
* A. Smekal, Nalurwissenschajteten 11, 873 (1923).
3 G. Placzek, in “Handbuch der Radiologie” (E. Marx, cd.), Vol. 6, Part 2, p. 205.
Akademische Verlagsgcs., Leipzig, 1934.
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which remains a classic in this field. There the reader will find descriptions
of the contributions made by Smekal, Kramers and Heisenberg, Dirac,
Cabannes and Rocard, Manneback, Van Vleck, and others, together with
a detailed formulation of the theory. Here an attempt will be made to
outline very briefly the fundamentals of the theory which are necessary
for a n understanding of the effect and for the interpretation of the
experimental facts.
2.3.2.1. Origin of the Raman Effect. As already mentioned, the Raman
effect has its origin in the molecular transitions which occur during the

RAMAN
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FIG.4. An energy level diagram representing the quantum theory of Raman and
Rayleigh scattering. The solid arrows indicate the molecular transitions, while the
broken arrows represent virtual transitions. The resulting spectrum is shown a t the
bottom.

light scattering process. When a light quantum with any frequency Y O
(wavelength Xo) and energy hvo interacts with a molecule in its ground
state n or in any of its excited stationary states k (Fig. 4) the energy of
the system is increased to hvo Enor hvo Ek. If the molecule does not
possess a stationary state with this energy* the light quantum will be
instantaneously scattered in any direction and the molecule either returns t o its original state or goes to a different state. If the molecule

+

+

+

*If the molecule does possess a stationary state with the energy hvo En or
hvo E k the incident light quantum is absorbed raising t h e molecule to this excited
state. After a certain time, a quantum can be re-emitted with the same frequency y o
or a changed frequency depending on whether the molecule returns to its original state
or to a different state. This process is called jluorescence.

+
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returns to its original state no energy has been taken from the light
quantum nor has energy been given to it. Therefore the frequency of the
quantum remains unchanged and we have Rayleigh scattering. If the
molecule goes over to another stationary state, it has either taken energy
from the light quantum or given up part of its energy. Therefore the frequency of the light quantum is changed, the change being v k - vn( = v k n )
or v n - vk( = - vkn) depending on whether the molecule was initially in
Vkn
the state n or k. As a consequence, the frequencies V O - V k n and v o
appear in the scattered light and we have the Raman egect.
A schematic spectrum showing the Rayleigh line and Raman lines due
to transitions between the levels n and k is given a t the bottom of Fig. 4.
The anti-Stokes line has a much smaller intensity since the number of
molecules in the initial state k of the anti-Stokes line is only e-hcvkn/lcT
times the number in the lower initial state n of the Stokes line. I n general
a number of Raman lines will appear and their displacements from the
Rayleigh line, in units cm-', will give the energy differences in the
molecule.
I n the quantum-mechanical theory of the above process one calculates:
(1) the perturbation of the wave functions of the system by the electric
field of the light wave; and (2) the matrix elements Kkn of the electric
moment of the system associated with the states n and k. It can be shown
n is
that the radiation scattered per second during t,he transition k

+

-

(2.3.1)

(2.3.2)

provided that hvo
Here,

> Ek - En.

c and h are the velocity of light and Planck's constant,
r represents any one level of a complete set of energy levels,
V r k is the frequency of the transition r ++ k,
Mrk is the matrix element of the transition r
k , and
E is the electric field vector of the incident light wave.
Thus the intensity of a Raman transition from a state n to a state k is
determined by the sum over all states r of products of transition moments
from the state n to some other state r and from the state T to the state k.
(The summation over all states r arises from the quantum-mechanical
description of any state in a perturbed system.) For k = n, Eq. (2.3.1)
applies to Rayleigh scattering.

-
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From Eq. (2.3.2) it can be seen that the Raman selection rules differ
from the rules governing absorption and emission: the former depend on
n
M k , M r n , and the latter only on the
the product of the t r u n s i ~ ~ omoments,
transition moments themselves, M k r or MTn.The explicit Raman selection
rule determined from the symmetry of the eigenfunctions with respect to
a reflection at the origin is: only levels having eigenjunctions of the same
symmetry c a n combine w i t h one another. For example, in electronic Raman
spectra (atomic or molecular) even terms can combine only with even
terms and odd only with odd: in rotational Raman spectra, positive levels
can combine only with positive levels and negative only with negative.
Equation (2.3.2) also gives the dependence of the scattering intensity on
the incident frequency, namely
I k n OC

(YO

I k n a (YO

I k n OC

YO2

+

+

v kn)4
Ykn)4/(Vrk

-

V O ) ~

if Y O << YTk or vrn,
if vo is close to V r k (giving rise to the
" resonance Raman effect 1 1 ) ,
if VO >> v r k or v k n .

With this theory it can also be shown th at Rayleigh scattering is coherent and Raman scattering incoherent.
While the evaluation of the scattering formula can be carried out in
principle our lack of knowledge of the excited states precludes the direct
use of Eqs. (2.3.1) and (2.3.2) and necessitates some simplifying
approximations.
2.3.2.2. Polarizability Theory. Placzek has simplified the scattering
formula for molecules in their ground electronic states by showing that
under certain conditions, the induced dipole moment pkn in Eq. (2.3.2)
can be replaced by
~1 =

(YE

where E is the electric field vector of the light wave and a is the molecular
polarizability. The conditions are
(1) the electronic ground state of the molecule is nondegenerate,
(2) the incident frequency Y O is lower than the lowest electronic transition frequency v,,,
( 3 ) Y O (and Y , , - YO) is large compared with vibrational frequencies.

These conditions are in general always fulfilled in experiments.
The transition probabilities and therefore intensity and selection rules
are determined by integrals of the form

[4kn
= J+n*a&k

dr

(2.3.3)

where +n and +k are the time-independent wave functions of the initial
and final states, aZyis one of the components of the polarizability tensor
of the molecule referred to space-fixed axes and the integration is over
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all space. The simplification introduced by the polarizability theory is
in Eq. (2.3.3), and hence p k n , depend on a knowledge of the
that [azUlkn
initial and final states only [cf. Eq. (2.3.2)].
According to Eq. (2.3.3) it is necessary to know the form of the wave
functions $ n , $k and the dependence of the polarizability on the molecular structure. The wave functions $R, $& are of course solutions of the
Schroedinger equation, and to a first approximation, are products of
and
vibrational and rotational wave functions: that is f i n =
$k =
Here v and r represent the vibrational quantum numbers
V I V Z V ~ . . . and rotational quantum numbers J K M , and the doubleprime and prime refer to the lower and upper states respectively. The
vibrational wave function 1c.v is the product of harmonic oscillator functions which depend only on the normal coordinate of one of the 3N - G
normal vibrations. The rotational wave function $r depends only on the
orientation of the molecule in space.
I n general the components of the induced dipole moment are given by
$u,+br,t

$ ~ $ ~ t .

+
+
azzEx +

pL2:=

Q,,E,

~v =

ff&’)z

~z

=

aUyEy
az,Ey

+ axzEz
+ avzEz
+adz.

(2.3.4)

Here azz,azy,. , . are the components of the polarizability tensor a referred to the coordinate axes xyz fixed in the molecule. The polarizability
cr is a symmetric tensor (i.e., aZv= ayZ,etc.). A very useful model for
the discussion of the molecular polarizability is its representation by an
ellipsoid with principal axes fixed in the molecule. Along these axes, p and
E have the same directions, while in general this is not the case according
to Eq. (2.3.4). The polarizability ellipsoid will have the same symmetry
as the charge distribution, which as a rule, follows the symmetry of the
nuclear frame. Thus any axis of symmetry of a molecule is a principal
axis of the ellipsoid and any plane of symmetry contains two axes of the
ellipsoid. When all three axes of the ellipsoid are equal, as in spherical
top molecules, the polarizability is isotropic. When a t least two of the
axes are different, as in linear, symmetric top, and asymmetric top molecules, the polarizability is anisotropic.
The properties of light scattering are dependent on two parameters,
the isotropic part (or average) of the polarizability, ail and the anisotropy, y2. Both are invariants of the polarizability tensor and are
defined as follows:
ai =

gffzz

+ +
ffyy

ff1J

and

+

yz = ~[(cx,,- L Y ~ ~ ) (a,,
’

-

a,,)’

+

(azz

-

ff,x)2

+ G(& + a;. +(2.3.5)
4Jl.
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It is evident that the polarizability will vary with the vibrational and
rotational motions of a molecule. For vibrational motions of infinitesimal
amplitudes, the polarizability can be represented by an expansion in
terms of the 3 N - 6 normal coordinates q i

2 $fo)

3N-6

+

aZy=

qi

+ higher terms.

(2.3.6)

i=l

The first term represents the component of the polarizability azy*a t the
equilibrium position; the second term represents the linear change in
polarizability with normal coordinate a t the equilibrium position. These
two terms give the polarizability in the harmonic oscillator approximation
and the higher terms are due t o electrical anharmonicity.
Analogous t o the polarizability tensor a, the derivative of the polarizability (da/dqi)o is a symmetric tensor. It has two invariants, the isotropic,
a’i and anisotropic, Y’~,
derived-polarizabilities. It is convenient to associate an ellipsoid with ( d a / d p i ) o , but since the components of ( d a / d q i ) o
along the principal axes may be negative this is not always possible.
For rotational motions, the polarizability is expressed in a space-fixed
coordinate system ( X Y Z ) in terms of the polarizability components along
the xyz axes fixed in the molecule. For example
LYXY =

c

Lyzy

cos(x,x)cos(y,Y).

(2.3.7)

ZY

Here, azyis a function of the normal coordinates only, and is independent
of the rotational state and orientation of the molecule. The direction
cosines are functions of the Eulerian angles.
The expansion of the general polarizability component axy is rather
cumbersome, but in order to show the quantities involved, a simplified
example is given here. Consider the polarizability component CLZZ of a
linear molecule with nuclei on the z axis:
zz

=

a z z (3082

xz

+

ay7,
cos2

yz

+ azz cos2

22.

Since azz = ayy,and writing 0 for the angle between the x and Z axes,
this expansion becomes

+ (a,,- f f z z ) ~e. ~ ~ 2

azz = aZz

(2.3.8)

* Here and in what follows, azyrepresents any of the six components of the polarizability tensor a.
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The first term represents the polarizability in a direction perpendicular
to the internuclear axis and is a constant. The second term is the product
of the difference in polarizability in the two directions perpendicular to
the axis of rotation and the angle of rotation (or frequency of rotation).
2.3.2.3. Vibrational Selection Rules and Vibrational Spectra. The
vibrational selection rules are obtained from the matrix elements [expanded by substituting Eq. (2.3.6) into Eq. (2.3.3)]

The first term will vanish unless v’ = v”, because of the orthogonality of
the eigenfunctions +v. Therefore this term does not contribute to the
intensity of vibrational transitions : however, it determines the intensity
of the pure rotational spectrum. The second term will vanish unless only
one quantum number v; changes by one unit (that is Av; = 5 1) and unless ( d a z Y / d q i ) o is different from zero. Therefore on the basis of the harmonic oscillator approximation only fundamental frequencies can occur
in the Raman spectrum just as in the infrared spectrum. Moreover, not
all fundamental frequencies are allowed, but only those associated with
normal vibrations which produce a change in the polarizability.
Whether a particular vibration is Raman-active or inactive can be
determined by considering the changes in the polarizability ellipsoid as
the vibrating molecule goes through its equilibrium position. Also, an
estimate can be made of whether the motion results in a change in the
magnitude of the derived polarizability, a’( (associated with totally symmetric vibrations) or in the anisotropy of the derived polarizability, y’
(usually associated with antisymmetric vibrations). For example, consider the linear symmetric XY2 molecule whose normal vibrations are
shown in Fig. 11 (Section 2.2.2.3.2.1).During the v 1 vibration, the polarizability is larger than the equilibrium value in half the period and smaller
in the other half. Consequently (da/dql)o # 0; the vibration is Ramanactive; and the polarizability change is one in a f inot 7’. During the v 2
and v 3 vibrations, the polarizability is the same a t opposite phases of
the motion; ( d a / d q z ) o = ( d a / d q 3 ) o = 0; and the vibrations are Ramaninactive. Similarly for the X2Y2 molecule (Fig. 12, Section 2.2.2.3.2.1)
only the vibrations vl, v2, and v4 are Raman-active; v3, v6, and V6 are inactive. Also, it is seen that for the t,otally symmetric vibrations v 1 and v 2
the polarizability change is in d i 1whereas for the antisymmetric vibration v 4 , the change is mainly in 7 ’ . For nonlinear symmetric XY2 molecules (Fig. 13, Section 2.2.2.3.2.2) and for nonsynimetric molecules all the
vibrations are Raman-active.
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The rigorous rule for determining whether any of the six components
(aazu/aqJ,of Eq. (2.3.9) have zero or nonzero values is based on molecuis
lar symmetry and may be stated as follows: a n y component [a,u]v‘v‘‘
diflerent f r o m zero i f Q I ~ ~remains
$ ~ ~
unchanged
$ ~ ~ f~
o r a n y of the symmetry
operations permitted b y the symmetry of the molecule. To apply this rule,
for the
the symmetry types of the individual aZuand of the set
levels v‘ and v” must be known. These are given for the various point
groups in references 4 and 5 together with very detailed discussions of
the vibrational modes and selection rules of polyatomic molecules. The
symmetry species for the vibrations of crystals are given in reference 6,
and details of the theories of lattice dynamics in reference 7.
If higher order terms in the polarizability [Eq. (2.3.6)] or in the potential energy are considered, that is if electrical or mechanical anharmonicity is present, then overtone and combination frequencies can also
occur (the second-order Raman spectrum). But these are usually very
much weaker than the fundamentals. Only when nearby vibrational levels
interact through Fermi resonance will overtone and combination frequencies appear with appreciable intensity, as in COz (Fig. 17). I n some
crystals, for example the alkali halides, the fundamental vibration (the
first-order Raman spectrum) is forbidden by symmetry and only the
second-order spectrum is observed (Fig. 24).
Several important conclusions resulting from the vibrational selection
rules are stated here. Many types of vibrational bands can occur in the
Raman effect (some of which may or may not occur in infrared absorption) and their occurrence or nonoccurrence in the Raman spectrum may
be used t o determine the molecular symmetry or point group of molecules. All totally symmetric vibrations are Raman-active. Since all molecules have a t least one totally symmetric vibration, all molecules will
exhibit a vibrational Raman spectrum. For molecules with a centre of
symmetry, transitions th at are allowed in the Raman effect are forbidden
in the infrared, and vice versa; however, some transitions may be forbidden in both Raman and infrared spectra. All first overtones are
Raman-active irrespective of the activity of the fundamental itself, since
all v = 2 levels contain one component of the totally symmetric class.
The state of polarization of scattered light is determined experimentally
$vl$vtt

4 G. Hersberg, “Infrared and Raman Spectra of Polyatomic Molecules.” Van
Nostrand, Princeton, New Jersey, 1945.
E. B. Wilson, Jr., J. C. Decius, and P. C. Cross, ( I Molecular Vibrations.” McGrawHill, New York, 1955.
J. P. Mathieu, “Spectre de vibration et symEtrie des molecules et des cristaux.”
Hermann, Paris, 1945.
7 M. Born snd Kun Huang, “I>ynamieal Theory of Crystal Lattices.” Oxford Univ.
Press, London and New York, 1954.
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by measuring the depolarization ratio p. This quantity is defined as the
ratio of the intensity of the scattered light polarized perpendicular to the
plane containing both the direction of the incident light and the direction
of observation, to the intensity parallel to this plane. For natural (unpolarized) incident light, the d e p o l a r i z a t i ~ nis~ given
~ ~ by
(2.3.10)

Expressions for linearly and circularly polarized incident light have also
is the intensity of the so-called isotropic
been derived. Here, [(ai)z]v’y’’
scattering and [y2]u’v”that of the anisotropic scattering.
For Rayleigh scattering (v’ = v”), pn = 0 in the case of spherical
polarizability (since y2 = 0) and the Rayleigh line is completely polarized. However since aican never be zero for an y molecule pn must always
be less than 8.
For Raman bands (v’ # d’),[ ( Y ~ ] ~=’ ~a’i
’ ’ is different from zero for
totally symmetric vibrations, and zero for nontotally symmetric vibrations. Therefore Raman bands corresponding t o totally symmetric vibrations can have a depolarization ratio between 0 and Q (i.e,, 0 < pn < Q )
and are said to be polarized. Those corresponding to nontotally symmetric vibrations have pn = Q and are said to be depolarized.
2.3.2.4. Rotational Selection Rules and Rotational Structure. The
rotational selection rules are determined b y the matrix elements
J#$aXy#pdr. Placzek and Tellerlo have evaluated these integrals and
derived the selection rules for linear, symmetric top, spherical top, and
asymmetric top molecules. The strict selection rule is that positive levels
only combine with positive levels and negative only with negative.
For the special case of the rigid linear molecule, the matrix element
involving a,, becomes
J#S(YZZ#~~Idr

= a02.J#$#+~
dr

+

(azz-

a,,)J#,*r C O S ~O f i r i t dr.

The first term vanishes except when J‘ = J“ and gives the undisplaced
Rayleigh line. The second term vanishes unless J’ = J” or J’ = J” f 2
and unless (aZE
- a==)is different from zero. Th a t is, for linear molecules
the selection rules are AJ = 0, k 2. Moreover, transitions are only possible if the polarizability ellipsoid is anisotropic.
The condition that rotational transitions are only possible if the polarizability ellipsoid is anisotropic is a general one for all molecules and holds
for pure rotational transitions as well as for rotation vibrational tran-

* M. Born, “Optik.”

Springer, Berlin, 1933.
J. Cabannes, “ Anisotropie des mol6cules: Effet Raman.” Hermann, Paris, 1930
10 G. Placzek and E. Teller, 2.Physik 81,209 (1933).

9

124

2.

MOLECULAR SPECTROSCOPY

sitions. For example, in the spherical top molecules (e.g., CH4) the
polarizability ellipsoid is a sphere: there is no change in polarizability
with rotation and therefore no pure rotational spectrum is possible.
Indeed, none is observed. Also, during the totally symmetric vibration
of spherical top molecules the polarizability remains isotropic and therefore only transitions with AJ = 0 are allowed and only a Q branch is
observed. However, during those vibrations in which the polarizability
becomes anisotropic, transitions with AJ = 0, 1, & 2 are allowed and
extensive rotational structure is observed. It is evident that the zero or
nonzero value of the anisotropy for a particular vibrational mode will
determine the intensity contour of the corresponding Raman band. For
all molecules, in general, strong line-like Q branches (AJ = 0) are observed for those vibrations which produce changes in the magnitude of
the polarizability, th at is in
(examples are the v1 band of C2H2,Figs. 3
and 13, and the VZ, v3 bands of C ~ H ZFig.
, 18). On the other hand strong
rotational wings, R, P and X,0 branches (AJ = 1, +2) are observed
for those vibrations which produce changes in the orientation of the
polarizability ellipsoid, th at is in y t 2 (examples are the v 4 band of CzH2,
Figs. 3 and 14, and the v6, v7 bands of C4H2, Fig. 18).
Formulas for the frequency displacements of rotational Raman lines
are easily derived from the selection rules and energy level equations.
Some of these are discussed in Section 2.3.4.1along with several examples
of rotational spectra.
2.3.2.5. Intensities of Raman Bands. According to Placzek’s polarizability theory, the intensity of a fundamental Raman band is given by

+

+

and the ratio of Raman t o Rayleigh intensities is given by

Also the intensity ratio of anti-Stokes to Stokes lines is
(2.3.13)

I n the above equations N is the number of molecules, and the incident
light is unpolarized and restricted to directions perpendicular to the direction of observation. If the conditions stated in Section 2.3.2.2 for the
incident frequency are not obeyed, the above equations will be modified
according t o the discussion in Section 2.3.2.1. A theoretical treatment of
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the special case when Y O is close to the frequency of an electronic statethe resonance Raman effect-has been given." Sum rules for the intensities of fundamental vibrations of isotopic molecules have been derived.12
As mentioned in Section 2.3.2.3,it is possible to deduce from symmetry
considerations alone whether a' and y' have zero or nonzero values and
therefore t o predict the Raman activity of vibrations and the depolarization of the corresponding bands. However, a theory is not yet available
for the calculation of a' and y' from first principles (except for the hydrogen m ~ l e c u l e ' ~and
) hence it is not possible to predict the intensities of
Raman bands.
A semiempirical theory of Raman intensities, based on bond polarizabilities has been deve10ped.l~It is assumed th a t (a) one of the principal
axes of the polarizability ellipsoid of a bond coincides with the direction
of the bond and the other two principal polarizabilities are equal for a
single bond; (b) the bond polarizabilities change when the bond length
changes; and (c) the bond polarizabilities are independent of changes in
the bond angles. With these assumptions, Wolkenstein has derived formulas for the relative intensities and depolarizations of Raman bands of
linear and bent symmetrical XY2 molecules and of tetrahedral molecules
XY4. Modifications have been made in the theory to include changes in
bond polarizabilities with bond orientation. l 6

2.3.3. Apparatus
The main elements of the apparatus for investigating the Raman effect
are (Fig. 1 ) :
(1) a powerful light source of monochromatic radiation;
(2) a Raman tube (or sample cell) generally irradiated along its
length with the scattered light observed at right angles;
(3) a spectrograph or spectrometer of high speed and high dispersion.

The fundamental requirements are discussed below along with the
present-day techniques used to excite and to observe the spectra of gases,
liquids, and solids.
l 1 P. P. Shorygin, Zzvest. Akad. Nauk S.S.S.R. 17, 581 (1953); see also review by J.
Behringer and J. Brandmuller, 2. Elektrochem. 60, 643 (1956).
12 B. L. Crawford, Jr., J . Chem. Phys. 20, 977 (1952); J. C. Decius, J . Chem. Phys.

20, 1039 (1952).
13 E. Ishiguro, T. Arai, M. Miaushima, and M. Kotani, Proc. Phys. SOC.(London)
A66, 178 (1952).
14 M. W. Wolkenstein, Compt. rend. mad. sci. U.R.S.S. 32, 185 (1941); M. A.
Eliashevich and M. W. Wolkenstein, J. Phys. (U.S.S.R.) 9, 101, 326 (1945).
16 D. A. Long and D. C. Milner, Trans. Faraday SOC.
64, 1 (1958); D.A. Long and
G. Miller, ibid. 64, 330 (1958).
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2.3.3.1. Light Sources.* The ideal radiation for excitation of Raman
spectra would be a monochromatic line less than 0.1 cm-’ in width (although for general investigations at low resolution a width of about lcm-1
would be adequate), of high intensity free from other lines for about
3000 cm-I on the long wavelength side, with negligible background. Its
wavelength should be short (preferably about 4000 A) to take advantage
of the v4 dependence of the scattered intensity and of the higher plate
sensitivity in this region. FinaIly for practical reasons, the source lamp
emitting this radiation should be relatively easy to construct and to
operate.
Up to the present time, the most useful radiation has been that of the
mercury spectrum, originally introduced by Raman. The blue lines A4358
and A4047 are most commonly used; the former is more intense and is free
of other mercury lines out to A4916, a free range of about 2700 cm-I (see
Fig. 18, below). The A2537 resonance line has the advantages of high
intensity, high frequency and a free range of about 4000 cm-I with only
a few overlapping weak lines (see Fig. 19, below) ; however, its usefulness
is limited since many substances, particularly of organic origin, fluoresce
or decompose a t this short wavelength.
Mercury lamps with various operating conditions have been described,
for example direct or alternating current and low, medium, or high pressure. It is generally agreed that the low-pressure lamps are superior in
all respects: the lines are sharper, have higher peak intensity and the
background continuum is appreciably weaker than in the medium and
particularly in the high pressure lamps. For these reasons the low-pressure
mercury lamp is universally used in the studies of gases, liquids, and
solids and of course it is indispensable for investigations a t high resolution.
One of the most commonly used mercury lamps, known as the “Toronto
lamp,” is shown in Fig. 5a.16 The main feature is the cooling of the mercury pool electrodes by water to reduce the vapor pressure of mercury.
These lamps can be made of Pyrex or fused quartz, in various shapes
(spiral, U, straight, annular,’? etc.) and various sizes (up to 10 feet in
length). For use in a vertical position it is convenient to make the upper

* See Vol. 4, A, Chapter
10

1.5; also the Note added in proof, this volume, p. 154.
H. L. Welsh, M. F. Crawford, T. R. Thomas, and G. R. Love, Can. J . Phys. SO,

577 (1952).
17

J. Pliva, B. Schneider, J. Stokr and K. Ulbert, Rev. universelle mines [9] 16,

483 (1959).

FIQ.5. Examples of light sources used to excite Raman spectra. (a) and (b) are
“Toronto-type” mercury lamps16*18emitting XX4047, 4358, and 5461; (c) is a lowpressure mercury discharge lamp emitting intense unreversed X2537;19,*1and (d) is a n
annular electrodeless lamp with microwave e x c i t a t i ~ n . ~ ~
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electrode of metal to serve as anode. Ordinarily, direct current of 8 to
12 amp is used, and the light intensity of A4047 and X4358 increases
with current. Higher current up t o 30 amp can be used without the
risk of softening the Pyrex envelope when the discharge section is watercooled externally1* (Fig. 5b) although the intensity increase per ampere is
not as large as without cooling. After operating for about 300 hr the
Pyrex lamp is blackened with some loss of intensity. The lifetime can be
extended t o about 2000 h r by making the discharge section of Corning
glass No. 1720.19
The “Toronto lamp ’’ is also a good source of the A2537 resonance line,
since there is negligible self-reversal when operated up to 5 amp.20Another
powerful source of A2537 radiation is the high-voltage mercury discharge
lamp21shown in Fig. 5c. The intensity is a maximum when argon or neon
a t 3-5 mm pressure is used and the lamp is kept a t about 45°C. Such a
lamp using 2 mg of Hg19* (to obtain an exceedingly sharp exciting line)
has been operated for approximately 300 hr before loss of the mercury.lg
Other intense lines in the blue and ultraviolet regions used occasionally
are He 3888 A22and Cd 2288 A.23
For colored substances, exciting radiation in the red and near infrared
regions must be used. Discharge lamps with helium (XX5876, 6678, 7065,
7281), argon (A8115), sodium (1x5889, 5896), rubidium (XX7800, 7947),
and cesium (XX8521, 8943) have been des~ribed.~2-2~
A simple yet powerful source is the small annular electrodeless lamp
with microwave excitationz6shown in Fig. 5d. Such lamps with mercury,
helium, and sodium have been successfully used and it should be possible
to employ other alkali metals such as Li, K, Rb, Cs, which have intense
resonance lines in the region 6708 t o 8943 A. A method of excitation
recently developed for cathode-ray display is the pulsed discharge26employing energies of 200 joules a t rates of 2 to 50 pulses per second applied
to a spiral mercury lamp.
Obviously, maximum illumination of the sample is a desirable goal. It
l s B . P. Stoicheff, Can. J . Phys. 32, 330 (1954); H. L. Welsh, E. J. Stansbury,
J. Romanko, and T. Feldman, J . Opt. Soc. Am. 46, 338 (1955); E. R. Shull, ibid. 46,
670 (1955); L. A. Woodward and D. N. Waters, J . Sci. Instr. 34,222 (1957).
19 B. P. Stoicheff, in “Advances in Spectroscopy” (H. W. Thompson, ed.), Vol. 1,
p. 91. Interscience, New York, 1959.
2o F. P. Lossing, I). G. H. Maruden, and J. B. Farmer, Can. J . Chem. 34,701 (1956).
21L. J. Heidt and H. B. Boyles, J . Am. Chem. SOC.73, 5728 (1951).
2z R. W. Wood, Phil. Mag. [7] 7, 858 (1929).
23 P. Krishnamurti, Indian J. Phys. 6, 587 (1930).
24 H. Stammreich, Spectrochint. Acta 8, 41, 46, 52 (1956).
25 N. Ham and A. Walsh, Spectrochim. Acta 12, 88 (1958).
26 M. Delhaye and M. B. Delhaye-Buisset, Rev. universelle mines [9] 16, 480 (1959).
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can be attained by completely surrounding the sample with the source,
by concentrating the light from the lamp with a lens on the sample (Fig.
6a,b), or by enclosing the lamp and sample in a high reflectance housing
(Fig. 6c,d). The annular or spiral lamps completely surrounding the sample appear to be the most efficient sources for small volumes. For large
volumes, for example with gases, it is necessary to use several such lamps,
or more conveniently to use straight lamps with the light directed into
the sample by a lens or elliptical mirror. Several arrangements are shown
in Fig. 6 and reviewed in reference 27. These have been used with one or
more lamps, in some cases with eight or even twelve lamps. Probably the
most efficient lamp housing is the diffuse reflector of MgO which completely encloses the lamp and sample.zB
P

(b)

R

(C)

(d

1

FIG.6. Several arrangements of Raman tubes and excitation sources. All can be
used with liquids; usually (c) and (d) are used with gases. The letter L represents
lamp, F-filter, as well as lens in (a) and (b), P-Polaroid, RT-Raman tube, Ddiaphragms, R-reflector, DR-diffuse reflector.

Filters are usually placed between the light source and the sample
(Figs. 1, 6) in order to isolate a single exciting line, to reduce the background continuum, and to eliminate wavelengths which might produce
fluorescence or photodecomposition. The most common filters are liquid
solutions. Detailed accounts of some very useful filters arid their transmission characteristics are given in references 29 and 30. Liquid filters
can be placed in cylindrical tubes which also serve as lenses (Fig. 6a and b)
or in suitable vessels surrounding the Raman tube (Fig. 6c and d). In
some experiments with small samples, particularly with crystals and
W. R. Busing, J . Opt. SOC.Am. 42, 774 (1952).
A. C. Mensies and J. Skinner, J . Sci. In&. 26, 299 (1949).
29 K. W. F. Kohlrausch, “Der Smekal-Raman-Effekt.” Springer, Berlin, 1931,
27

28

1938.
J0

R. F. Stamm, Ind. Eng. Chern. 17, 318 (1945).
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powders, a glass color-filter, an interference-filter, or a monochromator
can be used, although there is a large loss of intensity with the latter two.
Filters are often placed between the Raman tube and spectrograph
(Fig. 1)in order to suppress the very intense unshifted line in the scattered
light before it enters the spectrograph and causes fogging of the plate.
Such a filter is usually unnecessary when the sample is a gas, a clear
liquid, or clear single crystal but it is essential for powders. It is often
used with grating spectrographs in order to reduce ghost intensity, particularly in investigations of Raman lines close to the exciting line. The
filter must be sharp since only the exciting line is to be removed. When
the exciting line is the resonance line (e.g., Hg 2537) the vapor of the
emitting atoms placed in the path of the scattered light forms an ideal
selective filter. Interference filters are especially useful since they can be
designed for a particular exciting line or wavelength region.
2.3.3.2. Samples and Sample Cells. The chief requirements are large
samples, free of suspended matter and fluorescent impurities, with possibilities for optimum illumination of the sample and for observation of
Raman and Rayleigh scattering with a minimum of parasitic radiation.
2.3.3.2.1. LIQUIDS.These conditions are generally easily fulfilled with
pure liquids and solutions a t room temperature and atmospheric pressure.
An all-purpose sample cell introduced by Wood31is shown in Figs. 1 and
7a. It is illuminated along its length and the scattered radiation is observed a t right angles along' the axis of the tube. One end of the tube is
an optically flat window carefully diaphragmed (internally) so that no
direct or reflected light from the lamps can be seen through it. The other
end is drawn out into a blackened horn to serve as a light trap for parasitic light. The volume of the tube is generally 1 to 100 cm3 depending on
the amount of scattering material, but volumes as small as 0.05 cm3 have
been successfully used. Generally the tube is made as long as possible
since the illumination and total scattering increase with length.
The observed intensity can easily be doubled by placing a plane mirror,
or better still, a concave mirror (having a radius of curvature equal to the
tube length) a t the back end of the tube. A further increase could probably be obtained with the mirror system used in gas tubes, described
below. Many other sample tubes for liquids have been described and
only a few are mentioned here: an integrating sphere;32a tube made of
52

R. W. Wood, Phil. Mag. [7] 7, 744 (1929).
G. Bergmann and G. Thimm, ~ u ~ ~ ~ ~ ~ s 46,359
s e ~ (1958).
s c ~ u ~ ~ e ~

FIG.7. Examples of Raman tubes. (a) is a gas tube designed especially for intensity
measurements;sa (b) shows the mirror arrangement used with gas tubes;19+4*( c ) is a
low-temperature
and (d) a high-pressure ~e114~
(schematic).
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chemically resistant polytrifluorochloroethylene ;33 a tube with total internal reflection^^^ for microsamples; a tube for observation of backward
~ c a t t e r i n ga; ~tube
~ with dividers for simultaneous study of two
For the study of liquified gases and liquids a t low temperature, the
conventional tube is surrounded with suitable concentric jackets to permit cooling of the sample. A typical design is shown in Fig. 7c.37Other
designs t o be used with liquid air (80°K),38liquid hydrogen (20°K),39and
liquid helium (4°K)40have been described.
2.3.3.2.2. GASES. Th e Raman scattering of gases is considerably
weaker than that of liquids because of the lower density of gases. Thus
the first investigations with gases were carried out with a Wood’s tube
one t o two meters long with gas pressures of a few atmospheres31 and
with shorter tubes and gas pressures of 10 to 50 atmosphere^.^^ Several
very important results were obtained under these conditions, but work
with gases was not easy and it was not actively pursued until the recent
development of the mirror tube.
I n the conventional Raman tube most of the scattered light is wasted;
the molecules scatter light in all directions but only a single narrow cone
of scattered light enters the spectrograph. It is evident th a t there are
many such cones within the tube, any one of which would serve equally
well. It is possible to superimpose some of these cones of scattered light
with a resulting gain in intensity by using a system of concave mirrors in
the Raman tube.42
The increased efficiency over the single-cone tube can be understood
from a consideration of the alignment procedure of the mirrors. I n Fig. 7b
are shown four (D-shaped) mirrors of equal curvature. Mirrors C and D
are spaced about 2 mm apart to form an exit slit and are mounted to have
a common center of curvature a t a. A source of light is placed in the focal
plane of the spectrograph camera and illuminates the dispersing element.
Light from the spectrograph slit is then focused a t the exit slit of the tube
and fills the rear mirror A. This light is focused b y A, at 1, close t o the
J. S. Kirby-Smith and E. A. Jones, J . Opt. SOC.Am. 39,780 (1949).
J. U. White, N. L. Alpert, and A. G. DeBell, J. Opt. SOC.Am. 46, 154 (1955).
36 R. Bar, Physik. Z. 30, 856 (1929).
3aS. Mizushima, T. Shimanouchi, and T. Sugita, Mikrochim. Acta 36/97, 573
(1950).
37 M. F. Crawford, H. L. Welsh, and J . H. Harrold, Can. J. Phys. 30, 81 (1952).
38 G. B. B. M. Sutherland, Proc. Roy. SOC.
A141,535 (1933).
39 W. J. Taylor, A. Lee Smith, and H. L. Johnston, J. Opt. SOC.
Am. 41,91 (1951).
4O E. J. Allin, T. FeIdman, and H.L. Welsh, J . Chem. Phys. 24, 1116 (1956).
41 F. Rasetti, Phys. Rev. 34, 367 (1929); S. Bhagavantam, Indian J . Phys. 6, 319
(1931).
42 8.L. Welsh, C. Cumming, and E. J. Stansbury, J . Opt. SOC.
Am. 41, 712 (1951).
33
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slit edge of C. The light then falls on B and is focused a t 2 on D, and
so on. Thus the mirrors A and R form images of the spectrograph slit
on alternate sides of the exit slit on mirrors C and D. Mirrors A and B
are adjusted until the maximum number of images has been formed on
C and D, the number being limited by the size of the front mirrors.
Each image on the front mirrors is the apex of two cones defined by the
apertures of A and B and the many cones formed by the series of images
1,2,3 . . . are all slightly inclined to one another. When the tube is
illuminated (in the usual way along its length) and the molecules scatter
light in all directions, the light directed into each of these cones (after
losses a t each reflection) enters the spectrograph. The increase in intensity
obtained for a large number of cones approaches 1/(1 - T ) , where r is the
reflectance, provided that there is negligible absorption by the scattering
material. With high reflectance dielectric coatings it has been possible to
obtain intensity gains of about 40 over the conventional single-cone
Raman tube. Several mirror systems have already been described.lg
With this type of Raman tube, the intensity of scattered light from
gases a t atmospheric pressure is comparable with that obtained from
liquids with conventional apparatus. For example, vibrational bands of
gases can be observed by eye and can be photographed a t low resolution
within a few minutes. With such tubes it has been possible to photograph
the pure rotational and rotation vibrational spectra of many gases a t
high resolution. However, these investigations still require rather long
exposure times. For the pure rotational spectra,lggas pressures of 30 cm
Hg or less are ordinarily used, with exposure times of a few hours. The
rotation-vibrational spectra are usually much weaker and therefore higher
gas pressures must be used, with exposure times of 20 to 100 hours.43It
has also been possible to measure, photoelectrically, the Raman intensities of g a ~ e s . 4 ~
I n order t o study the vapor spectra of substances normally liquids or
solids, the Raman tube must be heated. A temperature of about 200°C is
readily obtained b y passing electric current through a coil of thin wire
wound in a n open coil on the tube, Studies of Raman scattering a t higher
temperatures are rare.
Several designs of Raman tubes for compressed gases are available.
For pressures of up to about 80 a t m o ~ * a~ vthick-walled
~~
glass or fused
quartz tube (1 cm internal diameter and about 5 mm wall) is adequate.
This is connected b y pressure seals to metal end pieces, one holding a
43

H. L. Welsh, E. J. Stansbury, J. Romanko, and T. Feldman, J. Opt. Soc. Am. 46,

338 (1955).
44

46

T. Yoshino and H. J. Bernstein, J . Mol. Spectroscopy 2, 213 (1958).
H. L. Welsh, P. E. Pashler, and B. P. Stoicheff, Can. b. Phys. 30,99 (1952).
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thick window and the other connected to the high-pressure line. Sealed-off
.~~
capillary tubes of fused quartz have been used up to 400 a t m ~ sHowever it is not possible to use conventional glass or quartz cells a t higher
pressures because of the low tensile strength of the material. Pressures of
4500 atmos have been achieved by making use of the fact that glass is
at least ten times stronger in compression than in tension. In the tube
shown schematically in Fig. 7d47the compressed gas is contained in the
space between a thick-walled Pyrex tube and an outer steel cylinder to
which the tube is sealed; a water-cooled mercury lamp is placed inside
the open Pyrex tube.
2.3.3.2.3. SOLIDS.The main difficulties in investigating the Raman
spectra of solids arise from the scarcity of suitable specimens. These
should be clear and transparent, with a minimum of cracks or inclusions
and preferably of large dimensions. Depending on the nature of the material, specimens may be obtainable in a variety of forms such as polycrystalline or amorphous pieces, as single crystals or as powders. Often
the experimenter must grow his own crystals, sometimes even developing
special techniques, although at present many methods are known for
growing crystals of various material^.^^
When large specimens are available, for example glass, rocksalt, etc.,
the Raman techniques described above for liquids are suitable. Materials
with high melting points can be used without containers. The window-end
and sides to be illuminated are polished and the sample is diaphragmed
or painted to minimize the stray light. By placing a mirror at the end
opposite the window the length of the sample is effectively doubled,
resulting in a twofold gain in Raman scattering. Solids with melting
points below room temperature can be grown and kept at controlled
temperatures in Raman tubes similar to that shown in Fig. 7c. More
elaborate systems are sometimes necessary, as for example with aromatic
crystals.49
When single crystals are available, it is important to study the effect
of crystal orientation on the spectrum. The light incident in a designated
direction is concentrated by a lens and the scattering angle is limited by
suitable baffles.60
Certainly the most difficult problem is the investigation of the spectra
of crystal powders. The strong reflections from the many crystal faces
P. C. Cross, J. Burnham, and P. A. Leighton, J. Am. Chem. Soc.69, 1134 (1937).
A. D. May, J. C. Stryland, and H. L. Welsh, J. Chem. Phys. SO, 1099 (1959); J. C.
Stryland and A. D. May, Rev. Sci. Znstr. 31, 414 (1960).
**See for example H. E. Buckley, “Crystal Growth.” Wiley, New York, 1951;
F. R. Lipsett, Can. J . Phys. 36, 284 (1957); also Discussions Faraday SOC.6 (1949).
49 A. Friihling, Ann. phys. [12] 6, 401 (1951).
46
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L. Couture, Ann. phys. [l2] 2 , 5 (1947).
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give a n intense spectrum of the lamp itself consisting of lines and continuum which mask the usually weak Raman spectrum. Also, it is not
possible to illuminate the sample to a considerable depth since much of
the incident light is reflected by the outer layers. Similarly, a large part of
the scattered light is lost in passing through the powder. Many methodss1
have been developed t o help overcome these difficulties so that, even
though Raman investigations with powders are still not easy, it is now
possible t o obtain rather good and fairly complete spectra.
Reflections from powders are substantially reduced by moistening the
powder with a liquid of equal refractive index, or by fusing or by pressing into a tablet form. Parasitic light can be reduced by the method of
complementary filters: a filter between the lamp and specimen allows
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FIG.8. Several arrangements for illuminating powder samples.61 (b) shows the use
of interference filters.

only a small wavelength region about the exciting line t o fall on the
sample : a second filter between the specimen and spectrograph removes
the exciting line and permits the scattered light of shifted wavelength to
enter the spectrograph. Chemical filters have been used for this purpose
but are not entirely satisfactory since they lack a sharp cutoff and invariably remove a large part of the desired light. An ideal filter is obtained by the use of a double monochromator, one to isolate the exciting
line and another to remove it. If a resonance line is the exciting line, the
second monochromator can be replaced by the vapor of the emitting
material. The recent application of interference filters with sharp cutoff
or narrow band pass, has been a major advance. An arrangement is shown
in Fig. 8b where one filter transmits the exciting line and the second
reflects the Raman spectrum into the spectrograph and transmits the
61See reviews by J. Brandmuller, Z. ungew. Physik 6, 95 (1953); M. C. Tobin
J . Opt. SOC.Am. 49, 850 (1959).
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exciting wavelength. Several interference filters in series may be used to
advantage between the specimen and spectrograph. The use of monochromators and interference filters, of course, restricts the incident light
and necessitates rather long exposures.
Several arrangements for illuminating the specimen have been used
(Fig. 8a). There is the side-illumination and observation a t right angles
as usually employed with gases and liquids. With this arrangement, the
most efficient shape of sample appears to be a solid cone which just fills
the spectrograph aperture. Other suitable shapes are the hollow conical
surface and cylinder with conical window. Alternative arrangements include illuminating the front of the specimen facing the spectrograph or
the back face of a thin flat specimen. A recent novel arrangement is the
integrating sphere with the powdered specimen coated on the inner wall.32
2.3.3.3. Spectrographs.* The general requirement of spectroscopic
instruments for the Raman effect is high speed so th a t the weak spectra
can be observed in a reasonable time. This requirement is accentuated in
the study of low pressure gases, microquantities of liquids and small
crystals. An additional requirement is moderate resolution so th a t lines
separated by about 5 cm-’ can be resolved. Any instrument with these
general qualities may be profitably used. For optimum results, of course,
it is best to use instruments with qualities that meet the specific demands
of the problem on hand. Consequently many instruments have been designed especially for Raman spectroscopy and some specifically for high
~ ~for
~ * .investigations
~~
of
resolution,1g for intensity m e a s ~ r e r n e n t s , ~or
crystals.54At the present time, some very useful instruments are available
commercially.
Spectroscopic instruments for the Raman effect can be divided into
two classes according to the method of detection, either photographic or
photoelectric. Before the introduction of the photomultiplier tube to this
field by Rank52and his co-workers in 1942, Raman spectra were recorded
on photographic plates. It is well known that photographic emulsions
have high sensitivity, that they integrate over a period of time and record
simultaneously a broad wavelength region. These qualities are admirably
* See also Vol. 1, Chapter 7.3.
D. H. Rank, R. J. Pfister, and P. D. Coleman, J . Opt. SOC.Am. 32, 390 (1942);
D. H. Rank, It. J. Phter, and H. H. Grimm, ibid. 83, 31 (1943); D. H. Rank and
R. V. Wiegand, ibid. 36,325 (1946); R. F. Stamm and C. F. Salzman, Jr., ibid. 43, 119,
126 (1953); D. A. Long, D. C. Milner, and A. G. Thomas, PTOC.Roy. SOC.A237, 186
52

(1956).
O 3 H. Cary,
Raman Spectrograph Design.” Applied Physics Corporation, Pasadena, California, 1953.
a4H. C. Billroth, K. W. F. Kohlrausch, and A. W. Reitz, 2. Eleklrochem. 43, 292

(1937).
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suited t o the general problems of Raman spectroscopy and make the use
of photographic plates indispensable particularly for weak spectra and
for high resolution. On the other hand, there is no doubt th a t photoelectric detectors can give more reproducible intensity measurements and
consequently more reliable band contours and depolarization ratios (with
considerably greater speed and ease) than can be obtained with photographic techniques. Photoelectric detection also offers the possibility of
double beam spectroscopy. This may be advantageous in compensating
for intensity fluctuations in the light source, in correcting for instrumental
background particularly close to the exciting line, and in separating the
spectra of mixtures b y recording the difference of two signals.
The photographic speedss depends on the total power per unit area in
the spectral line image; that is,

I

=

Bxta/fz2.

(2.3.14)

Here Bx is the Raman source brightness, t is the transmission of the
optical system, a the area of the limiting aperture, and f 2 the focal length
of the camera lens. Thus for high speed it is advantageous to use a camera
lens of short focal length (or high angular aperture ratio). The speed is
independent of the collimator lens, although owing to other considerations
such as cost, ease of full illumination and better line images it is advisable
to use a collimator lens of longer focal length (or smaller angular aperture)
than the camera lens.
spectrometer depends on the total
The speed of a photoelectric~7~34~52~s6
energy, that is
It: = Bxth(Av)*ad/f1.
(2.3.15)
Here BA,t, and a have the above meanings. Also, h is the height of the
entrance slit, Au the slit width, d the angular dispersion (in radians cm-l),
and f l the focal length of the collimator. For optimum performance, the
instrument should have a long slit, large dispersion, and a short focal
length collimator lens.
At present, gratings have largely replaced prisms as the dispersing elements in these instruments. Gratings are now available with large ruled
areas, controlled blaze angle (that sends m@ of the light in a convenient
region for Raman work, say 4000 t o 5000 A), and large dispersion. Only
gratings will provide a resolving power of about 100,000 which is necessary for high-resolution spectroscopy. There remains, however, a very
important shortcoming in the otherwise excellent gratings of to-day and
that is the appearance of rather intense ghosts close to the very intense
66

R. A. Sawyer, “Experimental Spectroscopy.” Prentice-Hall, New York, 1944.
Strong, J . Opt. SOC.Am. 39, 320 (1949).

66J.
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exciting line. Only a few exceptionally good gratings are free from many
ghosts at frequency shifts below about 50 cm-1. Therefore when Raman
bands in the vicinity of the exciting line are to be studied, it may be
necessary t o use a prism instrument or double monochromator,63or t o
reabsorb the exciting wavelength with a sharp cutoff filter.
Other instruments which have recently been described for Raman
spectroscopy include a combined interferometer and spectrometerlK7and
a spectrometer with oscilloscope display26 using a pulsed light source.
The speed of photographic and photoelectric instruments depends on
the brightness of the scattering volume, Bx. This in turn is a product of
three terms : the scattering coefficient, the intensity of illumination, and
the illuminated length, provided that the full amount of light along the
length of the tube properly fills the dispersing optics. This can be achieved
by imaging one end of the Raman tube on the slit and the other end on
the collimator lens with one or more condensing lenses, as shown in Fig. 1.
Several detailed accounts of optical systems for this purpose have been
given. 6*
It is often difficult to illuminate a long slit directly from the scattering
source which usually has a small circular cross section. Image slicers convert a circular or rectangular image by slicing the image into several
(more commonly three) thin sections and then aligning them one above
the other t o form a long thin section which fills the slit. Several different
types have been d e ~ c r i b e d ~and
~ J ~used with photoelectric instruments
to fill a long slit [ h in Eq. (2.3.15)].A long illuminated slit can sometimes
be used t o advantage in a photographic instrument'$ especially one with
a long focal length. The long spectral image can be reduced in length
ten- t o twenty-fold with a corresponding increase in intensity b y placing
a cylindrical lens of short focal length in front of the photographic plate
in the spectrograph with the cylinder axis accurately perpendicular to
the slit.
2.3.3.4. Measurement of Spectral Characteristics. 2.3.3.4.1. WAVENUMBER SHIFT.
The iron arc spectrum is usually photographed alongside
the Raman spectrum immediately before or after the Raman exposure
to serve as a wavelength standard. The wavelength (and wavenumber
in vacuo) of the Raman lines is determined b y interpolating between the
known iron wavelengths, and the wavenumber shift (in cm-l) is obtained
by subtracting the known wavenumber of the exciting line. A relative
accuracy of 1 t o 5 cm-I is common and is easily obtained depending, of
9v

R. Dupeyrat, Comptes rend. acad. sci. 244, 876 (1957).
J. R. Nielsen, J. 6 p t . SOC.Am. 20,701 (1930); 37,494 (1947); H. L. Welsh, M. F.
Crawford, and G . D. Scott, J . Chem. Phys. 16, 97 (1948); G. Hansen, Optik 6, 337
(1950).
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course, on the breadth of the Raman lines. In high resolution work, the
sharp rotational lines can be measured to kO.03 cm-l or better. The
absolute wavelength (or wavenumber shift) is more difficult to determine;
it is important t o check any shift of the Raman and iron arc spectra by
measuring lines of the source which appear by Rayleigh scattering and
are photographed simultaneously with the Raman spectrum or when
possible by averaging the shifts of Stokes and anti-Stokes lines.
With photoelectric instruments usually a wavelength or wavenumber
drive is used t o give markers a t suitable intervals. This scale is regularly
calibrated against a known standard Raman spectrum, for example that
of t0luene.~9
2.3.3.4.2. INTENSITY.
The measurement of intensity is a difficult experimental problem in the Raman effect. Firstly, absolute intensity measurements [Eq. (2.3.11)] are almost impossible because of the vast difference
(about 5 or 6 orders of magnitude) between the scattered and incident
light. Secondly, measurements of the ratio of Raman to Rayleigh scattering [Eq. (2.3.12)] require great care to minimize stray light; since stray
light cannot be eliminated entirely, the results may often be suspect.
Finally, although the measurement of relative intensities of bands in a
given spectrum is a considerably easier problem, the comparison with
other spectra requires special precautions in procedure and the application of several corrections of the raw data. These have been the subjects of long discussions in the l i t e r a t ~ r e . ~ ~ ~ ~ ~
I n current work, photoelectric methods have superseded the earlier
photographic methods of intensity measurements resulting in better
accuracy and greater convenience. Nevertheless most of the intensity
measurements are carried out with liquids’6-6’while studies with gases are
rare.16,62For liquids a standard intensity scale69 (based on the scattering
per molecule) has been used which is referred t o the Raman band at
458 cm-I in CCl, taken under the same experimental conditions. This requires the measurement of int>egratedintensities (rather than peak intensiH. J. Bernstein and G. Allen, J. Opt. SOC.Am. 46,237 (1955).
D. G. Rea, J. Opt. SOC.Am. 49, 90 (1959).
6 1 See, for example: G. Allen and H. J. Bernstein, Can. J. Chem. 32, 1124 (1954);
33, 1137 (1955); J. C. Evans and H. J. Bernstein, ibid. 33, 1746 (1955); D. A. Long,
Proc. Roy. SOC.A217, 203 (1953); D.A. Long, A. H. S. Matterson, and L. A. Woodward, ibid. A224, 33 (1954); D. A. Long, D. C. Milner, and A. G. Thomas, ibid. A237,
186, 197 (1956); D. A. Long, T. V. Spencer, D. N. Waters, and L. A. Woodward,
ibid. A240, 499 (1957).
BzSee, for example: E. J. Stansbury, M. F. Crawford, and H. L. Welsh, Can. J.
Phys. 31, 954 (1953); T. Yoshino and H. J. Bernstein, “Petroleum Institute Conference on Molecular Spectroscopy.” Pergamon, New York, 1958; J . MoZ. Spectroscopy
2, 213, 2.41 (1958).
69
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ties), a constant sample temperature, a knowledge of the effects of slit
width, of exciting line width, of recorder scanning rate and response time
on the intensity contour, as well as corrections for nontransverse illumination, for optical density and refractive index of liquid sample, for transmission of spectrometer, and for spectral sensitivity of the photomultiplier. With these precautions and corrections, the final results are at best
accurate t o about 5%.
2.3.3.4.3. DEPOLARIZATION
RATIO.Arrangements for the study of the
state of polarization of Raman bands fall into two classes:
(1) those that use unpolarized incident light; and
(2) those that use polarized incident light.

Ideal arrangements of the first type with the scattered radiation resolved
into two components by a birefringent prism have been described63which
are capable of high accuracy, but are rather elaborate and difficult to use
because of the low light intensity. A useful alternative arrangement64is
shown in Fig. Gb. Unpolarized light restricted to a small angle by blackened diaphragms (D) is concentrated by a cylindrical lens (F) into a
nearly parallel beam. The scattered light is viewed at 90” to the incident
beam, half the scattered beam going through Polaroid with its axis vertical and the other half through Polaroid with its axis horizontal (Fig. 18).
Useful arrangements of the second type using Polaroid have been
described.66 One such arrangement is shown in Fig. 6a (omit R here).
The light from a single lamp is concentrated by the cylindrical lens (F)
into a nearly parallel beam. This light passes through Polaroid which
can be oriented to transmit light vibrating either parallel or perpendicular to the axis of the Raman tube. Two exposures are necessary and
p = 6~’~/(45a’~
7 ~ ’ ~Other
).
arrangements, Fig. 6c and 6d, also require two exposures, one with a cylinder of Polaroid (P) around the
Raman tube with its axis parallel t o that of the tube and the other
~ 2 ) . Alternatively,
without Polaroid. Consequently p = 6 ~ ’ ~ / ( 4 5 a ’13y’
the second exposure can be taken with Polaroid oriented with its axis tangentially around the Raman tube, in which case p = 6y’2/(45a’2 7 ~ ‘ ~ ) .
The latter two arrangements give the highest intensity and since the
scattered light is unpolarized no apparatus corrections are necessary. Although two exposures are necessary during which the incident illumi-

+

+

+

63 J. Cabannes and A. Rousset, Ann. phys. [lo] 19, 229 (1933); A. W. Reita, Z .
physik Chem. B33, 368 (1936); P. Bender and P. A. Lyons, J . Chem. Phys. 18, 438
(1950).
64 F. F. Cleveland, J. Chem. Phys. 13, 101 (1945).
66 J. T. Edsall and E. B. Wilson Jr., J. Chem. Phys. 6, 124 (1938); B. L. Crawford,
Jr. and W. Horwita, J. Chem. Phys. 16, 268 (1947); A. E. Douglas and D. H. Rank,
J. Opt. SOC.Am. 38, 281 (1948).
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nation must be constant, this is not a serious difficulty. With all of these
arrangements, fairly reliable results can be obtained for highly depolarized
lines, but special precautions are necessary for precise measurements particularly of highly polarized lines. G 6
Polarization measurements have also been carried out with circularly
polarized light.35
2.3.4. Raman Spectra and Their Applications
The discovery of the Raman effect in 1928 was a significant triumph
for the newly developed quantum theory. 1,66 Its importance for molecular
physics was immediately recognized and stimulated widespread research
in this field. Over the years, Raman spectroscopy has proven to be a
valuable and versatile experimental technique in the investigation of
many problems in molecular physics, and chiefly in the determination
of molecular structure. Its various applications have been discussed in
several textbooks, monographs, and review
Here, only a
brief summary of its usefulness is given along with a few examples of
Raman spectra.
2.3.4.1. Gases. Raman spectra of gases provide information of the
energy levels of essentially free molecules. In particular they provide data
of rotational energy levels, since, of course, molecules rotate freely in low
pressure gases, while free rotation is not possible in the condensed state
(except in liquid and solid hydrogen). The main interest in studying the
Raman spectra of gases is therefore the observation and interpretation
of the structure in the pure rotational spectrum and in the rotation
vibrational bands. It is also important to investigate the frequencies and
intensities of vibrational bands of gases since molecular theory and the
polarizability theory (Section 2.3.2) are strictly applicable to the free
molecule. Some of the differences in vibrational Raman spectra which
may occur with changes of physical state are discussed in references 67,
68, and 69, and examples are shown in Figs. 18 and 20.
“ A n interesting account is given by K. K. Darrow, Bell System Tech. J . 8, 64
(1929).
BIG. B. B. M. Sutherland, “Infrared and Raman Spectra.” Methuen, London,
1935; J. H. Hibben, “The Raman Effect and Its Chemical Applications.” Reinhold,
New York, 1939; S. Bhagavantam, “Scattering of Light and the Raman Effect.”
Chemical Publ., New York, 1942; G. Glockler, Revs. Modern Phys. 16, 111 (1943);
K. W. F. Kohlrausch, i n “Ramanspektren, Hand- und Jahrbuch der Chemischen
Physik” (A. Eucken and K. L. Wolf, ed.), Vol. 9. Becker and Erler, Leipzig, 1943
(in the United States, published by Edwards, Ann Arbor, Michigan, 1945).
6* J. R. Niclsen and N. E. Ward, J . Chem. Phys. 10, 81 (1942).
6g C. A. I’lint, R . M. B. Small, and H. L. Welsh, Can. J . Phys. 32,653 (1954).
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The first rotational Raman spectrum70 to be observed was that of
liquid Hz. It showed th at the Raman effect can be observed with homopolar molecules and provided experimental proof for Dennison's view
that hydrogen consisted of a mixture of two distinct sets of molecules,
one with only even rotational levels and the other with only odd rotational
levels. The spectrum of gaseous Hz is given in Fig. 9.44Rotational spectra
of Hz, Oz, and Nz were obtained by Rasetti41and of HCl by Wood.31 The
spectrum of Nz led to the first determination of the moment of inertia
of the nitrogen molecule. Also, the intensity alternation in the rotational
lines of N z (Fig. 15) showed that the N nucleus obeys Bose statistics, a
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FIG. 9. Raman spectrum of HZ, recorded photoelectrically,*4 showing the pure
rotation spectrum ( A J = 2 ) and the rotation-vibration spectrum (Av = 1; AJ = 0,
k2). The numbers above t h e lines indicate the transition and the frequency shift
(in em-I).

result which Heitler and Herzberg7' suggested could not be reconciled
with the presence of electrons in the nucleus, the theory prevalent at that
time. The early investigations were soon extended to the polyatomic
molecules,72NHI, COz, CzH2, C2Ha, yielding values of the moments of
inertia as well as some molecular parameters. At the present time rotational Raman spectra can be photographed a t high resolution and their
analysis leads t o fairly accurate determinations of molecular structure
parameters. Thus the investigation of rotational Raman spectra provides
an additional spectroscopic method (along with the investigations of electronic, infrared, and microwave spectra) for the evaluation of internuclear
J. C. McLennan and J. H. McLeod, Nature 123, 160 (1929).
W. Heitler and G. Herzberg, Naturwissenschaften 17, 673 (1929).
'* R. G. Dickinson, R. T. Dillon, and F. Rasetti, Phys. Rev. 34,582 (1929) ;E. Amaldi
and G. Placzek, 2. Physik 81, 259 (1933); C. M. Lewis and W. V. Houston, Proc.
Natl. Acad. Sci. (U.S.) 17, 229 (1931); Phys. Rev. 44, 903 (1933).
'O
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distances and bond angles in diatomic and simple polyatomic molecules.
Examples of the pure rotational spectra of linear, symmetric top, and
asymmetric top molecules are shown in Figs. 10, 11, and 12, respectively.
For linear molecules, the spectrum exhibits a series of equidistant lines
(the S branch). The frequency displacement of the lines from the exciting
line is given by
v =

(4Bo - 6Do)(J
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FIG.10. Pure rotational Raman spectrum of a linear molecule, acetylenelo ( A J =
0,2),This spectrum was excited by Hg 4358:the lines marked g are grating ghosts.
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FIG. 11. Pure rotational Raman spectrum of a symmetric top molecule, ethanelg
(AK = 0,AJ = 0, 1, 2). This spectrum was excited by Hg 2537.
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FIG.12. Pure rotational Raman spectrum of an asymmetric top molecule, ethylene19
( A J = 0, 1, 2 ) . This spectrum was excited by Hg 2537.

Here BO is the rotational constant ( = h / 8 ~ ' c l o )for the ground state
(vl, v2, v3 . * = 0), and is inversely proportional to the moment of
inertia lo. The spectra of symmetric top molecules exhibit two series of
lines, the R and S branches, with displacements

-

VR =

vs

=

+

+

(2Bo - 2DjKK2)(J 1) - 4 D j ( J
1)3
(4Bo - 6 0 0 - 4DjKK2)(J 2) - 8 D j ( J

+

J,K

+ g)3

=

1,2, 3

...

J,K=0,1,2...

.

The constants Do, D J , D J K represent the influence of centrifugal distortion and are very small compared with Bo. For asymmetric top molecules generally rather complex rotational spectra are observed.
A straightforward analysis of a rotational spectrum (of a linear or
symmetric top molecule) gives the value of the rotational constant (Bo)
and hence of the moment of inertia. Of course for a diatomic molecule,
a single moment of inertia is sufficient to determine the internuclear distance. For a polyatomic molecule, when two or more parameters are to
be evaluated one must also determine the moments of inertia of isotopic
molecules. At present one is limited t o deuterated species because of the
rather large amounts of pure sample necessary for observing the Raman
spectrum. Up t o the present time the structures of several diatomic and
polyatomic molecules have been determined from their pure rotational
Raman spectra, including for example Hz, F2, CS2, C4Hz,C3H4,C6Hs,
C2H4.Their spectra and structures are discussed in detail in reference 19.
As these examples indicate, the Raman investigations have been con-
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cerned almost exclusively with nonpolar molecules. This is because the
rotational spectra of polar molecules are best studied in the microwave
(or infrared) region, while of course nonpolar molecules do not have a
microwave (or rotational infrared) spectrum.
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13. Rotational structure in t h e totally symmetric YI band of acetylene73
Q branch of the corresponding band in the isotopic
molecule HCW13H, as well as several “ h o t ” bands also appear.
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It is generally more difficult to observe the rotation-vibration Raman
bands because of their low intrinsic intensity compared with the pure
rotational spectrum. However, their investigation is necessary for evaluating rotation-vibration coupling constants (particularly of those bands
which are only active in the Raman effect) and hence for determining the
equilibrium structures of molecules. Two examples of rotation-vibration
bands73are shown in Figs. 13 and 14. I n degenerate bands of symmetric
73T. Feldman, G. G. Shepherd, and H. L. Welsh, Can. J . Phys. 34, 1425 (1956);
L. Krause and H. L. Welsh, ibid. 34, 1431 (1956).
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top molecules, more rotational branches can occur in the Raman bands
(AK = 0, L- 1, +2) than in the corresponding infrared bands ( A K = 0,
& 1).This has some important consequences: for example it is known that
t,he rotational constant ( A or C) associated with rotation about the top
axis is difficult to evaluate because in the energy level equations it is
always combined with a Coriolis parameter. In the Raman band two
series of lines may appear (AK = f 1, +2) which depend on these two
factors in different ways so that the Coriolis parameter and the rotational
constant ( A or C) can be unambiguously determined. Such series have
been analyzed in the Raman spectra of ethane74 and methane.lg The
spectrum of ethane has also shown that the two methyl groups are in
the staggered position. Even when rotational structure is not observed,
but only the sharp Q branches, the Raman spectra may be useful for
evaluating the effects of Fermi resonance as in COZ (Fig. 17) and
cs2.75

Raman intensity measurements of gases have been important for the
test of the polarizability theory. Moreover they have yielded values of
the rate of change of polarizability with respect to internuclear distance
for several diatomic and polyatomic molecules.62These results show a
correlation between a’ and the multiplicity of the chemical bond.
The Raman spectra of compressed gases can be used to study the
mutual interaction of closely packed molecules. Changes in the spectrum,
such as line broadening, pressure shift, or the appearance of new bands,
can be related to the gas density which is continuously variable from low
values, where the molecules are essentially free, t o values approaching
liquid density. A few early investigations were carried out on the pressure
broadening of rotational lines.76More recently, research in high-pressure
Raman spectroscopy has been r e s ~ m e d ~and
~ vnew
~ ~ apparatus has been
developed extending the pressure range to 4500 atmospheres. An important observation in the spectra of
and compressed gases47is the
marked broadening of bands associated with anisotropic scattering while
there is very little broadening of bands associated with isotropic scattering. An explanation3’ has been given in terms of the removal of the
orientational degeneracy (described by the magnetic quantum number M )
by the intermolecular force field. In Fig. 15 is shown the effect of increasing pressure on the breadth of the Nz rotational lines. In Fig. 16 is shown
the pressure shift of the sharp Q branch in the v1 (totally symmetric)
band of CH4 up to liquid density.47
J. Romanko, T. Feldman, and H. L. Welsh, Can. J . Phys. 33,588 (1955).
B. P.Stoicheff, Can. J . Phys. 36, 218 (1958).
l s S . Bhagavantam, Indian J . Phys. 6, 319 (1931); B. Trumpy, Z.Physik 84, 282
(1933);J. Weiler, Ann. Physik [5]23, 493 (1935).
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2.3.4.2. Liquids. As already mentioned, the majority of the investigations have been carried out with liquids. Raman spectra of liquids give
very useful information of the vibrational energy levels of molecules. This
includes the nature and number of vibrational modes, their frequencies,
and isotope shifts (Fig. 3), Raman activity, and state of polarization
(Fig. 18).77Together with the corresponding data from the infrared spectrum such information has been widely used for the determination of the
geometrical configuration of many molecules, inorganic7*as well as orUp to the present time this application has perhaps been the
most important for Raman spectroscopy. The infrared and Raman activity of vibrational modes and its relation to molecular structure has been
briefly discussed in Sections 2.2.2.3and 2.3.2.3 and in detail in references
3, 4, 5, 67.
The measurement of frequency is necessary for the determination of
force constants between atoms in a molecule and for the calculation of
thermodynamic quantities. The Raman spectrum is especially useful for
the low-frequency vibrations; Raman bands with frequencies as low as
50 cm-I are easily observed and with some care observations can be extended to within a few cm-’ of the exciting line. While measurements of
frequency are preferably made with gases, since shifts of up to one per
cent are common with liquidsea (e.g., Figs. 18 and 20) in most cases the
spectra of liquids are much more easily observed.
A. V. Jones, Proc. Roy. Soe. A211, 285 (1952).
’SL. A. Woodward, Quart. Revs. (London) 10, 185 (1956).
79 N. Sheppard and D. M. Simpson, Quart. Revs. (London) 6 , l (1952); 7,134 (1953).
77
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FIG.18. (a) Raman spectrum of liquid diacetylene.” The upper spectrum marked I
is the radiation polarized with electric vector perpendicular t o the slit and the lower
one marked 11 with electric vector parallel to the slit. (b) Raman spectrum of gaseous
diacetylene.

An important application of vibrational Raman spectra has been the
identification of chemical groups and molecular bonds in rather large
molecules by means of their characteristic (group) frequencies (Section
2.2.2.3.2.4). The concept of group frequencies is discussed in references
29 and 67. Extensive examples of this application in a series of acetylenes,
olefins, paraffin^,'^ and amino acidssO have been given.
80

D. Garfinkel and J. T. Edsall, J. Am. Chem. Sac. 80,3807 (1958).
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FIG.19. Raman spectrum of water.'= The bands are marked by arrows and the mercury lines from the source are marked
by dots.
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Raman spectroscopy has been applied to the problems of rotational
isomerism8l and hydrogen b 0 n d i n g ~ 6 (Fig.
, ~ ~ 19) and to the study of the
structure of substances in aqueous s ~ l u t i o n . ’It~ has also been a useful
tool in qualitative and quantitative chemical analysis,30~62
particularly of
hydrocarbon mixtures. For this purpose the extensive tables of Raman
spectra found in references 4, 29, 67, and 83 are especially valuable.
2.3.4.3. Solids. Raman spectra of solids are a source of information
concerning molecular structure as well as molecular and lattice dynamics
0
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FIQ.30. Comparison of the Raman spectra (3200 to 3700 cm-1) of gaseous, liquid,
and solid ammonia.69

S.Mizushima, “Structure of Molecules and Internal Rotation.” Academic Press,
New York, 1954; N. Sheppard, in “Advances in Spectroscopy” (H. W. Thompson,
ed.), Vol. 1, p. 288. Interscience, New York, 1959.
82G. C. Pimentel and A. L. McClellan, “The Hydrogen Bond.” Freeman, San
Francisco, 1960; 1). Hadti, “Hydrogen Bonding,” Pergamon Press, London, 1959.
8 3 M. R. Fenske, W. G. Braun, R. V. Wiegand, D. Quiggle, R. H. McCormack, and
D. H. Rank, Ind. Ens. Chem. Anal. Ed. 19, 700 (1947); Anal. Chem. 21, 12 (1949);
22,11, 1074 (1950) ;American Petro1eu.m Institute, “Raman Spectral Data.” Research
Project 44, Carnegie Institute of Technology, Pittsburgh, Pennsylvania; R. Mecke
and F. Kerhof, in “ Landolt-Bornstein Zahlenwerte und Funktionen” (A. Eucken and
K. H. Hellwege, eds.), 6th ed. Vol. 1, “Atom- und Molekular Physik,” Part 2, p. 226.
Springer, Berlin, 1951; H. Pajenkamp, ibid., p. 479; G. S. Landsberg, P. A. Bazhulin,
and M. M. Sushchinskii, “Basic Parameters of the Raman Spectra of Hydrocarbons.”
Akad. Nauk S.S.S.R., Moscow, 1956.
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in the solid state. In molecular crystals, the spectra of the molecules or
molecular ions have essentially the same character as for the corresponding liquid (Fig. 20), and yield information on the geometrical configuration of the molecules,*4 as well as on their orientation in the crystal
lattice. I n addition the Raman spectrum may contain bands due to the
lattice vibrations; these usually appear a t very low frequencies and are
described as translational and librational (“ pivotement ”) bands.85Their
contribution t o the heat capacity is considerable. Examples of the low
frequency spectra of benzene and naphthaleneg6are shown in Fig. 21.

L

FIG.21. Low-frequency Raman spectra of crystalline benzene and nnphthalene.s6

In Figs. 22 and 23 are shown the Raman spectra of crystallines7 and
fused88 quartz. The spectrum of the crystal consists of many relatively
sharp bands in striking contrast to th at of the amorphous form whose
most prominent feature is an intense continuum extending from the exciting line t o a sharp cutoff a t about 560 cm-’. This continuum is characteristic of many glasses.
The Raman spectrum40of solid hydrogen has shown that the molecules
carry out quantized rotations and that the rotational and vibrational frequencies differ only slightly from those of the liquid and gas. At high
See for example, A. C. Menaies, Repts. Progr. in Physics. 16,83 (1953).
Rousset, “La diffusion de la lumiere par les mol6cuIes rigides.” C.N.R.S.,
Paris, 1947; A. Kastler and A. Rousset, Phys. Rev. 71,455 (1947).
88E. Gross and M. Vuks, J. phys. radium 7, 113 (1936).
87 D. Krishnamurti, Proc. Indian Acad. Sci. A47, 276 (1958).
88 R. S. Krishnan, PTOC.
Indian Acad. Sci. A37, 377 (1953); P. Flubacher, A. J.
Leadbetter, J. A. Morrison, and B. P. Stoicheff, J . Phys. Chem. Solids 12, 53 (1959).
84

86A.
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FIG.22. Raman spectrum of crystalline quarts.87
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FIG.23. Raman spectrum of vitreous (fused) quartz.88

resolution89 the spectrum indicates the existence of rotational and vibrational exciton bands.gO
I n atomic and ioiiic crystals (for example diamond, alkali halides) the
whole lattice has t o be regarded as a gigantic molecule and the Raman
spectrum is due to the vibrations of the lattice. The spectrum can be
separated into two parts : a line spectrum, known as the first-order spec89
go

s. s. Bhatnagar, E. J. Allin, and H. L. Welsh, Can. J. Phys. in press (1961).
J. Van Kranendonk, Can. J. Phys. 38, 240 (1960).
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FIQ.24. The second-order Raman spectrum of r o c k ~ a l t . The
~ l fine line is the microphotometer trace.92 Broken lines represent theoretical contributions of the single
branches and the thick line represents the theoretical intensity obtained from their
superposition.

trum and a continuous spectrum, the second-order spectrum. The origin
of the Raman spectrum is discussed in detail in reference 91. An example,
the spectrum of rock salt, is shown in Fig. 24.92

Note a d d e d in proof:
A radically new light source-the optical maserY3-with its intrinsically
high intensity, extremely narrow line width and strong directionality is
ideally suited t)o Raman spectroscopy. Already several types of optical
masers have been successfully o erated, including a gas maserg4 (operating continuously a t X11,530 ) and three solid state masers (pulse
Of these the ruby maser
operated at X69401g5X7080,96and X25,OOO
appears to be the most, suitable as a Raman source a t the present time.
Its emission is a t A6940 A, with energy output up to 1 joule (peak power
about 10 kw) and with a line width of less than 0.01 cm-' for good ruby
samples. The ruby maser has already been successfully used to excite the

w

M. Born and M. Bradburn, Proc. Roy. SOC.A188,161 (1947).
R. S. Krishnan, Nature 166, 267 (1945); H. L. Welsh, M. F. Crawford, and
W. J. Staple, ibid. 164, 737 (1949).
S 3 A. L. Schawlow and C. H. Townes, Phys. Rev. 112, 1940 (1958).
94 A. Javan, W. R. Bennett, and D. R. Herriott, Phys. Rev. Letters 6, 106 (1961).
g 6 T. H. Maiman, Nature 187, 493 (1960); Brit. Communs. and Electronics 7, 674
(1960); R. J. Collins, D. F. Nelson, A. L. Schawlow, W. L. Bond, C. G. B. Garrett,
and W. K. Kaiser, Phys. Rev. Letters 6, 303 (1960).
9 6 P. P. Sorokin and M. J. Stevenson, I.B.M. J . Research and Developinent 6, 56
91
92

(1961).
97

P. P. Sorokin and M. J. Stevenson, Phys. Rev.Letters 6, 557 (1960).
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Raman spectra of liquid C8Hglg8CC14,g8CS2,99SnC1dlg9and solid CaF2.98
These spectra were photographed on I N plates with high speed spectrographs in effective exposure times of the order of 50 msec. Two Raman
cells were used with the liquids: one making use of total internal reflecof diffuse reflection98 as in a n integrating sphere, with
t i ~ n the
; ~ other
~
illumination of the sample by the parallel beam of the maser through a
small window, the scattered light being observed a t right angles to the
maser beam.
The future development of new optical masers operating a t shorter
wavelengths and of electronic detection techniquesloO (making use of
beat frequencies between the illuminating light and the scattered light)
will open exciting new possibilities for the investigation of Raman
spectra.

2.4. Electronic Spectra*

t

2.4.1. Introduction

A quantitative discussion of electronic processes in molecules is
extremely complex. The zero-order part of the quantum-mechanical
problem, unlike the cases of vibration and rotation, does not lend itself
simply to solution. I n addition, higher order contributions describing the
intramolecular interactions of electronic spin and orbital motions,
molecular vibration and rotation, and contributions from extramolecular
forces are present. I n spite of the complexities of the problem, reasonably
rapid theoretical advances are being made and are greatly stimulating
experimental research in specific areas. Of major interest on the experimental side is the study of the finer details of electronic spectra of polyatomic molecules and free radicals in the gas phase, from which precise
information can be gained about the gross properties of the electronic
excited states as well as about the interesting interactions between
98 S. P. S. Porto and D. L. Wood, in Symposium on Molecular Structure and
Spectroscopy, Columbus, Ohio, 1961, p. 59.
99 B. P. Stoicheff, Bull. Can. Assoc. Physicists 17, 11 (June, 1961).
loo A. T. Forrester, J . Opt. SOC.
Am. 61, 253 (1961).
t California Institute of Technology, Contribution No. 2600. Supported in part by
Office of Ordnance Research. The author wishes t o thank Dr. G. Herzberg and Dr.
D. A. Ramsay for some valuable comments and criticism of the manuscript. He is
also indebted t o Dr. M. El-Sayed for reading the manuscript and pointing out a
number of errors.

__

* Chapter 2.4 is by G. Wilse Robinson.
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different kinds of motions in the molecule. The study of extremely weak
multiplicity forbidden transitions of stable molecules is of great interest
in the theory of spin-orbit perturbations. Effects of van der Waals' fields
and of crystal fields on molecular and atomic energy levels extend our
knowledge of intermolecular and ionic interactions. The determination of
precise oscillator strengths of transitions is necessary in order t,o evaluate
properly theoretical molecular eigenfunctions, but here the experimental
effort is unfortunately lagging behind because of the greater experiment,al
difficulties associated with intensity measurements.
Since electronic transitions in molecules occur throughout the vacuum
ultraviolet, the near ultraviolet, through the visible and infrared regions
of the spectrum, the basic methods used to study electronic spectra can be
quite varied. For transitions in the infrared, techniques similar t o those
used for the study of vibrational spectra are employed (Chapter 2.2).

2.4.2. Apparatus
2.4.2.1. Dispersing Instruments.* 2.4.2.1.1. GRATINGINSTRUMENTS.
t
For most problems a reflection grating instrument is preferred, since
limits of usefulness are not imposed by the transmission qualities of prism
or transmission grating materials and generally higher resolution can be
obtained with grating th an with prism instruments of comparable physical
size. The approximately linear dispersion of a grating is a necessity when
very precise wavelength measurements are to be made. The reflectivity
of a grating can be increased substantially in a given wavelength region
by the use of special coatings, and some new advances, especially valuable
in the vacuum ultraviolet, have been recently made (see Section 2.4.2.3.2).
I n any grating a proper choice should be made of blaze angle 8. For a
given grating spacing a, in wavelength units, the expression
2a sin 8

= mX

(2.4.1)

relates 0 to the wavelength X where maximum intensity in the mth order
will occur for any arbitrary angle of incidence. Referred to the grating
groove geometry, 8 is the angle between the normal to the grating and the
normal to the face of the individual grooves. The blaze angle may be
controlled by properly shaping the cutting diamond, the usual blaze
angles lying between about 5" and 40'. Gratings ruled to favor very large
blase angles ( 8 = 65") are termed echelles. Figure 1, which shows a crosssectional diagram of a plane reflection grating, helps to illustrate these
points.

* See also Vol.
t See also Vol.

1, Chapter 7.3.
1, Section 7.3.2.
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The resoloing power R = X/dX of a grating is given theoretically by

R

=

mN

(2.4.2)

where N is the total number of grating grooves and m is the order. I n the
practical definition of R, dX is the wavelength difference between two
lines at wavelength A which are barely “separated.” Good originals and
replicas are expected to approach very nearly 100% of theoretical
resolving power. This is particularly true in the first order near the blaze,
G R A T I N G NORMAL
NORMAL
TO G R O O V E

FIG. 1. Cross-sectional diagram of diffraction grating. Photograph reprinted by
permission of the Bausch & Lomb Optical Company, Rochester, New York. 8, blaze
angle; 01, angle of incidence; p, angle of diffraction for blazed wavelength; a, grating
spacing. Grating equation: mX = a(sin a f sin P ) ; e = [(a _+ p ) / 2 ] .

but the resolving power is very likely to be much less than theoretical
in the higher orders. It should be remembered th a t the intensity of grating
ghosts increases as the square of the order. Large precision gratings
having up to 1200 grooves/mm over a 154 X 206 mm2 ruled surface and
smaller ones having 2160 grooves/mm are commercially available.’ Large
concave gratings of good quality are not quite as readily available commercially as are plane gratings of similar quality, but this deficiency is
being rapidly rectified.
1 Bausch and Lomb Optical Co., Rochester, New York; Jarrell-Ash Co., Newtonville, Massachusetts.

TABLE
I. Grating Mounts and Their Properties
~

Mount

Light
path

~

~

~~~

~

Available
resolution

Relative
speed

Paschen-Runge

Slit -+ Concave
Grating -+ Plate

Very high

Slow

Eagle

Slit -+ Concave
Grating -+ Plate

Very high

Moderate

Wadsworth

Slit -+ Concave
Mirror -+ Concave
Grating -+ Plate

Moderate

Fast

Czerny-Turner

Slit -+ Concave
Mirror
Plane
Grating + Concave
Mirror -+ Plate

LIigh

Fast

Y

u1

-+

~

~

~

Vacuum
uv
Not useful

~~

~~

Wavelength
changing

Astigmatism

Very convenient: fixedVery astigmatic
focus for extended wavelength region.
Very useful
Requires three independent Moderately
adjustments: focus, plate
astigmatic
tilt, grating rotation.
Not useful
Requires two independent Stigmatic
adjustments: focus and
simultaneous plate tilt
and adjustment t o grating normal.
Possibly useful with Very convenient: requires Nearly stigmatic
highly reflecting
only grating rotation.
Convenient monomirror and grating surfaces
chromator.
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Table I lists the most common types of grating mounts for photographic work, together with a summary of their properties. Detailed
discussions of all but the Czerny-Turner mounting have been treated in
texts2q3on the subject. Of particular interest is the fact that excellent
prototypes of the Paschen-Runge,4 vacuum Eagle,6 and Czerny-Turner6
mounts have been described in the recent literature. For very high resolution molecular studies above 2000 A, the Paschen-Runge or the Eagle
mountings are probably to be preferred for photographic work. However,
the Czerny-Turner mounting combines moderate-to-high resolution
with the versatility of rapid grating interchangeability, only practical
with a plane grating, and linear wavelength scanning when sine-driven
grating r o t a t i ~ nis~ used.
. ~ These features allow a single instrument to be
used conveniently as a photographic instrument, a monochromator or
a linear-scanning photoelectric instrument over a wide range of wavelength, dispersion, and resolution by using different grating rulings and
blaze angles.
For the visible and near ultraviolet, the Eagle mount, such as the type
in use a t the National Research Council of Canada, is less astigmatic
than the Paschen-Runge mount and therefore is advantageous for
molecular problems because of its higher speed. Other advantages of the
Eagle mount are that laboratory space is conserved and that the mount is
more flexible for the use of higher orders of the grating. On the other hand
wavelength changing is more complicat.ed since plate tilt, grating rotation,
and grating distance must be adjusted. Parts can be accurately machined
and calibrated for facilitation of these adjustments.
The Eagle mount is widely used in the vacuum ultraviolet since i t
has but one reflecting surface and fits into a tube. A 21-ft instrument a t
the University of Chicago6 has been found useful for a number of molecular problems. The high resolution afforded has revealed many features not
found by previous lower resolution studies. A 35-ft vacuum spectrograph
in an Eagle mount has been constructed a t the National Research
2 R. A. Sawyer, “Experimental Spectroscopy,” 2nd ed., Chapter 7. Prentice-Hall,
Englewood Cliffs, New Jersey, 1951.
3 G . R. Harrison, R. C. Lord, and J. R. Loofbourow, “Practical Spectroscopy,”
Chapter 4. Prentice-Hall, Englewood Cliffs, New Jersey, 1948.
4 F. S. Tomkins and M. Fred, Spectrochim. Acta 6, 139 (1954).
6 P. G. Wilkinson, J . Mol. Spectroscopy 1, 288 (1957).
6 M. Czerny and A. F. Turner, 2.Physik 61, 792 (1930); W. G. Fastie, to be published; a 0.75-meter, f / 6 . 3 instrument is manufactured by the Jarrell-Ash Co., Newtonville, Massachusetts, and a very large instrument of this type is being built a t the
Los Alamos Scientific Laboratories, Los Alamos, New Mexico.
1 R. M. Badger, L. R. Zumwalt, and P. A. Giguere, Rev. Sci. Instr. 19, 861 (1948).
8 W. G. Fastie, H. M. Crosswhite, and P. Gloersen, J . Opt. SOC.
Am. 48, 106 (1958)
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Council of Fanada primarily for the study of molecular problems in the
1000-2000 A r ~ g i o n . ~
The major problems in the vacuum ultraviolet region are intensity and
separation of orders. The first of these problems is a n especially difficult
one for large instruments, but it has been lessened to some extent in the
past few years because of the development of more intense light sources
(see Section 2.4.2.2.1) and by the discovery of highly reflecting coatings
(see Section 2.4.2.3.2) for vacuum ultraviolet light. The separation of
orders can be accomplished by a fore-prism of lithium fluoric$10 or by a
fore-grating a t grazing incidence” if transmission below 1300 A is desired.
The necessity for order separation results in the loss of some light because
of the introduction of additional reflecting surfaces. The Tanaka rare-gas
light sources (see Section 2.4.2.2.1) greatly simplify the problem of order
separation because of their relatively narrow wavelength extension.
Fairly efficient separation of orders may also be accomplished by the use
of reflecting coatings efficient only over a small wavelength region. It is
expected that considerable progress may be made in this direction in
future years. Mounting the grating a t grazing incidence12is most conservative of light in the vacuum ultraviolet and for this reason is ve!y
useful a t short wavelengths, being a necessity for X much below 500 A;
but difficulties are encountered because of focusing, nonlinear dispersion,
and astigmatic effects in this type of arrangement. Few molecular spectra
have been studied in the region X < 500 h.
For high resolution photoelectric recording spectrometry, the FastieEbert
is extremely convenient for the near ultraviolet,
visible, and infrared. It is possible to attain in the visible, for example,
a resolving power of the order of 100,000 on a 30-inch instrument employing a small 1200-groove/mm or 2160 groove/mm plane grating.
Compact photoelectric spectrometers with resolution of a few Angstrom
units, and designed principally for the vacuum ultraviolet, are commercially available. l 4
2.4.2.1.2. PRISM
INSTRUMENTS.
* Instruments of low-to-moderate dispersion and resolution, and high speed often employ prism rather than
* See also Vol. 1, Section 7.3.1.
A. E. Douglas, J . Opt. SOC.Am. 49, 1132 (1959). [Abstract only.]
T. A. Brix and G. Herzberg, Can. J. Phys. 32, 110 (1954).
I1 A. E. Douglas and G. Herzberg, J. Opt. SOC.Am. 47, 625 (1957).
l2 R. A. Sawyer, “Experimental Spcctroscopy,” p. 310ff, Prentice-Hall, Englewood
Cliffs, New Jersey, 1951.
l 3 W. G. Fastie, J . Opt. SOC.Am. 42, 641, 647 (1952).
l4 For example, the Seya-Namioka spectrometer manufactured by the Jarrell-Ash
Co., Newtonville, Massachusetts, or by the McPherson Instrument Corp., Acton,
Massachusetts.
lo
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grating dispersion. For prism and grating instruments of a given size it is
generally true that a prism can give comparable or slightly better resolution at short wavelengths while a grating gives by far the best resolution
at long wavelengths. One possible advantage of a prism over a grating is
its higher speed because of losses only through interface reflections and
scattering rather than through the distribution of intensity into a number
of grating orders. The technique of blazing gratings has progressed so
rapidly in the past few years th at this is now hardly a consideration, the
well-blazed grating giving up to 90% of the intensity of a prism of identical aperture. A further advantage of a prism instrument for shorter
wavelengths is the lack of need for order separation. The difficulty and
expense of making very large prisms as compared to the present availability of good gratings, the problem of light transmission through the
prism material, the inconvenience of prism mountings over most grating
mounts, and nonlinear wavelength dispersion have caused the prism to
be nearly obsolete for very high resolution work.
There are a number of commercially available prism instruments for
the ultraviolet and visible regions that can well serve the requirements of
low-to-moderate resolution spectroscopy. These instruments range in
size from low dispersion, high speed instruments having apertures of
about f / l to large-sized fl22.5 instruments. For rigidity and space conservation, large instruments employ a Littrow mounting using coated
optics to reduce scattered light. Prism instruments can be obtained with
quartz or glass optics or with int,erchangeable quart,z and gla!s optics.
Quartz is necessary for the ultraviolet region below about 3500 A but has
inferior resolution and dispersion for X > 3500 1 compared with a glass
prism.
2.4.2.2. light Sources.* 2.4.2.2.1. SOURCES
FOR ABSORPTIONSPECTROSCOPY. The study of absorption spectra requires a n intense light source
having a reasonably uniform intensity over a n extended wavelength
region. Table I1 gives a b:ief description of sources useful for the wavelength region 270-12,000 A.
2.4.2.2.2. FLASH
PHOTOLYSIS.
The detection of absorption spectra of
short-lived species requires the use of special light sources capable of
giving energies in the neighborhood of 10,000 joules, or higher, in a
single flash lasting only a fraction of a millisecond. The experimental
arrangement for a flash photolysis experiment is shown in Fig. 2. The
necessary components are a photoflash lamp for photodissociation of the
parent species into molecular fragments and a source flash lamp to provide
the necessary background continuum. The photolysis flash tube is placed

* See also Vol. 1, Section 7.3.4 and

Chapter 7.9; Vol. 4, Chapter 1.5.
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TABLE
11. Continuous Light Sources for Absorption Spectroscopy
Source
Zirconium

Region,

A

5500-12,000

Tungsten incandescent, 3000-12,000
Pyrex envelope

A-H6 mercury lamp

2800-4000

High-pressure xenon

2000-9000

Hydrogen

1300-3500

Xenon
Krypton
Argon

1470-2100
1240-1800
1070-1600

Neon

750-950

Helium

600-900

Lyman continuum

270-9000

Remarks

Ref erencest

About 20 atomic lines between
7000 and 9000 A.
May be operated considerably
above normal rating for high
intensity, short lifetime operation.
Pressure about 110 atmospheres;
broadened atomic lines and
continuum; useful continuum
only a t very high dispersion.
Some atomic lines, especially for
X > 4000 A.
Good continuum; weak in vacuum ultraviolet compared with
rare gas discharges.
Simple condensed discharge or
electrodeless sources using
2450-Mc excitation; condensed
source much more intense.
2450-Mc excitation or condensed
discharge. Not useful since
range more easily covered
with He continuum.
2450-Mc excitation or condensed
discharge.

t See W. C. Price, Advances i n Spectroscopy 1,56 (1959), for more details concerning
sources for the vacuum ultraviolet.
a. W. D. Buckingham and C. R. Deibert, J. Opt. SOC.Am. 36, 245 (1946). Sylvania
Electric Products, Inc., New York, New York.
6. Commercially available from a number of manufacturers.
c. General Electric Company, Cleveland, Ohio.
d. T. Heller, 2. Astrophys. 38, 55 (1955); Hanovia Chemical and Manufacturing
Co., Newark, New Jersey.
e. Many references: see, for example, G. B. Kistiakowsky, Rev. Sci. Instr. 2, 549
(1931); and P. L. Hartman and J. R. Nelson, J . Opt. SOC.Am. 47, 646 (1957). Commercially available from a number of manufacturers.
f. Y. Tanaka, J . Opt. SOC.Am. 46,663,710 (1955); P. G. Wilkinson and Y. Tanaka,
ibid. 46, 344 (1955); P. G. Wilkinson, ibid. 46, 1044 (1955).
g. Y. Tanaka, A. S. Jursa, and F. J. Le Blanc, ibid. 48, 304 (1958).
h. T. Takamine, S. Suga, Y. Tanaka, and P. Imotani, Sci. Papers Inst. Phys. Chem.
Research (Tokyo) 36, 447 (1939).
i. J. J. Hopfield, Astrophys. J. 72, 133 (1930).
j. G. Collins and W. C. Price, Rev.Sci. Instr. 6, 423 (1934); see also T. A. Brix and
G. Herzberg, Can. J . Phys. 32, 110 (1954).
k . W. R. S. Garton, J. Sci. Instr. 36, 11 (1959).
1. P. A. Warsop, Spectrorhim. Acta 16, 575 (1960).
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FIG.2. Flash photolysis apparatus. Reproduced from the paper by Claesson and
Lindquist22 by kind permission of the authors and of the journal.
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adjacent to a n absorption tube containing the parent molecule and, for
maximum light-using efficiency, the two are surrounded by magnesium
oxide reflectors. These reflectors are easily constructed by “smoking” a
surface of the desired shape with magnesium ribbon burning in air, and
they are capable of reflecting well over 98% of the light in the visible and
near ultraviolet regions. The absorption tube and photolysis tube must
transmit light of sufficient energy to photodissociate the parent molecule
and are usually of quartz; but a sapphire
has been used for
photolysis of parent molecules absorbing between 1500 and 2000 A. It is
desirable, but not necessary, that the background continuum source
produce sufficient light in a few flashes for an exposure on a large quartz or
grating instrument, but thousands of flashes have been used in some
experiments. It is obvious that the timing must be such that the source
flash occurs at a time when the molecular fragment concentration is high,
normally within a millisecond after the photoflash. For extremely reactive
species the time delay has to be much shorter than this.
The flash photolysis technique has been discussed by Porter, l 7 , I 8 by
Herzberg and R a m ~ a y , ~and
~ -more
~ ~ recently in great detail by Claesson
and L i n d q ~ i s t .The
~ ~ ,latter
~ ~ papers should be consulted by anyone who
is interested in constructing a fast, high-intensity, flash photolysis apparatus since exact specifications are discussed a t length. The technique, as
used for the study of molecular fragment spectra in the gas phase, employs
a quartz absorption tube, roughly one meter long and five centimeters in
diameter, fitted with quartz windows. A straight photolysis flash tube one
centimeter in diameter containing tungsten electrodes is placed parallel
to the absorption tube and is filled with xenon (or other rare gas) a t a
pressure of 50-70 mm Hg. The tube is fired by discharging a large bank
of condensers across the electrodes, the firing being triggered by a highvoltage pulse from a spark coil. To extend the life of the tube it is extremely important that a great deal of care is taken in outgassing the tube
and the electrodes before filling with xenon. It was found that tubes
which dissipated 4800 joules (600 pf, 4000 volts) per flash, treated in this
way, had a lifetime of a few thousand flashes. The duration of this par15L. s. Nelson and D. A. Ramsay, J . Chem. Phys. 26, 372 (1956).
16L. S. Nelson, J . Opt. SOC.Am. 46, 768 (1956).
G. Porter, Discussions Faraday SOC.9, 60 (1950).
l 8 G. Porter, Proc. Roy. SOC.A200, 284 (1950).
l9 G. Herzberg and D. A. Ramsay, Discussions Faraday SOC.9, 80 (1950)
2 o D. A. Ramsay, J . Chem. Phys. 20, 1920 (1952).
21 G. Herzberg and D. A. Ramsay, Proc. Roy. SOC.
A233, 34 (1955).
22 S. Claesson and L. Lindquist, Arkiv Kemi 11, 535 (1957).
23 9. Claesson and L. Lindquist, Arkiv Kemi 12, 1 (1958).
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ticular flash was 1.5 X
sec. Since the duration of the flash is roughly2*
4 L C sec, the production of flashes of shorter duration requires that the
inductance and the capacitance of the system be decreased. A decrease
of the capacitance is accompanied by a corresponding decrease in energy
output, since E = i C V 2 . RamsayZ6has found that 1000 joules (40 pf,
7000 volts) of energy can be liberated in a single flash lasting from
10-20 Msec. The minimum time duration, at present, of high energy
flashes is about a microsecond, the ion recombination rate in the flash tube
apparently being the limiting factor.26
The absorbing path in a flash photolysis experiment can be substantially increased by the use of multiple pass mirrors of the type discussed
by Bernstein and Herzberg (see Section 2.4.2.3.3), and path lengths u p
to GO meters are being used. The source flash is initiated in a similar way
as the photoflash, but while the latter may be essentially a line spectrum
the former must be a fairly pure continuum. Continuum production can
be accomplished in xenon-filled tubes by reducing the diameter of the
flash tube to about 3 mm and by using a higher xenon pressure, something
like 150 mm Hg. Such a tube dissipates 80 joules (10 pf, 4000 volts) per
flash and has a duration of 0.3 msec. For shorter lived species 2 pf a t
10,000 volts gives about 100 joules in 3-5 psec. By means of a thyratron
time-delay22~27~28
circuit it is possible to cause the source flash to fire at a
predetermined time after the photoflash so that the disappearance rates
of the reactive species may be measured. These sources give a usable
continuum from 2000-9000 8. For high-resolution work on a large grating
spectrograph many flashes are necessary for an adequate exposure in some
regions of the spectrum. A Lyman capillary flash tube operated from a
2 pf condenser charged to 1G,OOO volts has been described by Brix and
Herzberg.lO It is useful in the vacuum ultraviolet as well as in the near
'lr

21

Half the inverse of the natural ringing frequency,

for a n RLC circuit. R is usually negligible in flash lamp circuitry.
D. A. Ramsay, Nature 178,374 (1956).
26 G. Porter and E. R. Wooding, Intern. Kongr. Kurzzeitphotographie und Hochfrequenz-Kinematographie (4th Congr., Cologne, September, 1958). By filling the flash
tube with fragments of fused silica it was possible t o reduce by a factor of 5 to 7 the
time taken for the afterglow to fall to 1% of the peak intensity, when 10-160 joules
were discharged. The long tail on 5-10 psec flashes is therefore essentially quenched
by this technique. The peak intensity of the flash is approximately halved by t h e
presence of the silica chips.
3' R. Marshall and N. Davidson, J . Chem. Phys. 21, 659 (1953).
2 8 J. H. Callomon and D. A. Ramsay, Can. J. Phys. 36, 129 (1957).
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ultraviolet and visible,Z1 100 to 1000 flashes being necessary for exposures
on a 3-meter grating instrument in the 1500-2000 A region.
Because of the lack of physical strength possessed by materials transmitting in the vacuum ultraviolet and the tendency for windows to become
coated with products eroded from the tube walls during the flash, the
design of tubes for this region must allow for lower energies to be used
and for facilities for easily changing windows. A simple, windowless continuous flash source for this region has been designed by Golden and
Myerson. 29 Thrush30 has described a n argon-filled flash lamp using LiF
windows for use in the vacuum ultraviolet.
EXCITATION
AND PHOTOLYSIS.
* While in
2.4.2.2.3. FLUORESCENCE
absorption spectroscopy a reasonably continuous source is required, it is
often advantageous to use a more discrete source for fluorescence excitation or photolysis. Nevertheless many of the sources listed in Table 11,
together with appropriate color or interference filters or a monochrometer,
are commonly used for these purposes. The A-H6 mercury lamp is particularly advantageous if one of the broadened atomic lines happens to fall
on top of a n absorption feature of the molecule being studied. This lamp
has little intensity in the red and photographic infrared and therefore is
especially useful where fluorescence occurs to the long wavelength side
of 6500 A. A very high intensity, highly discrete source for fluorescence
is the low pressure H g Raman excitation source described in Chapter 2.3.
The flash photolysis lamps described previously can be used for photolysis
or fluorescence excitation where time resolution is desired.
A number of interesting molecular problems have been studied through
the use of vacuum ultraviolet excitation. An advantage is that the energy
per quantum is usually sufficient to break a chemical bond and to simultaneously produce a molecular fragment in an excited electronic state. If
the fragment is stable in the excited state, fluorescence can occur to a lower
state. As early as 1936 Neuimin and Terenin3I observed the “ammonia
flame bands,” now definitely assigned t o NH?, by this technique. The
“hydrocarbon flame bands” have been obtained by Dyne and Style32by
vacuum ultraviolet excitation of formaldehyde. Their occurrence under
these conditions is taken as evidence th at the hydrocarbon flame bands
might be due to some transition between two excited states of the HCO
radical. t It should be remembered however that secondary processes such

* See also Vol. 1, Chapter 7.8.

t The known absorption transitionsin HCO (reference 21) do not show these bands.
2 9 J. A. Golden and A. L. Myerson, J. Chem. Phys. 28, 978 (1958); J. Opt. SOC.
Am.
48, 548 (1958).
3 0 B .A. Thrush, PTOC.
Roy. SOC.A243, 555 (1958).
31 H. Neuimin and A. Terenin, A d a Physicochirn. U.R.S.S. 6, 465 (1936).
.12 P. J. Dyne and D. W. G. Style, Discussions Faraday SOC.
2, 159 (1947).
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as chemiluminescence or secondary photolysis might be important in
these experiments. Style and his co-workers in more recent experiments
have applied vacuum ultraviolet excitation to a number of other molec u l e ~ . ~In~ the
- ~ ~case of NCO the original identification based upon
chemical evidence36 has been substantiated by high resolution work.37
Hydrogen or rare gas continua can be used for such studies, and there are
also a number of good atomic sources for this region.
2.4.2.2.4. DISCHARGE
TUBES.
Discharge tubes as a means of producing
emission spectra have been important primarily for atoms and diatomic
molecules. The excitation of polyatomic spectra in a discharge tube is
difficult since too high an excitation energy populates highly excited
electronic states which are very often predissociative. This means that
the spectra of diatomic fragments usually dominate. In some interesting
cases, notably benzene,38 diacetylene ion,39.40f~rmaldehyde,~l
and a
number of linear triatomic molecules, 4 2 discharge emission spectra have
been observed.
The choice of a discharge tube and excitation conditions for a specific
problem still appears to be something of an art rather than a science but
a few general remarks can be made. The pressure a t which a discharge is
maintained and the nature of the carrier gas determines the type of excitation to a greater extent than the actual design of the discharge tube or the
method of producing the high voltage. Higher excitation conditions are
favored in general by lower pressures or by the addition of carrier gases
such as helium or neon which have high excitation energies. High-pressure
discharges ordinarily favor a greater tendency towards thermal equilibrium of vibrational, rotational, and translational motions.
Electrodeless discharges are often desirable for convenient operation and
for exclusion of electrode contamination. A microwave excitation source
P. J. Dyne and D. W.
D. W. G. Style and J.
36 D. W. G. Style and J.
s6 R. Holland, D. W. G.
33
34

G. Style, J . Chem. SOC.p. 2122 (1952).
C. Ward, J . Chem. SOC.p. 2125 (1952).
C. Ward, Trans. Faraday SOC.49, 999 (1953).
Style, R. N. Dixon, and D. A. Ramsay, Nature 182, 336

(1958).
8’

R. N. Dixon, Phil. Trans. Roy. SOC.(London) A262, 165 (1960).
R. K. Asundi and M. R. Padhye, Nature 166,368 (1945); an analysis of the emis-

sion system has been carried out by C . K. Ingold and co-workers, J . Chem. Soe. pp.
406-517 (1948).
H. Schiiler and L. Reinebech, Z. Naturforsch. 6a, 160, 270 (1951); 7a, 285 (1952);
their so-called ‘‘ T spectrum” shown in reference 40 to be due to H-C=CC=C-H+;
many other unidentified or tentatively identified emission spectra of organic molecules
or fragments were found by these authors.
40 J . H. Callomon, Can. J . Phys. 54, 1046 (1956).
4 l G. W. Robinson, Cun. J. Phys. 34, 699 (1956).
42 See Table VI.
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such as the 2450-Mc unit43is capable of concentrating more power in a
small volume than are radiofrequency sources. This property is often
useful since more of a point source can be had, and a higher intensity can
be utilized effectively by the detector.
The use of dis,charge tubes cooled to liquid nitrogen temperatures, or
lower, is sometimes advantageous because of decreased Doppler broadening and simplification of the spectrum through depopulation of high
rotational or vibrational states. Aside from these possible advantages,
the technique may in some cases produce electronic spectra different
from those obtained a t higher temperatures. The differences probably
arise because of a change in the energy relaxation after excitation. The
fact that the relaxation mechanism may be changed in a cooled tube
seems to be illustrated b y some experiments by Le Blanc et aZ.44on the
nitrogen afterglow in a liquid nitrogen cooled tube. They found th a t the
usually dominant first positive bands were highly suppressed under
t,hese conditions and th at a new system, tentatively interpreted by these
a s the transition B’ 32,- + B 3& or 3Au + B 3rlg, was very
much enhanced. The explanation of the difference may lie in the fact that
an important part of the energy transfer involves a wall collision or that
minute amounts of condensible impurities are important in the energy
transfer process.
One type of discharge which was found to be very useful in the excitation of formaldehyde41 and related molecules46~47is a n “electronic-energyexchange discharge.” A small quantity of formaldehyde, for example, is
added to a n electrodeless discharge in flowing benzene vapor a t a few
millimeters pressure. Excitation is provided by any standard type of
100-1000 watt 15-Mc oscillator. Benzene is very easy to excite and
apparently exchanges electronic energy very readily with formaldehyde
to produce excited formaldehyde, which then emits much of the light.
There is no overlap of the benzene emission spectrum with the formaldehyde spectrum; and impurity spectra, such as that of CO, are entirely
absent. The intensity gain over fluorescence is a t least two orders of
magnitude, and, because of this, it is possible to study the emission
spectrum a t very high dispersion. Microwave (2450-Mc) excitation was
found not to be useful for this particular purpose, since polyatomic molecules appear to be dissociated more easily in this kind of discharge.
Raytheon Mfg. Co., Waltham, Massachusetts.
F. Le Blanc, Y. Tanaka, and A. Jursa, J . Chem. Phys. 28, 979 (1958).
46 From the B’ 32.- c X lZy+ absorption spectrum, P. G. Wilkinson [ J . Chem. Phys.
32, 1061 (1960)I has shown the B‘ + B assignment to be t h e correct one; see also,
G. H. Dieke and D. F. Heath, ibid. 33, 432 (1960).
4 b G. W. Robinson, J . Chem. Phys. 22, 1147 (1954).
4’ G. W. Robinson, J . Chem. Phys. 22, 1384 (1954).
43

44
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TABLE111. Properties of Optical Materials Useful in the Study of Molecular
Electronic Spectra
Usable transmission range
(approx. )

Remarks“

Fused or crystal quartz, 1650A- 3 . 5 ~ Short wavelength transmission limit
good q ~ a l i t y ~ . ~
highly dependent upon purity.
2900 1- 2 . 5 ~
Pyrex brand glassd
3400 A- 1 . 0 Y
Optical glassb
Excellent for work where combined vacuum ultraviolet and infrared trans1250 A-10. 0 fi
Calcium fluoridehacJ*i
mission is necessary. May be used
1100 1- 6 . 0 ~
Lithium fluorideeag.h
with indium gaskets for low tempera1450 1 - 1 3 . 5 p
Barium fluoridee)‘
ture work down to O”K,if temperature
changes are not abrupt.
1450 1 (1750 A) Broad transmission region. Resistant to
Synthetic sapphircjsk
mechanical stress or low-temperature
-6.0 p
(AlnOs)
fracture. Useful for high-pressure,
low-temperature applications.

I

a Darkening may o2cur in ultraviolet transmitting materials under prolonged
exposure to h < 2000 A light.
G. R. Harrison, R. C. Lord, and J. R. Loofbourow, “Practical Spectroscopy,”
p. 51. Prenticc-Hall, Englewood Cliffs, New Jersey, 1948.
c Amersil Quartz Division, Engelhard Industries, Inc., Hillside, New Jersey;
Corning Glass Works, Corning, New York.
d “Glass Color Filters,” Corning Glass Works, Corning, New York.
6 Available from Harshaw Chemical Co., Cleveland, Ohio.
f E. G. Schneider, Phys. Rev. 46, 152 (1934).
0 E. G. Schneider, Phys. Rev. 49, 341 (1936).
h Perkin-Elmer Gorp., Norwalk, Connecticut.
i S. S. Ballard, L. S. Combes, and K. A. McCarthy, J. Opt. SOC.
Am. 42, 684 (1952).
j Available from Linde Air Products, New York, New York.
k S . Freed, H. L. McMurry, and E. J. Rosenbaum, J. Chern. Phys. 7, 853 (1939);
K. Dressler and 0. Schnepp, ibid. 32, 1682 (1960) report the higher uv transmission
limit which is probably more realistic for currently available sapphire.

2.4.2.3. Miscellaneous Instrumentation. 2.4.2.3.1. WINDOQAND PRISM
MATERIALS.
* Some substances useful for windows and prisms together
with their properties are listed in Table 111. I t is noteworthy that synthetic sapphire (Al203) and the fluorides transmit throughout the long
wavelength part of the vacuum ultraviolet through the ultraviolet and
visible regions well into the near infrared. Both the ultraviolet and
infrared transmission limits are slightly temperature-dependent, and in
low-temperature work the slightly increased transmission range may be
advantageous. Window materiaIs can be indium soldered to a thin metal

* See also Table I11 in Vol. 1, Chapter 7.3, p. 366.
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ring or tube directly* or by first vacuum coating the edge of the window
with copper or silver, and these seals generally can be used at low temperatures without danger of fracture. Seals to glass are also possible to
make in this way if the glass is similarly treated. Abrupt temperature
changes should be avoided in the case of the fluorides. A very good general
method for sealing windows to flat surfaces is through the use of indium
wire gaskets. A wire slightly longer than the required circumference is cut,
the ends crossed, and the “gasket” is then squeezed between the window
and the surface by means of an appropriate flange fitting. If the pressure
is applied uniformly, these seals are mechanically stable and vacuum
tight from temperatures below the melting point of indium (155°C) to
liquid helium temperatures.t
2.4.2.3.2. REFLECTINGSURFACES.Excellent discussions concerning
evaporated metal films for use as reflecting surfaces for visible, ultraviolet,48 and vacuum u l t r a ~ i o l e t ~radiation
~ - ~ ~ have been presented by
Haas and his co-workers. Properly formed film surfaces produced by vacuum deposition are much better than those produced in other ways, and
the control necessary to produce a highly reflecting coating for the vacuum
ultraviolet can be achieved only by this method. Good aluminum film
surfaces on mirrors and gratings reflect about 90% of incident radiation
in the region X > 2000 A. In the region X > 4000 they have been found
to be relatively insensitive to the evaporation technique, aging, and
effects of ultraviolet radiation. On the other hand for wavelengths shorter
than 2500 A these considerations are extremely important. Silver, gold,
copper, platinum, and rhodium may also be used as surfaces. Silver is
better than aluminum in the visible but is very poor in the ultraviolet
and tends to tarnish. The oxide protects the aluminum surface. Gold and
copper have reflectance greater than 90% only above 6000 A but below
this wavelength their reflectivities drop rapidly. Platinum and rhodium
show greater reflectance than aluminum a t wavelengths shorter than
about 600 in the extreme ultraviolet.
*The Indium Corporation of America, Utica, New York, in a booklet entitled
“Indalloy Intermediate Solders” reports direct soldering possible for a large number of
nonmetallic substances.
t Our experience has shown that X 1 in. diam barium fluoride windows sealed t o
a cell with indium wire gaskets can be used a t temperatures down to 4.2”K where they
maintain their vacuum tightness while withstanding pressures at least as great as
10 atm.
4 s G .Haas, J . Opt. SOC.Am. 46, 945 (1955).
48 G. Haas, W. R. Hunter, and R. Tousey, J . O p t . SOC.
Am. 46,1009 (1956);47,1070
(1957).
50 G. Haas and R. Tousey, J . O p t . SOC.
Am. 49, 593 (1959).
51 P. H. Berning, G. Haas, and R. P. Madden, J . Opt. SOC.Am. 49, 1129 (1959).
[Abstract only.]
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The most important factor for good vacuum ultraviolet reflectivity
was found to be extremely fast (flash) evaporation. Mirror coatings which
are 600-700 8 thick should be deposited in one to two seconds, while onemicron thick coatings for grating blanks should be prepared in less than
fifteen seconds. The pressure during deposition should not be more than
1.2 X
mm Hg, the aluminum should be of purity greater than or
equal to 99.99%, and the mirror temperature during deposition s b u l d be
no higher than 50°C. Greater than 50% reflectance for X > 1300 A can be
obtained by complying with these conditions. A $ouble layer of A1 and
MgFz gives about 80% reflectance for h > 1100 A.
Coatings which can serve as reflection filters are useful where unwanted
wavelengths are to be eliminated. I n its simplest form the filter consists
of a highly reflecting film of metal, such as aluminum, on top of which are
evaporated a dielectric spacer and semitransparent metal film. Maximum
reflectance then occurs a t wavelengths at which the spacer is a n even
number of quarter wavelengths thick.
2.4.2.3.3. LONGPATHCELLS. For the study of very weak absorption
transitions of molecules in the gas or liquid phases a multiple-pass absorption cell is required. A very useful design, shown in Fig. 3, has been

FIG.3. Multiple pass absorption cell. Adopted from the paper of Bernstein and
Herzberg62with kind permission of the authors and the journal.

described by Bernstein and Herzberg.62At one end of the cell there is a
full spherical mirror with notches on both sides for incoming and outgoing
beams, and a t t,he opposite end, with the same radius of curvature, there
is a spherical mirror which has been cut in half. The mirrors are placed
a t each other’s radii, and, once the full mirror is adjusted permanently,
change of path length requires only adjustment of the half-mirrors. The
62

H. J. Bernstein and G. Herzberg, J. Chem. Phys. 16, 30 (1948).
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half-mirrors may be placed so their long dimension is either horizontal or
vertical, the former arrangement giving a slightly higher usable aperture.
The fraction f of light transmitted by a multiple-pass cell is (R)"-' where
R is the fraction of light reflected per surface and n is the number of
passes. For good aluminum surfaces R is about 0.9 in the visible and near
ultraviolet, and forty-eight passes gives f = 0.007 in such a cell. This is
nearly an upper limit to the number of usable passes for photographs on a
large spectrograph with available light sources. Adjusting screws are most
conveniently placed on the exterior of the cell through vacuum tight
fittings since mechanical vibration or temperature changes tend to disturb
the alignment. By proper thermal isolation of these screws and of the
vacuum gaskets, the cells may be used at both high and low temperature
extremes. Quartz parts and rhodium mirror surfaces might be usable for
temperatures between 300°C and 1500°C.
2.4.2.4. Standards. 2.4.2.4.1. DISPERSION
OF AIR. Spectroscopic wavelength measurements must be corrected for the dispersion of air since
standard wavelengths are universally referred to standard air * while
atomic and molecular energy levels must be expressed in terms of vacuum
wave numbers, Y , ~ , = l/Avac = l/nAs,r, where n denotes the index of
refraction of standard air. Even t,hough measurements may be made with
high precision, precise data on the dispcrsion of air in the wavclength
region of interest must be known if a high accuracy in the relative positions of energy levels is t o be gained.
Prior to 1953, Kayser's Tabelle der Xchwingungszahlen based on the
dispersion formula of Meggers and Peters63was used for vacuum corrections. Between 1934 and 1939 three independent, highly precise determinations of the refraction of air were made in the visible region by
Kosters and L a m ~ e Perard,55
,~~
and Barrell and Sears. 5 6 Dispersion
formulas derived by these authors agreed among themselves fairly closely
over the range actually covered by the observations but gave refractivity?
compared with the Meggers and
values too low by 50 to 100 x
Peters' formula. Since modern wavelength measurements require a precision of k 2 X low8in the refractivity of air, this was a n important error.
A detailed review of the published experimental details caused Ed16n5'
* Dry air a t 15°C and standard atmospheric pressure, containing 0.03% by volume
COZ (g = 980.665 cm see-0).
t Refractivity = (n - 1).
53 W. F. Meggers and C. G. Peters, Natl. BUT.Standards. U.S. Sci. Papers 14, 724
(1918).
5 4 W. Kosters and P. Lampe, Physik. 2. 36, 223 (1934).
65 A. Perard, Tiav. bur. intern. poids et inbsures 19, 78 (1934).
G6 H. Barrell and J. E. Sears, Trans. Roy. SOC.A238, 1 (1939).
57 B. Edlitn, J . O p t . SOC.Am. 43, 339 (1953).
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to choose the Barrel1 and Sears data, which he then combined with the
ultraviolet data of K o ~ and
h ~of~Traubs9to obtain the formula’”
(n

- l)lOS = 6432.8

949 810
25,540
+ 21i6
L +m
(T2

(2.4.3)

where u is the wave number expressed in reciprocal microns. I n this formula the relative precision in the refractivity is claimed to be L- 1 X 1 0 P
for the region 2000-7000 8. Absolute errors should not be much larger. A
small correction to the dispersion formula must be made, of course, wheii
the air pressure differs from 760 mm Hg. Deviations of about 1 x
A
can be caused by water vapor in the air. These corrections are discussed
in Edl6n’s paper.
Even though Edl6n’s formula is based on measurements in the visible
and ultraviolet, no large deviations are expected in the infrared. Using
a Twyman-Green interferometer as a refractometer,60 Rank and associates6Iowereable to measure the refractivity of air in the range 365115,300 A and found that their measurements of (n - 1)lo8 differed from
those predicted by the Edl6n formula by only about one part in lo5. At
15,299.77 8, for example, the mean observed value was 27,321.9 f 1.1 a s
compared to 27,321.4 given by the formula. This was found to be typical
of the remarkable agreement over the entire range studied. Schlueter and
PeckG2 found no significant deviations from the E d l h formula between
0.7 and 2.0 fi.
2.4.2.4.2. WAVELENGTH
MEASUREMENT.
Wavelength measurements of
an unknown spectrum are made by direct comparison with a set of
standard lines. The standard lines and unknown lines should overlap
over about one-quarter their total height. The two spectra should be
photographed as nearly simultaneously as possible and no adjustments
which might change the wavelength setting should be made a t any time
during the two exposures. Good comparators allow lines, if they are sharp
and not blended, t o be measured to within 0.0005 mm. The maxima of
two blended lines always appear closer toget her than they actually are.
Plates remeasured a t some other time might show deviations greater than
the precision of the comparator, but measurements relative to adjacent

* This formula is for standard air. For C02-frec air under standard conditions, the
numerators are 6431.8, 2,949,330, and 25,536 respectively while the denominators are
the same.
6 8 J. Koch, Arkiv. Mat. Astron. Fysilz 8, No. 20 (1012).
5 9 W. Traub, Ann. Physik [4] 61, 533 (1920).
8 0 D. H. Rank and J. N. Shearer, J . O p t . SOC.
Am. 46, 406 (1955). [Abstract only.]
6 1 D. H. Rank, G. D. Saksena, and T. K. McCubbin, Jr., J . O p t . SOC.
Am. 48, 455
(1958).
62 D. J. Schlueter and E. R. Peck, J. Opt. SOC.Am. 48, 313 (1958).
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standard lines cause the comput,ed wavelengt,hs to be the same in thc two
cases.
If a grating spectrograph is used, t,wo standard lilies bracketing t hc
region of interest are measured. All other measured standard lines and
unknown lines are calculated from these two on the basis of a linear
relationship between wavelength and plate distance. The known standard
wavelengths are then used to obtain deviations between the calculated
and the real wavelengths for all the standard lines a n d these deviations
are plott,ed against plate distance as a correction curve. These corrections
are then applied to the linear approximation of the unknown wavelengths.
Quadrat.ic correction curves, using three standard lines, may also be
constructed. Wavelength measurements of spectra taken on a prism
instrumenta3are more difficult since the dispersion is very nonlinear. The
widely used Hartmann dispersion formula,
X

=

ho

+ C/(do - d )

(2.4.4)

employing three constants, Xo, C, and do is rather inconvenient. Since
wave-number dispersion is more nearly linear on prism instruments, it is
often fastest to convert all the standard lines to vacuum wave numbers
and use the procedure described earlier for fitting lines to a nearly linear
dispersion formula. If wavelengths in air are also desired, they may be
recalculated from the vacuum wave numbers. The total effort involved
is still probably less than that using more complicated wavelength dispersion formulas.
The measurement of line positions can be rapidly and precisely carried
out using semiautomatic comparator methods.64~~~
This method was
found to be a tremendous time-saving device for the measurement, with
high precision, of rotational lines in the complex singlet-triplet electronic
spectrum of formaldehyde (see Section 2.4.3.3).
2.4.2.4.3. WAVELENGTH
STANDARDS,
X > 2000 8. A considerable
number of improvements have been made in wavelength standards over
the past few years. Further improvements are expected to develop in the
near future because of the use of low-pressure, hollow-cathode excitation
and because of the use of single isotopes rather than the naturally occurring mixture. The spectra of very heavy complex atoms, such as the rare
earths, uranium, and thorium, are now being analyzed; and these eventually may provide excellent standards not only because of the preponderance of lines but also because of the small magnitude of collision and
63 Techniques are discussed in detail in R. A. Sawyer, “Experimental Spectroscopy,”
p. 236ff. Prentice-Hall, Englewood Cliffs, New Jersey, 1951.
6 4 F. S. Tomkins and M. Fred, J. Opt. SOC.
Am. 41, 641 (1951).
66 G. H. Dieke, D. Dimock, and H. M. Crosswhite, J. Opt. SOC.
Am. 46, 456 (1956).
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Doppler broadening associated with the smaller mean velocity of such
atoms. In addition, a large number of lines are now being measured
precisely by interferometric techniques. A short but comprehensive
review article by Meggerse6 has discussed some of the important facts
concerning standards. To be useful as a standard, a line must be sharp
and its wavelength comparatively insensitive to deviations from the
prescribed environment. The presence of more than a few per cent
isotopic contamination can cause close satellites to appear which limit the
usefulness of the line as a standard. Even-even isotopes show no nuclear
hyperfine structure and must be used when ultimate sharpness is desired.
Preliminary values of 222 vacuum wavelengths of lines in the region
X3280-7000 A emitted by an electrodeless thorium iodide lamp have been
measured interfer~metrically~~
relative to Hg-198 lineseswith a n average
error of probably less than one part in 20 million.
Because of the abundance of lines and their ease of production, the iron
(2 = 26) emission spectrum remains a useful standard between 5800 and
2000 A. The isotope having mass number 56 is present in naturally
occurring iron to the extent of 91.64%. Very slight line displacements and
asymmetries caused by isotopes of mass number 54 and 57 are expected,
but so far have not been observed experimentally. Arc sources at atmospheric pressure, because of their inherent tendency to produce asymmetrically broadened lines due to the large amount of Stark and collision
broadening, will not produce lines having characteristics desirable for
secondary standards. The Pfund arc, long used for the production of the
standard iron spectrum, must be operated under highly specified conditionsC9 to achieve wavelength reproducibility. Even under these conditions many lines must be excluded, because of broadness or asymmetry,
leaving inconvenient gaps in the spectrum. The Fe spectrum given in the
M.I.T. wavelength tables70is based upon atmospheric arc measurements
and suffers for this reason. The more recent compilation of Russell and
Moore71and a recently published list of 1000 lines in the Transactions
of the I.A.U.v2are at present the most reliable for the atmospheric arc.
The vacuum arc73 avoids many of the difficulties associated with highpressure arcs but is not very convenient to use. An iron hollow cathode
W. F. Meggers, J . Anal. Chem. 28, 616 (1956).
W. F. Meggers and R. W. Stanley, J . Research Natl. Bur. Standards 61,95 (1958).
68 W. F. Meggers and F. 0. Westfall, J. Research Natl. Bur. Standards 44,447 (1950) ;
W. F. Meggers and K. G. Kessler, J . Opt. SOC.A m . 40, 737 (1950).
89 C. E. St. John, Trans. Intern. Astron. Union 1, 35 (1922).
7 0 G. R. Harrison, ed., “M.I.T. Wavelength Tables.” Wiley, New York, 1939.
7 1 H. N. Russell and C. E. Moore, Trans. Am. Phil. SOC.
84, Part 2, 113 (1944).
72 M. B. E d l h and C. Moore-Sitterly, Trans. Intern. Astron. Union 9, 218 (1955).
7 3 K. Burns and F. M. Walters, Jr., Allegheny Observatory Publs. 6, 159 (1929).
68
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discharge tube containing an active uranium “getter” and filled with
neon at a few mm Hg pressure is easy to operate and, although weaker
than the a;c, has the advantage of prodycing undistorted lines which are
only 0.01 A wide,7*,76 narrower by about a factor of three than atmospheric arc lines. A further great advantage of the hollow cathode discharge is its stability over long periods of time; for this reason, it can be
used as a secondary intensity standard.74 The weakness of t,he iron
spectrum in the red is compensated for by the presence of strong neon
lines. Hollow cathode discharge tubes containing the heavier rare gases
have been used, but the intensity of the iron spectrum is much lower.
Because of excitation differences, relative intensities (but not positions)
of the iron lines are quite different in tubes having different rare-gas
fillings or the same fillings a t different pressures. Line-to-line comparison
between these different spectra is difficult to make. Other low-pressure
discharges have been used as sources for interferometric measurements
A convenient one to use is the helium-ferric-bromide
of iron
electrodeless discharge tube described by Corliss et aL7*and by Stanley
and M e g g e r ~ . ?These
~
sources are reasonably bright. They consist of a
quartz tube containing the halide salt and the rare gas a t a few mm Hg
pressure, excitation being supplied by a Raytheon 2450 Mc generator.
Low-pressure-discharge wavelengths and vacuum-arc wavelengths are
mutually consistent to within about 0.005 cm.-’ Some atmospheric arc
lines presently used as international standards show environmentally
induced red shifts u p to 0.067 cm-’ from the vacuum lines; thus air arc
tables should not be used with vacuum measurements. It is important to
realize that the average probable error in relative wavelengths is only
about one part in 8 X lo6 for the low-pressure sources but one part in
3 X lo6 for the atmospheric sources. This is a non-negligible source of
error in high-resolution work.80
74

H. M. Crosswhite, G. H. Dieke, and C. S. Legagneur, J . Opt. Sac. Am. 46, 270

(1955).

R. W. Stanley and G. H. Dieke, J . Opt. Sac. Am. 46, 280 (1955).
W. E. Williams and A. Middleton, Prae. Ray. SOC.A172, 159 (1939).
7? J. Blackie and T. A. Littlefield, PTOC.
Ray. Sac. A234, 398 (1956).
78 C. H. Corliss, W. R. Bozman, and F. 0. Westfall, J . Opt. SOC.
A m . 43, 398 (1953).
79 R. W. Stanley and W. F. Meggers, J . Research Natl. Bur. Standards 6 4 4 1 (1957).
80 Very recently a comprehensive survey of work on the spectrum of Fe I has been
carried out by H. M. Crosswhite, Johns Hopkins Spectroscopic Report No. 13, The
Johns Hopkins University, Baltimore, Maryland, August, 1958. The report contains
wavelength, intensity, assignment, and transition probability d a t a for nearly 3000 lines
in the spectrum from X2250-5800 A in addition to data on 17 lines between 7187 and
8824 A. The emphasis is placed on recent low pressure discharge measurements, and
a number of new measurements appear here for the 6 r s t time. A preliminary compilation of these d a t a is included in reference 81.
76
76
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Pure rare gases are themselves useful as wavelength standards.8l Argon,
which is essentially free of isotopes ot,her than that of mass number 40, is
particularly suitable as a secondary standard. Krypton lines also have
been found to be quite sharp, but xenon contains a variety of isotopesand
its lines may be very complex. Lines which are slightly broad in the high
resolution sense may be perfectly suitable as standards for low-resolution
work.
A < 2000 8. Because of the
2.4.2.4.4. WAVELENGTH
STANDARDS,
improved resolution in the vacuum ultraviolet afforded by instruments
like the ones a t Chicago and Ottawa, improved wavelength standards in
this region are necessary. The most extensive standards wer:
furnished
formerly by the Cu I1 spectrum in the region 830-1660 A and by the
spectra of Fe I and Fe I1 from 1550-2000 8. Unfortunately, these
standards were calculated on the basis of long wavelength spectra using
the old air-dispersion data (see Section 2.4.2.4.1). Recently, corrections
have been made to these standards on the basis of new experimental
measurements and by use of Edl6n’s dispersion formula [Eq. (2.4.3)].
A critical discussion of these particular standards has been presented by
Wilkinson.82Spectra produced in a hollow-cathode discharge tube, with
flowing tank helium as the supporting gas, were photographed with the
21-ft Chicago vacuum spectrograph. Only lines which could be calculated
by the Ritz combination principle to kO.001 A, or less, and which give a
smooth dispersion curve were used. The wavelengths of many other lines
relative to these “best lines” were measured. A wavelength scale was
obtained from 862-1964 A, comprising 80 F e I and Fe I1 lines and
158 Cu I1 lines. It is claimed th at these wavelengths are self-consistent
to f0.0013 8, but they may contain a systematic error of -0.002 8.
This set of standard lines was used to measure a large number of carbon,
nitrogen, oxygen, and other atomic lines, between 875 and 1940
For these measurements, lines were chosen which occur commonly in
vacuum ultraviolet sources, these being more convenient standards than
the copper and iron lines from the hollow cathode source.
For the region between 1630 and 1998 A the wavelengths of about
75 Ge I lines, useful for vacuum ultraviolet secondary standards, are
known with very high precision.84 These standards are based upon a
8 1 See, for example, H. M. Crosswhite and G. H. Dieke, in “The American Institute
of Physics Handbook” (D. E. Gray, ed.), Chapter 7g McGraw-Hill, New York, 1957.
82 P. G. Wilkinson, J. O p t . SOC.
Am. 47, 182 (1957).
83 P. G. Wilkinson, J. O p t . SOC.Am. 46, 862 (1955) ; cf. the very useful compilation
of lines for 40-2000 A in J. C. Boyce and H. A. Robinson, ibid. 26, 133 (1936).
84K. L. Andrew and K. W. Meissner, J . O p t . SOC.Am. 48, 31 (1958), and earlier
papers cited therein.
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precision knowledge of Ge I energy levels obtained from interferometrie
measurements in the violet and ultraviolet using a germanium hollow
cathode source. The usefulness as vacuum ultraviolet standards of these
lines, and some Ge I1 and Ne I1 lines, has been thoroughly studied by
Meissner, Van Veld, and Wilkinson.86The internal consistency of these
standard lines was illustrated by the fact that deviations from linear or
quadratic correction curves (see Section 2.4.2.4.2) for lines measurtd
on the Chicago vacuum spectrograph were no greater than k0.002 A,
and for the most part were much less than this.
Herzberglsa by use of the combination principle, has calculated the
wavelengths of seventeen HgXg8
lines in the region X1850-1200 A. These
calculations were based upon lines in the visible and near ultraviolet
which are known with very high precision through measurements with a
21-ft grating instrument and through interferometer measurements.
These lines are reported to be accurate to withi? _fO.OlO cm-l (approximately +0.0002 8).I n the region X1040-520 A, the wavelengths of a
fairly large number of C+, N, and A+ lines have been computed from
longer wavelength lines by H e r ~ b e r g . ~ ’
STANDARDS.
It is possible t o make relative or
2.4.2.4.5. INTENSITY
absolute intensity measurements with errors of only a few per cent if
photoelectric detection is used. Photographic methods* of measuring
intensities have the advantage of great inherent sensitivity for weak
sources but should be calibrated against a photoelectric method? if
highest precision is to be attained. I n any case, precise intensity measurements require that the detector be calibrated for spectral sensitivity
against a known standard. Such a standard, but not a very convenient
one, might be a perfect radiator (blackbody) immersed in a metal at its
known freezing point in which case the spectral distribution can be found
from Planck’s radiation law. A convenient secondary intensity standards8
based indirectly upon the spectral radiant intensity of a blackbody is a
gas-filled tungsten filament lamp calibrated for “ color temperature ”
at the National Bureau of Standards. The “color temperature” is the
temperature that a blackbody would have to have in order to produce
the same color (more precisely, chromaticity8*) as the source, and this

* Discussed

in some detail in Chapter 13 of Sawyer.3
the photomultiplier to a t least liquid nitrogen
temperature is recommended, since the signal-to-noise ratio is increased substantially.
85 K. W. Meissner, R. D. Van Veld, and P. G . Wilkinson, J. Opt. SOC.
Am. 48,1001
(1958).
s8 G. Hersberg, Proc. Roy. Soc. A234, 516 (1956).
G. Heraberg, Proc. Roy. SOC.A248, 309 (1958).
D.B. Judd, J. Research Natl. Bur. Standards 44,l (1950); see also, L.E. Barbrow,
J . Opt. SOC.Am. 49, 1122 (1959).

t For weak light sources, cooling of
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t)emperatureis always higher than the actual temperature of the source.
The “color temperature” of the lamp, calibrated in terms of applied
filament voltage, allows for the determination of the spectral distribution
of radiation between 4000 and 7000 A. If the lamp contains a quartz
window such a n intensity standard is usable, but not so reliably, for a
more extended region of the spectrum. A photomultiplier to be used for
intensity measurements should be calibrated against the standard tungsten lamp for relative wavelength sensitivity.

2.4.3. Simple Free Molecules
2.4.3.1. Electronic States. A molecular electronic stationary state is
characterized by solutions of the time-independent Schrodinger equation
for the many-electron system with clamped nuclei. Excited states are only
stationary states insofar as the interaction with radiation can be neglected.
The molecular electronic Hamiltonian X contains kinetic energy of the
electrons plus the potential energy due to electrostatic interactions of the
electrons with each other and with the fixed nuclear frame. The mutual
interactions between electronic motions and nuclear displacements or
nuclear orbital motions, interactions of electron and nuclear spins with
each other or with the electron and nuclear orbital motions and interactions with external fields are considered as perturbations which “mix”
the eigenstates of X.
2.4.3.1.1. QUANTITATIVE
CALCULATIONS O F MOLECULAR
ELECTRONIC
STATES.I n the crude approximation which neglects the electrostatic
interaction between electrons, a set of zero-order electronic eigenfunctions
@(1,2, , . n) for an n-electron system is described b y antisymmetrized
products,

.

of one-electron functions 4 called molecular spin orbitals.8g The spin
orbitals in turn are often approximated b y linear combinations of some
set of physically reasonable, mathematically convenient basis functions.
Parameters in the resulting n-electron P ’ s are chosen by a variational
procedure such that J @ k X 9 k dr2 , . . drn, over the volume elements
dr of all electrons, is a minimum for each 9kin turn, starting with the
ground “state” (k = 0) and then excited “states” (k = 1, 2 . . .), in
order of increasing energy, with the added condition th a t the V s must
be orthogonal to one another. This theoretical framework allows the
interelectronic terms e2/rij to be included only as a first-order perturbation
89 C. C. J. Roothaan, Revs. Modern Phys. !23,69 (1951); for “open-shell structures,”
the eigenfunctions must be expressed as linear combinations of these determinants.

180

2.

MOLECULAR SPECTROSCOPY

TABLE
IV. Correlation of Low-Lying
~- Electronic States of the First Row Hvdrides"
MOLECULAR
TYPE

ORBITAL STRUCTURE

ELECTRONIC STATES
TOTAL NUMBER ELECTRONS

A

AH

HAH
LINEAR
BENT
AH3
PLANAR
I Lonq Bond
PLANAR
NON-PLANAR
AH'

I Lonq Bond
rETRAHEDRAL
2 Lonq Bonds

Only single electron excitations in the nuclear configuration with highest symmetry
are considered; thus, for 7- and 8-electron hydrides, the full 9-fold configurational
degeneracy is found only for T,J and states derived from Td. Increasing energy for a
given n-electron hydride is very roughly in t h e direction from left t o right. The
vertical dotted lines separate states from the ground and the first excited configurations. Large numbers i n parentheses after the state designation distinguish between
states of the same point group symmetry. Numbers in square brackets under Orbital
Structure refer t o the maximum number of electrons permissible by the Pauli exclusion
principle.

correction and therefore the eigenfunctions do not properly describe the
correlation between electrons.s0 For this reason molecular calculationsg~
carried to this degree of approximation have been only partially successful
in elucidating quantitative details of ground-state electronic structures,
and have been much less successful for excited states.
OO An excellent review of electron correlation in quantum mechanics has been given
by P.-0. Lowdin, Advances i n Chem. Phys. 2 , 207 (1959).
91See H. Yoshizumi [Advances i n Chem. Phys. 2, 323ff. (1959)l for a n extensive
bibliography of molecular electronic computations.
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~

~

~~

ELECTRONIC STATES
TOTAL NUMBER ELECTRONS

'P

8

9

10

0

F

Ne

'0

'S

*P

IS

It is important t o distinguish between electronic states and conjigurations. The many-electron functions ak,because they define the electron
population of the various molecular spin orbitals, are said to describe a
molecular configuration. The ground configuration is that configuration
which has the lowest energy. I n general, more than one electronic state
can be derived from a single configuration. If the configuration consists
of a number of partially filled orbitals, and indeed if some are degenerate,
a n entire complex of electronic states may result. This will be illustrated
later for 12- and 13-electron diatomic molecules such as Cz and CN. I n
the absence of electron-electron interactions in the molecular Hamiltonian
all electronic states belonging to a given configuration are degenerate.
Configurational degeneracy is removed by the e2/ri,terms in X. The positions of states are further distorted, but usually to a lesser extent, by
other terms, such as those corresponding to magnetic interactions, * in
* Spin-orbit interactions may dominate interelectronic interactions when heavy
nuclei are present.
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the molecular Hamiltonian. Since a n infinite number of configurational
(bound and continuous) eigenfunctions forms a complete set, in terms of
which the true eigenfunctions of X can be expanded, the interelectronic
energy can be accounted for to any desired degree of approximation by a
superposition of a sufficiently large number of configurations. This procedure has been only practical for some simple atoms and for certain
hydride molecules.91~92
For this reason such calculations so far have been
of limited importance in the experimental study of molecular excited
states, but they should progressively become of more interest as better
computer techniques are developed.
In a few instances attempts have been made to incorporate certain
experimentally known quantities, related to the separated atoms, into the
theoretical molecular calculations, Moffitt’sg3 “atoms-in-molecules”
treatment of oxygen being the first step in this direction. This calculation
gave, for the first time, really precise excitation energies, later strikingly
confirmed by e ~ p e r i m e n tfor
, ~ the
~ low-lying excited states of a reasonably
complex molecule. Unfortunately, as Hurleys6 has pointed out, Moffitt’s
treatment is weakened because of the neglect of certain intra-atomic
electron correlation terms. Hurleyg6has recently shown how Moffitt’s
theory could be extended to include these terms, and he has applied the
theory to the first-row diatomic hydrides with apparently considerable
success.Q7I n the cases of BH, CH, and NH a challenge is presented to the
experimentalist to find the exact excitation energies of the 3II, 42-, and 1A
states (see Table IV) predicted by Hurley to lie respectively 1.11 If:
0.20 ev, 0.60 0.20 ev, and 1.76 0.20 ev above their corresponding
ground states.
2.4.3.1.2. SEMIQUANTITATIVE
CONSIDERATIONS.
Even though the
theoretical treatment of molecular electronic structure has yet failed t o
provide a practical quantitative method for calculation of eigenfunctions
and excitation energies of excited states, the theoretical framework
provides a good basis for more qualitative discussions of energies and
symmetry transformation properties of electronic eigenfunctions of simple
molecules. Symmetry properties of the eigenfunctions are important for
the determination of selection rules for transitions between eigenstates, 98
J. C. Slater, Technical Reports and Quarterly Progress Reports, Solid State and
Molecular Theory Group, Massachusetts Inst. of Technology, Cambridge, Massttchusetts, 1950-1960.
93 W. Moffitt, Proe. Roy. SOC.
A210, 224 (1951).
O4 G . Herzberg, Can. J . Phys. 31, 657 (1953).
Q6 A. C. Hurley, Proc. P h p . SOC.(London)A68, 149 (1955); A69, 49 (1956).
96A. C. Hurley, Proc. Roy. Soc. A248, 119 (1958).
O7 A. C. Hurley, Proc. Roy. SOC.
A249, 402 (1959).
98 H. Sponer and E. Teller, Revs. Modern Phys. 13, 75 (1941).
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to facilitate factorization of molecular secular determinants, and to provide a basis for characterizing states. The symmetry properties of the
orbitals, as well as of the many-electron eigenfunctions, can be derived
accurately by means of group theory from the symmetry properties of
the basis functions in terms of which the molecular orbitals are described.gg
The relative energies of the molecular orbitals may be estimated by consideration of the energies of atomic orbitals from which they are derived,
or they may be estimated from experimental ionization potentials or
excitation energies of molecules. As a crude approximation, orbital
energies are similar in molecules having approximately the same geometry
(i.e., approximately the same nuclear potential field) and number of
electrons.
As stated previously, when electron-electron interactions are neglected,
the resulting configurational eigenfunctions are products of the filled
molecular orbitals, the orbitals being filled with regard to the Pauli
exclusion principle. The number of electrons in a given orbital is indicated
by a right superscript except where a single electron is present, in which
OQ G. Herrberg, “Spectra of Diatomic Molecules,” 2nd ed., Chapter 6. Van Nostrand,
Princeton, New Jersey, 1950. This discussion concerns only diatomic molecules. For
polyatomic molecules, one first ascertains to which point group the nuclear frame
belongs. Linear combinations are then formed either analytically or pictorially, of
appropriate basis functions, such as atomic orbitals, which represent the molecular
orbitals and which transform according to the point group of the over-all nuclear
frame. The symmetry transformation properties of the molecular orbitals can be
obtained, often by inspection, through use of a table of group representations or their
characters (for example, see E. B. Wilson, Jr., J. C. Decius, and P. C. Cross, “ Molecular Vibrations,” p. 312ff. McGraw-Hill, New York, 1955). The e z / r i , terms, being
totally symmetric in the electron coordinates, cannot change the symmetry properties
of the resulting many-electron molecular eigenfunctions, since they can mix only states
of the same symmetry. Thus states arrived a t by neglect of interelectronic interactions
have different energies but the same symmetry properties as the actual states. Molecular eigenfunctions, represented by products of the filled molecular orbitals, are of this
type. These products transform according to the direct product representations of the
group. The problem is identical to the one concerned with the determination of vibrational “symmetry species” of combination and overtone levels represented by products
of normal-coordinate eigenfunctions (Wilson et al., ibid., Chapter 7 ) .Here anharmonic
terms, which are initially neglected, play the same role as do the ez/lrij terms in the
electronic problem, since they may mix states of the same symmetry to change energies
and remove certain degeneracies. The electronic problem is simpler than the vibrational one because of the severe restrictions of the Pauli principle. Only when there are
degenerate orbitals do slight complications arise. In both problems this description of
states is useful only when the energy corrections due t o neglected terms are not large
compared to the difference of energy between the uncorrected states. I n molecular
electronic problems this is usually the case for molecules containing nothing heavier
than first row atoms (H to Ne), but is usually not the case for other molecules, or for
very high states of the simple molecules.
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case the superscript is omitted. We use right superscripts in square
brackets to indicate the maximum number of electrons possible according
to the Pauli principle. The electronic structures of a number of molecules
will now be discussed on this basis.
Table IV gives electronic structures of the more important simple
hydride molecules, known and unknown, which can be derived by a
“perturbed united atom” type approximation from first-row atom
energy level schemes. An identical procedure may be carried out to obtain
the low-lying states of hydrides of the form H,AB derived from first-row
diatomic molecules.l o o It is known empirically that the relative perturbations caused by the hydrogen atom displacement from the heavy nucleus
are often small compared to the difference of orbital energies. For this
reason the correlation forms a very useful basis for discussion of these
particular hydrides.
In many first-row diatomic molecules there is a near degeneracy
between the lr, and the 2a, bonding orbitals. For this reason the orbital
configuration for a homonuclear first-row diatomic molecule might be
written
KL411IJ1,211a[,](lr, ,2fJ,) ‘6’ lr!’2a[,21
where K represents the nearly unperturbed 1s electrons. As usual, a, and
~r,
orbitals are bonding while u, and ro are a n t i b ~ n d i n g For
. ~ ~ first-row
diatomic molecules having 10-12 electrons, a number of low-lying configurations consisting of partially filled lr, and 2a, orbitals therefore
exist. In addition, some slightly-higher-energy configurations are present,
which consist of partially filled 1rU,2a,, and lr, orbitals. Thus the array
of states may be quite complex. Interelectronic interactions cause a
complete scrambling of states arising from these configurations. For
example, in Cz (12 electrons), the ground state is now reasonably well
established101 to be *2,+ and not 311u as previously supposed. The 331u
state was found to be an ultra low-lying excited state lying only 610 cm-I,
or about one-third of a vibrational quantum, above the ground state. The
100 These are extensions of the united atom approximation for diatomic hydrides
discussed by G. Herzberg.99 This approximation is only practical when the perturbation on the basic subsystem is not so large as to change the order of the original
substates. This appears to be the state of affairs for most simple hydrides of firsbrow
atoms or molecules. The approximation begins t o break down as the number of
hydrogen atoms increases, since some of the originally nonbonding or slightly bonding
electrons acquire larger and larger bonding properties. For example, in the correlation
0 2 t o ethylene (C&),
the perturbation removing the degeneracy of the IT, orbital
becomes larger than the energy difference between lr, and IT, which lies above it.
See L. E. Orgel [ J . Chem. SOC.p. 1276 (1953)]for a brief discussion of this type of
correlation.
101 E. A. Ballik and D. A. Ramsay, J . Chem. Phys. 31, 1128 (1959).
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low-lying electronic state^'^^-'^^ of Cz and their excitation energies in
electron volts are l&+(O), 311,(0.07), 32g-(0.77), lII,(l.04), ‘Ag(?), lZB+(?),
and 311g(2.47).The lAg state and a second lZg+ state from the ground configuration have not yet been found. The 311g state arises from the first
excited configuration. It is the upper state of the well-known Swan
system, 311g - 311,. The presence of so many low-lying states considerably
complicates the thermodynamics of hot carbon gases. l o 4
The accidental degeneracy of the In, and 2a, molecular orbitals appears
to be less exact as the molecule becomes more polar. This is illustrated in
- X 22$,, energy difference is
13-electron moleculeslo6where the A 211c1L)
1.14 ev in Nz+, 1.15 ev in CN, 2.57 ev in CO+, and 2.95 ev in BO.
A number of important monohydride molecular fragments, expected to
have low-lying electronic states, correlate with 13- to 17-electron diatomics. I n 14-electron molecules, however, the (la,,2a,) orbital is filled,
and the first transitions occur in the vacuum ultraviolet. When the probability of molecular bending is taken into account, the as yet unknown
13-electron molecules HCN+ and HCC should have three low doublet
states derived from 22g+and “split” 211u states of 13-electron diatomic
molecules. Two of these states are symmetric ( A ’ ) and one is antisymmetric (A”) with respect to the molecular plane. The 15-electron molecules HNO+, HNN, and HCO can be correlated with 02+or NO and are
therefore expected t o possess a 211(s) ground state. Because of molecular
bending, this state can split into two states, one symmetric and one
antisymmetric with respect to the molecular plane. The transition
between the two halves of this 211(g)state has been observed in the case of
HC0,1068107
but the other two molecules are as yet unknown. The three
low-lying states of Oz should yield four states of the bent 16-electron
molecules HNO and HCF. A transition between two halves of the split
lAg state has been observed in HNO,lo8and perturbations, presumably
have also been
caused by the triplet state which correlates with Qg- of 02,
found in this molecule. No spectrum of H C F has yet been discovered. It
should be pointed out, however, that, for molecules in a n isoelectronic
102

1°3

E. A. Ballik and D. A. Ramsay, J . Chem. Phys. 29, 1418 (1958).
G. Herzberg, “Spectra of Diatomic Molecules,” 2nd ed., p. 501ff. Van Nostrand,

Princeton, New Jersey, 1950.
104For example, R. L. Altman, J. Chem. Phys.132, 615 (1960); E. Clementi,
Astrophys. J. 133, 303 (1961).
lo6 A. E. Douglas, Astrophys. J . 117, 380 (1953) for Nz+; see Herzberg,Io3 pp. 520,
522, and 512 respectively for CN, CO+, and BO.
106 G. Herzberg and D. A. Ramsay, PTOC.
Roy. SOC.A233, 34 (1955).
107 D. A. Ramsay, Advances in Spectroscopy 1, 29-32 (1959); original assignment in
reference 106 modified.
laaF. W. Dalby, Can. J. Phys. 36, 1336 (1958).
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series, dissociation energies decrease markedly as the molecule becomes
more polar. Thus, HCF may not be a stable species even though HNO is.
The molecule HO,, whose lowest state correlates with the TI(,)ground
state of FO or F2+, is thought to be an important intermediate in the
oxidation of hydrogen and hydrocarbons. It is expected to have a lowlying transition, between the two halves of the split
state, in the red
or photographic infrared. Such a transition has not yet been found. No
spectrum of FO itself is known.
Qualitative molecular orbital theory can also be used to discuss more
complex molecules with respect to their electronic structures in the
ground and low-lying excited states. Triatomic molecules of the type
A-B-C, having from 18 to 26 electrons, are of greater than usual interest.
Spectra of C3, NCO, COZ+, NS, NzO+, CO,, NOz, and 0 3 have been
studied experimentally.* It is useful to think of these molecules to a
first approximation as being linear and then to consider molecular bending
as a perturbation upon the linear states. It has been establishedlogthat
the orbital structure for a linear, symmetrical AB2 molecule is
where the accidental degeneracy is depicted as before. For unsymmetrical
molecules the qualitative considerations are identical except the g, u
symmetry property is only approximately correct, and this part of the
notation should be dropped. Mulliken states that la,, lu,, and ls, are
strongly bonding, 2u, and 2u, are weakly antibonding, while Is, is essentially nonbonding or very slightly antibonding. On the other hand, 2n, is
a very strongly antibonding orbital. The description of lr, is consistent
with observations, since it has been found that bond distances and force
constants are only slightly different in those molecules which differ only
in the number of la, electrons. From work on the excited states of
COz+llo,lll and NCOs7.112
it can be deduced that the 2uu and l?r, orbitals
are nearly degenerate and that the lr, orbital lies about 3-4 ev above
these nearly degenerate orbitals. Thus when IT, is empty or partially
filled, there are at least two electronic states of similar excitation energies
to which transitions from the ground state in the visible or near ultraviolet regions can take place. Since C o n (22 electrons) is transparent to

* See Table VI.
See, for example, R. S. Mulliken, Can.J . Chem. 36,lO (1958), and earlier papers
cited therein. Following the suggestion in this reference, the correlation of states rather
than orbitals is used wherever possible in the present work.
S. Mroaowski, Phys. Rev. 60,730 (1941); 62,270 (1942); 72,682 (1947); 72, G9l
(1947).
F. Bueso-Sanllehi, Phys. Rev. 60, 556 (1941).
112 R. N. Dixon, Can. J . Phys. 38, 10 (1960).
lo9
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the long wavelength side of 2000 A, it follows that in these types of molccules 2n, lies at least 5-6 ev above lnG.Table V lists the expected lowlying electronic states for 18-25 electron molecules of the above type.
TABLE
V. Predicted Low-Lying Electronic States for Some Triatomic Molecules
Confined to a Linear Configurationa
Electrons
18
19
20
21
22
23
24
25

Molecular
examples

States
from ground
configuration*

12,+
C3
CzN
9,
lAg, lE,+
CN,
NzO, +N,, NCO, COz+ ZIIg
CO2
Q,+
NO2 (lin.)
zn.A!
o3(lin.)
32,-, lA,, l2,'
FOz (lin.)
9,

States from lowest
excited configurationsc
'Au, l&-, ?Z,+; In,, 311u
%(3); 42u-,zAu, 22.-, %
' ,+
32,-, 32z,+,
lA*, lZU-, 'Xu+;311u, 'II,

3Au, 32,-,
4nu, 2+p,,

2n"; 2ZU+

lAU, 'ZU-,
4&,

2%,

l2,+

310(3)

3Au, 32u-,32Uf,]Au, 2 & - , IZ,+
2%

The number in parentheses following the state designation is the number of
different states with that symmetry. For molecules not having a center of symmetry
the g, u labels may be approximately meaningful but they should be dropped from
the spectroscopic symbol.
b .
(2uU,l~,)BIT,", n = 0-3, for 18-21 electron molecules; . ( 2 ~ 7 ~ , 1 l~~~, )46
2T,7L,n. = 0-3, for 22-25 electron molecules.
0 .
( 2 ~ r ~ , l l~:+',
~ ~ ) 6 n = 0-3, for 18-21 electron molecules;
( 2 ~ ~ ,IT,*
1 ~ ~ ) ~
24+', n = 0-3, for 22-25 electron molecules.
0

..
..

. .
...

Molecular bending has been found to occur in states where one or more
electrons occupy the strongly antibonding 2n, orbital. For example, the
lowest excited states of COz are very likely bent,Iogand NO2 (134.3O)
and Oa (116.8') are bent in their ground ~ t a t e s . ' Bending
~ ~ . ~ ~ destroys
~
the cylindrical symmetry and therefore removes the twofold degeneracy
of II, A,
. . . states. The molecular orbitals are then (for point group
C2.1,
in approximate order of increasing energy. Pairs of states originating
,
from twofold degenerate states show the Renner effect (Section 2.4.3.2.3)
in which case the upper "half-state" may have a potential surface corresponding to a linear or nearly linear molecule while the lower "half-state"
may have a potential surface corresponding to a bent molecule.
Figures 4 and 5 show a reasonable, semiquantitative way by which the
G. R. Bird, J . Chem. Phys. 26, 1040 (1956).
R. H. Hughes, J . Chem. Phys. 21,959 (1953) ; R. Trambarulo, S. K. Ghosh, C . A.
Burrus, Jr., and W. Gordy, ibid. 21, 851 (1953).
113
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Bent
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States Assignment

8-

76-

5-

U.V. bands
< 2900 1

4-

32-

65008

I-

I.R. System
<100001

0-

FIG.4. Correlation of the electronic states of NO, in the linear and bent configurations. The energies are highly approximate and the assignments are tentative pending
further experimental work.

Energy, e.v. Linear
(approx.) States

Bent
States

Possible
Assignment

FIG.5. Correlation of the electronic states of Oa in the linear and bent configurations.
The energies are highly approximate and the assignments are tentative pending
further experimental work.
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states of NO2 and 0 3 might correlate in the bent and linear configurations.
Highly complex electronic absorption spectra of these molecules a t relatively low energies are predicted. The case of NOz fully exemplifies the
expectations since its band spectrum in the photographic infrared, visible
and ultraviolet regions is, without doubt, the most complex of any small
mo1ecule.ll6 Since the spectrum of 0 3 is highly predissociated in all its
visible and ultraviolet systems, the complexity of the electronic structure
in this molecule is not as well illustrated by the spectrum. A photographic
infrared spectrum of ozone reported some time ago by Wulf116and also by
Lefebvre”’ might easily be the predicted low-lying 3B1-1A transition.
Other observed transitions in NO2 and O3 can be correlated with the
predicted states, and this correlation has been made in Figs. 4 and 5. It
should be stressed that these assignments are only tentative. An understanding of the actual ordering of states in the molecules awaits further
experimental work. An alternate set of states in 0 3 would result if, following Mullikenlog and the LCAO calculations of Fischer-Hjalmars,lls
molecular bending causes an energy reversal of the la2 and 4al orbitals.
The change would cause an interchange of B1 with some or all of the B 2
states in Figs. 4 and 5. Since the spectrum from 2500-3500 A, though
predissociated, strongly resembles a progression of parallel (‘B2-lA 1)
rather than perpendicular (lBl-lAI) bands of a near symmetric rotor, it
is felt that the most reasonable orbital arrangement is the one given.
The prior discussion was concerned only with sub-Rydberg states,
i.e., those which do not dissociate into Rydberg states of their fragments.
In addition to such states there are molecular Rydberg states, analogous
to Rydberg states in atoms, derived from molecular-orbital configurations
in which the principle quantum number n of one of the atomic orbital
basis functions has been raised. If the principal quantum number is
fairly large, the separation of the effective nuclear charges is small compared with the average magnitude of the radius vector of the excited
electron, and the force field in which the electron moves is very similar
to that in an atom. For this reason, the higher members of molecular
Rydberg states often can be represented quite accurately by a formula of
the type
v, = v, - R,/(n (2.4.6)
116 See, for example, G. W. Robinson, M. McCarty, Jr., and M. C. Keelty, J . Chem.
Phys. 27, 972 (1957) where it is shown that the complexity cannot be caused by “hot
band” structure. The reproduction in this paper is quite poor but partially illustrates
the complicated vibronic structure in the electronic spectrum.
1 1 6 0 . R. Wulf,Proc. Natl. Acad. Sci. (U.S.) 16, 507 (1930).
117 L. Lefebvre, Compt. ?end. m a d . sci. 200, 1743 (1935).
118 I. Fischer-Hjalmars, A r k i v Fysik 11, 529 (1957).
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where v, the series limit, is the frequency corresponding to the ionization
potential of the molecule, R, is Rydberg’s constant for infinite mass
(109 737 cm-l), n is the principal quantum number, and a is a constant
called the quantum defect. Ionization potentials of a number of simple
molecules have been determined by analysis of Rydberg transitions. 119
Of interest here is the determination of ionization limits beyond the first,
since, from such data, excited electronic states of the ions can be established and molecular orbital energies may be estimated. Higher ionization
potentials of COe, CS2, OCS, and NzO have been determined by Tanaka
et ~ 1 from
. Rydberg
~
~ spectra
~
in the region 600-1650 fi.
2.4.3.2. Vibrational-Electronic Interactions. The detailed interactions
between eIectron spin and orbital motions and molecular rotation have
been treated quite extensively in the case of diatomic molecules.121-122
The situation in the case of polyatomic molecules is more complex. The
theoretical framework for the discussion of such effects has been worked
O U ~ , but
~ ~ only
~ - a~ few
~ ~experimental examples have been studied. In
addition to the finer interactions, coupling between vibrational, rotational, and electronic motions can occur. Vibration-rotation interactions
have been studied primarily in high-resolution infrared spectroscopy
which deals with molecules in their ground electronic states. It should be
realized, however, that such interactions are as important in electronic
excited states as they are in the ground states of molecules. Since they
have been adequately covered in Chapter 2.2, they will not be discussed
here. Vibrational-electronic (vibronic) interactions will be discussed first
since they have been more generally studied than the finer magnetic
interactions.
There are two main types of vibronic interactions in polyatomic molecules: (1) the coupling of angular parts of vibrational and electronic
motions in a degenerate electronic state whereby the electronic orbital
degeneracy is removed to a n extent depending on the strength of the
interaction; and (2) the mixing of radial parts of the zero-order electronic
119 A good summary of ionization potentials of a large number of simple diatomic
and polyatomic molecules is given by K. Watanabe, J . Chem. Phys. 26, 542 (1957).
This paper discusses photoionization measurements and compares them with the
spectroscopic values. See also the review article on vacuum ultraviolet spectroscopy
[P. G. Wilkinson, J. Mol. Spectroscopy 6, 1 (196l)l.
noY. Tanaka, A. S. Jursa, and F. J. LeBlanc, J . Chem. Phys. 32,1199, 1205 (1960).
1 2 1 R. de L. Kronig, “Band Spectra and Molecular Structure.” Cambridge Univ.
Press, London and New York, 1930.
122 G. Herzberg, “Spectra of Diatomic Molecules,” Chapter 5. Van Nostrand,
Princeton, New Jersey, 1950.
I a s J. H. Van Vleck, Revs. Modern Phys. 23, 213 (1951).
124 R. S. Henderson, Phys. Rev. 100, 723 (1955).
125 C. C. Lin, Phys. Rev. 118, 903 (1959).
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states by totally or nontotally symmetric vibrations. The first kind of
interaction is known as the (dynamical) Jahn-Teller effect*2sfor nonlinear
molecules and as the Renner effectlZ7for linear molecules. The latter kind
of interaction, known as the Herzberg-Teller effect,128is quite general and
when applied to nontotally symmetric vibrations is responsible for the
partial breakdown of symmetry selection rules in polyatomic spectra.
The general vibronic interaction can be treated by simply recognizing
that the electrostatic Coulomb potential in which the electrons move is a
function not only of the fixed nuclear geometry but also is dependent
upon nuclear oscillatory motions. One usually adopts the adiabatic
approximation which allows the over-all vibronic wavefunction * ( x , q ) t o
be expressed as a product
(2.4.7)

where x and q represent sets of some convenient collective coordinates; k
and 1 the quantum numbers; and 8 and CP the eigenfunctions, for electronic
and nuclear motions respectively. In the case of electronic degeneracies,
or near degeneracies, the vibrational-electronic interactions may be of
the same magnitude as the electronic energy separation. In this case
a modified adiabatic approximation must be used which allows factorization of electronic eigenfunctions of well-separated states, but not of the
degenerate or nearly degenerate states mixed by the interaction. The
vibrational coordinates q may be conveniently expressed12gin terms of
symmetry coordinates S or normal coordinates Q which are linearly
related to one another by the transformation,

Q

=

L-’S.

(2.4.8)

The coordinates S may be expressed in terms of the Cartesian displacement coordinates t: through the transformation

S

=

BE.

(2.4.9)

The B and L matrices and their transposes are related by
BM-lB+

=

LL+

(2.4.10)

126 H. A. Jahn and E. Teller, PTOC.
Roy. SOC.161, 220 (1937); the dynamical JahnTeller effect is concerned with the vibronic interaction itself while the slatic JahnTeller effect has to do with energetic considerations concerning the nonvibrating
molecules.
12’ R. Renner, Z . Physik 92, 172 (1934); see also H. Sponer and E. Teller, Revs.
Modern Phys. 13, 90-96 (1941).
128 G. Herzberg and E. Teller, 2.physik. Chem. B21, 410 (1933).
E. B. Wilson, Jr., J. C. Decius, and P. C. Cross, “Molecular Vibrations,”
Chapter 4 and Appendices. McGraw-Hill, New York, 1955.
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where M-1 is a diagonal matrix whose elements are the reciprocals of the
atomic masses.t It follows that
=

M-'B+(L-')+Q.

(2.4.11)

Equations (2.4.9) and (2.4.11) are important in the treatment of vibronic
interactions since it is desired to find the derivatives of in terms of
S or Q.
The Hamiltonian for the vibronic interaction problem can be expressed
in terms of a Taylor's expansion, in the vibrational coordinates, of the
electrostatic potential energy V between electrons and nuclei,

V(0

+

7) =

V(0)

+

c (F) + ;2
7i

7;

0

i

(")

7i7i arli arli o

1.3

=

V(0)

+

*

*

+ V'.

*

(2.4.12)

The coefficients of the 7's in (2.4.12) are, of course, functions of the
electronic coordinates only. Under symmetry operations these coefficients
transform in the electronic coordinates in the same way as do their
nuclear-dependent factors in the nuclear coordinates. I n the presence of
this perturbation the electronic eigenfunction becomes
ek(x,7) =

2

ek(x,o)+
8

Ask(q)e8(x,o)

(2.4.13)

#k

where the interaction parameters Ask(7) can be obtained from standard
perturbation theory. To first order for nondegenerate 9,
Ask

= (Ek -

E,)-'~9,*(z,O)V'9k(z,O)dz.

(2.4.14)

2.4.3.2.1. HERZBERG-TELLER
EFFECT.
This effect was first discussed
by Herzberg and Teller,128was elaborated upon by Sponer and Teller,13o
and has recently been used as a basis for quantitative calculations of
forbidden transition intensities in benzene (C6H6) by Murrell and
P ~ p l e and
' ~ ~in formaldehyde (CH20) by Pople and Sidman.132
A single normal coordinate often gives the dominant effect in vibronic
interactions. According to (2.4.12))for small displacements caused by a
single normal vibration with coordinate QO, the perturbation Hamiltonian

t Both sides of (2.4.10) are equal to the so-called G matrix. See reference 129 for
details.
130 H. Sponer and E. Teller, Revs. Modern Phys. 13, 75 (1941).
131 J. N. Murrell and J. A. Pople, Proc. Phys. Soc. (London) A69, 245 (1956).
132 J. A. Pople and J. W. Sidinan, J. Chem. Phys. 27, 1270 (1957).
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V‘ is given by

In (2.4.15), i and u specify electrons and nuclei respectively, 2, is the
charge and rr the position vector of the ath nucleus, and ria is the radius
vector from this nucleus to the ith electron. The integral in (2.4.14) is
nonvanishing for states k and s and vibrations Qa such that their group
theoretical direct product r e p r e ~ e n t a t i o nis
l ~totally
~
symmetric. In order
that the kth state be mixed with electronic states of different symmetry
so that symmetry selection rules are violated, V’, which transforms
in the electronic coordinates as does Qa in the nuclear coordinates, must
be nontotally symmetric.t This type of mixing will be discussed further
in Section 2.4.5 with respect to transition probabilities.
2.4.3.2.2. JAHN-TELLER
EFFECT.Using group theoretical arguments
Jahn and Teller126were able to show quite generally that, except for
linear nuclear configurations, orbitally degenerate electronic states of
polyatomic molecules are unstable with respect t o unsymmetrical nuclear
displacements. Let Eobe the eigenvalue of an n-fold degenerate electronic
state, described by the orthogonal set of functions O1(Z = 1, 2, . . . n ) ,
such that
H08r = E08i.
(2.4.16)
Assuming all other electronic states to be infinitely far removed, the
perturbation Hamiltonian V’ in (2.4.12) can a t most mix the 81)s. The
eigenvalues of H = H o V’ are then

+

E

=

+

EQ E,’

(2.4.17)

where E,’, a = 1, 2, . . . n, are the characteristic roots of the nth-order
secular determinant whose elements are
Dkl

=

S&*(V’

-

E’&1)@1dx.

(2.4.18)

The integration is carried out over the electron coordinates. It is the
linear term in V’ which is of initial interest in the Jahn-Teller effect since
for this term it is evident that E,’ corresponding to positive displacements
must have a different sign from that corresponding to negative displacements. Thus, the energy given by (2.4.17) and (2.4.18) under one displacement direction must be lower than that of the unperturbed, i.e.,

t Intensities of allowed transitions can, of course, be changed by perturbations
caused by totally symmetric vibrations.
135 See, for example, E. B. Wilson, Jr., J. C . Decius, and P. C . Cross, “Molecular
Vibrations,” pp. 331-332. McGraw-Hill, New York, 1955.
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symmetrical, molecule. The conditions under which a t least one of the
integrals in

2 x, J ek*(av/ss,>,eZ
dz

(2.4.19)

c

is nonvanishingt can be determined by group theoretical arguments. 134
Since (aV/aS,), transforms as S,, and, taking the symmetrical configuration t o be stable under totally symmetric vibrations, a nonvanishing
Jahn-Teller effect requires that the direct product representation of
ek*S,ercontains the totally symmetric representation. It is not obvious
that such an S, exists for every electronically degenerate state of nonlinear molecules of all possible point group symmetries, but Jahn and
Teller show this to be the case. If there is a center of symmetry in the
is always symmetric (even parity)
unperturbed configuration, then ek*ez
with respect to inversion, and S,, must also be symmetric for a nonvanishing Jahn-Teller effect to occur. These criteria can be illustrated
~*'~~
for the doubly degenerate, 'El,, Rydberg states of b e n ~ e n e ' ~ (point
Azu Ez,and the integral
group Deb). I n this case El, X El, = A ,
in (2.4.19) is nonvanishing for nontotally symmetric S, of species
and ezu.f
The presence or the absence of linear terms in the Hamiltonian does
not preclude the effects of large vibronic interactions of higher order.
For example, in linear polyatomic molecules, S, for the bending vibration
forms a basis for the irreducible representation 7r under a rotation of
angle I#I about the axially symmetric internuclear axis. The direct product
representations rI X II, A X A, . . of degenerate electronic eigenfunctions are 2 , A, I', . . , and the Z representation can never be
The integral in (2.4.19) therefore vanishes for odd
contained in f3k*SMeI.
powers of S,, and linear molecules cannot exhibit the Jahn-Teller effect.
In the discussion of the Renner effect (Section 2.4.3.2.3), it will be seen
that it is the quadratic rather than the linear term which is responsible
for the first nonvanishing part of the vibronic interaction in this case.
Quantitative calculations dealing with the Jahn-Teller effect have been

+

.

+

.

t We use symmetry coordinates since they are used commonly in the literature for
discussions of this problem.
J Only the effects of e Z pvibrations have been observed experimentally.
within the framework of t h e Born13*Since <(aH/aS,)o> = <(aT'/aS,),>
Oppenheimer approximation, the requirements for the vanishing of (2.4.19)can be
shown to be equivalent to t h e requirement t h a t all (aE/aS,)ovanish. See W. L. Clinton
and B. Rice, J. Chem. Phys. SO, 542 (1959).
la6 P. G. Wilkinson, J. Chem. Phys. 24,917 (1956);Can. J . Phys. 94,596 (1956);see
reference 136 for revised vibrational interpretation.
136 A. D. Liehr and W. Moffitt, J . Chem. Phys. 26, 1074 (1956).
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carried out primarily upon systems having octahedral symmetry, since
inorganic-ion spectra create numerous experimental examples of such
systems. For fullest generality the Hamiltonian should include anharmonic terms in addition to spin-orbit interaction terms. A simplified twodimensional problem which illustrates the dynamical Jahn-Teller effect
’
authors assume, a s
has been discussed b y Longuet-Higgens et ~ 1 . l ~These
a model, anelliptically deformable ring on which a n electron is constrained
to move. I n the absence of vibrational-electronic coupling,

*im(y, +,e)

(2.4.20)

= pnlmr
(r)ei(m++j@)

where the direction of the major axis of the elliptical deformation is ++,
the magnitude of the deformation is r, 8 is the polar angle of the electron
radius vector, and pnlml(r) is the radial part of the two-dimensional
harmonic oscillator eigenfunction. The normal coordinates x and y for
such doubly degenerate deformations can be written in terms of r and 4
as follows,
(2.4.21)
x i y = rei+.

+

The unperturbed vibronic levels in units of hv are given by

En, = n

(2.4.22)

+

. .

where n = 1, 2, . * and m = n - 1, n - 3, . . . --n
1. The
degeneracy of each level is n when j = 0 but, because of the electronic
degeneracy, is 2n if Ijl > 0. The term in the perturbation Hamiltonian
linear in the displacement can be shown to take the form

V’

= kr[ei(28-+)

+ e--i(2@-+)]

(2.4.23)

where k is a n interaction constant. Matrix elements of V’ are therefore
nonvanishing only for A(2m j ) = 0, i.e., for A j = + 2 when Am = T 1.
The number 21 = 2m j , describing total vibronic angular momentum,
and
thus behaves, as expected, like a good quantum number. *ilrnl
are electronically degenerate eigenfunctions when ljll = Ijl’l, and the
only case where interaction can occur under V’ of the form (2.4.23) is th a t
for which Ijl = 1. Figure 6 shows the familiar type of effect on the potential surface caused by this kind of interaction. The linear dependence at
the origin of A E with nuclear displacement shouId be noted and compared
with the behavior of linear molecules under vibronic coupling (Fig. 8).
Taking ijl = 1,neglecting interactions with other electronic states, and

+

+

*$J,I~

+

* Here, n = v 1, if v is the usual vibrational quantum number for a two-dimensional oscillator.
187 H. C. Longuet-Higgins, U. opik, M. H. L. Pryce, and R. A. Sack, PTOC.
Roy. SOC.
A244, 1 (1958).
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computing the matrix elements of (x f iy) in V', one can solve the
vibronic eigenvalue problem by numerical methods. Longuet-Higgens
et al. give tables of eigenvalues for various values of lc2 between 0.25 and
30, for m 5 3. The original n-fold degeneracy of the harmonic oscillator
levels is removed by the interaction, but the twofold degeneracy Et = E-t
always remains. For very weak coupling ( k 2 << l), these levels form a
symmetrical pattern about (n - k2) with a splitting 2k2 as shown in
Fig. 7. In the limit of strong coupling, using the same dimensionless units,
Epi ss [ ( p - +) - +k2

+ (Z2/2k2)],

p

=

1, 2, 3,

....

(2.4.24)

I n this instance the levels are equally spaced like those of an harmonic
oscillator except that they are all highly depressed below the unperturbed
levels.

FIQ. 6. Jahn-Teller splitting of nuclear potential function for an electron on a
'
kind permission of the
deformable ring. Adopted from Longuet-Higgins et ~ 1 . ' ~ with
authors and the journal. The positions of the potential minima and the energy depression is found by minimizing V with respect t o T .

A consideration of vibronic transition probabilities shows that a double
intensity maximum in the vibrational band structure can occur for
transitions from nondegenerate states to Jahn-Teller states of this kind.
This is in agreement with what is expected from simple Franck-Condon
arguments. The two maxima become more prominent as the interaction
becomes stronger. I n general, a n originally s-fold degenerate electronic
state will exhibit s such intensity maxima in its spectrum. The incorporation into the problem of anharmonic effects, spin-orbit coupling, and
effects caused by other electronic states is expected to complicate considerably the situation beyond that depicted by this idealized twodimensional model. The qualitative aspects at least may be illustrated
through the simplified model.
More complicated systems have been considered by Moffitt and Liehr'38
and Moffitt and T h o r s ~ n for
' ~ ~relatively weak interactions (k2 5 2.5).
W. Moffitt and A. D. Liehr, Phys. Rev. 106, 1195 (1957).
W.Moffitt and W. Thorson, Phys. Rev. 108, 1251 (1957).
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I n many physical situations the limit of small k2 seems actually to be
realized. More recent theoretical w0rk140J~~
has shown that in certain
large negative ions, such as those of benzene, coronene and triphenylene,
the Jahn-Teller effect is relatively so weak that the vibronic degeneracy
in the zero-point energy state is not removed by the vibrational-electronic

r
4

L
1

.

IPI - t

2J

1

-

0

1

0

L

z

I
0-

k*

FIQ.7. Weak Jahn-Teller effect for an electron on a deformable ring, from the
theoretical results of Longuet-Higgins et ~ 1 . l ~ ~

interaction. If the work on polyenes can be generalized, a further, physically reasonable conclusion which can be gained from the paper by Hobey
and McLachlan140is that the Jahn-Teller effect is expected to be strongest
for small molecules where the deforming forces are concentrated over a
small region.
W. D. Hobey and A. D. McLachlan, J . Chem. Phys. 33, 1695 (1960).
H. M. McConnell and A. D. McLachlan, J . Chem. Phys. 34, 1 (1961).A n extensive calculation of the dynamical Jahn-Teller effect in CsHe-.
140

141
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2.4.3.2.3. RENNEREFFECT.
The Renner e f f e ~ t ~ is~ 7the
* ~result
~ ~ of
interplay between vibrational and electronic orbital angular momenta
about the internuclear axis of a linear polyatomic molecule. Only the
behavior with respect to ?iI-electronic states has been studied experimentally or theoretically, but in a molecule such as CH2 the predicted lowlying 'A state (Table IV) should be split by this type of interaction. I n
the Renner effect, the splitting of the originally twofold degenerate
electronic state may be such that either or both of the "half-states"
acquire a (cylindrically symmetric) potential trough a t an angle different
from 180". This corresponds to the stabilization of the nonlinear molecule.
The Renner effect has been treated in simplified form by Pople and
L~nguet-Higgins,'~~
who considered a single electron in a rr-orbit,almoving
about the internuclear axis of a linear, symmetric triatomic molecule, such
as NH2, which is simultaneously undergoing bending vibrations. More
recently, Poplel44 has treated the case where the spin-orbit interaction
and the vibronic coupling may be of similar magnitude, but where neither
is as large as the unperturbed vibrational spacing.
Assuming the bonds to be rigid, the vibrational motions may be
described in terms of two coordinates. The azimuthal angle $t describes
the angular positions of the end atoms about the internuclear axis of the
linear configuration, and the amplitude coordinate r is the perpendicular
distance of the end atoms from this axis. Taking 8 to be the azimuthal
angle of the electron in this coordinate system, the eigenfunctions in the
absence of vibronic interactions are of the form,
iP (A p,Z) = exp (in0) pn,tl (r)exp (224).

(2.4.25)

The quantum numbers A and I refer respectively to electron orbital
angular momentum and vibrational angular momentum about the
1, where v = 0, 1, 2, . . . is the usual vibrainternuclear axis; n = v
tional quantum number; and pnlll(r) is the radial part of the vibrational
eigenfunction. Since total angular momentum about the axis is expected
to be a constant of the motion, K = IA f I1 is a good quantum number,
and there is the selection rule AK = 0 or 1for dipole radiation. Vibronic
levels having K = 0, 1, 2, . . . are called 2 , II, A, . . . levels respectively. For purely harmonic oscillations, the vibrational part of %(A;n,E)
reduces to the eigenfunctions for the two-dimensional harmonic oscillator
14a K. Dressler and D. A. Ramsay, J. Chem. Phys. 27, 971 (1957).

+

J. A. Pople and H. C. Longuet-Higgins, MoZ. Phys. 1, 372 (1958).
J. A. Pople, Mot. Phys. 5, 16 (1960); in NHz, currently the beat experimental
example of the Renner effect, the spinarbit interaction does not exceed a few cm-1.
This is small compared with the vibrational spacing. On the other hand, some of the
excited states of certain heavy metal ions, such as UO:+, may show the Renner effect
in addition to strong spin-orbit coupling.
143
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with eigenvalues E,III= n in the dimensionless units employed. Pople
and Longuet-Higgins now assume a mathematically tractable perturbation Hamiltonian including quartic anharmonic terms in addition to the
angular coupling of 0 and C$. Because of the cylindrical symmetry only
even functions of r and a = e - occur,* whence

H’
Here
and

=

+ BZ(r)[exp(2ia) + exp(-2ia)].
Vo(r) = -$fr2 + 4(g + h)r4

V&)

V,(r) = ++fr2 - f ( g

-

(2.4.26)

h)r4.

The quantities g > 0 and h are anharmonic constants for the lower and
upper halves respectively of the split &electronic state and f > & is a
constant measuring the strength of the vibronic coupling. The unit of
energy in BOand V2, following Pople and Longuet-Higgins, is taken as the
energy associated with the classical vibrational frequency Y O in the upper
state. The upper and lower potential curves take the form U+ = U o hr4
gr4 respectively, where U o = +rz in the units
and U- = U o - fr2
employed. The matrix elements of H’ between the vibronic eigenfunctions
9(h;n,Z)can be calculated and, if matrix elements between eigenfunctions
nondegenerate in the harmonic-zero approximation are neglected, only
2 X 2 matrices need be diagonalized to obtain the eigenvalues. The result
for the upper vibronic levels is

+

+

E+(n,K) = n
For K

- +f[n- 2 / n 2 - K2] + +(g + h)(3n2- K 2 )
- 4(g - h)n d n 2 - K 2 .

<< n, (2.4.27) becomes
E+(n,K) = n

+ +hn2 - QK2[2fn-1 - g + 5h].

(2.4.27)
(2.4.28)

The theory was applied with fair success to the vibronic levels of NHz and
ND2where earlier experimental w0rk~~~,’45
strongly suggested the presence
of the Renner effect. For these molecules a “barrier height” of 10,000 cm-I
was adopted in order to approximately agree with the observed value
plus zero-point energy. The values off, g, and h which best fit the experi-

-

* The Hamiltonian originally introduced by R e n n e P is H’ = erBcos 2(8 +), the
anharmonic terms being neglected. Here e is the coupling constant for the interaction.
This is basically different than the Hamiltonian (2.4.26), which in the limit of zero
anharmonicity becomes H’ = fr2[cos2(e - +) - 61. Renner’s Hamiltonian does not
give a “double” potential minimum in the lower “half-state.” The anharmonic terms
in (2.4.26) thus are not to be considered merely as the usual small correction terms
to a harmonic oscillator potential. They are introduced in order t o give the desired
“double-minimum” shape to the lower half-sthe potential function.
146 K. Dressler and D. A. Ramsay, Phil. Trans. Roy. SOC.
London A261, 553 (1959).
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mental data are shown in the following tabulation. Figure 8 shows a twodimensional view of the potential surfaces for N H 2 including a part of
the calculated and experimental vibronic levels in the upper half-state.

NHz
NDz

f

g

h

2.770
3.289

0 .076ss
0.07890

0.0128,
0.01337

2.4.3.3. Magnetic Interactions. Van Vleck146 has shown that the
Hamiltonian,

(2.4.29)

for magnetic interactions in molecules, certain terms of which are highly
nondiagonal in the electronic quantum numbers, can be replaced by an
eflective Hamiltonian having matrix elements between only closely spaced
states. This is accomplished by first performing a perturbation calculation14’ which eliminates elements connecting different electronic states.
In (2.4.29),2, is the charge on the a t h nucleus in the molecule and m is
the electron rest mass. The quantities rj, ra, vj, v, are position vectors and
velocities respectively of the j t h electron and ath nucleus, Sj is the spin
angular momentum of the j t h electron, rjk is the jkth interelectronic
distance and r,, is the j a t h electron-nuclear distance. The other constants
146 J. H. Van Vleck, Revs. Modern Phys. 23, 213 (1951); see Appendix I. I n this
reference the factors (r;&* and (T,k)-’ are omitted from the first two terms of the
Hamiltonian. It is to be noted that

I n our (2.4.29) we have chosen the vectors S; = +hdi where the Cartesian components
of d; are the Pauli matrices. In this notation S2yC = h f ( s
1)yC; S.J, = hm,yC, where
s = +, m, = +f and J, is the spin eigenfunction. The magnetic moment ps associated
with the electron spin is then -e/mcS. Our definition of S is the one used by Condon
and Shortley (see reference 150, below) and differs from that of Van Vleck by the
factor h. A number of still other notations have been employed in the discussion of
electron spin angular momenta.
14’ E. C. Kemble, “Fundamental Principles of Quantum Mechanics,” p. 394.
McGraw-Hill, New York, 1939.
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have their usual significance. The velocities v are to be computed relative
to a space-fixed coordinate system. The first and second terms arise
respectively from the interactions of the electron spins with nuclear and
electronic angular momenta and the third term is caused by the magnetic
dipolar interaction between electron spins. Van Vleck gives the matrix
elements of the effective Hamiltonian.* If the molecule is an asymmetric

FIG. 8. Renner effect in NHo showing a portion of the calculated and observed
excited state vibrational levels. See the papers by Pople and Longuet-Higgins,143 and
Dressler and Ramsay.145

rotor, in addition t o the three rotational constants, eleven interaction
constants occur, and the matrix of Heti contains first and second offdiagonal elements in both N and K . Here, N is the nearly good quantum
number for total angular momentum excluding spin, and K is the pseudo
quantum number, which, in the symmetric rotor limits, represents the
quantized projection of N upon the symmetric rotor axis. For symmetric
rotors, only three interaction constants are nonzero, and the off-diagonal

* Table 11, p. 222 of reference 146.
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elements in K , but not in N , vanish, leaving a reasonably tractable
problem to be solved.*
The spin coupling problem was also attacked by Henderson,124who
employed the simplifying assumptions that the spin-orbit term is isotropic, and that the magnetic field arising from molecular rotation can
be expressed as a linear combination of the vector components R,, R,
and R, of rotational angular momentum. Using the fact that,
a’R,

+ b‘R, + c’R. = a’N, + b’N, + c’N,

Henderson’s Hamiltonian becomes,

+ (a”, + b’N, + dNZ). S.

(2.4.30)

The magnetic interaction terms for an asymmetric rotor can then be
obtained in closed form. The results were applied with remarkable success
to the ClOz doublet-doublet electronic transition studied by Coon.148I n
this way Henderson was able to obtain the difference of the interaction

* For a prolate symmetric rotor,
Herr = B(NZ2

A

>B

=

C, the effective Hamiltonian is:

+ NU2) + A N 2 + ao(N,k, + NU&,-+
+ a(2N,8, - N,S,

Nz8,)

- Ny&)

+ cu(2k9 - 8,s

-

ivz)

and the matrix elements are:
(NKIHerrlNK) = B N ( N

+ 1 ) + ( A - B ) K z - &oC(N)

+

[3K2 - N ( N
(NKIHeulN-l K ) = GK(N2 - K*))”’[CJ+(N) rux(N)l
(NKIHerr(N-2 K ) = + g ( N , K ) g ( N , --K)or$(N)

+

+ l ) l [ W N ) + ordN)I

+ -

where J = N
S;S, = -8, etc. are the “reversed” spin angular momentum components (ref. 146);A = h2/21A, etc; a ~a,, and (Y are the magnetic interaction constants
in Heft;and

P(N)=

l C ( N )+ 11 + 2 S ( S + 1)
- 3 e ( N )(2N
- 1)(2N + 3)

with

-

+

+ + +
+
+
+
+

= (N J
8)“
J
s 1)
Q ( N ) = (8 J - N ) ( N J - S
1)
C ( N ) = J(J
1) - N ( N
1 ) - S(S
1)
g ( N , * K ) = [ ( N T K ) ( N T K - 1)]1“2,
lr8J. B. Coon, J. Chem. Phys. 14, 665 (1946).

P(N)

+
+
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constants in the two electronic states. The major part of the spin doubling
for t,his slightly asymmetric rotor could he explained by the theory in the
symmetric rotor limit. Nevertheless, a small, but measurahle, effect of the
asymmetry on the magnetic interaction could tte detected.
The energy rorrection to be applied to the rotational terms is

(

Ah’ = X

K*
N(N
1)

+

where C, N , K , and S are as before and the cwupling constaiits are defined
by
a
(ac’ - a’ - b’) p =

[(E +);

p’ = @y

-

11’ - 1 (a’
~

a!

-

+ b’)

B)(hA’)’.

1

n2

(24.32)

In the symmet,ric rotor limit a’ - b’, a! - p , a i d 1., - I B all tend toward
zero. The constants a’, b’, c’, and il’ are those occurring in the Hamiltonian (2.4.30) while
(2.4.33)

the sum being taken over the totality of vibronic stsates n’. Analogous
expressions hold for p and y. For a rotor i n t>heoblate limit, custom
dictates t,hslt the z axis be associated wit)hc‘, y , and I C as in (2.4.32),while
for a prolate symmetric rotor* the z axis is associated with a’, a,and I A .
In only the case of formaldehyde (H2CO)has the rotational structure
in a singlet-triplet t,ransit,ion of a polyatomic molecule been analyzed.
DiGiorgio and Robinson,149from the analysis of the rotational fine strnct>ure (Fig. 9) in the 3A2-1A1 transition of this molecule (nonplanar in
excited states) find for the If inversion level in the t’riplet state,
X/hc

=

-0.06 cm-I

p / h c = +0.004 cm-I

p’/hc

= - 1.0

(see reference 1.19)

cm-1.

* C102, NOS, and C‘H& are all good approximations to prolate symmetric rotors.
V. E. DiGiorgio and G. W. Robinson, J. Chern. Phys. 31, 1678 (1959); in Mrs.
IhGiorgio’s dissertation, as well as in her communication, the coupling constant p was
unfortunately defined with a n opposite sign than the one in Henderson’s paper. Since
this sign change was consistent throughout, there was no fundamental error made in
s i p . Henderson’s definition of c~ is adhered t o in the presrnt, work. The simplifications
iiscd by Henderson may not be instified for this molecule, however.

FIG.9. Rotational fine structure in the singlet-triplet absorption spectrum of formaldehyde. The subscripts .I and B refer to the
branches J = N
S and J = S - S respectively, & refers to the asyntmetric rotor sub-branches, and the numerical sithscripts refer
to the K sub-branches. The unmarked structure in the center is part of the weak J = N branch.
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The problem of spin-orbit
2.4.3.3.1. SPIN-ORBIT INTERACTIONS.
coupling in molecules is so important that it is worthwhile to include a
separate subsection on this topic alone. In molecules not containing heavy
atoms it is not so much the energy contribution from the spin-orbit
coupling which is of importance but the fact that the interaction is
responsible for contamination of the “ Russell-Saunders eigenfunctions ”
with states of other multiplicities. The multiplicity selection rule,
A S = 0, is thereby partly relaxed.
The inclusion of a spin-orbit term in calculations dealing with atomic
states is a relatively straightforward problem if perturbations by other
configurations are ignored. These calculations are important not only for
free atoms but they also serve to increase one’s understanding of the spinorbit interaction in molecules. The calculations also are important in the
study of atoms or ions in weak, external electrostatic fields and are therefore pertinent to crystal field theory and ligand field theory (see Section
2.4.4.1).
I n atoms, as in molecules, configurational degeneracy is removed not
only by the electrostatic repulsion between electrons Zi>je2/rij but also
by the spin-orbit interaction. For 8, single electron in a central field with
potential @ ( r ) ,the spin-orbit contribution H..,. to the Hamiltonian is,16o
2m2c2 r

ar

L S = t(r)L . S

(2.4.34)

where m is the rest mass of the electron, c is the velocity of light, and L
and S are the orbital and spin angular momenta respectively. The matrix
elements of
in the nlmsmlscheme are diagonal in E , and, in atoms a t
least, off-diagonal elements in n usually contribute little because t.he
energy denominators are very large. The energy of the doublet terms
become,
f o r j = 14-6
(2.4.35)
E = W,i
where Wnl are the diagonal elements of the total Hamiltonian excluding
and
lnl=

h2

lom
R g l f ( r )dr

R,1 being the radial eigenfunction. For more than one electron in a central
160 E. U. Condon and G. H. Shortley, “Theory of Atomic Spectra,” p. 120. Carnbridge Univ. Press, London and New York, 1951; we take their U ( r ) t o be e+(r), the
potential energy of an electron in an electrostatic force field with potential 0.
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field, the spin-orbit interaction is given approximately by

Russell-Saunders coupling, the case where the spin-orbit term is small
compared with the &,,e2/ri, electrostatic term, is important for light
atoms and for molecules containing only light atoms, but j-j coupling,
where the spin-orbit term dominates the electrostatic one, is important
when very heavy atoms, or moderately heavy atoms containing almost
closed shells, are being considered. Condon and Shortley161 give the
matrix elements of the spin-orbit interaction for the configurations
s p , sd, sf . . . , p 2 , p p , p 3 , p 2 s , p3s, d2, dd, and d p under the assumption
that matrix elements between different configurations vanish. * I n the
S L J M representation, the spin-orbit matrix elements are diagonal in J
and M , while the electrostatic interaction is fully diagonal in S, L, J , and
M . The electrostatic matrix elements (no configuration interaction) for a
large number of important atomic configurations are given by Condon
and Shortley in terms of F and G integrals,162which have to do with the
matrix elements between the radial eigenfunctions of the electrostatic
interaction. These diagonal elements may be added to the diagonals
of the spin-orbit matrices and, by the usual procedures,+ the energy levels
and eigenfunctions may be computed for any degree of coupling between
pure LX and pure j j , if neglect of configuration interaction is valid. The
F and G integrals and the Int factors are usually determined empirically
by fitting the theoretical term value expressions to the experimental ones.
I n molecules containing nothing heavier than first row atoms, the spinorbit energy is very small and perturbation procedures are adequate.
As mentioned earlier, the spin-orbit interaction makes it possible to study
states of multiplicity different from th at of the ground state, since it
causes a partial breakdown of the spin selection rule. When rotational
structure can be resolved, these states are of interest because of the
presence of the magnetic fine structure (see Section 2.4.3.3).Triplet states
of molecules are of interest for other reasons as well. Triplet-singlet emission in conjugated hydrocarbons and certain other molecules has been
e ~ t a b l i s h e d l as
~ ~ the
, ~ ~ cause
~
of long-lived phosphorescence in these

* Configuration interaction as applied to the electrostatic and spin-orbit interactions
in atoms is discussed to some extent in Chapter XV of reference 150.
t Direct diagonalization of these matrices is necessary except near the RussellSaunders limit where perturbation theory may be used.
See reference 150, pp. 268-269.
See reference 150, p. 177; pp. 197-207.
153 G. N. Lewis and M. Kasha, J . Am. Chhem. SOC.66, 2100 (1944); 67, 994 (1945).
1 6 4 C. A. Hutchison, Jr. and B. W. Mangum, J . Chem. Phys. 29, 952 (1958).
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molecules. A triplet state is always the lowest lying excited state of a
molecule having a closed shell electronic structure. Thus in any excitation process, followed by the usually rapid energy transfer to the environment,* this state is likely to be the only excited electronic state which
retains for a sufficient time any electronic excitation energy for use in
chemical reactions or other processes especially characteristic of a n
excited electronic state. Triplet states of molecules are thus of chemical
and biological importance.
The first two terms in the Hamiltonian (2.4.29) describe spin-orbit
interactions in molecules. The factors Z,e(r, - ~47-3;;~
and -e(r, - rk)r;’
are the electrostatic contributions to the field E3 = - V ( j ) @ a t the position of the j t h electron as a result of the presence of the a nuclei and the
other k # j electrons. I n addition to these intramolecular fields, external
fields may contribute to E, in the case of strong environmental (solvent)
interactions, but little is known about such effects. T h e spin-orbit
Hamiltonian H , ,. for a system of electrons and nuclei is commonly written
in terms of these fields. WritinglK5rJk = r, - rk and p = mv in (2.4.29), i t
is found that

H.

=

e/rnzc2

2
3

(E,

x $pj) . S, + e2/m2c2

2 r3k3(rJkx

Pk)

. s,.

(2.4.36)

k>i

The first term describes the spin of the j t h electron interacting with its
own orbital angular momentum, while the second term is a result of the
spin of the j t h electron interacting with the orbital angular momenta of
all other electrons (spin-other-orbit interactions). The electrostatic field
E3 a t the position of the j t h electron is due to all other electrons, all nuclei,
and includes external fields as well. For molecules it is often a convenient
approximation t o extract out the field of nuclei and inner shell electrons
as a n effective field. Terms involving vo in (2.4.29) have been omitted
from (2.4.36).They describe the interaction of electron spins with nuclear
orbital (rotational and vibrational) motions. They are important in the
calculation of the fine structure, but are not pertinent to the question of
mixing states of different multiplicity unless the Born-Oppenheimer
approximation fails. In the case of a central field with potential @ ( r ) ,

* I n large molecules with densely spaced quantum levels, energy relaxation t o an
approximate rotational-vibrational Boltzmann distribution in the lowest excited electronic state is usually complete within lo-” t o
sec.
166 If the position and velocity vectors are to be now defined in terms of a moleculefixed coordinate system instead of a space fixed system as in (2.4.29), it is with the
understanding t h a t electron and nuclear Coriolis and centrifugal force terms are t o b e
neglected. These “forces” couple nuclear and electronic orbital motions with velocities.
See, for example, H. Goldstein, I ‘ Classical Mechanics,” pp. 135-140. Addison-Wesley,
Reading, Massachusetts, 1953.
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CtX

4160-3430

Complex

34,35

Electronic assignment
not that of refs. but
is based on orbital
theory. Complex
vibrational band
structure not yet
analyzed. I n ref. 38,
36,37,
about 40 band
38,39
heads are reported.
Rotational analysis
of 4050 and 4072 A
bands up to very
high J . Also observed in absorp-

TABLE
VI (Continued)
Molecule0

Point
group

Stateb

Tua

*(A)

(om -'Ic

Geometryd

Transitions.
A(H)

L

Vibrational structure
(cm-1)f

Ref.0

Remarken.'
tion from flash
photolysis of bydrocarbons (ref. 39).

(NNN) = 180"

[A]+X

Not analyzed

40

1730-2600
(NNN) = 180'
XZIIi

NCO(21)

'-N
I

ta

c,,

0

+

(NC)
(CO)
52.41

(NCO) = 180'

+

(NCO) = 180'

C,.

22,754

(NC)
(CO)
$2.37

B ZIIi

C,.

32,781

(NC)
(CO)
a.45

A +X
500-3600

+

A zZ+

-

(NCO) = 180°

+

(0) weaker
v1'(1324), un'(681),
~ ' ( 2 3 4 9 ) and
.
vz"(53Q) 41,4l

A+X

4l

Possible predissociation in upper state:
A" = 150 cm-1.
Fermi resonance accounts for preeence
of uz'; weak Renner
effect in X; Hund's
case (a) in X with
A" = -95.6 em-'.
Vibrational constants in A nearly
identical with those
in X I&+ of COz.

Low dispersion.

65W250

B +X
160-2620

~

XTii

Nz0 +(21)
(nitrous
[A]%+
oxide ion)

c.,
C,.

0
34,916

NzO+ longer in ("0)
X and shorter
in [A]tban i s ("0)
NsO

= 180°
=

180'

[A] +X
200-3400

+

(M) weaker vi'(1047) 43
and ua'(2808)

~~

+

~~

(0-0) weak vl'(lS46)
and d ' ( 2 1 1 9 ) prog.
44

Vibrational analysis
tentative;
A' = -30.8 cm-1;
possible prediasocjation a t A i2960 A.
~~

qu)
+ *(o) orbital

"jump" in NNO+
increases bonding
while in COn+opposite is observed;
A" = -132.3
ern-'.

C01+(21)
(carbon

x *IIp(i)

Dmb

0

(CO)= 1.177

(OCO)= 180'

A+

X

5000-3200

dioxide

A

*lIIIy(i)

D,A

28,501

(CO) = 1.228

(OCO) = 180'

ion)

B

2&+

D,r

34,598

(CO) = 1.180

(OCO) = 180"

B-+ X

v1'(1131) and d'(128O)
progs. with fragmen- 46.46,
tary YZ" and posaibly 47.48
YZ' and w'' and YI'

A" = -149.4 cm-1;
A' = -95.4 em-'.
Detailed vibrational and rotstional analysis of
many bands.

None

49

More intense than
A -+ X system.

-1 190 cm-1 prog.

50.51. Low dispersion. From
62
VBCUUm UV photolyeis of formic
acid. or from a discharge in flowing
formic acid.

2900
4500 -+ 3400

'

(nitrogen
dioxide)

X 'A1

C*

0

(NO)= 1.197 (ONO)=

134.3O

A

-

X

89004500

A 'BdIs

[Dmh]

11,200 Or
11.960

'BBa

Cr.

40,130

Probably ui'(-700) prog. (53).
54

Rotational and vibrational structure
extremely complex;
no analysis as yet.

Not analyzed

56

Probably involves a
number of electronic transitions.

66,

Geometry of excited
state has been recomputed here from
data in ref. 57 using
correct groundstate parameters in
ref. 53. Compare
with structural
parameters in the
ground state of

Possibly linear

(NO)= 1.35

-

(ONO) 123"

Complex
structure
throughout
visible
region
'Bz +X
<2670

YI",

YE"

pw.

with vz'(-590)

57.58

TABLE
VI (Continued)
Molecules

Stateb

Point
group

TOQ
(cm-l)C

4)

Geometryd
L

Transitions.
MA)

Vibrational structure
(cm-1)J

Ref?

Remark&'
ozone which should
have same bonding
electron structure
according to orbital
theory, pp. 187-189.

X 'Ai
Oa(24)
(orone)

E

C%

0

[* "'I

-10,000

[A 'Bil

-16,500

IB '&I

Ctn

28,500

(00)= 1.278

(000)= 116.8'

[a] +X
10,00(t7000

d(-670) prog.

60.61

(000)= 1000

c

[A] +-X
6100-4300

[B] +X

-lo00 em-' prog. and
456 em-'

prog.:
v1'(-600) prog.

vn'(-$OO)

3500-2300

[X' A d
CFz(24)
(carbon di-

CZU

0

(59),

Valence angle
larger in 'Bz
than in X

['Bzl +[XI

~~'(500)
prog.

Assignment very tentative; more experimental work necessary; path of
approx.
1 meter-atmos
required.

60.62

Predissociated: little
understanding of
electronic structure
in excited state or
statea.

62,63.

Predisaociated; angle
in B in our estimate
from blue-shading
in these bands.
Posaibly more than
a single electronic
transition.

64

66

2650-2350

['Bz] + (XI

Y?'.

v2"(667), and

66.66

Electronic assignment

fluoride)

['B?]

('2"

x

Dmk

C4Hz+(25)
(diacetylene
ion)
A

z&(i)

211u(i)

X

Deb

C,,

0
19,723

0

A +X
i.500-4800

Molecule longer Linear
in excited
state
Linear

No rotational

A

Cmu

X?II

c,,

hj

3350-4350
(SiCC) = 180"

20,085
0

At--)X

(SiCC) = 180'

analysis

RlC2(2G)

cn
c

325Cb2400

-37,700

N o rotational analysia

2lI

C,.

v1"(3137), u2"(2177),

based upon assiiniption of ' A ,
lower state and
observation of
parallel sub-band
structure. Too of
[ ~ B zstate
]
based
upon spectrum reported in ref. 05.
67,68

v4'(861), ui'(486)

vi'(456). ~1'(1461),
v1"(691), and
ud'(1748)

A +-X
1000-3350

NCS(29)

A

u1"(fl6~) in progressions

69

(HCO) ~ ( 3 0 )
a
(nlyoxal)

3.1"

c
2
1

From flash plrotolysis
and disrharges of
organic ttriocyanates and isothiocyanates.

(70).

Complex rotational
stnictnre IS consistent with triplet
excited state.

-2G.000

C?J,

0

(CH) + 1.09
(CO) = 1.20
(CC) = 1.47

(OCC)

-

4550-3750
123'

t r a n s planai

[a] f-fX
-5200

Y?"

71

19,200

A +X

y~','',

yl',',

5000-3700

A 'A"

Cta

Occurs in spectrum of
some -\--type stars.

43
No vibrational analysis

A+X
X'An

Identical to Sehiiler's
" T" spectrum (ref.
67).
A" = -30.6 em-]
A' = -33.3cm-1.

22,016

A -+ X

y7'."

71.72

-

.>4004500

y5',",

vs'.",

YIZ'

Partial rotational
analysis of subhand strricturc in
ref. 71. Other
nearby singlet
8t n tcs 1,redicted.
Secr1.f. 71 forribration:il fr~.r~iirncies.

TABLE
VI (Continued)
Molecule*

S0;(32)
(SUlflU

dioxide)

N SiFz(32)

States

XlAi

CI.

[A 'Ed

Transitionsd

Geometrp

TO@
(ern-:).

1.432

(OSO)= 119.5O

1.49

(050)= 125'

1.53

(OSO)= 107'

(SO) = 1.55

(OSO) = 105'

(SO)

CZV

25,776

(SO)

ii(

IB IBz]

Cr.

29,622

(SO)

ir

[C 1B11

Ctm

-43,500

X

Cr.

5

No rotational analyaia

0

VA)

L

7C.b

0

(silicon di5uoride) [A]
CIOt(33)
(chlorine
dioxide)

Point
group

Vibrational structure
(cm-:)J

[A] +-X
4000-3400

u1'(938), ~ ~ ' ( 3 6 3and
).
weak ~ ~ ' ( 1 1 2 0 )

[B] + X
337&2450

n'(770). u;'(320),
rr'(813)

[CI +x
2300-2000

[A]--t X
2800-2200

~l"(B.97) and ~ r " ( 4 . W )

Ref .a

(73).74, Electronic assignment
75,76
tentative for all the
upper stat-; ref. 76
75.77
suggests triplet
rather than singlet
for A state and this
is consistent with
75
low intensity.
Structural parameters based on subband analyaia and
Franck-Condon
considerations.
78

prom.

cz.

X

Ca.

[A]

rC.1

0

121,0161

(C10) = 1.49

(OC10) = 117.5'

(CIO)

(OC10) = 10O0

-

1.76

[A] +X
48o(t2700

Remark&'

Long ~r'(703) prog. witb (79).
vr'(291). v1'(759),
80.81
rl"(g50). and ~ ~ " ( 4 4 7 )

Discharge in 6iF4;
analogous to CFt
system.
Presence of short
prog. of 2 ~ s ' indicates A may be unsymmetrical; spin

coupling analyzed
in ref. 80; structural parameters
revised estimates
consistent with
parameters in X.
CSt +(37)
(carbon
disulfide
ion)

x m~(i1

Dmh

0

(CS) = 1.5542 (SCS) = 180'

A-+ X

Complex

89

Identification tentative: extensive
system.

vi"(d0.5)

8%

CSz discharge;
A" = -440.39

visible

IA1

Ct.

B 'Zuf

Dmh

Bent
35,238

(CS) = 1.564

(SCS) = 180'

B

X

292@2800

cm-1.

x

CSs(38)
(carbon
disulfide) [A]

X

'A10

Dmh

C%

0

(CS)

=

1.555

(SCS)

=

180°

[A] + X
4000-2700

YZ'

a +X
340&3100

vr'(-900) prog.

a*X
4390-3380

Strong ris"(f686)
87,88
vr''(998) prog. Weak
Y 1r"(I 1 78)

A +-X
2750-2 180

Strong rm'(6dl)
89.90,
v z ' ( 9 W ) prog.: many 91
weaker bands (see pp.
420 and 435 ref. 89)

A+ X
3090-2590

Strong v18"(6O6)
89,90
vP(992) prog.; many
weaker bands (see pp.
429 and 442, ref. 89)

Discharge tube or
fluorescence excitation: (0-0) band
forbidden.

Probably

92

(0-0) band expected
to be forbidden.

99.93

Intense: little structure.

93

Example of JahnTeller effect.

prog.

(83),84 Ref. 76 suggests [ A ] is
triplet state.

Bent
Planar hexagonal

A 'BZU
C aH~(42)

(85),86 Observed in presence
of 0 s ; (0-0) band
forbidden if unperturbed.

+

(benzene)

B 'Biw
C 'BI.

R

Jahn-Teller
distortion

B +X

+

+

YZ'

prog.

2 100-1 900

c +X
1900-1600

R +X
<1550
a

b

14.u

d

and v d

Band structure highly
perturbed by 0,
and heavy atom environments; (0-0)
band missing if
unperturbed.
Geometry in A from
force comtants and
Franck-Condon
principle; (0-0)
band forbidden.

Under Molecule. numbers in parentheses after chemical formulas correspond to electron number.
I n general, square brackets show that some uncertainty is attached to the entry. Under State, the subscript ( i ) for W states of linear molecules means that the

+

multiplet is inverted, i.e., 0 = A
S lies lower than 12 = A - S. IVe have laheled States of j'olyatouiic molecules mncti the same as tliose for diatomic niolecliles:
state; A, B, C
, excited states of the same multiplicity; and a, b, c
, excited states of a different multiplicity; and R , Rydlierg states. The
state designations are in boldface t y l x so t h a t no confusion will arise v i t h respect to syminetry designations \vhich may also be in capital Roman letters. Dr.
Herzberg, in a private communication, has olijected t o the use of this notation on the basis that thpre are already too many instances in the sprctroseoliic nomenclature where one a n d the same letter means two or more entirely diffcrent things. He has suggested the use of Greek letters a,0, y . . . for cxcitcil states and
9,
since there is no confusion here, for the ground state. For instance, the H C N niolecular states which we label X, A, B, he labels in ref. 17 as S,(I, 8. For linear
golyatomic molecules various authors h a r e already nsed the Roman letter symbols in analogy t o diatomic states. I t seems best t o avoid a scheme which uses a
diflerent nomenclature for the linear and nonlinear states of the same molecule. The use of lower case Greek letters does not allow one t o distingnisli between
states hax-ing multiplicity different from t h a t of the ground state. There is a definite need here for a good, standardized notation. Since some system of state
designation was necessary in order to simplify the description of the states under the various headings in Table VI. we use the labels X, A, B,
. witli the
definite understanding t h a t this is not a recommended notation for general usage.
Too refers to the electronic energy in cm-1 nnits between the zero point energy lcrel of the ground state and that of the excited state. In absorption from or
emission t o the ground state this quantity is identical to Y O O , i.e. i t is the position of the rotationless (0-0) band. In those instances where a detailed rotational
analysis has been carried out, Too is known t o about 0.01 cni-1. The reader is referred t o the original literature if the more accurate values are desired.
d Under Geometry, geometrical parameters are for the zero-point vibrational level and not for the equilibrium strncture. An arrow in place of a n equal sign
means that the parameter was assumed for the purpose of calculating the other structural parameters.
'
Under Transitions, arrows point from left t o right for emission and froni right t o left for absorption.
1 The Vibrational Structure in a n electronic spectrum corresponds to: (1) that induced by the Frauck-Condon effect because of a geometry change: (2) t h a t
caused by vibrationally induced forbidden transitions; and (3) that caused by Fernii or Coriolis interactions of other vibrations with those of categories (1) and
( 2 ) . The observed vibrations for the listed electronic transitions are given t o the nearest em-1 and are labeled according to the rules set down in the paper by
R. S. Mulliken. J . Chem. P h y s . 83, 1997 (1955). For the most part the notation is identical t o that given by G. Herzberg. "Infrared and Raman Spectra of
Polyatomic Molecules," D. Van Nostrand Company, Inc., New York, 1945, so that the reader may refer t o this reference in those instances where the particular
form of a n y vibration is not known, As usual, prime refers to the upper electronic state and double prime to the lower electronic stat.e. Freqnencies in italics are
rough frequencies or AG values while those in regular type are d values. The reader may refer t o the original literature for the higher order vibrational constants or for more accurate values of wo in the nonitalicized cases. .4 letter D preceding a frequency is the value for the deuterated molecule.
a References in parentheses are for the ground state geometry in those instances where i t was not obtained accurately from the electronic spectrum; references
in boldface type contain a published reproduction of the spectrum. This is nsually a photograph but in a very few cases it is a densitonieter tracing. (The refercnce list follows on pages 219-221.)
h Under Remarks, the constant A refers t o the spin-orbit coupling constant in Hiinds case (a) coupling.
' Rydberg states are listed only insofar as ( 1 ) they are for free radicals, or ( 2 ) they are in a similar energy region as the first non-Rydbcrx statps. The reader
is referred to the gaper by P. G. Wilkinson [ J . MoE. Spectroscopti 6, 1 (1901)l for a vastly more complete compilation of Rydherg states.

X, ground
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83. A. H. Guenther, T. A. Wiggins and D. H. Rank, Spectrochim. Acta 10, 225
(1958).
84. B. Kleman, unpublished work.
85. B. P. Stoicheff, Can. J. Phys. 32, 339 (1954).
86. D. F. Evans, J. Chem. Soc. p. 3885 (1957), and earlier papers cited therein.
87. H. Shull, J. Chem. Phys. 17, 295 (1949).
88. M. R. Wright, R. P. Frosch, and G. W. Robinson, J. Chem. Phys. 33,934 (1960),
and unpublished work; G. W. Robinson, J. MoZ. Spectroscopy 6, 58 (1961).
89. F. M. Garforth, C. K. Ingold, H. G. Poole, A. P. Best, and C. L. Wilson, J.
Chem. SOC.pp. 406-517 (1948);see this paper for a complete list of earlier references.
90. H. Sponer and E. Teller (reference 62, pp. 148-149) summarize the earlier work
on this transition.
91. D. P. Craig, J. Chem. S0c.p. 2146 (1950).
92. See, for example, V. J. Hammond and W. C. Price, Trans. Paraday SOC.61,605
(1955).
93. P. G. Wilkinson, Can. J. Phys. 34, 596 (1956).

E = -r/r @ ( r ) / a r , and the Hamiltonian (2.4.36) reduces to that for an
atom (2.4.34) for which spin-other-orbit interactions are neglected. The
Hamiltonian (2.4.36) can be employed as a starting point for calculations
of multiplicity forbidden transitions in molecules. Fairly detailed calculations have been carried out for benzene1ss-168and for aldehydes and
ketone^'^^^^^^ of which formaldehyde is an example. All of these calculations suffer to some extent since the magnitudes of the spin-orbit matrix
elements are difficult to determine very precisely from available molecular
eigenfunctions. These calculations will be briefly discussed in the subsection on intensities (2.4.5).
2.4.3.4. Observed Spectra of Free Polyatomic Molecules. Table VI
lists in order of increasing total number of electrons* the simple or prototype

* The inherent ambiguities of alphabetical ordering caused by the various ways of
writing chemical formulas cause alphabetical tables to become well worn through the
reader’s constant search for entries, Ordering according to electronic number is
unambiguous and has the further advantage of keeping simple molecules apart from
the more complex ones for the benefit of the reader who is interested only in one or the
other. Furthermore, isoelectronic groups such as NCO, COz+, N,, and NzO+ fall
together in such a table. In a table containing many complex organic molecules
neither of the above ordering procedures is practical.
156 D. S. McClure, J. Chem. Phys. 20, 682 (1952).
157 M. Mieushima and S.Koide, J. Chem. Phys. 20, 765 (1952).
168 H. F. Hameka and L. J. Oosterhoff, Mol. Phys. 1, 358 (1958).
1 6 o J . W. Sidman, J. Chem. Phys. 29, 644 (1958).
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polyatomic molecules whose electronic spectra have been studied to date
under moderate to high resolution. For the vacuum ultraviolet only a few
transitions of unusual interest have been listed, although a large number
of polyatomic molecules have been studied in this region. A more comprehensive table of vacuum ultraviolet transitions in polyatomic and
diatomic molecules has been (*ompiledby P. G. Wilkinson.160An excellent table of polyatomic molecular fragment spectra can be found in
20-21 and 35-36. A long list of polyatomic spectra
R a m ~ a y , ’ ”pages
~
known prior to 1940 can be found in Sponer and Teller.130
2.4.4. External Perturbations

When a molecule is placed in a liquid, a “glass,)’ or a crystalline solid,
interactions occur between the molecule and its environment. Such
interactions, being dcpendeiit upon the electronic structures of molecule
and environment, afi‘cct differently the various electronic states of the
molecule and thus are responsible for spectral shifts. If the molecule,
plus its local environment, has “lower symmetry’’ than the free molecule,
then, in addition to the shifts, a removal of certain degeneracies in the
molecule may occur. Since eigenfunctions, as well as energies, are affected
by external perturbations, intensities, especially of transitions essentially
forbidden in the free molecule, are expected to be measurably changed by
cnvironrnental perturbations. If the environment is polar (charges or
dipoles) and the molecule (or atom) is ionic, then relatively strong interactions generally occur. These effects can be discussed under the heading
of crystal field theory. Crystal field theory applied intramolecularly is
called ligand jield theory, and this description of the electronic structures
of certain metal ion complexes often becomes a n adequate first approximation in such molecules. If either the environment or the molecule
(atom) is nonpolar while the other is polar, similar considerations apply.
Here the interaction, to a first approximation, is either charge-induceddipole or dipole-induced-dipole. If a nonpolar molecule is placed in a
nonpolar environment, dispersion interactions (induced-dipole-induceddipole and interactions of higher order) occur. The general problem of
environmental perturbations is of importance since it is met not only in
solid-phase spectra but also in the study of electronic spectra of liquids
and dissolved molecules, and of gaseous molecules in high-density
environments.
2.4.4.1. Crystal Fields. Here it is required to find the interaction of a
central ion with the local electrostatic environment. Any existing degeneracy of the free ion states may be removed partially or completely in the
field, depending upon the crystal field symmetry and the free ion state.
160

P. G. Wilkinson, J . Mol. Spectroscopy 6, 1 (1961).
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(Jiialit:iti\~prcdictioiih coiiccrniilg thc splitting of terms in a crystal field
caii be made through simple group theoretical arguments. BethelG1has
discussed the problem for the point groups O(oc1ahedral), Ds (hexagonal),
Dl(tetragonal), DZ(rhombic), and their corresponding double groups for
half-integral spin. The argumeiits are easily extended to other point,
groups. This paper forms the appropriate starting point for crystal field
calculations. Bet he’s notation for the irreducible representations has been
adopted by most solid state physicists, but spectroscopists and chemists
prefcr the standard spectroscopic labels.i62Octahedral and tetrahedral
fields have been discussed very extensively sirice they have high symmetry and many experimental examples can be found.
Quaiititative calculations may be made by considering the form of the
interaction Hamiltonian which is dependent upon the positions and
velocities of all nuclei and electrons of thc cation (positive ion) and of the
attached lignnds (negative ions or molecules). For convenience, the
approximation may be made initially that the interaction term can be
expressed as the potential of the cation valenre electrons in a simplified
ligaiid field represented by fixed point chargeh. Explicitly, to first order of
pcrturbatioii thcory, thc energy correction t o the free ion energy E F is
lc

=

+

I ~ F J $‘~~,,,~’$‘NLvz
117

(2.4.37)

where the c.igenfunctions are those of the free ion, and the integration is
carried out over aiigular and positional coordinates of all cation valence
electrons. The ligand field potential, in which the ith cation valence
electron moves, can be expanded in terms of a complete set of normalized
sphericd harmonics,
l’(r&,+,j

=

+2

Tr,,(r7)

>:

+I1

I‘rLm(t%,+t)Rr,(rL) (2.438)

n=l m=-n

wherc rZ, 8$, $,I are the polar coordinates of the ith electron with the cation
nucleus as origin. T h r total perturbation Hamiltonian V is a sum over
terms,
(2.4.39)
161 H. A. Bethe, Aria. Physik [5] 3, 133 (1929). (English translation published by
Consultants Bureau, Kew York.)
1 6 2 See, for cxainple, E. B. Wilson, Jr., J . C. Ikcius, and P. C. Cross, ‘ I Molecular
Vibrations,” Appendix X. McCraw-Kill, Xew York, 1955. In Tables 1, 3, and 5 of
reference 161 thc representations I’l, r2, . . . are listed in the same order as A , ,
A z , . . . for the 0,Do,arid D1point groups of Wilson et al., except in Table 3, where
E l and El correspond t o I‘6 and r s respectively.
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The spherically symmetric term V,(ri) gives by far the largest contribution to the crystal energy. To a rough approximation

and thus <nZrnlVolnZm>, is the same for all ionic eigenstates having a
common configuration, so that to this order of approximation all such
t ORBITALS
X

Y

I
dXY

e ORBITALS
X

d #-

Y=

dZ2

FIG.10. Contours of constant amplitude for ‘ I t ” and “ e ” components of :<&electron
eigenfunctions. From McClurelBS with the kind permission of the author and the
publisher.

states will be shifted uniformly. Higher terms in V are of primary interest
in crystal field theory, since energy contributions depend upon the
angular part of the free ion eigenfunctions, and thus terms originally
degenerate in a spherically symmetric field can be split.
For a single p electron outside closed shells, in a field of tetrahedral
symmetry or higher, Bethe’s theory shows that the threefold orbital
degeneracy remains. Actually the Jahn-Teller theorem (Section 2.4.3.2.2)
D. S. McClure, Electronic spectra of molecules and ions in crystals. Part 11.
Spectra of ions in crystals. Solid State Phya. 9, 399-525 (1959).
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requires that the symmetry of the field be reduced by distortions so that
the electronic degeneracy is fully removed, but the magnitude of this
effect may be so small that approximate symmetry still remains. “Chemical effects,” such as large valence interactions or abnormally large
repulsive interactions when the ion is large, may be responsible for the
distortion of the field to a greater degree than that expected from the
elementary Jahn-Teller effect.
A time-worn, but illustrative, example of the simple crystal field
problem is that of a single d electron, outside closed shells, in a n octahedral
field. It is assumed here that the Jahn-Teller effect and chemical effects
are small compared with the crystal field interaction, so that the field may
be taken to be truly octahedral. The spin-orbit interaction is assumed to
be negligible. Figure 10 taken from McClure’s review article,1s3shows
contours of constant amplitude for the fivefold degenerate d-electron
eigenfunctions. The three functions which give nodes of electronic
charge along the coordinate axes transform as octahedral t 2 , orbitals and
the two giving nodes between the axes transform as e, orbitals.* I n fields
of icosahedral or higher symmetry, in particular, for spherically symmetric
fields, all five orbitals have the same energy. If an octahedral or a tetrahedral field is applied, the energy of the t t Oorbitals is different than that of
the eo orbitals, but a threefold and a twofold degeneracy still remain.
This is qualitatively reasonable since, if the field is an electrostatic one
with representative negative ligand charges placed a t k2, fy, and kz,
the t orbitals, which “point ” away from the negative charges, will have
the lowest energy because repulsive interactions are minimized. The
states derived from these configurations are 2Eo and 2T20,and their
energies may in principle be calculated from (2.4.37) and (2.4.38). For a
single electron in a n octahedral field it can be deduced from group

* The letters E and T,in spectroscopic notation, label doubly and triply degenerate
representations respectively. In polar and Cartesian coordinates, the actual hydrogenlike 3d functions are:
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theoretical consideration^'^^ that, the potential (2.4.38) is simply

m e , + ) = v0m + {y4de,+)+ 4%[ ~ ~ ~ ( e +, + Y~-~(~,~)I~R~(T).
)
( 2 A.40)

Using any one of the isu orbitals and any one of the eff orbitals (sce t,he
footnote 011 p. 225) one can carry out the integration (2.4.3’7) over
0 and 4. The radial integral which is the same for both statrs is taken to be
a n empirical parameter, usually designated Dq.* The energics of the two
states 2E, and 2 T 2 ,of‘ a single d electron in a n octahedral field become
(2.4.41)
where E ( 2 D )is the energy of the free ion, e u is the spherically synimetric
contribution to the crystal energy derived from T’o(r) in the Hainiltonian
(2.4.40) and the factors 6 and -4 come from intrgration ovrr the angular
dependent parts. 165
When more than oiie d clevtron is present, and thc held is octahedral,
configurations are formed by allowing electrons t o fill the by and the
e, orbitals. Two limitiiig situations result. There is the strong field case
where the crystal field effect is large compared n i t h that of the e2/lr, plus
spin-orbit terms, and the weak firld case where the crystal field can be
considered a perturbation on the various free ion multiplets. I n the strong
field case the t z , orbital lies far below e,. Configurations &, &, . . . ti,,
t&.e,, . . . l;,,e,* occur for the 2-10 electron cases. Transitions of the type
e,-t2, may occur in the optical region The large difference in “crystal
bonding” of the tmo orbitals cause such spectra t o be fairly broad as a
result of the Franck-Condon principle applied to ion plus crystal environment. Rare earth ionic crystals form good examples of the u-ralc field vabe
with strong spin-orbit coupling, while the crystal fields in transition
metal ions span a wide range from moderately weak for halidc salts t o
strong for CK- complexes. The statrs and energics (in l l g units) of
d-electron ions in the limits of both weak and strong octahedral fields arc
given in Tables I and I1 of the review article by hIofIitt and Ballhauscii.lF‘
Intermediate field calculations are complicated by configurational mixing,
since states of the same electronic symmetry can arise from different

* The two separate parts

of this pltranieter are discussed i n hlcClure.163
W. Mofhtt and C. .I. Ballhatisen, , 4 7 1 7 ~ . Revs. Phys. (’hem 7, 107 (1956)
165 There are more elegant ~ ~ i e t h o d
ofs calculating these corlliwwts for weak fields,
including the cases where more than one electron is present, the electrons are not
d electrons, and the fields are not octahedral. See, for example, B. 13leaney and I<.W. H.
Stevens, Repts. Progr. arL Phys 16, 108 (1953). See the footnote on p. 11%of reference.
164 for comments and a slight correction to this paper.
564
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orbital configurations with the same number of equivalent electrons.
For example, 'A1, states arise from both the configurations t;, and eg2 in
an octahedral field, and, in the secular problem, off-diagonal matrix elements connccting these states occur.
Extending Racah's166techniques to cubic symmetry, the necessary
matrix elements for any d-electron configuration, in terms of Dq and
radial integrals over e3/r,,, have been calculated by Tanabe and S ~ g a n o ' ~ ~
in a representation diagonal in the strong field limit. The matrix elements
and resulting energy level diagrams have been reproduced in full by
McClure. 1 6 3 I n addition, McClure's very valuable review gives tables of
numerical values of' Dq and the iiiterelectroiiic integrals necessary for the
computation of spectra.
Spin-orbit coupling plays a major role in rare-earth ion spectra and is
an interesting higher order effect in transition metal ion spectra. The spinorbit coupling constant has been tabulated for a number of transition
metal and rare earth free ions.Io3 There is no reason why
parameters
should be the same in the crystal as in the free ion and, where they have
been measured, crystal values are always smaller.168A bibliography of
spin-orbit calculations for d-electron ions in octahedral fields can be found
in McClure's review.163Figure 11 s h o m the correlation between the cases
of strong field and strong spin-orbit coupling for the single d-electron
problem.
A very striking experimental confirmation of the gross aspects of crystal
field theory, in the interesting region of intermediate coupling, is the
spectrum of Ni++ (eight 3d electrons or two 3d holes) in MgO discussed
by Low. l G 9 Figure 12, taken from Low's paper, shows the observed energy
levels and their quantitative correlation with the crystal ion levels (solid
lines) and free ion levels (dotted lines). The lowering by more than 10%
of the crystal ion excitation energies with respect to those of the free ion
illustrates the inadequacy of the simplified theory which neglects (1) bond
formation with the l i g a n d ~ , ' 6 ~and
~ ' ~(2)
~ the effect of the spherically
symmetric part of the field perturbation Hamiltonian (2.4.38) on 'the
multiplet spacings. By combining the g factor from paramagnetic
measurements with the optical results, Low finds the spin-orbit coupling
constant to be 25 % smaller in the solid than in the free ion. Nevertheless,
the simplified theory using lODq = 8600 em-' agrees with all the experi{?,

{%

G. Racah, Phys. Rev. 62, 438 (1942).
Y. Tanabe and S. Sugano, J . Phys. SOC.Japarb 9, 753, 766 (1954).
168 A discussion of these effects on the basis of charge transfer froin central ion to
ligand has been given by J. Owen, €'roc. Roy. SOC.A227, 183 (1955).
16) W. Low, Phys. Rev. 109, 247 (1958).
iTo J. H. Van Vleck, J. Chem. Phys. 3, 803, 807 (1935).
lbU
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mental levels to within 300 cm-l. Crystal field theory also can be used to
interpret the spectra of complex ions in solution. 171
Single molecules of the type MX,, where M is a metal and the X’s are
attached groups (ligands) arranged symmetrically about M may be
treated theoretically by these same techniques. A good discussion of this
aspect of the problem has been given by Moffitt et
for the molecules
WFs, ReFs, OsFs, IrFB, and PtFs. The metal atoms have the structures
(Lu+++)(5dn),with n = 0, 1, 2, 3, 4 respectively. In all these cases the
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Fro. 11. Correlation between the cases of strong field and strong spin-orbit coupling
for the case of a single d electron in an octahedral field. The terms quartet and doublet
refer to the residual degeneracies which are not removed by these perturbations. From
Moffitt et U Z . , ~ ’ ~ with the kind permission of the authors and publisher.
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ligand field is strong, 1ODq being about 32,000 em-’, so that the e, orbital
lies far above he. The d electrons of the above molecules therefore all go
into the triply degenerate orbital. Transitions of the type eg-tZg occur in
the near ultraviolet for all these molecules, except, as expected, for WF6
which does not possess any 5d electrons. I n addition to the ligand field
interaction, spin-orbit coupling and interelectronic repulsion terms also
1’1 For example, see Table VII in D. S. McClure, Solid State P h p . 9, 426 (1959).
17) W. Moffitt, G. L. Goodman, M. Fred, and B. Weinstock, Mol. Phys. 2, 109
(1959). See also, C. K. Jplrgensen, ibid. 3, 201 (1960); and a discussion of NpFa by
G. L. Goodman and M. Fred, J. Chem. Phys. SO, 849 (1959), and work cited in these
papers.
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occur in the molecular Namiltonians. These contributions further remove
the degeneracy of states arising from the (dtz,)" configurations, and lowlying electronic transitions take place between these stat.es. Taking the
spin-orbit coupling constant, j- to be 3400 cm-' and the interelectronic
parameter G to be 2400 em-' for the above molecules, recognizing the
equivalence of the octahedral (dtzg)" and the atomic p6-% problems, and
carrying out the energy calculations for intermediate coupling according

FIG. 12. Correlation between crystal ion levels (solid lines) and tho free ion levels
(dashed lines) for Nit+ in an octahedral field (MgO) for the case of intermediate
coupling. From L o d a ywith the kind permission of the author and the publisher.

to the methods of Condon and Shortley (see Section 2.4.3.3.1), the electronic transition energies for the four hexafluorides were determined
theoretically. All 13 of the expected transitions were observed experimentally in the region between 5200 ern-l and 17,300 cm-'. The calculated
and observed transition energies agreed very closely, differing by no more
than 20% in the worst cases. Since these molecules are expected to show
the Jahn-Teller effect (see Section 2.4.3.2.2) an analysis of the vibrational
structure might turn out to be very interesting, but this has not yet been
done.
2.4.4.2. van der Waals Fields. An ideal case of a van der Waals field
is one formed from a crystalline array of spherically symmetric atoms or

2.
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molecules. The presence of angular dependent forces overly complicates a
theoretical treatment of this problem without adding anything fundamentally new to it. Most spherically symmetric atoms or molecules suitable as van der Waals crystals have very low melting points, and it is not
ordinarily possible to dissolve “solute” molecules in such crystals. It
has been f o ~ n d , 1 7however,
~
that if the van der Waals diameter of the
solute molecule is not appreciably different from th a t of the “solvent”
molecules (or atoms) the substitutional sites in the crystal can be populated by simply condensing solute and solvent (in large excess) together
on a cold, transparent surface through which spectra can be observed.
For solute molecules much diff erent in size from solvent molecules, substitutional sites may not be filled, but a single, uniform arrangement of
solvent molecules around each solute molecule throughout the “crystal”
may still result. The rare gases (neon, argon, krypton, and xenon),
hydrogen and methane (CH4) form a good set of solvents, covering a wide
range of polarieability. Since it is required that the vapor pressure of the
solvent be low, the cold surface must be maintained a t liquid hydrogen
(20.3”K) or liquid helium (42°K) temperatures. The condensation process
is carried out in a vacuum system with the total pressure near the cold
surface usually in the neighborhood of
mm Hg. Neon and hydrogen
are difficult t o condense under these conditions. Increasing the thermal
conductivity of the condensing surface by using sapphire improves the
situation with respect to Ne and Hz. All that is required of the solute is
mm Hg) at some
that it has sufficiently high vapor pressure (>
attainable temperature below its decomposition temperature so th a t it
can be brought into the vapor phase.
2.4.4.2.1. TRAPPED
FREERADICALS.
The rare gas technique discussed
in the preceding section has been used in the study of the low-temperature
spectra of molecular fragments which possess high chemical reactivity,
the inert solvent (matrix) serving to isolate these fragments so th a t they
are unable to diffuse. This is the so-called trapped radical or matrix isolation technique. It is noteworthy th at the following simple molecular
fragments have been trapped and identified by their previously known
gas phase electronic ~ p e c t r a : ”NH,
~
OH, CH, PH, Cz, CN, CS, C10,
SC1, NH2, PH2, HCO, HNO, NCO. The fragment CH2 has been identified,176v176
but less definitely so, from isotope substitution experiments.
l T 3 For example, see M. McCarty, Jr. and G. W. Robinson, Mol. P h p . 2,415 (1959);
G. W. Robinson, J. Mol. Spectroscopy 6,58 (1961).
D. A. Ramsay, in “The Formation and Trapping of Free Radicals” (A. M. Bass
and H. P. Broida, eds.) Academic Press, New York, 1960. See especially, Table 11,

p. 187.
175

lm

G. W. Robinson and M. McCarty, Jr., J . Am. Chem. SOC.82, 1859 (1960).
T. D. Goldfarb and G. C. Pimentel, J. Am. Chem. SOC.82, 1865 (1960).
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The important fragment CHa has not been identified in the solid phase
althouogh a gas phase optical absorption spectrumois known to lie near
2140 A (Table VI), and a spectrum ncar 3000 A involving a doubly
degenerate electronic upper state is expected for theoretical reasons
(Table IV). The electronic origins of some of these spectra are shifted as
much as 400 cm-l from their free molecule positions by the van der Waals
field. Many of the interesting aspects of these spectra have only been
qualitatively assessed and many of the details have not yet been published. The points of major interest, often pertinent for the study of stable
molecules as well, can be listed as follows.
(a) It appears that a n y small molecular fragment, free radical, or
stable molecule can be trapped and its spectrum studied by this technique.
The method has certain advantages over electron spin resonance, mass
spectrometry, and chemical methods in molecular fragment detection.
(b) T h e spectra are often very sharp and, because of the temperature
used, are highly simplified. This is illustrated in Figs. 13 and 14 which
show portions of the spectrum of NH2 in argon (4.2'K). Except for the
relatively small van der Waals displacements, the spectrum i s essentially
that of a gas at extremely low temperatures. The usefulness of low temperatures in the interpretation of molecular spectra cannot be overemphasized.
(c) Unlike the results obtained from infrared spectra of low-temperature solids, the effect of environment upon vibrational state can be studied
over a large number of quanta. For example, the perturbation on the v 2
bending vibration of linear NHz(2AJI, state) in solid argon177changes
abruptly from essentially zero, for 4 5 2'2 5 12, to about -28 cm-I for
v 2 = 14 - 18. I n addition, Fermi interaction constants were found to be
very slightly different in the solid, indicating tha t the bending and stretching frequencies of NH2 and the respective anharmonicities are not relatively changed by the environment. The vibrational perturbations are
larger, as expected, for NH2in solid krypton and xenon. I n the case of the
diatomic molecule C z in the 311, state, with solid xenon as solvent, vibrational perturbations of the order of 10% of the vibrational energy spacing
occur. 1 7 8 These anomalously large effects are apparently caused by repulsive interactions, since not only the frequencies are larger in the solid,
but the anharmonicity is in a reverse direction. If one fits the observed
v = 0, 1 and 2 vibrational levels to an oscillator enclosed in a n infinitely
deep square ~e11,17~
it can be deduced that the half-width a of such a well
must be of the order of the nearest neighbor distance in pure crystalline
G. W. Robinson and M. McCarty, Jr., J. Chem. Phys. 30, 999 (1959).
M. McCarty, Jr. and G. W. Robinson, J . chim. phys. 66, 723 (1959).
170 A similar calculation has been made in connection with an astrophysical problem.
See S. Chandrasekhar, Astrophys. J . 97, 263 (1943).
177
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N

FIG.13. See opposite page for descriptive legend.

FIG.14. See opposite page for descriptive legend.
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xenon. The result is therefore wholly consistent with the earlier interpret > a t i ~ nof' ~a ~CZmolecule undergoing repulsive inkractions as it vibrates
a t a substitutional site in the xeiion crystal. A n y general theory of infrared
nonpolar solvent shifts should therefore include, in addition to a n induceddipole-induerd-dipole term, a dipole-induced-dipole term, and a repulsiue
term.
(d) Nearly free rotation can take place in the solid phase. Rotational fine
st'ruct,ure has been observed in the cases of KH and N H 2 in solid rare
gases. Not all the lines of NH2 can be identified, but t,he relat,ive positions
of the unassigned lines are found not to depend on the rare gas used.
Since many lines have been identified as rot,at,ional fine st,ructure, the
case for nearly free rotation scems good.
(e) Absorption can occur f r o m excited rotational, vibrational, and electronic states of molecules in these environments at 4.2"K. High states arc
populated by very efficient optical p t m p i n g from lowcr statcs, and, if the
relaxation times are long, absorpt,ion can he observed t,o take place from
the metastable level. Rot,ational levels in NH2,177vibrational levels of C P
and electronic states of NH(lA),'SoC2(311,,),181
and iiaphthaleiic18z (3R2u)
show t,his effect s h n g l y . In addition, emission was found to occur from
&ate of C, showing that in
the u' = 1 vibrational level of the excit,ed
this case, tJhe (1 --f 0) vibrational relaxation time must be subst,ant,ially
ls1

M. McCarty, Jr. and G . W. Robinson, J . A m . Chem. Sac. 81, 4472 (1959).
G. W.Robinson and M. McCarty, Jr., J. A m . CherrL. Sac. 82, 1859 (1960); soe

footnote 10. The two lowest states are probably transposed in t.he solid.
182 M. li. Wright, R. P. Frosah, and G. W.Robinson, unpublished work; CI0H8 in
solid argon a t 1.2"Ii shows strong triplet-triplet absorpt,ion nndcr constant illumination with a high-pressure xenon lamp. D. S. McClure, J . Chwn. Phys. 19, 670 (1951),
was the first to observe this spectrum; G. Porter and M. W. Windsor, Proc. Roy. Sac.
A246, 238 (1958), using flash photolysis techniques have observed the triplet-triplet
solution absorption spectra of a number of organic molecules, including napthalene;
see also, G. Porter, I'roc. Chem. Sac. (London) p. 291 (1959).

FIG.13. The absorption spectrum of the frec radical N H s in crystalline argon at
4.2"K. The doublets are spin doublets caused by the spin-orbit interaction. They are
only a , o u t three-fourths as wide in the solid as in the free molecule. The doublet a t
6946 A has a 9 cn-1 separation and corresponds to a transition from the zero point
level in the ground electronic state to the u1'u2'u3' = (060) level in the excited electronic state. The presence of the molecular fragment H N O resulted from an oxygen
impurity. Part of this spectrum was published in the paper by G. W. Robinson and
M. McCarty, Jr., Can. J . PhzJs. 36, 1590 (1958).
FIG.14. Part of the visible spectrum of NH? in solid argon a t 4.2"K. Transitions to
odd 02' are weak a t 4 2 ° K since, according to the selection rules, they rcquire population of the lrl rotational level 21 cm-1 high. The intensity ratio of the components
of the Fermi doublet gives a Fermi interaction constant which is in excellent agreement
with that for the free molecule. From unpublished work by M. McCarty, Jr. and
G. W. Robinson.
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longer than the electronic emission lifetime (-lo-’ sec). Long vibrational
relaxation times are expected for a homonuclear molecule in a highly
symmetrical potential field.
2.4.4.2.2. VAN DER WAALSSPECTRAL
SHIFTS.Recent theoretical treatments of solvent shifts in liquids have been given by B a y l i s ~Ooshika,lX4
,~~~
Longuet-Higgins and P ~ p l e , and
’ ~ ~by McRae.lE6Some of these theories
suffer because of their complexity. By far, the most straightforward is the
theory of Longuet-Higgins and Pople, where only attractive interactions
derived from dispersion forces (induced-dipole-induced-dipole) are considered. Their simplified expression for the solvent-induced shift to lower
energy* (red shift) of weak absorption transitions (f 5 0.01) caused by
dispersion interactions is,t
red shift

= $a,,auz?;:E.

(2.4.42)

Here a,,and a, are the molecular polarizabilities of solute (ground state)
and solvent respectively and E is the energy of the transition. Each
solute molecule is supposed to be surrounded by x solvent molecules a t a
mean distance PUu. Such a theory is substantially correct for spherically
symmetric interacting partners but, practically, may be not so very bad
when nonspherical, but nonpolar, molecules are being considered. Dipoledipole or dipole-induced-dipole interactions may be accounted for
separately in tJhe sense that a polar molecule may be taken to be a
spherically symmetric, polarizable charge distribution with a point dipole
embedded a t its center.
Unfortunately, any oversimplified quantum-mechanical theory of such
spectral shifts suffers for two important reasons. The first of these is that
the same kind of errors are present which arise in a n y calculation of dis* Shifts are measured with respect to the gas phase absorption transition.
t This is Eq. (14) of reference 185 with the following alterations. A factor of & which
arose from averaging the induced-dipole-induced-dipole interactions over a random
angular distribution of molecules has been omitted. Since the relative orientation of
the induced dipoles with respect to one another is fixed, this kind of averaging is not
allowed. The second term of Eq. (14) in reference 185 which involves the transition
moment of the solute has been omitted, because only weak transitions are being considered here. For moderately strong transitions, a term containing tot,lMIZ, where
M is the transition moment, must be added t o Eq. (2.4.42). I t is not certain, however,
that a strong transition theory of this type is ever applicable because the average
energy approximation begins to fail badly, and terms in R-8, R-10, . . become
increasingly important.
I g 3 N. S. Bayliss, J. Chem. Phys. 18, 292 (1950).
Ig4 Y. Ooshika, J. Phys. SOC.
Japan 9, 594 (1954).
H. C. Longuet-Higgins and J. A. Poplc, J. Chem. Phys. 27, 192 (1957).
lS6E.G. McRae, J. Phys. Chem. 61, 562 (1957).
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persion energies by perturbation theories. It is known that energy calculations depend upon a detailed knowledge of energies and oscillator
strengths of transitions from the state under consideration to all other
states, including the ionization continuum. Calculated energies, for systems other than Hz and He, are often small by a factor of two, primarily
because, to avoid the summation over all these states, a single, unrealistic
average transition energy arid oscillator strength is u ~ e d . ’ ~A
7 second
serious difficulty is in the neglect of repulsive interactions which usually
add a blue shift t o the dispersion red shift. Perhaps in many instances
these errors, which are in opposite directions, tend to cancel one ariothcr.
On the other hand, repulsive blue shifts, which can occur in high-pressure
experiments or when a large solute molecule is dissolved (or trapped) in a
small-molecule solvent, cannot be explained by a theory of attractive
interactions alone. Blue shifts [or shifts still further to the red] in nonpolar
solvents, caused by a decrease [or increase] in the permanent dipole
moment of the excited state of the solute, may be accounted for by
inclusion of dipole-induced-dipole interactions into the theory.
An empirical theory which is based upon the long existing methods of
estimating intermolecular interaction constants has been presented by
McCarty and
to explain shifts in the spectra of polar and nonpolar molecules a t substitutional sites in nonpolar, crystalline “solvents.”
The theory has been applied in particular to rare gas, face-centered cubic
(fcc) crystalline solvents but is equally applicable to other crystals, or to
fluids if proper averaging over different orientations and local density
fluctuations is carried out.1SyMcCarty and Robinson took, as a first
approximation to the intcrmolecular potential, a Lennard-Jones function,
V(u,v) = A,,r;:2 - Buvr;$ for pair interactions between a solute molecule and a solvent molecule a distance ruvapart. They assumed additivity
of potentials, * and adopted the mathematically convenient combining

* The additivity of dispersion energies is justified since they arise primarily from a
second-order perturbation calculation. Additivity of exchange interactions, which are
responsible for the repulsive term, is not justified, although such an approximation
has been used in the calculation of intermolecular constants from crystal data. Near
agreement between the constants calculated in this way and those found from lowdensity viscosity and virial coefficient data is taken t o justify this procedure.
187 These points, as related to intermolecular interaction and molecular polarizability calculations, are discussed in the review article by K. S. Pitzer, Advances in
Chem. Phys. 2, 59 (1959).
188 M. McCarty, Jr. and G. W. Robinson, Mol. Phys. 2, 415 (1959).
189Scc, however, G. W. Robinson [Mol. Phys. 3, 301 (1906)], who questions the
idea that “holes” in a dense fluid are of random sizes and orientations when studied
with high frequency measuring methods; i.c. by means of electronic rathcr than
nuclear phenomena.
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laws, *
(2.4.43)
for the attractive constant B,, and the repulsive constant Auu.Since the
constants A , and B, for the solvent are usually known, the use of these
laws results in a reduction of the number of unknown quantities in the
spectral shift expression. Under these assumptions the spcctral shift for
solvent-solute interactions of the Lennard-Jones form is givcn by19o

where the sum is carried out over all solvent neighbors, and the prime and
double prime refer to the upper and lower states, respectively, of the
solute molecule. The second term of (2.4.44) corresponding to attractive
interactions is just t,he difference in dispersion energies between tJhe
excited state and the ground state of the solute molecule, and i t should
therefore be identical to the (correct,ed) Longuct-Higgins and Pople
expression (2.4.42). This can be seen to be the case when thc London
energy,lgl
(2.4.45)
in terms of effective excitation energies U and molecular polarizabilities 01,
for the ground state of the solute interacting with a solvent molecule, is
subtracted from th at of the excited state of the solute interacting with a
solvent molecule. The difference is summed over all solvent molecules.
The contribution from the (assumed weak) transition whose solvent shift
is being calculated is neglected. The effective cxcitatioii energy of the
* These laws are probably no worse than the usual combining laws:
uuu

= &nu

+ u”);

CllU

=

dZ

with A,, = 4euuu:; and B,, = 4e,,atu. Their usefulness is in their mathematical form.
190Followingthe notation of McCarty and Robinson,188 Eq. (2.4.44) may be
written:

with 2AI2 = A:,”2 - A:)”*;2As = B’”*
z1
- B&’”?.
lB1 K. S. Pitzer, Advances in Chem. Phys. 2, 59 (1959); cf. Eq. 29 of this reference,
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solute in its excited state is taken to be U , - E,, where ?CtL is the energy
required to promote the solute t o its excited state. Using the approximation of efl'ective excitation energies, the polarizability of a molecule q
becomes,1S7
aq =

Kq/Uq

(2.4.46)

where K , involves the sum over oscillator strengths of the transitions
involving the polarizable electrons. Following Loriguet-Higgins and
P ~ p l e the
' ~ approximation,
~

u, = u, > E ,

(2.4.47)

is made, and since Z, gives the factor z, Eq. (2.4.42) follows. This means
that (2.4.44) may alternately be written in the form,

or still more approximately as,
(2.4.49)
The quantity EZ is the London energy (2.4.45) for the ground state of the
solute interacting with a solvent molecule, and [ J Y is the cffcctive excitation energy for the ground state of the solute molccule. The notation of
footnote 190 has been adopted. The second term always contributes a red
shift t o the spectrum. The first term very likely always contributes a blue
shift since higher energy orbitals are usually "larger" than lower energy
ones, thus causing A12 to be positive. For fcc local structure the sum over
all v contributes a factor 12.13 to the first term arid a factor 14.45 to the
, and
second term. The unknown quantities in these equations are A I ~ AS,
unfortunately rUz. I n particular it is t o be rioted that solvent shifts are
nonlinear with respect to a* and r;1,6 because of thc presence of the repulsive interactions. If a change upon excitation of the permanent dipole
moment of the solute occurs, a dipole-induced-dipole contribution t o AE
must be included.
McCarty and Robinson chose ruv t o be identical to the solvent-solvent
nearest neighbor distance rDUin pure crystalline solvent, since it was
thought that the preponderance of solvent-solvent attractive interactions
would greatly resist local expansion or compression at, a n impurity site.
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This was later partially borne out by experiments which showed absorpt.ion and fluorescence shifts to be not very different.* Actually, the change
in rvva t a n impurity site can be estimated by a method due t,o McCarty.192
He undertook a computer calculation of the equilibrium ruv distance,
assuming Lennard-Jones interactions. Important contributions to the
energy out t o next-next nearest neighbor solvent-solute interactions were
retained. By fitting these numerical results to a n analytical expression, he
found t h a t t
(2.4.50)

If the lattice relaxation time is fast compared with the emission lifetime,
the emission shifts may be calculated in terms of excited state parameters.
Figure 15 shows the effect of rare gas environments upon the spectrum
of NH, a t 4.2”K. The shifts are caused effectively by induced-dipoleinduced-dipole interactions, in both the bent ground state and the linear
excited state of NH2, contributing to a red shift; and a dipole-induceddipole interaction in the ground state contributing to a blue shift. The
observed shifts are +27.4 cm-1, -7.1 cm-l, and -41.6 cm-’ for argon,
krypton, and xenon respectively. The shifts are interpreted a s being
caused by dominant dipole-induced-dipole plus repulsive interactions in
argon, which are fully suppressed in krypton and finally dominated in
xenon by the dispersion interactions. Figure 16 shows the vibrational
structure and dispersion red shifts in the spectrum of a reasonably complex molecule, benzene (CBHG), in solid rare gases.
2.4.4.3. Strong Solvent-Solute Interactions. I n certain cases the
affinity of the solvent molecule for electrons is anomalously large if there
are low-lying unfilled orbitals in the solvent. If the solute is a better
donorf in t,he ground state than in the excited state, then the ground state

* A large change of local geometry upon excitation of the solute, if lattice relaxation
is assumed to be complete during the lifetime of the excited state, will cause different
shifts for absorption and emission because of the change in ruv. For N H in solid argon
the difference was observed t o be negligible. For C Pin solid xenon the difference was
observed to be 50 cm-1 corresponding to a change of approximately 0.05 in iuu.In
addition to these observations, the absence of a large amount of crystal vibrational
structure (or broadening) indicates little change of local crystal equilibrium geometry
in the excitation process.
t rvv = do = 1.09O2uv,for fcc packing.
3 It is conceivable that in some instances the terms “donor” and ‘iacceptor” may
not apply, since both interacting partners may donate electrons to the “intermolecular
bond.”
M. McCarty, Jr., Dissertation, Department of Chemistry, The Johns Hopkins
University, Baltimore, Maryland, 1960.
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FIG. 15. Progressive red shifts with increasing polarizability of the environment in the absorption spectrum of trapped XH, free
radicals. The numbers in parentheses are the shifts with respect to the vapor phase spectrum. The absolute shifts are explained on
the basis of competitive dipole-induced-dipole and induced-dipole-induced-dipole interactions. An analysis of the rotational structure
has not yet been fully carried out. From unpublished work of M. McCarty, Jr. and G. W. Robinson.
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FIG. 16. See opposite page for descriptive legend.
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is depressed in energy more than the excited state and a blue shift results.
Such “charge transfer” c o m p l e x ~ sare
~ ~common,
~
the iodine-pyridine
( C ~ H K N1): 1 complexig4 being a good example. They bridge the gap
between the weaker van der Waals complexes and molecules bound
together by strong valence forces.
Since the electron density and thus the vibrational force constant of the
donor molecule is decreased, the vibrational spectrum is expected to
have a red shift characteristic of attractive interactions. In the iodinepyridine complex, the 1 2 vibrational frequency is decreasedig6from
213 cm-I, the gas phase value, to 18-1cm-’ in the complex. Ignoring any
possible effective mass change, about 7% of the bonding electron density
appears to be removed from the I f bond because of the interaction with
the pyridinr. In halogen-benzene system^,'^^-^^^ 2.8%, 2.G%, and 2.1 %
of the bonding electron density of Clz, BIZ,and 1 2 , respectively, appears
to be donated to the environment. The decrease with increasing molecular
weight, instead of an expected increase, may in part be caused by repulsive
interactions which hecome increabingly important for the larger halogen
molecules.
2.4.5. Transition Probabilities in Molecular Electronic S p e ~ t r a ~ ~ * - ? ~ ’
There are two methods by which the transition probability of an
electronic transit,ion may be measured. These are (1) absorption intensities
and ( 2 ) emission lifetimes of the purely radiative transition. Consider the
case of an isotropic arid unpolarized radiat’ion field. The Einstein probability B,, for a n absorption transition from a state m to a higher stat,e n
S. P. McGlynn, Chetn. Reus. 68, 1113 (1958).
C. Reid and R. S.Mulliken, J . Am. Chem. Sot. 76, 3869 (1954).
E. K. Plyler and R. S. Mulliken, J . Am. Chem. SOC.81, 823 (1959).
196 J. Collin and L. D’Or, J . Chem. Phys. 23, 397 (1955).
197 L. D’Or, R. Alewalters, and J. Collin, Rev. traa. chim. 76, 862 (1956).
1 9 8 A. Einstein, Physik. 2. 18, 121 (1917).
199 E. U. Condon and G. H. Shortley, “Theory of Atomic Sprct,ra,” Chapter IV.
Cambridge Univ. Press, London and New York, 1051.
2ooG. Herzlwrg, “Spectra of Diatomic Molecules,” 2nd ed., pp. 18-21 and pp.
381-386. Van Nostrand, Princeton, New Jersey, 1 9 5 0 .
201 L. Pauling and E. B. Wilson, “Introduction to Quantum Mechanics,” pp. 299314. McGraw-Hill, New York, 1935.
lQs
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FIG. 16. Qogressive red shifts with increasirig polarizability of the environment
in the 2650 A absorption system of trapped C6H6. The top photograph shows the
spectrum of the vapor a t room temperature. From a comparison of the vibrational
structure of CsH6 in solid argon and krypton, one sees t h a t the vibrational levels in the
excited state are only very wrakly perturbed by the environment. From unpublished
work by M, It. Wright, R . P. Frosch, and G, W. Robinson.
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is related t o a dimensionless quantity f"", called the oscillator strength, by

fnm = 2mhc2vnmBmrr/e2

(2.4.51)

where hcvSmis the energy* of the transition n t m. I n (2.4.51) m is the
electron rest mass, e is the electronic charge, and the other constants have
their usual significance. The number of absorption transitions of molecules
receiving radiation per ern3 per see from a perfect radiator is PnmNmBmn,
where N , is the number of molecules per cm3 in the state m, and
pnln =

8 ~ h ~ ~ ~ ~- ,11/ [ e ~ ~ ~ (2.4.52)
~ ~ ~ ' ~ ~

is the density of incident radiation from the source a t temperature T. It
should be noted that the units of B,, are erg-' cm3 (cm-l) sec-' and those
of prim are erg cmp3 (cm-l)-l, where (cm-l) is the unit of wave number.
i.e.,
Thus p,,,B,, has the dirncnsions of rate. The incident intensity
the energy falling on unit cross-sectional area per unit time, is simply cp,,.
Because of the equality of rates of absorption and emission between
two isolated states m and n in equilibrium with the radiation field, one
may write
NmpnmBmn = Nm(Anm PnmBnm)
(2.4.53)

+

which relates the transition probability A , , for spontaneous emission to
that for absorption B,, and induced or stimulated emission B,, through
the two equations,
gmBmn = g n B n m
(2.4.54)
A,,,, = 8ahcv:,B,,
where g, is the statistical weight of the mth level. Like PnrnBmn, A,, has
units of sec-l.? The emission intensity IT: per molecule is given by the
energy per quantum multiplied by the rate a t which quanta are emitted
per molecule,
IT: = hcvmnA,,
(2.4.55)
in units of ergs sec-'. The absorption intensity 1;; per molecule is similarly
given by,
I:rs = hcv,,pn,B,,.
(2.4.56)
* N o t e t h a t Y,,, has been defined here as the waue number, not the frequency.
According to custom, the subscripts on R and A are in the order initial-final, while for
the other quantities they are in the order final-initial.
f The formulas are, of course, different when frequency G instead of wave-number Y
is used because of the scale factor c. Not only does one have i = C Y but also
p(.)

=p(~)/c

and

B ( i ) = cB(v).

On the other hand, the quantities ( p B ) , A and f i n both unit systems are identical.
Most spectroscopy texts employ Y units, while quantum mechanics texts use i~units.
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For a thin absorbing layer* of thickness Ax the absorption intensity per
unit cross-sechional area is simply given by Eq. (2.4.56) multiplied by
N , A x , where N , is the number of molecules in the mth state per unit
volume.
The relationships (2.4.51)-(2.4.56) are useful in relating the oscillator
strengthf”“ t o the experimental quantities:? (1) the absorption coefficient
k , for the transition n t m ; or (2) the mean radiative lifetime for spontaneous emission from a state n to a set of lower states. Setting aside the
thin absorbing layer approximation, these relationships are a s follows.Zo2
absorption, n +- m:

mc2

16,

d v = 4.204 X

lo-’
(2.4.57)

=

4.317 X
jnm

6”

dv

emission, n 3 m:
(2.4.58)
with

T,,

=

1An, , for Em< En;and
~

m
T,,

(measured)

=

(tz

-

tl)/ln I(tl)/I(tz)

where t = time and I = intensity.
I n (2.4.57), k , is called the absorption coeficient, and e, is called the
extinction coeficient. The integration is carried out over all wave numbers
containing the transition n + m. I n absorption measurements, a quantity
Inm/I,nm,which represents the fraction of incident intensity transmitted
a t wave number vnm, is often the experimental datum determined. The
is
relationshipzo3between k,, ev, and Inm/I,nm
Inm,/I;m = e--kvl = 10-e.CZ
(2.4.59)
where k, is t,aken a t a concentration of gas corresponding to 0°C and
1 atmos pressure. The path length I is in cm. The extinction coefficient

* This neglects natural line width. See reference 199, pp. 109-111, for a discussion
of the case where this approximation is not made. The relationships (2.4.57)-(2.4.59)
are bascd on arguments similar to those in this reference.
I.Note that the following Eqs. (2.4.57) and (2.4 58) both definepm. It is important
to distinguish between f”“and fmn because of Eq. (2.4.63).
202 The numerical constants have been calculated from the fundamental constants
of E. R. Cohen, J. W. M. DuMond, T. W. Layton, and J. S. Rollett, Revs. Modern
Phys. 27, 363 (1955).
203 G. R. Harrison, R. C. Lord, and J. R. Loofbourow, “Practical Spectroscopy,”
pp. 362-365. Prentice-Hall, Englewood Cliffs, New Jersey, 1948.
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C being
given in moles/liter and the path length 1 being given in cm. For a n ideal
gas, a t the conditions specified for k,, C = (22.415)-' mole/liter, and it
follows t.hat,
I;, = 0.10276,.
(2.4.60)
e , is primarily used for dissolved molecules, the concentration

For a reasonably symmetrical absorption shape for Ic, or ev plotked against
cm-l, the necessary integrals in (2.4.57) may be roughly approximated by

Here k,,, or emax refer to the maximum absorption or extinction coefficients, Awl12 is the width at half-heightin em-' and y is 1.00 for a n assumed
triangular shape and is 1.06 for an assumed Gaussian shape. For discrete lines or bands, the integration (summation) is much more tedious
to carry out, and instrumental resolving power is a n important factor for
very sharp lines. Broadening by pressure or by liquid solvent avoids the
intensity summation, but such a procedure may be accompanied by
environmental perturbations of the intensities sufficiently strong to completely negate the result. Such errors are expected t o be particularly large
for highly forbidden transitions. *
The statistical weight factors occurring in (2.4.54) and the factors G in
(2.4.58) have been discussed hy MullikenZo4for allowed transitions. G
represents the total number of final state orbitals with which a n y one
initial state orbital can combine; for example, II +- 2 or E + A transitions have GJG, = 2, while Z +- 2: or II +- rl transitions have GJG, = 1.
It was pointed out by Mulliken that Gn/G,, = gn/gm. The neglect of the
various components of spin, rotation, and vibration in the tmatment is
justified, but only for perfectlg separable eigenfecnctions (see Section
2.4.5.2),if the theoretical oscillator st,rength is compared with an exptrimental one based upon the summation over all fine structure components.
Since molecules do not possess spherical symmetry, the maximum orbital
degeneracy, and thus the maximum G value, is 3. The formulas apply
to the case of Renner or Jahn-Teller perturbations if the experimental
oscillator strength is obtained by summation over all the Renner or
.Jahn-Teller components.
* See Section 2.4.5.3.
S.Mulliken, J. Chem. Phys. 7,

14 (1939). For forbidden transitions see statement at bottom of p. 17 of this reference and our Eq. (2.4.77).
zo4IE.
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2.4.5.1. The Theoretical Oscillator Strength. Oscillator strengths may
be calculated theoretically from the expression,

=

1.085 X 10" VnmGnI M n m I 2e--2

(2.4.62)

where? for electric dipole transitionst

i

for magnetic dipole transitions
Mnm

=

C

21

qk,*(z,q)

[ri X ( - i h ) v ( o

+ 2Si]qm(~,q)dz

dq

i

and for electric quadrupole transitions

M,,

= -

1/& .rrv,,e

/

(riri - +ri2Ef)9,(x,q) dz

\kn*(x,q)

dq.

i

Because of the factors g (or G) in (2.4.54) and the fact that vnm = - vmn,
the oscillator strength [see Eq. (2.4.51)] is not symmetric in initial and
final states, and one has
Gmfnm= -Gnfmn.

(2.4.63)

G, does not show up as a factor in (2.4.62), since orbital degeneracy in
the initial state merely causes a distribution of absorbing molecules among
the various degenerate initial levels and does not affect the absorbing

t As in Section 2.4.3.2, x and 9 represent collective coordinates for electrons and
nuclei respectively. We assume here t h a t rotational, vibrational, and electronic
coordinates are separable, i n which case the discussion of rotational intensities is
identical with that for vibration-rotation band structure with the dipole moment in the
direction of the electronic transition moment, Mnm.This assumption must be amended
when vibration-rotation or electronic-rotation interactions are present.
3 The matrix elements <nl&r;lrn > may alternately be written
or

remembering that vnm represents wave number throughout. These expressions are, of
course, equivalent for the exact eigenfunctions, but are not necessarily so for approximate eigenfunctions. The three forms above stress regions which are near, intermediate,
and distant from the origin, respectively. For this reason, the second is to be preferred
when approximate wave functions are used. Generally the first expression is used
because of its relative simplicity.
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power per molecule. The integrals occurring in the transition moments
Mnmof (2.4.62) may be calculated from first principles providing the
eigenfunctions !P(x,q) are known. * The summations, in principle, are
over all molecular e1ectrons.t The quantity IMle-’ has units of length
(cm). I n the electric dipole transition moment, ri is the radius vector,
referred to a molecule fixed coordinate system, of the ith molecular electron. In the magnetic dipole integral, S; = +?id;, where, as before, the
Cartesian components of d, are the Pauli matrices referred to the ith
electron. The quantity riri in the expression for electric quadrupole
transition206moment is a dyadic with components s2ii, syij, szik, etc.,
jj
kk.
where i, j, and k are the unit vectors; 5 is the unit dyadic ii
The elements of (riq - +ri23)are thus zy, zz, . . . +(ax2 - y2 - 9). . . ,
etc. An illustrative example of a calculation of an electric quadrupole
transition probability, but for a rotation-vibration band, is given by
James and Coolidge.206It is important to stress that, in general, for molecules as opposed to atoms, M is highly anisotropic. The magnitudes,
respectively, of allowed magnetic dipole and allowed electric quadrupole
oscillator strengths relative to allowed electric dipole oscillator strengths
and ?r2a2/X2(-lOW),
where v is the
are approximately v 2 / c 2 (-1OP)
average electron velocity in the molecule, c is the velocity of light, a is
the average diameter of the electronic orbital, and X is the wavelength
corresponding to the electronic transition. I n spectral regions where
electric dipole radiation is weak one should always be on the alert for the
presence of magnetic dipole or electric quadrupole contributions to the
band structure.
In order to simplify the discussion of theoretical oscillator strengths,
it is advantageous to separate the nuclear and electronic parts of the
transition moment integrals.207Consider a transition from the ith vibrational level of the mth electronic state to an array of vibrational levels,
labeled j , of the nth electronic state. The entire transition probability can
then be described by finally summing over all vibrational levels of the mth
state, weighted according to their population. In accordance with Eqs.
(2.4.7) and (2.4.62), the oscillator strength f:” for these transitions is

+ +

* Alternately, experimental oscillator strengths provide a sensitive test for theoretical eigenfunctions.
t But see Section 2.4.5.2.
206 An excellent discussion of magnetic dipole and electric quadrupole radiation is
given by E. C. Kemble, “Fundamental Principles of Quantum Mechanics,” pp.
462-469. McGraw-Hill, New York, 1937.
2oB H. M. James and A. S. Coolidge, Astrophys. J . 87, 438 (1938).
207 See, for example, H. Sponer and E. Teller, Revs. Modern Phys. 13, 75 (1941). A
more detailed discussion has been presented by A. C. Albrecht, J . Chem. Phys. 33, 156
(1960). Our notation here and in the subsequent discussion is similar to Albrecht’s.
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@ni(q)@mt(tl)%Rnm(q)

dq

1’

(2.4.64)

3

where /3

=

(hmc/3he2) and
%Rnm(7) =

Jen*(z,q)m(z)e,(z,q)dx.

Here, m(x) refers to the electric dipole or quadrupole moment in the
integrals of Eqs. (2.4.62). It is assumed in (2.4.64) that the vibrational
motions in each electronic state can be described in terms of the same
vibrational coordinates q. One can now separate out the 7 dependent
parts of (2.4.64) by expanding i?.Xn,(q) in a Taylor’s series,
rnnm(q) = rnnm(0)

+

(am%m/a7)oq

+-

(2.4.65)

about the equilibrium nuclear configuration (q = 0) of, say, the mth electronic state. If the 7’s are the normal coordinates Qaof a nonlinear polyatomic molecule, for example, the second term is a sum Xa(ai?.Xnm/aQa)oQa
of 3N-6 parts. A transition is said to be symmetry allowed when i?.Xnm(0)
is nonvanishing. In this case, and when, in addition, higher terms in
(2.4.65) are negligible compared with i?.Xnm(O), the oscillator strength is
given by

f,””(O)

=

PGn

1

v’,”,I%Qnm(0)12

3

1/

@ n j ( ~ ) @ m z ( ~dq
)

r*

(2.4.66)

The relative contributions to the oscillator strengths of the separate
vibratibnal bands in the electronic transition are seen to be proportional
to v’,”,(JckJ(q)@ml(q) dqlz, that is, the wave number multiplied by the
square of the vibrational overlap integral. This is the quantum-mechanical
statement of the Franck-Condon principle. 208 For example, in a diatomic
molecule, if the bond distances are equal in the combining electronic
states, the force constants must also be very nearly equal, and the vibrational eigenfuiictions in the two states are orthogonal, or nearly so. This
leads only to strong bands of the type 0-0, 1-1, . . . , v--21, where the
vibrational quantum number does not change. A change in bond distance
upon excitation causes the vibrational overlap integrals to be nonvanishing over an array of vibrational quanta, with a maximum near the region
where the values of <r2>t,’l for the two electronic states are equal.
Quantitative calculations of relative vibrational intensities have been
*08 See, for example, the original literature: J Franck, Trans. Faraday SOC.
21, 536
(1925); E. U. Condon, Phys. Rev. 32,858 (1928); or G. Herzberg, “Spectra of Diatomic
Molecules,” 2nd ed., pp. 196-203. Van Nostrand, Princeton, New Jersey, 1950.
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performed for diatomic mo1ecules,~O9 and the calculations have been
generalized to polyatomic molecules.210The overlap integral vanishes
for odd quantum differences of nontotally symmetrical vibrations in
polyatomic molecules. Only Av = 0, 2, 4, . . . occurs if there is a change
of symmetry or a reasonably large change of force constant associated
with the nontotally symmetrical vibration.
One may simplify Eq. (2.4.66) for the total oscillator strength for transitions from the vibronic state i, by making the approximation that a factor
<vin > may be taken out of the j sum as a weighted mean value of v;,.
Whence,
f:”(O> = P G , < V : , > I ~ L ~ ( O ) ~ ~
(2.4.67)
since the sum over the vibrational overlap integrals equals unity in the
sense that one can expand a,,,in terms of an.It is usually assumed that
< vim> 0 v,, the wave number where maximum intensity occurs.
In certain instances, a transition may be formally allowed, yet the contribution from the second termt of (2.4.65) may be measurable, comparable or even dominant with respect to !Bl,,(O). This situation is fairly
common in polyatomic molecules where substituent groups damage the
over-all symmetry but not the symmetry of the local electronic structure
in the molecule. There are a number of other instances where the eigenfunctions are such that !Blnm(0)is just small, but nonvanishing. Some
of these cases have been dealt with recently by Albrecht.2110212
While the calculation of the actual magnitude of T532,,(0) requires a
knowledge of the electronic eigenfunctions, precise statements regarding
the conditions under which !Bl,,,(O) vanishes can be made using symmetry
(group theoretical) arguments. The integral Y.Rnrn(O), and thus a transition
n * m, is nonvanishing for symmetry reasons$ when the direct product
representation of en*,em,and m(z) contains the symmetric representation
(rl). Rules governing transitions, derived through group theoretical
arguments, are called symmetry selection rules. I n general, the higher the
symmetry the more stringent are the selection rules. For electric dipole

t This term will be discussed more fully in the next subsection (2.5.4.2).
$ Its value may be small for other reasons.
See literature cited in Herzberg,*o*pp. 202-203, and a series of papers by R. W.
Nicholls and his co-workers where Morse potential overlap integrals have been used.
See, W. R. Jarmain, P. A. Fraser, and R. W. Nicholls, Astrophys. J. 118, 228 (1953);
P. A. Fraser, W. R. Jarmain, and R. W. Nicholls, ibid. 119,286 (1954); R. N. Dixon
and R. W. Nicholls, Can. J. Phys. 36, 127 (1958); and other references cited in these
papers.
* l o See, for example, the calculation for C6H6 by D. P. Craig, J. Chem. SOC.p. 2146
(1950).
a l l A. C. Albrecht, J . Chem. Phys. 33, 156 (1960).
*12A. C. Albrecht, J. Chem. Phys. 33, 169 (1960).
*09
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radiation the components of m(s) transform as the translations T,, T,, or
T,, and for magnetic dipole transitions they transform as rotations R,, R,,
or R,. The components of the electric quadrupole tensor transform a s
products of coordinates. The electronic eigenfunctions e(z,O) form bases
for the irreducible representations of the symmetry group defined by the
symmetry of the nuclear field in which the electrons move. The determination of electronic selection rules by group theoretical techniques is
discussed in ref. 130, and tables of direct product representations are
included in this reference.*
2.4.5.2. Semiquantitative Considerations. An approximation to the
electronic integrals in Eq. (2.4.62) uses “one electron” eigenfunctions
through the introduction of molecular orbital theory. The initial and
final “eigenstates” then differ in a single molecular spin orbital caused
to a final one
by the “jump” of a n electron i from a n initial orbital
4%.For electric dipole transitions the evaluation of a single integral of
the type,
J+n(i)r,+m(i)
dri
(2.4.68)

+*

is all t ha t is necessary for the calculation off””. I n the molecular orbital
approximation, only one-electron transitions are allowed, since integrals
like
S (9+m (An+, (4+q ( j ) d ~ dri
i
(2.4.69)
vanish because of the orthogonality of the 4’s. As usual, the orthogonality
of spin eigenfunctions requires the integral in (2.4.62) as well a s (2.4.68)
to vanish, in the absence of spin-orbit or hyperfine2I3perturbations, for
initial and final states which have different multiplicities. It should be
stressed that the selection rules obtained from (2.4.68) are identical to the
exact ones. I n a molecular orbital theory where the molecular orbitals are
constructed from linear combinations of atomic orbitals x,the integral is
a sum over atomic contributions of the type
Sxsrixt

dri

(2.4.70)

which are weighted according to the coefficients of the individual atomic
orbitals.
Mulliken214using simplified orbital techniques has been able to estimate
transition probabilities in a number of molecules. He divides molecular
transitions into groups and computes the intensities of transitions in

* See also footnote 99.
H. Sternlicht and H. M. McConnell, J . Chem. Phys. 33, 302 (1960); this effect in
molecules is probably much smaller than the effect of vibrational motions upon the
spin-orbit matrix elements.
214 For a partial summary of some of this work, see R. S. Mulliken and C. A. Rieke,
Repts. P r o p . in Phys. 8, 231 (1941).
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certain prototype cases. Three important types are Rydberg transitions
and what Mulliken has termed V-N and Q-N transitions. Rydberg
transitions in atoms to states where n has changed by just one or two are
often strong transitions. The lowest members of a Rydberg series in a
molecule are similarly expected to be fairly intense.
Mulliken has described V-N transitions as valence shell transitions
between the ground (normal) state N and an excited state V in which a n
electron has been essentially transferred from one atom to another in the
molecule. For this reason such transitions may be called “charge transfer
spectra.” From a molecular orbital point of view, the transition may be
described as one where an electron in a bonding orbital, u or T , makes a
transition t o a n antibonding orbital, u* or T * , respectively. I n this description, charge is thereby effectively transferred from the bond onto the
atoms. Using very simple molecular orbital theory Mulliken has shown
that, when only one chemical bond is involved in the transition (ethylene, Hz),the magnitude of Me-’is roughly equal to the bond distance.
This magnitude, according to Eq. (2.4.62), accounts for transitions for
which j is of the order of unity. When n atoms, connected by n - 1
conjugated bonds, are present there are n2 V-iV transitions. I n this case
Me-’ may be of the order of the length of the entire conjugated system
and furthermore depends upon the relative orientations of the bonds
with respect t o each other since the individual moments must be added
vectorially.
Transitions of the Q-N type have been described by Mulliken as those
involving the transfer of an electron from a nonbonding orbital to a
bonding or antibonding u orbital. &-N transitions are generally much
weaker than V-N transitions, since they are primarily derived from
npu-nm transitions which are forbidden in atoms. These transitions are
nevertheless important since they often occur at fairly long wavelengths.
Another group of still weaker but quite important molecular transitions
involves a transition from a nonbonding orbital localized on one atom in
the molecule t o an antibonding T orbital which extends over more than
one atom in the rn0lecule.~l6These so-called n q * transitions are often the
longest wavelength transitions in simple molecules containing the groups :

\

/

c=o,

\

/

C=S,

-N=O,

\

/

C=N-

216 J. W. Sidman, Chem. Rev. 68,689 (1958) ; this is a review article concerning electronic transitions of nonbonding electrons. I n certain instances, because of the strong
coulomb attraction of the electron with the remaining nonbonding positive hole, the
n-r* transition may be somewhat localized and may better be represented as a n n-p
transition. See, for example, M. A. El-Sayed and G. W. Robinson, J. Chem. Phys. 34,
1840 (1961); and important correction to this paper, ibid., in press.
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Such transitions are expected to be weak since they are derived primarily
further
from atomic npr-npr transitions, which are forbidden. Platt21’J,217
divides this important class of molecular transitions into two types: (1)
W-A transitions which are allowed by local symmetry; and ( 2 ) U-A
transitions which are forbidden b y local symmetry. Since it is known
experimentally that n l r * transitions, in a series of similar molecules, have
about the same intensities irrespective of attached, unconjugated groups,
the local symmetry appears to be much more important than the over-all
molecular symmetry in determining the intensity of such localized
molecular transitions. The important distinction between locally allowed
and forbidden n l r * transitions arises from the amount of nsu lLcharacter’J
present in the nonbonding orbital. Since atomic transitions nsu-np are
moderately intense, the presence of s character in the transition integral
(2.4.68) gives rise to a reasonable transition moment.
2.4.5.3. Forbidden Transitions. When !Dt,,(O) of (2.4.65) vanishes
for symmetry reasons the transition is said to be symmetry forbidden.
Transitions also may be essentially forbidden because of other special
mathematical properties of the electronic eigenfunctions.218Transitions
forbidden because of violation of the spin selection rule A S = 0 are said
to be multiplicity forbidden.
2.4.5.3.1. VIBRATIONALLY
INDUCED
TRANSITIONS.
The most common
type of forbidden polyatomic spectra are those which are vibrationally induced, caused by terms beyond !Dtm,,(0)in (2.4.65). The term
(a!Dt,,/aV) 0 transforms in the electronic coordinates as the product
e,e,rn(x)v, so that such forbidden transitions become formally allowed
if the direct product representation of these four quantities contains the
totally symmetric representation. As a simple example take a A1
A2
symmetry forbidden electric dipole transition in Czvmolecules. The transition can be vibrationally induced with electric vector in the x(bl), y(bz), or
z ( a l ) directions by bz, bl, or a2 vibrat,ions respectively. In actual practice
such transitions are observed only if the magnitude of (r39.Xn,,/aq)o is
not too small for reasons other than those of symmetry. The first-order
vibrationally induced contribution to the oscillator strength becomes

J. R. Platt, J. Chem. Phys. 18, 1168 (1950).
J. R. Platt, J. Opt. SOC.Am. 43, 252 (1953).
118 For example, the U-A transitions discussed in the last section; or the even-odd
“selection rule” for transitions in alternate hydrocarbons discussed by R. Pariser,
J. Chem. Phys. 24, 250 (1956). See also H. Sponer and E. Teller, Revs. Modern Phys.
13, 75 (1941), which gives a discussion of the case of the substituted benzenes.
217
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where % k , , ( l )= (d9JZm,,/dr])~. Again the vibrational integrals are seriously affected by the "Franck-Condon effect" because of a more general
type of overlap. If the perturbing vibration is not one which is directly
associated with a change of geometry or force constant between the two
states, only one quantum of it will appear in combination with a progression of symmetric vibrations or with an alternate progression
(Av = 0, 2, 4 . . .) of antisymmetric vibrations. The latter situation
occurs when the symmetry or the appropriate force constant of the
molecule changes in the transition.
Consider again the transition from the i,th vibronic level (ith vibrational, mth electronic) to an array of vibrational levels labeled j in the
nth electronic state. Using the "average wave-number approximation "
(p. 248), squaring and summing over all j , one obtains,

Use has been made of the quantum-mechanical sum rule219for the sum
over the squares of the vibrational integrals. For harmonic oscillator
eigenfunctions, one may writezz0
<im]q21i,>

=

(2i

+ 1)h(8a2cvo)-'

(2.4.73)

for a single perturbing vibration with fundamental frequency CVO. It
should be noted in particular that for nonvanishing %Ytnm(l),
f~"(1)is
nonvanishing for the case where the molecule is undergoing zero point
vibrations (i = 0) in the initial state. In (2.4.73) r] has been defined as a
mass-weighted coordinate whose dimensions are g1I2 cm. The treatment
in this section is directly applicable to diatomic molecules? or to polyatomic molecules where only one perturbing vibration is important. If one
is considering a polyatomic molecule having more than one perturbing
vibration, the quantities (2.4.71)-(2.4.72) are merely summed over all the
pertinent vibrational coordinates a remembering that, because of the
vector form of Yt2,,, I"tzL(l)l2 = &,"iJ't&(l)~z.
It should be noted that if,
for convenience, qo is defined as a mass-weighted displacement coordinate,
it may be expressed as a linear combination of normal coordinates in

t Where !Dln,,,(1) is due to a single symmetric vibration. Here selection rules are
unaffected but absolute intensities may be.
2lP D. Bohm, "Quantum Mechanics," p. 441. Prentice-Hall, New York, 1951. See,
however, footnote 19 in A. C . Albrecht, J . Chem. Phys. 33, 156 (1960). As usual, matrix
dr.
elements <alplb > refer to the integrals of the form J$=*q+~.b
See, for example, H. Eyring, J. Walter, and G. E. Kimball, "Quantum Chemistry," p. 79. Wiley, New York, 1944. A factor p-' in their equation is missing in (2.4.73)
since 7 is defined in terms of mass-weighted coordinates rather than displacement
coordinates.

2.4. ELECTRONIC

SPECTRA

253

either the mth or nth electronic state. I n this case (2.4.71)becomes a sum
of terms weighted by the expansion coefficients. *
If the population of the set of i,th vibronic levels is governed by a
Boltzmann distribution, one may sum (2.4.71)or (2.4.72) over the
appropriately weighted initial levels to obtain the oscillator strength
of the fully integrated electronic transition. For instance, neglecting all
normal modes except one, multiplying (2.4.72)by the normalized Boltzmann factor Bi = e+(l - e-z), where z = hvo//cT, and summing from
i = 0 t o i = 00, one has?

fnm(l)=

2 Bifi,(l)

c-

PGn< vnm> jSmn,(l)12h(8?r2cvo)-1coth(s/2).

i

(2.4.74)

+

It is seen therefore th at because of the ( 2 i 1)factor in (2.4.73),or more
directly by the last factor in (2.4.74),there i s a temperature dependence
of the oscillator strength for vibrationally induced transitions. Albrecht211has
worked out this problem in detail for a general polyatomic molecule.
One often is interested to know if there is any mass e$ect upon the
radiative transition probability; for example, in the important case where
deuterium is substituted for hydrogen. Since f ( 0 )is the oscillator strength
for the "pure electronic transition" with nuclei fixed a t their equilibrium
positions, nuclear mass enters only insofar as the reduced mass of the
electrons plus nuclei is affected. This contribution is negligible for practical purposes. The situation with respect to f(1) is different, since this
term vanishes in the absence of nuclear motions. One expects a mass effect
on f ( 1 ) for physical reasons, since the tenor of the argument here has been
based upon a transition moment which is a function of displacement
coordinate whose root-mean-square value must change with vibrational
amplitude. The temperature effect discussed above arose because of
identical arguments. Specifically the mass effect comes from the factors
ISmnm(1)12<i,1$1im> in the approximate expression (2.4.72).The first
factor can contribute to a mass effect in the coordinates used, since it
is the square of a partial derivative with respect to a mass weighted
coordinate. It thus contains a factor p-l. The second factor is the average
value of the square of the coordinate in the zero-point energy state.
For a harmonic oscillator, its value is given by (2.4.73).Approximately
then, f ~ " ( 1 )vanes as (pv0)-' or as P - I ' ~ . The quantity P - " ~ is roughly
proportional t o the perturbing frequency. When hydrogen vibrations are
important, such as in the case of the formaldehyde 'A2-'A1 near ultra-

* See Section 2.4.3.2. The paper by J. A. Pople and J. W. Sidman (reference 132)
illustrates this procedure in some detail.
t In the factor e-i2, i of course is the vibrational quantum number.
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violet system, the mass effect is expected to be a maximum. For molecules such as benzene, and other r-electron molecules, carbon vibrations
are known to be the perturbing motions, and there is a deuterium effect
only insofar as the hydrogen or deuterium vibrations are mixed with the
carbon vibrations.* Unfortunately, little is known experimentally about
the temperature effect (a difficult experiment) or the mass effect (a
simpler experiment). In general, a mass change is expected to change the
relative intensities of the vibrational bands to a much greater extent
than it changes the over-all intensity of the electronic transition.
One can of course avoid the approximations: (1) use of the quantummechanical sum rule; (2) neglect of anharmonicities; and (3) use of the
“average wave-number approximation ” by carrying out the summation
in Eq. (2.4.71) over calculated vibrational integrals, and by carrying out
the Boltzmann sums directly. The former type of calculation is rather
formidable since it necessitates a calculation of anharmonic oscillator
integrals. The latter summation is usually practical, however, since the
kT available for the study of molecules is seldom very high compared with
molecular vibrational energies. The summation, of course, must be considered term by term when relative vibrational band intensities are of
interest.
A priori calculations of vibrationally induced oscillator strengths can
be carried out from Eqs. (2.4.71) or (2.4.72), where v,, is treated as an
empirical parameter. The quantity ?Dtam(l) is related to a change of the
electronic eigenfunctions with nuclear displacement which, in turn, is
related directly to the coefficients in a perturbation expansion. Take a
single perturbing vibration with coordinate q and assume the displacement
in q to act as a perturbation on the zero-order electronic eigenfunctions
6(z,O). Because of the form of the perturbation Hamiltonian V’ in Eq.
(2.4.15), one has, neglecting all but the leading term,
??[i3(3n(~,77)li37711==0=

2 Lddet(z,O>

(2.4.75)

t

where Xtn(r]) are the coefficients given by (2.4.14). In the transition n-m,
where m is the ground electronic state, one usually assumes (possibly
without full justification) that only the excited state n is appreciably
perturbed. I n this case,
a(Jnnm(1)=

1

X,*(S)rmtm(O>.

(2.4.76)

t

Equation (2.4.76) therefore relates ~ , , ( l )of Eq. (2.4.71) directly with
the theoretical quantity At,(?) of Eq. (2.4.14). Inserting (2.4.76) into

* In the excited state of the ~ B & A I ~transition in benzene, the major perturbing
vibrations have frequencies of 521 em-’ and 499 em-’ in CBHoand CsDerespectively.
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(2.4.71), using (2.4.67) and the vector property of %R, one has

where the “average wave-number approximation” has been assumed.
The first summation is over all electronic states t which “mix” with the
nth one because of the vibrational perturbation. The sum of the squared
vibrational integrals is over all vibrational states j of the n t h electronic
state. The sum rule219can be used to simplify t h e j sum in (2.4.77). It is
important to realize that the polarization and G factors of the transition
depend upon the polarization and G factors of the individual symmetryallowed t-m transitions; if vibrations of more than one symmetry act
as a perturbation, mixed polarization results.211
Calculations of vibrationally induced transition probabilities, using
the molecular orbital approximation for the electronic eigenfunctions,
have been made for benzene,131v221,222
the substituted benzenes,222and
f0rmaldehyde.1~~
Such calculations give only order of magnitude results.
I n the case of benzene, the calculations indicate that, while group theory
predicts that eZg vibrations can mix both B2,. and B1,states with a n El,
state, the C-C bending vibration of eZgsymmetry is of greater importance
in the former case and the C-C stretchin,g vibration of eZg symmetry is
more important in the latter case as the cause of such a perturbation. This
is in agreement with the available experimental findings.
FORBIDDEN
TRANSITIONS.
A second important
2.4.5.3.2. MULTIPLICITY
class of forbidden transitions are those induced b y spin-orbit perturbations
(see Section 2.4.3.3.1). Equation (2.4.77) of the last subsection can be
shown to be independent of the form of the perturbation operator in At,,
and it is therefore appropriate for spin-orbit perturbations. I n the present
case, however, the state labeled n has a different multiplicity from the one
labeled m. The spin-orbit operator may mix states t, having the same
multiplicity as m, with the state n. SidmanlS9states, the multiplicityforbidden transition n-m in this way ‘ “steals” (or “borrows” depending
on the ethics) ’ intensity from the set of multiplicity-allowed transitions
t-m.
Selection rules for spin-orbit mixing may be determined by realizing
that the spatial part of the operator transforms as a n orbital angular
momentum, i.e., a rotation, so th at the components of Hs.o.in the matrix
elements <tIH..,.ln> transform as R,, R,, or R,. As for the vibrational
perturbations, it is sometimes safe to assume th a t only one of these components will have a dominant effect.
P. Craig, J . Chem. SOC.p. 59 (1950).
For a summary, see references 211 and 212; see also, A. D. Liehr, Cun. J . Phys.
36, 1123 (1957); 36, 1588 (1958).
22’D.
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Spin-orbit mixing which is forbidden by the symmetry selection rules, *
or for other reasons, may become weakly allowed through a vibrational
perturbation. Taking s’ and s” to represent states of different multiplicity,
three mechanisms for a transition of the type n(s’) t)m(s”) appear
possible :
(1) n(s’) < 2 i k . . . + k(s’) +EL+t(s”), - < elecxdipole m(s”);
elec.dipole
(2) n(s’)+.,22+ k(s”) +.”vib.
”--+ t(s”), - <
m(s”);
(3) vibrational perturbations of Ha.o.itself.

For small amplitude oscillations, expansion of the matrix elements
<tlH..,.ln> in a Taylor’s expansion in the nuclear coordinates about the
equilibrium nuclear configuration should be a good starting point for
theoretical calculations of these effects. Again it is important t o stress
that the polarization and G factors of the transition depend upon those
of the allowed transitions t(s”)-m(s”) from which intensity is gained.
The 3B1,-A transition in benzene is known to be vibrationally induced.
The observed vibrational intensity distribution shows t’hat a mechanism
like ( l ) 2 2 3 or possibly (3) above is the cause.
Calculations of spin-orbit mixing in molecules have been carried out,
using the molecular orbital approximation, for b e n ~ e n e l ~ and
~-’~
form~
aldehyde.159-160
These calculations show a t best about factor of ten deviations from the experimental oscillator strengths.
2.4.5.4. Experimental Transition Probabilities. A very important
recent advance in the measurement of transition probabilities through
lifetime measurements is due to Bennett and Dalby.224-227
Since the
lifetime T , is of the order or
to lo-* sec for the molecules studied,
extremely good lime resolution is necessary. Pulsed, variable energy
electron bombardment is used to produce excited state molecules, ions or
free radicals. When equilibrium between excitation and radiative decay
has been attained, the electron beam is turned off. Measurement of the
intensity of subsequent photon emission as a function of time, through
the use of a n electronic gate circuit, gives 7, directly. This cycle of events
is repeated 4000 times per second. From r S one can obtain Z,A, from
Eq. (2.4.58). If one knows all the possible final states m, and if one can
measure the relative intensities of transitions from the nth (vibronic)
state to all of these lower states, then each individual A,, can be ascertained. Oscillator strengths can be calcuIated from the observed A,,

* Because of the vanishing of all appropriate XL, for symmetry reasons.
A, C. Albrecht, J . Chem. Phys. 33, 937 (1960).
R. G. Bennett and F. W. Dalby, J . Chem. Phys. 32, 434 (1959).
226 R. G.Bennett and F. W. Dalby, J. Chem. Phys. 32, 1111 (1960).
226R. G. Bennett and F. W. Dalby, J. Chem. Phys. 32, 1716 (1960).
227 I. E.Dayton, F. W. Dalby, and R. G. Bennett, J. Chem. Phys. 33, 179 (1960).
228

224
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values. The good time resolution coupled with the pulsed, variable energy
electron beam excitation causes this particular method of oscillator
strength measurement to be the most general and elegant method available for those molecules which show emission spectra. I n this group are
most diatomic molecules and a few simple polyatomic molecules. As in
any lifetime measurement, one must be careful to avoid, or to correct for,
errors caused by l1cascading” from higher states or by collision quenching
to lower states. Bennett and Dalby rule out “pressure quenching” by
observing no change in r n over a pressure range usually from 0.2 p to
5 p Hg. Errors caused by cascading are stated to be unlikely, but they
cannot positively be ruled out in some instances. Figures 17(a) and
17(b), from reference 224, show a schematic diagram of the apparatus
and the sequence of events which take place during each time cycle.
Molecules which have been studied so far by this technique are N2+, CO+,
CH, NH, and N20+ (see Table VII).
Lifetime measurements of phosphorescence spectra have been measured
for a large number of organic molecules. These transitions in general are
from the metastable triplet state back to the ground state and are often
measured in hydrocarbon glasses a t liquid nitrogen temperatures. I n the
case of benzene, it has been found that there is a temperature effect, a
deuterium effect, and even an effect caused by heavy rare gases on the
lifetime of the phosphorescent state.228The presence of a n oxygen
impurity is expected to affect these phosphorescence lifetimes considerably. Unless measurements are carried out with well-purified substances,
near O’K, and in a nonperturbing environment, it is unlikely that the
lifetimes have very much to do with the true oscillator strengths for the
purely radiative process. Even when the above precautions are taken,
tunneling back to the ground state may be a dominant process.228Absorption measurements also may have inherent difficulties due t o overlapping
of electronic transitions, underlying continua, and environmental perturbations. Paramagnetic p e r t ~ r b a t i o n s ~ ~are
~-~
known
~ 1 to be particularly
important in the case of multiplicity forbidden transitions.
The environmental effect on transition probabilities and vibrational
band structure, especially with respect to weak transitions, can be best,
illustrated through Figs. 18 and 19. Figure 18 shows the effect of a n
external paramagnetic perturbation on the singlet-triplet absorption
spectrum of benzene. This effect has been used extensively by Evans to
study weak singlet-triplet bands in many organic molecules, notably
228 M. R. Wright, R. P. Frosch, and G. W. Robinson, J . Chem. Phys. 33,934 (1960);
G. W.Robinson, J . Mol. Spectroscopy 6,58 (1961).The effect ascribed t o temperature

here, however, may be an effect caused by the hydroxylic environment.
zzQ D. F. Evans, Nature 178, 534 (1956).
z a o DF
.. Evans, J . Chem. SOC.p. 1351 (1957).
2 3 l I). F. Evans, J . Chem. SOC.
p. 3885 (1957).
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FIG.17. (a) The apparatus of Bennett and DalbyZ24for the study of fast emission
decay times. (b) The sequence of events in one cycle of the Bennett-Dalby experiment.
The cycle is repeated 4000 times per sec. I n the figure, the photomultiplier signal is
shown at two different delay times tr, and t ~ the
; photomultiplier gate delay time is
increased slowly and uniformly so that the measured integrated emission intensity
under the gating pulse traces out the decay curve. With kind permission of the
authors and of the journal.
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ben~ene*~~-231
and ethylene.2 3 2 Since high-pressure oxygen is used in the
presence of hydrocarbons and ultraviolet light, explosions can and do
occur in this type of experiment. The slow production of photo-oxidation
products can cause uncertainties in the interpretation of these spectra.
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FIG.18. The influence of 0 2 on the optical density of the 3B1, -+ ‘ A , transition of
CeHs (Evans229). The absorbing path is 5 cm of the liquid saturated (1) with Nz, (2)
with air, and (3) with 0 2 . With the kind permission of the author and the journal.

T he paramagnetic perturbation depends upon weak exchange interactions between the paramagnetic molecule and the excited triplet state
of the perturbed molecule.233If the perturbing molecule is in a triplet
state, singlet, triplet, and quintet spin components of the weak “exchange
complex” are formed. Transitions can then take place between the
excited triplet component and the triplet ground state of the complex
without violation of the multiplicity selection rule.
Figure 19 illustrates the effects of weak exchange interactions between
D. F. Evans, J . Chem. SOC.p. 1735 (1960).
G . J. Hoijtink, Mol. Phys. 3, 67 (1960). But see also, J. N. Murrell, Mol. Phys. 3,
319 (1960), and H. Tsubomura and R. S. Mulliken, J . A m . Chem. Soc. 82,5966 (1960).
932

233

These latter authors show t h a t the exchange interaction alone can not account for the
enhanced intensity of the singlet-triplet bands. Further mixing of the triplet state of
the “exchange complex” with the triplet charge-transfcr state gives a n intensity
enhancement of the right order of magnitude.
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TABLE
VII. Transition Probability Data for Some Selected Moleculesa~b~c
Molecule

Transition

A 'A-X %
B 22-X ZII

A 'It-X 3 2 A %+-X TI
A 2n-X 'Z+

f

-A(&

r(sec)

4 . 9 x 10-3
4300
1 . 2 x 10-3
3900
8 x 10-3
3360
1 . 2 x 10-3
3090
8001) 2 1 . 5 x 10-4
3880 2 2 . 6 X 10W
3.5 x 10-2
3910
2 . 2 x 10-3
4200
4 . 8 X lo-*
1590
1 . 7 X 10W8
1350
2 . 6 X lo-'
1460
5 . 3 x 10-7
1380

B 'Z+-X 'Z+
B 'ZU+-X 'Z9+
A 2n-X *Z+
A %+-X 'Z,+
a' %--X 'Z,+
B' 32,--X '2,+
a '&-X 'Z,+
(elec. quadrupole1
a 'II,-X 'XU+
1380
(mag. dipole)
c 'II,-X 'Z,+
1100
a lA,-X '2,12700
b 'Z,+-X 32,7620
B 32,--x 32,1420
A 'Bi,-X 'A',
1675
a aAz-X ' A 1
3900
A 'A 2-X ' A1
3500
B-X ' A1
1750
B %+-A 2n
3540
a SB1,-X 'Al,
3650
A 'BzU-X ' l l 1 ,
2480
B 'Biu-X ' A , ,
2000
C 'Ei,-X 'A',
1760
A-X ' A1
2740
B-X 'A 1
2500

x

10-6

6.1 x
4 x
1.2 x
0.16
0.29
1.2 x

10-7

3.4

2.4

x

2 x
3.7 x
7.7 x
1.4 x
9.4 x
0.88
3x
4 x

10-11

10-9

10-6
10-4

5 . 6 x 10-7
1. O X 10-6
4 . 3 x 10-7
[6.0 X

6.6
2.6
[7.9
[1.6

10-11
10-3
10-2

10-3
10-2

X
X
X
X

[1.1 X

B-D
B-D
B-Z)
Abs.
Abs.
Abs.
lo-'
B-D
B-D
l O P ] Abs.
Abs.
Abs.
10-31 Abs.

1 . 7 X 10-4

[1200]
7.1

[2 X lo-']
[7.7 X

10-2

10-3

Method

2.6

x

10-7
26
6 . 6 X lop7

Abs.; M. B.
Abs.
Abs.
Abs.
Abs.
Abs .
Abs.
Abs.
Abs.
B-D
Phos.
Abs.
Abs.
Abs.
Abs.
Abs.

Ref.
a

a
a

b
C

d
e

f
D
9

9
9
s1

h

9

i
j

k
r
1
m
n
0

P
Q
r
r
S
S

0 Lifetimes in square brackets are calculated from absorption intensity data; others
are measured directly; lifetimes not listed correspond to states from which more
than one strong transition may take place.
b The wavelength is the one used to compute T from f and corresponds roughly to the
Franck-Condon maximum of absorption; the bracketed 7's for the actual emission
process must be corrected by a factor (Amax)~m/(Amax)~bs; this correction was not
applied here because of the uncertainty in the position of the emission maxima.
0 KEY: Abs., Absorption measurements; some of these measurements may be in
error by factors of two or three; B-D, Bennett-Dalby technique; M. B., Molecular
beam; Phos., Phosphorescence lifetime; the benzene measurements were carried out
using fully deuterated benzene in solid argon R t 4.2"K to minimize nonradiative decay.

2.4.

ELECTRONIC SPECTR.4

261

REFERENCES
TO TABLEVII
a. R. G. Bennett and F. W. Ilalby, J . Chena. Phys. 32, 1716 (1960).
b. 0. Oldenbcrg and F. F. Rieke, J. ('hem. Phys. 6,439, 779 (1938); R. J . Dwycr and
0. Oldenberg, ibid. 12, 351 (1944).
c. A. 8. King and P. Swings, .4SlTophyS. J . 101, 6 (1945).
d. J. U. White, J . Chern. Phys. 8, 79, 459 (1940).
e. R. G. Bennett and F. W. I)alby, J . Chena. Phys. 31, 434 (1959).
f. R. G. Bennett and F. R. Dalby, J . Chem. Phys. 32, 1 1 1 1 (1960).
8. P. G. Wilkinson and It. S. Mulliken, J . Chem. Phys. 31, 674 (1959); the entries
in Table IV of their papcr havc been ufied to calculate f and T on the basis of Lichten's
(Reference h ) molecular beam lifetime of the a 'II, state. The T values listed in our
table have been corrected because of the degeneracy factor G,,/G,. The fact that
(I/Io) = const. f = konst. ( A / v 2 )has been used in the computation of T .
h. W. Lichten, J. Chem. Phys. 26, 306 (1957).
i. L. Herzberg and G. Herzberg,- Astrophys. J. 106, 353 (1947), assuming the
intensity ratio of the 12,700 to 7620 A transitions to be 1 : 30. See, however, the more
quantitative work of A. Vallance Jones and A. W. Harrison, J . Atmospheric and
Terrest. Phys. 13, 45 (1958) which gives T = 4800 sec.
j . W. H. J . Childs and R. Mecke, Z. Physik 68, 344 (1931).
k. K. Watanabe, E. C. Y. Inn, and M. Zelikoff, J . Chrm. Phys. 21, 1026 (1953).
1. V. E. DiGiorgio and G. W. Robinson, J. Cheni. Phys. 31, 1678 (1959).
m. A. B. F. Duncan and E. H. House, as quoted by J. W. Sidman.'jg
n. H. L. McMurry, J. Chem. Phys. 9, 231 (1941).
o. I. E. Dayton, F. W. Dalby and R. G. Bennett, J . Chetti. Phys. 33, 179 (1960).
p . M. R. Wright, R. P. Frosch and G. W. Robinson, J . Ch~ni.
t'hys. 33,934 (1960);
G. W. Robinson, J. Mol. Spectroscopy 6, 58 (1961).
q. H. B. Klevens and J. R. Platt, as quoted by A. C. Albrcoht.2'2
r . V. J. Hammond and W. C. Price, Trans. Faraday Soc. 61, 605 (1955).
s. H. P. Stephenson, J . Chem. Phys. 22, 1077 (1954).

benzene a nd the rare gas atoms, argon and krypton.234Besides the differences in vibrational band structure shown in the figure, the lifetime of
the excited state is decreased by a factor of 25 in the heavier rare gas
compared with the lighter one. I n the case of xenon, the spectrum is
similar to that in krypton, but the lifetime is shortened by another factor
of 12.
Table VII lists transition probability data for a few diatomic molecules
and some prototype polyatomic molecules. Extinction coefficients and
lifetime measurements for a multitude of organic molecules have been
published in the literature, but these will not be discussed here.
2.4.6. Conclusions

A survey of this kind is useful only if it contains concentrated information, boiled down as it were from a large number of detailed papers. It
is hoped that, because of this necessity, clarity has not been fully sacrificed
for brevity. The author also wishes to apologize to the numerous early
234

See Wright et

al.;*28also

unpublished work by these authors.

FIG.19. The influence of a heavy environmental atom (Iir) on the 3R1, ---* ' A i v phosphorescence spectrum of CSllfi. The Hg lines
refer t o the spectrum in solid argon; the spectrum in solid krypton has heen displaced about 53 cm-I to higher energy to facilitate
comparison. In particular it should be noticed that the originally forbidden 0-0 band is greatly enhanced in the case of krypton. The
phosphorescence lifetime is 25 times shorter in krypton than in argon. From unpublished work of &
It.
'IWright,
.
R. P. Frosch, and
G. W. Robinson.
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workers in the field for not including a more complete bibliography of
older work. It was felt, however, that except in special instances a more
concise bibliography of only the more recent contributions would have
a larger degree of usefulness to the reader. Older references can be found
in the papers cited here and in older review articles such as the paper of
Sponer and Teller.130References to preliminary work have also been
omitted in those cases where a later, more detailed paper has been
published. Since it would have been a monumental task to include a discussion of the electronic spectra of large organic molecules, only a few
of the prototype molecules in this category were included. A review
article by Platt236can be consulted by those who desire to learn more
about the spectra of complex molecules. No detailed discussion of diatomic
spectra has been included since this aspect is fully covered in Herzberg’s
book.2368A bibliography of spectra of diatomic molecules (1950-1960)
prepared by Herzberg and Howe supplements this book.236bA large
amount of space has been devoted to the more theoretical aspects of
vibronic and magnetic interactions ; environmental effects; and transition
probabilities in the hope that experimentalists will be encouraged to
spend more time on these important aspects of molecular electronic
spectra.
A few very recent papers deserve discussion but appeared too late to be
included in the text. The reader is referred to the very interesting paper
of Nelson and K ~ e b l e concerning
r~~~
a new “flash thermal decomposition”
technique by which the methyl radical was detected; and also to the
recent paper by InneP’ and his coworkers where high-resolution spectroscopy has been applied to the study of the rotational structure in the
n l r * electronic transition of the diazines (10 atoms, 42 electrons). These
authors confirmed the fact that the electric vector lies in a direction perpendicular to the molecular plane. The positions of van in the three cases
were found to be 30875.8, 31072.5, and 26648.8 cm-1, respectively, for
pyrazine, pyrimidine, and pyridazine. Those persons interested in more
details concerning crystal field spectra may consult a recently published
review article by
A number of very useful tables of experimental
J. R. Platt, Ann. Revs. Phys. Chem. 10, 349 (1959).
G. Herzberg, “Spectra of Diatomic Molecules,” 2nd ed. Van Nostrand, Princeton, New Jersey, 1950.
2*6b G. Herzberg and L. L. Howe, “Bibliography of Spectra of Diatomic Molecules,”
1950-1960 (mimeographed for limited distribution).
L. S. Nelson and N. A. Kuebler, J. Chem. Phys. 33, 610 (1960).
237 K. K. Innes, J. A. Merritt, W. C. Tincher, and S. G. Tilford, Nature 187, 500
(1960); J. A. Merritt and K. K. Innes, Spectrochim. Acta 16, 945 (1960).
238 W. Low, Optical properties of paramagnetic solids. In “Quantum ElectronicsA Symposium” (C. H. Townes, ed.), p. 410. Columbia Univ. Press, New York, 1960.
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and theoretical data are included in this paper. Clement and R a m ~ a y ~ ~ ~
have confirmed the existence of an emission spectrum of HNO first
reported by Cashion and Polanyi.2 4 0 Furthermore, they report a breaking-off of the rotational subband structure near 17,000 em-' which is
very probably caused by a predissociation whose limit lies 5 4 8 . 6 kcal/
mole. This would be the first reported instance in a polyatomic molecule
of the breaking-off of emission due to predissociation. The groundstate frequencies v:' = 3596(2680) cm-], v r = 1562(1550) cm-', and
v:' = lllO(820) cm-' for HNO(DN0) reported by Harvey and Brownz4'
from solid phase work are consistent with the emission spectra of these
molecules.
A very recent review article by R a r n ~ a y should
* ~ ~ be of great interest
since it contains (1) a detailed critique of recent and past experimental
work, ( 2 ) a full discussion of the M~ llik en -Wa ls h 2orbital
~~
diagrams,
and (3) a section on rotational and vibrational structure of electronic
transitions.
At the time that this paper goes to press the electronic structure of the
important molecular fragment CH2remains in a state of constant refinement due t o the work of H e r ~ b e r g . He
* ~ ~finds th a t the products of the
flash photolysis of diazomethane are rich in simple molecular fragments,
due t o primary as well as secondary processes. I n addition to a number
of known spectra and some unknown spectra definit,ely not belonging to
CH2 there is tentative evidence th at the predicted transitions (see Table
IV) A 3A2 t X 32,- and c 'A1 c a 'A1 have been detected in the near
ultraviolet region. It is not at all certain th a t either of these spectra
correspond t o a solid phase spectrum tentatively attributed t o this
m 0 1 e c u l e ~ ~in~ JTable
~ ~ VI. It is interesting to contemplate th a t the
spectrum of this important molecule, which was completely unknown a
short while ago after many unfruitful experiments, may very well turn
out to be the best understood spectrum of any small polyatomic molecule.
M. J. Y. Clement and D. A. Ramsay, in press.
J. K. Cashion and J. C. Polanyi, J . Chem. Phys. 30, 317 (1959).
241 K. B. Harvey and H. W. Brown, J. de Chim. Phys. 66, 745 (1959).
2 4 2 D. A. Ramsay, Electronic spectra of polyatomic molecules and the configurations
of molecules in excited electronic states. In "The Determination of Organic Structures
by Physical Methods" (F. C. Nachod and W. D. Phillips, eds.), Vol. 2. Academic
Press, New York, 1961.
2 4 3 See, R. S. Mulliken, Can. J . Chem. 36,lO (1958); and A. D. Walsh, J. Chem. SOC.
2a9
240

pp. 2260-2331 (1953).
2 4 4 G. Hereberg, private communication.
*46 T. D. Goldforb and G. C. Pimentel, J . Am. Chem. SOC.
82, 1865 (1960).
248 G. W. Robinson and M. McCarty, Jr., J . Am. Chem. SOC.82, 1859 (1960).

3. DIFFRACTION METHODS OF MOLECULAR
STRUCTURE DETERMINATION*
The determination of the structure of a molecule or of a group of
molecules by diffraction methods is essentially a problem in optics. The
aim is to construct with magnification and precision a n undistorted image
of this molecule or group of molecules.
It is necessary t o employ radiation having a wavelength of the order
of lo-* cm (= 1 8) in order to resolve neighboring atoms in a molecule
since intramolecular distances are of thi: order of magnitude, e.g., the
carbon-carbon distoance in ethane is 1.5: A. Accordingly, X-rays of wavethermal neutrons and
length from 0.56 A (Ag K,) to 2.29 A (Cr Ka),
-50 kv electronso having associated wavelengths, h/mv, of approximately 1 and 0.1 A, respectively, are commonly employed in structure
investigations.
The determination of the structure of a molecule would be chiefly
instrumental if one generally could handle and mount single isolated
molecules in known orientations and if adequate refractive lens systems
existed for recombining the rays diffracted by a molecule from such
radiations. Since the former is not feasible one usually resorts to the examination of a crystal in which the molecules are frozen in a triply periodic
lattice in one orientation or a t least in a limited number. The lack of a
suitable lens system (although modern electron microscopes have nearly
sufficient resolving power) requires that the investigator compute the
image of the molecule or group of molecules from measurement of the
directions and intensities of the rays diffracted by the molecules.
As is well known in physical optics, for monochromatic radiation
diffracted by a ruled grating, the angular deviations of the diffracted
beams are related only to the fundamental groove spacing and the distribution of intensity in the diffracted beams is determined by the shape or
form of the groove. I n crystal diffraction the directions of the diffracted
beams are determined by the dimensions of the fundamental unit parallelopiped or cell and the intensity distribution by the distribution of
scattering matter within the cell.
An experimental knowledge of the directions and associated intensities
of the diffracted rays is necessary but not sufficient to uniquely determine
an image. The relative phases of the diffracted wave amplitudes must also
be known, The determination of these phases is a fundamental problem

* Part

3 is by P. M. Harris and R. A, Erickson.
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of structure determination in crystals. No direct method of measurement
of these relative phases exists though progress has been made recently
in this direction from what is, in a sense, a statistical approach.
The authors have attempted in the following sections to outline present
practice in diffraction methods of structure determination rather than to
present a historically complete survey because such a long history of
development exists since the classical work of M. von Laue and W. H.
and W. L. Bragg. It is the authors’ primary intent that this account
should serve the investigator who is considering undertaking a structure
investigation de novo.
In the past two decades experimental diffraction techniques and
apparatus have been revolutionized. Practically all types of diffraction
equipment are now available from commercial sources, thereby avoiding
for the experimentalist most of the laborious tasks of designing and
fabricating basic equipment. At the same time there has been a steady
growth of the techniques and application of data processing and interpretation. With the shifting emphasis has come not only an increased
demand for precision measurement, the forte of the experimentalist, but
also a growing need for understanding and insight of the basic theories
of diffraction and crystallography and in the techniques and application
of computer machines. These are the “tools” of the modern diffractionist
just as much as the Coolidge tube and photographic film. This is especially true for the investigator interested in the structure of complex
molecules. The emphasis in this work is therefore directed toward an
understanding of the significance, treatment, and interpretation of
diffraction data. Relatively little emphasis is given to the design and
operation of specific apparatus since it is assumed that most readers will
have access to a functioning laboratory with adequate operating manuals
for the available equipment.
The organization and extent of the discussions have been dictated by
the aim of constructing a skeleton background sufficient to permit the
reader to commence experimental research in an established laboratory,
and:at the same time to serve as a valid introduction to the many excellent and comprehensive treatises on diffraction theory and to the extensive current literature in this field. References have been chosen to support specific topics discussed. The reader is referred to standard works
cited for more extensive bibliography.
In the following sections are presented the more significant features
of crystallography and symmetry, the interference function, and Fourier
representation of the distribution of scattering matter for a crystal cell.
These are specialized first to the treatment of X-ray diffraction in forms
convenient to the commonly used experimental methods. Similar appli-
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cation to neut,ron and electron diffraction is also discussed with extension
to interference scattering of electrons by gaseous molecules.
The reader interested in more detailed treatments of the subject matter
discussed here is referred to such standard treatises as: “International
Tables for X-ray Crystallography,” Vol. 1, edited by Henry and Lonsdale’ for symmetry groups and crystallographic transformations and
notation; James, “ Optical Principles of the Diffraction of X-rays,”2
von Laue, “Rontgenstrahl-Interferen~en,”~and Zachariesen, “X-ray
Diffraction in crystal^,"^ for theoretical treatments; Lipson and Cochran,
“The Determination of Crystal Structures,”6 for methods of determination of atomic parameters and of refinement of structures; Buerger,
“X-ray Crystallography,”6 and Henry, Lipson, and Wooster, “The
Interpretation of X-ray Diffraction Photographs,”7 for the treatment of
experimental details of preparation and indexing of diffraction photographs; Pinsker, ‘‘ Electron Diffraction,”s and Thomson and Cochran,
“Theory and Practice of Electron Diffra~tion,”~
for electron diffraction
in gases and solids; Bacon, “Neutron Diffraction,”’” Shull and Wollan”
and RingoI2 for theory and practice in neutron diffraction; Buerger,
“Crystal Structure Analysis,” l 3 for general treatment of structure determination and an excellent bibliography; and, last but not least, treatment
of diffraction in other volumes of “Methods of Experimental Physics.”
See for instance Vol. 1, Section 7.10.2.3; Vol. 4, B, Section 10.1.3;
Vol. 6, A, Part 3.
1 N. F. M. Henry and K. Lonsdale, eds., “International Tables for X-ray Crystallography,” Vol. 1. Kynoch Press, Birmingham, England, 1952.
2 R. W. James, “Optical Principles of the Diffraction of X-rays.” Macmillan, New
York, 1948.
* M. von Laue, “ Rijntgenstrahl-Interferemen.” Akadernische Verlagsges., Leipzig,
1941.
4 W. H. Zachariesen, L‘X-rayDiffraction in Crystals.” Wiley, New York, 1945.
b H. Lipson and W. Cochran, “The Determination of Crystal Structures.” Macmillan, New York, 1953.
6 M. J. Buerger, “X-ray Crystallography.” Wiley, New York, 1942.
7 N. F. M. Henry, H. Lipson, and W. A. Wooster, “The Interpretation of X-ray
Diffraction Photographs.” Macmillan, New York, 1953.
8 2 . G. Pinsker, “Electron Diffraction” (translated from Russian by J. A. Spink
and E. Feigl). Butterworths, London, 1953.
G . P. Thomson and W. Cochran, “Theory and Practice of Electron Diffraction.”
Macmillan, New York, 1939.
1oG. E. Bacon, “Neutron Diffraction.” Oxford Univ. Press, London and New
York, 1955.
11 C. G. Shull and E. 0. Wollan, Solid Slate Phys. 2, 137 ff. (1956).
1 2 G. R. Ringo, in “Handbuch der Physik (S. Fliigge, ed.), Vol. 32. Springer,
Berlin, 1957.
I * M. J. Buerger, “Crystal Structure Analysis.” Wiley, New York, 1960.
Q

3.1. Introduction to Symmetry Groups and Diffraction Theory*
3.1.1. Introduction
In order to introduce the physical aspects of molecular structure determination from observations of diffraction by the molecules involved, a
very brief outline of the diffraction theory is presented here. Such determinations are carried out in the majority of cases on crystalline solids
both for diffraction of X-rays and neutrons and, in a less important way,
for electrons. The reduction of the problem by use of the point-group and
lattice symmetries is of major importance. The notions of the symmetry
groups and their relationships in crystallography are therefore outlined.
Throughout the rather long history of X-ray diffraction, general
methods have been developed for the deduction of structure, i.e., construction of the image, from the characteristics of the diffraction pattern.
These methods are not specific to the radiation used, but have been
extended, especially to the treatment of neutron diffraction. These are
outlined below along with computational schemes devised to achieve
the accuracy required for obtaining significant information regarding
molecular dimensions, i.e., bond lengths and bond angles. Much of this
computational work is now done using high-speed digital computers for
which rather complete programs have been written. Since the design of
such computers is currently undergoing such a rapid evolution and the
programing requirements differ among the various types in use, no
detailed account of this important aspect of structure determination is
attempted here. Availability of this type of computing facility is practically mandatory for adequate treatment of structure analysis such as is
met in molecular structure problems.
3.1.2. Crystallography and Symmetry
Since a crystal is a triply periodic assemblage of atoms, ions, or molecules, its external form exhibits some features of the symmetry of arrangement of the smallest repetitive unit from which the crystal may be built
solely by translational repetition of this unit. Such a unit is a primitive
unit cell.
It is natural to select a unit cell whose edges are defined by three unit
vectors a, b, c, having directions along the principal figure axes or prominent directions of the crystal. Such choices of axes permit a classification
of crystals into six (or seven) systems (Table I).
For example, the substance sodium bromate commonly crystallizes

* See also Vol.

6, A, Chapter 3.1.
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FIG.1. Example of choice of reference axes; mutually perpendicular and equivalent
twofold axes of regular tetrahedron.

in the form of more or less regular tetrahedra (that is, the angles between
the edges and the interfacial angles are those of a regular tetrahedron,
as shown in Fig. 1). In this case, one chooses as the t,hree reference axes
the normals to pairs of opposite edges. These normals are mutually
perpendicular and equivalent in character so the crystal is assigned to
the cubic system and a cubic unit cell is to be used. As will be shown a
little later, such a cubic cell need not be primitive. If it contains two
molecules, and molecule 1 is related to molecule 2 by the translation
q 4 = [(a b
c)/2], then the cell is body-centered.

+ +

TABLE
I. Crystal Systems
System

Vector
lengths

Axial angles

Triclinic

a # b # c

aZ8Z-Y

Monoclinic

a # b # c

f f = y = - 2,

Orthorhombic

a # b # c

Tetragonal

a=b#c

ff=p=r=?F

Hexagonal

a=b#c

a = p s - ,7r
2

(Rhombohedral)

a=b=c

Isometric (cubic)

a=b=c

7r

7r

p # 5
2
2

y = -

2

ff=pzr=3

2

2iT

3
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Since much of the symmetry inherent in a crystal often would be
ignored by the consistent choice of primitive cells, nonprimitive cells are
chosen in such cases. The possible lattices formed by the translation of
the unit cells in each crystal system were described long ago by Bravais. l4
They form the set of fourteen Bravais lattices shown in Table 11.
TABLE
I1
Lattice type

System
Tricliinic
Monoclinic
Orthorhombic
Tetragonal
Hexagonal
(Rhombohedral)
Isometric (cubic)

Primitive

Endcentered

Facecentered

Bodycentered

A or C
A , B, or C

F

I
I

F

Z

P
P
P
P

P
(P) = R

P
Vector translations of lattices

P: mla
A:
B:
C:
I:

F:

+ m2b + m3c

+ mtb + msc
mla + mzb + mgc
mla + mrb + m3c
mla + mtb + m3c

mla

and
and

+c
+ mtb -I- mac fb7
a + c
mla + m2b -k m3c + 7

mla

a + b
+ m b + m3c 4-7
a+b+c
and mla +mzb 4-m3C +
2
b + c,
mla + mtb + m3c, mla + mtb + mac + 7
a +b
.
m,a + m2b + msc + a + c
and mla + mtb + m3c 2
-

and

mla

(ma= 1,2,3

. . .)

We now consider the possible configurations of atom assemblages
consistent with the crystal symmetry at each lattice point. For the purpose of such classification it has proved useful to employ the notions of
geometrical group theory as follows.l6
A. Bravais, J . Ecole Polytech. 19, 1 (1850).
H. Hilton, “Mathematical Crystallography.” Oxford Univ. Press, London and
New York, 1903; cf. G. F. Koster, Solid State Phys. 6, 173 (1957).
14
16
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A series of operations is said to form a group when (1) the product of
any two or the square of any one of the operations is equivalent t o some
member of the series and (2) the series always contains the operation A-’
if it contains the operation A ; hence every group contains the identity
operation, since A-l A = 1. The product of any number of operations
is, then, itself a member of the group. Commonly used notations in
representation of these operations are shown in Table 111.
TABLE111. Elements of Synimetryn
Notation
Element
Axis (rotation)

International
2r

A --I

n

Axis (rotatory inversion)

II

Plane (reflection)

m

Center
Identity

Schoenflies

n

n = 1,2,3,4,6D

27r
A
I , n = 1,2,3,4,6
n
Sh,horizontal
S,,, vertical
S d , diagonal (to two equiv. axes)
-j

-

1

I -

1

1 -

N. F. M. Henry and K. Lonsdale, eds., “International Tables for X-ray Crystallography,” Vol. 1. Kynoch Press, Birmingham, England, 1952.
b It can be shown that a crystal may exhibit neither a fivefold nor higher than a
sixfold symmetry axis.

Example: Rotation A(T) = 2 about an axis, a ;
Reflection s h = m in a plane, u, I to a ;
Inversion I = through center of symmetry at intersection of a and U.

Thus,

A ( s ) * S h = S h * A ( s =) I ; I ’ S ~ = S / L =’ A
I (a);
A(T) ‘ f = I ’ A ( T ) = 8 h ;
A ( r ) * A(*) = s h ’ s h = I ‘ I
1.
=z

In terms of operations applied to a point (xyz), taking the y axis along
the rotation axis, the z, z-plane as the reflection plane normal to y (it
must be normal since y must reflect to a)* and their intersection as the

* Note: Although t h e x and z axes must lie in a mirror plane normal t o the y axk,
the directions of axes in the 2, z-plane are arbitrary.
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symmetry center, then the coordinates of the equivalent points relative
to the symmetry center as an origin are as shown in the diagram.

The geometrical arrangement of these points is shown in Fig. 2.
By application of these notions, all possible symmetries exhibitable
by collections of points fulfilling the requirements of crystal symmetry
can be enumerated. These are shown in Table IV.

FIG.2. Point group Ck = 2 / m .

The atom positions possible in the triply periodic lattice of the crystal
as a whole may be thought of as those points generated by translation of
the appropriate point group to the sites of the appropriate Bravais
lattice, cell by cell. More accurately, the equivalent points of the cells
may be generated by the addition of the translation operation to the
operations of the point groups. This leads to certain new symmetry
elements which yield combined operations just as a rotatory inversion
axis rt is a combined operation: a rotation of 2n/n about the axis, followed
by inversion.
Thus a rotation of 2 r / n combined with a translation of p .2r/n along
the axis, where 2r is the cell translation in the axis direction, produces a
screw axis np, p = 1, 2 . . . n. Similarly the operation of reflection may
be combined with that of translation (in the mirror plane). For example,
if the mirror plane is parallel to z and z, then the translation may be
either rx, re, or r x r,, and what was formerly a mirror m now becomes

+

TABLEIV. 32 Point Groups
-

Fold of axis, n =
Class
Cyclic: Cn
Cn S v = Cny
c n
Sh = C n h
cn I = Cn'
CJ = fi
D , = n2,2 . . .b
Yw Dn S h = Dnh
Dn Sd

+
+
+

+

n(nn),3(333)
n3
Sd
n3
8 h

+
+

2

1

1 = c,
m = ClU = C.
( m = C l h = 6).
1 = c,i

(i = cIi)

((1)2 = Di = Cz)
(mm = Dlh = C,*)
-

3

a. Groups with singular (principal) axis"
2 = CZ
3 = c3
4 = c,
(2)mm = CZv
3m = C 3 v
4m = C 4 v
4 / m = C4h
2 / m = Czh
3 / m = 6 = C3h
3 = C3i
(4/m = C4i =
( 2 / m = Cat = Czh)
-

(2 = m

=

C.)

222 = Dz
mmm = Dzh
42m = Dzd

6

4

C4h)

(3 = C3i)

4 =

32(22) = D3
62m
= D3h
3m = D3d

42(222) = 0 4
4 / m mm = Ddh
-

s
4

6 = Ca
6mm =
6 / m = Csh
( 6 / m cs'

=

Csh)

(6 = C 3 h )

62 . . . = Ds
6 / m m m = Dsh

b. Isometric groups:" three equivalent (principal) axes
43 = 0
23 = T
43m = Td
m3m = o h
m3 = Th

-

Parentheses indicate duplications in Part a of the table.
The groups D , have an n-fold axis perpendicular to n twofold axes.
c All isometric groups have three mutually perpendicular n-fold axes and four threefold axes. The extra axes are suppressed in
the symbol.
a

b
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a glide plane a, c, or n, respectively. Additionally, in certain cases a
translation of, say, (7% 7,)/2 may combine with reflection in a plane
(parallel to this translation). Such a glide plane is termed a diamond
glide plane d.
With these additional possibilities arising from the translation operation such that an axis in the point group symmetry may become a screw
axis in the lattice symmetry and a mirror plane may become a glide
plane, the 32 point groups, when combined with the translations appropriate to the Bravais lattices, produce the 230 space groups,l8 as shown
in the tabulation.

+

Example I :
Space group:
Bravais lattice: P.
Equivalent points :
xyz.

GI1

(Triclinic)
Point group: CI = 1.
Symmetry at points:
1 (Asymmetric).

= P1

Example I1 :
Space group: Cil = Pi
(Triclinic)
Point group: Ci = i.
Bravais lattice: P.
Equivalent points:
Symmetry at points:
zyz; zgz.
1 (Asymmetric).
Special positions:
( a ) 000.
(e) ++O.
(a . . . h ) i (Symmetry center).
( b ) i00.
c f ) 406.
( c ) 060.

(a) oo+.

(Y) 04-h

(h)

M.

Example I11 :
Space group: CS4= Cc
Bravais lattice: C.
Equivalent points:
zyz; x
6, Y +, 2;
X,BJ
+; x 9, - Y, z
Special positions:
None.

+ +
+ + +

+ 6.

(Monoclinic)
y axis normal to plane
Point group: m = C,.
Symmetry a t points:
1.

Thus, in Pi (a centrosymmetric group) with one molecule per cell,
each molecule must have a center of:symmetry. If there are two molecules
per cell, one at (zyz) and the other at (ZgZ), then each molecule m a y be
asymmetric? but the first must be related to the second by the symmetry

t It is not required that the molecule be asymmetric; it is only that the molecule
need not contribute any molecular symmetry in order t o account for t h e symmetry of the crystal.
1 8 N. F. M. Henry and K. Lonsdale, eds., “International Tables for X-ray Crystallography,” Vol. 1. Kynoch Press, Birmingham, England, 1952.
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center. Because of the periodicity of the lattice each cell will have eight
symmetry centers. It, is convenient to choose the origin arbitrarily at one
of these centers.
3.1.3. The Reciprocal lattice

I n the treatment of diffraction problems involving crystals, it is both
convenient and natjural to introduce a set of vectors reciprocal to those
mzb mac is a
defining points in crystal space. Thus, if r = m,a
vector in crystal space, there is a vector r* reciprocal to r such that

+

r . r*

=

k2

a*
b*
c*

=

k2b X c/[abc]
k2c X a/[abc]
k2a X b/[abc].

+

and
=
=

Since the scalar tjriple [abcl = a . b X C , etc., is the cell volume V,,,
and b X c is the area of the bc face of the unit cell, a* is a vector perpendicular to the bc face of length k 2 / d where d is the cell height. It is convenient to set the scale factor k 2 equal to the wavelength X.
In general r* = lr*I = X/d where d is the perpendicular distance from
the origin to the plane to which r* is normal. Thus,

r.r*

=

(ml'a

+ m2'b + m3'c) . (hla* + hzb* + h3c*)
ml'hl + mz'hz + mStha
=

=

r*d

= X

since r cos G* = d.
The coefficients mat can be chosen as the relative axial components of
the plane-normal OP of Fig. 3. If these are simple fractions then the
coefficients ha are integers. For example, if the plane is abc of Fig. 3 and
ml' = m2)= m2 = 4, then hl = hz = h) = 1 is a consistent solution.
Since the crystallographic or Miller indices (hkl) for a plane are the
reciprocals of the relative intercepts (expressed as integers) of the plane
on the three reference axes, the coefficients ha are just these indices (hkl),
Conversely, each plane with integral indices has relative intercepts
X / a , Y/b, Z / c which are simple fractions.
kb*
lc* define an array of points (reciprocal
The vectors r* = ha*
lattice) reciprocal to the crystal lattice and each point associated with an
acceptable (hkl) address is a representation of a plane in the direct lattice
as shown in Fig. 4. The general properties of the reciprocal lattice in
diffraction problems have been presented by Ewa1d.l'

+

+

l7 P. P. Ewald, 2.Krist. 66, 129 (1921); see also R. W. James, "Optical Principles
of the Diffraction of X-Rays," p. 598. Macmillan, New York, 1948.
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Fro. 3. Perpendicular from origin to plane (hkl).

FIG.4. Direct and reciprocal axes and cells.

3.1.4. The Interference Function

The problem of diffraction (ignoring dynamic interactions) can be
treated classically for coherent scattering by summing the amplitudes
of the waves scattered by the several diffracting centers while taking
account, in the sum, of phase differences and scattering lengths or amplitudes arising from the characteristics and locations of the scattering
centers.
Thus if do and d are unit vectors in the directions of the incident and
scattered waves, respectively, then the amplitude of a wave scattered a t
an angle 4 from an assemblage of N scattering centers, relative to that
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of a unit scatterer at the origin as shown in Fig. 5 , is
N

A,#, = z j J e x p ( $ R . i . S )

(3.1.1)

j=l

where S = d - do; and fJ is the scattering amplitude of the center a t R J .
This expression can at once be applied to a crystal having N atoms in
M unit cells, that is, with N / M = n atoms per cell.

Fra. 5. Scattering geometry.

If R, is the vector from the crystal origin to the cell origin, R,j is the
vector from the cell origin of the mth cell to the site of the j t h atom of that
cell, and umjis any displacement of the j t h atom in the mth cell from its
ideal site, then
RJ = R m Rmj umj.
As before, R, = mla
rnzb -tm3c and N = nM1M2M3= nM.
Thus

+

+ +

278

3.

DIFFRACTION METHODS

Since the observable quantities are not ^amplitudes,but rather, squares
of the amplitudes (i.e. intensities), we compute

The expression for the amplitude arising from the “instantaneous”
configuration in the mth cell is
n

This is the (instantaneous) crystal structure factor for the mth cell.
Hence, the square of the (instantaneous) amplitude from the crystal
may be written:

Expressed in terms of the average, this becomes

since the average value of the product is the product of the average values
of the factors in this case.
By adding and subtracting terms, the more useful form results:ls

(3.1.5)
m
18 M. von Laue, “Rontgenstrahl-Interferensen,” p. 177. Akademische Verlagsges.,
Leipeig, 1941.
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Thus
(3.1.6)
(3.1.7)
The term J z is the part of the total coherent diffraction intensity occurring as a result of the periodic character of the lattice. Its amplitude is
the amplitude for the average unit cell F multiplied by the lattice sum
factor G. It is this term J z which gives rise to Laue-Bragg diffraction
maxima. The term J 1 is the fluctuation scattering which appears as a
general background intensity, having no sharp maxima or minima, as a
function of S.
The lattice factor G written out in full becomes:

cc2

M I-1 M2- 1 M I -

G

=

m,=0

m2=0

1

["

exp

X

ma=0

(ma

+ mzb + m,c) . S

I

. (3.1.8)

This is the product of three geometrical series. The square of its absolute
value can be written:

n
3

IGI2 =

sin2(n/X)M,a, S
.
s:n2(n/X)aa. S

(3.1.9)

a=l

where a, are a, b, c.
Each factor in 1GI2has sharp maxima of height Ma2 at the points
a, S/X = n, where n, = 1, 2 . . . Writing in terms of reciprocal lattice
components

(where a,* are a*, b*, c*), one then obtains S . a,/A = E,, since a, * a,*
and a, . a:, = 0.
Thus, for the condition of reflection, t, = na.
Since the points of the reciprocal lattice are given by

r"

=

ha*

=

X

+ kb* + lc*

where h, k , 1 also take on only integral values, S = r* and S . aa/X = ha,
= 1, 2, 3. These are the three Laue conditions for reflection maxima.
Inspection of Fig. 5 shows that, in general,

S

=

2 sin 4/2.

(3.1.10)
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If B(hkZ) is the value of 4/2 at which a Laue-Bragg maximum in
diffraction from a crystal occurs,
r*(hkZ) = 2 sin B(hk2)

(the Bragg law).

(3.1.11)

In terms of the geometry of reciprocal space, the condition for reflection is that the reciprocal lattice point lie on a sphere of unit radius having the origin as a pole and the incident ray as a diameter, as shown in
Fig. 6.
No reflection can ever occur for any crystal plane whose reciprocal
lattice point lies outside a sphere of radius 2, since r:,, = 2.

FIG.6. Geometry of the sphere of reflection.
The lattice factor ]GI2reaches a maximum value of N 2 a t each reciprocal lattice point (hkl). However, it does not vanish everywhere else
but has quite appreciable magnitudes in the neighborhood of the point
(hkZ) even for a sizeable crystal. As a result, in order to compute the total
contribution of the interference function for a Laue-Bragg reflection one
multiplies the value of the slowly varying structure factor term IF12 at
the point (hkl) by the integral of /GI2over all the volume in the neighborhood of (hkl) in reciprocal space in which any contribution to the reflection is made.10
Substituting
3

s=

2 +
(ha

talaa*,

-tILI+

a=l

l9 M. von Laue, “Rontgenstrahl-Interferenzen,” pp. 105 and 153. Akademische
Verlagsges., Leipzig, 1941.
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in (3.1.9), one obtains

c
3

‘v

V*

Ma2

1-a

exp

[- f

dfa = V*MlM2Ms

a=l

but MlM2M3
Hence

=

M

=

NecVZtz
and V *

1,IGI2dV*

=

(X3/V,,)

=

X3Ncc.

X3N;,Vzt~

=

(3.1.12)

since

v*v

=

A*.

Here N,, is the number of unit cells per cubic centimeter, V,, is the volume
of one unit cell, and VZtlis the actual irradiated volume of the crystal.
To make use of this expression, it is only necessary to relate dV* to
the experimental coordinate system used, i.e., the manner in which
volume in reciprocal space is swept out as the crystal is turned through a
Laue-Bragg reflection. In most experimental methods, excepting the
Buerger precession method, evaluation of dV* in the appropriate coordinate system yields only a multiplying factor. These results are termed
Lorentzfuctors and are tabulated in Table VII and are discussed in Section 3.2.5.
The interference function J can be applied to the scattering by one
molecule. In this case, the problem is reduced to the scattering of one
unit cell and, hence, M and G are each unity. Reference to (3.1.4)shows
that in this case:

J = F
Such molecular scattering would normally be observed from an isotropic gas; hence the averaging is to be done over all orientations of the
molecule in space. Then

and
exp

[

(Rj- Ry) S]
*

=

A2 / r0

[x

1

exp !
!!! rjy(sin 9/2)cos p sin

p dp
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where

(Rj - Rjf) . S

=

2rjj~(sin4/2)cos

M

and

1.1 =

..-.
S,(R, - Ry)

Thus
n

n

n

This is the interference function for molecular gas scattering. The first
term is the contribution from individual atoms and the second from
interference arising from atom pairs. It clearly gives the contribution of
the total coherent scattering for the molecule, neglecting thermal vibration. It has also been used in investigations of the structures of polyatomic
ions in solution.Zo
Extension of this expression has been successful in providing a n interpretation of the diffraction of liquids and glasses.21
3.1.5. The Effect of Thermal Vibration on Laue-Bragg Diffraction

To obtain the interference function Jz for Laue-Bragg diffraction
including the effect of thermal oscillations, one needs to average the
value of Jz over the various displacements of atoms from their ideal
sites.
This is a difficult problem in the case of a crystal of any complexity
since it involves an averaging over tlie displacements of each atom or ion
from its rest position or ideal site, throughout the crystal. A treatment of
the normal vibrations of a monatomic primitive cubic lattice yields the
Debye-Waller temperature factorzzso that
JZ= lFl:e,,e-zMlG12
where

M

sin2 e

= BT-’

A2

It may be shown that, if each atom is an independent isotropic harmonic oscillator, then J 2 can be written
J 2 =

1

+ + Zz,)] 1’

[GI2 ~f,e-M~exp[2ri(hxJ kyi

(3.1.14)

I

2OP. A. Vaughan, J. H. Sturdivant, and L. Pauling, J . Am. Chem. SOC.72, 5477
(1950).
21 R. W. James, “Optical Principles of the Diffraction of X-Rays,” p. 458 ff. Macmillan, New York, 1948.
22R.
W. James, “Optical Principles of the Diffraction of X-Rays,” p. 219. Macmillan, New York, 1948. See also, M. Blackman, Acta Cryst. 9, 734 (1956).
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and
fj(T)

=

where fj is the scattering amplitude and fj(T ) is the temperature-dependent coherent scattering amplitude of the j t h atom and
(3.1.15)

Here uI is the component of displacement perpendicular to the reflecting
plane.
It is common practice in the treatment of molecular and other complex
crystals to remove the isotropic restriction while retaining the form of the
temperature factorlZ3thus:
Mj = Pflh2

+ &hk + &,k2 + &,hZ + &Z2 + /3$3kZ.(3.1.16)t

3.1.6. The Crystal Structure Factor
The structure factor for crystal diffraction is the average value over M
cells of F,j of (3.1.3). Since
S

=

r*

=

ha*

+ kb" + Zc* and & = xia + yjb +

then

S

= A(hXj

*

+ kyj +

zjc

kj)

and the relative structure amplitude or crystal structure factor F(hkZ) is
now given by the expression
n

j= 1

=

A(hkZ)

+ iB(hk2) = JF(hkZ)lei"(*")

(3.1.18)

where a(hlcZ) is the phase angle of the crystal structure factor:
n

A(hk1) =

fj(T)cos 27r(hzj
j=.1
n

B(hk2)

+ kyj +

(3.1.19)

+ +

fj(T)sin 2 ~ ( h ~ kyj
j

=

Zzj)

kj).

j= 1

I n a centrosymmetric crystal, with the origin at a symmetry center,
for every atom at z,y, z there is one at 3, g, Z. Hence F(hkZ) = A(hlcZ);

t The effects of symmetry operations and crystal systems on the tensor components
in the expression for M have been considered by K. Trueblood, Acta Cryst. 9, 359
(1956), and H. A. Levy, ibid. 9, 679 (1956).
as D. W. J. Cruickshank, Acta Cryst. 9, 747 (1956).
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B(hkZ) = 0 for all (hkl). It is evident that selection of the origin of a cell
a t a symmetry center, rather than a t some arbitrary point, leads to a
considerable simplification since all phases of the F's are then zero or T.
Any symmetry operation involving a translation which is a submultiple
of a lattice translation leads to certain selection rules or extinction laws
as can be seen by examination of the structure factor.
Consider a body-centered cell having a molecule of m atoms at the
origin and an identical similarly oriented molecule at the center of the
cell. Then
m

F(hkZ)

=

1. f j ( T ) ( e ~ p [ 2 ~ i4-( h kyj
~ j + Zzj)] + exp(2ri[h(xj+ f)
i=l

or

+ eri(h+k+L))2 f7(?')exp[2&(hxj + kyj + Zzj)].
m

F

=

(1

j=l

For h
For h

+ k + Z = odd integer, F(hkZ)
+ k + 1 = even integer,

=

0.

m

F(hkZ)

=

2

2

fi(T)exp[2ai(hzj

+ kyj + ZZ~)].

j=l

Thus, the extinction law for a body-centered lattice (irrespective
of the crystal system) is that all reflections vanish for planes having
1 = 2n 1, i.e., an odd integer.
h k
Similarly, if a crystal possesses a glide plane of symmetry, e.g., a plane b,
perpendicular to the x axis with a glide in the y direction, corresponding
to the coordinate transformation xyz + 3, y
4, z, then

+ +

+

+

m

F(hkZ)

=

+ +

fj(T)exp[2~i(hxj kyi
j= 1

Zzj)]

The extinction for k odd is true whether the origin lies in the glide plane
or not.
Table V lists the commonest extinctions with the associated symmetry
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TABLE
V. Examples of Extinctions”
Class

Nonextinction

Bravais lattice
(hk0

(hkl)(Hex.)
(hkl)(Rhom.)
Glide planes (axial)
(Okl)

(h01)

(hkO)

+

Symmetry element

k +I
h
h+k
h+l
k+l

=

2n
=2n
=2n
=2n

I
C
B
A

ti:}

=2n

F

+ + 1 = 3n
+ + 2 = 3n

R
H

k +l
-h
k
k
h

k
= 2n
1
= 2n
k+l =2n
k+l =4n
= 2n
h
1
= 2n
h+l =2n
h+l =4n
h
= 2n
k
= 2n
h+k=2n
h+k=4n

(b 1x axis)
(c I5 axis)
(n 1 x axis)
(d Ix axis)
(a 1y axis)
(c 1y axis)

(n 1y axis)
(d Iy axis)
(a 1z axis)
(b 1.z axis)
(n 1z axis)
(d Iz axis)

Screw axes (axial)

(OkO)
(001)

a

h
h
k
k
1
1
1
1

2n
4n
= 2n
= 4n
= 2n
=3n
=4n
=6n
=

=

21 or 42
41 or 4a
21 or 42
41 or 43
21~42,or 68
31,32,62,or 6 a
41 or 43
61 or 65

11 to x axis
11 to x axis
11 to y axis
to y axis

I( to z axis
(1 to z axis
11 to z axis
11 to z axis

M. J. Buerger, “X-Ray Crystallography,” p. 83. Wiley, New York, 1942.

element.24 (These extinction criteria are strict and any violation is clearly
evidence for rejection of the symmetry element in question.)
It should be noticed that the structure factor for a plane (hkZ) is equal
to the complex conjugate of the structure factor for the plane (hki) if the
atomic scattering factor is real. Hence, generally, F(hkZ) = F*(K@ and
I(hkZ) = I(h@. This is Friedel’s law. The validity of this law precludes
the detection of the presence or absence of a center of symmetry in a
24

M. J. Buerger, “X-Ray Crystallography,” p. 83. Wiley, New York, 1942.
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crystal directly from diffraction effects. Thus, the diffraction symmetry
of a crystal is the actual symmetry plus a center of symmetry.t
Information from physical properties (piezoelectricity, pyroelectricity,
optical activity) or crystal morphology is generally required to determine
if a crystal is centrosymmetric. Support can also be got by a statistical
treatment of the magnitudes of the observed structure factors.26

3.1.7. Fourier Representations of a Cell
3.1.7.1. Density Distribution of Scattering Centers. The Crystal
Image. Crystals possess structures which are triply periodic distributions
of scattering centers. If the case of scattering by the electronic charge
distribution is considered, then, presumably, the density of the distribution p ( X Y Z ) is continuous, real, and positive at every point and so should
be representable by a Fourier series,26thus:
~(xyz=
)

ChCkzl C(hkl)exp[-2~i(hz+ k y + Zz)].

-m

--m

(3.1.20)

-m

+

Evaluating the constants by multiplying both sides by exp[2~i(h‘z k’y
Z’z)] and integrating over the cell volume, one obtains

+

The integral is clearly just F(hkZ).
Hence

The density p could just as validly have been written in terms of positive
phase angles, in which case the coefficients would have turned out to be

fl +

t If the scattering from an atom is anomalous so that f i =
if:’ then Friedel’s
law is invalid.
By choosing radiation such that anomalous dispersion occurs in the scattering by
at least one type of atom involved in the crystal being investigated, it becomes feasible
to observe the lack of a center of symmetry and it has been possible to distinguish, in
the case of an enantiomorphic pair, which hand of the pair is to be assigned to the
crystal individual under examination. [See J. M. Bijvoet, Nature 173, 888 (1954);
Y.Okaya, Y. Saito, and R. Pepinsky, Phys. Rev. 98, 1857 (1955).]
56 A. J. C. Wilson, Acta Crysl. 2, 318 (1949).
es H. Lipson and W. Cochran, “The Determination of Crystal Structures,” p. 76.
Macmillan, New York, 1953;D. W. J. Cruickshank and G. S. Parry, in “International
Tables for X-ray Crystallography” (J. S. Kasper and K. Lonsdale, eds.), Vol. 2, p.
318 ff. Kynoch Press, Birmingham, England, 1959.
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F*(hIcZ) (Friedel’s law). By so doing and putting
F(hkl)

=

A

+ iB

and F(h5i) = A - i B and adding the two series,

p(XY2)

=

v;:

I*Ck

[A(hIcl)cos 27r(hz

+ Icy + Zz)

+ B(hIcZ)sin 27r(hz + Icy + Zx)l.

Thus the density is everywhere real, as it should be. Further, the constant
term F(000) is just the number of electrons per unit cell and, since
F(OOO)/V,, is the mean electronic charge density, the other terms evaluate the fluctuation of the density about the mean.
If the crystal has a center of symmetry at the origin, then B(hkZ) = 0
and p is a three-dimensional cosine series. In this case it is to be noted
that F(hkZ) = A(hlcZ) still carries a “plus” or “minus” sign to be assigned.
Other forms of these series are useful. By computing Jg p ( X Y 2 ) dZ one
gets u ( X Y ) , the charge density projected along z on to the z, y face of
the cell

a(XY) =

& I*Zk

[A(hIcO)cos2a(hz

+ ky)

+ B(hk0)sin 2a(hs + ky)]

(3.1.22)

where A,, = area of the z, y face of the cell. (Such a series is often centrosymmetric even though p is not.)
It should be noted that a similar treatment can be applied to the
distribution of scattering centers for neutrons. I n this case, however, the
distribution is essentially discontinuous and is not well approximated
without a very large number of terms, at least for the case of small thermal
amplitudes. This can be avoided in practice by applying a n artificial
damping factor to the experimental structure amplitudes so as to spread
out the scattering centers in a manner equivalent to the time average
over large thermal oscillations.
3.1.7.2. Vector-Correlation Function. The Patterson Series. If a function P(uvw)is constructed thus:

P(UVW)
= \ol
then

P(UVW)
=

lo1
IO1 + + v, + w)
CkIlF(hkZ)F*(hkZ)cos 27r(hu + kv + Zw). (3.1.23)
p(zyz)p(z

u, y

z

dz dy dz

288

3.

DIFFRACTION METHODS

The function P(uvw)* is known as the Patterson series.27Inspection of
the integral shows that P(uvw) should have maxima when p(xyz) and
p ( (z
u),(y v), (z w ) ) both have maxima. Thus (ul,ul,wl) at a
maximum in P(uvw) are the components (in terms of cell edges normalized
to unity) of the vector separation of two maxima in the density series.
That is, (ul,vl,wI) are the vector components of separation of two atoms
in the cell. P(uvw) is thus a three-dimensional auto-correlation function.
This series can be very useful. It clearly employs only experimental
data since the coeEcients are now the observables F2,and therefore no
assumptions are required for its application. It has certain inherent
limitations, however. First, if there are n atoms per cell, then there are
n(n - 1) maxima in one three-dimensional period of the function plus
an origin peak corresponding to the sum of the n zero-length vectors
from each atom to itself.
Both the large number of maxima in the series and the large origin
peak may interfere with resolution and interpretation of the series,
especially because it is just those maxima near the origin which define
the interatomic vectors of one molecule. This origin peak may be computed and subtracted though there is some question of the utility of this
device. Since so many interatomic vectors normally exist in one unit cell,
it is rarely profitable to compute a two-dimensional projection of the
Patterson function because of the overlapping of peaks in the projection.
Nevertheless, as HarkerZ8has pointed out, certain one- and twodimensional sections (Harker sections) may be computed to yield vectors
between atoms related by a symmetry operation. Thus if the cell possesses
a two-fold axis of symmetry in the y direction, then an atom a t x, y, x
has an equivalent at f y l and the vector separation is 2x, 0,22 (or 22,0,22).
The plane section P(u0w) will contain this maximum at ul,w1 such that

+

+

+

u1 = 2 ~(or
: u1 = 1 - 22)
w1 = 22 (or w1 = 1 - 22).
In this case
P(u0w)

=

zbxkcz

F2(hkl)cos2n(hu

+ lw)

where

* The commonly used normalizing factor, V;:, has been suppressed in the expression
for P(uvw).
27 A. L. Patterson, Phys. Rev. 46,372 (1934);cf. H.Lipson rand W. Cochran, “The
Determination of Crystal Structures,” p. 150. Macmillan, New York, 1953.
f 8 D. Harker, J . Chem. Phys. 4, 381 (1936).
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This permits the evaluation of the x and z coordinates of such scattering
centers.
Screw axes, mirror planes, and glide planes also lead to Harker sections.
For instance, if an a glide plane exists perpendicular to and intersecting
the y axis a t y = two atoms related by this symmetry element have
the positions (zyz), (z +, - y, z). The vector separation is &, & - 2y,
0 (or +,
2y1 0).
The corresponding Harker section to be computed is

a,

++

+ +

where

This is a line section and can be computed rapidly. The maximum appearing is related by the expression v 1 = & - 2y.
With the present availability of high-speed digital computers the full
three-dimensional series may be evaluated a t a very large number of
points. Such comprehensive evaluations of P(uvw) have proved to be of
great value in the determination of the structures of complex crystals.
3.1.8. Procedure of Structure Determination
3.1.8.1. Determination of the Structure of a Crystal. As has been seen,
associated with every Laue-Bragg reflection or diffraction maximum
there is a point (hkl) of the reciprocal lattice. If single crystals are available for study then these maxima can be mapped, a pair of values, r*
and F 2 , being determined for each point (hkl) throughout the accessible
region of reciprocal space (i.e., r* < 2). If only randomly oriented crystals
(powders) are available then the orientation of r* is lost and T * , /PI2at
most may be determined.
The magnitudes and directions of r*(hkZ) yield the three vectors
defining the unit cell : a, b, c. From the macroscopic density of the crystal,
p z t l , the number of molecules per cell, nmis determinable:

(3.1.24)

where No is Avogadro's number and M is the molecular weight of the
substance.
If the wavelength of the radiation used is not too large, a great many
reflections lie in the accessible region of reciprocal space-, that is, within
a limiting sphere of radius 2. Thus there exists a large quantity of data
for establishment of cell size and testing of the extinction laws. By
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inspection of the reflections observed, the compatible Bravais lattice can
be assigned and glide planes and/or screw axes can be detected.
Thus, if the crystal is orthorhombic and the reflections observed are
such that in every case:
h

+ k + E = 2%

for all types of planes (hkl)

and, additionally,
k = 2n
1 = 2n
h = 2n

for all (OM)
for all (h01)
for all (hkO)

then the Bravais lattice must be I and there are three glide planes, b, c, a,
perpendicular to the 2, y, and z axes, respectively. In this case there is
also a 2, screw axis parallel to each cell edge. The extinctions required by
the screw axes are hidden in this case by the other extinctions. No
ambiguity results here since the extinctions observed completely define
the space group and require the crystal to be centrosymmetric: h a .
This space group, Oil, has sixteen operations, namely 1, b,, c,, a,,
(b, * c,), (b, * a,), (c, u,), (b, c, * a,) and these combined with the bodycentering translation. (Here the notation b, indicates the glide plane b
is perpendicular to the 2 axis.) Thus there are just sixteen equivalent
points in the cell.
If n,, the number of molecules per cell, is sixteen from (3.1.24), then
each molecule may be asymmetric since it need contribute no symmetry
to the crystal. However, if n, is 8, then each molecule must have a center
of symmetry. This is the only possible required symmetry for the molecule. Across all other symmetry elements (2, axes and glide planes),
related points of a pair cannot be condensed together because of the
translational part of the operation.
As has been pointed out, although the diffraction effects require a
symmetry center in the above example, such evidence often does not
exist. For instance, if reflections had been observed only such that:
9

h

+k +I
h
k

I

=
=

=
=

2n for all (hkl)
2n for (hkO)
2n for (OkE)
2n or 2n
1 for (h01)

+

then the space group symmetry could be Ib(2)u = Iba or Ibma. Here,
Iba has the point group symmetry Czvand does not have a center; Ibma
(with the mirror plane perpendicular to the y axis of point group Dzh)is
centrosymmetric. However, neither a full two-fold axis nor a mirror plane
contributes extinction criteria.
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3.1.8.2. Determination of Atomic Positions. The application of extinction rules and any pertinent information from crystal morphology and
physical properties establishes the cell symmetry as that of a particular
space group or, if one is not so fortunate, at least as one of several space
groups.* The number of atoms associated with the asymmetric unit is
also known directly from experimental measurements.
The Fourier series representation of the electronic charge distribution
(or that of other scattering centers) is just a crystal image and its evaluation is the equivalent of a structure determination. For this purpose, the
phase (or sign) of each F(hkl) must be known. The fundamental problem
of crystal structure determination is the determination of these phases
or signs.
If only the positions of the atom centers are to be sought, then, in
principle, the xyz coordinates of each of the n / p atoms in the asymmetric
unit (where p is the number of symmetry operations) should require
solution of only n / p X 3 structure factor equations (3.1.17), providing
the phases (or signs) as well as the scattering factor of each atom kind
are also known from some auxiliary source.
However, the magnitudes IF(hlcZ)I are rarely precise as determined
experimentally since they require the measurement of scattered intensities. The individual temperature coefficient M ( j ) usually can only be
approximated a t this stage of the analysis. For these as well as other
reasons, the direct solution of the structure factor equation has rarely
been fruitful.
Relatively simple structures, or those in which a rather good model
of the molecule can be constructed a priori from known bond distances
and bond angles, may require the evaluation of a very limited number of
xyz coordinates. As a result, it then becomes feasible to compute the
values of F(hkZ) for a number of reflections as functions of these coordinates and to determine, from a graphical plot, those coordinates which
produce consistent agreement between the magnitudes of the observed
and computed structure factors. Once such a “trial” structure is determined, the structure factors can then be computed for a large number of
reflections. These may not agree well in magnitude with those observed,
but, at least for the larger ones, the associated signs (or approximate
phases) now should be known.
Proceeding from this point is a matter of refinement. Usually pertinent
Fourier sections or projections are computed using just those terms for
which the phases are known. From the positions of the maxima in these,

* In such a case it is common practice t o choose for exploration the space group of
highest symmetry since less computation is then required. If no solution appears possible, it is necessary to investigate a possible space group of lower symmetry.
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new values of the coordinates are estimated and the process is iterated
until all the observed data are involved.
Though the direct trial-and-error approach has been surprisingly
successful in the hands of ingenious investigators, more general methods
have been developed, The crystal structure factor is really the Fourier
transform of the cell, sampled at the points of the reciprocal lattice.
In the case of rather simple cells of perhaps a complex molecule, the
Fourier transform of the molecule (i.e. its structure factor) can be computed for a model &s a continuous function in reciprocal space. That
orientation of the transform relative to the reciprocal axes may be
determined which gives crystal structure factor agreement (in magnitude). This method has proved practicable especially when an optical
analog construction of the transform or the “fly’s eye” method is
employed.29 It is said to be difficult to treat cells having more than
one molecule because of the complications arising in combining the
transforms.
Careful interpretation of the three-dimensional Patterson function or
Harker sections often leads to a trial solution. The Patterson function
can always be constructed and it is a complete representation of all
observable data. Around the origin peak are to be found peaks representing the short intramolecular vectors. Thus, a triatomic molecule may
have a vector representation as in Fig. 7(a). However, a hexagonal planar
six-membered ring has a vector representation as in Fig. 7(b).
The vector pattern can probably be best visualized as a superposition
of all atom positions of a molecule as the molecule is translated in such a
manner that each atom is successively placed at the origin, the molecular
orientation being unchanged in the translational process. Identification
of a set of vectors with a model for the molecule furnishes approximate
interatomic distances and bond angles and the orientation of the molecule
as well. Peaks on the Harker sections contribute the position of the
molecule (or, rather, positions of the atoms in a molecule) relative to
one or more symmetry elements of the cell. From such information a
trial structure can often be formulated and refinement becomes possible.
It should be pointed out that the relative peak heights on a Patterson
map are determined by the products of the charge densities of the pair
of atoms responsible for the associated vector. This often contributes
to an unambiguous identification of vectors.
Such identification is especially clear if one atom of the molecule is
“heavy,” e.g., one atom is a considerably stronger scatterer than the
29 G. Knott, PTOC.
Roy. SOC.62, 229 (1940); cf. H. P. Stadler, Acta Cryst. 6, 540
(1953); also see W. L. Bragg, Nature 164, 69 (1944); C. W. Bunn, “Chemical Crystallography,” p. 250. Oxford Univ. Press, London and New York, 1945.
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rest. Peaks involving this “heavy atom” are readily identified so the
molecular configuration and orientation are easily discerned. Also, once
the coordinates of the “heavy atom” are determined, the phases (or
signs) of many of the F’s can be estimated, even though considerable
(a)

I

6

Molecular
configuration

Vector
pattern

FIG.7. Distribution of maxima in Patterson function; intramolecular vectors around
origin for: (a) regular triangular configuration; (b) regular hexagonal configuration.
Number of circles indicates number of vectors terminating at point.

ambiguity exists with regard to the exact positions of the other atoms;
the structure factor tends to be dominated by the “heavy atom.”
In recent years, attention has been given to methods for determining
the probable value of the phase or sign of an observed structure factor
magnitude. 0ne.approach is that of Harker and Kasper30 as applied to
X-ray diffraction.
so

D. Harker and J. S. Kasper, Acta Crvst. 1, 70 (1948).
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Defining

where

= number of electrons in j t h atom
z = number of electrons in cell

zj

and summations run over all atoms in cell, one then obtains U(hkZ) as the
unitary structure factor, i.e., it is that fraction of the total scattering
power possible observed for a reflection. Writing r*(hkZ) as H, one obtains

FH =

2

fj(T)exp

j=1

tq

H . rj)

in general, or
n /2

F ~=
, 2

2fj(~)cos H .

i=l

for 7 at origin; and

Now putting

and using the Cauchy inequality,

then

27r

rj
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In a similar manner, expressions for inequalities involving other symmetry elements are obtainable. Thus it is feasible to determine the signs
of a number of structure factors if the unitary structure factors are not
too small.
Much more general relations have been d i s ~ o v e r e d Some
. ~ ~ of these
have proved very powerful. One of the simpler ones which commonly
holds, if the structure factors are sizeable, is the Sayre sign relation:32

s(hkZ) = s(h‘k’2’) . s(h

+ h’, k + k’, 1 + Z’).

(3.1.25)

This is really a recursion formula for the signs s of three related structure
factors. It is usually possible to get repeated tests of the sign of a structure factor by such methods.
Once the signs are assigned for a centrosymmetric crystal, its structure
is known except for the detail of computation of its Fourier representation.

3.1.9. Computational M e t h o d s f o r Refinement of P a r a m e t e r s
The adjustment of the positional coordinates of the atoms in the cell
to achieve an accurate structure and, hence, accurate bond lengths and
bond angles for the molecules in a crystal is primarily a computational
problem, once a reasonably good trial structure has been formulated.
As has already been indicated, the process is that of adjustment to the
best over-all agreement between magnitudes of F(hkZ) observed and
calculated. That is, if F , is a computed structure factor, 4(hkl) an observed
amplitude and K a scaling factor such that 2,1Fc[ = KZ& in which the
sum is to be carried over all observed reflections, then the observed
structure factor magnitude is IFo(hkZ)I = K+(hkZ). A commonly used test
for the reliability of the solution is the evaluation of the residual:
(3.1.26)

It is difficult to place a limit on R, above which the indication is strong
that the structure is incorrect. Generally, in X-ray diffraction, for data
three-dimensional in (hkl), R should refine progressively well below 0.3
and, if the intensity data are good, may drop well below 0.1 for typical
organic compounds. The residual R should become especially small for
structures having atoms of large scattering power in positions of high
J1 H. Lipson and W. Cochran, “The Determination of Crystal Structures,” p. 250.
Macmillan, New York, 1953.
32 D. Sayre, Acta Cryst. 6, 60 (1952); cf. W. Cochran, ibid. 6, 65 (1952).
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symmetry. It also appears that

R(h0Z) = R(0kZ) = R(hlc0)
if the structure has been correctly determined.
3.1.9.1. The Density Function. The refinement of the parameters, xjyjzj,
can be carried out in a number of ways. Usually Fourier density projections showing good resolution of peaks, sections or other portions of the
full three-dimensional density function are computed. The peak positions
observed are used to correct the parameters and a new set of F , and a
new K are determined. Any changes in sign or phase and the new scale
factor are then associated with the 4’s and a new p or u is computed. This
process of iteration can be continued until no significant changes of sign
or phase of the F’s occur.
The set of cell parameters thus obtained may still be in appreciable
error resulting from inaccuracies in the temperature factors used, poor
convergence of the series because of termination effects (since the number
of terms is limited by experimental observations), and overlap of charge
densities if projections are employed.
The computation of a full three-dimensional density function is so
laborious that it is rarely if ever attempted unless use is made of a highspeed digital computer. I n the case of two-dimensional sections or projections, summation is practicable using hand-calculating devices. Since
Friedel’s law holds, it is necessary to sum the series over only half the
points accessible in reciprocal space and then multiply by two except for
the constant term F(000). Also, the symmetry properties of the cell may
be utilized to further reduce the number of terms in the sum. For instance, if the cell origin lies on a twofold y axis, then F(hkZ) = F(hlc1).
For hand calculation the series is normally expanded and for the centrosymmetric projection it becomes:
AL.*UXZ

=

F(000)

+2

c
H

P(hO0)cos 27rhx

+2

h=l

L

P(0O~)cos27rk
1=1

H

L

The last term on the right may be written:

12
H

2

L

h = l E = -L
1#0

F(hOZ)(cos 27rhx cos 2712

- sin 27rhx sin 2x12).
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This can be summed as a set of linear series:
2

2

I1

(Ah,ecos 21rhx 4-B h S s sin 27rhx)

=1

where
L

Ahyz

=

1 F(hol)cos 27rlx

one for each h

1= -L
1#0

and

Further reduction in the labor can be effected through utilization of
the symmetry properties of the cosine and sine functions. Aids for rapid
calculation in the form of strips printed with values of A cos 27rnx or A
sin 21rnx, have been devised. The strips of Beevers and L i p ~ o nare
~~
very
widely used for this purpose.*
The density function p in practice is always a terminated series and so
does not exhibit an exact image of the structure even though the signs or
phases of the coefficients are known. These errors can be eliminated by
computing a “calculated” function po in which the coefficients F, are
computed for a model in approximate agreement with the observed function PO. Adjustments in the model (i.e. in the equilibrium positions of the
atoms and in the temperature factors) are then made to match the height
and shape of the maxima in p c to those in PO.
It is convenient in carrying out this procedure to compute the diference
synthesis,34po - pc7 for which the coefficients are (Fo - F,).
Two further methods for the refinement of structures deduced from
diffraction measurements have come into wide use. Although in simple
cases they can be applied by using hand-calculating techniques, they are
best suited to high-speed, digital computers. One of these is the so-called
diferential synthesis and the other is the method of least squares applied
to the structure factor.

* A number of special instruments have also been devised for both the computation
of structure factors and for the summing of series. (See A. Booth, “Fourier Technique
in Organic Structure Analysis.” Cambridge Univ. Press, London and New York, 1948;
and M. J. Buerger, “Crystal Structure Analysis,” pp. 272 and 472 ff. Wiley, New
York, 1960.)
33 H. Lipson and C. A. Beevers, Proc. Phys. SOC.(London) 48, 772 (1936); cf. A, L.
Patterson and G. Tunell, Am. Min. 27, 655 (1942).
34 H. Lipson and W. Cochran, “The Determination of Crystal Structures,” p. 298.
Macmillan, New York, 1953.
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The method of Fourier synthesis used for producing an image or density
map of the unit cell requires the evaluation of the density function at a
very larg? number of points. If, for instance, each edge of a cell were
about 7 A long, and the density function were to be evaluated with a
mesh of 1/60 of the edge, i.e., at points -0.12 A apart, then the indices
should range to a maximum value of -60/4 = 15. In this case,

rtax = 2

=

X/d,i,

‘V

15X/7

and X ‘v 14/15 N 0.9 A. (A somewhat shorter radiation should be used
since one cannot collect quite all data up to 0 = 7r/2.)
Even here the number of lattice points in the limiting sphere is
-4 X (15)3. Allowing for the duplications introduced by Friedel’s law,
some 7000 should be accessible. If the crystal were of high symmetry,
then the number of reflections to be measured would be much reduced by
the symmetry operations of the cell. Such relations between the signs
or phases of the structure factors have been tabulated.I6
Further, it should be noticed that if the synthesis were carried out
over one-half the cell, the evaluation of the density function would be
required at some 108,000 points. Often because of symmetry operations,
a smaller fraction of the cell will suffice.
Evaluation of such a series is clearly a task best suited to a digital
computer which has very rapid read-in and print-out abilities. Even so
the process is still awkward and expensive in refinement stages, after
one knows just where to examine the density function for peaks.
3.1.9.2. The Differential Synthesis. Computation of the slopes and
curvatures of the density at a point (xj’yjlzj’) quite near which the center
of the j t h atom is situated, permits the determination of a set of corrections ezj, Q, tzj (and also, with certain assumptions, corrections to M j )
through the solution of j sets of equations. For the centrosymmetric
case36these are

where the subscript j indicates the derivatives are to be evaluated at the
s6 A. D. Booth, Trans. Faraday SOC.
42, 444 (1946); cf. H. Lipson and W. Cochran,
“The Determination of Crystal Structures,” p. 279. Maemillan, New York, 1953.
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point xj’yj’zj’. These derivatives take the forms

ax =
9

0

-

*ccc
UVUC

hFo(hk1)sin 2s

etc.
Thus, determination of the corrections requires evaluation of nine
series sums for each atom in the asymmetric unit. This is a much more
economical procedure. (Of course, after application of this method, a
new set of F’s must be computed along with a new scaling factor K , and
then the computation is repeated to achieve further corrections.)
3.1.9.3. The Method of least Squares. Instead of computing the corrections to atomic positions from the peak positions in the Fourier synthesis, they may be obtained by minimizing the function:36

where q is the number of observed reflections and w is the a priori weight
for t,he Fo(hkl). For the centrosymmetric case, there are 3n/2 normal
equations of the type:

Here, 2 , means: sum over all accessible F(hk1); Zm!means: sum over all
atoms except j t h .
One can incorporate the corrections for the temperature factors, and
the scale factor as well, in the normal equations. I n principle, a t least, one
should achieve b y successive applications of this method a best set of
atomic positions and temperature factors. The method is quite successful.
If the atoms are well resolved, as with three-dimensional data, and if
the cell is orthogonal or nearly so, then the normal equations take the
simple form:

3 6 E . W. Hughes, J . Am. Chem. SOC.63, 1737 (1941); cf. H. Lipson and W. Cochran,
“The Determination of Crystal Structures,” p. 280. Macmillan, New York, 1953.
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This method is well suited for programing for digital computers. Inclusion of the cross terms obviously increases the complexity of the computation and requires a computer with large storage capacity.
The method of least squares just discussed minimizes the sum of the
squares of the deviations: Z,w(lFol - lFcl)2.As with the other methods
of refinement, the process is iterated until a measure of the convergence,
such as the residual R, indicates that further refinement is not feasible.
3.1.9.4. Accuracy of Bond Lengths and Angles. In principle, if the
signs (or phases) as well as the magnitudes of all nonzero F(hkZ) are
known, then the density series using these coefficients should give a
precise representation of the distribution of scattering matter in the unit
cell. In particular, the positions of the maxima at which apldx,, = 0, etc.,
should then be the precise equilibrium positions of the atoms in the cell.
This is never the case for several reasons.
Some points (hkl) for which F does not vanish may lie outside the
accessible region of reciprocal space leading to series termination errors.
(Even though IF1 for such a point is quite small the number of points
increases as r*“) Such errors, however, are removed by use of the
difference synthesis, PO - pc, if the sampling in (hkZ) is identical.
Errors in the experimental measurement of IF( are always present as
well as inaccuracies in determination of the phases a(hkZ) (such that
F(hkl) = IF(hkl)leiu(hkL)).
As has been stated, the residual factor (or “reliability” index) R
(3.1.26) serves as a rule-of-thumb for estimating the essential reliability
of a structure, but its utility suffers from the fact that there is no precise
relationship between it and the errors in the atom-coordinates.
Cruickshank, among others, has investigated the standard deviation
in the density and in atom positions.37His results are
a(p0) = vuc

and
a(q) =

27r

{ 2 (Fo -

F . ) 2 } l i 2 (5)

{ 2 W(Fo - Fc)2}

1‘2

(5)/aVucC;

(3.1.31)

(3.1.32)

Q

with similar expressions for the y and z coordinates. Here (5) has a value
of 2 for a noncentrosymmetric structure and unity for one having a center
of symmetry if three-dimensional data are used and Cj = a 2 p c / a x 2evaluated at the center of the j t h atom.
5’

D. W. J. Cruickshank, Acta Cryst. 2, 65 (1949).
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If a pair of bonded atoms are at XIYIZl and X2Y2Z2,then the interatomic distance is
r12

and
u2(r12)

= ((X2 -

Xd2

+ (Yz - Y1)2+ (2,

-

Z1)2}1/2

+ oz(X2)+ u2(Y l ) + u2(Y2) + u2(Zl) +

= u2(X1)

~ ~ ( 2 2 )

unless the atoms are symmetry connected.
Two bond lengths measured as r12 and r:2 differing by an amount
Ar12 will have a 99.0% chance of not being accidentally evaluated differently if Arlz > 2 . 3 3 ~and a 99.9% chance if Arlz > 3 . 0 9 ~ ,where u is
given by

+ u2(ri2).

u2 = u2(r12)

The standard deviation of the angle determined by three atoms is
given by

where u ( r l ) is the standard deviation in coordinate position of the first
atom, etc., and the angle apex is at atom 2.

3.2. Techniques of

X-Ray Diffraction"

3.2.1. Introduction
Following the demonstration of Laue diffraction by Friedrich and
Knipping in 1912, the investigation of single crystal diffraction proceeded
rapidly in the development of the (polychromatic) photographic Laue
method and in use of direct measurement by means of the (monochromatic) ionization spectrometer of W. H. and W. L. Bragg. In the next
five years the application of the monochromatic technique was extended
to the examination of crystalline powders by P. Debye and P. Scherrer
and by A. W. Hull. Development of single crystal methods occurred
rapidly in the next decade with the introduction of the rotation and
Weissenberg photographic goniometers and the application of reciprocal
lattice geometry as developed by P. P. Ewald. The rapid growth of
counter techniques has led to the development of the more sensitive
counter spectrometers or di$ractorneters.
A number of ingenious instruments for the direct photographic recording of the diffracted intensities as an undistorted display of a reciprocal

* See also Vol. 1, Section 7.10.2.3; Vol. 6, A, Chapter 3.2.
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lattice plane have been devised in this more recent period. Of these, the
Buerger precession instrument is a beautiful example.
These several types of instruments have met such widespread use that
excellent models are available commercially as well as associated X-ray
sources, power supplies, and auxiliary equipment.
As has been previously seen in Section 3.1.4, a crystal or grain of
crystalline powder may give rise to a Laue-Bragg diffraction maximum
if its orientation relative to an incident beam of radiation of wavelength
X is such that a reciprocal lattice vector r* terminates on the sphere of
reflection. The geometries of the several methods used for recording
diffraction patterns differ primarily in the method chosen for satisfying
this diffraction condition.
The experimental task in structure determinations is twofold : (1) the
identification of each diffraction maximum with its associated reciprocal
lattice point (hkl) (indexing) and the measurement of the fundamental
reciprocal lattice translations and (2) the determination from measurements of diffraction intensities of the magnitude of the crystal structure
factor F(hkE) associated with each reciprocal lattice point. The first of
these is a geometrical problem. Its solution yields the translational lattice
of the crystal, i.e., the size and shape of the unit cell. The second is concerned with interference arising from the scattering matter in one unit
cell, Since the F’s are the transforms of the distribution of scattering
matter in the cell, it is these F’s which yield information concerning the
structures of molecules in the cell.
To derive the quantities F 2 from the diffracted energies measured by
the several experimental methods it is necessary to employ suitable
expressions for absorption of radiation.
3.2.2. Interaction of X-Rays with Matter
3.2.2.1. Absorption of X-Rays. X-rays during passage through matter
ordinarily suffer losses of intensity by processes of scattering and ejection
of photoelectrons giving rise to a linear absorption coefficient p(cm-l).
Thus the transmitted intensity It is given as a transmission factor 3 by
Beer’s law
3 = I J I o = e-2

where 3 is the fraction transmitted through a thickness z(cm).
Since p depends on the density of the absorber, the cross section for
absorption per atom, or the atomic absorption coefficient a,(cm2),t or

t The scattering cross section per atom, uC,is perhaps more commonly represented
for X-rays by pa.
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the mass absorption coefficient p/p(cm2 gm-I) are the quantities tabulated
for the chemical elements.3*These are related through the expressions
(3.2.1)

and
(3.2.2)

in which A is the atomic weight, nm is the number of molecules, each
having m atoms, in the cell of volume Vuc,and No is Avogadro’s number.
Values of u. for several elements and characteristic K , radiations are
shown in Table VI.
TABLEVI. Atomic Absorption Coefficients: uo (units of 10-25 cm2)a

K abs.
edge

X(A)

K , radiation--X(A)
Element

Li
C
N
0
2.0701 Cr
1.8954 Mn
1.7429 Fe
1.4869
0.6197

Ni

Mo

Ag
0.561

Mo
0.711

0.21
0.83
1.39
2.13
134.
157.
183.
242.
1118.

0.34
1.38
2.54
4.00
260.
303.
352.
458.
320

I

cu

Fe

Cr

1.542

1.937

2.291

1.7
10.87
19.6
33.6
2220,

4
21.4
39.8
66.4
4190.
576
669
900
4730

6
35.4
63.8
105.5
769
900
1051
1410
6940

Z:
475.
2600

r

1

W. H. Bragg, M. von Laue, and C . Hermann, eds., “Internationale Tabellen zur
Bestimmung von Kristallstrukturen,” Vol. 2, p. 579. Borntraeger, Berlin, 1935.

The variation of the atomic absorption coefficient with wavelength is
shown for nickel in Fig. 8. The discontinuity in the absorption coefficient
occurs a t the K critical absorption limit of nickel. Use is made of this
property in obtaining a nearly homogeneous CuK, beam of X-rays by
means of a nickel foil filter since all copper K-series lines except the K,
doublet are of shorter wavelength than t,he nickel critical absorption limit
and consequently are strongly absorbed. Similarly palladium, zirconium,
manganese, and vanadium serve as monochromatizing filters for the
K radiations of silver, molybdenum, iron, and chromium, respectively.
38 W. H. Bragg, M. von Laue, and C. Hermann, eds., “Internationale Tabellen zur
Bestimmung von Kristallstrukturen,” Vol. 2, p. 579. Borntraeger, Berlin, 1935.
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A target material for the X-ray source may be chosen to minimize corrections for absorption in the irradiated sample. The strong absorption
on the short wavelength side of the critical absorption limit is especially
to be avoided since it is accompanied by a strong fluorescence in the
K series of the absorbing element leading to unacceptably high background radiation.
In the diffraction of X-rays by a crystal, or sample of crystalline
powder, generally all rays do not have the same path length in the

A-

FIG.S . Atomic absorption coefficient of nickel.

medium. The incident intensity 1 0 striking a crystal is diminished to
loe-”l when it reaches a volume element of the crystal at depth ZI and
the diffracted ray is similarly reduced in intensity on traversing a distance
1 2 before emerging from the crystal. The transmission factor 3 then
becomes
exp( -p[Zl(zyz)

+ Zz(zyz)]] dx dy dz

(3.2.3)

the integration being carried out throughout the volume of the crystal
(see Fig. 9).
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For the special cases of a cylinder39and a ~ p h e r e this
~ ~ sfactor
~ ~ has
been evaluated as a function of the Bragg angle 8 and of the product p R
of the linear absorption coefficient and the sample radius.
The former is suitable for absorption correction in equatorially diffracted intensities from cylindrical powder samples or nearly circularly
cylindrical single crystal needles in which the absorption is not very large.
The results for the sphere are generally applicable to single crystals of
low absorption which approximate to spheres. The technique of Bond41
may be used to grind small crystals to spherical form.
The evaluation of 3;(hkZ) for a many-faced crystal is quite laborious
since the boundary conditions are troublesome and if the crystal is at all
strongly absorbing, its dimensions must be known with considerable

FIQ.9. Path lengths in prismatic needle (equatorial reflection).

precision. Probably no one factor is responsible for more error in the
experimental measurement of the magnitudes of crystal structure factors
than inaccuracies in the evaluation of the effects of absorption if appreciable absorption occurs. I n addition to ordinary absorption arising from
both scattering and ejection of photoelectrons, a net diminution of the
diffracted beam can occur as a result of primary and secondary extinctions.
In a perfectly aligned or “ideally perfect” single crystal relatively few
surface layers may be involved in practically total reflection of the
incident energy so that deeper portions of the crystal receive no radiation.
This shielding of lower layers by upper layers in a perfect crystal is known
89 H. Lipson, W. L. Bond, and A. Hargreaves, in “International Tables for X-Ray
Crystallography” (J. S. Kasper and K. Lonsdale, eds.), Vol. 2, p. 291 ff. Kynoch Press,
Birmingham, England, 1959.
4 0 H. T. Evans and M. G. Ekstein, Acta C~yst.6, 540 (1952).
4 1 W. L. Bond, Rev. Sn’. Znstr. 22, 344 (1951).
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as primury extinction. Analysis by Darwin has shown that the reflection
coefficient for an ideally perfect crystal is proportional to F rather than F 2 .
Even though a crystal is not ideal hut is a mosaic of imperfectly
aligned crystal blocks of dimensions small enough that primary extinction
does not occur, the radiation incident on a block deep in the crystal may
be less than that estimated from the ordinary absorption coefficient.
This effect occurs a t the time the reflection condition is satisfied and is
the result of the removal from the incident beam of that radiation
reflected by similarly aligned blocks nearer the crystal surface. This
effect is termed secondary extinction.
Secondary extinction appears to be much more common than primary.
Allowance can be made for it by addition of a n extinction correction42to
the usual linear absorption coefficient. This correction term is proportional to the integrated reflection. As a result, only the strong reflections
are subject t o appreciable secondary extinction.
I n X-ray diffraction ordinary absorption usually dominates. As a
result, in structure determination work very small crystals (which are
rarely very perfect) having dimensions of a few tenths millimeters are
used, thus decreasing the effects of extinction. It is often found profitable
to submit such a crystal to thermal shock by sudden immersion in liquid
nitrogen or similar bath. This treatment appears to make the crystal
more nearly “ideally imperfect.”
Crystalline powders passing a 400-mesh sieve * are probably practically
free from extinction effects in X-ray diffraction as demonst,rated by
Havighurst. 4 3
3.2.2.2. Scattering of X-Rays. The amplitude of scattering, by an
unbound electron, of a plane-polarized electromagnetic wave having its
electric vector in the plane of the incident and scattered rays is ( e 2 / R m c 2 )
cos 28 for a scattering angle of 28 and an observer a t a distance R. For
such polarized radiation having its electric vector perpendicular to this
plane, the amplitude becomes simply e 2 / R m c 2 .As a result, the intensity
scattered by a n electron a t an angle 28 to an observer a t a distance R
from an unpolarized beam of intensity l o is
2

Rmc2

1

+

C O S ~28

2

(3.2.4)

* A 400-mesh sieve has a nominal opening of 37 p. [See “Tentative Suggestions for
Sieves for Testing Purposes.” Am. Sor. Testing Materials Standards, 1960 Supplement, Part 10, pp. 281-88. ASTM: Ell-60T.l
4 2 R. W. James, “Optical Principles of the Diffraction of X-Rays,” p. 268 ff. Macmillan, New York, 1948.
4 5 R. J. Havighurst, Phys. Rev. 28, 869 (1926).
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This is the Thomson scattering expression and the factor (1 cos2 28)/2
is known as the polarization factor. It appears in any expression for the
intensity of X-ray diffraction from an unpolarized beam. It has been
shown conclusively experimentally that the characteristic X-rays from
the target of an X-ray tube are unpolarized.
The amplitude of the scattering of X-rays by an atom relative to the
scattering of one electron is designated as the X-ray atomic scattering
factor or form factor f . The atomic scattering factor is thus dimensionless.
It is a monotonic decreasing function of sin O/A and, for forward scattering, is equal to the number of electrons in the atom or ion. This decrease
arises as a result of interference between the waves scattered by the
electron distribution in the atom. Just as in the calculation of the amplitude of a wave diffracted or scattered by a crystal and since the X-ray
scattering amplitude is proportional to the number density of electrons,
it follows that
f

(n)

=

1

p(r)exp

rq

S r) dr

(3.2.5)

such that ep(r) dr is the charge in a volume element d7 a t a vector distance
r from the atom center. The integral is to be evaluated over the volume
containing charge associated with the atom. Clearly, f(0) = 2, the atomic
number. For a spherically symmetric charge distribution, after integration over a spherical shell, the atomic scattering factor becomes

The charge density e p ( r ) may be replaced by the Schrodinger charge
density e(\kI2 where \k is the total wavefunction for the atom (usually
in the ground state), and

This treatment yields the atomic scattering factor in a frequency region
of no anomalous scattering. Tabulated values o ff are usually for centrosymmetric charge distributions and the f’s are real. Figure 10 shows the
variation of f(sin O/A) for the lithium atom (2 = 3).
However, if the frequency of the incident radiation is near that of a
critical absorption frequency, say for the K shell of the scattering atom,
an anomalous dispersion occurs for contributions from the K electrons
leading t o both a change in magnitude and a shift in phase of f. The
amplitudes of the anomalous scattering have been computed and tabulated for the commonly used radiations. 44 As a practical consideration
44

C. H. Dauben and D. H. Templeton, Acta Cryet. 8, 841 (1955).
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an X-ray wavelength is usually chosen such that an appreciable anomaly
does not occur. As pointed out in Section 3.1.6, however, this property
can be employed as a useful tool.
Values of f for atoms and ions have been computed from charge distributions calculated by the Hartree and Hartree-Fock self-consistent
field methods as well as from Thomas-Fermi distributions for atoms of

3.0

J

fm.t)(Atom)

-.,

higher atomic number. These and values obtained by interpolation for
other atoms and ions have been tabulated.46

3.2.3. X-Ray Sources
Equipment of excellent design and performance for crystal structure
investigations is commercially available from a number of instrument
suppliers.
X-ray tubes are furnished with target materials for the excitation of
all the commonly used radiations: Fe, Co, Ni, Cu, Mo, Ag, and W. These
sources are usually of a modified Coolidge-tube design. Most are permanently evacuated, hot cathode tubes employing a helical tungsten filament in a hemicylindrical electrostatic focusing cup. Both target face
46 J. Berghuis, I. J. M. Haanappel, M. Potters, B. 0. Loopstra, C.H. Macgillavry,
and A. L. Veenendaal, Acta Cryst. 8, 478 (1955); L. H. Thomas and K. Umeda, J .
Chem. Phys. 26, 293 (1957); W. H. Bragg, M. von Laue, and C. Hermann, eds.,
“Internationale Tabellen zur Bestimmung von Kristallstruktur,” Vol. 2, p. 568.
Borntraeger, Berlin, 1935.
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and filament axis are perpendicular to the tube axis. The anode end of
the tube is almost universally of water-cooled metal construction and is
provided with three or four mica or beryllium windows through which
X-rays from the target emerge.
The target focal spot in such tubes is rectangular. When viewed at an
angle of 3 to 6” to the target face, the projected source cross section is
approximately square for beams emerging more or less in a plane containing the filament axis, and a line for those emerging through windows
at right angles. The former are used with apparatus having pinhole
diaphragms for collimators and the latter for diff ractometer devices
employing slit collimation.
The maximum power which can be dissipated by the target of such a
tube is determined largely by the thermal conductivity and vapor pressure characteristics of the target material. For example, a molybdenum
target tube can be operated continuously at an anode to cathode potential difference of -50 kv peak (full wave-rectified) and a current of
-20 ma while for an iron anode the current must be reduced to -10 ma.
The power supplies are conventional electronically regulated oilimmersed single phase transformers with full-wave rectification employing hot cathode rectifiers. Output high voltage is manually set by means
of autotransformer control of the primary voltage. Output voltage
calibration is universally in peak kilovolts. It is common practice to
operate such equipment at approximately three times the peak voltage
required to excite the K lines of the target material used since this choice
produces a good ratio of line to background intensity.
The experimental methods used for detection of diffraction maxima in
intensity and position commonly employ photographic or counter
techniques. The sample under investigation may be either a single crystal
or a randomly oriented crystalline powder.
3.2.4. Methods of Recording Diffraction Patterns
3.2.4.1. The Powder Method. I n a randomly oriented powder (preferably -400 mesh)t the reciprocal lattice vectors r* for any plane (h’k’Z’)
from different crystallites are also randomly oriented. Their termini
define a sphere of radius r*(h’k’Z’) having its center at one end of a
diameter of the sphere of reflection. If the direction of the collimated
incident beam is along this diameter, then the diffracted rays satisfying
the Laue-Bragg condition are parallel to those radii of the sphere of
reflection which terminate a t reciprocal lattice points lying on the
surface of this sphere as shown in Fig. 11.
t See “Tentative Suggestions for Sieves for Testing Purposes.” Am. SOC.Testing
Materials Standards, 1960 Supplement, Part 10, pp. 281-88. ASTM: El 1-60T.
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The locus of r*(h‘k’Z‘) on the sphere of reflection is a circle for r* < 2.
The directions of the diffracted rays for planes of the type (h’k’Z’) thus
form a cone having the incident rays as an axis and a half-apex angle of
28(h’k’Z’) corresponding to the Bragg law (3.1.11),

r*(hkZ) = 2 sin O(hkZ) = X/d(hkl).
Powder diffraction patterns produced by X-rays may be recorded on a
cylindrical photographic film concentric with the sample. The diffraction
cones intercepted by the film give rise to arc images or diffraction lines.
The incident beam is usually collimated by a pinhole slit system and the
sample is confined in a thin-walled capillary tube.

- -- - - - - - --

----____

LOCUS

of (r*j = Constant

FIG.11. Geometry of powder method.

Such patterns are also often recorded by using counter techniques.
The collimating slits in this case are usually linear, the sample may be
in the form of a flat briquet and the G-M or proportional counter with
receiving slit is carried on an arm rotating about an axis through the
sample. The mechanical arrangement is usually such that the briquet face
makes an angle 0 with the incident beam when the counter slit is a t an
angle 20 (cf. Section 3.2.4.5).
The powder method is hampered in utility by lack of resolution as
compared with single crystal methods since only the magnitude of r*
may be determined. Except for crystals of relatively high symmetry,
unique indexing of powder halos or lines is difficult to achieve. In addition
to partial overlapping of lines, actual coincidence may occur and is
common with substances of cubic symmetry [e.g. ~ “ ( 3 3 3 )= r*(511)].
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For these reasons the powder method is rarely employed in investigations
of the structures of crystals composed of molecules of some complexity.
Klug and Alexander46have given a comprehcnsive treatment of X-ray
powder diffraction methods.
3.2.4.2. The Rotation Method. Rotation photographs are obtained by
rotating a small single crystal a t constant angular velocity w about some
prominent crystallographic direction (commonly a crystallographic axis)
while flooding the crystal with radiation collimated normal to the axis by
a pinhole-diaphragm system. The rays diffracted by the crystal are
usually recorded on a coaxial cylindrical photographic film.
Rotation axis

FIG.12. Geometry of rotation method.

The geometry of the arrangement is shown in Fig. 12. During one cycle
of rotation those reciprocal latt,ice points lying in a torus, generated by
the unit sphere of reflection tangent to the rotation axis, pass through
the sphere of reflect,ion and sat,isfy the reflection condition twice, once
with reflection t,o the right and again, to the left.
It is convenient to express r* for a point in the reciprocal latJtice in
terms of t8hreecomponents (,$,{,w,) a t the time it fulfills t,he reflection
c ~ n d i t i o n : ~5,’ perpendicular t,o the rotation axis; f , parallel to the axis;
and wT, the angle between the project.ion of r* on the equator plane and
some reference direction in t.he plane. Thus r*2 = t 2 12.
A set of reciprocal lat,t,icepoints lying in a common plane is known as a
reciprocal lattice layer. If t-he crystal is so oriented that a set of such layers

+

46 H. P. Iilug and L. E:. Alexander, “X-Ray Diffraction Procedures.” Wiley, New
York, 1954.
17J. I). Bernal, Proc. Rev. Soc. A113, 117 (1926).
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c

is normal t o the rotation axis then, for each such layer, = constant.
Thus, if the rotation axis is normal to the (hkO), ( h k l ) , etc. layers of t'he
(conreciprocal lattice, then { = 0 for all points having 2 = 0; { =
stant) for all points having 1 = 1 and { p = I'd* where d* is the normal
separation of layers.
Similarly, a set, of reciprocal lattice points common to a straight line
is called a row. For all points on such a row parallel to the axis, 5 = constant. Thus, if such rows parallel to the axis are of type h'k'E, then

tirkt= h'2a*2sin2 0"

+ lc'2b*2 sin2 a* + 2h'k'a*b*
X (COSy * - cos

cos p*).

(Y*

(3.2.8)

Orthogonal cells have
ff*

and

=

p*

= y* = T/2

.$ijk, = h'2a*2 + k'Zb*%;

rt = lc*.

As may be deduced from Fig. 12, values of the components ( f , { ) may
be obtained from the orientation of the diffracted beam (i.e., from its
azimuth T and elevation angle v) whence
(2

=

{ =

+

1 cos' v - 2 cos v cos T
sin v.

(3.2.9)
(3.2.10)

If the diffraction pattern is recorded on cylindrical photographic film,
for those layers having { = constant, v is also constant and the diffracted
rays for such a layer lie on a cone concentric with the rotation axis. Thus
the locus of their images on the film is a set of straight lines, known as
layer lines. Similarly, reciprocal latticerrows parallel to the rotation axis
form row lines on the film. While these row lines on the film are not
straight, their curvatures are not large except a t large values of v and T.
The row lines on the photograph are tangent to straight lines parallel to
the axis a t points for which v is zero and ( = 2 sin 8.
For the cylindrical film case, if x is the arc length measuring the
azimuth T and y is a corresponding distance measured normal to x, then
for a diffraction spot a t (z,y),

T

=

( z / R ) * (18Oo/?r)

and

v

=

tan-' y/R.t

(3.2.11)

To avoid the computation required in the use of these expressions it is
usual practice to determine (.$,{) for each reflection by means of a Bernal
chart.47This chart is a grid of &constant and i-constant lines prepared

t Here, as in other methods using film in a cylindrical holder or cassette, it is convenient to make the effective film diameter, 2R, either 5.73 or 11.46 cm. Thus, a
circular arc of 1 cm length on the film is then equivalent to 20" or 10" central angle.
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on transparent material. The chart must be scaled to suit the film radius
since the ((,{) coordinates are determined by placing the chart directly
in contact with the film. Usually the grid lines are drawn for intervals
of 0.05 in ( and {.
Figure 13 shows such a rotation photograph of a cubic hexamethylenetetramine crystal rotated about an axis normal to the (100) plane. It
clearly shows both row lines and layer lines rrsulting from the orthogonal
character of the reciprocal lattice relative to the rotation axis.
The third coordinate wr is indeterminate in the rotation method. It
may be established within limit,s by oscillating the crystal at constant
velocity through a relatively small angle only. In this case the sphere of
reflection sweeps out lunes on each layer of the reciprocal lattice. The
use of the oscillation technique has now been largely superseded by the
more direct Wcissenberg method.
3.2.4.3. The Weissenberg Method. The resolving power of the rotation
and oscillation methods is not high. This may be increased by use of the
Weissenberg goniometer with which one layer of the reciprocal lattice
is photographed a t a time. (Hence the rotation axis must be normal to a
reciprocal lattice layer.)
For the { = 0 layer the setup is just that of the rotation method except
that (1) a stationary layer-line screen is used, and (2) the cylindrical
film cassette is given a translation T in the direction of thc crystal axis
proportional to the rotation angle w,.
Since the reflected rays for the zero layer lie in a plane containing the
incident ray and perpendicular to the rot ation axis, the layer-line screen
is a cylindrical tube, coaxial with the rotation axis, slotted transversely to
form a circumferential slit,. For upper layers or levcls the reflected rays
are elements of a cone concentric with the axis. Thus the same screen is
used for isolating an upper layer by moving it to a new position along
the axis (see Fig. 15, p. 316).
The translation of the film cylinder along the crystal axis is usually
accomplished by attachment to a nut riding on a lead screw which is in
turn coupled by gearing to the spindle serving as the rotation axis of
the crystal. The lead of this screw is commonly such that 27 (mm) = W ,
(degrees). The angle T is 180Dz/aR,just as in the rotation method.
Usually the upper layers are photographed with the rotation axis
) y relative t o the incident beam such
tipped through an angle ( ~ / 2 that, if v is the elevation angle of the reflected rays for the Iayrr, p = - v
and { / 2 = sin y. Thus, in this, the equi-inclination Weissenberg method48
48 M. J. Buergcr, “X-Ray Crystallography,” p. 252. Wiley, New York, 1942; J. S.
Kasper and K. Lonsdale, eds., “International Tables for X-Ray Crystallography,”
Vol. 2, p. 185. Kynoch Press, Birmingham, England, 1959.
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FIG. 13. See opposite page for descriptive legend.
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the incident beam is also a n element of that cone having the diffracted
beams as elements.
This equi-inclination met,hod has several advantages over maintaining
the incident beam normal t,o the rot,ation axis. Since the elevation angles
for the upper layer reflections are nearly half those of the normal beam
method, their images on the photographic film are not distorted so much.
Also, more layers can be conveniently photographed. The really prime
advantage is, however, that the loci of t,he reflections arising from the
Central
row-line

(h06) (h05) (h04) (h03)

(h02)

(hot)

(hOO)/J

I

I

Rotation
10

axis

=

(To1) ---

FIG.14. Geometry of zero-level Weissenberg method.

various rows of lattice points in the layer are similar in form for all layers
and differ from layer to layer only in a magnification factJor. Thus a
universal chart can be prepared for use with all equi-inclination diff raction patterns for a given Weissenberg goniometer.
The geomet,ry of zero-level Weissenberg photographs is shown in Fig. 14.
Any row of reciprocal lattice points which passes through the rotation
axis is termed a central row. If such a row is normal to the incident beam
a t u, = 0, then, in the reflecting condition, T = 20, = 28. I n general,
FIG.13. Rotation photograph of hcxametl~ylcnetetra~ni~~e
superimposed on Bcrnal
( E , { ) chart; rotated about an a axis; CuK,.
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Beam
(b)

FIG.15. Geometry of equi-inclination Weissenberg method;

p = -v:

(a) plan;

(b) elevation (third level).

reflections on the photograph from planes corresponding to points on
central rows then lie on straight lines of slope, AT/Ao, = 2.
For a noncentral row displaced from the axis of rotation by a distance
d*, the trajectory of reflections on the photograph is given by

T

= Wr

* cos-'(cos + d*).
W,
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The geometry for upper level photographs prepared by the equiinclination method is shown in Fig. 15. Here the inclination of the
incident beam to the nth layer, p,, is set equal to the inclination, v,, of
the reflected beams to that layer. Since ln is the normal dist,ance from the
zero layer to the nth layer,
-sin
The row trajectory, T

T

pLn=

= f(w.),

=

wr

sin vn

=

ln/2.

(3.2.12)

on the film becomes

* cos-1 (cos

w7

+ cos
___
d* v* )

(3.2.13)

and for central rows, T = 2w, (or zero).
In setting up the goniometer for an n-level photograph the crystal
and film axis is tipped through the angle p, and the layer-line screen is
moved along the axis a distance r, sin v,, where r, is the screen radius.
A monoclinic crystal rotated about, the twofold ( b ) axis will have
prominent central rows (hk’O) and (Ok’Z) inclined a t an angle p* = a - p
in the k’ layer. Hence, on the photograph, there will appear two central
row lines of reflections separated by Aw7 = p* (for an orthogonal crystal,
Aw, = a/2).

I n practice, charts are again employed for assigning indices to the
festoons of reflections. A transparent chart having the trajectories as a
family of curves, computed according to (3.2.13) with some chosen
interval of d*/cos Y, is superimposed on the photograph and adjusted so
that the curve for d*/cos u = 0 (an inclined straight line) coincides with
a prominent central row. The other reflections will then be found to
follow the chart curves. It is convenient to make a tracing of the reflections and interpolate row-line curves at this point. The chart is now
shifted along the w, axis by an amount p* and the process is repeated.
Indexing of the central rows (such as (hOO), (001); (hlO), (011); etc.) is
straightforward. At each intersection, then, of two row lines, there can
be a reflection and its index will be known since the intersection of thc
(hOO) row line with an (h0l) line at, say, h = 2 fixes the latter as a (20l)
row line. Similarly, if another row line (h01’) intersects the (201) line at a
reflection and this (h01’) intersects the (001) line at say 1 = 3 , the indices
of the reflection are (203).
Such a zero-level photograph of hexamethylenetetramine prepared by
using one of its coordinate axes (cubic) as the rotation axis is shown in
Fig. 16. It is superimposed on a “double” chart of the type described,
the one family of curves being displaced from the other sct b y Aw, = 1/2.
3.2.4.4. The Precession Method. Since indexing of a single crystal
diffraction photograph is done by identifying each reflection with a point
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in the reciprocal lattice a goniometric method for photographing a layer
of the reciprocal lattice with undisturbed geometry, but magnified by a
scale constant, is clearly desirable. This is accomplished by use of the
Buerger precession goniometer. 49
This goniometer uses a flat film cassette and has a linkage which
maintains the film-normal parallel to some predetermined crystal direction (e.g., the normal to a reciprocal lattice layer). I n use, the film normal
(and that of the reciprocal lattice layer) is set a t some constant arbitrary
angle p, with respect to a collimated pencil of radiation flooding the

FIG. 16. Zero-level Weissenberg photograph of hexamethylenetetrami~~e
crystal
rotated about an a axis superimposed on two row-line charts separated by Aw, = ?r/2;

CuK,.

crystal. During exposure this normal is permitted to precess a t constant
angular velocity about the incident beam as an axis.
The origin point of the lattice in the zero layer is thus always in contact
with the sphere of reflection. As a result of the tipping of the reciprocal
lattice layer from tangency to the sphere of reflection by the angle p the
zero layer intersects the sphere in a small circle whose diameter is 2 sin p.
As the crystal precesses, the center of this small circle traverses a circular
49 M. J. Buerger, “The Photography of the Reciprocal Lattice.” Monograph No. 1,
American Society for XARay and Electron Diffraction, Cambridge, Massachusetts,
1944.

3.2.

TECHNIQUES

319

OF X-RAY DIFFRACTION

path on the zero layer of the reciprocal lattice and all points inside a
circle of diameter 4 sin E, in this layer satisfy the reflection condition a t
sometime in the precession cycle.
Similarly, the other layers of the reciprocal lattice also cut through the
sphere of reflection but, since each of these layers is displaced from the
origin (by a distance nd*), only an annular region of the layer passes
through the surface of the sphere of reflection during a cycle. Thus there
is a blind area in the center of the layer.
Figure 17(a) shows the geometry for the zero layer. The straight line
elements of the surface of the cone subtended by the intersection of the
reciprocal lattice layer with the sphere of reflection are the directions of
possible reflections from the zero layer. Henre, by introduction of a plane
absorbing plate having a circular slit for transmission of the cone of
reflected beams, the zero layer may be photographed without recording
other layers. Thus,

and

+ k,B*,
+ Lib*

Ro*(on film)

=

ro*

=

hlA*
hla*

Ro*/ro*

=

OD/1

=

for (hlcO) level

F (magnification)

A*
B*

=

Fa*

=

Fb*

Generally F is 60 mm since such a magnification permits the use of precession angles up to 30" with 5 X &in. film.
I n photographing an upper layer, the magnification may be maintained
constant if the film is moved in (toward the crystal) by an amount F n d*
as shown in Fig. 17(b). Then Rn*/rn* = D * / n d* = F.
A zero-level photograph of a crystal of hexainethylenetetramine is
reproduced in Fig. 18.
3.2.4.5. The Diffractometer Method. A diffractometer is similar to a
simple optical spectrometer in which the collimat,or is a set of slits and
the usual telescope is replaced by a receiving slit and det,ector. The
detectors currently in use arc G-M counter tubes, proportional counters,
and scintillation detectors with conventional associated scaling circuits.
As has been mentioned, the diffractometer may be used for determining
the X-ray diffraction pattern of a flat briquet of crystalline powder. If
the plane of the powder briquet is adjusted tangent to the circular are
determined by the entrance slit, diflractometer axis and detector slit,
then focusing occurs and a large area of the briquet may be irradiated
with a divergent beam.46
The diffractometer is also used for measurement of the diffraction
maxima from single crystals. In principle, the method is similar to the
rotating crystal method for the zero-layer (or equatorial) zone. The
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FIG.17(a). Geometry of precession methodzero level.
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FIG.17(b). Geometry of precession method-upper

level.

crystal is mounted on a crystal orienter or “Eulerian cradle”60 which
permits bringing any reciprocal lattice point, in t)he accessible volume of
reciprocal space into the equatorial plane of the instrument. A separate
axis and circle coaxial with t,he diffractometer axis is provided for bringing
the plane irit,o reflecting position. A relatively large detector aperture is
used.
I n operation, the detector may be maintained fixed at a n angle 28
(Bragg) while the crystal is rotated a t constant angular velocity w through
its reflecting region. The total counts collected are a measure of the
diffracted energy E. A variant of this tec,hnique is sometimes used with
an especially wide detector aperture. With this latter technique the
crystal arid detect,or are rotated together, the crystal a t velocity w and
.
the total of counts collected is a measure of E.*
the dekctor a t 2 ~ Again
Almost universally it is found desirable if not, necessary to map the
diffraction pattern of a single (:ryst.al by one of the photographic X-ray
methods before making diffractomet,er measurements.
3.2.4.6. The Laue Method. The Laue method is a polychromat,ic technique for obtaining a diffraction pattern of a single crystal. Since it does
not lend itself tjo accurate measurement of the magnitudes of the cryst,al
structure factors as do the moiiochromatic methods, it is now rarely

* This presumes the background count is zero on each side of the line. In practice,
the crystal may be driven through the same angular range At?, as for the line, on each
side of it. The mean of the two sets of background counts is then subtracted from the
line counts to give E.
50 T. C. Furnas and D. Harker, Rev. Sci. Znstr. 26, 449 (1055); cf. T. C. Furnas, Jr.,
“Single Crystal Orienter Instruction Manual.” General Electric Co., Milwaukee,
Wisconsin, 1957.
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used except for crystal alignment purposes or for the study of the symmetry of the crystal.61
The experimental arrangement for the Laue method is quite simple.
A beam of continuous radiation (usually from a tungsten t,arget X-ray

I
I

2
t

.

-2
- I

-O=k

FIG.18. Precession photograph: (hkO) level of reciprocal lattice of hexamethylenetetramine; CuK,.

tube operated at approximately 50 kv peak) collimated by a pinhole
slit system falls on the crystal specimen which is held in fixed position.
Perpendicular to the incident beam and at distance of, say, 5 cm from
the crystal is placed a flat photographic film. Relatively short exposures
are required since all diffraction maxima are recorded simultaneously
and ail unfiltered beam of X-rays is used.
61 R. W. G. Wyckoff, “The Structure of Crystals,” 2nd ed., p. 124. Chemical Catalog
Co., New York, 1931.
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The continuous radiation from a tungsten target X-ray tube operated
a t 50 kv peak has a short wavelength limit at X ‘v 0.26 A and extends
to long wavclcngths. Since only the radiation absorbed by the AgBr
of the photographic emulsion produces photographic density, there are
very sharp decreases in sensitivity for wavelcngths just longer than the
K-critical absorption limitsof Ag and Br (0.486 and 0.920 A, respectively).
A discussion of this method is more readily made if, in the normalization
of r * r* = k 2 , k 2 is set equal to unity so that the wavelength enters
CI

Plane of
Photogroph

X,io

. . . . / . .

FIG.19. Geometry of Lnue method.

explicitly. The radius of the sphere of reflection then becomes 1 / X (cf.
Section 3.1.3).
As is seen in Fig. 19, all points in the region of reciprocal space between
the spheres of reflection of radii l / X ’ and l / A ” (where A” is the longest
effective wavelength in the source radiation) simultaneously satisfy
the reflection condition. Further, one diff raction spot may be associated
with a central row of reciprocal lattice points such as the (110), (220),
(330), each reflecting the wavelength from the beam which happens to
satisfy the reflection condition for that point.
Thefdiffraction pattern obtained exhibits the diffraction symmetry of the
crystal, i.e., the point group symmetry plus a center. If the incident beam
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is along a twofold axis of a crystal of point group symmetry 2 / m = C Z h ,
the Laue photograph will exhibit this symmetry in that one-half the
patt,ern may be obtained from the other half by a rotation of a about an
axis normal to the center of t~hepattern.

FIG.20. Laue photograph of hexamethylenetetramine; incident beam along [I101
axis (twofold).

Since small changes of orientation of the crystal cause large shifts in
the positions of the reflections, the Laue photograph is a sensitive test
of crystal alignment.
3.2.5. General Expressions for Integrated Intensities
The intensity diffracted by a crystal plane (hkl) is utilized as a n
integrated intensity or integrated r e J l e ~ t i o n i.e.,
, ~ ~ the diffracted intensity
62 H. Lipson, J. Kraut, and C. E. Nordman, in "International Tables for X-Ray
Crystallography" (J. S. Kasper and K. Lonsdale, eds.), Vol. 2, p. 266 ff. Rynoch
Press, Birmingham, England, 1959.
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integrated throughout the neighborhood of its diffraction maximum. For
a small crystal of volume 6 V rotated a t constant angular velocity w
around an axis parallel to the plane (hklj during irradiation this integrat,ed
reflection is proportional to 6V and may be written
Q(hk1) 6V

E(hlc1)wcm2

= ___

(3.2.14j

I0

where B(hk1) is the total energy diffracted from an incident beam of
intensity lo.
The integrated intensity is thus a characteristic of the plane (hkl)
and is a reflection cross section. For diffraction of an incident beam of
unpolarized X-rays Q is the product of three factors: the Lorentz factor 6:
expressed in ~ m - ~
the, square of the magnitude of the crystal structure
factor F 2 , expressed in cm2, and the polarization factor 6.
The Lorentjz factor52(Section 3.1.4) for a crystal plane (hlcl) rotated
a t constant velocity w about an axis making an angle (7r/2) - p with
r*(hkZ) becomes
X3NCc2
d:=
(3.2.15)
cos v cos F sin T
where v is the elevation angle of the reflected beam and T is its azimuth.
The factor (cos p cos v)-I is unity for equatorial reflections. It takes
account of the enhanced intensity resulting from t,he lower vclocity with
which a point in an upper layer of the reciprocal lattice sweeps through
the sphere of reflection.
This expression for 6: does not apply to the Buerger precession methodK3
since in this case the reciprocal lattice point does not move through the
sphere of reflection a t constant velocity. Here the Lorentz factor becomes
[1

6:, = X3NCc2.

+ tan2 p sin2(T + q)]-l + [1 + tan2 p sin2(T - 7)I-l
sin 2 p sin

fi

sin T
(3.2.1G)

where q = sin-’(sin? sin T)/l.
The crystal structure factor F is expressed as a scattering amplitude
relative to the classical amplitude for an electron. The square of its
magnitude expressed as a cross section requires multiplication by (ez/mc2j
in cm2.
The integrated reflection from a sizeable crystal is obtained by summing
63 J. Waser, Rev. Sci. Znslr. 8, 563 (1951); M. Atoji and W. N. Lipscomb, Actu
Cryst. 7, 595 (1954); 8, 364 (1955); see also M . J. Buerger, “Crystal Structure Analysis,” p. 163. Wiley, New York, 1960.
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the quantity Q 6V over the irradiated volume of the crystal, taking into
account any losses in energy by absorption (or other processes) during
passage through the crystal, The transmission factor 3, Eq. (3.2.3), is
introduced t o take account of these losses by ordiiiary absorption. Losses
by extinction, primary or secondary, must be additionally corrected
for.
Expressions for the intensity of X-ray diffraction involving these
factors appropriate to the several techniques discussed in Section 3.2.4
are collected in Tablc VII.
It is convenient to express the reflected energy in the case of powder
diffraction in terms of the power P' in th at portion of the diffraction cone
intercepted by the film or slit. This fraction is 1/(2?rR sin 20) where 1 is
the slit height or film width and R is the distance from the sample.
A probability factor cos 0 for the powder diffraction is included with
the Lorentz factor. This takes account of the fraction of crystal grains
in a powder for which the randomly oriented r* of the plane considered
terminate on the sphere of reflection.
It is further to be noted that, since all crystal planes having the same
magnitude of r* contribute to the same diffraction cone or halo, F 2 must
be summed over this group. Two types of planes can fall into such a
group; those for which permutations of indices and of signs of indices do
not change r*(hkl) and those for which there is a n accidental equality
in r*. The former is the more common and allowance is made for it by
replacing (Z:F2)r*=constby p F 2 where p is a number. The (333) and (511)
powder reflections of a cubic crystal exhibiting diffraction symmetry Oh
exemplify both cases. Here ~ " ( 3 3 3 )= r*(511). Permutation of the signs
of (333), corresponding to one point in each of the eight octants of the
reciprocal lattice yields a multiplicity factor of 8. Permutation of the
(511) indices and signs leads to p(511) = 24. Not always is the value of
F 2 invariant to permutation of indices even for a cubic crystal, hence
care must be exercised in reduction of such experimental dat,a.
A similar situation arises in the case of a rotation photograph. I n a
complete rotation all points of the reciprocal lattice having E = constant
for which { also is a constant (i.e, if a layer is accurately oriented perpendicular to the rotation axis) pass through the reflection sphere at
the same point and hence Contribute to the same diffraction spot. Allowance for this is madc by inclusion of the multiplicity factor p'.
3.2.5.1. Measurement of Intensities. It is clear that, in crystal diffraction, values of the integrated intensities are wanted in order to obtain F
for each reflection. With a well-collimated incident beam this requires
integration over the reflection. This is readily attained with the diffractometer as outlined in Section 3.2.4.5.

TABLEVII. Intensity Expressions for X-Ray Diffraction

Method

Collimation

ZQsV=
P'

Pinhole

-

Equatorial, large crystal

Slit

Ew
-

Rotation, cylinder film

Pinhole, crystal flooded

Equi-inclination Weissenberg

Pinhole, crystal flooded

TI

Buerger precession

Pinhole, crystal flooded

___ -

-3

=

x ~ N cos
: ~8
sin 28
XJN,2,
-~
sin 28

Capillary powder cylinder

I0

I
2aE
~

TI

27rE

=

X3Nzc

X3N2,
C O S ~p

= Lorentz factor

6

=
=

sin T

.

6

1

I

+ cosz 28
+

COS*

1

g

1
27rR sin 28

2
28

2

+ cos' 28
2

cos v sin T

+ cos2
28
2
28
.1 +
1

[2
. [2'
[-$
[
. [&,]'

.3Vztr.p . -F(T)

. WdZ.p

-F(T)

E

.-2P1

*

1

.3V,". p' . S F ( T ) ] '

*

1

.W,n ' 1

*

1 .

Total energy reflected in time T
Slit length (or length of line on photograph)
R = Distance from axis t o film or slit
N,, = Number of unit cells per cm3
A
= Wavelength of incident radiation
v
= Elevation angle of reflected beam
= Linear absorption coefficient of the sample
p
T
= Effective exposure time
T = Azimuth of reflected beam
w
= Angular velocity of crystal rotation
=
=

I'

1

2

1

1'

.

COS~

I

[t see Eg. (3.2.16)]
Polarization factor
g
Geometrical factor
3
= Transmission factor
V,,I = Crystal volume irradiated
p
= Multiplicity factor
F ( T ) = Crystal structure factor at T"K
P'
= Power in reflected beam
I,
= Incident intensity
= Total energy incident per second on target area of crystal
I

d:

.

d:

F(T)]'
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The problem is somewhat more involved in the case of single crystal
photographic methods. The blackening or optical density D developed in
commercial types of film marketed for use with X-rays is proportional
to the energy absorbed in the silver bromide and, hence, to the reflected
energy providing not too high a density is attained, since such film
has an extremely uniform emulsion layer.
Wiebenga has developed an integrating Weissenberg instrument. b 4
It is so designed that the film cassette is progressively displaced by small
increments during the exposure. The densities of the resulting diffraction
images or spots on the film are uniform in their central regions and are
proportional to the integrated intensities. Thus the relative integrated
intensities may be obtained with a densitometer. A similar treatment of
the precession instrument has been described.55
Relative integrated intensities are also estimated visually. This may
be done by direct comparison with a set of standard exposures on a strip
of film. This standard set may be prepared by exposure of the film to a
selected reflection at constant incident intensity for known times. In this
way the standard spots are prepared with intensity distribution and shape
similar to those to be estimated. The scale selected may be t = n At
and n = 1, 2, . . . 100.
Since an integrated intensity range of one to one thousand or greater
is needed, the practice of exposing a “pack” of three or more films in the
camera is common. The energy transmitted by one film is partially
absorbed in the next. The set of films is developed simultaneously and the
intensities are interrelated through comparison of spots of intermediate
intensity. Data from different levels may be interrelated by use of a
rotation pattern. Since the sizes of the diffraction image vary widely
over the spread of (v,T) it is useful to measure the length and breadths
(a@)of these and set E a abD. With care the magnitude of F can be
determined with better than 95% reproducibility on a relative scale,
visually, using this multiple film technique. b6
The photographic method obviously yields only relative values of IF[.
Diff ractometer measurements using X-rays also do not yield absolute
values since not only is the incident beam too inhomogeneous but its
intensity is too high for direct counting.
Wilson has devised a methodb7for establishing an approximate absoE. H. Wiehenga and D. W. Smits, Acta C T Y S ~3,. 255 (1950).
C. E. Nordman, A. L. Patterson, A. S. Weldon, and C. E. Supper, Rev. Sci.
Instr. 26, 690 (1955).
J. M. Robertson, J. Sci. Z ~ S ~ 31,
T . 20, 175 (1943); J. Iball, ibid. 31, 71 (1954);
H. J. Grenville-Wells, A d a Cryat. 8, 512 (1955).
s l A . J. c. Wilson, Nature 160, 152 (1942); cf. D. Harker, Am. Mineralogist 33,
764 (1948).
64
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BT

as well. Writing

J

the sum over a large set of reflections q in a small range of r* becomes

As q becomes large the right-hand sum in (3.2.17) approaches zer0.t
Hence
1 ~ ~ ‘v
1 C2 j j 2 ( ~ * ) = S(sin e/x).

C
P

i

If the measured amplitudes are 4 such that
K ~ + ~ ( h k=l )/ P ~ ( h k l ) l ~

then

and
(3.2.18)

The left-hand term of (3.2.18)for a number of r* (or sin B/X) intervals
is plotted as ordinate with sin2 B/X2 as abscissa. Straight line extrapolation yields - In K as the 0rdinat.e at (sin e/x) = 0 and, additionally, the
slope of this line is -2%. This treatment is very useful when applied t o
measurements on rather complex crystals.
Conversion of the F 2 measurements to an absolute base also can be
made by direct comparison of the reflections with those of a crystal such
as rock salt (NaC1) for which the absolute F 2 are known. Wooster has
designed a two-crystal Weissenberg instrument for this purpose. 68
3.2.6. Example of Structure Determination for a Molecule
Hexamethylenetetramine (HMTA), C6HI2N4,was the first crystal of
an organic compound to have it,s structure precisely determined (by
t It should be noted that this sum vanishes as a result of the random character of
Arjjf. This random character does not obtain for cells having atoms in fixed special
positions (as in rock salt) and hence t h e sum oscillates.
68 W. A. Wooster and A. J. P. Martin, J. Sci. Znstr. 17, 83 (1940).
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Dickinson and Raymond69in 1923 using the Laue method). It was later
investigated using monochromatic X-rays by Gonell and Mark, 6o by
Wyckoff and Corey,61 and by Brill et aZ.62 The structure was further
refined by ShaffeP3 using the method of least squares.
This substance usually crystallizes in dodecahedra. It is quite clearly
isotropic (cubic), the faces being planes of :he form (110). A rotation
photograph using CuK, radiation (A 3i 1.54 A) and a 4-axis as a rotation
axis yields a layer-line separation of A{ = 0.22 reciprocal lattice units.
This value of, say, ao* corresponds then to a length for the edges of the
unit cell of a = 7.0 A, cf. Fig. 13.
The molecular weight is 140.2 and the measured density is 1.34 gm/cm3.
Using expression (3.1.24), the number of molecules per unit cell, n,, is
1.97

N

2.

Inspection of the indices of reflections on the rotation, Weissenberg, and
Ic I = 2n
precession photographs (Figs. 13, 16, and 18) shows that h
with no exceptions. Hence the Bravais lattice is body-centered, I .
A Laue photograph prepared with the X-ray beam along a cubic axis
clearly shows it to be fourfold rather than twofold. The Laue or diffraction symmetries in the cubic system are, in full,

+ +

Hence the point group is T d = 23m, 0 = 43 or o h since addition of a
center converts both T d and 0 to Oh.
Since no glide planes or screw axes exist in the crystal as is shown
by lack of corresponding extinctions, the possible space groups are
T d 3 = Iz3m, O6 = I 4 3 and O h 9 = Im3m.27If the correct space group
symmetry were that of either O6 or O h 9 , the two sets of four nitrogen atoms
would be required to lie in fixed positions not involving an adjustable
parameter. Not only is this unlikely but detailed examination of the
diffracted intensities shows such positions for the nitrogen atoms to be
incompatible. Thus the space group is Tda.
This is equivalent to assigning to each molecule of HMTA a symmetry
of 23m, the two molecules being related by the body-centering translation.
The equivalent positions for Td3 = 133m are shown in Table VIII.G4
R. G. Dickinson and A. J. Raymond, J. Am. Chem. SOC.46, 22, (1923).
H. W. Gonell and H. Mark, 2. physik. Chem. 107, 181 (1923).
R. W. G. Wyckoff and R. B. Corey, 2. Krist. 89, 462 (1934).
6 2 It. Brill, H. G. Grimm, C. Hermann, and C. Peters, Ann. Physik [5] 34,393 (1939).
6a P. A. Shaffer, Jr., J. Am. Chem. SOC.69, 1557 (1947).
64 N. F. M. Henry and K. LonsdaIe, eds., “International Tables for X-Ray CrystaIlography,” Vol. 1. Kynoch Press, Birmingham, England, 1952.
69
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Neglecting the hydrogen atoms, the eight nitrogen atoms in the cell
are in groups of four each around the origin and the body center and
must lie a t the special positions of (8c). Similarly the twelve carbon
atoms lie a t positions of either (1 2 4 or (12e). The positions ( 1 2 4 are
extremely unlikely since they also include no variable parameter adjustable to give a t least physically reasonable bond distances and configuration. Further, HMTA really consists of six CH2 groups (symmetry
Cz" = mm) and four nitrogens. Clearly this is compatible only with
positions (l2e) for the carbons.
TABLE
VIII
Space group 217
Points
48
24
24
12
12
8
6
2

Case Symmetry
h
g

1
m

f

2

200

mm
4
3m
42m
-

e

-

d
C

b
a

133m; T d 3
Coordinates:" (O,O,O;$$+)

;+o

xxx

o++

-+

ox0 00s ZOO 03.0 002
@+ +0+ 10'
110
1'02 4
4 2
2 4
222 f X Z Zfx
go+ $$O

000

43m

5 From N. F. M. Henry and K. Lonsdale, eds., "International
Tables for X-Ray Crystallography," Vol. 1. Kynoch Press, Birmingham, England, 1952.

The configuration resulting from this assignment is shown in Fig. 21.
The nitrogen atoms lie a t the corners of a regular tetrahedron and the
carbon atoms, one to each edge, lie on the three twofold axes perpendicular to pairs of opposite edges.
If the hydrogen atoms contribute sufficiently to the diffraction pattern,
then a pair may lie in a plane normal to the line joining a pair of nitrogens
and containing the center of a carbon atom, i.e., in the special positions (9).
The crystal structure factor is complex since I33m does not have a
center of symmetry. Neglecting the scattering of the hydrogen atoms,
one obtains the structure factor

+ exp[2ni(h $. k -k l ) ] }( ~ N ( T(exp[2ni(h
)
-k k +
+ exp[27ri(h - k - + exp[2ni(-h + k - 2)xN]
+ exp[2ni(-h - k +
+ 2fc(T)
2 ~ h+
~ ccos 2 ~ k +
~ cos
c ~TZZC]).

F(h?d) = (1

z)xN]

l)sN]

l)xN])

*

[COS

(3.2.19)
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Using experimentally determined relative amplitudes IFI, values of
the two parameters, X N and r c can be chosen to give agreement in relative
magnitude with values computed from (3.2.19). Such values have been
determinedK9as x NN 0.120 and xc e 0.235. These values then permit

-L

01220b
0.235

04'
a ( = 7.024)

FIG. 21. Diagram of cell of hexamethylenetetramine projected on (100) plane.63
Bond length C-N, 1.45 A; QNCN, 114"; +CNC, 107".

determination of the approximate phases of the F's through use of
expressions (3.1.17) and (3.1.18).
The structure factor for planes (hlcO) is real; thus
F(hk0)

=

+ cos 2a(h + k)zN] f 4fc[l + cos 27fhxC + cos 27fk;xcl.

4f~[1

The phases are now 0 or a corresponding to sign changes only.
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Since F(hk0) is real, the projection of the charge density on the (001)
face of the cell is centrosymmetric. Hence this projected distribution is
given by (3.1.22):

zh2

u ( X Y ) = -!a2

k

+ k ):

ChZk
H

-

F(hk0)cos 27r (h:

K

P(hkO)[cos(27rhX/a)cos(2akY/a)

--H

-K

-

sin(2shX/a)sin(27rlc Y / a ) ]

in electrons per angstrom squared.
2
contour map
This projection has been computed by Brill et ~ 1 . ~The
of projected charge density which they obtained using IFl’s measured

FIG. 22. Fourier projection of charge distribution in hexamethylenetetramine on
(100) plane. (From Brill et ~ 1 . ~ ~ )

at room temperature is shown in Fig. 22. It should be noted th a t the origin
of the cell may be taken a t the maximum of density in the upper lefthand quadrant of the figure. This corresponds to the projection of two
superimposed carbon atoms and has a density of 13.4 electrons per A2 a t
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the center. Surrounding it (on the cell diagonals) are the four nitrogens
each with a density of 10.6e/A2 and (on the cell edges) the other four
carbons with peak densities in projection of 8.2e/A2 each.
Shaffer63has refined the parameters for this crystal by using the least
squares method. Thermal motions were treated as (1) a n oscillation of
the center of gravity of the molecule and (2) a n isotropic torsional oscillation about the center of gravity. These computations resulted in values
of
Z N = 0.122
0.002
ZC = 0.235 A 0.002
and
B ( 3 o o o K ) = 8 a 2 ~ 1=
2 2.4 A'
0

for the temperature coefficient, (1). This corresponds to a n rms amplitude
for the molecule of -0.30 8.

3.3. Techniques of Electron Diffraction
3.3.1. Introduction

The diffraction of electrons from a crystal of nickel in the laboratory
of Davisson and Germer in 1927 gave first confirmation to de Broglie's
bold hypothesis of the wave character of matter, and thereby provided
the substantial foundation on which to build the wave-mechanical theory
of atomic structure. There are few experiments to rival this in its abrupt
effect on all physical theory. The character and aspect of de Broglie
waves remains among the most closely confirmed and widely used of all
physical laws.
The de Broglie wavelength of an electron accelerated through a potential of V volts is X = h/mv = 1 2 . 3 / d v A.* Thus, the original electron
diffraction work was done with beam energies below 1 kev (A > 0.4 A),
which made i t convenient for comparison with established X-ray techniques. Very serious difficulties with regard to absorption and surface
refraction are encountered a t these lower energies, however, and by 1930
it was evident that the most practical diffraction techniques would
result with beams of 40-60 kev energy (X N 0.05 A).
The very large atomic cross sections for electron scattering (both
elastic and inelastic) makes the electron diffraction technique uniquely
suited for studying phenomena associated with a relatively small num*Extensive tabulation of h is given in: L. Marton, C. Marton, and W. G. Hall,
Electron Physics Tables. Natl. Bur. Standards Circ. No. 671 (1956).
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ber of atoms, for example, "surface structure" and gas scattering. Much
good work is also done with thin crystalline specimens, but the problems
in absorption and surface effects are formidable. These problems are
being overcome, and electron diffraction is finding increasing application
to crystal structure studies. An excellent review of the theory and techn:ques of electron diffraction by crystalline substances is given in the
recent work of Yearian. *
The great majority of electron diffraction work in molecular structure
determination has been with gaseous samples where absorption can be
kept within reasonable limits. One obvious advantage of working with
gaseous samples is the absence of distortion of molecular parameters due
to crystalline fields, i.e., interactions with other molecules. An obvious
disadvantage of the gas scattering method is in the loss of information
resulting from the unavoidable averaging over all molecular orientations.
In compensation for this limitation, the techniques and precision of
electron diffraction from gaseous samples have been refined to a remarkably high degree, and consequently the application of electron techniques
is being progressively extended to more complicated structures.

3.3.2. Scattering of Electrons by Atoms
The theory of electron scattering by atoms differs from that of X-ray
scattering in that the radiation wave (of electrons) must in this case
satisfy the Schrodinger equation,
V\k

+ 4.rr2/X29= 8n2m/h2V\k

(3.3.1)

where V is the potential of interaction between the electron wave of
wavelength X and the whole charge distribution of the atom. With plane
waves incident along the f axis on to an isolated atom at r = 0, the
significant solution to (3.3.1) must be of asymptotic formt a t large values
of r,
\k = exp(2.rriE/X)
r-'[exp(2ri/X)S . rlf(4).
(3.3.2)

+

The first term describes the unscattered plane wave and the second term
represents the wave scattered through an angle $I with amplitude f(4)
relative to that of the incident wave. The scattering vector S has magnitude 2 sin 4/2, cf. (3.1.10).
The potential V is the Coulomb interaction between the incoming
electron of charge - e and an atom having nuclear charge + Z e and a n
atomic distribution of electronic charge. If, a s with X-ray scattering, a

* See H. J. Yearian, in Vol. 6, A, Chapter 3.3.

t A solution of this form neglects multiple scattering events within an atom and is
therefore equivalent t o the Born approximation in solving the integral scattering
equation.
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spherical distribution of atomic charge density is assumed, then the
potential energy of the incident electron is

V(r) = -Ze2/r

+ e2 1p(r’)/]r - r’l dr’.

(3.3.3)

The solution of Eq. (3.3.1) subject to the conditions of (3.3.2) and (3.3.3)
gives for the atomic scattering amplitude,

e2

1

s(q5) = 2mv2 sin2 4/2
~

tz - f l

(3.3.4)

where j is the X-ray scattering amplitude factor (3.2.5) and v is the electron velocity.
Glauber and Sch0maker6~have considered the effects from scattering
terms of higher order than the first Born approximation. They find that
the next order term does not change the magnitude of the amplitude
(3.3.4), but provides a phase shift that is proportional to the atomic
number and approximately proportional to the scattering vector S.
For the system of atoms comprising a molecule, one may obtain the
coherent molecular scattering amplitude, Z,( (b), by summing the atomic
amplitudes with phases appropriate to their positions in the molecule.
For a gaseous sample, or in any solid where the molecules have complete
orientation disorder, the average molecular structure intensity factor
for a nonvibrating molecule with n atoms is given by (3.1.13), rewritten
with current notation.
n

n

(3.3.5)

where s; and sj are the atomic amplitude factors as (3.3.4) and rij is the
interatomic separation of the i-j pair.
The term with i = j , si2 is the coherent atomic scattering intensity.
Such terms will contribute to a monotonically decreasing background
scattering. All the measurable effect of molecular structure on electron
scattering is contained in the mixed term of i # j.
Two additional effects are of major importance in accounting for
the total scattered intensity. Firstly, there is inelastic scattering wherein
the energy of the scattering atom is changed during scattering. Secondly, there is a reduction of coherent atomic scattering due to thermal
vibrations.
The inelastic scattering is wholly incoherent and appears as part of
86

R. Glauber and V. Schomaker, Phys. Rev. 89,667 (1953).
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the diffuse background. The most thorough analysis of this scattering
has been made by Morseea who found it to be simply related to the
inelastic X-ray scattering function calculated by HeisenbergS7 and
tabulated by Bewilogua.a8 Figure 23 demonstrates the relative magnitude

4
\.
sin +(A-I)
FIG. 23. Differential scattering cross sections for electron scattering by carbon :
(a) inelastic scattering; (b) elastic scattering.

of the inelastic electron scattering from carbon and its angular dependence. The coherent scattering cross section for carbon is also shown t o
the same scale, showing that the inelastic scattering makes a small but
not negligible contribution to the total scattering. It is to be noted th a t
M. Morse, Physik. Z.33, 443 (1932).
W. Heisenberg, Physik. Z.32, 737 (1931).
6aL. Bewilogua, Physik. Z.S2, 740 (1931).
68P.
67

338

3.

DIFFRACTION METHODS

the electron scattering cross section is -lo* times that of X-rays (cf.
Section 3.2.2).
D e b ~ and
e ~ ~Karle and Karle70 have analyzed the effect of thermal
vibrations in reducing the coherent scattering. The result is entirely
analogous t o that for X-ray scattering, and the most general analysis
includes a different vibration amplitude for each atom pair. The total
scattering, including the inelastic term, I(Z;,S), is then

2
n

sin 2 ~ S r &
- 2?rsrij/h

+

I(Z<,S). (3.3.6)

i

Bi and Bij are proportional to the mean square amplitude of thermal
vibration of the ith atom and i-j atomic pair.
3.3.3. Apparatus and Procedures
The general features of electron diffraction cameras for scattering by
gaseous samples remain about the same as in the initial apparatus introA diagrammatic sketch of a
duced in 1931 by Lebedev'l and by Wie1-1.~~
very refined diffraction camera described by Brockway and B a ~ - t e l l ~ ~
is shown in Fig. 24.
The electron beam is produced by a hot cathode electron gun system*
which is emission current stabilized with a self-biasing potential. Cold
cathode sources have been used in some instruments, but the problems
of stabilization and differential vacuum pumping attendant with the
gaseous discharge have led to general adoption of the hot cathode source.
The gun system employed by Brockway can be positioned relative to the
grid sheath and anode with great precision, thereby obtaining optimum
alignment and electrostatic focusing.
Electrons produced at the cathode are accelerated and withdrawn
through a small hole in the anode which is operated a t ground potential.
The emergent beam a t the anode has a full divergence of about one
degree. A single magnetic lens serves to bring the beam into focus a t the

* See also Vol. 4, A, Sections 1.1.6 and

1.1.7.

P. Debye, J . Chem. Phys. 9, 55 (1941).
'0 I. L. Karle and J. Karle, J. Chem. Phys. 17, 1052 (1949); J. Karle and I. L. Karle,
ibid. 18, 957 (1950).
n A. A. Lebedev, Nature 128, 491 (1931).
72 R. Wierl, Ann. Physik [5] 31, 521 (1931).
73 L. 0. Brockway and L. S. Bartell, Rev. Sci. Znstr. 26, 569 (1954).
89

I

0

5

I0

15s"

FIQ. 24. Electron diffraction camera for gas scattering. Specimen gases may be
admitted with the nozzle either in t h e 25 cm (upper) position relative to the photographic plate or in the 10 cm position shown. (From Brockway and Bartell.73)
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plane of the photographic plate. The focused beam has a diameter of less
than 20 p and the beam size a t the gas nozzle is set to about 0.1 mm by
use of appropriate platinum apertures a t the shutter, lens, and nozzle.
Beam alignment and focusing are monitored by viewing a fluorescent
screen in the plate holder. The alignment of the beam is obtained by
moving the electron gun and by adjusting the potentials of the postfocusing deflector plates.
Film exposure time is controlled with a beam shutter actuated by an
external timing circuit. The beam current is monitored a t the nozzle with
a probe which is withdrawn during film exposures.
Gas samples are introduced through a platinum nozzle mounted in
cIose proximity to the electron beam. The nozzle may be mounted a t
either of two distances relative to the photographic plate, the appropriate position being determined by the scattering angle range to be
photographed.
Exposure is made by admitting a burst of gas into the nozzle and coincidently opening the beam shutter for the preselected time. Brockway and
Bartell recommended a gas holder pressure of p N 3 X 104/ZZi2 mm Hg
as a reasonable compromise that avoids excessive multiple scattering
from too high a pressure and the extraneous scattering which is a problem
at the lowest pressures.
Diffusion of the sample gas throughout the camera region and into
the electron gun system is minimized by admitting the sample gas in
short bursts and by locating the gas nozzle directly opposite the aperture
of the cold-trapped high vacuum pumping system.
The film plate holder contains the mechanism to rotate or translate
new film into position and thus allows several exposures from a single
film load. Normal or low contrast photographic film is commonly used.
To prevent film fogging from X-rays produced by the transmitted beam,
a beam stopper is mounted directly before the film.
A major problem in the earlier gas scattering work resulted from the
high level of angularly dependent diffuse scattering which “washed o u t”
the coherent molecular scattering a t larger angles. The presence of
coherent rings could be visually seen in the photograph, but they were
not identifiable in photometric tracings. This difficulty is largely overcome by the incorporation of a rotating sector immediately before the
film plate.74The shape of the sector is chosen to give a relative exposure
time increasing as r2, r3, or r4, depending on the system and scattering
range being investigated. Sections with r3 (or equivalently, S3)exposure
are most commonly used. By this simple technique, the range of photographic blackening over the whole plate is reduced more than one74 C. Finback, Avhandl. Norske Videnskaps-Akad. Oslo. I . Afat.-Natunl. KL. No. 13
(1937); P. P. Debye, Physik. 2. 40, 404, 507 (1939).
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thousand fold and the high-angle coherent molecular scattering is easily
discernible.
I n making microphotometer records from plate exposures it is necessary
to average the readings from all parts of the ring. This is most easily and
accurately managed by the technique of Karle and associates76of spinning the plate about its central axis while scanning radially with the
microphotometer.

3.3.4. Analysis of Results
Since the pertinent molecular data are all contained in the second term
of formula (3.3.6) it is customary to analyze experimental results with a
function which properly emphasizes the interference terms. This is done
by drawing a smooth background curve I B through the microphotometer
record in such a manner as to closely approximate the nonmolecular
scattering. An iterative method for refining the background line has been
developed by Karle and Karle.76 The measured total scattered intensity
IT is then used to generate an observed function
Mo

= (IT/IB)

- 1.

(3.3.7)

Comparison with Eq. (3.3.6) gives this scattering function as

where p i j is a slowly varying function of S and rij.77
The determination of molecular structure can proceed along either
of two lines from this point. I n the more traditional method one can
adopt a model of molecular structure along with a set of vibration amplitudes, and compute Mt using (3.3.8). By comparison with the observed
curve Mo, the model is successively refined until the desired degree of fit
is obtained.
A l t e r n a t i ~ e l y (3.3.8)
, ~ ~ may be considered of the form
n

n

(3.3.9)
L. Karle, D. Hoober, and J. Karle, J. Chem. Phys. 16, 765 (1947).
J. Karle and I. L. Karle, J. Chem. Phys. 18, 957 (1960).
77 See R.. W. James, P h p . Rev. 33, 737 (1932); also L. S. Bartell, L. 0. Brockway,
and H. S. Schwendeman, J . Chem. Phys. 23, 1854 (1955), for details of the variations
of p,j and the effect of this on structure determination.
78 This method of data analysis is described by L. Pauling and L. 0. Brockway
J. Am. Chem. SOC.67,2684 (1935); P. Debye, J. Chem. Phys. 9, 55 (1941); I. L. Karle
and J. Karle, J. Chem. Phys. 17, 1052 (1949).
761.
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where Cij is the coherent scattering coefficient for the ij pair and Pij(r)
is the probability of the pair having separation r . A radial distribution
function can then be related to the Fourier sine inversion of M ,
D(r)

=

1“

2rSr
Mo sin -dS.

(3.3.10)

x

D(r)lisrthen related to the radial probability function, P ( r ) , by the
equation
n

n

(3.3.11)
Unfortunately Mo is not measurable beyond a given limit S,, and the
extrapolated behavior is generally unknown. The integration interval is
therefore restricted, and the “high-frequency ” terms from a sharp cutoff
are avoided by applying the pseudo-damping term exp( -asz),where a
is an adopted constant to be kept as small as possible; generally, this
gives exp(-aaSm2) N 0.1. Values of Mo near the forward direction (up to
S/X N 0.5 8-l) cannot be measured directly. They can generally be
supplied with adequate accuracy by a preliminary computation with an
assumed model. With the limited data available, one then obtains a
modified radial distribution function,

S M o exp( -aSm2)sin 2?rxr dS.

x

(3.3.12)

If the convergence factor is adequate to make D’(r) effectively independent of the integration limit S,, then the modified distribution function is
related to the true distribution function by the equation
1

D(z)exp[- ( r - z)*/4a] dz.

(3.3.13)

An example showing the techniques and results with the earlier experimental and analytic methods is afforded by the study of hexamethylenetetramine carried out by Hampson and S t o s i ~ k and
’ ~ by Schomaker and
Shaffer.*O The results of the latter are shown in Fig. 25.
The experimental M Ocurve at the bottom of Fig. 25 was obtained by
visual ezamination of the scattering photographs. The beam wavelength
of 0.06 A was measured by the scattering from a gold foil.
Inversion of the M O curve was done by a unched-card summation
The adopted converusing one hundred intervals up to S,/X = 5

f-l.

79
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G. C. Hampson and A. J. Stosick, J . Am. Chem. SOC.60, 1814 (1938).
V. Schomaker and P. A . Shaffer, Jr., J . Am. Chem. SOC.69, 1555 (1947).
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gence factor gave exp -aSmz = 0.075. No correction was made for the
distortion of the radial distribution function due to the convergence
factor. The results are shown at the top of Fig. 25.
By the positions and magnitudes of the peaks in the modified radial
distribution, Schomaker and Shaffer made the following assignments
for internuclear distances:

C-N

=

1.48 A;

C-C

=

2.43 A;

N-N

=

2.83 A.

The corresponding distances for 2 molecule y ith regular tetrahedral
angles are 1.48 A (adopted), 2.417 A, and 2.834 A. To test for regularity
bond angle, Schomaker and Shaffer proceeded to calof the C-N-C
culate values of M , for various angles and with fixed parameters

H

C-N

=

1.48 A,

C-H

=

1.09 A,

/
angle C
\

=

109'28'.

H

An effective Z value of 1.20 was used for hydrogen to better approximate
its scattering power relative to carbon and nitrogen. These results are
also shown in Fig. 25. Schomaker and Shaffer conclude th a t the calculated intensity curve for

N

/

C
=

109'28'

(regular tetrahedral angle)

\

\

C

gives the closest fit to the experimental curve, particularly in the region
of peaks labeled 9, 10, 12, 13. This establishes the tetrahedral coordination of the molecule.
The most recent structure analysis of CC1, by Bartell et uL8*offers a
clear illustration of the excellent work being done with current electron
diffraction techniques. The microphotometer record of the data plate is
shown in Fig. 26. The data concerning the exposure are given in the
figure legend. Especially noteworthy is the low value of diffuse background that remains after passage through the r3 sector. As a conse81

L. S. Bartell, L. 0. Brockway, and R. H. Schwendeman, J. Chew&.Phys. 29,1854

(1955).

FIG26. Microphotometer traces of diffraction records of CCI, using an r3 sector.
The upper pattern was taken in the 10 cm plate-nozzle position. The lower pattern
is from the 25 cm position. A beam of 0.5 pa, 40 k v was used. (From Bartell et ~ 1 . ~ ~ )
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FIG. 27. Comparison of the experimental and calculated M ( S ) curves in CCI,.
(From Bartell et aZ.81)

5

FIG.28. Radial distribution curve for CCl, obtained with the data of Fig. 27. The
larger peak corresponds t o the Cl-C1 bond length of 2.887 f 0.004 A.

quence, fifteen interference maxima, out to S/X= 5.4 &-I, are clearly
resolved.
Figure 27 shows the experimental curve of Mo obtained from these
data after giving careful attention to the curve of background radiation.
The radial distribution function of Fig. 28 was obtained by a machine
computation from Eq. (3.3.11). A convergence factor, exp( -aSm2)‘v 0.12,
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was employed. The small oscillations about the base-line result from the
finite cutoff of the inversion integral.
The position and amplitude of the two large peaks in the radial distribution rigorously confirm the molecular structure of CC1, to be
regular tetrahedral with
C1-Cl

= 2.887

5- 0.004 A,

C-C1=

1.769 2 0.005A (carbon centered).

By fitting the peaks of Fig. 28 to a Gaussian shape, and after making
small corrections for the angularly dependent phase shift of the scattered
wave, Bartell et al. deduced that (Bc-cl)*/2= 0.38 ?C 0.03 8, and
(Bcl-cl)l/2 = 0.43 & 0.02 8. These values are in excellent agreement
with the spectroscopic measurements of Morino et aLg2
The detailed excellent agreement that this molecular model affords
the experimental data is shown by the calculated M t curve of Fig. 27.

3.3.5.

Accuracy of Results

The intrinsic experimental accuracy of the determination of ordinary
molecular parameters is about 0.2-0.3%. The actual errors may easily
be five times larger if most careful attention is not given to experimental
techniques and computational analysis.
The most significant improvements in experimental accuracy have
resulted from the combined use of rotating sectors and the technique of
spinning the photographic piate while scanning photometrically. By
employing the objective method of Karle and Karle76for establishing
the background line, it is feasible to reduce the error in the observed
curve Mo(S) to 0.1-0.2%.
Refinement in computational methods and molecular scattering theory
have also contributed to an improvement in the precision of determining
molecular structure constants. Especially important in this respect has
been the correct inclusion of thermal vibration. The significance of this
effect may be appreciated by noting th at the scattered intensity from
nuclear interference in CC14 a t 300°K in the region of S/X z 5 A-1 is less
than 0.1 t ha t of the rigid molecule without vibration.
For molecules containing atoms of widely differing atomic number, it is
essential to include the scattering phase change deduced by Glauber and
Schomaker.66An instructive example illustrating the importance of this
effect occurs in the case of the molecule UF6. X-ray and infrared measurements have shown UF6 to have regular octahedral symmetry about the
uranium atom. B u t the straightforward analysis of electron diffraction
a2

Y. Morino, K. Kuchitsu, A. Takahashi, and K. Maeda, J . Chem. Phys. 21, 1927

(1953).
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data,83without including the complex part of the scattering amplitude,
results in a n asymmetric molecule with U-F distances differing b y 15%.
Effectively all this discrepancy is removed by the phase correction given
by Glauber and Schomaker.
A very necessary but difficult correction to experimental structure
parameters is that from the anharmonicity of molecular vibrations. This
leads to non-Gaussian peaks in the radial distribution, and the most
probable molecular position is not coincident with the equilibrium position or the average position. A partial analysis of this effect has been
made by BartellR4for the case of diatomic molecules interacting via a
Morse-type potential.
concludes th at in some cases there may be
shifts as large a s 0.01 A between equilibrium atomic positions and the
peaks of the radial distribution.

ye

3.4. Techniques of Neutron Diffraction
3.4.1. Introduction

The techniques of neutron diffraction have grown from the basic
research in nuclear physics during the fourth decade of this century.
I n the first fruitful application, the scattering of slow neutrons produced
significant information regarding the nature of nuclear forces. Within
the intensity limits imposed by natural sources such as Ra-Be, and even
with the subsequent more potent sources using accelerator beams,
neutron scattering remained in the province of nuclear physics, and the
major emphasis was toward the description and understanding of the
interaction of neutrons with atoms.
The advent of uranium fission reactors in 1942 introduced a new era
of interest and application in neutron diffraction. The thermalized component of neutron flux in a nuclear reactor approximately follows the
Maxwell-Boltzmann distribution. Thus, in a reactor core a t temperature
T , the average neutron wavelength is X = h(2/3r mkT)1'2= 34.9/1/T
For temperatures near 300"K, the core neutrons therefore have wavelengths comparable to those of X-rays used for diffraction work. Under
the impetus of post-war research activity, many high-intensity research
reactors were put into operation throughout the world, the theories of
neutron scattering were readily assimilated, and the instrumentation
and techniques of diffraction work were rapidly promoted.
The absence of fundamental theory to account for the details of
8 3 s . H. Bauer, J. Chem. Phys. 18, 27 (1950).
g 4 L. S. Bartell, J. Chern. Phys. 23, 1219 (1955).
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neutron scattering and absorption by nuclei made necessary the measurement of the interaction parameters (scattering and capture) for each
element and isotope. By 1950, most of this work was accomplished.
The theory of neutron scattering on the atomic scale was more adequate.
A detailed treatment of the interaction with paramagnetic atoms was
complete before 1940, and the basic theory for scattering from a thermal
lattice was available from X-ray work. The validity of these theories
was quite well confirmed by 1950.
In the sixth decade the emphasis in neutron diffraction shifted from
nuclear physics to solid state physics and chemistry. Through the unique
properties of the neutron in strongly interacting with the nucleus, and
only with those electrons in unfilled orbitals, the matured techniques of
neutron diffraction afford a powerful research tool for probing the characteristics of atomic magnetism and the structure of atomic organization
and interactions in the molecular, liquid, or crystalline state.
Even with the enhanced intensity of thermal neutrons provided by
high-power research reactors, the beam intensity for monoenergetic
diffraction studies is exceedingly weak relative to counterpart studies
with X-ray or electron beams. Analytic work with gas scattering, as so
fruitfully applied to electron diffraction, is quite out of the question.
Detectable intensities of diffracted radiation occur only with large samples
of crystalline material. Even so, it is necessary to use particle counters
for detecting the scattered radiation, as the intensities are well below the
present minimum level for photographic techniques. In spite of many
difficulties and inherent limitations, the application of neutron techniques t o structure and related studies continues to increase steadily.

3.4.2.

Scattering of Slow Neutrons

by Atoms
Neutron scattering by atoms results mainly from the interaction with
the nucleus.* Except for atoms containing unpaired electron spins, a n d
being therefore paramagnetic atoms, the neutron-electron scattering
cross section is negligibly small in all ordinary cases. It is convenient t o
represent the total interaction between a neutron and a n average isolated,
fixed, diamagnetic atom in terms of the interaction cross sections:
at = a,

+ ua.

(3.4.1)

The latter term corresponds to true absorption by the nucleus, leading in
general to a n excited isotopic state with eventual decay b y y or particle
radiations t o a ground state. The magnitude of neutron capture depends
critically on the presence of resonance levels close to thermal energies,
and therefore t o the energy or wavelength of the neutron. I n most cases

* See Vol. 5, A, Chapter 1.1.
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the capture cross section increases in direct proportion to the wavelength
(a,

l/v

A).

There is no simple relation between the capture cross section and the
atomic or isotopic number. Thus, for the adjacent elements booron, carbon, and nitrogen, the respective capture cross sections for 1.1 A neutrons
are? 430, 0.003, and 1.1, barns (1 barn =
cmz). The large probability of neutron capture by boron is nearly all due to the resonance
absorption in the lighter isotope B10, which has a natural abundance of
about 19%. The absorption cross section for neutrons is in general much
smaller than for X-rays. The latter also displays a regular dependence on
wavelength and atomic number. For t$e elements listed above, the cross
sections for X-ray absorption at 1.1 A are approximately 20, 40, and
70 barns (cf. Table VI).
The first term in Eq. (3.4.1), us,represents the nuclear scattering cross
section which also has large and irregular variations for adjacent elements, though generally not so great as for a,. For the elements boron,
carbon, and nitrogen, us has the values 4.4, 5.5, and 11.0 barns. The
corresponding X-ray cross sections for forward scattering are 25, 36, and
49 barns.
Neutron scattering by the nucleus consists of a potential or hard-core
scattering, having A113 dependence on atomic weight, and a resonance
scattering which is entirely irregular in A . The effect of resonances on
thermal neutron scattering is, in general, described adequately by the
one level formula of Breit and Wigner. If the resonance occurs at energy
ER, far removed from the neutron energy, then the leading terms of the
Breit-Wigner scattering formula are
us = (a -

B/ER)2

(3.4.2)

where a is the potential scattering contribution and B is a positive
constant.
If a group of nuclei of the same element are scattering from the same
incident radiation, not all of the quantity u. will be coherent scattering;
part of u, will result in diffuse scattering. The diffuse scattering consists
of a spin-diguse term and an isotope d i f u s e part. The first comes from
the spin-dependent neutron-nuclear interaction, and the second term is
due to isotopic composition of the element. The diffuse nature of both
terms is that of disorder associated with the random nuclear spin orientation and isotope a t each scattering position. The coherent scattering
cross section is then the difference between total and diffuse scattering
*6D. J. Hughes and J. A. Harvey, “Neutron Cross Sections,” BNL-325. U.S.
Government Printing Office, Washington, D.C., 1955.
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cross sections. Because of the high localization
cm) of nuclear
matter, nuclear scattering is effectively that of a point scatterer, so the
scattering is isotropic. A coherent scattering amplitude b is then readily
defined :
4rb2 = u,.
(3.4.3)
Contrary to the situation with X-rays or electrons, neutron scattering
amplitudes may have either sign, depending on the relative size of the
potential and resonance terms of Eq. (3.4.2). Most nuclei have positive
amplitudes, meaning there is a phase change of T a t scattering, e.g.,
hard core.* The isotopes of hydrogen are interesting t o compare in this
respect. The common isotope has a coherent amplitude
b

=

-0.38 X

cm (a, = 1.8 barns)

whereas for heavy hydrogen

b

=

+0.65 X 10-l2 cm (a, = 5.4 barns).

The very different order of relative atomic scattering for neutrons and
X-rays or electrons leads to characteristic differences of intensity distribution in the neutron scattering pattern. The distinction is greatest
when the specimen contains atoms with both signs of scattering amplitude. These differences are especially important in the structure studies
involving hydrogen or other light atoms. For example, the ratio of
X-ray scattering amplitudes of carbon and hydrogen or deuterium is 12,
but the corresponding ratio of neutron scattering amplitudes is -1.73 for
Hl and +l.Ol for H2.
A further distinction between neutron and X-ray or electron scattering
is of consequence in diffraction studies. Because of the large neutron
mass, a free atom has appreciable recoil from neutron scattering. The
effect of recoil is to decrease the total scattering cross section by the factor
( A / A 1)2 for a n atom of weight number A . Recoil also produces an
anisotropic scattering which is maximum (and equal to the bound atom
scattering) in the forward direction. The latter effect is purely classical
and is accounted for by the coordinate transformation between the
center-of-mass and laboratory system. The decrease of total scattering
is just proportional to the reduced mass factor and its effect is correctly
obtained by examining the Schrodinger equation for the neutron wave.
Equation (3.3.1) shows that the effective scattering term involves the
product of particle mass and scattering potential. A decrease of effective

+

+

* In the sign convention used here, the X-ray scattering amplitude is always positive and the electron amplitude is always negative.
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particle mass therefore produces an exactly corresponding decrease in
scattering amplitude. Such effects are important in the case of gas
scattering, or when the atoms are very loosely bound in the molecule.
The scattering of neutrons by paramagnetic atoms has been formulated
by Halpern and Johnson.86 I n the absence of orientation order between
adjacent atomic magnetic moments, the magnetic scattering contributes
only to the diffuse scattering. Coherent scattering will occur when the
atomic moments take on ferromagnetic or antiferromagnetic orderings;
this can be expected only at relatively low temperatures, and will not
be considered further here.

3.4.3. Apparatus and Procedure
The uranium fission reactor is the only common source of neutrons
for diffraction studies. A collimated neutron beam is withdrawn via a
beam port tube passing through a biological shield which surrounds the
reactor core. Monochromatization of the partially thermalized beam is
ordinarily done with a single crystal set to the Bragg angle for scattering
into an exit channel through the secondary radiation shield.
Ionic crystals such as CaFa or NaCl have small mosaic spread and
produce a beam with very small wavelength interval. Metallic crystals
of lead or copper have larger mosaic spread and lineage structure and
correspondingly give greater wavelength spread and hence greater intensity in the reflected beam. Crystals of germanium and silicon have intermediate mosaic spread and produce beams of acceptable intensity and
moderate width.
With reactors of core temperature near 400"K, the optimum wavelength of the selected beam is near 1 A. In this region, the diffracted
beam is near maximum intensity for the core distribution, and the relative amount of higher order radiation, at wavelengths X/2, X/3, etc., is
usually less than 1 % of the primary beam.
As with X-rays, the sample and scattered radiation detector are
mounted on a diffractometer apparatus suited for either powder or single
crystal specimens. The low beam intensity, together with the small
absolute neutron scattering cross sections necessitates the use of much
larger scattering samples as well as longer data collection time when taking neutron diffraction patterns. Most neutron diffractometers are
therefore built with automatic scanning features which permit data
collection on a continuous basis.
A completely automatic single crystal orienter with punched tape
sequential control for data collection through all reciprocal space coordi86

0. Halpern and M. H. Johnson, Phys. Rev. 66, 898 (1939).
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nates is in operation at the Oak Ridge National Laboratory. Details of
the design of other instruments are given in the 1iteratu1-e.~’
Cryostats for holding sample temperatures near 1”K, and furnaces for
high-temperature work are commonly used in structure work. The design
and operation of such auxiliary systems is simplified by the great penetration of neutrons through selected materials, e.g., aluminum or vanadium. Vacuum walls and thermal radiation shields are consequently
easy to provide.

Counter angle-degrees

FIG.29. Neutron diffraction pattern from a powder sample of NDI a t 80°K with
diffuse background scattering subtracted. (Courtesy of Dr. J. Reed.)

The diffracted beam intensity is ordinarily detected with a BF, counter
containing -1 atmosphere of gas enriched in the lighter isotope B’O.
These tubes are operated in the proportional region, giving a counting
efficiency of -90% for slow neutrons and a very low detection rate for
y-rays.

*’G. E. Bacon, J. A. G. Smith, and C. D. Whitehead, J. Sci. Instr. 27, 330 (1950);
G. E. Bacon and R. F. Dyer, ibid. 32, 256 (1955); R. Pepinsky, B. C. Frazer, and
M. L. McKeown, Rev. Sci. Instr. 29, 699 (1954); E. Prince and S. C. Ahrahams, ibid.
SO, 581 (1959); F. Langdon and B. C. Frazer, ibid. SO, 997 (1959).
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Relative values of the beam intensity are usually indicated with a
thin BF3 counter in the monochromatic beam. By using a low gas pressure with depleted B’O content, a counter efficiency of -1% is easily
obtained. Variation in beam intensity due to pile power changes are compensated for with this monitor by using either a “fixed monitor count”
time base, or by taking a ratio of counting rates separately recorded from
the diffraction and monitor counters.
A characteristic powder pattern, showing relative intensity and peak
widths for a simple molecular solid (ND,), is shown in Fig. 29. The peaks
at low scattering angle are narrowed by the focusing action inherent to
the angular divergence and wavelength spread of the “monochromatic ”
beam. The poorer peak resolution at larger scattering angles generally
limits the powder technique to simpler structures.

3.4.4. Analysis of Results
The techniques of analyzing neutron diffraction patterns proceeds in
quite the same manner as with X-ray data. I n nearly every case one
starts with the results from an X-ray structure determination. This
means that the crystal space group is known (or severely restricted), the
cell parameters determined, and the position of the “heavy” atoms
determined. The first objective then in analyzing neutron data is the
determination of a set of F2(hkZ)from the observed reflections.
The integrated power of neutrons coherently scattered for the reciprocal
lattice point (h,k,Z) from a specimen of volume V which is totally covered
by the incident radiation of uniform intensity is (cf. Section 3.2.5)

P Q(hkZ)3(hkZ)V
P(hkZ) = C1-PI p sin 0

(3.4.4)

for a powder sample. For a single crystal specimen sufficiently small to
avoid secondary extinction, the integrated peak power is

P(hkZ) = Cz Q(hkZ)S(hkZ)V

(3.4.5)

where

c1, cz
P

=

instrument and beam intensity constant

- multiplicity of (hkZ) powder reflection

density of powder relative to crystal density
absorption correction factor
N:,F2(hkZ)
Q(hkZ) =
x3
sin 29
1
for
neutron scattering from diamagnetic atoms with
8
=
unpolarized nuclei
F(hkZ) = absolute crystal structure factor, including thermal vibration [cf. Eq. (3.1.17)].
PIIP

3(hkZ)

=
=
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The instrumental constant C includes the beam intensity, counter
solid angle, counter efficiency, etc. Its evaluation for a given instrument
is obtained from a diffraction pattern of a well-known substance such as
nickel or diamond powder (Cl), or from a suitable small single crystal (I?,).
The absorption correction factor 3(hkZ) is simply the mean value of
e-FZ over the sample volume, where p is the linear absorption coefficient
and II: is the total path in the crystal of each line element of the diffracted
beam, as defined in Eq. (3.2.3).With powder samples of uniform geometry
3(hlcZ) is easily related to the sample cell dimensions and scattering angle.
Values of 3 for some of the simpler cell geometries are tabulated.88Single
crystals are seldom available with uniform geometry for all the measured
reflections and the correction for absorption is correspondingly complicated. A machine program for computing 3 in the case of plane bounded
crystals and a nonreentrant beam has been reported by Busing and Levy.89
As discussed in Section 3.2.2,care must be taken to avoid errors from
secondary extinction. This is especially important for peaks of small
scattering angle or large value of F 2 , since the scattering cross section for
neutrons is often much larger than the true absorption cross section.
Bacon and Lowde9O have studied this effect and conclude th a t Eq. (3.4.5)
is valid for a crystal slab of thickness t and mosaic spread q , oriented in
the refEection position, if the thin crystal criterion is satisfied:
@/sin

e < q/4.

(3.4.6)

The above authors also treat the case of reflection from thick crystals
wherein extinction is not negligible. Much caution is required in using
data from a region where extinction is important since the correction is
often a large and rapidly varying function of t/q. A rigorous treatment of
the secondary extinction correction has been given by Hamilt0n.9~
An interesting example to illustrate the efficacy of neutron techniques
in molecular structure determination is afforded by Andresen’s92 study
of hexamethylenetetramine. Using two cylindrical crystals of axis [OOl]
and [l’IO], Andresen measured some forty reflections of type (hkO) and
(hhl) in order t o make Fourier diagrams of the [OOl] and [ l i O ] projections.
The possibility of the P 3 3 n structure was considered b y a careful
k
1 = 2n
1.
search for reflections violating the extinction rule h
Such reflections would be weak, since they come from displacements of

+ +

+

** J. S. Kasper and K. Lonsdale, eds., “International Tables for X-Ray Crystallography,” Vol. 2, p. 291. Kynoch, Birmingham, England, 1959.
89 W. R. Busing and H. A. Levy, Acta. Cryst. 10, 180 (1957).
go G. E. Bacon and R. 11. Lowde, A d a . Cryst. 1, 303 (1948).
9 1 W. C. Hamilton, Acta. Cryst. 10, 629 (1957).
92 A. F. Andresen, A d a . Cryst. 10, 107 (1957).
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TABLE
IX. Observed and Calculated Values of the Cryst a1 Structure
Factor Magnitude"
hkl
110
200
21 1
220
310
222
321b
400
41 1
330
420
332
422
510
431b
521b
440
530
433
600
442
611
532b
620
541h
622
444
550
710
633
800
811
822

Fi

A

Fz

3.50
1.08
2.39
0.75
1.38
2.94
2.36
1.55
1.02
1.81
0.75
1.33
1.0
0.49
2.08
1.19
3.46
2.03
0.81
0.88
0.73
1.40
1.25
0.67
1.62
2.34
0.36
1.20
0.91
1.06
2.09
0.90
0.37

0.01
0.06
0.30
0.35
0.13
0.03
0.02
0.15
0.29
0.25
0.33
0.17
-

3.50
1.07
2.45
1.03
1.70
3.15
2.51
1.48
1.05
1.71
0.92
1.11
0.65
0.64
2.38
1.25
3.96
2.04
0.71
0.40
0.85
1.83
1.40
0.92
1.57
2.53
0.51
1.01
0.78
1.20
2.54
1.40
0.35

FO
3.28
1.09
2.45
1.05
1.73
3.07
2.51
1.52
1.0
1.66
1.04
1.08
0.67
0.66
2.46
0.94
3.80
2.04
0.50
0.28
0.88
1.80
1.06
0.99
1.18
2.49
0.46
0.99 .
0.91
1.19
2.52
1.34
0.36
~~

0.34
0.01
0.31
0.60
0.15
0.40
0.32
0.15
0.10
0.21
0
0.13
0.43
0.44
0.01

A
-

0.02
0
0.02
0.03
0.08
0.04
0.05
0.05
0.12
0.03
0.02
0.02
-

0.16
0
0.21
0.12
0.03
0.03
0.07

-

0.04
0.05
0.02
0.13
0.01
0.02
0.06
0.01

~

* Values calculated with isotropic thermal vibration are given in the column under

F,. Values obtained with anisotropic thermal vibration are shown under Fz.[From
A. F. Andresen, Acta Cryst. 10, 107 (1957).]
r, Crystal misaligned.

the hydrogen atoms, but should have been detected at the lowest angles
when the Lorentz factor gives important enhancement and the thermal
factor of coherent scattering reduction is near unity. No evidence for
such reflection was found, thus making unambiguous the space group
assignment 123772. (cf. Section 3.2.6).
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As a first trial model for data comparison, Andresen chose that d$duced
by Brill et aLlg3with isotropic temperature factors Bc,N= 4.0 A2 and
B, = 7.5 i2.
The magnitude of the resulting structure factor is compared
in the column labeled F 1 of Table IX with the observed structure factors Po. The crystal is noncentrosymmetric and the general (hkl) reflections have complex phase, so only the F magnitudes are given. One
especially notes the discrepancy between F l and Fo for the reflections
(220), (310), (420), (422), and (600). The reliability index for the F1
model is 15%.
Fourier projections using the F1model phases showed some parameter
shift and a marked ellipticity of peaks from atoms projected perpendicular
to a line from the molecular mass center. No appreciable reduction in
mean error was accomplished by using modified position parameters,

FIG.30. The coordinates for asymmetric thermal vibration in the molecule HMTA.

thus indicating the need for a more realistic thermal vibration correction,
such as that used by Shaffer.94
Andresen chose a thermal vibration model in which the molecule as a
whole was considered a rigid constellation having isotropic vibration.
The individual atoms were then replaced by uniform scattering distributions over circular disks oriented perpendicular to the radius p from the
molecular center. The complex coherent scattering amplitude from such
a disk configuration, as shown in Fig. 30, is given by King and Lipscombg6
to be
g = b e x p ( 2 ~ S* p/A)(2/a)Jl(a)
where J l ( a ) is the first-order Bessel function of argument
a

=

(2~Sr/k)sin#.

For the assumed rigidity, the radii of the atomic disks were in the
ratios of the magnitudes of their respective center radii p. This model
then allows for two independent vibration parameters : the isotropic
R. Brill, H. G. Grimm, C. Hermann, and C. Peters, Ann. Physik [5] 34,393 (1939).
Shaffer, J . Am. Chem. Roe. 69, 1557 (1947).
96 M. V. King and W. N. Lipscomb, A d a . Cryst. 3, 318 (1950).
9s

94P.A.

3.

358

DIFFRACTION METHODS

amplitude, and the disk radius of one of the atoms. Andresen found that
the parameters 3 = 1.8 Az for the isotropic term and r = 0.35 8 for the
radius of the N motion, corresponding to 0.39 and 0.58 8 for the radii of
C and H motions, resulted in a very great improvement between calculated and observed structure factors. These results are given in the
column labeled F 2 of Table IX. The general improvement is readily
seen, and the reliability factor is reduced to 3.2%. The final Fourier

++ a 3 _-

r

o+b _3(
4

4

(0)

(b)

FIQ.31. [Fourier projections [IT01 in HMTA: (a) total synthesis; (b) difference
synthesis for the hydrogen atoms. The crosses show the atomic positions, and the
bonds of the methylene groups are indicated by solid lines. (From -4ndresen.92)
projection onto (110) is shown in Fig. 31(a), and the difference syntheses,
after subtracting the C and N contributions, is given in Fig. 31(b). The
large and anisotropic vibration of the H atoms is readily discerned. The
simplicity of analysis with the smaller number of arbitrary parameters
recommends the Andresen model for hand calculation work. With
machine programing available, the vibration parameter treatment of
Section 3.1.5, and the refinement techniques of Section 3.1.9, would
generally be more suitable.

4. RESONANCE STUDIES
4.1. Nuclear Magnetic Resonance*

t$

4.1 .l. Introduction
The introduction of the molecular beam resonance method,' which permits a direct measurement of nuclear gyromagnetic ratios, was the first
successful use of the nuclear resonance technique. However, the question2
of whether similar nuclear transitions might not be detected b y simpler
electromagnetic methods in liquids and solids was answered in two famous
independent experiments b y Purce113s4and Bloch6p6and co-workers in the
latter part of 1945. The growth and scope of this new field has been
enormous; its uses now extend into many fundamental research branches
of physics and chemistry including the structure of solids, large local
magnetic fields in single crystals, molecular adsorption, the internal
structure of molecules in the liquid and gaseous states, the intermolecular
structure of liquids and associated electric and magnetic field effects,
chemical kinetics, and still others; its use as a n analytical tool has been
extensive. The significant impact of this new physical tool on the progress
of basic science is demonstrated b y the Nobel prize awards t o Bloch and
Purcell in 1952.
The outline which follows is an attempt t o describe as many of the
important contributions in the nuclear resonance field as possible in a
manner which might be useful to the experimentalist. Necessarily many
details and much rigor are missing, and only a specific number of contributions can be described. However, a number of excellent references

t See also Vol. 2, Chapter 9.7 and Vol. 4, A, Section 4.4.2.

4 The author is especially indebted t o Dr. D. Woessner and Dr. G. Hoehn for their
many valuable research efforts and technical suggestions in support of his task of
preparing this chapter. He wishes to thank Professor Norman Hackerman and
Professor Dudley Williams for reading this article and for their helpful comments.
1 I. I. Rabi, S. Millman, P. Kusch, and J. R. Zacharias, Phys. Rev. 66, 526 (1939).
* C. J. Gorter, Physzca 3, 995 (1936).
'E. M. Purcell, H. C. Torrey, and R . V. Pound, Phys. Rev. 69, 37 (1946).
4N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. Rev. 73, 679 (1948).
F. Bloch, Phys. Elm. 70, 460 (1946).
6F.Bloch, W. W. Hansen, and M. Packard, P h p . k e v . 70, 474 (1946).

* Chapter 4.1 is b y J.

R. Zimmerman.
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are available which have covered general theoretical and experirhental
advances in detail.?-ZO

4.1.2. Elementary Theory
4.1.2.1. Larmor Precession. 4.1.2.1.1. THE“MAGNETICTOP.”A nuclear “magnetic top” is defined as a nucleus with the ratio of mechanical
angular momentum to magnetic moment finite and different from zero;
this ratio may be either positive or negative depending on the relative
directions of the momentum and moment vectors. When a “magnetic
top” is under the influence of a uniform magnetic field, the phenomenon
of Larmor precession occurs-namely, the angular momentum vector p is
caused to precess about the direction of the field H such that the vector
terminus describes a curved surface of a cone with its axis in the direction
of the field H.
When a nucleus of magnetic moment p and angular momentum p with
p\\p is in a constant uniform magnetic field, it experiences a torque of
amount (Fig. l a )
(4.1.1)
T = Ip X HI = p H sin 8
where 8 is the angle between p and H. Also the change in angular
momentum
d p = p sin 8 d+
(4.1.2)
is a valid approximation of the total change in angular momentum if the
terms in the Lagrangian of the rotating system involving H 2 are suf-

’

N. Bloembergen, “Nuclear Magnetic Relaxation.” Martinus Nijhoff, The Hague,
1948.
* G . E. Pake, Am. J . Phys. 18, 438, 473 (1950).
9 R. Gabillard, “ThBorie e t Mesure des Temps de Relaxation en Rdsonance Paramagnetique NuclBaire.” La Revue Scientifique, Paris, 1952.
lo N. F. Ramsey, “Nuclear Moments.” Wiley, New York, 1953.
l1 E.R. Andrew, “Nuclear Magnetic Resonance.” Cambridge Univ. Press, London
and New York, 1955.
l2 P. Grivet, “La RBsonance ParamagnBtique NuclBaire.” C.N.R.S., Paris, 1955.
l a J. E. Wertz, Chem. Revs. 66, 829 (1955).
14 G.E. Pake, Solid State Phys. 2, 1 (1956).
l6 H. S. Gutowsky, “Physical Methods in Chemical Analysis,” Vol. 3, p. 303.
Academic Press, New York, 1956.
l6 A. K. Saha and T. P. Das, “Theory and Applications of Nuclear Induction.’’
Saha Institute of Nuclear Physics, Calcutta, India, 1957.
l7 A. Losche, “Kerninduktion.” Verb. deut. Verlag Wiss., Berlin, 1957.
G. Laukien, in “ Handbuch der Physik-Encyclopedia of Physics” (S. Flugge,
ed.), Vol. 38/1, p. 120. Springer, Berlin, 1958.
18 J. A. Pople, W. G. Schneider, and H. J. Bernstein, “High-Resolution Nuclear
Magnetic Resonance.” McGraw-Hill, New York, 1959.
2n J. G. Powles, Repts. Progr. in Phys. 22, 33 (1959).

4.1.

Yb 1

NUCLEAR MAGNETIC 1tESOXANCK

ficiently
The time rate of change of angular nionienturn about,
any point is equal t o the torque about t h a t point; hence from (4.1.1)
and (4.1.2),
pd4/dt = pH.
( I , 1.3)
But d+/dt is merely the angular velocity (J of the monieiituin vector p
about the direction of H. Therefore, a quantitative cxpressioii of the
nuclear Larmor angular frequency is
w =

yH

(4.1.4)

where y = p/p is the gyromagnetic ratio, and a!/
-H. It is important to
note t h a t (a) the classical Larmor frequency is indcpenclei~tof the aiigle 8 ,
and (b) o = -kw for positive y.

FIG.1. (a) Classical precession of a nucleus in a riniform magnetic field H; (b) pcrmissible orientation angles for p; (c) energy levels for a spin 1 = 8.

From another viewpoint, the energy of a nuclear inagiietic moment iii
a uniform field H is given by

JC’

=

-

s

H

=

- p ~ zcob e.

(4.1.5)

The total angular momentum vector can only set itself at certain angles
with respect t o the direction fixed in spare by H; these permissible aiigles
are such that the projection of p on the direction of H is an integi-a1
multiple of fi. Hence in Fig. l b , cos 0 = m / d I ( I
1);p = fi d I ( I
I);
and m may have 22
1 values of [ - I , - ( I - I), . . . , 0, . . . ,
( I - 1), I ] . A system of nuclei having a nuclear spin of I = 8 will be
described by a Zeenitin splitting of four equally spaced energy lcvels a:,
shown in Fig. Ic. According to derived quantum-mechanical selectioii
rules for magnetic dipole radiation, possible energy transitioiis betwccn
levels of stationary r’iiergy stateh must obey Am = & I . Thewfore thcb
alloned ciiergy t mihitioils are equal and of amount

+

+

A W = hyH.
1-1. Coldstein, . I M J P h y s 18, 100 (1951).

+

(4. I .O)
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From the Bohr frequency postulate of AW = hv, (4.1.6), and w = Znv, it
follows that w = y H , which is identical to (4.1.4).
The use of a rotating coordinate
4.1.2.1.2. ROTATING
COORDINATES.
system (x’,y’,z’) with angular velocity o = -kw is often used to good
advantage to demonstrate the effect of a radiation field.22From the definition of torque and the relation = yp
(4.1.7)

d p / d t = yp X H.

If D p / d t is the observed torque in the moving coordinate system, then
the torque equation which describes the precession of p as seen in the
(x,y,z) system is23
(4.1.8)
dp/dt = Dp/dt
o X p.

+

From (4.1.7) and (4.1.8)

+

(4.1.9)
W d t = YP X (H d y ) .
Hence the equation of motion of the momentum vector in the rotating
coordinate system (z’,y’,z’) is the same as in the fixed system (x,y,z)
except for a fictitious field o/y.
Suppose a small radiation field H l l H rotates with angular velocity in
the same sense as the Larmor precession of the momentum vector. With
respect t o the (x’,y’,z’) coordinate system

(H+ o/y)

=

i’H1

+ k’(H - w / y )

(4.1.10)

where H1 in the rotating frame is taken arbitrarily along x’. If p.’, p,’,
pzl are the projections of the momentum vector in the x’, y’, z’ system,
then from (4.1.9) and (4.1.10) the components of torque as seen in the
moving coordinate system are :

(4
(b)
(c)

D p d d t = (rH - w)p,!
Dput/dt = y H i p z f - (TH
Dpzi/dt = --Hiput.

- w)pz’

(4.1.11)

The vector schematic in Fig. 2 illustrates that at resonance
- w = 0) the only field seen in the (d,y’,z’) system is i’H1. A
solution of (b) and (c) of (4.1.11) under the condition of resonance
readily shows that the p,lp,t component of the momentum vector will
merely precess about the x f axis at a frequency yH1. The effect of H1is to
tip the momentum vector at or near resonance; this is the phenomenon
of nuclear magnetic resonance. If the nuclear top is subjected to a rotat(yH

I. I. Rabi, N. F. Ramsey, and J. Schwinger, Revs. Modern Phys. 26, 167 (1954).
J. S. Ames and F. D. Murnaghan, “Theoretical Mechanics,” p. 90. Ginn, Boston,
1929.
22

*a
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ing radio-frequency field HI = Hl(z,y) with H1 IH,energy transitions24g26
will occur if the frequency of H1 approaches the Larmor condition sufficiently close and if it has a rotating component in the same sense as the
precessing nuclear top.
oscillatory field is used instead of a
I n actual practice a
rotating field. However, an oscillatory field can always be resolved into
two fields of equal amplitudes and frequencies that rotate in opposite
directions.1° For example, HI, = 2H1 cos wt and HI, = 0 are sufficient
conditions for such a radiation field. A rotating component in the opposite

I

FIG.2. The effective magnetic field in the rotating frame x'y'z' with k' = k.

sense as the precessing nucleus will not effect tipping of the nuclear moments; however, it will introduce a usually negligible shift in the resonance
frequency of amount (HI,/H)2v.28
4.1.2.2. Magnetic Field at the Nucleus. The Larmor precessional frequency of a nucleus is determined by the strength of the time average27
magnetic field in the immediate vicinity of the nucleus; this local time
average field* is generally not equal to the external field Ho applied t o
the bulk sample under study. Nuclei subject to investigation by magnetic resonance techniques are not isolated systems but rather are contained in either homogeneous or heterogeneous mixtures of atoms, ions,
and molecules.
In a molecular system, for example, the local field a t the immediate

* This local time average field should not be confused with the randomly fluctuating
local field HI,' which is defined as the instantaneous magnetic field experienced by a
nucleus because of the presence of either electronic or nuclear dipole neighbors.
24 I. 1. Rabi, Phys. Rev. 61, 652 (1937).
3 6 I. I. Rabi, N. F. Ramsey, and J. Schwinger, Revs. Modern Phys. 26, 167 (1954).
20 F. Bloch and A. Siegert, Phys. Rev. 67, 522 (1940).
27 W. C. Dickinson, Phys. Rev. 81, 717 (1951).

ol‘ :I p:wt 1c.ular molecule is composed of the ntacrom)pic field H, I I I
I he bulk sainpk plus cont]ributions from the total magnetization M of t h t ,

I rviaity

.ystem. I f one assumes t h a t the firld coiitrihution of molecules outsitit. :I
physic.:illy small spherc (the Tmrciitz cavity) is the total coiitributioit
:irising from the magnetization M of the system, then the local field in thv
neighborhood of the molecule is given by H, 47rM/3.z8 This assumption,
of course, neglects any contribution t o the local field from molecules inside the Loreiitz sphere; it no longer holds, for example, in instances where
intermolecular interactions can alter the electron distribution about the
uuclci being investigated.
Many of the early applications of nuclear magnetic resonance emphasized the search for rcsonances and the accurate determination of nuclear
magnetic niome1its,29and corresponding comparison with molecular beam
aitd other more or less independent measurements. lo From the resonnncc
coiiditioii (4.1.4) it is evident that the magnetic moment can be obtained
directly from a knowledge of the resonance frequency and the average
field N a t the nucleus. Since high-precision magnetic field calibrations are
hoth difficult t o obtain and necessary t o determine a n accurate p,30 ratioh
of niagrictic moments of two nuclear species a and b were usually determined at the same applied magnetic field Ho from expressions of the form

+

(4.1.12)
Merely t,he measured frequency ratio will give a n accurate ratio of gyromagnetic rat,ios, provided sufficient quantitative information of t,he relative deviation of H a and Hb from Ho is available. In the early magnetic
moment e x p e r i r n e n t ~ ~ linstrumentation
-~~
errors were of the order of
1 part in l o 4 or more; accordingly it was usually assumed thatj the ratio
of the fields at the t>wonuclei could be approximated by the relation
(Il,,/Hb)
1
(ub - ua), where u is the Lamb34diamagnetic shielding

-

+

H. .4.Lorentz, “The Theory of Electrons,” p. 138. Teubner, Leipzig, 1909.
E. Mack, Revs. M o d e r n Phys. 22, 64 (1950); H. Poss, “Nuclear Moment
Table,” Brookhaven National Laboratory Rept. BNL 1-5, Upton, New York, 1949;
B. ‘l’. Fcld, Ann. 12ev. Nuclear Sci. 2, 255 (1952); H. E. Walchli, “Table of Nuclear
Moment Data.” Isotope Analysis Methods Department, Oak Ridge National Laboratory, Oak Ridgc, Tennessee.
3n H. il. Thomas, It. L. Driscoll, and J. A. Hipple, Phys. Rev. 78, 787 (1950); W.
Rilhemy, Ann. Physili 19, 329 (1957); R. 1,. Driscoll and P. L. Bender, Phys. Rev.
Letters 1, 413 (1958).
31 R. V. Pound, Phys. Rev. 72, 1273 (1947); 73,523, 1112 (1948).
32 F. Bitter, Phys. Rev. 76, 1326 (1949).
3 3 J. R. Zinimerman and D. Williams, Phys. Rev. 76, 350 (1949); W. II. Chambers
and 1).Williams, ibid. 76, 638 (1949).
3 4 W. E. Lamb, Jr., Phys. Rev. 60, 817 (1941).
2”
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constant. However a succession of significant d i ~ c o v e r i e s ~ 6clearly
-~~
demonstrat,ed t,he existence of additional magnetic shielding effects often
of the same order of magnitJude as the Lamb correction.
A major area of emphasis in nuclear magnetic resonance research is
directed toward an understanding of observed relative magnetic field
values in the vicinity of homonuclear species in molecules, ions, and
atoms. The time average magnetic field which a nucleus “sees” can be
expressed in a form convenient for discussion as
(4.1.13)

+

where HOis the applied external magnetic field. Ho hl is the macroscopic field H,in the sample; hl is generally dependent on the shape and
bulk magnetic susceptibility of the sample. hz is the Lorentz field 47rM/3,
where the radius of the cavity is still large compared with the distances
between the molecules or ions of the system. The field component h, is
the effective field contribution at the nucleus which arises from both
classical and nonclassical magnetic and electric interactions with other
ions, atoms, and molecules; h4 is the magnetic field contribution a t the
nucleus due to the combined effects of the electrons and the interactions
of the electrons with t,he nucleus of the same atom, molecule, or ion containing the electrons. Although the distinction between h3 and h4 effects
in the liquid and gas phases is generally clear, there is considerable latitude of imagination in this respect for metals and ionic solids; for example,
a crystal is nothing but a large molecule.38I n many quantitative nuclear
shift experiments it is not possible to neglect hS effects; when such conditions arise, it is often difficult and sometimes impossible t o separate the
haand h4 contributions.
When magnetically isotropic* samples with ellipsoidal shape of either
diamagnetic or paramagnetic systems are subjected to a homogeneous
external field Ho,the macroscopic field Hi within the sample is uniform;
hence the magnetization M is homogeneous throughout the sample and is
parallel t o the applied external field. For the special case of spherical and
cylindrical samples, the field components contributing to the total field
in the immediate vicinity of the molecule are listed in Table I.
The significance of the relative positions in the center of symmetry of
nuclear resonance lines of homonuclear systems lies in measuring and

* A magnetically isotropic system does not infer that the individual molecules or
ions possess magnetic susceptibility symmetry.
36 W. D. Knight, Phys. Rev. 76, 1259 (1949).
* 6 W. C. Dickinson, Phys. Rev. 77, 736 (1950).
37 W. G. Proctor and F. C. Yu, Phys. Rev. 77, 717 (1950).
s* J. H. Van Vleck, “Electric and Magnetic fiusceptibilities.” Oxford Univ. Press,
London and New York, 1932.
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understanding both total magnitude of and the variations of the h0and
h4 components of (4.1.13). Most resonance shift phenomena can generally be classified into four principal categories: (a) intramolecular or -ionic
magnetic shielding; (b) conduction electron shifts in metals; (c) molecular
interaction shifts in liquids; and (d) para-, antiferro-, and ferromagnetic
shifts in single crystals.
TABLE
I. Contributions t o Total Field in Vicinity of a Molecule Neglecting Interaction
Shift Effects; k is the Volume Susceptibility of Sample
Sample
shape

External
field

hi

Cylinder (of
infinite extent)

Ha

-2akHo

Sphere

Ho

(-4~/3)kHo

hz
(Lorentz)

(4~/3)kHo
(4a/3)kHo

Total field
(No interactions)

Ho(1

- 2rk/3)
0

4.1.2.2.1. INTRAMOLECULAR
SHIELDING.The effective field a t the
nucleus of a monatomic system immersed in a uniform magnetic field is
reduced by the diamagnetic shielding of the electron cloud which resides
within the atomic system containing the nucleus. This diamagnetic shielding effect follows appropriately from the application of Lends law to the
motion of the circulating electrons; i.e., the induced Larmor precession
of the electron orbits is such as t o present a field a t the nucleus which
opposes the applied field Ho.In general for atomic or ionic systems where
the electron distribution about the nucleus has spherical symmetry, the
diamagnetic shielding is given by the well-known Lamb34expression

where p ( r ) is the radial charge density of the electrons and v(0) is the
corresponding electrostatic potential at the nucleus. The Lamb shielding
field is proportional to the applied external field; a magnetic shielding
factor Ud = -hr/Ho is usually used to describe the diamagnetic effect.
D i c k i n ~ o nhas
~ ~prepared an excellent summary of (Td values for neutral
atoms; the Lamb correction is accurate to within 5 % for all atoms except
the larger ones where the relativity effect becomes imp~rtant.~g
The Lamb
expression applies strictly t o monatomic systems ; when used for predicting nuclear magnetic shielding factors in a molecular system, it is a
reasonably good first-order approximation, except for very light molecules where a paramagnetic shielding contribution is significant. The
39

W. C. Dickinson, Phys. Rev. 80, 563 (1950).
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Lamb correction does not reveal any differences in shielding which exist,
between homonuclear species in either difYerent molecular systems or
within the same molecule or polyatomic ion.
The prediction of magnetic shielding factors for nuclei in polynuclear
molecules and ions is an extremely complex problem, and except in a few
special cases is not possible to calculate in any rigorous manner. Ramsey40
in a very comprehensive theoretical treatment has obtained an expression
for molecular systems which describes the total magnetic shielding constant by extranuclear electrons in terms of a diamagnetic term and a
second order paramagnetic term, the latter being analogous to the secondorder paramagnetism in Van Vleck’s theory38of the diamagnetic susceptibility of molecules. With a proper choice of coordinates at the origin of
the nucleus in question, the Ramsey diamagnetic term is identical to
(4.1.14),except that the integration is extended over all the electrons in
the molecule, i.e.,
~ ( ~ s m e a y=
) udiamagnetie(Lsmb)

+

aparampnatio.

(4.1.15)

An evaluation of the paramagnetic term requires a kiiowledge of the wave
functions of the excited electronic states of the molecule; this information
is unfortunately usually not available even for the simplest molecules.
In the special case of the hydrogen molecule, Ramsey40 and N e ~ e l l , ~ ~
utilizing the experimental magnetic rotational interaction c ~ n s t a n t , have
~z
been able to show that the paramagnetic term is about up = 0.56 X 10-6;
this is to be compared with the diamagnetic value43of ua = -3.24 X 10-6.
In principle, and with appropriately known parameters, the nuclear
shielding constant can be calculated. However, from a practical viewpoint, the most important asset of the Ramsey theory is that it does
provide a rigorous basis for understanding in a qualitative way existing
differencesin magnetic shielding which might occur between homonuclear
species either within a given molecule or within different molecules. For
special shielding cases reasonable success has been attained in simplifying
the Ramsey theory and developing easier less rigorous approaches. 44
N. F. Ramsey, Phys. Rev. 77,567 (1950); 78,699 (1950); 86,243 (1952).
G . F. Newell, Phys. Rev. 80, 476 (1950).
42 J. M. B. Kellogg, I. I. Rabi, N. F. Ramsey, Jr., and J. R. Zacharias, Phys. Rev.
67, 677 (1940).
49 H. L. Anderson, Phys. Rm. 76, 1460 (1949).
4 4 A. Saika and C. P. Slichter, J . Chem. Phys. 27,26 (1954); E. Ishiguro and S. Koide
Phys. Rev. 94, 350 (1954); J. F. Hornig and J. 0. Hirschfelder, J . Chem. Phys. 2S, 474
(1955); T. P. Das and R. Bersohn, Phys. Rev. 104, 849 (1956); B. R. McGarvey,
J. Chern. Phys. 27,68 (1957); J. A. Pople, PTOC.
Roy. Soc. A2S9,541 (1957); Kazuo Ito,
J . Am. Chem. SOC.80, 3502 (1957); M. J. Stephen, PTOC.Roy. SOC.A243, 264 (1957);
I. V. Aleksandrov, Doklady Akad. Nauk 8.S.8.R. 119, 671, 675 (1958).
40

41
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The t,heory of magnetic shielding of a nucleus increases in complexity
when local differences between homonuclear species within the same molecule are present. Local intramolecular differences in both diamagnetic
shielding and second-order paramagnetism plus magnetic molecular ani~ o t r o p y ~ ~can
- ~ give
7
rise to such internal effects. These effects, although
often relatively small compared with the total shielding constant u, form
the basis of one of the most important areas for the application of nuclear
magnetic resonance-namely, high resolution chemical shift measurements of liquids and gases. The difference in nuclear shielding constants
SHIELDING NUMBER

X 10"

SHIFT IN C.ES. FOR LARMOR FREQUENCY OF 40 MC

FIG.3. Chemical shift values for proton groups of a few hydrocarbons in t h e liquid
state.

for two like nuclei, i and j , in a given molecule is often defined as the
chemical shift; i.e.,
&(chemical shift)

= (uir - uj)

X 10%

(4.1.16)

where nucleus i is taken as the reference shielding constant, and where
6 is usually expressed in parts per million (n = 6). The first observations
of the dependence of the magnetic field a t a nucleus on chemical compound were made b y Knight,35Proctor and Y u , ~ and
'
Dickinson.36 Intramolecular chemical shifts were first observed in studies of fluorine48 and
proton49 resonances; the classical e ~ a m p l e is~ the
~ ! ~spectrum
~
of ethyl
alcohol in which separate proton resonances arise from the CHI(,CH2,
and OH chemical groups. The magnitude of the chemical shifts with
considerable overlap vary from 6 = lop3for the larger nuclei to 6 = 10-6
J. A. Pople, Proc. Roy. SOC.A239, 550 (1957).
M. McConnell, J . Chem. Phys. 27, 226 (1957).
4 7 J. S. Waugh and R. W. Fessenden,.J. Am. Chem. SOC.
79, 846 (1957).
48 H. S. Gutowsky and C. J. Hoffman, J. Chem. Phys. 19,1259 (1951).
49 J. T. Arnold, S. S. Dharmatti, and M. E. Packard, J . Chem. Phys. 19,507 (1951).
J. T. Arnold, Phys. Rev. 102, 136 (1956).
46

46H.
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less for prototis, the limil of oliscrvation being depeiideiit on the li,,
homogeneity; 6 values for protons in a, few hydrocarbons are shown in
Fig. 3 .
Wheii t i iiitr;iinolec:ul;tr cheinical groups are preseiit,, the spectrum may
110 longer he composed of n resonance lines, but rather each resonance
may exhibit a field independent multiplet structure.51 This additional
st,ructure ( J coupling) arises from an indirect coupling between the nuclear spins of different groups via the bonding electrons of the molccule.52
For a simple m ~ I t . i p l earising
t ~ ~ from the interaction of t.wo inagnetically
iionequivnleiit spin groups i and j , t,he resonance components of i are
observed at, frequencies
01-

vi = ( y i / 2 7 r ) H i

+ Jijlll,

(4.1.17)

where A 1 is t,he M a 1 nuclear magnetic quantum number of group j of
1 values. Jij is the coupling
identical nuclei a i d niC, can have 2Alj(max)
constant, expressed in cycles per second. A large range of J values have
been ohserved,19,54
eveii with J > lo3 cps and J < 0.5 cps. The general
procedures fur a detailed t'heoretical analysis of complex spectra have been
developed.55Extensive treat>ment,sof high-resolution spectral analysis are
available.1 9 , 5 6 , 5 7
4.1.2.2.2. C O N ~ U C T I KLECTRON
ON
SHIFTSIN METALS.Knight35from a
careful comparison of the Cu63 nuclear resonmice position of' metallic
copper and diamagnetic CuC1 found that the Cu63resonance frequency
in t,he metal was approximately 0.25% higher than the corresponding
frequency for the copper salt,. As in int)ramolecular shielding phenomena,
the shift is proportional tlo the npplied field. The volume diamagnetic
suscept,ihilities of CuCl and Cu met'al and thc paramagnetic contribut,ioii of the free electrons t,o t>hesuscept,ibilit,y of a metallic ion are all

+

5 1 H. S. Gutowsky and D. W. hlcCa.ll, Phys. R e v . 82, 748 (1951); J. T. Arnold,
S. S. Uharmatti, and M. E. Pacltnrd, ibid. 83, 210 (1951); E.L. Hahn, ibid. 80, 580
( I 950).
52 H. S. Gutowsky, 1). W. M d h l l , and C. 1'. Slichter, J . C'heni. Phys. 21,279 (1953);
N. F. IZainsry and E. AT. Purccll, Phys. Rev. 86, 143 (1952).
5 3 H. 6. Gutowsky, Ann. M.1'. i l c ~ c d .Sci. 70, 7!)3 (1958).
5 4 J. Lce, Ikpartmcnt of Chemistry, Tile M:mehester CoIlrge of Science and Tech-

nology, Illnncliester, England, 1950 (private communication).
5 5 H. S. Gutowsky, 11. W. R.lcCall, and C. P. Slichter, J . Ch,eni. Ph,ys. 21,279 (1953);
E.L. Hahn and 1). E. hfaswell, Phys. Rev. 88, 1070 (1952); H.R'I. McConnell, A. D.
McLean, and C. A . Reilly, J . Cheni. Phys. 23, 1152 (1955); N.K. Bannerjee, T.P. Das,
and A. K. Sahn, Proc. Roy. SOC.A226, 390 (1051);E. B. Wilson, J . Chem. Phys. 27,
GO (1957); W.A. Anderson, Phys. Rev. 102, 151 (1956).
66 W. A. Anderson, '' Varian Work Shop Lectures." Varian Associates, Palo Alto,
Califorilia, 1958.
5' P. L. Corio, Chem. Eevs. 60, 363 (1960).
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u< 1 & 11 x
Hence, both the differences in niacroseopic susceptibility
and the differences in diamagnetic shielding between metallic and nonmetallic ions are much too small to account for the paramagnetic shift
observed. A possibility that the large probability density of the conduction electrons in the immediate vicinity of the nucleus might produce
large local susceptibility effects led Townes and associatesss to propose
that the effective shift phenomenon in metals arises from the interaction
of the polarized conduction electrons with the nucleus; this interaction is
an electron spin paramagnetism effect and excludes any orbital electron
shielding effects. A simplified Knight shift expression for a system of
cubic symmetry can be written in the form6s,69
I

hZ(Knight)

= UK

X Ho

=

( 8 ~ / 3 ) x , m < I $ ~ ( o ) I > ~ (4.1.18)

where UK is defined as the Knight shift factor; < I$F(O)l> is the average
probability density a t the nucleus for all electronic states on the Fermi
surface; x p is the specific electron spin susceptibility; and m is the mass
of the atom. This expression does not take into account any effects arising
from electron-electron interactions which depend on spin ; PinessO has
emphasized the importance of these effects in specific cases. Knight69has
given a comprehensive summary of both experiment and theory.
4.1.2.2.3. MOLECULAR
INTERACTION
SHIFTSIN LIQUIDS.The contribution ha to the local field at a nucleus from neighboring molecules or ions
will vanish for the special cases of a solid with cubic symmetry28 and a
liquid with pure dipole-dipole interaction. However, this interaction contribution is generally not negligible for liquids and often represents an
important correction to the observed chemical shift. In general, its magnitude would be expected to be proportional to the total magnetization M
of the sample and presumably of the same order of magnitude as or
smaller than the Lorentz field contribution. Such contributions to the
field at a nucleus in a molecule A may possibly occur when any one of
the following conditions are present: (a) when molecule A encounters
molecular neighbors with inherently induced magnetic anisotropies ; (b)
when strong instantaneous electric field sources in molecule A induce a
magnetic anisotropy in another molecule or ion during times of close
approach; and (c) when induced distortions of the electron distribution within molecule A occur in the presence of strong instantaneous
electric fields, such local susceptibility variations being either isotropic
or anisotropic.
68

C. H. Townes, C. Herring, and W. D. Knight, Phys. Rev. 77, 852 (1950).

W.D.Knight, Solid State Phys. 2, 93 (1956).
60 D. Pines, Phye. Rev. 06, 1090 (1954).

69

4.1.

NUCLEAR MAQNETIC RESONANCE

371

DickinsonsI found that the change in magnetic field which a nucleus
experiences in a liquid sample upon the addition of certain paramagnetic
ions to the liquid sample cannot be predicted from the usual susceptibility
corrections; i.e., for a cylindrical sample, from (4.1.13)

AH = A

2

hi = (-2?r/3 f q)HoAk

i=l

with q either a positive or negative coefficient dependent on both resonating nucleus and chemical compound; Ak is the measured change in
volume susceptibility of the liquid sample. Since a paramagnetic ion in a
liquid is subjected to strong instantaneous electric fields, Bloembergenel
has extended the paramagnetic anisotropic effect observed in crystalse2
toward interpreting this shift and finds a semiquantitative expression of
the form
A h ~ ( ~ i o k i n a o n=
) [(16~/45)(a/b)’(gl\~
- 9A2)/g2]HoAIc (4-1.19)
where 911 and 9 1 are effective g values of the paramagnetic ion corresponding to the instantaneous electric field directions acting at the paramagnetic ion of 0” and 90” respectively, with reference t o Ho;
a is the
distance of close approach between the paramagnetic ion and the ion
containing the resonating nucleus; and b is the radius of the latter ion.
Although (4.1.19) is over-simplified,628it represents the first demonstration of the possible usefulness of nuclear resonance in the study of
molecular geometry of liquids by measurements of resonance shifts.
The average local field contribution arising from the induced magnetization of the electrons of the neighboring molecules which molecule A
“sees” will be different from zero if the near neighbors possess magnetic
anisotropy and if the geometry of configuration space available to molecule A and its near neighbors is appropriate for a nonvanishing ha field
a ~ e r a g e . ~If~A- x~ is
~ the experimentally determined susceptibility anisotropy for near neighbors having cylindrical symmetry in induced magnetization, then an equivalent approximate physical model for this ha
contribution is simply the configuration space average field component
N. Bloembergen and W. C. Dickinson, Phys. Rev. 79,179 (1950).
D. Polder, Physica 9, 709 (1942); B. Bleaney and D. J. E. Ingram, Nature 164,
116 (1949).
sas N. Bloembergen, J. Chem. Phys. 27, 595 (1957).
88 J. R. Zimmerman and M. R. Foster, “Symposium on Polycyclic Hydrocarbons,”
Vol. 1, No. 3. Division of Petroleum Chemistry, Am. Chem. Soc., Washington, D.C.,
1956;J. R. Zimmerman and M. R. Foster, J, Phys. Chem. 81,282 (1957).
64 A. A. Bothner-By and R. E. Glick, J . Chem. Phys. 28, 1651 (1957).
H. M. McConnell, J . Chem. Phys. 27,226 (1957).
asL. W. Reeves and W. G.Schneider, Can. J . Chem. 56,251 (1957).
82
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parallel to Ho which molecule A sees as it approaches from all directions
a single dipole system of strength Ax/3; i.e.,

(i

h3 = H , ~ ( A X / Z ) ( ~ / ~ ) ~cos2
~ e

- i)(i/r3) dr

(4.1.20)

where r and 8 describe the position of molecule A . Although strong intermolecular forces can influence the ha field under these conditions, in which
case some probability densit,y function p(r,8) would appear in (4.1.19),
such forces are not a necessary requirement for ha tjo bc different from
zero. Aromatic molecules because of their geomet,rical shape and large
diamagnet,ic a n i ~ o t r o p yare
~ ~ part,icularly adaptable to t,he condition
ha # 0 in (4.1.20). The nonideal behavior of the proton resonance positions in molecular liquid mixtures containing aromatics was early recognized from observation^^^,^^,^^ that, the net field shift which omurred at the
nucleus, when the relative concentration of aromatics \\;as altered, could
not be accounted for by the change in volume susceptibilit’yof the system;
i.e., AH # A(hl
h z ) = (2a/3)HoAk. Intermolecular interactions of this
type arise not only between like molecular species but also between unlike
molecular species63 with field shift magnitudes of ha
0.5 x 10-6H~.
The possibility of studying liquid structure via t,hese effe
The theoretical details of t,hese and similar experiments have been invest>igated.64*70
Stephen” has given an excellent treatise on the cffect of general
intermolecular interactioiis on magnetic shielding constants using simple
statistical mechanics and treat,ing the molecules as points.
Most liquids exhibit some degree of molecular association which primarily arises from electrost’atic forces bet ween the molecules. When a
charged particle (e.g., an ion) interacts with a neutral molecule, the
charged particle induces in the molecule ail e1ect)ricdipole moment. Hence
chemical groups (which have ionic character) of a molecule would be expected t o distort, the electronic distribution of a neighboring molecule a t
times of close approach. Hydrogen bonding72 produces relatively large
local paramagnetic field shifts a t the nuclei of chemical groups identified
with the strong association;73-75for the OH proton resonances of some of

+

erG. Foex, C. J. Gorter, and L. J. Smits, “Tables des Constantes e t Donnkes
NumBriques,” Vol. 7 . Union Internationale de Chimie, Paris, 1957.
B. P. Dailey and J. N. Shoolery, J . Am. Chem. SOC.77, 3977 (1955).
G9 A. A. Bothner-By and R. E. Click, J . Am. Chem. SOC.
78, 1071 (1956).
C. E. Johnson, Jr. and F. A. Bovey, J . Chrrn. I’hys. 29, 1012 (1958).
M. Stephen, M o l . Phys. 1, 223 (1858).
7 2 G. C. Pimentel and A . L. hIcClellnn, “ T h e Hydrogen Bond.” Freeman, 8an
Francisco, 1960.
73 H. S. Gutowsky, D. W. PlfcCall, 13. R. RlcGarvcy, and L. H. TtTcyer, J. A m . Chew.
SOC.74, 4809 (1952).
74 C. M. Huggins and G. C. Pinlentel, .I. P h e w . Z’h!p.
23, 1244 (IS55).
75 A. 1). Cohen and C. Reid, J. Cherri. Phys. 26, 700 (1956).
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the alcohols, hB = 4 X 10-6H~76,77
(see Fig. 4). There are large differences
in interaction shielding between the liquid and gaseous states of some of
the hydride rnolecule~.~8
Some theoretical and semiquantitative approximations show that contributions to the shielding field a t the nucleus from
electrostatic distortions of the electron distribution are of sufficient magnitude to account at least in part for many association effects where there
is strong hydrogen bonding.78-79
considers the fractional decrease in
mean diamagnetic susceptibilit,y of a hydrogen atom when placed in a
61

1

I

I

I ; I l l 1

I

I

/ l l l l I

FIG.4. Concentration dependence of chemical shift of OH proton line in propanolcarbon tetrachloride mixture.

uniform electric field and assumes that the fractional change in the total
shielding field a t the nucleus is approximately equal to the fractional
change in mean susceptibility; i.e.,
h3(assoeistion)

- Axohl(lnmh)
= : B ( Q 2 / b 4 ) H oX
XO
-

(4.1.21)

where xo is the susceptibility and hq is the diamagnetic shielding field for
a free hydrogen atom; Q is the st,rength of electric charge in electronic
units; and b is the distance in angstroms between t,he charge and the
M. Saunders and J. B. Hyne, J . Chem. Phys. 29, 1319 (1958).
E. D. Becker, U. Liddel, and J. N. Shoolery, J. Mol. Speclroscopy 2, 1 (1958).
78 W. G. Schneider, H. J. Bernstein, and J. A. Pople, J. Chem. Phys. 28, 601 (1958).
79 P. J. Frank and H. S. Gutowsky, Arch. sci. (Geneva) 2, 215 (1958).
7e
77

374

4.

RESONANCE STUDIES

atom being perturbed. Somee*have rejected the idea that the electrostatic effect is sufficient to explain the observed frequency shifts. Equations (4.1.19-21) represent only a few of the possible shielding effects
involving the interactions of molecules in the presence of electric and
magnetic fields.7l
4.1.2.2.4. PARA-,
ANTIFERRO-,
AND FERROMAGNETIC
SHIFTSIN SINGLE
CRYSTALS.
Significant nuclear resonance shift observations have been
made for nuclei of single crystals of iron transition salts. Strong crystalline
electric fields which are well known to exist in these salts are responsible
for “quenching” the orbital angular momentum of the iron transition
ions, so that the effective moment of an ion is approximately the “spinonly” val~e.~8,s’
The Curie-Weiss law generally describes the observed
susceptibility variation in the paramagnetic region above the Curie transition temperature; hence, the “normal” paramagnetic shift of the time
average field a t the ith nucleus is of the form
h3(“no*mal1~psramagnetio)

= g2P2S(X

+ l)H0f(Bij,rij-~)/31c(T- T,)

(4.1.22)

where f(~9ij,rij-~)
is an appropriate functional summation over the surrounding paramagnetic ions with respect to the relative directions of the crystal
axes and Ho; T , is positive or negative depending on the ferromagnetic
and antiferromagnetic behavior, respectively.
The observeds2 shift of the F19 nuclear resonance in oriented single
crystals of MnFz is approximately 30 times the “normal” shift over large
ranges of applied field Ho above the transition temperature. The magnitude of the shift in the paramagnetic crystal state is h3(F~~-papamagnetio)
i=
0.032H0.The effect is attributed to an electron transfer (a superexchange
m e c h a n i ~ r nfrom
) ~ ~ a given F- site to the three nearest Mn++ neighbors
which give rise to a hyperfine interaction between the F19 nuclear spin
and the paramagnetic electron spins,82 the shift being proportional to the
time averaged spin polarization <S> of the paramagnetic ion.
An abrupt disappearance of the FI9 nuclear resonance in MnF2 at the
frequency Y = (~/27r)H0(1 0.032) occurs at the transition temperatures2; a t this temperature there is a sudden rise in the average spin
polarization of the Mn++ ion and a resulting large increase in magnetic
field at the F19 sites.84The F19 nuclear resonance in antiferromagnetic
MnF2 is observeds6in a range of 152-168 Mc/sec over a range of Ho be-

+

V. Alekeandrov and N. D. Sokolov, Doklady Akad. Nauk S.S.S.R. 124, 115
(1959).
82

C. Kittel, “Introduction to Solid State Physics,” p. 147. Wiley, New York, 1953.
R. G. Shulman and V. Jaccarino, Phys. Rev. 105,1126 (1956).
P. W. Anderson, Phys. Rev. 79, 350 (1950).
B. Bleaney, Phys. Rev. 104, 1190 (1956).
V. Jaccarino and R. G. Shulman, Phys. Rev. 107, 1196 (1957).

4.1.

NUCLEAR MAGNETIC RESONANCE

375

t,ween 300 and 3000 oersteds and a temperature between 13°K and
20.4"K. The time average field (extrapolated t o Ho = 0) a t the E " 9 nu= 41,000
cleus in the antiferromagnetic crystal state is h3(FtP-,ntIf8rramagoetlo)
oersteds.
~
crystal of CoFz has been observedg6 in
The resonance of C Oin~a single
the range of 160-190 Mc/sec in external fields extending t o 10,000 oersteds
and a t temperatures of 1.3'4.2"K. The hyperfine field (extrapolated to
Ho = 0) a t the Cob9 nucleus is h4(Co6g-a,,tlferromannet,c)
= 145,000 oersteds.
These high time-averaged fields arise from the intra-atomic hyperfine interaction of the CoS9magnetic moment with the large fields of both
the unbalanced d electrons on the Co++ ion and the large ordered electron
spin polarization of the co59which occurs in the antiferromagnetic state.87
The possibilitys7 of detecting the nuclear magnetic resonance of nuclei
of magnetic ions in the paramagnetic state has been confirmed experimentally8* from observations of the CoK9resonance in KCoF3 a t a
frequency of 16.01 Mc/sec with an applied field of 13,100 oersteds
(T = 298°K). A comparison of this resonance frequency with th a t one
for C O in~a ~diamagnetic compound at the same external field and tem= 1.22; hence,
perature gives a ratio v59(param~gnetic)/~59(diamagnetic)
the field shift is hq(Co~g-psramsgnet,c) = 1.22H0.This shift has been explained
by considering the contributions of low-lying excited states to the chemical shift and hyperfine interactions with the magnetic electrons.89
Nuclear resonance in a ferromagnet has been observed in a sample of
~ ~ (room temperature) at a frequency
finely divided face-centered C Ometal
of 213.1 Mc/sec in a zero applied field.g0The observed resonance indicates
a magnetic field at the site of the CoS9nucleus of h4(Co6'-ferromagnet,a) 5= 213,400
oersteds. This large field arises from a combination of core and conduction electron^.^^ The magnitude of the field is in good agreement
with the hyperfine field deduced from specific heat measurements.92
4.1.2.3. Magnetic Dipole Relaxation. 4.1.2.3.1.THESPIN-LATTICE
RELAXATION TIME.I n a system of nuclear magnetic moments exposed to a n
external field Ho,the moment vectors seek a position of minimum potential energy and would have the same energy level except for the competing effect resulting from thermal agitation to fill all energy states
equally. For an external field of lo4 oersteds, the energy difference beV. Jaccarino, Phys. Rev. Letters 2, 165 (1959).
T. Moriya, Progr. Theoret. Phys. (Kyoto) 16, 691 (1956).
8 8 R. G. Shulman, Phys. Rev. Letters 2, 459 (1959).
89 S. S. Grifith and L. E. Orgel, Trans. Faraduy SOC.
63,601 (1957).
90 A. C. Gossard and A M. Portis, Phys. Rev. Letters 3, 169 (1959).
9 1 W. Marshall, Phys. Rev. 110, 1280 (1958).
8 1 V. Arp, N. Kurti, and R. Petersen, B i d . Am. Phys. SOC.
2, 388 (1957); N. Kurti,
J . A p p l . Phys. 30, 2155 (1955).
86
87
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tween states of a proton moment is approximately 2.8 X 10-19 erg; the
thermal energy per degree of freedom of a nucleus is $kT or about
2 X 10-14 erg a t room temperature. Hence the thermal agitation is quite
effective in equalizing populations of energy levels. However, the population averaging is not complete; instead, the relative populations a t
thermal equilibrium are determined b y the Boltzmann factor

N ( m ) / ~ ( m ’=) , [ w ( ~ ’ ) - - w ( ~ ) I / ~ T

(4.1.23)

where N ( m ) is the number of nuclear moments per unit volume in nuclear
spin state m. Since a t room temperature W ( m )<< kT,

N(m)/N(m’)

1

+ hyHo/kT.

(4.1.24)

Thus for every million protons in the higher energy spin state a t a field of
10,000 gauss and a t room temperature, there are 7 more in the lower
energy state. It is this extremely small surplus of moments in the lower
energy level which permits experimental observation of the nuclear resonance phenomena.
The excess of nuclear moments in the lower energy level which accumulates in a nuclear system upon being subjected to a magnetic field kHo
for a long period of time (thermal equilibrium between the spin system
and its environment) produces an induced nuclear magnetization

Mo

=

kxhiHo

(4.1.25)

along the direction of Ho; X N is the nuclear volume susceptibility. Since
N(m) = No/2 where No is the total number of nuclear moments per unit
volume, from (4.1.23)

M O= (N0/2)(hyHokT)IpIcos 0

=

N0[p1~Ho/3kT

(4.1.26)

which is the Langevin expression for paramagnetic magnetization for the
conditioiis of p * Ho << k T ; [ V l 2 is the square of the absolute value of the
nuclear magnetic moment,
If a nuclear moment sample is suddenly subjected to a field kHo a t
time t = 0, the time required for the magnetization along kHoto reach a
value figz = Mo/e is the thermal, or spin-lattice, or longitudinal relaxation
time; i.e.,
d M , / ( M , - Mo) = -dt/TI.
(4.1.27)
Observed nuclear relaxation times may range from microseconds to hours.
To restore thermal equilibrium it is essential that the energy of the spin
system changes. The relaxation process b y which this energy change can
occur involves interactions of nuclear spins with the lattice which can
effectively determine the lifetime of nuclei in a given state. If U(m + m’)
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is the probability per unit time th at a spin in state m may make a transition to m’ a t thermal equilibrium
N(m) U(m 4 m‘) = N(m’)U(m‘ -+ m).

(4.1.28)

With the aid of (4.1.24) and (4.1.28), it is straightforward t o show to
first order that14
(4.1.29)
d n / ( n - no) = -2U(m-+ m’) dt
where no and n are the excess of moments along the direction of the
polarizing field at equilibrium and a t time t respectively. B u t the magnetization is proportional to the excess of moments in the lower energy
state; i.e., M , 0: n. Hence from (4.1.27) and (4.1.28)

T1 = $V(m -+ m’).

(4.1.30)

4.1.2.3.2. THE TRANSVERSE
RELAXATION
TIME,T P . I n contrast to

spin-lattice relaxation, transverse relaxation does not directly involve a
net energy change of the spin system. If a nuclear moment sample has
been subjected to an external field kH0 for a time t >> TI, the only component of nuclear magnetization is kMo. Suppose this magnetization be
rotated suddenly by 90’ so that it lies in the zy plane. Immediately after
this rotation kM, = 0 and the magnetization M a is precessing about the
z axis with angular frequency o = yHo. As time passes the component of
magnetization in the zy plane decreases exponentially as

M ZY

= M,e-tlT:

(4.1.31)

where T z is the transverse relaxation time. During the same time the longitudinal magnetization recovers toward its equilibrium value according to

M,

=

Ma(1 - e-t’Tl).

(4. I.32)

In general TI 2 T i ; in liquid systems TI and Tz may be nearly equal.
4.1.2.3.3. MECHANISMS
FOR RELAXATION.
If either of these relaxation
processes is t o occur, the nuclear magnetic moments must interact with
magnetic fields in their immediate environment. These local fields depend
on the number, magnitude, position, and state of motion of neighboring
magnetic moments, both nuclear and electron. For example, a nuclear
magnetic dipole precession about the z axis (Fig. 5) will produce a local
dipole field which has a static and a rotating component; the rotating
component arises from the precessing component pZ1; the static part
arises from the component pz = k . p. At any point P from the dipole
there is a static local magnetic field
Ht(static)

=

-kp,/r3

+ 3r(kp, . r)/r6.

(4.1.33)
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The component along the x axis is

Hi,

=

k .H

= ( p Z / r 3 ) ( 3C O S ~e

- l ) , pz = k . p.

(4.1.34)

For nuclear moments, H I , is of the order of a few oersteds. The maximum local field 1 A away from a proton would be 28.2 oersteds. For an
applied external field kHo,the effective static field at P is, to a high degree
of approximation,

kH

=

k[Ho 5

( P ~ / T ~ cos2
)(~0

- l)].

(4.1.35)

In a system containing a number of nuclei there will be a spread of
angular precessional frequencies because of the local fields of amount

FIQ.5. The parallel and normal components of a precessing magnetic dipole moment.
6w = yHlz. Two nuclei precessing initially in phase but with frequencies
differing by 6w then get out of phase in a time = 1/6w.
The rotating component of the local field a t P is of the same order of
magnitude as the static component; and its rotational frequency is the
Larmor frequency of the nucleus responsible for the field. For two neighboring nuclei in the system, one in the upper energy level and the other
in the lower energy level, the relative phases of these nuclei change appreciably in time = 1/6w. Hence, the rotating components of their mutual
local fields will have the same frequency in a time roughly 1/6w; this
enables the nuclei to flip each other through their rotating local fields;
the net energy of the spin system is conserved. Since the lifetime of the
nuclear spin state is limited to times = 1/6w, the energy levels will be
broadened by an amount 6W = h/(1/6w) in accordance with the Heisenberg uncertainty principle. This process also will effect a loss of phase
relationship in a time = 1/Sw. The broadening of the energy levels is
equivalent to an increase in the spread of local static fields in the sample.
Both static and rotating (mutual spin flip) local field effects from the
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rigid lattice are present only when the nuclei are identical; the rotating
local field effects are absent if the nuclei are different. Since only a rigid
lattice (r and e constant) has been considered, spin-lattice interactions
and associated relaxation are nonexistent and only part of the transverse
relaxation is present. However, the thermal motions of the lattice cause
the relative coordinates of the nuclei to fluctuate and allow a spin-lattice
energy transfer to occur. The lifetimes of the energy states are limited to
2 T 1 , and the energy levels are broadened according to the uncertainty
principle. Although the presence of motion increases the width of the distribution of resonance frequencies through spin-lattice relaxation, it reduces the contribution of the local field effect,s from the rigid lattice.

011

FIG. 6. Geometry illustrating the interaction between two precessing magnetic
dipole moments.

4.1.2.3.4. QUANTITATIVE
EFFECTS
O F STRUCTURE
AND MOTION.A prediction of the quantitative effects of structure and motion on the relaxation times and the distribution of resonance frequencies requires detailed’ consideration of the energy of interaction between two magnetic
dipoles i and j given by

Wij = ( p i * p j ) / ~ i . 3(pi rij)(pj * rij)/rfj.

(4.1.36)

The geometry of auch a system is shown in Fig. 6; rij connects the two
dipoles; O i j and 4ij are polar and azimuthal angles, respectively, commonly
used t o describe ri, with respect to Ho. For Ho >> Ht, this dipolar interaction can be considered merely as a perturbation on the energy p . Ho
of the dipole.
For a rigid lattice B i j , &j, and rij in Fig. 6 are time-independent. For a
system of isolated pairs of like nuclei of spin I = f, the spectrum has
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two equal componentsg3at
w i = yiHo

f 3ri2hr33 C O S ~eij - 1).

(4.1.37)

The two components arise because of the nearly equal probability of
either spin orientation, e.g., see (4.1.34). The magnitude of the splitting
is dependent on both the static and precessing local fields. An example
which occurs in single crystals is CaSO4.2H20which has two pairs of
protons with different orientations e. If a crystal powder is used, the line
shape is computed by averaging the angular dependence 8.
When both nuclei in a pair have I = 4 but yi Z yj, each nuclear resonance also has two components, the splitting for each resonance being
the same; i.e., for w = w i or wj,

If yi # yj, the interaction effects of the precessing local fields average out
when yiyjrij3(3cos2 Oii - 1) << ( y i - rj)Ho; this effect shows up in the
factor 4in (4.1.38) compared with 2 in (4.1.37).
The complexity of line shape increases rapidly with the number of interacting pins.^^^^^ Interactions from neighboring nuclei outside the primary
group plus averaging over-all orientations 8 often leaves little observable
resonance structure. Except in systems where the nuclei are localized in
groups of a small number of spins, calculations become formidable and line
structure is often too complex to be resolved. Fortunately, Van Vleckg6
has shown that the moments of a resonance line can be computed for a
given structural model. Often the second moment is as valuable as the
line shape for structure determination; the moment calculation (either
second or fourth) does not yield the line shape. If wo is the center frequency, the second moment is
(4.1.39)

where g ( w ) is the line shape function normalized so that J?: g(w) dw = 1.
When wo is large compared to the line width, the resonance curve is symmetric about wo; and the odd moments vanish. The general result for both
identical and nonidentical spins, in the absence of electric quadrupole
interactions, is

G. E. Pake, J . Chem. Phys. 16, 327 (1948).
E. R. Andrew and R. J. Bersohn, J . Chem. Phys. 18, 159 (1950).
96 R. Bersohn and H. S. Gutowsky, J . Chem. Phys. 22, 651 (1954).
9 6 J. H. Van Vleck, Phys. Rev. 74, 1168 (1948).
93
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where N is the number of nuclei at resonance over which the calculation
extends. If the sample is powdered or polycrystalline, the second moment
is the average for the isotropically oriented crystallites and so no longer
involves the angular factor. The line shape for a multispin system is
generally Gaussian.
The effect of motion is to narrow the resonance line and decrease the
second moment. Not only vibrations of lattice points about their equilibrium positions but also vibratory rotary (torsional oscillation) motion
of structural groups about fixed axes can occur; this latter motion can go
to completion by complete reorientation among fixed positions (hindered
rotation) and finally to free rotation about the axes. I n some cases the
rotational axis can tumble randomly and even translational motion (diffusion) among lattice sites may occur for molecules in molecular crystals.
Self-diffusion of ions or atoms in ionic crystals or metals also act to narrow
the resonance.
The narrowing effect on rotating isolated pairs of nucleis7 is straightforward. Let 8’ be the angle between kHo and the axis about which the
internuclear vector ri, rotates rapidly, and let pij be the angle between the
internuclear vector and the rotation axis. For free rotation the time average becomes an average over all azimuthal angles 4’. The angular factors
in (4.1.37) and (4.1.38) become, by the addition theorem for spherical
harmonics,

This result is also true for reorientation over, or quantum-mechanical
tunneling through, an n-fold periodic barrier, when n L 3. If p;i = ~ / 2 ,
the splitting is similar to but only one-half the magnitude of the rigid
system. Such rapid free rotation or reorientation also decreases the apparent second moment of the resonance line; this effect can be evaluated
by substituting (4.1.41) for (3 cos2 e, - 1) in (4.1.40).Actually the second
moment is invariant to motion while the fourth moment increases with
m o t i ~ n ;the
~ ~central
, ~ ~ portion of the line narrows while the tails increase.
When the frequency of motion greatly exceeds the line width, the value
of the second moment observed does have the decreased values as predicted because the intensity of the tails become too weak t o be detected.
The narrowing effect of vibrat,ory rotary or torsional motion is much
smaller than complete reorientation or rotation. However, such a n effect
is not always negligible.8~9g
The t,otal torsional effect for proton pairs a t
H. S. Gutowsky and G. E. Pake, J. Chem. Phys. 18, 162 (1950).
E. R. Andrew and R. A. Newing, Proc. Phys. SOC.(London) 72,959 (1958).
99 H. S. Gutowsky, G . E. Pake, and R. Bersohn, J . Chem. Phys. 22,643 (1954).
97
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any temperature has been treated for both classicalloo and quantummechanical harmonic oscillators.10i~102
The effect of variations of rU3 resulting from lattice motions appears to be only a fraction of the torsional
If motion is rapid and completely random, the angular
~ontribution.'~3
factor averages to a very small value resulting in a very narrow resonance
line and a small apparent second moment.
The magnetic dipole-dipole interaction when modulated by thermal
fluctuations of nuclear dipole orientation leads to spin-lattice relaxation.
For identical spins of I = $ the spin-lattice relaxation time of the ith
nucleus is of the formio4

+ ~)[JI(w)+ J2(2w)Ir,j6

1/'T1* = (+)ya4h21a(1a

(4.1.42)

where J l ( w ) and J2(2w) are spectral density functions4for transitions between energy states and are dependent on e,&) and #~,(t) ;the relaxation
is described by a simple exponential. For nonidentical nuclei, the spinlattice relaxation of one species is usually described by a combination of
two exponentials; an exception to this is the simple exponential decay for
a nucleus interacting with a paramagnetic ion, where the ion has an extremely short T1 compared to the nuclear T 1and where the nucleus has
only a negligible effect on the ion's T1. The relaxation time for a nucleus
with spin I is the same as for a nucleus with the same y but with spin &.?
The theory of random motion in solids is directly applicable to the
random motions exhibited by liquids,4 where the Brownian motions cause
the internuclear vector to assume all orientations in a random fashion.
These motions are correlated over short intervals of time; even though
molecular chaos prevails, a certain interval of time is required for one
chaotic configuration to go over into another totally unrelated one. This
time is related inversely to the viscosity, and its measure is provided by
the correlation time r Cdefined for a function F ( t ) of the nuclear coordinates
which has zero average value. The product F(t)F*(t T ) will not be very
different from F(t)F*(t) if T is short enough; but if T is long, there will be
T ; for an average
negligible correlation between the values at t and at t
situation, the product is averaged over many values of t for the same T .
The spectral density functions are of the form

+
+

J(W)

=

F(t)F*(t)2Tc/(1f

W2Tc2).

(4.1.43)

For liquids, fluctuations in the magnitude of ra, are relatively ineffective
E. R. Andrew, J . Chem. Phys. 18, 607 (1950).
T. P. Das, J . Chem. Phys. 27, 763 (1957).
lo2J. W. McGrath and A. A. Silvidi, J . Chem. Phys. 29, 103 (1958).
los J. A. Ibers and D. P. Stevenson, J . Chem. Phys. 28, 929 (1958).
lo4 I. Solomon, Phys. Rev. 99, 559 (1955).
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in relaxation; the important motions are rotations of the molecule and
the line joining a pair of molecules; with the usual approximation that
each type of motion, a or b, does not modify the correlation function of
l/Tlb.
the other, 1/T1 = TI.
Random thermal fluctuations of the type found in liquids lead to a
narrowing of the resonance line and greatly modify the transverse relaxation time. Calculations for an interacting pair in which rC<< Tz are
similar to those for TI. For two identical nuclei104

+

1/Tza

=

+

(3)7a4h21i(Ii l)[(f)Jo(O)

+ ($)JI(u) + ($)J2(2w)]raj6. (4.1.44)

When T2 >> T~ no longer holds, the first term in (4.1.44) must be calculated from more general expressionslo6than (4.1.43) and is of the form

+

( ~ / T L=
J ~(4 In 2 / T ) ( + ) T i 4 ~ z 1 i ( ~1)
i

C

rij6 tan-' ( ? r r c / ~4t iIn 2 ) .

1

(4.1.45)

For identical nuclei and a rigid lattice ( r c--+

-

(1/!f':i)2

=

00)

2 In 2 ( A ~ i ) ~

(4.1.46)

where (AwJz is the second moment for a rigid lattice of identical nuclei
in which the orientation of pairs is isotropically distributed. The second
moment expression holds for any value of nuclear spin; however, electric
quadrupole interactions can effectively limit the applicability of (4.1.44)(4.1.46) t o systems with I =
By (4.1.46) t h e decay of transverse magnetization and line width are
related. I n general the decay of transverse magnetization is not a simple
exponential but rather the Fourier transform of the line shape;lo6when
the resonance curve is a simple single peak d i ~ t r i b u t i o n Tz
, ~ = rg(w),,.
The g(w) of a rigid multispin system is nearly Gaussian. As random motion begins, the line contour near
the peak becomes Lorentzian; the curve
is practically Lorentzian when ( A U ) ~<< l / ~ , ~ . ~ OHowever
5
the tails of the
line decrease faster than a Lorentzian distribution; the second moment
of a Lorentzian curve is infinite while the second moment of a resonance
line is finite and invariant to motion. The above definition of T2 leads to
a predicted exponential decay e d T 2 of the transverse magnetization for a
Lorentzian curve
g ( w ) = ( l / ~ ) T z / [ l (W - ~ o ) ~ T 2 * ]
(4.1.47)

+'

+

where w 0 is the frequency for the peak of the curve. If (Aw)1/2 is the
value of (a - coo) at which g ( w ) = (&)g(u)mx the Lorentzian curve yields
106

R. Kubo and K. Tomita, J. Phys. Sac. Japan 9, 888 (1954).
J. Lowe and R.E. Norberg, Phys. Rev. 107, 46 (1957).
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-

l/Tz =
This is the T2' defined in (4.1.45). Hence, when rc 5 T2,
the half-maximum point of the line is described by (4.1.45), but the decay
of transverse magnetization is only roughly given by that equation. Together, (4.1.44) and (4.1.45) give the half-maximum line width for random
motion with any correlation time.
Pines and Slichterlo7in a very informative approach to motional line
width narrowing find that
(4.1.48)
1/T2 = (6W)2TC
where h 6~ is the interaction energy; T~ is the correlation time for the dephasing mechanism under consideration. In liquids 6w has the rigid lattice4
value. Other important aspects of dipole relaxation mechanisms have been
investigated, including: (1) the line narrowing effect which can occur in
solids where some random reorientation about restricted directions are
allowed;97(2) an application of the general theory of nuclear relaxation
to two identical spins of I = undergoing hindered rotation about an
axis;10*(3) spin-lattice relaxation resulting from the lattice vibrations in
crystalline solids where random reorientation cannot o c ~ u r ;and
~ - ~(4)~ a
treatment of spin-lattice relaxation of a CH, group undergoing both reorientation about an axis and random tumbling of the axis by considering
the spectral density resulting from the superposition of both motions
with their respective correlation times. l o g
4.1.2.4. Quadrupole and Miscellaneous Relaxation Interactions. A
complete treatment of nuclear quadrupole phenomena may be found in
Chapter 4.3. Nuclei with I > +can possess electric quadrupole moments.10
This moment is a measure of the departure of the nuclear charge from
symmetry and is zero for a spherical distribution. Very large average
electric field gradients arise a t nuclear sites in molecules from both covalent and ionic bonding electrons. In solids this interaction can lead to
definite nuclear spin energy levels. In general, for polycrystalline solids
the magnetic resonance line is broadened, shifted, and changed in shape.
In liquids and gases the molecular reorientations average out the field
gradients which, however, still serve as relaxation mechanisms; if the
quadrupole interaction is large, either incomplete averaging may occur
or the relaxation may be so effective that the magnetic resonance is
broadened beyond detection. Like the fluctuating magnetic fields in magnetic dipole relaxation, the fluctuating components of the electric field
gradients at the nucleus lead to energy level transitions and relaxation
phenomena, both in solids and liquids. If the quadrupole interaction is

+
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small compared to the interaction * Ho, it can be treated as a perturbation on the magnetic interaction.llO*lllThe weak interaction is the one
of concern here; for it the nucleus precesses about the direction of Ho;
the nuclear energy levels are W , = mrfiHo with allowed transitions of
Am = i l l 1 2 . If UI and Uz are the transition probabilities for these
respective allowed sets, the nuclear spin-lattice relaxation times for
I = 1112is l/T1 = U1 2U2. For a nucleus under the influence of a n
axially symmetric field gradient whose symmetry axis fluctuates randomly
in orientation with respect to Ho,the random fluctuation theory in magnetic dipole relaxation is directly applicable. The spin-lattice relaxation
time is of the form

+

(4.1.49)
The Ji)s are the spectral density functions of the angular position (6 and
4) parts of the second derivatives of the electrostatic potential a t the
nucleus when used in (4.1.43). Like magnetic dipole relaxation in crystalline solids, electric quadrupole relaxation from lattice vibration is due to
a Raman p r o c e s ~ . ’ ~However,
~ - ~ ~ ~ the electric quadrupole relaxation leads
to a T1 several orders of magnitude smaller than the magnetic dipolar TI.
The instantaneous field a t a nucleus will depend on molecular orientation if the molecule has a magnetic a n i s ~ t r o p y hence,
; ~ ~ a nucleus can
experience random fluctuat.ing magnetic fields and assorted spin-lattice
r e l a ~ a t i o n . ~A~ system
~ ~ ~ ~ 7of nuclei of spin surrounded b y a n axially
symmetric electron distribution will have a relaxation time

+

1/T1

=

(=&)r2Hoz(Au)2~c/(1
-k

u ~ T ~ ~ )

(4.1.50)

where AU = ull - 01is the shielding factor anisotropy.
The nucleus can also experience a magnetic field resulting from the
hyperfine interaction with surrounding electrons.‘ l 8 For example, in gases
there is a scalar product energy interaction of the form rhH’I . J between
the nuclear spin and the magnetic field H‘ which arises from the rotation
of the molecule; J is the rotational quantum number. The contribution
llo
111
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of this process to the spin-lattice relaxation is4,’
1/Ti

=

($)r’(H’)’J(J

1)Tc/(l

(4.1.51)

W2Tc2)

where T~ is the average time between random molecular collisions.
Another hyperfine interaction is a scalar product interaction of the
nucleus with other spins. The interaction between nuclei is from coupling
between the electrons which interact with the nuclei. li9 The interaction
between nuclei and conduction electrons is responsible for nuclear spinlattice relaxation times in metals.*20These exchange interactions may be
interrupted randomly in time by processes which randomize the phase of
the wave function of the electron spin S. If re is the correlation time and
A the coupling constant of the exchange interaction, then for a random
process the contributions to relaxation are121

+ l ) A 2 k 2 r e / ( 1+

1/Ti = ($)S(S

(WI

-

W S ) ~ ~ , ~ )

1/(1

+

(WI

and
1/Tz

=

(i)S(S

1)A2h-2Te[1

(4.1.52)

- W8)2Te2)].

4.1.3. General Experimental Methods
4.1.3.1. The Bloch Formulation.6.11~12.1g
The classical description of
motion of the nuclear magnetic top in Section 4.1.2.1is entirely applicable
to the motion of the nuclear magnetization M of a system of nuclei;6 the
quantum-mechanical justification of the gyroscopic model has been extensively investigated.lzZSince p = rp, then M = rP,where M is the
macroscopic magnetic moment per unit volume and P is the correspondk’W, then
ing macroscopic angular momentum. If M = i’U j’V
from (4.1.11), the time variations of U , V, W components of magnetization as described in the moving frame x’y’z’ are

+

DU/dt
DV/dt
DW/dt

=

(7H - w)V
7HiW - (7H - w ) U

=

-7H1V.

=

+

(4.1.53)

These relations are valid only in the absence of relaxation processes and
accordingly will not describe the experimental observations. If the relaxation motions of (4.1.31)and (4.1.32) are combined with (4.1.53),then

DU/dt = (Aw)V - U / T z *
DV/dt = 7HiW - (Aw)U - V/T2*
D W / d t = -7HiV - (W - Wo)/Ti
1 1 9 N. F. Ramsey, Phys.Rev.91, 303 (1953).
J. Korringa, Physica 16, 601 (1950).
I. Solomon and N. Bloembergen, J . Chem. Phys. 26,261 (1956).
R. K. Wangsness and F. Bloch, Phys.Rev. 89, 728 (1953).

lZo

lZ1
lZ2

(4.1.54)
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with W O= Mo, the equilibrium magnetization defined in (4.1.25) for the
polarizing field H = Ho; TS*includes both T2and the static field inhomogeneity over the sample; AW = r H - W . These are tjhe Bloch6 equations.
If in (4.1.54) (d/dt)(Aw) is made sufficiently small, steady-state conditions exist defined by DU/dt = DV/dt = D W / d t = 0. The U , V , W
components under these conditions are easily found to be of the form
(a)
(b)
(c)

U

=

+

MO(AU)U,l';2

+
+

1 ( A W ) ' T , * ~ ui2TiT2*
(4.1.55)
V = MowiTz*/[l
( A W ) ~ ~ ' ; ~w ~ ' T I T ~ * ]
W = Mo[l
(AW)~T:~]/[~(Aw)'T;'
UI~TIT~*]

+

+

+

+

with w1 = rH1. These magnetization components lie along the x'y'.~'
axes of the rotating frame. Since M , j M , = ( U jV)e-iwt,the relations of magnetization components in fixed and rotating frames are
V sin wt and M , = V COB wt - U sin ut. Since
simply M , = U cos wt
HI, = 2H1 cos wt, there are responses of M , both in and out of phase
with HI,. With susceptibility defined as the ratio of the projection of M
and H1 along the axis of the transmitter coil, then in terms of a complex
susceptibility x = X I - jx'l,

+

+

+

-jxll

=

( Ueiwt- jVeiwt)/2Hlejwt= U / 2 H 1 - j V / 2 H I .

(4.1.56)

These are the Bloch susceptibility components.

FIQ.7. Experimental V mode (A) and U mode (B) resonance shapes predicted by
the Bloch equations.* From left t o right A w is swept from positive to negative values.

4.1.3.1.1. CURVEPLOTS
OF U , V VERSUS Aw. The U curve is a dispersion type similar to the experimental signal plot shown in Fig. 7. At resonance (Aw = 0), U = 0. The maximum value for U obtained by varying
A w through resonance is

+

lUlmax= Mo~iT2*/2(1 ~ i ~ T i T z * ) " ~

(4.1.57)
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+

and occurs a t Aw = f (1 w12T1T2*)1/2/T2*.
The value of I UI,,,
proaches asymptotically a maximum value of

(Iulmax)max

=

(M0/2)(TZ*/T,)”*

ap-

(4.1.58)

as w 1 - + 00. I n general the U amplitude is dependent on T2* and T1 for a
given H I value; for large H 1 such that w12T1T2*>> 1, the U amplitude is
insensitive t o Ho variations.
The half-area of the U curve is infinite over the limits AW = 0 t o
;
however the half-area between limits A w = 0 t o k (1
W~~T~T~*)~’~/T
is
(area), = J U d ( A w ) = Mowl(+) log 2.
(4. I. 59)

+

Over these limits the area is independent of TI and T2*.19
The curve shape of V versus Am is Lorentzian; however, this form arises
from the assumption that the transverse relaxation Tz* decay is exponential and does not prove that the resonance is Lorentzian; indeed the
resonance is sometimes Gaussian.123The maximum value of V occurs a t
resonance; i.e.,
Vm,, = Mou1Tz*/(l
WI2T1T2*).
(4.1.60)

+

As a function of w l , V,,
w12TlTz* = 1 of amount
(V,,),,

=

has a maximum resonance value when

(+)MowiT2* = ( + ) M O ( T ~ * / T ~ ) ’ / ~(4.1.61)
.

The relation wxzT1Tk* = 1 is often described as the saturation condition
for the V component. The area under the V curve is
(area),

=

JVd(Aw)

=

Mouln/(l

+ w12T1Tz*)1’z.

(4.1.62)

For very weak and constant H 1 values such that w12T1T2*
<< I, the area
whereas the peak amplitude under the same conditions
(area), a M o ;
(V,,),,,
a M O only if Tz* is a constant. These results are especially
pertinent to high-resolution spectroscopy (see Section 4.1.48).
SIGNAL.In the Bloch experiment
4.1.3.1.2. THENUCLEARINDUCTION
separate transmitter and receiver coils are used with their axes placed
perpendicular to each other and to the polarizing field Ho; the geometry
is similar to that shown in Fig. 11 for a free induction experiment. For a
coaxial receiver coil-sample system with a unity filling factor, the total
magnetic flux projection along the y axis arises from both the precessing
nuclei ( + N ) and the leakage (41) from the transmitter coil with
= 47rAM, = 47rA(V cos w t - U sin wi!)
41 = 2HlA COS(7rI2 - t)cos(wt I/)

+N

123

+

M. Soutif, Ph.D. Thesis, University of Paris, 1950.

(4.1.63)
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where A is the sample cross section, (a/2 - e) is the effective angle between transmitter and receiver coil axes, and J. is the phase angle between
the signals from the transmitter and the V component of magnetization.
The corresponding induced voltages for a coil of n turns are

+

E,v(volts) = -n(d+/dt)10-8 = 4aAnolO-*(V sin wt
V cos w t )
El = 2 H 1 A n ~ 1 0 -c~o s ( ~ / 2- c)sin(wt +)
(4.1.64)
= 2H1Anw10-4 sin(& J.).

+

+

The magnitude of a nuclear signal calculated from (4.1.55) and (4.1.63)
is often of the order of 1 millivolt or less; the leakage voltage may be
initially about 100 volts; to make EN = Ez often requires the adjustment
of e with a n accuracy of
radian. Both mechanical and RC networks
2 6 operhave been used for leakage and phase a d j u s t m e n t ~ . ~ * ' ~I~n- ~many
;~
ations the leakage signal need be reduced to only El = 1 0 0 E ~however,
it is sometimes desirable to be able to make initial adjustments such that
El <
< EN. I n any case, there is a linear superposition of leakage and
nuclear signals such that the rf voltage before detection is

E

=

EN

+

El =

+

4~AnwlO-~[(V K cos +)sin w t
( U K sin J.)cos w t ]

+ +

(4.1.65)

with K = 2Hle/4a, the leakage magnetization. After detection there
results a n amplitude modulation dependent in general on the variation
of U and V. For J. = 0 and K >> U , V, the detected signal will be derived
2 K >> U , V , the signal
purely from the V component; for J. = ~ / and
will be derived from the U component; these are the so-called U and V
modes of operation. For the condition U , V >> K , it is evident from
(4.1.65) that
E = 4 a A n ~ 1 0 -U
~ (2 Vz)1/2 sin(wt
0)
(4.1.66)

+

+

is a signal symmetrical about its maximum a t
Aw = 0 with 0 = tan-'

Tz*Aw.

4.1.3.1.3. ADIABATICPASSAGE.
In the usual experiments of nuclear
resonance, observations are made by modulating the H , field about the
resonance value; i.e., Aw = yH, - w is not constant with time as was
assumed in the solutions (4.1.55).If the variation of Aw with time is such
that (d/dt) ( A w / w l ) << rH1, then the steady-state conditions are approximately satisfied for each instantaneous value of A w ; (~d / d t ) (Aw/wi) << yHi
W. G. Proctor, Phys. Rev. 79, 35 (1950).
H. E. Weaver, Jr., Phys. Rev. 90, 923 (1953).
l*e G . Chiarotti, G. Cristiani, L. Giulotto, and G. Lanai, Nuovo cimento [91 12,

124

126

519 (1954).
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is the adiabatic passage condition. Adiabatic passage can be divided into
two categories dependent on the relative comparisons of T1 and Tz*with
( d / d ' t ) ( A w / w l ) .The fast passage condition is (dldt) (Aw/w1) >> l/T1, l/Tz*
with of course ( d / d t ) ( A w / w l )<< rH1. The U , V , W components become

U = Mo/[l
V=O

+ (AW/U~)']~''

and

W

=

(A~/ui)Mo/[l

+ (Ao/o~)~]~'~.

The,se solutions are identical with thoselZ7for (4.1.53) with no relaxation
forces present; i.e., the sweep through resonance is so fast th a t the relaxation processes have not enough time to be effective. The slow passage
condition is ( d / d t ) ( A w / w l ) << l/Tl, 1/T2*;
the solutions to (4.1.54) then
become

U

=:

6(t)/[6'(t)

+ Ti/Tz*], V

=

0, W

=

62(t)/[62(t)

+ T1/T2*]

(4.1.67)

with 6 ( t ) = Aw/wl. The solutions (4.1.55) for steady-state slow passage
approximate these if l/wlTz* << 1. For the steady-state technique, only
the solutions (4.1.55) and (4.1.67) for slow adiabatic passage are important; the case of fast passage is only important in the free induction
technique discussed in Section 4.1.3.3.
4.1.3.2. The Purcell Technique. There are two general methods for detectj ng steady-state nuclear resonance signals, the Bloch6 induction
method and the Purcell4 absorption method. The resonance signal
in the previously described induction method is detected by the voltage
induced in a receiver coil placed perpendicular to the transmitter coil.
The Purcell method utilizes a single inductance coil of a tuned LC circuit;
the aoil acts as both transmitter coil of the H1 field (i 2 H 1 cos w t ) and receiver coil of the nuclear resonance signal; the signal is observed by detecting the energy absorbed from the tuned LC circuit by the sample
during the resonance period of forced precession of M. Since the rake of
storage of energy per unit volume in the sample is

dW/dt

=

(1/47r)H . d B / d t

the energy lost per cycle of H1from the tuned circuit under conditions of
steady-state forced precession is

WN

Jo

wt = 2r

=

M(wt),dH(wt),

=

2H17rVvo

(4.1.68)

where 80 is volume of coil with a sample system of unity filling factor,
M , = U cos w t
V sin w t , and H , = 2H1 cos wt. The total stored energy

+

1z7 H.

C. Torrey, Phys. Rea. 76, 1059 (1949).
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in a tuned circuit [W = (1/8a)J,B H dv] or the maximum energy stored
in the coil of the tuned circuit under steady-state nuclear resonance conditions is
Wstored = (1/8?r)
B,H, dv = (H12~o/2a) HlUvo (4.1.69)
1

+

where B, = H ,

Q

=

+ 41rM,. The Q of a tuned LC circuit is defined as

2a(stored energy in circuit)/(total energy lost per cycle).

The total energy lost per cycle arises from a summation of W Nand the
resistance loss W , of the coil. Hence the change in Q during a period of
nuclear resonance is
AQ

-Q 2 W ~ / 2 n W
=

- (2 ~ /H 1 VQ2.
)

(4.1.70a)

Also since L12/2 = W , where L is the inductance of the coil and I is the
current through the coil,
AL
(2a/HI)UL.
(4.1.70b)
Hence, the V component of magnetization effects a change in Q of the
tuned circuit and the U component effects a change in inductance.

(ol

fbl

FIG.8. Equivalent circuit comparison of nuclear induction (a) and absorption (b)
methods.

4.1.3.2.1. A COMPARISON
OF INDUCTION
AND ABSORPTION
SIGNALS.
For
the same coil systems, the Purcell and Bloch techniques will yield equivalent output signals. Equivalent induction and absorption schematic diagrams are shown in Fig. 8. The equivalent circuit of nuclear induction is
a series LC tuned circuit with a constant voltage generator of amplitude
E N ;from the definition of Q and (4.1.64) the observed signal output in
volts derived from the V and U components of magnetization are

The equivalent circuit of nuclear absorption is a parallel tuned circuit
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fed by a constant current io. The total impedance of such a circuit is
2 = (RL

+ jwL)(-j/wC)/[RL + j(wL - l/WC)].

The resonance absorption produces variations in L and Q and hence in
the impedance 2. With w2LC = 1, wLQ = R,, then to first order12

AE'

=

io A 2

= ioR,Q[AQ/Q2

+ j U / L ] = A E Q + j AEL.

(4.1.72)

Hence, the nuclear resonance absorption produces a modulation voltage
AE' with a n amplitude component A E Q in phase with EO and a phase
component A E L in quadrature with ED.From (4.1.70) and (4.1.72) plus

GENE RATOR

FIG.9. Schematic diagram of t h e double bridge r n e t h ~ d . ~

nq5 ;= 2H1An, I = ioQ, and L = n 4 / I , the output modulation signals
derived from the V and U components of magnetization respectively are

lAEQl = 4?rAn~lO-~T'&(volts)
~ A E L I= 4nAnw10-sUQ(volts).

(4.1.73)

Therje are identical in magnitude to those in (4.1.71). An inherent disadvantage in the single coil absorption technique is that information regarding the sign of the magnetic moment is not a ~ a i 1 a b l e . l ~ ~
BRIDGE.A simple detecting circuit like
4.1.3.2.2. THE AESORPTION
that in Fig. 8b for nuclear absorption does not have the advantage of
minimizing the large H I level and associated fluctuations apart from the
nucllear signal as does the nuclear induction experiment; instead the phase
and amplitude modulations are merely superimposed on the applied H1
signal. Hence, a n rf bridge4 like that shown schematically in Fig. 9 is
often employed; the inductance coil of one arm of the double bridge contains the nuclear sample. When there is no resonance the two arms of the
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bridge are balanced to antiphase by means of the half-wave line producing a null a t the output to the receiver. At resonance a net unbalance
occurs which is amplified and detected; of special importance is the fact
that noise generator signals from the two tuned circuits are in antiphase
and cancel each other. The bridge method can be balanced in both amplitude and phase; the adjustment of an unbalance in either amplitude or
phase will result in detection of the H I modulation derived from the V
and U modes of magnetization, respectively. A number of significant variations to the bridge method have been described. 11,12,18*128
4.1.3.2.3. PHENOMENA
OF THE WIGGLES.For a slow modulating field,
the signal shape will resemble the steady state solutions of U , V , W defined by (4.1.55). I n practice the adiabatic slow passage condition seldom

FIQ.10. An illustration of the wiggles for fast field sweep through resonance.4 The
modulating field is out of phase with time scale of oscilloscope.

holds and departures from the steady-state V mode resonance curve are
sometimes observed after passage through resonance in the form of
w i g g l e ~ ~(see
, ' ~ ~Fig. 10). If the time of passage through resonance is
this
small compared with Tz" = l/Aw1/2, then Awl/2/[(d/dt)(Aw)] << Tz*;
magnitude of sweep rate through resonance violates the condition of
slow adiabatic passage. Qualitatively the magnetization M is tipped over
from the Hodirection during the sweep through resonance; the component
of M in the xy plane will decay in a time of the order of Tz*;
during this
time after resonance passage, M undergoes free precession a t a frequency
determined by the instantaneous value of Ho and different from the frequency of HI. The instantaneous frequency of M and the frequency of
HI produce beats which appear as wiggles; they are most prominent with
large amplitudes and frequencies of the modulating sweep field, large
198

129

R. V. Pound, Progr. in Nuclear Phys. 2, 21 (1952).
R. Wangsness and B. A. Jacobsohn, Phys. Rev. 73,940 (1948).
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values of relaxation times, and high H ohomogeneity. Excellent discussions of the ~iggles11~1~~129
and relatedg-l 2 phenomena have been given.
4.1.3.3. Transient Nuclear Induction. A significant modification of the
nuclear resonance experiment is the use of transient nuclear induction
phenomena to make direct measurements of T 1and T z and also provide
information (often quantitative) on diffusion, magnetic field distribution
over the sample, and population volume density of nuclei; chemical shift
and J-coupling measurements are also possible. Signal strengths are
often comparable to and sometimes greater than those in steady-state
of experimental methods have been develm e t , h o d ~A
. ~number
~~~~~
ope4d;127J30-136
excellent descriptions of early transient methods for
measuring relaxation times are a ~ a i l a b l e . ~ ~ ' ~
2

"

M,

I

AECElMR COIL

lo1

(b)

FIG.11. Free induction experiment. (a) Geometry within fixed frame of reference a t
thermal equilibrium and time t = 0, (b) geometry within rotating coordinate system
after application of rf pulse of duration At = t,.

4.1.3.3.1. FREE INDUCTION
DECAY.The most profitable transient
,'~~
metlhods to date have been variations of nuclear free i n d u c t i ~ n ; ~the
free induction technique is a time variance study of the nuclear magnetization M in a time interval immediately after the nuclear system has
been subjected to an rf pulse or series of pulses of short duration in the
presence of a polarizing field. The associated phenomena can be conveniently described by some simple modifications of (4.1.54). For a system a t thermal equilibrium in a uniform magnetic field as shown in
Fig. 11, two situations arise:
E. E. Salpeter, Proc. Phys. SOC.(London) A63, 337 (1950); J. S. Gooden, Nature
166, 1014 (1950); R. Bradford, C. Clay, and E. Strick, Phys. Rev. 84, 157, 363 (1951);
R. Gabillard, Compt. rend. acud. sci. 232, 324 (1951); 233, 39 (1951).
131 E. L. Hahn, Phys. Rev. 77, 297 (1950).
132 E. L. Hahn, Phys. Rev. 80, 580 (1950).
138 H. Y. Carr and E. M. Purcell, Phys. Rev. 94, 630 (1954).
I34 S. Meiboom and D. Gill, Rev. Sci. Instr. 29, 688 (1958).
1. Solomon, Phys. Reu. Letters 2, 301 (1959).
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(a) An intense rf pulse i'H1 of frequency w = y H o is applied for a
time t , (the width of the pulse) such that y H 1 , l / t , >> 1 / T 2 . Then

DU/dt = - U / T 2 ;

DV/dt = yH,W; DW/dt

= -yH1V.

(4.1.74)

M Owill experience in the y'z' plane a tipping angle of 0 = coltw = y H l t w ;
the magnetization components a t the end of the rf pulse will be

U

=

0; V(t,> = M Osin yHlt,;

W(t,)

=

M o cos yHlt,.

(4.1.75)

(b) At time t = t,, the rf field H 1 is removed; (4.1.54) reduces to

DU/dt = - U / T z ;

-(W - Wo)/T1.
(4.1.76)
The U , V , W components a t time t after the rf pulse are

U

DV/dt = - V / T 2 ;

=

0;

DW/dt

=

V ( t ) = Mo sin yHltwe--t/Tz
(4.1.77)

and

W ( t )= M o [ ~ ( 1 - cos yHltw)e-t/T1].
After removal of H1 the magnetization component in the zy plane conthe free precession
tinues t o precess a t the Larmor frequency about Ho;
signal observed in the receiver coil will decay according to V ( t ) ;the nuclear system will return to thermal equilibrium according t o W ( t ) .
A simple, rapid, and accurate determination of T 1 is possible from
the application of two successive rf pulses of intensity and duration
y H d , = 7/2 (a 90" pulse) and separated by a time 7 with T >> t,; (4.1.76)
and (4.1.77) adequately describe the experiment. A schematic of M versus
time is shown in Fig. 12; the system is a t thermal equilibrium a t t = 0.
The signal strength induced in the receiver coil a t t = t, is proportional
to V(t,) = M O and independent of T l and Tz.At t = 7,M has started
to return t o thermal equilibrium according to W = k M o ( l - e-tlT1);
the signal from the receiver coil a t t = T
t, will be proportional t o
V(7 t,) = Mo(1 - e-'IT1). Although this experiment has been set u p
from simplified equations, it is sufficiently rigorous under the conditions
? H I , l / t , >> 1/T2* and Tz* << TI, where T2* includes both T z and the
static field inhomogeneity over the sample. Tz* is made << T1,
if not already, by arbitrarily increasing the field inhomogeneity over the sample.
4.1.3.3.2. SPINECHOES.
Hahn,131,132during his observation of free
precession signals, discovered the phenomena of spin echoes which permit a direct measurement of TZ independent of the static inhomogeneity
of Ho over the sample. The field inhomogeneity is resolved by arbitrarily
dividing the sample into isochrornati~'~2groups; group a is charact,erized
by a system of nuclei having the same Larmor precessional frequency

+

+
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YHa. From a rotating frame z’y’z’, the magnetic field is
H,‘ = i’H1 k’(H, - ~ / y ) ,k’ = k

+

where HI is arbitrarily tik en along i’. If wo = y H o is the center Larmor
frequency of the isochromats, then a t resonance the effective field for
isolchromat a is
H’(at resonance) = i’H1 k’(AH,)

+

where y AHa = r(Ha - Ho) = Awa. If AHa << HI, the effective field for
all the isochromatic groups is practically the same; i.e., during a n intense
rf pulse, H,‘ = ?HI. Hence Eqs. (4.1.74) and (4.1.76) will hold for the
U , V , W components of any isochromat if the conditions l / L , -yHl>>

w=kM,

t=O
t=t,
t=T
t=T+t,
FIG.12. Time variation of the magnetization M for a 90”-90” rf pulse sequence
with 7 >> t,.

( A U ) ~ / Zexist, where ( A W ) ~ / =
Z T ( A H ) is
~ ~the half-width of the spectral
distribution of the isochromatic groups.
For a simple description of the “echo” phenomena, consider two
isocllromats of a nuclear system a t thermal equilibrium with moments
ma(-tAw) = kmo and mb(-Aw) = kmo as shown in Fig. 13. At t = 0,
the total moment of the system is 2mok. At t = 0, a 90” pulse is applied.
At t = t,, the total moment is 2moj’.For a time T after the pulse is applied
the two moments precess about the z axis; however, with respect to the
y’ axis moment b will fall behind by angle &, = --7 A a = - 0,. Also these
momLentsin the x’y’ plane will decay according to d T P . At t = T the
U , I/’ components for the fanning isochromats, a and b, are

U,(T) = - ub(7) = mo sin(T Aa)t?lT2
V,(T) = V ~ ( T=) mo cos(7 Aw)e-‘lT2,

4.1.
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At t = T , a 180" pulse is a ~ p 1 i e d . The
I ~ ~ U components are unaffected by
i'Hl. At t = T 2t,, the U , V components are

+

[

uo(T

+ at,)
+ 260)

=

ua(T)

1

[

vo(T

+ 2tm)

= -Va(T)

.

1

and
Vb(7 f 2tm) = - v b ( 7 )
With respect to the rotating system the two isochromats will converge
toward the -y' axis and will coincide a t t = 27 and produce a primary
echo signal. The moments in the x'y' plane will again decay according to
ub(T

= Ub(7)

FIG.13. Production of the primary echo for a 90'-180" rf pulse with T
ectlTz;

>> t,.

hence, the contributions of the isochromats to the primary echo a t

t = 27 are

+

m,(2~)= -j'[ U,~(T) Va2(~)]1/2e-r/T2= -j'mOe-2r/Tz
rnb(27) = -j'mOeczr/T*.

(4.1.78)

By varying the time T between pulses subject to the described conditions
and observing the corresponding primary echo signal a direct measurement of T2 is possible, independent of the inhomogeneity of Ho.
For a rigorous analysis of the free decay-spin echo phenomena the
usual contributions of torque exerted by the magnetic field on M and of
relaxation processes to the time variation of M must be extended to the
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moment A M of an elementary volume Av such that the magnetic field
over Av is uniform and such that a large number of nuclei are included in
each Av, e.g., the isochromat. An additional contribution to the time variation of the element A M is due to the effect of diffusion of magnetization
through the surface of A v ; there is actual self-diffusion of the molecules or
ions containing the nuclei into different inhomogeneous parts of H o . The
effect of diffusion on spin echo amplitudes has been treat,ed theoretically
by different methods.132,133,136-138
In all methods, the primary echo amplitude a t t = 2~ is predicted to decay according to A = Aoe-2r/T2'*with a n
effective relaxation time
l/T,**

=

1/Tz

+ t(-yG)' D T ~

(4.1.79)

where G is the magnetic field gradient along Ho; D is the coefficient of
self-diffusion. t is a constant; its derived values are summarized in Table
11. Experimental values for the self diffusion constant D of water show
that [ equals for both 90"-90" and 90"-180" pulse sequences and that,
in general, TZ* for the primary echo is independent of the relative widths
of the two pulses.139

+

TABLE11. Quantitative Comparison of Diffusion Theory in
Primary EchoMeasurements
Reference
132
136
133
137
138

Pulse sequence

t

Q

goo-90"

t

goo-90"
90 '-1 80"
90 180"
90" 180"

I
H
3

O-

Variations of the two-pulse free decay-echo experiment have been successfully exploited for relaxation time measurements. With three rf pulses
of equal strength (-yH1tw),the first two separated b y a time t = T ] , and
the third one a t a time t = 7 2 after the first pulse, a stimulated echo will
n ;if 7 2 >> T ~ the
,
stimulated echo has a damping
occur a t time t =
term dependent on both T1 and diffusion of the form132

+

exp[-T2(1/T1

+ ICTI~)],

k

=

(TG)~D.

(4.1 3 0 )

The analysis of two and three rf pulses has been extended to include
T. P. Das and A. K. Saha, Phys. Rev. QS, 749 (1954).
H. C. Torrey, Phys. Rev. 104, 563 (1956).
186 D. C. Douglass and D. W. McCall, J . Phys. Chem. 63, 1102 (1958).
139 D. Woessner (unpublished), Field Research Laboratory, Socony Mobil, Inc.,
Dallas, Texas.
136
137
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successive sets of paired pulses.136If a set of two 90" pulses separated
by a time t = r is successively repeated with an interval T between sets,
the nth primary echo is dampened according to
exp(-227/T2 - 2[kr3)(l

- exp[-(T - 7)/T1]}.

(4.1.81)

T1 can be determined from primary echo measurements alone by merely
varying the repetition rate 1/T of the paired pulse sets, and the value is
independent of diffusion damping. Smith140finds that this experiment is a
comparatively rapid and easy one and lends itself to an accurate determination of T I values.
The combination of a single 90" pulse at time t = 0 followed by a set
1). produces an echo a t
of equally spaced 180" pulses at times t = (2n
times t = 2(n l ) ~ n, = 0, 1, 2, 3, . . , ; the damping term in the
amplitude of an echo of this type is given by133

+

+

exp( --t/Tz - kt3/12n2)

(4.1.82)

where n is the iiumber of 180" pulses applied before the echo. An accurate
measurement of T Pis possible by applying a large number of 180" pulses
and measuring the echo amplitude toward the end of the series. For long
Tz's the amplitude adjustment of the 180" pulses is very critical; small
deviations from y H l t , = r give appreciable cumulative errors, since the
number of pulses must be large. This difficulty is avoided by shifting the
phase of the 90" pulse by 90" relative to the 180" pulses and making the
successive 180" pulses rf ~ 0 h e r e n t . IThis
~ ~ 90" phase shift is satisfied by
having i'H1 for the 90" pulse and j'H1 for the successive 180" pulses.
Spin-echo amplitude trains have been observed for periods as long as
50 seconds.134
4.1.3.3.3. COMBINED
FORCED
AND FREEPRECESSION.
Although the
free induction-echo method seems to offer the simplest experimental conditions for accurate nuclear relaxation measurements, other transient
methods have been used, but not extensively. T ~ r r e y ' ~has
' analyzed
and demonstrated forced transient phenomena which occur during the
application of the pulsed rf field, w and Ho being kept constant. These
transient effects arise from a sudden approach to the resonance condition
in a time short compared to l/yHl, T I , and Tz*.A simple description of
M ( t ) versus t in the y'z' plane is shown in Fig. 14. A nuclear system a t
thermal equilibrium is subjected to a large rf pulse from time t = 0 t o
t = t'. The variation of both V and W components decays according to
exp[-- (t'/2)(1/T1

+ I/Tz*)I.

(4.1.83)

140 J. T. Smith, "Spin Echo Determination of Relaxation Times." P11.1). Thesis,
University of Colorado, Boulder, Colorado, 1953.
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The decay constant is intermediate between T1 and T2* since the exponential decay of M is not the same in all directions in the y’z’ plane.
Both T1 and T, measurement.s are possible by this method; the accuracy
of !Tz measurements is limited by the effects of field inhomogeneities.
The contribution of inhomogeneity (AHo)1,2to Tz* will be negligible by
making H1 >> (AHo)l,z; however, an inherent contribution to Tz* does
arise from the HI inhomogeneity and will be appreciable unless t’ << 1/
r(AH1) 112. For comparison, in free precession a strong rf pulse rotates M
by *rH1tu,,
with t, << T1, T2*; in forced precession, M is rotated by ~ H l t ’
with t’ >” TI, T2*.
Forced precession and equivalent spin-echo techniques can be combined to produce “rotary” echoes.136 If a nuclear syst,em a t thermal

t=t’

FIG.14. Time variation of the magnetization M for a time 1’ = I”,, T2* during
forced precession.

equilibrium is subjected to a large rf pulse at time t = 0, M will rotate
in the y‘z’ plane. At time t = r , i’H1 is suddenly changed to -i’H1. This
reversal of Hl is equivalent to a 180’ pulse in the spin echo case. Hence,
a “rotary” echo will be found at t = 27 which is independent of the H1
inhomogeneity but dependent on the self-diffusion of the nuclei. Deviations from perfect reversal of H1 are not cumulative; therefore the diffusion effect can be reduced to a minimum by the application of a large
number of successive reversals of H1 as in (4.1.82). Under these conditions, Tz* is replaced by Tz in (4.1.83) and the “rotary” echo envelope
will decay according to
exp[-(t/2)(1/T1

+ l/T2)],

t

=

2(n

+ 1)r.

(4.1.84)

For very long T z measurements the “rotary” echo and the modified134
spin who methods give comparable results; the rotary method requires
a separate accurate T1 measurement.
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4.1.3.4.1. MARGINALOSCILLAmethod of detecting nuclear magnetic resonances developed since the early work of Bloch6 and Purcell4
is the marginal regenerative or autodyne oscillator-detector system. l 4 1 s 1 4 2
The system is widely used in nuclear quadrupole resonance phenomena;
a detailed discussion is given in Section 4.3.3.1. The marginal oscillator
is merely a tuned amplifier with sufficient negative resistance feedback
to maintain continuous rf oscillations. The nuclear sample is placed in
the tank coil of a parallel tuned LC combination (see Section 4.3.3.1,
Fig. 2) usually located in the grid circuit of the oscillator; at resonance,
variations in Q and L of the tuned circuit cause corresponding changes
in the rf amplitude and frequency. The level of oscillations is most sensitive t o small changes in Q when the feedback has been adjusted to just
sustain oscillations; also a t low rf levels of operation the noise level is
minimized and nuclear signal saturation (-y2H12TlTz*> 1) is often
avoided. The type of detection employed in a simple marginal oscillator
determines whether changes in amplitude or changes in frequency will
be observed; for a detector sensitive to a voltage decrease at resonance
across the tuned circuit, the constant-current type oscillator will yield
an optimum voltage change. Comparisons of optimum signal-to-noise
ratios for the simple autodyne and bridge methods have been made.143
Important improvements in marginal oscillator techniques have culmi~ ~ ~ ~ ~ ~ ~system.
~
nated in the well-known P o u n d - K n i g h t - W a t k i n (P-K-W)
The sensitivity is comparable to the bridge method for r2H12T1Tz* 5 1.
The system can be used as a spectrometer by merely sweeping the oscillator frequency w rather than Ho through the resonance band. Uniform
sensitivity over the frequency range is maintained by a n automatic control of the required level of marginal oscillations. This system, as is true
with other marginal oscillators, will have a pure absorption (V mode)
signal proportional to x" [see Eq . (4.1.56)]-a distinct advantage in
simplicity of operation over the bridge and induction methods. Since the
sample coil is the oscillator tank coil, the frequency stability is quite
sensitive to temperature fluctuations; an improved P-K-W system minimizes these frequency fluctuations and allows a direct measurement of
the derivative of x'. 145 A marginal oscillator generally possesses inherent
frequency drifts; this is usually corrected by either manual or automatic
t See also Val. 2, Chapter 7.3.
Miscellaneous Meth0ds.t

T O R S . ~ ~ ,Another
~ ~ - ~ ~steady-state
, ~ ~

141R. V. Pound, Phys. Rev. 72, 527 (1947).
142 A. Roberts, Rev. Sci. Instr. 18, 845 (1947).
143 H. Wienhold, Exptl. Tech. Phys. 6, 271 (1958).
144 R. V. Pound and W. D. Knight, Rev. Sci. Instr. 21, 219 (1950); G. D. Watkins,
Thesis (unpublished), Harvard University, Cambridge, Massachusetts, 1952.
146 J. M. Mays, H. R. Moore, and R. G. Shulman, Rev. Sci. In&. 29, 300 (1958).
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frequency contr01,146 or by locking the marginal oscillator to a stable frequency source, or by direct quartz crystal control.147A modified P-K-W
system has been used to determine the signs of nuclear rnoments.l2*
Another successful marginal oscillator system has been the transitron. 1 4 *
Its special design allows it to have a direct negative resistance without a n
rf feedback circuit; hence, it maintains a stable H1 level independent of
frequency. I n the usual steady-state resonance e ~ p e r i m e n t ~Ho
? ’is~ modu~
lated a t a low audio rate for either oscilloscope display or lock-in amplifier
presentation; i.e., the quantity A w = rH - w is modulated by H = H ( t )
with a set of modulating coils while w and H 1 are held constant. The
transitron feature permits a modulation w = w ( t ) with H and H1 constant without introducing fluctuations of H1.Frequency modulation of
a marginal oscillator is usually obtained by placing a vibrating reed in
parallel with the tuning capacitor;148successful use of a capacitor with its
capacitance sensitive to voltage is possible without loss in signal-to-noise
ratio.l49
METHOD.^^^^^^^^^ The superregenera4.1.3.4.2. THESUPERREGENERATIVE
tive oscillator-detector ~ y stem’~has
2 been particularly useful in the search
for unknown nuclear resonances and the measurement of nuclear magnetic
moments;33,161,1s2
however, its most important use to date has been in nuclear quadrupole resonances (see Section 4.3.3.1 for a detailed discussion)
= 1)
where with very short T I and T z values a high H I value (-y2Hl2TITz
is needed for optimum sensitivity. More recently the superregenerative
oscillator has been used successfully as a proton-controlled rf source to
minimize the effects of field drift and instability in a high-resolution
spectrometer. 162a
The superregenerative system is noted for its unusual circuit simplicity;
e.g., like the operational schematic for nuclear resonance shown in Fig. 15.
A superregenerative oscillator is a regenerative one which is made alternately oscillatory and nonoscillatory by some internal or external quenching device. The oscillations build up either from a voltage signal developed
148 A. W. Nolle and H. L. Hanneke, Rev. Sci. Instr. 28,930 (1957); G. B. Benedek
and T. Kushida, Tech. Report No. 268, Cruft Laboratory, Harvard University,
Cambridge, Massachusetts, 1957.
R. J. Blume, Rev. Sci. Instr. 29, 574 (1958).
14* H. W. Knoebel and E. L. Hahn, Rev. Sci. Instr. 22, 904 (1951).
149 D. A. Jennings and W. H. Tanttila, Rev. Sci. Instr. 30, 137 (1959).
16O J. R. Whitehead,
“Superregenerative Receivers.” Cambridge Univ. Press,
London and New York, 1950.
161 D. Williams, Physica 17,454 (1951).
R. E. Sheriff and D. Williams, Phys. Rev. 82,651 (1951); Y. Ting and D. Williams,
ibid. 89, 595 (1953).
lSza R. Freeman and R. V. Pound, Rev. Sci. Instr. 31, 103 (1960).
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across the tuned circuit or, in the absence of a signal, from the existing
random circuit noise. The oscillations may become as much as a million
times greater than the signal. If a nuclear sample is placed within the
tank coil of the tuned circuit, a change in integrated amplitude of the
envelopes of these rf oscillations will occur during the resonance condition
w = THO. Two effects can give rise to the integrated envelope amplitude
modulation: (a) as in the equivalent circuit of Fig. 8, variations in Q and
L of the tuned circuit a t resonance will result in an integrated amplitude
decrease and a change in frequency; (b) except for extremely short Tz*
values, the in-phase nuclear precession will continue over several quench
cycles; in these cases the induction signal rather than circuit thermal noise

rii

SAMPLE

I

I

AMPLl F l E R

FIQ.15. Schematic diagram of an externally quenched superregenerative oscillator
circuit. lS1

will cause the oscillations to build up, and an increase in integrated amplitude of oscillations will result. The relative importance of these two amplitude effects is dependent on the relaxation times and the quench adjustments. For a circuit similar to the one in Pig. 15 and with proper quench
adjustments the resonance signal will reduce the integrated amplitude of
oscillations. 140 Under special conditions, the voltage available due to
In
change in Q for tlhe detection of resonance has been ~alculated.1~3
general the modulated output signal from a superregenerative oscillator
during resonance is a mixture of absorption (amplitude) and dispersion
(frequency) modes; if the oscillator is loosely coupled to a n AM receiver
tuned exactly t o the oscillator frequency, the absorption component is
15) W. H. Chambers, Ph.D. Thesis (unpublished), Ohio State University, Columbus,
Ohio, 1950.

404

4.

RESONANCE STUDIES

detected; if a narrow band FM detection is used, pure dispersion resonance can be observed.163a
The rf spectrum of a superregenerative oscillator consists of a single
central frequency wo and sideband frequencies of w = wo k nu,, where
w q is the quench angular frequency; distinction between the fundamental
resonance signal and the sidebands is always possible by varying the
quench frequency and noting that the position of the fundamental does
not vary. Although sidebands can sometimes increase the probability of
finding unknown resonances, their presence complicates the interpretation of the spectra; techniques have been employed to suppress sideband
interference. 54
4.1.4. Techniques in High-Resolution Spectroscopy
The term high resolution in nuclear resonance usually refers to experimental conditions which can resolve resonance frequencies of nonequivalent nuclei of the same species in the same molecule; it also includes
resonance studies of like nuclei in different molecular species and extends
to fine structure ( J coupling) splittings of resonance signals. Because of
the wide range of 6 and J values in liquids, the minimum conditions for a
high-resolution experiment are obviously relative and vary widely from
one nuclear species to another. In general, because of the static local
dipole fields (see Section 4.1.2.3.3) in solids, only systems in the liquid
and gaseous states can exhibit high-resolution spectra; a spectrum is usually composed of a number of lines arising from differences in local magnetic shielding and spin-coupling between nuclei. An arialysis'6,19,20.66,57
of the spectrum usually requires knowledge of the resonance line separations, the spin-coupling constants, and the relative intensities of resonance lines.
4.1.4.1. Chemical Shifts. From Eqs. (4.1.16) and (4.1.13), the chemical
shift between two like nuclei, i and j , in an isolated molecule is
(4.1.85)

with v4i = yh4i/2a; h4 is the intramolecular shift. Frequency separations
are the observed data; hence, from (4.1.13) the observed frequency difference between two nonequivalent nuclei in a single molecular species is*
(4.1.86)

* The notation to be used designates a and b as two different molecular species;
refers t o a reference molecular species; i, j , and k refer to different chemical groups of
like nuclei. Subscript obs will sometimes be replaced by either int or ext to designate
internal or external referencing.
153s H. S. Gutowsky, L. H. Meyer, and R. E. McClure, Rev. Sci. lnstr. 24,644 (1953).
16.1 C. Dean and M. Pollak, Rev. Sci. Instr. 29, 630 (1958).
T
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where (vBi - v 3 j ) and (vqi - v u ) are the inter- and intramolecular contributions, respectively.
MODULATION.
The measurement in (4.1.86) is
4.1.4.1.1. SIDEBAND
usually made by superposing on the slow passage steady sweep of H o a
low-amplitude audiofrequency magnetic field.ls6 At least qualitatively,
this audio field modulation is equivalent to a frequency modulation of

s&l+J\ Y

V 1. - ( V -

c‘i

J

3i

+‘“sz-

%’ “1- 1%-

“ s l . ’ $ N / ~ ~ s 2d s- i )

Ji

FIG.16. Sideband modulation in high resolution. (a) Resonance lines of two nuclei

i and j ; (b) superposition of sideband frequency v,; (c) superposition of two simultaneous sidebands vdl and

vS2.

HI and effects sideband resonance frequencies v = vo k nv8, where v8 is
the modulation frequency as shown in Fig. 1Gb. The sideband process is
based upon well-known and extensively investigated field modulation
phenomena
the amplitudes of the sidebands are described by a Bessel
J. T. Arnold and M. E. Packard, J . Chem. Phys. 19, 1608 (1951).
Phys. Rev. 73, 1027 (1948); B. Smaller, Phys. Rev. 83, 812 (1951);
J. H. Burgess and R. M. Brown, Rev. Sci. Znstr. 23,334 (1952); E. E. Salpeter, PTOC.
Phys. Soc. 83, 337 (1950); R. Gabillard, Compt. rend. ucad. sci. 232, 9G (1951); K.
Halbach, Helv. Phys. Acta 27, 259 (1954); A. Redficld, Phys. Rev. 98, 1787 (1955);
K.Halbach, Helv. Phys. Acta 29, 37 (1956); H. Primas, ibid. 31, 17 (1958).
166

156R. Karplus,
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function with a n argument dependent on the amplitude and frequency
of the modulation field. Effective production of sideband frequencies is
also possible by introducing an audio signal into one of the nonlinear elements of the output stage of the rf transmitter; this method is particularly
lo3 cps, e.g., in fluorine chemical shifts.
suitable when (vi - V j ) &
The sideband technique can be applied in several ways. (a) The moduv, and
l a h g frequency v, in Fig. 16b is progressively increased until vi
vi - v, coincide with and enhance the fundamentals vj and vi respectively;
a t coincidence (vi - vj)& = v,. This method is especially useful when the
resolving power of the spectrometer is limited by short-term instability
of either Ho or the slow passage sweep; its success is dependent on both

>=

+

(b)

FIG.17. Transient decay pattern of high-resolution nuclear resonance signal.lE0 (a)
Wiggles rising from a single resonance line; (b) the wiggle beat pattern of two closely
spaced lines of a multiplet.

stability of the H Ohomogeneity and the time memory of the observer. A
convenient visual aid to the superposition method is the simple ringing
pattern of the wiggles4 which occurs when vi = (vj - v,), whereas wiggle
beats167p16a
similar t o those shown in Fig. 17 will arise if vi # (vj - v , ) ,
with x = vi - (vj - v,). Under experimental conditions that the wiggle
beat phenomenon is applicable, x is independent of the sweep rate and
can be measured with a n accuracy of kO.1 cps if T2i, Tzj 2/x. (b) Line
separations can also be obtained by interpolation from a constant speed
chart of the recorded spectrum with sideband markers as shown in Fig. 16.
For optimum accuracy two modulating frequencies vel and veZare applied
simultaneously during the field sweep to produce dual sidebands about

>=

167
168

G. J. Bene, P. M. Denis, and J. C. Exterman, Phy.c&u 17,308 (1951).
R. Gabillard and M. Soutif, Compt. rend. ucad. sci. 283, 480 (1951).
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each principal signal as shown in Fig. 16c. The inherent limits of this
procedure depend on the short time stability of Ho and the sweep rate;
close spacing of the sidebands minimizes the limitations of sweep linearity.
Separations can be measured with an accuracy of 5-0.1 sec-I. (c) An
alternate procedure which removes either the time memory of the observer for the superposition method or the sweep nonlinearity for the
sideband interpolation method is to record the sweep through resonance
for a series of v8 settings, where v8 is varied in small increments about
(vi - ~j),,~
For
~ .superposition, a plot of amplitude of the superposed signal versus v8 will give a maximum amplitude for vs = (vi - Y ~ ) , ~sta~ ;
bility of field homogeneity over the time required to make the series of
measurements will limit the resolution of the maximum. For sideband
interpolation, a plot of the separation of the sideband and principal resonance lines versus v8 can be extrapolated to zero separation; the stability
of the change of field with time during the series of measurements will
limit the accuracy of the slope intercept. Ultimate accuracies are dependent in both instances on the resonance line width of the sideband and
principal resonance lines. (d) Successful sideband calibration techniques
have also been developed for spectrometer systems which sweep frequency
instead of field.169
4.1.4.1.2. DIRECTION
OF FIELDSWEEP.The quantity (vi - V j ) & is
sometimes dependent on the direction of the field sweep through resonance. These deviations are small ( A v / v = 2 X lo-*) but often significant
in precision measurements of very narrow resonance lines; they are not
due t o either magnetic field or frequency drifts; they are usually observed when two resonance lines have different line widths or shapes; if
T2*;
> TG, a sweep in the direction vi to vj generally results in too small a
value for (v; - vj)obe. Although the qualitative nature of the phenomena
is reasonably explained from the theory of the “wiggles,”124the observed
deviations are often much larger than the predicted ones. Averaging successive increasing and decreasing field sweep measurements for (vi - Yj),bs
is a n adequate correction for the effect.
4.1.4.2. Measurements of Electron-Coupled Spin-Spin Interactions.
A high-resolution spectrum perturbed by the electron coupling of the
nuclear spins is usually much more complex than one determined only
by chemical shifts. The chemical shift analysis is not only more difficult
but also there are J-coupling constants to be determined which are not
readily calculable; accurate frequency separations of the resonance
maxima are needed t o determine these parameters. Favorable experimental conditions for an analysis include a n optimum Ho homogeneity
169

E. B. Baker and L. W. Burd, Rev. Sci. Instr. 28,313 (1957).
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and line separation measurements by one of the sideband166methods
described for chemical shifts.
The wiggle4 beat167,158
method has been used for accurate J-coupling
m e a ~ u r e m e n t sof~ a~few
~ ~ cps
~ ~or* less.
~ ~ ~The beat envelope pattern from
a simple multiplet structure of n evenly spaced lines as shown in Fig. 17
is described by16o

where 1/x is the time spacing between beat maxima with x = J , the spin
coupling constant; T2 is the characteristic decay time of the wiggles. If
T2and x are such that only the f i s t envelope is observed, a measurement
of the time interval 1, = (l/~x)tan-'(-l/?rzT2) between the resonance
peak and the first beat envelope is sometimes useful in determining accurate limits of x; a plot of t, versus l / x shows54that the 1imit)sof x are
possible even if Tz is unknown and that for a measured t, the maximum
possible x is only twice its minimum possible value. Doublet splittings
as small as 0.4 cps have been measured when a direct observat,ion of the
splitting was i m p o ~ s i b l e . ~ ~
The theoretical spectra of a spin-spin coupling system are sensitive
functions of the ratio B = lJij/(vi - vj)( except when p << 1, where
(vi - vj) is the frequency separation in the absence of spin coupling.
Comparisons of theory and experiment are ordinarily obtained by taking
advantage of the field dependence of (vi - vj) and the field independence
of Jii. Alternatively, the preferred concentration dependence of vi on one
chemical group can be used to produce an equivalent variation of ( vi - vj)
without altering H o . ' A
~ ~number of simple spin-coupling systems have
been examined over large ranges of 0 by applying this method to alcoh o l where
~ ~ the
~ ~hydroxyl group proton undergoes a large frequency shift
upon d i l ~ t i o n ; 'it~ is essent,ial that the dilutant preserve the multiplet
structure by minimizing exchange processes.
4.1.4.3. Referencing and Standards. The resonance positions of like
nuclei are compared by measuring line positions with respect to a resonance line in a reference molecule. The line separations, particularly in
proton resonances, may have a A v / v = lo-* or less. The two principal
C. A. Reilly, J . Chem. Phys. 26, 604 (1956).
R. E. Glick and A. A. Bothner-By, J . Chem. Phys. 26,362 (1956).
162 P. L. Corio, R. L. Rutledge, and J. R. Zimmerman, J . A m . Chem. Soc. 80,3163
lE0
181

(1958).
U. Kivelson and M. G. KiveIson, J. Mol. Spectroscopy 2 , 518 (1958); B. R.
McGarvey and G. Slomp, Jr., J . Chem. Phys. 30, 1586 (1959); P. L. Corio, R. L.
Rutledge, and J. R. Zimmerman, J . Mol. Spectroscopy 3, 592 (1959).
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methods of referencing are internal and external; both have distinct advantages and disadvantage^.^^^'^^
4.1.4.3.1. INTERNAL
REFERENCING.
A small amount of the reference
compound is dissolved into the sample of molecular species a. The observed frequency difference between the resonance lines of chemical
group i in molecule a and chemical group k of the reference compound is

-

(vai

vrk),nt = v301(a-+

a, r + a ) -

v3rk(r

+ r,

a+ r )

+(vm-

~4rk).

(4.1.88)

The intermolecular shielding effect on group i of the molecule a arises
from interactions a + a of a-type molecules on a and interactions r .+ a
of reference molecules on a and is designated by v3,4a a, r -i
a ) ; the
intermolecular effect on group k of the reference molecule r arises from
interactions r -+r of reference molecules on r and interactions a 4 T of
a-type molecules on r. If the sum of the interaction effects are negligible,
the measurement described by (4.1.88) gives the chemical shift &k.
The interaction effects r + r and r + a can be reduced either by use
of small concentrations of reference molecules or by appropriate selection
of the reference molecule ;tetramethylsilane, which has magnetic and electric isotropy, is often used as an internal reference for proton resonance
lines;lB5a comparison of cyclohexane and tetramethylsilane as internal
references has been made.lB6The elimination of effects r + r and r + a
does not remove the possibility of effects a + r ; electrically or magnetically anisotropic molecules in a liquid can cause interactions that will
alter the frequency positions of nuclei in isotropic reference molecule^.^^
For small amounts of reference sample (4.1.88) reduces to
(Vai

-

Yrk)iot

= Y3ai(a-i

a) -

Y~rk(a+ T)

+

v4ai

-

v4rk.

(4.1.89)

For cross-comparison of chemical group i of sample a with chemical
group j of sample b, the experimental observations are described by
(vai

-

vrk)mt

-

(vbj

-

+

vrk)int

a)

= [vzai(a

[ ~ a r k ( b -i

r) -

- v3bj(b

vark(a 4

r)]

+

---f

b)]

(v4ai

-

v4bj).

(4.1.90)

The two bracketed interaction terms are often of comparable magnitude
and opposite sign; in saturate hydrocarbon systems, net interaction effects
may give a A v / v 7 2.5 X lo-*; even so it is apparent from (4.1.89) and
(4.1.90) that cross-referencing b y internal methods can be ambiguous
without prior knowledge of interaction effects,1s6i.e., in general,
(Yai

-

Vrk)int

-

(vbj

-

vrk)int

#

(vai

-

vbj)int.

A. A. Bothner-By and R. E. Glick, J . Chem. Phys. 26, 1647 (1957).
V. D. Tiers, J . Phys. Chem. 62, 1151 (1958).
186 E. D. Becker, J . Phys. Chem. 63, 1379 (1959).
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166G.

410

4.

RESONANCE STUDIES

This is particularly true for proton resonances in liquids which contain
aromatics, triple bonds, and halogen atoms, and also where the sample
and reference molecules are strongly polar. If different internal references
are used the reliability of cross-comparison is aggravated.
4.1.4.3.2. EXTERNAL
REFERENCING.
In external r e f e r e n ~ i n g ~there
~.~~~,'~~
is a physical separation between the reference and sample compounds.
For the same Ho, the observed frequency difference between chemical
group i of sample a and chemical group k of the reference r is, for cylindrical samples,
( ~ a i- ~ r k ) e x t =

(%/3)Vo(kr

- ka)

+ [v3ai(a

-+

a) -

Y3rk(T -+r ) ]

-I- ( ~ i l a i-

VM)

(4.1.91)*

where k, and k , are the volume susceptibilities of reference and sample
systems, respectively. In order to compare resonances when the reference
and sample molecules have effectively the same average magnetic field
contribution from molecules outside a Lorentz sphere, it is necessary to
calculate the value of ( 2 ~ / 3 ) ~ 0 (k rka). For the same field condition,
this calculation is not necessary for internal referencing. It is significant
from (4.1.89) and (4.1.91) that an external reference measurement plus
a susceptibility correction is not equivalent to a n internal reference
measurement.
External referencing avoids interactions between the reference and
sample molecules; hence, cross-referencing is straightforward with the use
of any number of secondary external references, i.e.,

-

( ~ a i

Ybj)ert

=

( ~ a i- ~ r ' k ' ) e x t

-

-

( ~ b j

Yrk)ext

- ( ~ r ' k ' - ~rk)ext.

(4.1.92)

4.1.4.3.3. SEPARATION O F INTR.4- FROM INTERMOLECULAR SHIW
PHENOMENA.
The observed measurements in (4.1.89) and (4.1.90) do not
distinguish between intra- and intermolecular shielding. In order t o measure (vlai - v 4 b j ) and hence determine Sij as defined in (4.1.85), two procedures are available. (1) The molecular system can be placed in the
gas p h a ~ e ~ a~t qtemperatures
'~~
sufficiently high t o insure a monomeric
state. The principal difficulties associated with this procedure are low
signal intensity and pressure limitations of the sample cell; the conclusive
data are worth the efforts to overcome these difficulties. (2) A more
widely used procedure which in principle approaches the condition of
isolation in the gas phase yet tends t o avoid the low concentration difficulty is t,o dissolve varying amounts of the sample to a noninteracting

* If the frequency is held constant (as in most nmr spectrometers) rather than the
field, the signs of the three terms in (4.1.91)change from positive to negative.
16' J. N. Shoolery and B. Alder, J . Chem. Phys. 23,805 (1955).
168 M.G. Morin, G. Paulett, and M. E. Hobbs, J . Phys. Chem. 60,1594 (1956).
169 R A. Ogg, Helv. Phys. Acta 20, 89 (1957).
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solvent and extrapolate a plot of observed frequency separations versus
concentration t o infinite d i l ~ t i o n . ~Problems
~ * l ~ ~ arise here, too, including
the assumed law of extrapolation a t low concentration, the availability
of noninteracting solvents, and the self-assurance that the infinitely diluted state is monomer. Strongly associated liquids are not generally
adaptable t o dilution extrapolation unless extremely low concentration
measurements are possible as in Fig. 4.
The extrapolated dilution experiment is applicable to both internal and
external referencing techniques. From (4.1.89) and (4.1.92), respectively,
(Vai

-

-

vrk)zt

-

( ~ b j

-

~ r k ) : ~= ( ~ a i

-

vbj)Zt = ~ 4 a i

vaj

(4.1.93)

for extrapolation to infinite dilution of both samples and references, and
(Vzi

-

Vrk)ext

- (v;.

-

vrk)exf =

-

(v:

VG)ext

= V4ai

-

V4bj

(4.1.94)

for extrapolation of samples only. The superscript m designates a n infinitely diluted state. With the extremely low signal-to-noise ratios in the
dilution and gas phase experiments using internal referencing, accurate
measurements by the sideband modulation technique are tedious.
Intermolecular interaction shielding effects in a mixture of a and b will
generally be observed as a variation in (v,i - vbj)i,t versus relative concentrations of the two species. These effects on frequency a s described in
(4.1.88) may be sufficiently alike in character and magnitude as to give
, " ~ . systems are common in
no observable net variacion in (vai - v ~ , ~ ) Such
To determine these
proton resonance studies of aromatic systems.63s64*171
intermolecular shifts, it is necessary to use ext,ernal referencing and susceptibility corrections.
The interaction shift va,i(a + a ) which chemical group .i of molecule a
experiences when the molecule exists in a reservoir of a-type molecules is
V3ai(a

a)

=

(Vai

-

Vrk)ext

-

(Vzi

-

Yrk)cxt

+ ( ~ T / ~ ) vAka.
o

(4.1.95)

Ak, is the change in volume susceptibility the sample undergoes from a
concentrated state to one of infinite dilution in either an inert liquid solvent or gas phase system. The interaction shift which chemical group k
of a reference molecule experiences when the molecule exists in a reservoir
of a-type molecules is
V3rk(a

T)

=

V3ai(a*

a) -

-

(VQ~

Vrk)iut

+

( V Q ~- V r k ) z t .

(4.1.96)

The important relative interaction term in (4.1-90) which compares the
17oA L. Allred and E. C. Rochow, J . Am. Chem. SOC.79, 5361 (1957).
171 J. It. Zimmerman and J. A. Lasater, Symposium on Composition of Petroleum
Oils, New Orleans, 1957. Am. SOC.Testing Materials Publ. No. 224, 195 (1957).
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frequency shift effects which an internal reference molecule experiences
in reservoirs of different molecular species can be evaluated without extrapolated dilution measurements; i.e.,
Y3&

+

T)

-

V3rk(a

--$

T ) = (Yai

-

YVk)d

-

(Vbj

-

+ (2*/3)vo(kb - ka) -

YVk)d
(YO;

-

~bj)ext.

(4.1.97)

This term for tetramethylsilane as an internal reference in benzene and
t-butylbenzene systems gives a A v / v = 7 X
4.1.4.4. Magnetic Field Homogeneity Requirements.* 4.1.4.4.1. THE
MAGNET.The heart of high resolution is a large H o of high homogeneity.
The real impetus to attain high magnetic homogeneity arose with observ a t i o n ~ ' ~ ~of- the
' ~ ~dependence of proton resonances on chemical comt o 10V) and discoveries of intramolecular sepapound ( A H / H =
rations of fluorinedsand proton49resonances, the latter requiring a field
resolution of A H / H =
to
With a magnetic field resolution of
AH/H =
second-order hyperfine structure was later revealed. b0
Commercial electromagnet^'^^*^^^ are now available with resolutions of
10W;
claims a resolution of few parts in lo9 or better with a
spinning sample volume of 0.1 cc with H o = 14,100 oersteds. Both
electro- and permanent50#177-179
magnets have been used for high resolution studies; relative merits of each type have been discussed exten~ i v e l y ; ' ~ excellent
~ ' ~ ~ ~ ' discussions
~~
of numerous problenis encountered
in obtaining a homogeneous Ha are available.13~4~178~181~18z
Special shimming techniques are often used to improve Ho homogeneity. Magnetic ring shirnsls3can be used in both electro- and permanent
magnets to increase the field at the outer region of homogeneity. Permanent magnets show a very steep radial gradient effect and usually require
ring shims. Since a given ring shim geometry will usually effect optimum
homogeneity for only a small range of Ho values, ring shims are avoided
*See also Vol. 2, Section 9.7.1.1.
G. Lindstrom, Phys.Rev. 78,817 (1950).
1 7 3 H. S. Gutowsky and C. J . Hoffman, Phys. Rev. 80, 110 (1950).
174 H. A. Thomas, Phys. Rev. 80, 901 (1950).
176 Varian Associates, Inc., Palo Alto, California.
17E Trueb, Taeuber and Company, Zurich, Switzerland.
177 H. S. Gutowsky, L. H. Meyer, and R. E. McClure, Rev. Sci. Instr. 24,644 (1953).
175 H. S. Primas and Hs. H. Gunthard, Rev. Sci. Instr. 28, 510 (1957); Heh. Phys.
Acta 30,331 (1957).
179 G. Lindstrom and B. N. Bhar, Arkiv Fysik 10,489 (1956).
H. S. Gutowsky, Discussions Faraday Soc. 19, 296 (1955).
1 8 1 A. L. Bloom and M. E. Packard, Science 122, 738 (1955).
182 R. L. Sanford, Natl. Bur. Standards Circ. 448 (1944).
183 M. E. Rose, Phys. Rev. 63, 715 (1938).
l72
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in electromagnets if the ratio of gap width to pole face diameter is small
enough t o permit a choice. Electrical and mechanical fine shimming are
often necessary to provide homogeneity of A H / H =
mechanical
field trimmers are used which can alter the vertical y gradient by bending the magnet y0ke;'~9*''~
current shims about the sample are used to
homogenize H Oby producing compensating gradient^.'^^,^^^, 184,185
The field distribution and homogeneity of a n electromagnet are highly
dependent on magnetic history; an optimum field homogeneity is not
Magnet
obtained by merely increasing H monotonically from zero t o Ho.
~ y c l i n g ' is
~ ~usually
, ~ ~ ~ a necessary step to a high-resolution field; the
major objective of cycling is to effect a flat or nearly flat field which contains one or more regions of high resolution;'s6 an equivalent objectjive
for a rotating sample is t o have a zero field gradient over the sample
along the direction of the spin axis of the sample and, a t worst, a linear
gradient in the plane normal to the spin axis. Effective cycling depends
upon the fact that if the magnetizing current is varied a t a sufficiently
rapid rate the magnetization of the inner region of the pole pieces will lag
that of the outer region.ls7 After an increase in magnetizing current to
some stationary value, the magnetization of the center of the pole pieces
increases asymptotically toward a final value which corresponds t o a point
on or near t o the ascending limb of the hysteresis loop; the magnetization
of the outer portion of the pole pieces initially rises t o a high value then
decreases to a final value which is higher than the final magnetization at
the center; its value will correspond to a point on the descending limb of
the hysteresis loop. If the magnetizing current is decreased a small amount
from the stationary value, the decrease of magnetization will be greatest
a t the center of the pole piece. This type of cycling when combined with
field fringing effects will often change the dome-shaped field between the
pole faces t o one having a small minimum value (slightly over-cycled
condition's6) a t the center of the pole face geometry and a maximum
value away from and concentric with the center. Cycling is most effective
in the ascending region of the knee of the magnetization curve.
4.1.4.4.2. THESAMPLE.The almost universal use of the cylindrical
sample holder is due largely to the ease with which it can be rotated and
to its practical availability in precision dimensions; both reasons are important in optimizing the field homogeneity over the sample. The dimen184
186

M. J. E. Golay, Rev. Sci. Instr. 29, 313 (1958).
R. E. Richards (unpublished results), Physical Chemistry Laboratory, Oxford

Univ., 1957.
1 8 Varian
~
Associates, Publication No. 87-100002.
la7 J. L. Snoek, "New Developments in Ferromagnetic Materials." Elsevier,
Amsterdam, 1949.
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sions which constitute a n infinite cylindrical sample are sometimes cited
as an inherent disadvantage in the use of cylindrical samples; for aqueous
paramagnetic systems, if the sample and receiver coil diameters are about
equal, the required ratio of length to diameter of sample to satisfy infinite
cylinder conditions is a t least five;27this large ratio need not be adhered
to in most high resolution measurements of diamagnetic liquids; even for
a 15-mm diameter coil and a 10-mm sample diameter, a sample length of
only 10 mm will, with spinning, yield line widths with A v / a = 2.5 X lop8.
Spherical sample tubes have been used in a few instance^.^^^^^^^^^
The effective homogeneity of H Oover the sample can be improved by
merely rotating the sample holder at a constant angular velocity w+ about
. ~rotation
J ~ ~
the y axis coincident with the axis of the receiver C O ~ ~ The
effects an average of Ho over an elementary annulus n of the sample in
the xz plane; y axis inhomogeneities are unaffected b y the motion; apparent line narrowing becomes appreciable when w,. 7 y AH,,, where AH,, is a
measure of static inhomogeneity over the annular region n. Field averaging is the result of coherent motion processes;192coherent rotation in
a region of inhomogeneity produces resonance sidebands described by a
Bessel function with an argument dependent on the ratio y AH,/w,.
All the nuclei within the annulus n of a rotating sample will not necessarily experience the same average applied fieldB3since the field inhomogeneities arising from imperfections of the sample holder are not static;
the first-order result of these imperfections is a n effective resonance line
broadening; only imperfections exterior to the given region can affect that
region; a precise inner surface for the sample holder is desirable.
If the gradient of Ho in the xz plane is nonlinear, the average applied
fields for different cylindrical shell regions of the spinning sample will
generally be unequal; this condition limits the extent of field homogenizing in the xz plane. Also the average applied fields Ho, and H03 of two
separate regions 1 and 3 in coaxial referencing will not be equal; this
difference is measured by an interchange of sample and reference compounds and is given by

( y / 2 ~ ) ( H 01 H o ~=
)

v01

-

YO3 z

ail -

-

~ 3 ) e x t

(vai3

-

vr/c~)ext).

(4.1.98)

For large ( > l o mm i.d.) precision coaxial cells, this correction is freH. S. Primas and Hs. H. Gunthard, Helv. Phys. Acta 30, 315 (1957).
R. Higham and R. E. Richards, PTOC.
Chem. SOC.(London) 128 (April, 1959).
190 H. Y . Cam, Ph.D. Thesis (unpublished) Harvard University, Cambridge,
Massachusetts, 1952.
l g l W. A. Anderson and J. T. Arnold, Phys. Rev. 94, 497 (1954).
G. A. Williams and H. S. Gutowsky, Phys. Rev. 104, 278 (1956).
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quently as large as Av/v = 10V; this undesirable effect is sensitive to
the cycling procedure.
Special use is made of field averaging by spinning in coaxial referencing.63~168,192
The static field distribution over a reference compound in
the region between the inner and outer tubes is shown in Fig. 18 for the
case of (aZ/a3)' = 0.8, where az and a3 are the inner and outer radii,
respectively; 2 AH3 is a measure of field inhomogeneities; its value is often
10 t o 100 times greater than the line width of a single static cylindrical
sample. T o reduce inherent spinning sidebands to negligible amplitudes
generally requires rotation speeds w, 5 300 sec-l, precision sample holders, and stable rotators.193Coaxial cavitation of the liquid sample which
occurs for large wr values can be minimized b y the use of flat bottom
sample holders.

-

NORMALIZED FELDWIABLE t

FIG. 18. Theoretical particle density versus field strength for molecules in the
region between inner and outer tubes of a cylindrical coaxial system with
(a2/a3)2= 0.8.

4.1.4.5. Stabilization. 4.1.4.5.1. THEMAGNETIC
FIELD.Accurate presentation60 of a narrow resonance line width Awlp by sweeping the magnetic field requires a sweep time At = l/Aullz; hence, the sweep rate
Au/At 7 ( A W ~ / ~ For
) ~ . a Awl/z = 0.25 sec-l, the required sweep rate is
about 0.06 s e c 2 or less; severe stability requirements of A v / v =
for
the transmitter frequency and AH/H = 10-lo for HOare required in this
instance during the time At = 1/Aw1/2.
The permanent magnet has a n order of magnitude greater inherent
however, the permafield stability than does the electromagnet;60~1s0~186
nent magnet is more sensitive to temperature (see Section 4.1.4.6). The
electromagnet requires elaborate electronically regulated power supplies;
the use of transistors as more efficient regulating elements could simplify
these requirements. l g 4
Stray fluctuating fields from power sources external t o the magnet can
Wilmad Glass Company, Landisville, New Jersey.
R. L. Garwin, Rdu. Sci. Instr. 29, 223 (1958); S. D. Johnson and S. R. Singer,
ibid. 29, 1026 (1958).
Ig3
194
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seriously impair the effective inherent stability of a magnet; a number of
negative feedback stabilization systems have necessarily been employed
employs coils about the magto maintain Ho stability. One system178f195
net pole pieces to sense the rate of change of magnetic field. If the voltage
induced into the sensing coils is amplified and integrated, a correcting
feedback signal can be applied either to additional coils or to the electronically stabilized power supply for electromagnets, or both. Since the
voltage induced into the sensing coils is comparable to the input noise of
the feedback amplifier, this system is not useful for very low frequency
H o fluctuations.
Another sy~tem'~~,'69
utilizes an nmr signal from a control sample with
its associated probe tuned in a dispersive mode just as in Fig. 8b; this
signal is fed to a separate receiver; and the receiver output signal indicates whether H o is above or below the resonance value for the control
sample and can be used either to control H O or to modulate the transmitter frequency in order to restore the Larmor resonance condition for
the control sample. For high stability it is imperative that the line width
of the control sample be small; however, the long TZassociated with the
narrow line width places an upper limit on the control signal response to
moderately rapid fluctuations in Ha. A combination of the n m r control
scheme for long term stabilization against drifts and of the sensing coil
feedback system for rapid fluctuating field stabilization has proved
successful.196- l9'
Recentlyl98 a superregenerative oscillator has been used as a radiofrequency source, derived from a control sample resonance signal, for a
cw oscillator and rf probe system in high resolution experiments; special
advantages include the extreme simplicity of the circuit and the need of
only moderate H Ohomogeneity over the control sample region.
4.1.4.5.2. THETRANSMITTER.*
Great care must be exercised in the design of a transmitter oscillator to achieve desired stability of Au/u =
thermostatic quartz crystal oscillators of the Meachum-bridge or GourietClapp types are often e m p l 0 y e d . ~ ~ ~ ~Frequency
~ 9 , 2 0 ~ stability of A u / u =
10-lo requires heroic efforts such as operating the quartz crystal in liquid
helium.201The rf oscillator must also have reasonable short-term amplitude stability to insure a monochromatic transmitter output spectrum

* See also Vol. 2, Chapter 6.3.
J. P. Lloyd, Bull. Am. Phvs. SOC.1, 92 (1956).
R. B. Williams, Ann. N . Y . Acad. Sci. 70, 790 (1958).
l g 7W. Muller-Warmuth and P. Servos-Gavin, 2.Naturforsch. 13a, 194 (1958).
19* R. Freeman and R. V. Pound, Rev. Sci. Znstr. 31, 103 (1960).
19* J. K. Clapp, Proc. Z.R.E. (lnst. Radio Engrs.) 36, 356 (1948); 42, 1295 (1954).
*oo G. G. Gouriet, Wireless Eng. 27, 105 (1950).
Zo1 A. H. Morgan and J. A. Barnes, Proc. I.R.E. (Inst. Radio Engrs.) 47,1782 (1959).
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free of noise modulation; noise spectral components appear as amplitude
modulation of the transmitter output and are amplified as is the unbalance signal introduced into the receiver for proper mode display.
The transmitter should be well shielded so that rf leakage cannot enter
the receiver. Accurate rf attenuation should be available to provide a
wide range of H1 values, from H l = 1 oersted for accurate initial balance
of the rf probe t o H1 7 100poersteds to prevent saturation of narrow
lines.
4.1.4.5.3.THERECEIVER.
The rf receiver can generally be stabilized
sufficiently well against direct contributions t o variations of either H or v
by the use of electronically regulated power supplies. A good noise figure
is desirable primarily to improve sensitivity; however, since noise a t a
receiver input is indistinguishable from error signals, a receiver used in a
feedback system for Ha stabilization must also have a good noise figure
and negligible drift of output level. Gain stability of a control amplifier
in a feedback system is of minor importance if the gain is of sufficient
magnitude; but for a signal amplifier, gain must remain constant over
long periods of time if quantitative information from resonance amplitudes is to be meaningful.
The receiver bandwidth need be only wide enough to accommodate
the frequency spectrum of resonance output signal and its characteristic
wiggles. The noise output of the receiver is directly proportional to the
bandwidth; however, a t very narrow bandwidths, variation of a tube's
transconductance by adjustment of the receiver gain control changes the
input capacitance of the tubes and detunes the amplifier. Drift in the
local oscillator frequency of a superheterodyne receiver can produce a
similar detuning ; hence, a crystal controlled local oscillator is commonly
employed. Automatic frequency control is used in some receivers to eliminate frequency drift effects in the tuning of the amplifier.
4.1.4.6. Temperature Requirements. 4.1.4.6.1.THE MAGNET.Temperature controls of cooling water for electromagnets and of room air
about either electro- or permanent magnets are necessary for stability of
both H o and its homogeneity. A small increase in temperature of a magnet
is generally accompanied by a decrease in H o and a shift in position of the
region of maximum homogeneity. Investigations of these problems have
been made.16s~177~z0z~203
The temperature coefficient of most permanent
~'~~
magnet materials is about 0.02% Ho per 0C.18zFor the V a r i a ~ electromagnet if the magnet coils are insulated from the pole pieces, a change
of 0.1"C per minute in the temperature of the cooling water will cause a
field drift of about 2.5 x 10-sHoper minute.z02To specify proper room
2Oa

203

G. Slomp, Rev. Sci. Inslr. 30, 1024 (1959).
E. G. Brame, E. I. DuPont de Nemours, Inc. (private communication).

418

4. RESONANCE

STUDIES

air temperature requirements is difficult; in one instancezo2a variation of
0.3"C per minute causes a drift of 5 X 10-7Hoper minute; in another
case203air temperature control of +0.5"C keeps the drift to less than
2.5 X 10- a H ~per minute.
One laboratoryzo3uses a modified constant temperature circulating
bathzo4which controls the water temperature to +O.O5"C. Greater temperature stability but not absolute temperature control can be obtained
by eliminating the refrigeration cycle and manually setting the flow
rate.2o2Water temperature control of rtO.l"C should be adequate for
most high-resolution studies.20S
The stability of H o and its homogeneity is dependent on the distribution and cycling rate of air within the room and perhaps on the relative
temperatures of room air and cooling water. Separate air conditioning
systems are usually used for room air control; variations to less than
0.1"C can be maintained202 over relatively long periods of time by inserting a modulator regulatorZ06 in the return air stream to the refriger~ ~ not
~ * ~always
~
essential,202to maintain
ation unit. It is a d v i ~ a b l e , *but
room air and water temperatures approximately equal; this operating
condition will not necessarily insure the best field homogeneity; for optimum homogeneity the final magnet shimming and pole face aligning
should be done a t the operating temperature conditions.
4.1.4.6.2. THESAMPLE.
The general cryogenic requirements t o study
the influence of temperature on relaxation and chemical shift data include adequate range about the ambient temperature and stability and
accurate calibration of temperature ; additional problems arise in high
resolution studies including the effects of temperature on the rf probe
(balancing), heat leakage in the immediate vicinity of the magnet pole
pieces (field drift and homogeneity), and accommodation of a spinning
sample.
Cryostats without spinning samples and for use with single coil spectrometers have been described for temperature ranges from about - 190°C
the cryogeny for single coil systems is usually troubleto over 300°C;177,207
free since the whole probe assembly can be fitted inside a Dewar. A number of sample temperature control devices have been designed for use
with the Varian176(crossed-coil) spectrometer probe;7a~176*208
primarily
because of rf balancing the cryogeny design is usually restricted to the
American Instrument Company.
Varian Associates, Inc., Palo Alto, California; N M R Instr. Owner Bull. (December, 1959).
Alco Valve Company, St. Louis, Missouri.
207 L. N. Mulay, Rev. Sci. Instr. 28, 279 (1957).
J. N. Shoolery and J. D. Roberts, Rev. Sci. Instr. 28, 61 (1957).
204
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receiver coil assembly; spinning sample tubes of 5 mm 0.d. or less can be
used. One system78utilizes the cryostat gas flow to spin the sample; one'
commercial176Dewar has constant temperature monitoring.
A schematic of a spinning sample Dewar systemzo3which covers a
minimum operational range of -90" to 200°C is shown in Fig. 19. The
nitrogen bath contains 50 feet of copper tubing through which nitrogen
gas passes for cooling purposes. Two 400-watt electric heaters enclosed in
separate glass and Dewar jackets provide the means of temperature control at both low and elevated temperatures. The control device incorporates a Swartout Autronic Control unit and a copper-constantan thermocouple mounted near the sample area of the insert and controls the
N2

-c

CONTROLLER
(SWARTWOUT
AUTRONIC

THERMOCOUPLE OUTPUT TO
TEMPERATURE CONTROLLER
VARIAN SPINNER

40 Mc PROBE

FIG.19. Schematic of spinning sample Dewar system for high resolution.2oJ

amount of current to the heaters by modulating the output of the thermocouple. The temperature control and calibration accuracy are within
L-0.5"C. The Dewar insert is constructed in two parts; high signal sensitivity is maintained by wrapping the receiver coil (10 mm diameter)
around the inner cylindrical tube of the insert and balancing the receiver
coil in the probe before the inner and outer parts of the Dewar are sealed.
The heat losses from the Dewar insert and the air heaters are sufficient.ly
small that a normal H Odrift of 1 cps/min or less without the cryostat is
not noticeably altered.
4.1.4.7. Preparation of Samples. At least three objectives must be
kept in mind in the preparation of samples for high resolution work:
narrow line widths, high sensitivity, and correct position and appearance
of resonance lines; these can be optimized by a combination of temperature and pressure control, the use of solvents, and removal of impurities.
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For optimum line narrowing the sample should usually be in either the
liquid or gaseous state-preferably in the liquid state to meet sensitivity
requirements. Volatile liquids and gases are often liquified by sealing
them under their vapor pressure and, if necessary, maintained a t refrigeration temperatures. An increase in temperature of the liquid state
will decrease viscosity and cause further line narrowing. Substances in
the solid state at room temperature can usually be placed in the liquid
state by either melting a t high temperatures or dissolving in a suitable
solvent; some very high molecular weight materials often require both to
overcome the viscosity sometimes present in solutions of only a few per
cent solute concentration. The solubility can usually be increased t o some
extent to increase sensitivity by raising the temperature of the solventsolute mixture.
Compounds in either the liquid or solid state a t room temperature will
have (in a solvent) an optimum concentration which corresponds to maximum signal-to-noise ratio but which will generally not coincide with
optimum line narrowing. Signal amplitude increases with volume concentration of nuclei if the line width is constant; however, a n increase in
volume concentration is usually accompanied by a viscosit,y increase and
a corresponding line broadening. The best way to determine this optimum
concentration is by experiment.
Trace impurities can wash out spectra by inducing nuclear exchange209
between chemical groups; e.g., proton exchange in the presence of
A variation of HC1 concentration
small amounts of acids or ba~es.~0*2~0
from 1.9 X 10PN to 1.0 X 10-6N in ethanol causes the mean lifetime of
the OH proton to change from 1.2 to 0.012 second. Small traces of water
will induce fast exchange with some hydrogen bonding systems;211small
amounts of water alone in ethanol will not induce fast exchange.210*212
Small traces of water in either solute or solvent should be avoided in
infinite dilution experiments of strong hydrogen bonding compounds.
Strong interactions can exist between water and solute molecules; the
chemical shift of protons for a water molecule in a n ethanol environment differs from the corresponding shift of pure water by only A V / Y =
0.3 X
212 Without proper drying techniques carbontetrachloride,
often used as a n inert solvent, will either normally have or accumulate
about 0.02 volume per cent water a t room temperature.
H. S. Gutowsky and A. Saika, J . Chem. Phys. 21, 1688 (1953).
Z.Luz, D. Gill, and S. Meiboom, J . Chem. Phys. 30, 1540 (1959).
211 R. A. O g g , Discussions Faraday SOC.
216 (1954).
*12 I. Wienberg and J. R. Zimrnerman, J . Chem. Phys. 23, 748 (1955);I. Weinberg,
J. L. Fitch, and J. R. Zimmerman, Bull. Am. Phys. SOC.1,92 (1956);W.G.Schneider,
and L. W. Reeves, Ann. N . Y . Acad. Sci. 70, 858 (1958).
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The detrimental effects of dissolved oxygen on high resolution spectra
of liquids are twofold : paramagnetic oxygen decreases the diamagnetic
s ~ s c e p t i b i l i t yof~ ~
the
~ *sample
~ ~ ~ and effects a shift of the resonance lines
to higher applied
and it causes a marked decrease in relaxation
times216-217
and a corresponding loss of spectral fine structure.218The
magnetic susceptibility of organic liquids saturated with air may be in
error as much as 1.7%;213the corresponding proton shift for benzene is
A v / v = 1.1 X
Resonance shift effects of oxygen on a series of normal hydrocarbons are shown in Fig. 20. Freeze-thaw evacuation of both
sample and reference compounds is recommended.

CAR0ON NUMBER

FIQ.20. Effect of oxygen from dissolved air on the chemical shift of the CHa protons
in normal hydrocarbons.

4.1.4.8. Quantitative Analysis. Any change in the rf level of a conventional high-resolution spectrometer appears in the dc output of the
rf unit as a n instability in the base line of the spectral display; this type
of instability which arises largely from small changes in probe balance
cannot be tolerated in any accurate analysis of spectral areas. Base line
drift can be avoided and line shape can be preserved by using a lock-in
phase detection sy~teml78,219.~**
which has a field modulation frequency
B. C. Eggleston, D. F. Evans, and R. E. Richards, J . Chem. Soc. p. 941 (1954).
C. M. French and D. Harrison, J. Chem. Soc. p. 466 (1955).
a16 D. F. Evans, Chem. & I n d . (London) p. 526 (1958).
218 G. Chiarotti, G. Cristiani and L. Guilotto, Nuovo cimenlo [lo] 1, 83 (1955).
217 G. Nederbragt and C. Reilly, J. Chem. Phys. 24, 1110 (1956).
218 J. T. Arnold, Phys. Rev. 102, 151 (1956).
*I9 K. Halbach, Helv. Phys. Acta 29, 37 (1956).
2 2 0 R. V. Pound, Rev. Sci. Instr. 28, 966 (1957).
213
214
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that is large compared with all line widths and structure separations
in the spectra and which has a field modulation amplitude H , such that
r H , << wm. If the transmitter frequency is set such that w
wm = rHo,
the usual resonance signals appear as side band responses; either U or
V modes are possible by adjusting the phase of the reference signal in the
detector. A discussion of adjustments for high-resolution phase detection
and spectral integration systems is available.221
For low rf fields with ( r H 1 ) 2 T 1 T z +0, the area under the V mode
+ CQ,
signal is independent of T 2 ;for large H l values with (rH1)2T1Tz
the area becomes constant and is a good measure of intensity if TlT2 = a
constant. I n general for ( r H 1 ) 2 T 1 T z< 1, the area is a function of H I ,
T I , and T z ; corrections for saturation effects are necessary, the degree of
saturation being a function of H 1 and the scan rate dH/dt; experimental
and instrumental details affecting the accuracy of area measurements
with respect to saturation have been given.lg6
An additional problem of quantitative analysis is to be able t o scan
the spectrum without distortion of the line shape or loss of linearity in
the sweep; in conventional spectrometers this means a slow sweep and a
very stable H O controlled from electronically stabilized power supplies.
A relatively simple superregenerative oscillator systemlg8with a proton
signal source has recently been used as a regulator for a moderately stable
electromagnet to provide a frequency sweep of 6 cps per minute for highresolution studies. ShooleryZz2
has pointed out that if the H Osweep rate
through resonance dH/dt = a constant and if there is linear detection, then
satisfactory quantitative analysis can be performed under conditions of
sufficiently large dH/dt that neither signal saturation nor H o stability is a
critical factor. From (4.1.62)
w,

If the time spent in the vicinity of resonance is TI,then T 1 = AHl,z/
(dH/dt) = l / Y T z ( d H / d t ) , and

/

Vdt

[*]

+

[ I - (+)rHlZ/(dH/dt)

*

. .I.

(4.1.100)

If (+)rH12/(dH/dt)is negligibly small then the area is independent of
T I and T z . For H 1 = 100 poersteds and dH/dt = 5 millioersteds/second,
the error is about 2.5%.
221 W. A. Anderson and I,. F. Johnson, “Special NMR Operating Techniques.”
Varian Associates, Palo Alto, California.
222 J. N. Shoolery, Pittsburgh Conf. on Anal. Chem. and Appl. Spectroscopy,
A-88 (March, 1960).
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4.1.4.9. Special Techniques. 4.1.4.9.1. DISPERSIVEMODE AT HIGH
POWER
LEVELS.Since compounds studied in high resolution have inherently long T 1 , T 2 values, the problem of saturation of nuclear signals
can prompt operationz23in the dispersive U mode in preference to the
absorption V mode for reasons explained from the solutions of (4.1.54)
for slow passage. From (4.1.60) the optimum H 1 value occurs when the
saturation factor ( T H ~ ) ~ T ~
=T1;
Z any higher value of HI will merely re-

v,,,.

However, the maximum value described by (4.1.60) is indeduce
2 1, and saturation is not encountered.
pendent of H 1 if ( r H 1 ) 2 T 1 T>>
The experimental condition of slow passage is difficult to attain for
long TI, T2 values because of limited equipment stability, and the solution of (4.1.54) under conditions of rapid passage is a dispersion signal
only given by
(4.1.101)
u = M/(1 6 2 ) ” Z

+

where 6 = (wo - u ) / 7 H 1 .The dispersion signal is now symmetrical rather
than antisymmetrical, and its amplitude does not display the saturation
effect of slow passage absorption signals. The line width increase of
(4.1.101) for a constant sweep rate is proportional to HI; hence resolution will be impaired for excessive values of HI.
Operation in the U mode a t sweep rates intermediate between slow and
just passage has been used to detect weak signals from low concentrations
a theoretical analysis of this type of
of nuclei with long T I values;224~225
operation has apparently not been made.
MEASUREMENTS.
The field component hl is
4.1.4.9.2. SUSCEPTIBILITY
given by hl = akHo, where a is the sample shape demagnetization factor.
If two different sample geometries are used t o observe the resonance frequency of the same chemical system, the observed frequency separation is
(VI

-

~ q ) , t ,=
~

(7/2~)(h11-

h12) =

(a1

- az)k~o.

(4.1.102)

If accurate calculations of the a’s are possible, the volume susceptibility
of the sample can be determined. One general method226J27
uses a sample
divided into two sections with a1 = 0 and a2 = 4r, respectively. Another
method63~16*.228
places the sample between the annulus of two concentric
cylindrical glass tubes; a theoretical spectrum is shown in Fig. 18; a n
223

H. E. Weaver, Jr., B. M. Tolbert, and R. C. LaForce, J. Chem. Phys. 23, 1956

(1955).
224

P. C. Lauterbur, Ann. N . Y . Acad. Sci. 70, 841 (1958); J. Chem. Phys. 26, 217

(1957).
226
226
227

228

C. H. Holm, J . Chem. Phys. 26, 707 (1957).
M. P. Klein and B. E. Holder, Phys. Rev. 98, 265(a) (1955).
G. Feher and W. D. Knight, Rev. Sci. Inslr. 26, 293 (1955).
C. A. Reilly, H. M. McConnell, and R. G. Meisenheimer, Phys. Rrv. 98, 264(a)

(1955).
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absolute value of k is possible from a combination of the observed separation 2 A H 3 , the dimensions of the system, and the susceptibility of the
glass. These static methods are limited in accuracy b y l/Tz* a n d from
lack of symmetrical precision of the geometry. Dynamical methodslg2
which rotate the entire sample may be preferable to static methods. For
a spinning coaxial system, AHs is determined from a combination of the
amplitudes of the spectral signals and the spinning speeds 0,; the sigAH3/2w,). With accurate and
nal amplitudes are proportional to Jn2(r

0
FRACTION OF MONOMERIC ETHANOL

FIG. 1. The relation of OH chemical shift with monomeric fraction
isolated in CC1,.

0 - ethanol

stable spinning speeds, k’s can be determined with a n accuracy of
+ 5 x 10-9 unit.
4.1.4.9.3. DILUTION
SHIFTS I N STRONG HYDROGEN BONDING
SYSTEMS.
Detailed s t ~ d i e sof~ OH
~ , ~proton
~
chemical shifts vs alcohol concentration in nonpolar solvents have emphasized the determination of equilibrium constants and chemical shifts of associated and nonassociated
species; some disagreementzzgexists regarding the extent of analysis posE. D. Becker, J . Chem. Phys. 31,269 (1959);M.Saunders and J. B. Hyne, ibid.
31, 270 (1959).
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sible. If equilibrium constants are to be determined from the limiting slope
of the dilution curve, accurate chemical shift data is necessary a t very low
concentration ranges; from studies similar to Fig. 4, ethanol, propanol,
2-butanol, and methanol appear to exhibit a zero dilution slope; this result
is likely due to the observed230interacting solvent effect of CC1,. A plot
of the fraction of monomeric ethanol from infrared dataZ3lversus OH
shift is shown in Fig. 21; the resultant shift derived from extrapolation
to 100% ethanol deviates from the observed A v / v by less than 3%; the
result prompts the question of being able to distinguish between n - m e r ~ ~ ~
in strong hydrogen bonding systems by nmr.
4.1.4.9.4. GENERAL.
Only a few special techniques in high resolution
have been described. Other equally important topics include double resonance p h e n ~ m e n a , ~ ~ ~
isotope
- z ~ * effects in high r e s o l ~ t i o n double
,~~~~~~~
quantum transition^,^^^-^^^ radiation damping,240the CI3H satellite technique,Z4l potential energy barrier determination^,^^^ and extreme experimental requirements for spectral moment analyses.243
4.1.5. Methods and Applications of Pulsed rf Systems*
4.1.5.1. Relaxation Times. The relaxation times of a iiuclear sample are
usually obtained b y subjecting the system to two rf pulses separated by
a time r . The diffusion independent T I data are obtained from the free
decay signals immediately following the two pulses. The T zdata are obtained from the spin echo maxima a t time 27 after the first pulse; the
diffusion dependence of the echo amplitude limits the two-pulse measurements in liquids t o T z 7 1 sec; special pulse techniques for larger values
of T Pare described in Section 4.1.3.3. The lower limit of relaxation time
measurements is largely determined by the transient response character-

* See also Vol. 2, Chapter 9.6.
230

H. J. Bernstein, Western Spectroscopy Conf., Asilomar, California (January,

1960).
231
232

W. C. Coburn and E. Grunwald, J . Am. Chem. SOC.80,1318 (1958).
W. A. Anderson, Phys. Rev. 102, 151 (1956).

Bloch, Phys. Rev. 102, 104 (1956).
A. L. Bloom and J. N. Shoolery, Phys. Rev. 97, 1261 (1955).
236 G. V. D. Tiers, J . Chem. Phys. 29, 963 (1958).
* M H. S. Gutowsky, J . Chem. Phys. 31, 1683 (1959).
237 W. A. Anderson, Phys. Rev. 104, 850 (1956).
288 J. I. Kaplan and S. Meiboom, Phys. Rev. 106, 499 (1957).
239 S. Yatsiv, Phys. Rev. 113, 1522 (1958).
240 S. Meiboom, Phys. Rev. 686 (1959).
241A. D. Cohen, N. Sheppard, and J. J. Turner, Proc. Chem. SOC.p. 118 (1958);
N. Sheppard and J. J. Turner, Proc. Roy. SOC.A262,506 (1959).
242 L. H. Piette and W. A. Anderson, J . Chem. Phys. 30, 899 (1959).
243 W. A. Anderson and H. M. McConnell, J . Chem. Phys. 26, 1446 (1957).
233F.
234
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istics of the apparatus; nuclear systems with Tz 7 10 psec are not readily
amenable t o study by pulse methods.
For a nuclear sample with initial conditions U = V = 0 and W = Mo,
a two-pulse system with pulse widths of tWland Lz will give a free decay
signal following the first pulse of amountlD0

V l ( t ) = M Osin(yHltWl)exp(-t/Tz)exp[-tz/(TZH)2] (4.1.103)
where TzH = d 2 / ( y AH1,z); AHl,z is the rms deviation from the center
of a n assumed Gaussian distribution of H o values over the sample. The
free decay signal after the second pulse is

+

Vz(t) = M Osin(yHlt,z)[l
{cos(yHlt,l) - l ] e x p ( - ~ / T ~ ) l
exp[-(t - ~ ) / T ~ ] e x p [ - (t T)~/(TZ~
-) (+)Mo
~I
1} exp( - t / Tz)exp[- t z / ( TzH)
sin(yHltW1){ cos(yHlt,2)

+

(4.1.104)

The echo amplitude is
Veoho(t)

=

( + ) M osin(yHlt,l) {cos(yHltw2)- 1 )
exp( -t/Tz)exp[ - (1 - 2T)'/( T 2 H ) 2 ] .(4.1.105)

Diffusion effects have been neglected.
The free decay amplitude maximum Vl(0) immediately following the
)
f i s t pulse and the first term maximum of the free decay V ~ ( Timmediately following the second pulse are independent of TzH and Tz.The
second term in V2(t) describes effects from the tail of V l ( t ) ;this term
affects the first term of Vz(t)and V e c h o ( t ) in a manner dependent on the
relative phases of Hl of the two pulses; these effects are negligible if
is independeither T >> TzHor yHltWz= T . The echo maximum Veoho(2~)
ent of TzH.
A convenient way to obtain Tz in liquids is to measure Vecho(2~)
as a
~ 0 Section 4.1.3.3.2); if
function of 7 with 90"-180° pulse s e q ~ e n c e s ~(see
t,z # T, then V ~ ( Tmust
)
be very small unless the rf pulses are phasecoherent. If T P > > Tz, then Tz can be determined from t,he decay rate
of either Vl(t) or Vz(t);this method is particularly useful for the short
Tz values found in solids.
When the second term of V2(7)is negligible, V2(7)depends only on T1;
under this condition a convenient method to determine T1 is to use a
90"-90" pulse sequence and determine the slope of a plot of {Vl(0) V ~ ( T versus
))
T (see Section 4.1.3.3.1). A rapid single measurement
method for T I is to use a 180"-90" pulse sequence;131for this sequence
VZ(T)= 1 - 2 e ~ ' ' ~if~T; is adjusted until V2(7)= 0, then T1 = To/ln 2.
4.1 5.2. Relaxation in Various Physical States. 4.1.5.2.1. FREELIQUID
SYSTEMS. The rapid random motion in low viscous liquids effects long
relaxation times of the order of seconds; e.g., a t room temperature TI
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and T Zfor water protons are 3.6 and 2.7 seconds, respectively; while for
benzene, both relaxation times are about 19 sec0nds.24~For rigid molecules containing one nuclear magnetic species, say protons, the magnetic
dipole relaxation in the liquid state is derived from both intra- and intermolecular fluctuating local field^.^ If a molecule contains more than one
proton, the intramolecular local fields arise from rotational motion of the
molecule and the associated change in orientation of the internuclear
vector rij. For a pair of like nuclei of spin 8 with lrijl fixed and with random
molecular rotation, (4.1.42) and (4.1.44) reduce to the explicit equations

I/T,

=

+

( + 3 r 4 ~ ~ , ~ ( ~ , ,u2r:r)
/(1

+ 47,r/(i + 4u2r:r) I

and

1/Tz

(4.1.106)
=

+

(&)r4fi2r;i6{3ror 5rcr/(1

+

+ 2rer/(1+ 4w2&

~'7:~)

where rcris the molecular rotational correlation time. If the rotational
motion can be treated as a sphere of radius a embedded in a liquid of
viscosity 1, then4 r,, = 4rqa3/3kT; for water at 20"C, rcr= 0.35 X lo-"
second.
The dominant intermolecular contribution to the relaxation involves
relative translational motion of the molecular centers and is approximately equivalent to angular reorientation of the internuclear vector rij;
for a n initial separation rij of the molecular centers the translational
correlation time is usually defined as the time required for one molecule t o move a distance rlj in any direction relative to the other molecule; for molecules diffusing like spheres of radius a in a viscous liquid,
r,, = ?rqar:;/kT; for T I j equal to a molecular diameter, rCt= 0.2 X lo-"
second for water. I n general, u z ~ c
<<2 1, and (4.1.106) reduces to
l/T1

=

l/Tz

=

(3y4h2rij6~c.

(4.1.107)

This equality of TI and T2 is applicable to both rotational and translational motion and is observed experimentally for many low viscous
liquids when other relaxation mechanisms are a b ~ e n t . 2For
~ ~ a continuous distribution of r;'s the total translation relaxation is4
1/Tlt

=

1/Tzt

=

(4.1.108)

where No is the volume density of magnetic nuclei. The numerical coefficient for T,, in (4.1.108) varies according to the theoretical mo d e l~ 2 ~ ~ - 2 ~ 7
of translational diffusion. For viscous liquids (uzrc2>> 1) the continuous
J. G. Powles and D. Cutler, Nature 184, 1123 (1959).
C. Torrey, Phys. Rev. 92, 962 (1953).
2 4 8 H. C. Torrey, Phys. Rev. 96, 690 (1954).
24' G. V. Skrotskii and A. A. Kokin, Zhur. Eksptl. i Tewet. Fzz. 38,481 (1959).
244

246H.
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diffusion motion modelz4' predicts that Tli ot (7J1I2 whereas for the
HPP4 model TIt a: 7,.
Other relaxation mechanisms are present in liquids : (a) Quadrupole
interactions usually overshadow magnetic dipole interactions a s relaxation mechanisms; in a n equal mixture of HzO and DzO, the deuterium and proton Tl's are 0.54 and 5.5z48 seconds, respectively; since
y p 2 / y d 2= 39, the quadrupole relaxation for deuterium is roughly 430
times as effective as its dipole relaxation. (b) For Ho = lo4 oersteds,
the effect of anisotropy (4.1.50) of the chemical shielding is usually negligible compared with the magnetic dipole relaxation for liquids unless
Au >>
(c) The shortening of relaxation times b y the interruptions
of the scalar interaction A1 . S [see (4.1.52)] has been used to evaluate A
and the physical exchange rate of protons.lZ1Measurements of either TI
and Tz or the dependence of T1 and T z on H o can yield values of A when
re is too short for a high-resolution measurement; in CHC13, 7. is the
chlorine T1 value of 17.4 microseconds; the coupling constant for the
C1 H interaction determined by this method249is 5.5 cps. (d) If Tz is
measured by techniques involving continuous application of a n H1 of
small amplitude following an H1pulse of large a m p l i t ~ d ethe
, ~scalar
~~~~~~
contribution t o Tz is dependent on the amplitude of the continuous H1;251
i.e.,
~ / T z= (+)S(S

+ 1)A2h27e[1/(1 +

w1'7e2)

+ 1/11 +

(WY

-~ s > ~ ~ e ~ } ]
(4.1.109)

where w1 = yH1. The continuous H I causes energy level transitions and
increases the interruption rate of the scalar coupling. A measurement of
T z versus H1 allows evaluation of A and T ~ .
4.1.5.2.2. PARAMAGNETIC
AQUEOUS SYSTEMS.
Since the magnetic
moment of a n unpaired electron is roughly a thousand times th a t of a
proton, the proton TI and T zvalues of an aqueous paramagnetic ion
system are dominated by dipolar electron relaxation. This relaxation contribution, if based on a simple model of translational diffusion4 with
~ 2 7 :<
~
< 1, is
1/T1 = l/Tz = 8 ~ ~ y ~ q p ~ , N ' / 3 k T
(4.1.110)
where pionis the magnetic moment of the paramagnetic ion; N' is the
concentration of ions. For a cupric ion14theory predicts NIT1 = 7.1 X
1017 ~e c - c m - ~;
experiment gives 5.5 X 10'' ~ e c - c m-~ .
W. A. Anderson and J. T. Arnold, Phys. Rev. 101, 511 (1956).
J. M. Winter, Compt. rend. acad. sci. 249, 1346 (1959).
860 I. Solomon, Compt. rend. acad. sn'. 248, 92 (1959).
2 6 1 I. Solomon, Compt. rend. acad. sci. 249, 1631 (1959).
248
249
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Relaxation times are found to be inversely proportional to N‘ and
almost independent of the anion. The predicted relation l / T 1 a p2 holds
for ions in S states or effectively in S states through quenching of the
electron orbital moment; ions having strong spin-orbit coupling are less
effective in producing proton relaxationz6z since spin-orbi t coupling can
lead t o a rapid electron-spin relaxation time T,; if T, < rct,the duration
of the local field configuration at the proton is determined by T, ratjher
than rot.
Large deviations from the predicted result that TI = Tz for wzrc2<< 1
occur. I n aqueous manganous ~ o l u t i o n TI
~,=
~ ~10Tz;
~
this small Tz is
the result of a n A1 S interaction between the electrons and protons in
the molecules adjacent to the
if ( W I - W S ) ~ T ,>~> 1 in (4.1.52), this
interaction leads to a marked decrease of T2. Temperature256and frequency265cz66
dependence studies confirm the existence of this interaction
in a number of ions. For manganous solutions near room temperature re is
the relaxation time of the electron on the ion; a t higher temperatures re is
the lifetime of a proton a t sites adjacent to the ion; the shorter time
determines T~ in (4.1.52).
I n general, each ion has water molecules of hydration; protons of sufficiently close molecules can experience a scalar interaction with tjhe
electrons of the ion; the principal motional mechanism of relaxation for
the protons in the hydration sphere is rotation of the ~ p h e r e . Z ~ ~ The
-*~’
principal mechanism for protons outside the sphere is molecular translational diffusion. Exchange between protons of the hydration sphere and
bulk liquid occurs fast enough to give an averaged environment described
by single TI and Tz values. The principal motion of protons near the
ion may actually be one of exchange rather than motion of the water
molecules. 258
4.1.5.2.3. MOLECULAR
ADSORPTION.
Relaxation time measurements of
nuclei in adsorbed molecules provide a very useful technique to study
surface phenomena. The molecular motion depends on surface coverage
and the interaction of adsorbed molecules with the adsorbate and with
each other. There is evidence of considerable random motion for protons
of adsorbed molecules ; Tz values encountered are intermediate between
R. L. Conger and P. W. Selwood, J . Chem. Phys. 20, 383 (1952).
R. Zimmerman, J . Chem. Phys. 22, 950 (1954).
954 N. Bloembergen, J. Chem. Phys. 27, 572 (1957).
266R. A. Bernheim, T. H. Brown, H. S. Gutowsky, and D. E. Woessner, J . Chem.
Phys. SO, 950 (1959).
2 6 6 L . 0. Morgan and A. W. Nolle, J . Chem. Phys. 31, 365 (1959).
267 S. Broersma, J . Chem. Phys. 24, 659 (1956).
268 A. L. Rivkind, Proc. Acad. Sci. U.S.S.R. Sect. Phys. (English Translation) 112,
263 J.

239 (1957).
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those for the liquid and solid lattices. The proton resonance for hygroscopic biological materials26’J~Z6’J
consists of a narrow line attributed to
protons of adsorbed water superimposed on a broad line from the solid
lattice protons; moisture analysis of these materials is possible by continuous broad line resonance methods.261For water adsorbed on highsurface systems such as al~mina,262,2~~
r ~ t i l e and
, ~ ~ silica
~
ge1,266--268
proton relaxation time values are in the ranges lop4 Tz 7 lov2 and
7 T I 7 loo seconds. For water adsorbed on silica gel, the protons
experience two different relaxation environments with two distinct Tz’s
of about 0.2 and 1.0 millisecond; exchange of protons betsween the two
types of adsorbing sites occurs.266The diffusion of hydrogen occluded in
palladium26galso leads to T:!values long compared with protons of a
solid lattice.
Nuclear relaxation in metals arises from
4.1.5.2.4. THESOLIDSTATE.*
both I S interactions with the conduction electrons’20 and nuclear
dipole-dipole contributions. Self-diffusion in metals introduces a contribution t o the T1 relaxation and increases the rigid lattice Tzvalue sometimes to the order of milliseconds, a value suitable for rf pulse techniques.
By separating out the dipole-dipole contribution to relaxation, self-diffusion coefficients can be determined ; the activation energy of self-diff usion
can be obtained from relaxation time versus temperature measurements,
e.g., in the alkali metals2’* and a l ~ m i n u m . ~The
” diffusion contribution
Special sample preparations,
to T 1agrees with random walk models.246~246
including metal dispersion suspensions270and thin metal foils,271are used
to optimize the number of nuclei within the penetration depth of the
rf field.
Many molecular crystals have sufficient internal motion to increase Tz
appreciably from the rigid lattice value even a t temperatures well below
the melting point. Relaxation time measurements can yield information

:

* See also Vol. 6, B, Chapter 9.4.
T. M.Shaw and R. H. Elsken, J . Chem. Phys. 21, 565 (1953).
A. Odajima, J. Sohma, and S. Watanabe, J . Chem. Phys. 31,276 (1959).
2 6 1 T. M. Shaw and R. H. Elsken, J . AppZ. Phys. 26, 313 (1955).
262 T.W. Hickmott and P. W. Selwood, J. Phys. Chem. 60,452 (1956).
p63 H.Winkler, Kolloid-Z. 161, 127 (1958).
2 6 4 J. M. Mays and G. W. Brady, J. Chem. Phys. 26, 583 (1956).
2 6 6 . J . R. Zimmerman, B. G. Holmes, and J. A. Lasater, J. Phys. Chem. 60, 1157
(1956).
266 J. R. Zimmerman and W. E. Brittin, J. Phys. Chem. 61, 1328 (1957).
u 7 J . R.Zimmerman and J. A. Lasater, J . Phys. Chem. 62, 1157 (1958).
ZE8 D.E.O’ReilIy, H. P. Leftin, and W. K. Hall, J . Chem. Phys. 29, 970 (1958).
269 R.E.Norberg, Phys. Rev. 86, 745 (1952).
270 D.F.Holcomb and R. E. Norberg, Phys. Rev. 98,1074 (1955).
271 J. J. Spokas and C. P. Slichter, Phys. Rev. 113, 1462 (1959).
269
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on motional type, frequency, and energy b a r r i e r ~ . ~ Abrupt
~ ~ , 2 ~changes
~
in relaxation times as functions of temperature are usually associated with
changes in structure or molecular motion; for the molecule (CH3),CC12,
CHI reorientation is present a t low temperatures; molecular tumbling
occurs a t higher temperatures; and molecular diffusion may occur a t
even higher t e r n p e r a t u r e ~ Temperature
.~~~
dependence measurements are
especially informative for the motions which are random; then (4.1.106)
will describe the TI values. T1 has a minimum value a t core = 0.6158, and
when observed allows calculation of the absolute rate of motion. When
02rc2
<< 1, T I a l / r c ;with the reasonable assumption th a t re = n e E u i R T
for thermally activated motions,

TI

a e-EsIRT

(4.1.111)

where E, is the activation energy or effective barrier to the motion. Reorientation by quantum-mechanical tunnelingI09 does not obey (4.1.111)
a t low temperatures.
Some polymeric systems have sufficiently long Tz’s to be amenable to
pulsed rf methods; such systtems do not follow the simple theory of
T I measurements
(4.1.106). T e m p e r a t ~ r e ~and
’ ~ f r e q ~ e n c y 2dependence
~~
of the protons in polyisobutylene indicate the presence of multiple re's;
apparently there are two distinct internal motions differing in average
correlation time b y a factor of lo3, each motion involving a distribution
of 7,’s. The effects of multiple 7s: are to increase the TI minimum value
and broaden the T1 versus temperature curve about the minimum;2r6 a
system which has two distinct average correlation times, each derived
from a distribution of correlation times, can yield two distinct Tz’s but
not necessarily two resolvable TI’S. The proton relaxation behavior of
natural rubber is still different from that of polyisobutylene; a plot of
T I versus temperature gives a narrower curve about the T l minimum than
predicted by (4.1.106) and (4.1.111); a possibility of cooperative motions
exists. 2 7 7
4.1 5 3 . Multiphase Relaxation. Magnetic dipole interactions between
nuclei result in energy transitions in which there is simultaneous flipping
of both parallel and antiparallel spin pairs. For two nuclei there is a
2 7 2 E. 0. Stejskal, D. E. Woessner, T. C. Farrar, and H. S. Gutowsky, J. Chem. Phgs.
S1, 55 (1959).
z73 S. Linder, J. Chem. Phys. 26, 900 (1957).
w4 J. G. Powles and K. Luseczynski, Physica 26, 455 (1959).
2 7 6 A. W. Nolle and J. J. Billings, J. Chem. Phys. SO, 84 (1959).
D. W. McCall, D. C. Douglass, and E. W. Anderson, J . Chem. Phys. 30, 1272
(1959).
277 H. S. Gutowsky, A. Saika, M. Takeda, and D. E. Woessner, J . Chem. Phys. 27,
534 (1957).
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general dependence of the Tl value of one on the T1 value of the other if
the nuclei have either ym Z ynlD4or ym = y n but TIm# T1n; in both
situations the spin-lattice relaxation for each nucleus is a sum of two
exponential decays. Since any energy level transition of a nucleus results
in precession phase incoherence, the corresponding T2’s are simple exponential decays. An example of the mutual spin-flip effect on T1 occurs for
protons in solid paradichlorobenzene ; the chlorine TI = 20 milliseconds
while the proton T1 is several hours;278 if the proton and chlorine resonance frequencies are made to coincide so that mutual spin-flipping can
occur, the proton T1 is shortened by several orders of magnitude. Crossrelaxation by mutual spin-flipping has been considered in
Similar relaxation phenomena occur when exchange occurs between
like nuclei which occupy nonequivalent relaxation sites but have identical
resonance frequencies. A general stochastic theory of relaxation for a system of nonequivalent sites has been presented266which is valid for both
TI and Tz relaxation if the exchange processes do not effect energy-level
transitions. If Q represents either the transverse ( M z u )or the longitudinal
( M o - M,) magnetization parameters, then for the special case of two
sites m and n, the Q’s obey the relations

d&m/dt = -(Cm
d&n/dt = -(Cn

+ 1/Tm)Qm + CnQn
+ 1/Tn)Qn + CmQm

(4.1.112)

where Cmand C, are the reciprocals of the average lifetimes of a nucleus
in the two relaxation phases; Tmand Tn are the relaxation times (transverse or longitudinal). Expressions similar to (4.1.112) describe relaxation
for unlike nuclei with only mutual magnetic dipolar i n t e r a ~ t i 0 n s . lIn
~~
general if the flip rate of antiparallel spin pairs is much greater than the
parallel spin-flip rate, Tm and T, are the T1 values without antiparallel
spin-flip; and Cn and C, are the antiparallel spin-flip rates.27st2s0
The total response for like nuclei of the magnetization parameters observed in experiment is266
& ( t ) = QO(a+e-r+t

with

2 P&

=

(Cm

+ a-e-r-t)

+ Cn + 1/Tm + l/’Tn)
k { (Cm - Cn

and
=

(4.1.113)

+ 1/Tm - l/Tn)’ + 4CmCn)

1’2

5 ( P F - Pm/Tm - Pn/Tn)/(P+ - IL-)

where P , and P n are the fractions of nuclei in the phases.
278
279

D. E. Woessner and H. S. Gutowsky, J. Chem. Phys. 29, 804 (1958).
N. Bloembergen, S. Shapiro, P. S. Pershan, and J. 0. Artman, Phys. Rev. 114,

445 (1959).
280

R. T. Schumacher, Phys. Rev. 112, 837 (1958).
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When the exchange rates are very small (C, << l/T,, C n << l / T , ) with
T , < T,,the observed relaxation curve is of the form

&(t) =
For very rapid (C,

>> l/T,,

0 0 ( P,e--t/Tn

C,

+ P,e--r/T*}.

>> l/Tn)

&(t) =

(4. I. 1 14)

exchange,
(4.1.1 15)

&oe-t/TAv

+

with l/TAv = P,/T,
P,/T,. Although for a two-phase relaxation system, a two-component decay curve will be observed, the apparent populations and relaxation times measured from the curve will not generally

30t

1
"

c

e
0

r x lo3 S E C O N D S

FIQ.22. Longitudinal relaxation time plot illustrating single and multiple phase
relaxation for protons of water vapor adsorbed on silica gel.

be the inherent values. The apparent values depend on exchange rate in
a systematic fashion, and exchange studies may be evolved from temperature dependence measurements of the apparent populations and relaxation times. For T , < T,, if C , < 1 / T , and Cn > l/T,, the relaxation
curve can be resolved into two components; if C, > 1 / T , and C , > l/T,,,
resolution is usually impossible; from these conditions applied to both
TI and Tz measurements, accurate estimates of average lifetimes of a
nucleus in given relaxation phase are sometimes possible. An illustration
of multiphase relaxation in molecular adsorption is shown in Pig. 22.
4.1.5.4. Diffusion Measurements. Values of the molecular self-diffusion
D of liquids can be obtained from diffusion attenuated values of the echo
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amplitude which occur if (+)(-yG)2 >" l / T z [see (4.1.77)]. A gradient
G = aHo/ax of very essential uniformity over the sample can be obtained from a Helmholtz arrangement with the separate coils having
opposing fields;131the shape of the echo from a 90"-180" pulse sequence
a J l ( z ) / x with
for a cylindrical sample of diameter a is Vecho(t)

x

=

(;)~Ga(t 27)

where Jl(z) is the first-order Bessel function. The gradient can be evaluated from G = 15.328/ay At, where At is the time separation between the
first minima of the echo. From (4.1.77) and (4.1.105) the ratio
Vieoho(2T)Q~o/Vecbo(2T)G=.O

=

w.

exp[ - ($)'Y2G2

(4.1.116)

A plot of the logarithm of this ratio will yield accurate values of D in
~*
and temperature dependence
the range 10-7 to 10-4 c m 2 / ~ e c ; ~pressure
measurements have been made for liquids including water, hydrocarbons,
and polymers. 138,281--283
4.1.5.5. Quantitative Analysis. From (4.1.26) and (4.1.106) the free
decay amplitude V,(O) for a single 90" pulse is given by

Vi(0)

=

Nal~[~Ho/kT

with V,(O) independent of T Z H T, 1 ,and T2. The density of nuclei can be
determined by introducing into the receiver pickup coil sufficient external
rf energy a t w = THO to give signal amplitudes equal to successive free decay signals from unknown and reference samples; then No. = No,(A,/A,)
independent of receiver and sample characteristics, where A is the external signal amplitude.
4.1.5.6. Apparatus Requirements. The minimum electronic apparatus
requirements for T I , T 2measurements by pulsed rf techniques are largely
determined by the line width ( = l / T z * ) of the resonance. Excellent det a simple schematic of the
scriptions of circuits are available;*30~13Q~2s4-288
basic components are shown in Fig. 23. A dc pulser controls the duration
t, and the timing of the H1 pulses delivered from the transmitter to the
nuclear excitation system; the transmitter is a high-power rf oscillator

t See also relevant chapters of Vol. 2.
G. B. Benedek and E. M. Purcell, J . Chenz. Phys. 22, 2003 (1954).
J. H. Simpson and H. Y. Cam, Phys. Rev. 111, 1201 (1958).
483 D.W.McCall, D. C. Douglass, and E. W. Anderson, Phys. Fluids 2, 1 (1959);
J . Chem. Phys. 30, 771 (1959);31, 1555 (1959).
284 M.Bloom, E. L. Hahn, and B. Herzog, Phys. Rev. 97,1699 (1955).
Za6 J. C. Buchta, H. S. Gutowsky, and D. E. Woessner, Rev. Sci. Instr. 29,55 (1958).
28E J. Schwartz, Rev. Sci. Instr. 28, 870 (1957).
287 K.Luszczynski and J. G. Powles, f. Sci. Insty. 36,57 (1959).
B. M. Banerjee, S. K. Ghosh, and A. K. Saha, Indian J . Phys. 31,211 (1957).
z81
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and associated rf amplifier; the nuclear excitation and signal pickup system includes a coil system which applies H I to the sample and which
receives the rf nuclear signal from the pickup coil; the receiver amplifies
and rectifies the rf nuclear signal from the pickup coil; the rectified output is displayed on the oscilloscope.
A pulse sequence in a spin-echo experiment may
4.1.5.6.1. THEPULSER.
contain one, two, or more pulses of equal H I amplitudes but of like or
unlike independent durations. The pulse generator is often a multivibrator triggered by a timing unit which determines the time intervals
between pulses and between pulse sequences. I n general the time between
consecutive sequences should be long compared to TI; except for special139
experiments, a time greater than 5T1 is usually desirable. Procedures for

I

WLSER

NUCLEAR^

,

OSCILLOSCOPE

FIG.23. Block diagram for a pulsed rf apparatus.

generating variable width pulses a t accurately timed intervals have been
described. 139,284,286
The output from a n rf transmitter can
4.1.5.6.2. THETRANSMITTER.
be phase coherent or noncoherent. Phase coherent means that the relative
phases of the rf in the pulses of a sequence are the same a s if the pulses
were sections of an infinite rf wave train. Transmitters which are gated
amplifiers driven by a continuously operating o s ~ i l l a t o rare
~ ~ ~ ~ ~ ~
phase coherent; in general, transmitters with pulsed self-excited oscill a t o r ~ 2 8 ~ * 2 are
* ~ , noncoherent.
2~~
The coherent system when used in conjunction with phase coherent detection in the receiverzn9improves reception of signals near noise level; controlled phase shift between pulses
in a sequence is possible;’32for a general two pulse system described by
)
Vecho(t)
will fluctuate from
(4.1.103)-(4.1.105),the first term of V 2 ( t and
sequence to sequence except for special conditions if the system is noncoherent; this effect does not occur in a phase coherent system.
The requirements on the transmitter power are set b y the angle
e = -yHlt, through which Mo must be rotated; since the duration of the
pulse t, must be small compared to the shortest relaxation time, H I must
be a t least large enough so that -yH1 > 1/T2* and preferably yH1>>
1/T2*; peak power outputs of the order of 100 watts are usually sufficient. Requirements for the transient response of the transmitter are
2*9

J . J. Spokas and C. P. Richter, Phys. Rev. 113, 1462 (1959).
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largely determined by 1/T2*; in order to have a free precession signal
following a n rf pulse, it is necessary that the trailing edge amplitude of
the pulse decrease to a value small compared t o the nuclear signal amplitude in a time << Tz*.
4.1.5.6.3. THENUCLEAR
EXCITATION
SYSTEM.The rf coil which applies
the HI pulse to the sample is part of a tuned LC circuit; the geometry of
this coil must satisfy the homogeneity condition ?(AH1)112 << l/Tz*;
otherwise, adjustment to a nuclear signal null immediately following a
180' pulse is not possible. The quality factor Q of the tuned circuit
determines the magnitude of H1 and the transient response; for a given
transmitter power dissipation in this circuit, H 1 a Q112;the time constant of transient voltage or current in a simple LCR circuit is t, = Q / w
seconds. Since an rf pulse will flip nuclei unless yH1 << l/Tz*, a pulse of

FIG.24. Schematic of transmitter and receiver coupling to tuned circuit sample probe.

magnitude -yH1 = 10/Tz* must decay by a factor
= 100 before the
pulse is ended; for a coil of Q = 100 a t 30 megacycles, the decay time
required is about 2.5 microseconds. The decay time of H I is, of course,
controlled by the t,ransient response of both transmitter network and
excitation coil.
4.1.5.6.4. THEPICKUP
COIL.The coil which picks u p the nuclear signal
is usually part of a tuned circuit; hence, for optimum sensitivity a high
Q is desirable if Q / w < Tz* and if there is negligible coupling between
the input of the excitation system and the output of the pickup system.
The simplest system (Fig. 24) is a tuned LC circuit286coupled to both
transmitter and receiver ; the voltage established during the pulse must
decay by
=
in a time short compared to T2*; for a coil system
with t, = 0.54 microsecond, the response time is about 7.5 microseconds.
Even if the output voltage pulse is reduced by a factor of 100 by means
of a symmetrical bridge or orthogonal coil system, the response time is
still 5 microseconds; with a voltage sensitivity penalty of only one-third,
e-'ltC

e-"ltC
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a lower Q coil can accomplish the same result. Other advantages of the
simple LC circuit include construction, tuning adjustments, and cryogeny
versatility; although a symmetrical bridge can have these advantages,
an accurate bridge balance is difficult to achieve unless the symmetrical
coils are in equivalent environments. Receiver saturat,ion does occur in
the single LC circuit; however, a well-designed receiver can recover
quickly from a n intense pulse.
Both bridge" and orthogonal coi16~139~z90--293
systems do protect the
receiver from a major portion of the pulse energy; limitations to balancing arise since the energy in a pulse extends over a wide range of
frequencies; the balance of a nonsymmetric bridge is very frequencysensitive while an ideal symmetric bridge is not sensitive to frequency
distributions. For optimum sensitivity, orthogonal coils offer the advantage that the exciting coil can be 1ow-Q and the pickup coil high-Q; this
arrangement is a distinct advantage for small signals and short Tz* values
if the coupling voltage to the pickup coil can be made comparable to or
less than the nuclear induction signal.
The receiver usually consists of an rf ampli4.1.5.6.5. THERECEIVER.
fier with a voltage gain of lo6 plus a diode detector and cathode follower
output. Transient response is very important; critical time constants,
including receiver overload recovery and interstage coupling and gain
control networks, must be small compared to Tz*; the amplifier bandl/Tz*.
width B in cycles per second must satisfy the condition B
Receiver output voltages must be large enough to insure linear operation
of the detector unless the output can be calibrated; a linear detector
which covers a wide dynamic voltage range is difficult to construct. With
phase coherent detection, operation in the linear range is possible even
with weak signals by adding to the nuclear signal a t the detector a con; output voltage may be
tinuous in-phase signal of frequency w = T H O the
0
this device is gated so
read from a meter by using a b 0 x car~ ~integrator;
that the output voltage can be measured for any time along the pulse
sequence ; the signal-to-noise ratio can be improved by repeating the pulse
sequence; full exploitation of this signal integrating property for near
noise level signals requires that both transmitter and receiver detector be
phase-coherent.
The free decay signal following a 90" pulse is
4.1.5.6.6. STABILITY.
insensitive to first-order variations in HI, t,, w , and H o . The null con-

>=

E.Weaver, Phys. Rev. 89,923 (1953).
G. Chiarotti, G. Cristiani, L. Giulotto, and G. Lanzi, Nuovo cimento [9] 12, 519

29oH.
191

(1954).
2**

E.A. Richards, G. Phillips, and W. K. Campe, J . Sci. Instr. 33, 260 (1956).

299

R. J. Blume, Phys. Rev. 109, 1867 (1958).
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dition for the signal amplitude following a 180' pulse is very sensitive to
HI, t,,, w , and H o variations and affords a convenient method for accurate
adjustments of these parameters. The effects of off-resonance on spin echo
amplitudes have been studied;294i296variations in w (or Ha) should be kept
small compared to -yH1 (or HI). Since the basic oscillator of a coherent
rf system can be crystal controlled, the optimum frequency stability of a
coherent system greatly exceeds that for an incoherent system. The stability of rf balance in either the bridge or crossed-coil systems is extremely
sensitive t o mechanical stability and geometry of the sample coil; hence,
the single tuned circuit system is usually employed in cryogenic
systems.298

4.1.6. The Broadline Continuous rf Spectrometer
The maximum signal amplitudes t o be expected from the pulsed or
transient method [see Eq. (4.1.77)] are lVmx[= Mo and are independent
of T Iand T2*; however, because of transient response characteristics of
the apparatus, measurements are limited to values of T2 7 10 psec. From
(4.1.58) and (4.1.61) the maximum U and V signal amplitudes attainable
under steady-state conditions are equal and are directly proportional to
( Tz*/T1)Mo. I n high-resolution spectroscopy, studies are confined to
highly mobile liquids where, in general, the relaxation times are of the
order of seconds and TI = T2; with the high homogeneity magnets, T2 is
greater than but still usually of the order of Tz*. Likewise, for proton
resonances in paramagnetic aqueous systems, the line widths (= 1/T2*)
may be large but with TI tending toward Tz* when T2tends toward T2*.
In either of these general systems, steady-state conditions for optimum
signal amplitudes tend t o exist. Except for special cases of unusual freedom for molecular or ionic motion, solids are usually characterized by
very long TI values (71sec) and very short T2 values (71psec). Since
even under optimum conditions with (T2*/TI) = 1 the magnitude of the
nuclear signal is usually of the order of a millivolt or less, it is evident
that the steady-state nuclear signal amplitudes for solids are often within
the noise level of any amplifier used to detect the signals; hence the conventional means of rf amplification and dc detection for visual and
recorder display used in high-resolution work is often inadequate.
4.1.6.1. The Phase-Sensitive Amplifier-Detector.? The so-called lock-in
amplifier7J24~297-299
or phase-sensitive amplifier-detector and other band

t See also Vol. 2, Chapter 9.4.
H. Pfeifer, Ann. Physik [6] 17, 23 (1955).
T. Ghose, S. K. Ghosh, and D. K. Roy, J . Phys. SOC.Japan 12, 816 (1957).
2 g 6 E. R. Andrew and R. G. Eades, Proc. Roy. SOC.
A216,398 (1953).
297 R. H. Dicke, Rev. Sci. Inst. 17, 268 (1946).
298N. A. Schuster, Rev. Sci. Znst. 22, 254 (1951).
*Q8 H. L. Cox, Rev. Sci. Inst. 24, 307 (1953).
2Q4
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narrowing t e c h n i q u e ~ 3are
~ ~ usually employed in broad-line work to
achieve a n extremely narrow bandwidth which does not drift from the
desired detection frequency; by bandwidth narrowing a proportionately
smaller amount of noise power is passed through the detection system.
If the signal t o be detected is made periodic by modulating the magnetic field in a manner* such th at a portion of a resonance is traversed
periodically with frequency v, the detected signal will have a periodicity
of l / v m and can be constructed from a Fourier series, the components of
which are sine waves with various amplitudes and with frequencies which
are integral multiples of Y,,,. Any circuit which can effectively multiply
this complex waveform by a reference sine wave of frequency v, and take
a long time average of the product will extract the amplitude of the
fundamental of the complex wave. It is necessary to adjust the phase of
the reference sine wave to be in phase with the fundamental in order that
a true maximum value be obtained for the fundamental amplitude. Any
noise components of frequency v m in phase with the reference sine wave
will be measured best by making the integration time of the circuit
longer; the band of frequencies about v, which are measured will be
narrowed; thus if white noise is assumed, the detected noise will be directly
proportional t o the bandwidth of the integrator. An integrator or filter
with a time constant of 10 seconds will admit noise contained within a
frequency band = 0.1 cps. The time required to display the derivative
of a complete resonance will increase directly with the integrator time
constant.
A slightly different detection system301samples the signal plus noise
repeatedly a t brief time intervals, and the resultant sampling is averaged
electronically. Since the noise has a random nature, the average value of
sampled noise tends to zero as the average value of the signal approaches
its true value if the sampling interval corresponds to the signal period.
The sampling interval actually recurs a t a frequency only slightly different from v, moves slowly through different points of the modulation
period, and traces through a complete resonance if the modulation amplitude exceeds the resonance width. The output of this system displays
the resonance absorption shape rather than its derivative.
For any detection system the effects of both detector nonlinearity and
the field modulation amplitude must be e v a l ~ a t e d since
~ ~ *either
~ ~ ~ can
~
alter the shape of the recorded resonance.

* Excellent

discussions of the influence of the modulation frequency v m of Aw =

(rH - w) and the equivalent magnetic field, frequency, and phase modulation modes
are available.'*
8 0 0 C. Manus and G. Bene, Arch. sci. (Geneva) 3, 20 (1950).
301 R. L. Conger, Rev. Sci. I n s t . 26, 52 (1954).
302 M. M. Perlman and M. Bloom, Phys. Rev. 88, 1290 (1953).
303E. R. Andrew, Phys. Rev. 91, 425 (1953).
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4.1.6.2. Sensitivity Comparisons of Broadline and Transient Methods.
From (4.1.77) and (4.1.61) the ratio of maximum nuclear signals available from transient and steady-state methods for further amplification
= 2T1/T2* with T1 > Tz*. However,
and detection is Vtrsnsient/Vsteadystate
the ultimate sensitivity of either method is measured by its signal-to-noise
power output. The ratio p of signal-to-noise ratios for the pulsed forced
precession and steady-state modulation methods is given by127
P = [(PSI,/ (Pe)m][(Pn>m/(Pn)p]
= 16(T I /Tz*)(Bm/Bp) (4.1.117)

where (PSIpand ( P , ) , are the signal powers available in the pulsed and
modulation methods, respectively; (P,), and (P,), are the noise powers;
B , and B, are the respective bandwidths in the two systems. In the forced
precession method the bandwidth B,(optimum) = rH1/4, where rH1 is
the angular nutational frequency; and
p(forced precession/steady state) = 32(Tl/Tz*)(B,/yH1). (4.1.118)
Improvements in sensitivity of the forced precession method is possible
by using after detection a narrow band amplifier tuned to the nutational
frequency rH1/21r. In the case of the pulsed free precession'32 method,
B , 7 l/Tz* (see Section 4.1.5.7); and
p(free precession/steady state) = 32 T I B m .

(4.1.119)

A distinct advantage in the free precession method is that any noise
associated with the transmitter is absent since the rf field is off during
measurements. The practical sensitivity of the free precession method is
often greater than the forced precession method.
From (4.1.118) and (4.1.119) any sensitivity advantage for the steadystate method should increase with decreasing TI; however, the sensitivity
of the pulsed methods should also improve with shorter T1 since the repetition rate of pulse cycles can be increased and will permit a visual integration of noiselZ7(see Section 4.1.5.6.5). From (4.1.119) rather stringent
requirements are placed on the bandwidth of the steady-state system to
equal the signal-to-noise ratio of the free precession method when T l =
1 sec; however, for very short Tz's like those in solids, the transient
response characteristics of a pulse apparatus set practical limits of T z 5
10 psec; also for Tz*
T1 like in liquids in high resolution, a serious
problem of taking full advantage of the relatively long-life transients
emerges in the design of a narrow bandwidth receiver for the pulse apparatus. These arguments of comparison must be treated a t best as qualitative ones. I n general, however, it is evident that the steady-state method
must incorporate a narrow bandwidth amplifier t o have a sensitivity
comparable to the transient methods.

4.2. Electron Spin Resonance*

1

4.2.1. Introduction
The earliest radio-frequency magnetic resonance experiments were
those carried out by Rabi in the use of the molecular beam experiment
for the accurate determination of nuclear magnetic moments. The
application of resonance methods to nuclei was later made by Purcell,
Torrey, and Pound and by Bloch, Hansen, and Packard in the now
famous nuclear magnetic resonance experiments. ,Just as nuclei, electrons
also have charge, mass, angular momentum, and magnetic moment. In
addition to the intrinsic magnetic moment associated with its spin, the
electron also has a magnetic moment arising from its orbital motion. Thus
the electron, in contrast with the nucleus, has a total magnetic moment
made up of the spin and orbital magnetic moments. Even so, the basic
principles of electron spin resonance (hereafter denoted ESR) are analogous to those applied in the description of the nuclear magnetic resonance
experiment.
Two facts account for the great importance of ESR spectroscopy as a
research tool: (1) its ability to detect minute quantities of paramagnetic
material; and (2) the interaction between electron and nuclear magnetic
moments which makes possible the detailed study of many properties of
the material being examined. For example, by studying the hyperfine
structure resulting from nuclear interactions, it is possible to use ESR to
determine such quantities as electron densities within molecules, nuclear
spins, and nuclear magnetic moments.
It should be emphasized at the outset, however, that not all matter
can be studied by using this technique. There must be associated with the
atom or molecule being studied a resultant electronic magnetic moment;
that is, the material must be paramagnetic. Fortunately, paramagnetism
is exhibited by a vast range of matter: atoms, “odd” molecules ( 0 2 , NO,
NOz, CIOz), free radicals, biradicals, ions with partially filled electron
shells (transition group, rare earth, and actinide ions), metals and semiconductors having unfilled conduction bands, impurities in semiconductors, material having color centers or having been damaged by
radiation, and compounds undergoing chemical reactions, including
polymerization and biological processes. The first experiment interpreted
as the absorption of radio-frequency energy during ESR was that

t See also Vol. 2, Chapter 9.7 and Vol. 6, B, Section

* Chapter 4.2 is by

Roy S. Anderson.
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reported in 1945 by Zavoisky’ in the U.S.S.R., followed independently
by Cummerow and Halliday2 in the United States. These workers studied
the very broad resonance observed in CuC12-2H20and characteristic of
powdered samples. The first hyperfine structure experiments were conwith diamagnetic
ducted by Penrose,a who diluted Cu(NH4)2(S04)2.6H20
Mg(NHd)z(S04) 2.6H20. By reducing the electron spin-spin interaction
between copper ions, the line width was so reduced that a quartet, characteristic of the nuclear spin of Cu, I = was resolved. (Ferromagnetic
resonance has also been observed and, while really a special case of ESR
involving essentially identical experimental techniques, the present
treatment will be confined entirely to paramagnetic substances.) Several
In addition, while not review
review papers on ESR are now
papers, the published proceedings of conferences, also contain a wide
variety of information. l 2 - I 4
4.2.1 .l. Quantum-Mechanical Description. A particle having a magnetic moment u, when placed in a magnetic field H, will interact with the
field with an energy of interaction W , given by

+

W

=

-u.H

which is a minimum when u is parallel with
moment may be represented by
=

rJ

=

(4.2.1)

H.The electronic magnetic

sPJ

where the constants are the magneto-mechanical ratio, y

(4.2.2)
= e/2mc,

the

E. Zavoisky, J . Phys. U.S.S.R. 9,211,245, 447 (1945).
R. L. Cummerow and D. Halliday, Phys. Rev. 70, 433 (1946).
R. P. Penrose, Nature 163, 992 (1949).
* B. Bleaney and K. W. H. Stevens, Repts. Progr. in Phys. 16, 108 (1953).
K.D.Bowers and J. Owen, Repts. Progr. in Phys. 18, 304 (1955).
6 J E.Wertz, Chem. Rev. 66,529 (1955).
7 D.J. E. Ingram, “Spectroscopy a t Radio and Microwave Frequencies.” Academic
Press, New York, 1955.
8 D. M. S. Bagguley and J. Owen, Repts. Progr. in Phys. 20, 304 (1957).
* D.J. E. Ingram, “Free Radicals as Studied by Electron Spin Resonance.’, Academic Press, New York, 1958.
l o J. W. Orton, Repts. Progr. in Phys. 22, 204 (1959).
11 W.Low, “Paramagnetic Resonance in Solids.” Academic Press, New York, 1960.
12 International conference on spectroscopy at radio-frequencies. Physica 17
(March-April, 1961).
l a Microwave and radio-frequency spectroscopy. Discussions Faraday SOC.No. 19
(1955).
l4 Nuouo cimento [lo]6, Suppl. No. 3 (1957).
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Bohr magneton, P = ek/2mc, and the spectroscopic splitting factor,
(4.2.3)

where J, L, and S are, respectively, the total, orbital, and spin angular
momentum quantum numbers. Letting the direction of the applied
magnetic field define the z direction, the elementary theory of the Zeeman
effect requires that the resultant energy levels be represented by

w = gPmJH

(4.2.4)

where the electronic magnetic quantum number mJ = J , J - 1, . . . ,
-J
1, - J, which results in a splitting of the electronic energy level
1 component levels. Selection rules will be considered in Secinto 2J
tion 4.2.1.2.2.4.
Comment should be made on two aspects of the notation here introduced. First, by convention the symbol H is used to denote external
magnetic field intensity. To be strictly correct the symbol B should be
used t o indicate the magnetic flux density. I n spite of this incorrect use
of symbol, the magnetic field strength is correctly expressed in the unit,
gauss. Secondly, the definition given in Eq. (4.2.3) for the spectroscopic
splitting factor applies only to the case of a free atom. The most common
case observed for ESR is that in which the orbital angular moment)um is
either partially or completely quenched. For the case of complete quenching (S-type behavior), g = 2.00232. As a practical matter, the degree of
orbital quenching for a given paramagnetic site depends upon its environment, since there may occur internal crystalline field Stark effects,
variable spin-orbit couplings, or hyperfine structure effects, or the energy
levels may be nonlinear with H . Thus g is a function of H and has little
physical significance. Because of this fact it is frequently necessary to
make ESR observations a t two or more different frequencies.
4.2.1.2. Quantum-Mechanical Formulation. 4.2.1.2.1. THE HAMILTONIAN.
Quantum-mechanical treatment of ESR requires the formulation
of a Hamiltonian. The Hamiltonian usually considers only those forms
of interaction relating to electrons outside closed ionic shells. It may be
expressed symbolically by

+

X =

+

%Coulomb

++

+

X s t n r k oryatalline

Xsleotron-nucleus (magnetic)
%exchange

+
+

Xepin-orbit

+

%electron-nucleua

Xspin-spin

+
+

(eleetrostntlc)

Xelectran-msgnPtic

%nucleus-mngnetio

(4.2.5)

These terms for the free ion have been listed in order of decreasing magnitude. (1) The Coulomb interaction is concerned with the interaction of
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the electrons with one another and with nuclei (lo6 cm-l). (2) The Stark
effect produced by the crystalline field varies considerably both for the
crystal lattice and the ion. The energy levels of unpaired electron spins in
transition elements are greatly perturbed by crystalline electrostatic
fields. Thus, for iron group salts, where electrons of the 3d shell are
exposed to the crystalline electric field produced by the neighboring ions,
the Stark effect so produced removes for each L the degeneracies asso1 sublevels. Very large splittings, even without
ciated with the 2L
magnetic field as much as lo4 cm-l, have strong influence on the allowed
transitions in the presence of a magnetic field. By way of contrast, however, for the salts of rare earth and actinide ions, whose unfilled 4.f and 5.f
shells, respectively, lie shielded by a closed shell of external electrons, the
Stark effect splittings are small. (3) Magnetic dipole-dipole coupling
between the electron spins and their orbits may also be large (lo2 to
lo3cm-1).
The foregoing terms, except the Stark crystalline field term in some
cases, are all of too high energies to be observable a t microwave frequencies. The remaining terms in the Hamiltonian are the most significant
to the ESR experiment. (4) The electron-magnetic term refers to the
interaction of the electron with the applied external magnetic field
(1 cm-l = lo4 gauss). ( 5 ) Magnetic dipolar couplings between electron
spins are reduced by two to three orders of magnitude from the spin-orbit
case (1 cm-' = lo4 gauss). (6) The magnetic dipole-dipole coupling between the electron and nuclear spin magnetic moments is an important
contribution to the observed hyperfine structure on electron resonance
~ ' ~the
~ anisolines.l5,l6This consists of the Fermi contact or i s o t r ~ p i c land
tropic hyperfine interaction terms (10-3 - 10-1 cm-1 = 10 - lo3gauss).
(7) The electrostatic interaction between the electrons and the nucleus
occurs in the form of nuclear quadrupole (or higher) interactlions

+

cm-l

=

10 gauss).

(8) The magnetic moment of the nucleus may itself interact directly
with the applied external magnetic field. This interaction is very small
em-' = 1 gauss)." (9) Exchange effects between two electrons are
generally evidenced only in their effects on line shapes and widths. Six
types of exchange interactions have been formulated. l a
The Hamiltonian and its terms are complex. Detailed treatment of this
subject is outside the scope of this discussion and is available el~ewhere.~
E. Fermi, 2.Physik 60, 320 (1930).
E. Fermi and E. Segre, 2.Physik 82, 729 (1933).
l7 F. Bloch, Phys. Rev. 70, 460 (1946).
C. Zener and R. R. Heikes, Revs. Modern Phys. 26, 191 (1953).
l6
l6
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4.2.1.2.2. ENERGY
LEVELS.In Eq. (4.2.4) it is seen that a n atom in a
1 energy levels, the Zeeman sublevels. This
magnetic field has 2J
simple picture becomes much more complicated, however, in the case of
ions in crystalline material. The crystalline electric field produces a splitting of the energy levels, resulting in fine structure.
4.2.1.2.2.1. Fine Structure. In general, an ion with orbital quantum
number L, when subjected to crystalline electrostatic fields, will undergo
a Stark splitting of the orbital levels int,o 2L
1 levels. These crystalline
fields may be very strong, so that the separation between energy levels
may be far greater than that produced by magnetic fields.
However, even in the case of orbital singlet states crystalline field splitting may occur. If the normal splitting between the orbital singlet ground
state and the next higher level is of the order of lo3cm-I or more, only the
ground state will be significantly populated, even a t room temperature.
Since the crystalline electrostatic field cannot directly interact with the
spin, the spin degeneracy of the ground state remains. However, indirectly it is possible for the cryst)allinefield to resolve the spin degeneracy.
Through spin-orbit coupling (if S 2 1) there may result a zero field
splitting, in which the degeneracy is resolved even in the absence of a n
external magnetic field. This second-order interact)ion with crystalline
field essentially occurs because of a deformation of the spherically symmetric electronic charge distribution of the free ion. Certain restrictions
exist, however. If the system has an odd number of electrons, even in the
presence of the crystalline electric field there always exists a two-fold
degeneracy for each orbital state. This is known as the Kramer’s decan always be observed, a t least in principle, for a
g e n e r a ~ y . ’ESR
~
Kramer’s doublet.
While, in principle, it would be possible to determine these zero field
splittings by systematic search through a wide range of frequencies, it is
much more realistic experimentally to apply a magnetic field of variable
magnitude, maintaining frequency constant. I n the presence of zero field
splitting, the spin levels may cross, so that, with a series of resonance
lines resulting from transitions between these levels, there may be obtained
a g value from the center of the pattern. This g value will in general not
be 2.
I n the case of a paramagnetic molecule there may exist a n additional
effect which removes the orbital degeneracy of the ground state, even in
the absence of crystalline fields. This is the Jahn-Teller effect,20b21by
which any system which has degeneracy in its lowest state will spon-

+

+

H. A. Kramers, Koninkl. Ned. Akad. Wetenschap. Pror. 33, 959 (1930).
H. A. Jahn and E. Teller, Proc. Roy. SOC.A161, 220 (1937).
z1 H. A. Jahn, Proc. Roy. SOC.A164, 117 (1938).
l9
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taneously distort in such a way as to remove as much degeneracy as
possible. Thus, while highly symmetrical molecules may yet possess this
degeneracy, nonlinear molecules will so distort that their energy is
lowered. Typical of this situation are free radicals in which there is
observed no orbital contribution to the magnetic moment.
4.2.1.2.2.2. HyperJine Structure. If the nucleus of the atom or ion
responsible for paramagnetism has a spin, it will also have a magnetic
moment. Hyperfine structure is produced by the magnetic dipole-dipole
interaction between the electron and the nucleus. For a nuclear spin I, in
the presence of strong external magnetic fields, the electron spin transi1 lines with essentially equal spacing and
tions are split into 21
intensity. These result from the quantization of the nuclear magnetic
moment into 21
1 different orientations along the field direction,
the external magnetic field then being aided or opposed by the field
from the nucleus. Each projection is designated by the nuclear magnetic
1, - I . (In
quantum number M I , having values I , I - 1, . . . , - I
the case where more than one identical nucleus interacts equally with the
electron, the total spin 1 of all such equivalent nuclei is used, although the
magnitude of the total magnetic moment will depend upon orientation.)
For nuclei having spins I > _ 1 there may also exist an electrostatic
interaction between the quadrupole moment of the nucleus and the
gradient of the electric field at the nucleus. The effect of this quadrupole
interaction is to shift the energy of all hyperfine levels by an amount
proportional to Mr2. Thus all hyperfine levels having the same nuclear
magnetic quantum number magnitude, (Mrl,will be shifted by the same
amount. While quadrupole interactions have been observed,22their effect
is generally too small to be detected.
4.2.1.2.2.3. T h e S p i n Hamiltonian and EnergyLevel Diagrams. The material just discussed may be summarized by writing the spin Hamiltonian :4

+

+

+

~ = P H . ~ . S + S . D . S + S . T . I + I . P . I - ~ ~ P N (4.2.6)
I'H
where g, D , T , and P are all tensors. Assuming tetragonal or trigonal
crystalline fields and that the magnetic field is directed along the axis of
symmetry of the crystal, it is possible t o express the spin Hamiltonian in a
convenient form :

x = P[SIIHS=

+

+

+

+

S,(HzSz
H,S,1]
D[Ssz- S(X 1)/3] AIL&
1)/3] - grarvl * H. (4.2.7)
B ( 1 S z I#&,) P [ M r 2- I ( I

+

+

The terms involving H and S represent the interaction of the electronic
magnetic moment with the applied magnetic field. These terms are
generally anisotropic. The term involving D expresses the zero field
D. J. E. Ingram, Proc. Phys. Soc. (London) A62, 664 (1949).
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splitting in the absence of nuclear interaction and results from the secondorder effects of crystalline field exerted through the spin-orbit coupling.
The fine structure is characterized by these terms. The terms involving
I and S express the magnetic dipole-dipole interactions between the
electron and the nuclei and are also anisotropic. The hyperfine structure
is expressed by these terms. P is the quadrupole interaction constant,
which is similarly anisotropic. The final term expresses the direct interaction between the magnetic field and the magnetic moment of the
nucleus, The constants 0 and PN represent the Bohr and nuclear magnetons, respectively. The constants gll and gL are g values measured when
the magnetic field is parallel and perpendicular, respectively, to the
crystalline field axis. A and B measure the hyperfine splitting parallel and
perpendicular, respectively, to the crystalline field axis.
Equation (4.2.7) represents the simplest case which can be observed
experimentally. If the angle between the applied magnetic field and the
crystalline axis is not zero, as postulated for this result, the spin Hamiltonian becomes considerably more complicated. The effect of angular
variation on the energy levels and allowed transitions has been studied in
detail by Bleane~.2~
In addition to the first-order interactions considered
here, Bleaney has also taken into account second-order effects. The secondorder magnetic terms produce a slight successive change in the hyperfine
interval. The first-order Hamiltonian given in Eq. (4.2.7) strictly applies
only to the case where the external magnetic field is much greater than the
field at the electron produced by the nucleus. When these fields are of the
same order of magnitude, as is the usual case experimentally, each hyperfine level will contain an admixture of different states M I , giving rise to a
variable hyperfine interval. This effect is commonly observed when using
fields of the order of 3000 gauss (3 cm wavelength), but is much less
noticeable at 8000 gauss (1 crn wavelength). It is distinct from the small
shifts in energy levels produced by the quadrupole interaction mentioned
in Section 4.2.1.2.2.2. This second-order effect produces a progressive
increase or decrease in hyperfine interval, whereas the nuclear quadrupole
effect is greatest at the ends of the spectral pattern, since it is proportional
to MI'.
4.2.1.2.2.4. Selection Rules. With the very high magnetic fields generally
employed in ESR experiments, the only transitions of interest are those
resulting in reorientation of the electron spins. Thus the electron spin
magnetic quantum number M s , defined as the projection of the spin
quantum number S along the direction of the external magnetic field, is
the only quantum number of interest. For the usual case in which the
microwave magnetic field is polarized perpendicular to the external mag2s

B. Bleaney, Phil. Mag. [7] 42, 441 (1951).
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netic field, the appropriate selection rule is A M 8 = + I . (For the case
of the microwave magnetic field parallel with external field, the selection
rule is A M 8 = 0.)
The nuclear moment, which can align itself relative to a magnetic field,
is responsible for the observed hyperfine structure. The hyperfine interaction is independent of external magnetic field strength; the axis of
quantization for the nuclear magnetic moment is the direction at the
nucleus of the magnetic field produced by the unpaired electrons. This
field is as large as lo5gauss. Thus the nucleus will not change its orientation during transition of any single electron. The nuclear selection rule
is then A M 1 = 0.
Under certain circumstances it is possible for the selection rule AM1 = 0
to break down. This may occur in crystals when the direction of the
external magnetic field is not parallel with the gradient of the crystalline
field. In this case the nuclear spin may be quantized along either direction.
The effect is obviously most pronounced when the external field is perpendicular to the axis of crystalline field symmetry. Under these circumstances it is possible for the usually forbidden transitions AM1 = 1 and
i-2 to occur. Such transitions will be weaker, relative to the main hyperfine transitions A M r = 0, by the factor P z / A v , where P is the quadrupole
interaction constant and A v is the hyperfine interval.
4.2.1.2.2.5. Energy Level Diagrams. Having considered the interactions
of the electron with its environment, it is then possible to construct energy
level diagrams and indicate thereon the allowed transitions for the electron. Before doing this, however, it is instructive to consider the effect of
the crystalline field in removing orbital degeneracy. An excellent example
The total degeneracy
of this is the divalent copper ion, Cu2+,3d9, 2D5/2.
1)(2S I), for fivefold
of the ground electronic state is given by (2L
orbital and twofold spin degeneracy, or a total of tenfold degeneracy for
the free Cu2+ion. When this ion is subjected to a tetragonal crystalline
field, the orbital degeneracy is partially resolved. Finally, when spinorbit coupling is introduced, all of the orbital degeneracy is resolved.
The effect of the crystalline field on the energy levels is indicated in Fig.
1. The splitting between the orbital levels is on the order of lo4cm-'. Note
that, even though all of the orbital degeneracy has been removed,
Kramer's degeneracy applies since the ion has an odd number of electrons.
Thus each of the individual orbital levels will be twofold degenerate in
spin.
The application of an external magnetic field to the system will resolve
the twofold Kramer's degeneracy of the individual orbital levels. However, because the zero field splitting of the divalent copper orbital levels
is so very great, it is more useful to consider the simpler case of a n S-state

+

+
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ion having very small zero field splitting. A particularly simple case is
that of divalent manganese, Mn2+, 3d6, 6X6/2. In this case the free ion is
1 x 6-fold degenerate. I n the crystalline field there result three levels,
each being twofold spin degenerate. Figure 2 shows the energy levels for
this ion. When the magnetic field is applied the twofold spin degeneracy
is resolved, resulting in the sextet M s levels. Since the nuclear spin of the
MnS6is I = Q, each electronic level is split into six components. The
1
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FIG. 1. Splitting of 2 0 term in crystalline electric and strong magnetic fields.
Example: Cu2+(3dQ)
ion, having S = and I = 8 in CuKz(S04)~6H20.

+

interval between hyperfine components is given by the term, AMsMr.
Thus the separation between hyperfine components will be five times as
great in the case of the outer electronic levels as for the central levels.
Since the electronic spin magnetic quantum number - Ms,, corresponds
to the case in which the electron magnetic moment is parallel with the
external magnetic field, this represents the lowest energy for the electron
spin; hence the negative electronic magnetic quantum numbers will lie
lowest. Considering the nuclear magnetic quantum numbers associated
with the electronic levels, the nuclear levels +MI will lie lowest in energy.
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This results from the fact that the hyperfine coupling constant A is usually
positive, so that the hyperfine interaction term will be negative for the
case of - M S and +MI. I n Fig. 2 are indicated the allowed transitions,
given by the selection rules AMs = k 1 and AM1 = 0. In Fig. 3 is shown
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the ESR spectrum as observed with the six hyperfine groups being
resolved ~eparately.2~
While energy levels diagrams of the type shown in Fig. 2 are useful in
rendering certain interpretations, it is more helpful to plot the energy as a
function of applied magnetic field. The energy levels for a continuous
variation of magnetic field have been expressed by the Breit-Rabi
24

B. Bleaney and D. J. E. Ingram, Proc. Roy. SOC.A206, 336 (1951).
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~

F = l f &
= (9 -I- &v)PH/AE

+

gIBN

=

-gNP

and E = (a/2)(21 1) is the zero field splitting. A Breit-Rabi diagram
is given in Fig. 4, for the case of an atom with J = S = & and I = 8. The
[Mn , Z n l(NH4)z (SO4), 6H20 along oxis
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FIQ.3. Hyperfine structure in a transition group ion. Example: Mn2+; S = TI
Z = 8. [After B. Bleaney and D. J. E. Ingram, Proe. Roy. SOC.A206, 336 (1951).]

location in magnetic field of allowed transitions is determined from this
diagram by noting that the transition energy is given by a constant
g N and a are unknown and to
vertical distance hv. Since, in general, g
be determined experimentally, it is convenient to apply tJheselection rules
to Eq. (4.2.8) to obtain

+

26
2E

G. Breit and I. I. Rahi, Phys. Rev. 58, 2082 (1931).
J. E. Nafe and E. B. Nelson, Phys. Rev. 73, 718 (1948).
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Thus, in solving for g 4- g N the value for a must be known from some
other source.
I n summary, the resonance spectrum may be interpreted by the use
of the spin Hamiltonian and a Breit-Rabi diagram. In general, for strong
magnetic fields the resonance spectrum will be centered a t the magnetic
field H = hv/gp. For cases in which there is no orbital magnetic moment
MIMJ

Energy

independent of field

FIG.4. Breit-Rabi diagram of energy levels of an atom, having J =
in a, magnetic field.

and Z = .fz,

contribution this reduced t o H = v/2.80255 where v is in Mc and H is in
gauss. I n the case of a n anisotropic g, g2 = g1I2 cos2 0 gL2 sin2 8.
When fine structure is present because of contributions from terms of the
type D&2, the resonance spectrum will consist of 2 8 equally spaced lines
or groups of lines whose intensity is greatest for the central lines and least
for the outer lines. As seen from the Hamiltonian, this fine structure
separation varies as 3 cos2 e - 1. If hyperfine structure is present, the

+
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nuclear spin is readily determined from the fact that each electronic
1 equally spaced transition of equal
transition will be split into 2 1
intensity.
The constants in the Hamiltonian, Eq. (4.2.7), are obtained from the
spectrum only after the principal axes of anisotropy have been determined. This is usually achieved by rotation of the crystal about one or
two axes. The location of the spectral lines as a function of angle will
indicate a t which angles the principal axes are located. While g is always
positive, the signs of the other constants must always be determined from
second-order effects. I n some cases, therefore, it will be impossible t o make
a sign determination.
For those who wish detailed information on the structure and interpretation of spectra for paramagnetic ions in crystalline material, study of
several review references will be rewarding. 4 - 5 , 7 , 1 1
4.2.1.2.3. TRANSITION
PROBABILITIES.
In considering transition probabilities and, ultimately, power absorption by the electron spin system,
these may be expressed in terms of optical results. Consider a system
containing No spins, S, per cm3. The magnetic moment p is oriented by a
strong, steady, external magnetic field H, considered to be directed along
the z axis. The sample is also subjected to a n electromagnetic field of
amplitude Hl and frequency v.
Assume the electromagnetic field to be plane polarized, so that

+

H,

=

2H1 exp(27rivt)

H,

and

=

0.

Using the optical result for the probability for a single transition
M s -+Ms‘,
7r

W M ~ +=M3h2
~ ~[ ( M s ,M I ~ H* $iJjMs’, MI')]'^^

(4.2.10)

where W is the transition probability and pv is the energy density in the
dv. Equation (4.2.10) represents the transition
frequency range v to Y
probability for isotropic unpolarized radiation. I n a practical case the
radiation consists of a single frequency, determined by levels of finite
width and described by some line shape function G(H). The line shape
function is normalized so th at

+

JoW

G(v

-

YO)

dv

=

1.

The energy density of the radiation field in the frequency range v to
v
dv may be then expressed by

+

(4.2.11)
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where the factor 3 indicates that plane polarized radiation is here considered. The matrix element is then given by2’

(Ms

+ I , MrIS, + iS,(Ms, Mr)
=

+

= ( M s , MrIS, - i S y l M s
1, Mr)
gP[S(S 1) - M s ( M s - l)]”’. (4.2.12)

+

Inserting Eqs. (4.2.11) and (4.2.12) into Eq. (4.2.10) yields the result

WMa+Msfl

=

$y2H12G(v- V O ) [ S ( S 1) - M s ( M s - l)]. (4.2.13)

The exact nature of the line shape function G(v - V O ) will be considered
in Section 4.2.1.3.4. I t is important to note the equality of the transition
probability for the cases M s + M S f 1.
In determining the rate of energy absorption it is necessary to multiply
the probability of a single transition, given by Eq. (4.2.13), by the quantum energy hv and the net number of absorbing spins, N v s - NM,,~.
This factor is obtained by considering the Boltzmann distribution of the
spin level populations. Where the spin system is considered to be initially
in equilibrium at temperature T , the population of the lower energy level
is given by

=2

NO

m (1 -

thus the factor is given by
(4.2.15)
Note that a t room temperature the factor hv/lcT = 2 X
while a t
1°K this approximation is no longer valid since hv/kT = 0.6. The net
power absorbed by the sample is then given by

It only remains to amplify this conclusion by considering the relative
intensities of fine structure as well as of hyperfine structure lines. With
fine structure in the case where the electromagnetic magnetic field is
polarized perpendicular to the steady magnetic field, the groups of hyperx7 F.

Bloch and I. I. Rabi, Revs. Modern Phys. 17, 237 (1945).
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fine lines will be of unequal intensities. The central lines in the fine structure patterns are always stronger since the projection of the magnetic
moment along the electromagnetic field direction is the greatest for these
transitions. This is expressed in the formula for transition probability,
Eq. (4.2.13). I n the case of the hyperfine structure, the nuclear orientations all have approximately the same probability, at normal temperatures, thus hyperfine transitions will have spectral lines of equal intensities.
4.2.1.2.4. QUENCHING
OF ORBITAL
ANGULAR
MOMENTUM. Examination
of paramagnetic materials reveals a wide range of g values. For example,
in terbium ethylsulfate g values between 0.3 and 17.72 have been observed.28I n contrast, one commonly observes g values very close to that
of the free electron value, 2.00232. This is especially true of observations
on $-state ions, free radicals, alkali metals in liquid NH3, and metals.
Indeed, even for ions not in S states, one often observes g values approximately 2. This behavior is particularly characteristic of transition group
ions, and would seem to contradict the result predicted b y Eq. (4.2.3).
The explanation lies in the presence within the solid of intense electrostatic fields which “quench” or appear to reduce to zero the orbital
angular momentum of the electron. Molecular bonds in solids originate
on one atom and terminate on nearest neighbor(s). Because of the electric
charges associated with the atoms, and particularly in the case of ionic
solids, strong interatomic electric fields exist. Both the bonds and the
fields are strongly directional within the solid. While ESR requires
reorientation of the orbital associated with the paramagnetic atom,
the fixed position of the other atom in the bond prevents this, so that
the orbital cannot contribute to the resonance process. The effect of the
crystalline electrostatic field is then to cause the alignment of the orbital
momentum of the electron along the direction of the crystalline field, in
such a way that the spatial components of the angular momentum are no
longer constants of the motion. The time average of these components is,
to first approximation, zero, and the orbital contribution to the magnetic
moment will vanish. I n other words, the crystalline field interaction, by
1 degeneracy of the orbital
producing a Stark effect resolves the 2L
level. The intense electrostatic fields produce a splitting which is usually
much greater than effect of the magnetic field; thus the quantum number
J is no longer defined.29*30
(The effect of electrostatic crystalline fields in
producing quenching should not be confused with the zero-field splitting
of the spin levels arising from spin-orbit coupling.)

+

J. M. Baker and B. Bleaney, PTOC.
Phys. SOC.(London) A68, 257 (1955).
H. A. Bethe, Ann. PhysO 151 3, 133 (1929).
80 C. Kittel, “Introduction to Solid State Physics,” 2nd ed., Appendix G, p. 581.
Wiley, New York, 1956.
a*
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Orbital quenching is essentially complete for p electrons ; therefore
covalent bonded substances will be characterized by g = 2. While the
paramagnetic 3d electrons of transition group ions are strongly affected,
the heavily shielded paramagnetic 4f and 5f electrons of the rare earth and
actinide ions are only weakly affected by the surrounding ligands. For
4f and 5f electrons there is then only a weak orientation effect from
internal electrostatic fields and orbital momenta become important; thus
g values may greatly depart from 2.
4.2.1.3. Relaxation of Spin Systems. line Widths. The observation and
resolution of ESR spectra is limited by the inherent line widths which are
determined by spin relaxation mechanisms. Line intensity is inversely
proportional to temperature. Absorption of energy is equivalent to
increasing the temperature of the spin system because of the tendency
to equalize the populations of the M s levels. Usually Hl is sufficiently
small so that the spin system is able to relax and restore thermal equilibrium. With large H I , however, the energy levels tend to become equally
populated and saturation occurs.
Spin relaxation is described by relaxation times. l 7 The transfer of
energy from the spins into the lattice is characterized by a spin-lattice
relaxation time T1. Energy exchange between spins, either through
dipole-dipole or exchange effects, is described by the spin-spin relaxation
time Tz.Classically, Tz characterizes the time required for the resultant
magnetic moment to realign along the direction of the static magnetic
field H , following removal of the radio-frequency field HI. Ta may also be
considered as that time required for the individual spins to lose their
coherence as a result of their mutual interaction.
4.2.1.3.1. SPIN-LATTICE
RELAXATION.
Coupling between the spins and
the lattice is strong, resulting in very short relaxation times T 1 , of the
order loF4 to 1Y)-l0 sec. T I is strongly temperature-dependent ( N T - ~ ) ,
since thermal agitation of neighboring ions results in a variation of the
crystalline electric field. Crystalline fields also influence T1,which increases with the separation between the ground and the first excited
states. Variations in dipolar interactions resulting from thermal agitation
seem to have negligible effect on relaxation times.
For some compounds T I is sufficiently great to make possible ESR
observations at room temperatures. However, usually to observe ESR it
is necessary: to lengthen T 1 by reducing sample temperature. Temperatures between 20°K and 80°K generally suffice, although in some instances
4°K may be required. However, if T 1 exceeds
sec, saturation
may occur.
4.2.1.3.2. SPIN-SPINRELAXATION.
Spin-spin relaxation is a complicated
phenomenon. Neighboring magnetic ions create magnetic fields of variable

TABLE
I. The Description of Resonance Line Shapes

Line shape function, G ( H

Gaussian

Lorentzian

2fuA H m

2 f r AHm

- H o ) normalized for

/om G ( H - H , ) d H = 1

Maximum value, G(0)

b
3

Half-intensity width, AH^^^

h/@ 7'2

Width between points of maximum slope, AH8
Relation between half-intensity and maximum
slopes widths
Ratio of maximum positive to maximum negative excursion of
second derivative presentation
Origin

AH112

=

4 1 7 4 AHa = 1.177AH,

9

Inhomogeneous broadening

AH112 =

1 / 3 AH.

=

1.732AH,

16

Homogeneous broadening

--
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FIG.5a. Theoretical shapes for Gaussian and Lorentzian lines.

1

FIG.5b. First derivatives of theoretical line shapes.

magnitudes over the spin ensemble, resulting in a distribution of resonance
frequencies or fields. The theory of spin-spin interactions has been given
by Van Vleck31and Pryce and Stevens. 32 Since dipole-dipole interactions
are strong, values of T z are of the order 10-7 to 1 0 - 1 0 see. Diamagnetic
dilution of the sample is then useful in increasing T z . As an example, in
the Tutton salt C U K ~ ( S O ~ ) ~ . G Hthe
~ O paramagnetic
,
Cu2+ ions are
31

J. H. Van Vleck, Phys. Rev. 74, 1168 (1948).
M. H. L. Pryce and K. W. H. Stevens, Proc. Phys. SOC.(London) A63,36 (1950).
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FIG.5c. Second derivatives of theoretical line shapes.

separated by 6 A, thus creating a field of approximately 50 gauss a t the
nearest neighbor Cu2+ ions. The individual ion is thus exposed to a
resultant magnetic field on the order of 100 gauss. The spin-spin interaction is direction-dependent, since the dipolar interaction contains the
factor (1 - 3 cos2 O ) , where 0 is the angle between the steady magnetic
field and the line joining the dipoles.
4.2.1.3.3. EXCHANGE
EFFECTS.Spin relaxation by exchange operates by
interchanging the orientations of spins between two or more neighboring
paramagnetic structures. With a strong effect the exchange is sufficiently
rapid to average out the magnetic field exerted on a given spin by neighboring spins, thus modulating the dipole-dipole interaction. Magnetic
energy is then converted into exchange energy, which transfers to the
lattice in a time shorter than TI.The theory of the exchange effect has
been given by Van V l e ~ k Pryce
, ~ ~ and Stevens,32and Anderson and
Weiss. 3 3
4.2.1.3.4. LINE SHAPES
AND LINEWIDTHS.ESR line shapes are determined by the type(s), and ESR line widths are determined by the magnitudes of relaxation process(es). The shape of a line is described by either
a Gaussian or a Lorentzian function or some combination. A summary
of these functions and their properties is given in Table I. Figure 5
graphically compares these functions and their first and second derivatives, ESR line widths range from 0.02 to approximately 1000 gauss.
83

P. W. Anderson and P. R. Weiss, Revs. Modern Phys. 26, 269 (1953).
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Theory for spin-lattice relaxation predicts a Lorentzian
while
for spin-spin interaction theory predicts, and experiment shows, Gaussian
shape. 36 Since both spin-lattice and spin-spin interactions are simultaneously present, except a t very low temperatures, a mixture of Lorentzian
and Gaussian shapes is expected. The shape of lines resulting from
exchange interaction depends upon whether the exchange is between
similar or dissimilar ions. With similar ions the exchange effect narrows
the lines at the center and broadens the lines in the wings. With dissimilar ions, that is, ions having different Larmor frequencies, the line will
broaden, providing the component lines are sufficiently close. Exchange
effects with dissimilar ions are most commonly observed where the same
ion occurs in different magnetic sites in the same unit cell.
Line broadening mechanisms have been classified by P o r t i P as either
homogeneous or inhomogeneous (sometimes called steady-state or timedependent mechanisms, respectively). With homogeneous broadening
some mechanism preserves the thermal equilibrium of the spin system
during resonance absorption. Homogeneous broadening may arise external
to the spin system through any mechanism whose interaction is more
rapid than the spin transition itself. Homogeneously broadened lines have
Lorentzian shape. Examples of homogeneous broadening mechanisms are :
(a) dipole-dipole interaction between like spins; ( b ) spin interaction with
the microwave field; ( G ) spin-lattice relaxation; (d) motionally narrowed
fluctuations in the local field; (e) diffusion of excitation through the
sample; and (f) motion of carriers in the microwave field.
Inhomogeneous broadening arises from variations in the local magnetic
field environment of the absorbing spin, such that resonance absorption
occurs when the resultant of the static applied magnetic field and local
microscopic fields satisfies the resonance condition. Inhomogeneous
interactions all originate outside the spin system and act for times long
compared with the spin transition time, hence the inhomogeneous
mechanism is time-dependent. Inhomogeneously broadened lines have
Gaussian shapes. Examples of inhomogeneous mechanisms are : (a) hyperfine interactions; (b) anisotropy broadening; (c) dipolar interactions
between spins with different Larmor frequencies; and (d) inhomogeneities
in the applied magnetic field. Line broadening through hyperfine interaction has been treated by Kip et aLS7
Reduction in line width is accomplished by increasing TIby lowering
temperature. The remaining line width will be due to a spin-spin intera4 J.

H. Van Vleck, Phys. Rev. 67, 426 (1940).
N. Bloembergen, Phys. Rev. 109,2209 (1958).
38 A. M. Portis, Phys. Rev. 91, 1071 (1953).
a7 A, F. Kip, C, Kittel, R. A. Levy, and A. M. Portis, Phys. Rev. 91, 1066 (1953).
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RATIO OF COMPONENT SEPARATION TO COMPONENT WIDTH
NO. OF
PROTONS

0.76

0.90

1.0

1.3

INTENSITY

RATIOS I I

1.6

I

-

INTENSITY

RATIOS I- 2-1

INTENSITY

RATIOS 1-3-3-1

INTENSITY RATIOS 1-4-6-4-1

5

INTENSITY RATIOS 1-56

Fig.6

INTENSITY RATIOS 1-6-15'20-15-6-1

FIG. 6. Effect of hyperfine component width or interval on the character of the
spectrum resulting from several equivalent nuclear magnetic moments (protons).
[After C. P. Poole, Jr. and R. S. Anderson, J. Chem. Phys. 31, 346 (1959).]

action which is independent of temperature and magnetic field strength.
Since the spin-spin interaction is proportional to r 6only the nearest
neighbor ions contribute; however, their effect may be considerable. (A
nearest neighbor ion having a magnetic moment of 1 Bohr magneton and
distant 3 8, will produce a field of the order of 350 gauss.) Further reduction of line width is only possible by separation of the paramagnetic ions.
In solids this may be achieved by dilution of the paramagnetic salt with
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an isomorphous diamagnetic equivalent. However, limiting minimum
width is ultimately achieved, being typically 12 gauss. This arises from
the random fields of the nuclear magnetic moments of neighboring
diamagnetic atoms. In the Tutton salts, for example, these nuclear
moments are provided by the protons in the waters of crystallization.
Reduction may be effected by growing the crystals in heavy water,
reducing the limiting width by a factor of 3. Paramagnetic K3Cr(CN)6,
~,
no water
which can be diluted with a diamagnetic N ~ C O ( C N )contains
of crystallization. The only nuclear magnetic moment occurs in the
nitrogen atoms which are only next nearest neighbors. Thus it is possible
to observe lines of only 1 gauss
Those lines which are exchangenarrowed will be broadened upon magnetic dilution, and those which are
exchange-broadened will be narrowed.
As an example of a typical free radical and its behavior as a result of
magnetic dilution, consider the familiar compound a,a-diphenyl-0-picrylhydrazyl (DPH). Polycrystalline samples have g = 2.0036 t- 0.0002.39
The line width at half-amplitude differs in the polycrystalline form being
0.95 or 3.3 gauss, depending upon whether chloroform or benzene, respectively, is used as recrystallization solvent. 4 0 Remaining interstitial solvent
molecules influence radical separation, hence exchange interaction. The
g factor remains constant down to 1.6"K and the line width increases as
temperature is r e d ~ c e d . ~
At' both 4°K and 300°K the resonance has a
Lorentz shape. 4 2 Since dipolar interactions would result in a resonance
line width of the order of 100 gauss, the narrow line is evidence for
exchange interaction. This conclusion is further verified by the prediction
that exchange narrowed lines should have Lorentz shape.33When DPH is
dissolved the line is initially broadened as a consequence of the reduction
of the exchange interaction. When the concentration reaches approximately 0.001M the broad line splits into 5 components over a total range
of about 50
For other radicals in solution, several hundred lines may be observed
over a broad region. These lines are motionally narrowed by the random
motion of the paramagnetic substance in the l i q ~ i d . ~ ~ This
. 4 6 motion
interrupts the dipolar interaction so frequently as to average out its
K. D. Bowers, PTOC.
Phys. Soc. (London) A66, 860 (1952).
A. N. Holden, W. A. Yager, and F. R. Merritt, J . Chem. Phys. 19, 1319 (1951).
40 J. P. Goldsborough, M. Mandel, and G. E. Pake, Phys. Rev. Letters 4 , 13 (1960).
4 1 L. S. Singer and E. G. Spencer, J . Chem. Phys. 21, 939 (1953).
42 R. T. Weidner and C. A. Whitmer, Phys. Rev. 91, 1279 (1953).
43 C. A. Hutchison, Jr., R. C. Pastor, and A. C. Kowalsky, J . Chem. Phys. 20, 534
38

(1952).
44
45

N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. Rev. 73, 679 (1948).
S. I. Weissman and D. D. Banfill, J . A m . Chem. SOC.76, 2534 (1953).
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effect and narrow the line. The narrowest line reported is 0.045 gauss in
graphite48which is interpreted as arising from trapped holes. These lines
are anomalously narrow because of the great dilution and the absence of
any nuclear magnetic moments. (Conduction electrons present in solutions of sodium in liquid ammonia have 0.02 gauss line
Where hyperfine structure occurs, the shape of the observed spectra is
determined by the degree of resolution, which is governed by the ratio
of the hyperfine component width to the hyperfine separation. Figure 6
illustrates the effect of this ratio on the shape on the observed spectra.
These curves were obtained by assuming Gaussian component shape and
binomial or Gaussian distribution of hyperfine component intensities as
would be observed in the case of a number of identical nuclear magnetic
moments surrounding the electron.48
I n Fig. 7 are shown typical shapes which arise in polycrystalline
materials because of the random orientation of the paramagnetic molecules or ions in the local crystalline electrostatic fields of the material.
Where these fields have cylindrical symmetry, each ion will be characterized by two g values, gll and g.l Because of the random orientation
of a crystallite, it will have some intermediate g value. Integration of the
g values of the crystallites over all orientations results in the asymmetric
doublet shown in Figs. 7a and 7b. In the case of three different g values

*
Iw

z

MAGNETIC FIELD

FIG.7a. Line shape for cylindrically

FIG.7b. First derivative of Fig. 7s.

symmetric g tensor averaged over all
orientations. Dotted-zero line width;
solid-finite line width.
46
47
48

G. R. Hennig, B. Smaller, and E. L. Yasaitis, Phys. Rev. 95, 1088 (1954).
R. Bieler and B. Roux, Helv. Phys. Acta 30,216 (1957).
C. P. Poole, Jr. and R. S. Anderson, J . Chem. Phys. 81, 346 (1959).
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MAGNETIC FIELD

FIG.7c. Line shape for completely anisotropic g tensor averaged over all orientations.
111, g2, and g3 represent the principal g values.

FIG.7d. First derivative of Fig. 7c.
gl, g2, and

g3,

an asymmetric triplet arises as shown in Figs. 7c and 7d.49

4.2.2. Basic Principles of Spectrographs
4.2.2.1. Introduction. The chief requirements for the ESR experiment
are: (1) a magnetic field t o split the electronic levels; and (2) a source of
electromagnetic (radiofrequency or microwave) energy to produce
transitions between these levels. Thus, according to Eq. (4.2.4) and the
49

N. Bloembergen and T. J. Rowland, A d a Metallurgica 1, 731 (1953).
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0, for the free electron the transition

~(Mc=
) 2.802558 (gauss).

(4.2.17a)

1.4011gH (gauss).

(4.2.17b)

For ESR in general,
v(Mc)

=

For magnetic fields of the order of the earth’s, the resonant frequency
would be approximately 2 Mc, while for a resonant frequency of 50,000 Mc

FIG.8. Simple representation of a transmission-type electron spin resonance apparatus.

one would require a magnetic field of approximately 18,000 gauss. These
figures represent the practicable range for observations of ESR. Observations of ESR have been reported a t frequencies on the order of 1 Mc.60,51
The customary range of fields and frequencies is 1000 to 14,000 gauss and
10,000 to 35,000 Mc, respectively.
The basic ESR spectrograph is an apparatus capable of detecting the
absorption of electromagnetic energy as a function of frequency. This is
completely analogous to the principle of operation of an optical spectrograph. In Fig. 8 is shown a simplified version of a microwave ESR
spectroscope. Energy from a microwave source (klystron) * is propagated
through a waveguide into a resonant cavity located between the pole
pieces of a magnet. The resonant cavity contains the specimen being
examined. The resonant cavity is the analog of the optical absorption

* See Vol.

2, Chapter 10.3.
R. S. Codrington, J. D. Olds, and H. C. Torrey, Phys. Rev. 96, 607(A) (1954).
5 1 M. A. Garstens, L. S. Singer, and A. H. Ryan, Phys. Reu. 96, 53 (1954).
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cell. The microwaves pass through the resonant cavity onto a detector, in
this case a crystal rectifier. The amount of energy transmitted through
the system is detected and indicated. At the condition of resonance the
specimen absorbs energy from the microwave field and the indicator
registers a corresponding decrease in received energy. The operation of an
ESR spectrograph is then similar to that of a nuclear magnetic resonance
spectrograph.* When operating at low magnetic fields, the coil in a conventional tuned LC circuit is used to hold the specimen, while at magnetic
fields sufficiently high to require microwave radiation a resonant cavity is
used. The basic distinction between the resonant radio circuit and the

IP

ATENUATOR

~

~

~~~~

FIG. 9. Block diagram of a reflection-type electron spin resonance spectrometer.

microwave cavity is that the cavity, being a mechanical system, is not
readily capable of tuning. Thus ESR experiments in the microwave region
are conducted by varying the magnetic field. Most ESR experiments in
the microwave region are carried out in the microwave region because of
increases in sensitivity and resolution resulting at the higher frequencies.
Several forms of ESR spectrographs have been described in detail
in the l i t e r a t ~ r e . ~ ~The
- ~ ’basic forms are the transmission and reflection

* See Vol. 2, Section 9.7.1 and this volume, Chapter 4.1.
J. M. Hershon and G. K. Fraenkel, Rev. Sci. Instr. 26, 34 (1955).
M. W. P. Strandberg, M. Tinkham, I. H. Solt, Jr., and C. E. Davis, Jr., Rev. Sci.
Instr. 27, 596 (1956).
6 4 H. A. Buckmaster and H. E. D. Scovil, Can. J. Phys. 34, 49 (1957).
66 J. Uebersfeld, Ann. phys. (131 1, 395 (1956).
6 6 K. D. Bowers, R. A. Kamper, and R. B. D. Knight, J . Sci. Instr. 34, 49 (1957).
67 G. Feher, Bell System Tech. J. 36, 449 (1957).
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cavity systems. Figure 8 shows a transmission system. The block diagram
of a reflection cavity system using crystal detection is given in Fig. 9. A
reflection cavity system using superheterodyne detection is diagrammed
in Fig. 10.
MATCHED
LOAD

SCREW

DETECTOR

ELECTROMAGNET

FIG.10. Block diagram of a superheterodyne-type electron spin resonance spectrometer.

4.2.2.2. Principles of Operation of ESR Spectrographs. The complex
relative susceptibility of a sample is defined as
x = - jxll
where the susceptibility x is relative to that of free space.
Represent the resonant cavity by the equivalent circuit of Fig. 11. Here
R represents the cavity losses (wall losses). The impedance of this circuit is
2

=

R

+ ~ [ w-L (l/wC)].

(4.2.18)

LB

With the sample inserted into the coil, assume, at
resonance, a change x of susceptibility. The inductance
of the coil is then altered because of the change in R
permeability of the filling medium, where the permeability is given by p = 1 47rx. [It should be
FIG.11. Equiva.
most spectrometers
remembered that x = ~ ( v )Sincein
it is difficult to change v, it is customary to vary H . lent circuit of a
In the development to follow field dependence of x will ~
~
be assumed.] Thus L is replaced by L(l 4sqx), where
q is the filling factor, representing the fraction of coil volume containing
sample. (0 5 7) 5 1, being 1 for complete filling.) The impedance with
sample ZSthen becomes

+

+

~
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The presence of the sample (at spin resonance) then increases circuit loss
by 47rqwLx" and circuit inductance by 47rqLx'. Considering the definition
of circuit Q = (wL/R), upon the introduction of a very small susceptibility, there is an increase in resistive component which results in a
decrease in &:

dQ

=

- R dR

=

-47rqQ2xiI.

(4.2.20)

The circuit resonant frequency is also changed because of the reactive
term introduced by the susceptibility change, hence the new resonant
frequency w7 is given by
1
(4.2.21)
w,L
47rqwLx' = 0.

+

~

WTC

Thus,
wr = [L(1

+ 47r"7f)c]-"2.

The change in resonant frequency is then given by

Thus XI is sometimes known as the dispersive susceptibility component
and XI', the absorptive susceptibility component. It is also apparent that
ESR is detectable either through a loss in Q, hence reduction in oscillation
level, or through a shift in resonant frequency. Both methods of observation have been used.
For the reader who feels that a development based on equivalent circuits is not sufficiently rigorous or sophisticated, Slater has shown5*that
the introduction of a sample into a resonant cavity results in the following
absorption and dispersion effects:
(4.2.23)

where V' is the sample volume, H I is the radio-frequency magnetic field
amplitude normalized over the cavity volume, and d is the cavity volume
element. (Corresponding electric susceptibility terms have here been
omitted since they are not functions of H.) These results are identical
with those from the equivalent circuit, if

'
68

Iv,

H i 2 dr

=

H I 2dr

J. C. Slater, Revs. Modern Phys. 18, 441 (1946).

(4.2.24)
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where V is the cavity volume. This relation explicitly defines the filling
factor. It also demonstrates that the greatest absorption or dispersion
effects occur when the sample is placed in the regions where HI is largest.
I n common experimental procedure the oscillator frequency is electronically locked t o that of the sample-containing cavity; hence dispersive
effects will be neglected in the development to follow. Following a description of the components commonly employed in spectrographs, consideration will be given to methods by which dQ is detected in a spectrometer.
4.2.3. Radio-Frequency and Microwave Components*

4.2.3.1. Oscillators. In the region (1-100 Mc) it is customary to use
regenerative oscillator-detectors of the Pound-Knight type. b9--Bl The
regenerative detector has been extensively used in NMR and is important
because of the simplicity of resulting spectra, since these are pure absorption signals. Other types of detectors, e.g. the superregenerative, have
been used. The various types have been reviewed and compared.62 A
225-Mc transmission system has been d e ~ c r i b e din
, ~which
~
the oscillator
output is link coupled into a resonant coil and the signal is observed on a
detector connected to the output line coupling loop. Since magnetic field
modulation could induce voltage in the output coupling loop, a n rf transformer is inserted between the output coupling and the detector to act as a
high-pass filter. Extensive ESR experiments have been conducted in the
UHF region (100-1000 M c ) . ~ Coaxial
~ , ~ ~ resonators
- ~ ~
are used in this frequency region. I n the microwave region (above 3000 Mc), where the great
majority of ESR work is conducted, the source of energy is the klystron.
STABILIZATION.
In Eq. (4.2.22) it has been seen
4.2.3.1.1. FREQUENCY
that ESR may produce a frequency shift, thus any frequency drift will
produce either spurious signals or increased noise level. It is therefore
important to stabilize the oscillator frequency during the period of the
recording of the resonance. Several sources of frequency variation exist.
(a) Thermal drift-the klystron should be immersed in a n oil bath to
provide thermal ballast. If necessary, the bath may be cooled by immersed
water-carrying tubing. ( b ) Voltage fluctuation-well regulated dc power
supplies should be used. The oscillator heater should be supplied from a
stable dc source. (c) Magnetic fields-the klystron should be heavily
shielded magnetically or be physically removed from the vicinity of the
* See also Vol. 2, Part 10.
R. V. Pound and W. D. Knight, Rev. Sci. Instr. 21, 219 (1950).
BOG. D. Watkins and R. V. Pound, Phys. Rev. 82, 343 (1951); 86, 1062 (1952).
6 1 T. C. Wang, Phys. Rev. 99, 566 (1955).
82 H. S. Gutowsky, L. H. Meyer, and R. E. McClure, Rev. Sci. Instr. 24,644 (1953).
8 3 G. Feher and A. F. Kip, Phys. Rev. 98, 337 (1955).
8 4 M. S. Matheson and B. Smaller, J . Chem. Phys. 23, 521 (1955).
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magnet. (d) Vibrations-the entire microwave system should be carefully
shock mounted to reduce microphonics, and a low microphonic klystron
employed.
Even after compensating for these sources of frequency variation, the
oscillator frequency will still quite possibly be insufficiently stable. For
this reason several methods of automatic stabilization of frequency have
been employed. The oscillator may be stabilized against the frequency
of a secondary standard, 68.86 using a frequency discriminator. This technique may result, however, in a signal which is a mixture of absorption
and dispersion. The discriminator signal may be used as an indication of
resonance, resulting in the presentation of a dispersion signal.
It is more common to stabilize the oscillator against the frequency of
the resonant element. In this way pure absorption signals will be presented. Two techniques have been employed, the first being the Pound

FIG.12. Generation of the error signal in a klystron frequency stabilizer.

stabilizer.6&6* Since bridge networks are employed with this system, it
is well suited to reflection cavity systems. Description of an ESR system
using a Pound stabilizer has been given.62 (In general the dc Pound
stabilizer is easier to construct and use and is more than adequate for any
ESR system.)
I n the second type of klystron stabilization system the klystron is
frequency-modulated at a low modulation index through the application
to the klystron reflector of a small amplitude audio or low rf sinusoidal
voltage (approximately 0.1 volt peak to peak). Referring to Fig. 12, when
the klystron is not centered on the cavity response there will be reflected
from the cavity into the detector a signal having a strong component
a t the modulation frequency. When the klystron frequency shifts from
e5 H. H. Stroke, V. Jaccarino, D. S. Edmonds, Jr., and R. Weiss, Phys. Rev. 105, 590
(1957).
66 R. V. Pound, Rev. Sci. Instr. 17, 490 (1946).
87 R. V. Pound, Proc. I.R.E. (Inst. Radio Engrs.) 36, 1405 (1947).
68 W. G. Tuller, W. C. Galloway, and F. P. Zaffarano, Proc. I.R.E. (Inst. Radio
Engrs.) S6, 794 (1948).
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one side of the cavity response curve to the other side the relative phase
of the reflected signal is inverted. However, when the klystron output
frequency is exactly centered on the cavity response curve the resulting
signal appears like the modulation voltage after full-wave rectification;
this on-resonance reflected signal has a fundamental frequency twice
that of the modulation frequency. If the detector signal is amplified and
phase-detected a t the modulation frequency, it is seen that a n error signal
will only appear when the klystron output is off the center of the cavity
response. The double-frequency component plays no role in the stabilization process and is discriminated against by the use of low-pass filters.
Stable operation of the klystron may be determined by examination of
the detector signal, the on-resonance condition being indicated by the
presence of only the full-wave rectified signal. (In using this system one
must be certain that the amplitude of the frequency modulation signal
is equivalent, only to a fraction of the line width, so as not to contribute
to line broadening.)
MEASUREMENT.
Determination of the spectro4.2.3.1.2. FREQUENCY
scopic splitting factor g requires precise knowledge of both the magnetic
field intensity and the frequency of ESR observation. Frequency is most
simply determined by the use of a cavity wavemeter. Calculations of
wavemeter calibrations on the basis of bore diameters yield accuracies
on the order of 1 part of lo3. Wavemeters may he calibrated against
standard sources of frequency or against microwave absorption lines to
give accuracies of 1 part of lo4, providing temperature a n d humidit,y
corrections are made.
Accuracies of 1 part in lo4 to 1 part in lo6 are realized by mixing the
klystron output in a crystal rectifier with the known harmonic of a
secondary frequency standard. There have been d e s ~ r i b e da~number
~,~~
of secondary frequency st,andards which derive their output from harmonics of a standard crystal oscillator.
4.2.3.2. Microwave Bridge Networks. An essential component of
reflection cavity ESR systems, as well as of frequency stabilization systems, is the microwave bridge network (the magic tee or the hybrid ring).
The theory of microwave bridge networks has been thoroughly developed
in the literat~re.71-~~
Since an understanding of the operation of these
networks is fundamental to the material which follows, a brief description
R. R. Unterberger and W. V. Smith, Rev. Sci. Instr. 19, 580 (1948).
C. Hedriek, Rev. Sci. Instr. 24, 565 (1953).
7 1 C. G. Montgomery, ed., “Techxiiques of Microwave Measurements” (M.1.T
Radiation Lab. Ser., Vol. 11),Chapter 9. McGraw-Hill, New York, 1947.
1 2 W. A. Tyrrell, Proc. I . R . E . (Inst. Radio Engrs.) 35, 1294 (1947).
73 H.T.Budenbom, Bell System Tech. J . 27,473 (1948).
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will be given. A drawing of a magic tee is given in Fig, 13a. The arms
numbered 2 and 3 are symmetric and are the comparison arms. Power
may be introduced into arm 1 or arm 4 and therefore some power will be
reflected into either arm 4 or arm 1, respectively. Assume that power is
introduced into arm 1. It will divide evenly and propagate in phase to
the ends of arms 2 and 3, from which, if terminated by matched loads, no
power will be reflected. If arms 2 and 3 are terminated in short circuits,
the power propagated down arms 2 and 3 will be reflected back toward
Arm i

Arm 3

Arm 2

FIG.13a. Waveguide magic-?' with compensating irises.

FIG.13b. Waveguide hybrid ring network.

the junction in equal phase and amplitude. At the junction the reflected
power will divide, one half reflecting back up arm 1 (usually to be dissipated in a n isolator) and the other half will be reflected into arm 4.
However, the power reflected from arm 2 into arm 4 and arm 3 into arm 4
will be out of phase in arm 4.Since the two signals are of equal amplitude,
they will cancel and no power will propagate in arm 4. I n the general
case the terminations of arms 2 and 3 will not be identical, therefore some
net power will propagate in arm 4 and be detected.
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The hybrid ring network (colloquially known as “rat-race ”) acts
similarly and may be considered as deriving its properties from interference effects between the microwaves propagating between junctions
through waveguide sections whose path lengths are multiples of X,/4. A
drawing of a typical hybrid ring network is given in Fig. 13b where the
arms are numbered to correspond with the description given for the
magic tee.
Neither of these elements is perfect. Waveguide junctions in the magic
tee introduce mismatches which must be eliminated by the use of irises
and posts. The existence of impedance matching devices necessarily
renders the magic tee frequency-sensitive.
For internal matching of the hybrid ring to the waveguide arms, the
characteristic impedance of the ring must be l/G of that of the waveguide arms. For the E plane or series arm hybrid ring this is effected by
reducing the narrow dimension of the ring waveguide by 4 3 . The hybrid
ring operates over a slightly narrower band.
4.2.3.3. Resonant Elements. 4.2.3.3.1. FREQUENCY OF OPERATION.
The
ESR system should be operated at as high frequency as possible, consistent with the available magnetic field. As shown in Eq. (4.2.16), the
power absorbed in a given transition is proportional to the square of the
frequency. However, the type of specimen being examined may influence
the choice of frequency. For example, to observe ESR absorption by
conduction electrons in metals, low frequencies are necessary to achieve
rf skin depths comparable to the radii of the colloidal metallic particles.
For this application frequencies should be of the order of a few hundred
megacycles. Since water has a high dielectric loss for frequencies greater
than 10,000 Mc, aqueous solutions should be examined well below this
frequency.
It is instructive to examine the effect of frequency on the sensitivity
of the system. In Section 4.2.6.1, Eq. (4.2.34) it will be shown that the
minimum detectable susceptibility component, xzin, is governed by the
proportionality
‘I
1 ( V
xmin
a __ c
(4.2.25)
qQP - V’QP’
~

Here Q is the cavity quality or Q factor, defined as

Q

=

2n

energy stored
energy dissipated per cycle

(4.2.26)

V and V’ are the cavity interior and sample volumes, respectively, and P
is the microwave power incident upon the sample. The minimum number
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of electrons that may be detected is given by combination of Eq. (4.2.25)
with Eq. (4.2.35). The result indicates the following proportionality :
(4.2.27)
Assume that the comparison of sensitivity at the various frequencies
will be made a t constant incident microwave power and that the width
of the ESR line remains constant at Av. V is approximately proportional
to v - ~and Q, to v-1/2.74 From Eq. (4.2.27) it is then evident that N,,, is
proportional to v-’/~.Thus, assuming constant microwave input power,
increasing frequency from X band (1 X lo4 Mc) to K band (2.5 X
lo4 Mc) should result in an increase in sensitivity by a factor of 40. Since
this result was obtained assuming a constant sample volume, it is not
strictly correct in the case where unlimited volume of sample is available.
In this case the factor V/V’ in Eq. (4.2.25) will remain constant, and one
is now concerned with the minimum detectable number of spins per unit
.
K-band operation would be
volume, which is proportional to ~ - 3 ‘ ~ Thus
only a factor of 5 more sensitive than X-band operation. Compensating
for this is the fact that available microwave input power is somewhat
greater for X-band operation because of superior klystrons.
4.2.3.3.2. RESONANT
CAVITYDESIGN.
4.2.3.3.2.1. Cavity Modes. Selection of the mode of operation requires consideration of the location of the
maximum microwave magnetic field strength, which is dependent upon
the desired cavity geometry and the sample configuration. The most
commonly employed cavity is rectangular, being constructed from a section of the same waveguide used to feed the cavity. The usual rectangular
modes are the TEol1 and TEo12.In using the former mode, the sample
must always be located on one of the four narrow walls of the resonators,
since this is the location of the maximum of the microwave magnetic field.
With the TEolz-mode cavity, the sample may also be introduced in the
center of the cavity, as shown in Fig. 14.
Cylindrical cavity resonators have the advantage that they are easily
machined to accurate inside dimensions and have higher Q. One of two
cylindrical cavity modes is generally employed. These modes are pictured
in Figs. 15a and b. In the T E o I lmode the magnetic field configuration
is in form of a pill box with a central coaxial rod. (This mode is commonly
used for wavemeters.) Samples are introduced along the axis of symmetry, thus the mode is convenient for examination of specimens confined
to tubes or to be introduced on the end of dielectric rods. Since the microwave magnetic field lines are radial at the end wall, this mode is inappro74 S. Ramo and J. R. Whinnery, “Fields and Waves in Modern Radio,” 2nd rd.,
p. 424. Wiley, New York, 1953.

4.2.

ELECTROX SPIN RESONANCE

475

priate for samples which must be located at the end wall, because the
transition probability is reduced by the angle between the steady and the
microwave magnetic fields. For samples of this type it is common to
employ the cylindrical TElll mode, which is the cylindrical analog of the
rectangular TEo11 mode, the principal difference being that the electric
and magnetic field lines are curved in the cylindrical mode, as seen by

FIG. 14. TEol,rectangular resonant cavity showing the positioning of the sample
(thin tube) in the microwave magnetic field (heavy lines). (The microwave current
distribution is shown by the light lines.)

TEoll MODE
0

TElll

MODE

b

FIG.15.The distribution of the microwave magnetic field in two of the most commonly used cylindrical resonant cavities.

comparing Figs. 14 and 15b. The cylindrical TElll mode has the further
advantage of having the smallest diameter to support the dominant
mode; hence it is useful for low-temperature applications since the
Dewar size may be reduced.
Detailed discussion of the various modes of cavity resonance is beyond
this treatment. Specific information on mode charts, choice of modes,
cavity coupling methods, and Q determination is available.76 There exist
76.J. P. Kinzer and I. G. Wilson, Bell System Tech. J . 26, 410 (1947).
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graphs and drawings of end and side wall microwave currents in cylindrical cavity resonators, from which the magnetic field configurations
may be e ~ t i m a t e d Much
. ~ ~ of this useful information is collected in one
compendium.
4.2.3.3.2.2. Coupling. It is possible to achieve coupling of the microwave energy in and out of the cavity using a reflection cavity and one
feed line, along which both the incident and reflected energy is propagated.
The microwave energy may also be introduced into the cavity by one feed
line and removed from the cavity by a second line, as in a transmission
cavity system. (With the transmission system, it should be noted that
there must also exist in the input feed line some energy reflected from
the cavity, unless the input line is matched into the cavity.$
Using a coaxial line, microwave energy may be introduced into a
resonant cavity by a probe-oriented parallel with the microwave electric
field lines within the cavity. The degree of coupling of the microwave
energy into the cavity is governed by the depth of penetration of the
probe into the microwave electric field. With loop termination of a
coaxial line, the degree of coupling to the microwave magnetic field lines
within the cavity is determined by the penetration and the relative
orientation of the plane of the loop to the magnetic lines.
With waveguide feed, the microwave energy is magnetically coupled
into the cavity through irises, which are either circular or rectangular
apertures in the end or side walls at points of maximum microwave
magnetic field. According to the particular mode of resonance being used,
the direction of the magnetic field in the cavity determines the orientation
of the waveguide with respect to the cavity. Examples of various coupling
techniques are available.78
The amount of cavity coupling is critically dependent upon the type of
cavity, the sample, temperature, and the resultant Q.” The optimum
coupling has been derived.67 Coupling may be varied in a number of
ways. A set of interchangeable cavity end-wall diaphragms may be constructed. Inductive or capacitive irises, with parallel edges of variable
separation, have been employed. A capacitive or a dielectric screw
inserted in a circular iris is perhaps the most convenient to adjust.
4.2.3.3.2.3. Sample Location. The proper location for a sample has
already been discussed in Section 4.2.3.3.2.1. Samples are introduced
into the cavity volume either through holes in the cavity walls a t points
J. P. Kinzer and I . G. Wilson, Bell System Tech. J . 26, 31 (1947).
G. C. Southworth, “Principles and Applications of Waveguide Transmission,”
p. 253, Fig. 8.5-9. Van Nostrand, Princeton, New Jersey, 1950.
?*I. G. Wilson, C. W. Schramm, and J. P. Kinxer, Bell System Tech. J. 26, 408
76

?’

(1946).
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of minimum microwave E field. An example of this is shown in Fig, 14.
With this method of sample insertion it is necessary to prevent radiation
of microwave energy through the hole, resulting in a reduction in Q. This
energy leakage may be eliminated through the use of below-cutoff
cylindrical waveguide sections affixed to the cavity wall exterior and
concentric wit,h the holes.
The technique of breaking the cavity consists of making a joint
between halves of the resonant cavity at a plane where no microwave
currents are cut. With the rectangular TEol, or cylindrical TEII,,modes
such a cut may be made along a plane parallel with the end wall of the
cavity and an odd number of guide wavelengths away. Alignment of the
two cavity halves may be made either by an external sleeve or by a
conical ground joint external to the cavity.
A solid specimen may be attached to the cavity wall or to a dielectric
rod using a small-quantity of high-vacuum grease, or, for use even to
liquid helium temperatures, by a 1 : 1 mixture of toluene and G. E. 7031
~ a r n i s h . 7Another
~
technique is to locate the sample between pieces of
foamed polystyrene. For work on single crystals in which the sample
must be rotated, the wall of the cavity may contain a rotatable button
on which the sample may be mounted. Using a dielectric rod a sample
may be inserted into the center of the resonant cavity. Although rotation
of the sample maintains the optimum relative orientation of the steady
and microwave magnetic fields, this rotation may cause inconvenient
cavity tuning effects as a result of the change in the volume of dielectric
material exposed to the microwave electric field. For complete rotatability
of the sample it will be necessary to rotate the entire magnet about an
axis perpendicular to the steady magnetic field. Alternatively the entire
microwave assembly may be rotated or only the waveguide feedline and
cavity may be rotated by using a microwave rotating joint. I n either case,
this will reduce signal strength because the steady magnetic field will no
longer be perpendicular to the microwave magnetic field.
Since the observation of ESR depends upon subjecting the individual
electron spins to the microwave magnetic field, the efficacy of the sample
volume will depend on the strength of the microwave magnetic field
throughout the volume. Since this field varies throughout the volume
of the resonant cavity, one considers the effective cavity volume or filling
factor of the sample. The filling factor 9 was defined in Eq. (4.2.24).
Because of the high sensitivity of ESR spectrographs, small samples
may be examined. However, under circumstances such as the examination
of aqueous solutions, the sample may have appreciable size and/or may

+

79

J. C. Wheatley, D. F. Griffing, and T.L. Estle, Rev. Sci. Instr. 27, 1070 (1956).
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have considerable dielectric loss associated with it. The presence of
dielectric loss or of magnetic losses in the sample (microwave eddy current
losses) will result in a decrease in Q . To overcome sensitivity decrease
from this effect it is necessary to calculate an optimum sample size, as
considered in the l i t e r a t ~ r e . ~ ~ * ~ ~
4.2.3.3.2.4. Special Cavity Techniques. 4.2.3.3.2.4.1. Low-temperature
observations. Investigations a t low temperatures require special methods.
Since the microwave energy must be introduced into the cold cavity
from a source operated at room temperature, it is necessary to employ
either coaxial or waveguide feedlines of low thermal conductivity, such
as thin wall stainless steel or german silver tubing. Because these materials
are poor electrical conductors, it is necessary to plate the surfaces with
silver, copper, or gold. Alternatively, it is possible to effect reduction
in the cross section of thermally conducting material forming the microwave feedlines by employing dielectric-loaded coaxial or waveguide feeds.
Glass tubing which has been silver-coated on the interior surfaces has also
been used as waveguide.80 Waveguide may be cut transversely and
physically separated by a few millimeters with no serious effects on the
propagation of microwave energy, providing accurate alignment of the
waveguide ends is maintained. This may be achieved by the use on each
waveguide section of collars which are connected by thin sheets of plastic
or other material of low thermal conductivity.
I n all schemes in which the resonant cavity is immersed in the refrigerant, serious difficulties can arise if the refrigerant enters the interior
of the cavity. When this happens, boiling of the refrigerant will cause
large, random variations in the resonant frequency of the cavity, creating
excessive noise. I n the case of liquid helium refrigerant, reduction of
pressure, to lower the temperature below the X point (2.17'K), will
eliminate this problem, since the bubbles will then form only a t the
liquid surface. With other liquid refrigerants, supercooling, by pumping
on the liquid, will make possible brief intervals when no boiling occurs.
Careful cleaning of the Dewar will remove particles which act as boiling
centers. In general, it is easier to create a liquid-tight cavity or to fill the
unused volume with foamed polystyrene.
A low-temperature cavity may be constructed by making the waveguide serve as the exterior wall of the Dewar. The interior section of the
Dewar may be constructed of unsilvered glass or quarts tubing which
penetrates into the cavity volume. The waveguide and glass portions
of the Dewar are connected by means of a standard-taper ground glass
joint.
8 0 R .T.Weidner and C. A . Whitmcr, Rev. Sci. Znstr. 23, 75 (1952).
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One ingenious method has been used for maintaining a t 4.2"K a sample
located within the cavity volume. The waveguide resonant cavity is
maintained a t 77°K by immersion in liquid nitrogen, thus serving as a
radiation shield. The sample is introduced into the cavity on the end of a
sapphire rod, the other end of which is connected to the liquid helium
reservoir. This technique takes advantage of the anomalous behavior of
sapphire a t low temperatures, in which it has high thermal conductivity,
but low electrical conductivity.
4.2.3.3.2.4.2. Cavities for high-frequency modulation or double resonance
applications. Because of skin effect, whenever a cavity containing a sample
is to be subjected to a frequency on the order of 100 kc or higher, it is
difficult to realize the desired magnetic field strength a t the sample. In
Table I1 are listed typical skin depths (for which the field amplitude is
TABLE
11. Table of Skin Uepths
Calculations are made assuming a magnetic field frequency of 100 cps. Other skin
~ the above values.
depths may be obtained by applying the factor ( 1 0 0 / ~ ) 1 'to
Temperature
Matcrial

4°K"

290°K

Aluminum
Brass
Copper
Silver

0 84 inm

8 6 rim
15
6.7
6.4

-

0.53
1 .o

Calculations are based on the d a t a of A. B. Pippard, Proc. Roy. Soc. A191, 385
(1947). (Note that the thermal conductivity of copper is approximately 100 X that
of brass a t 4°K.)

reduced by l / e or 38.8%) a t 4°K and 290"K, assuming a modulation
frequency of 100 cps. A number of techniques have been used to reduce
or avoid skin effects. It is possible to construct the resonant cavity of
glassS"8y or plastic, which is then given a conducting coating on the
interior, either by painting with colloidal silver or by using a chemical
deposition method, such as the Brashear process. A convenient cavity,
operating in the cylindrical TE,,, mode, is constructed in two pieces, the
upper half of which is brass and lower half is a standard-taper glass joint
sealed off flat a t a suitable plane. The waveguide feed for this system may
be rectangular TEDllmode; however, it will be necessary t o use a mode
8 1 C. K. Jen, S. N. Foner, E. L. Cochran, and V. A. Bowers, Phys. Rev. 112, 1169
(1958).
8 2 R. G. Bennett, P. C. H o d , and R. P. Schwenker, Rev. Sci. Znstr. 29, 859 (1958).
8 3 G. Feher, Phys. Reu. 114, 1219 (1959).
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supressor to eliminate the possible degenerate, orthogonal TElll mode in
the cylindrical cavity. This may be realized by placing a wire along the
diameter of the metal portion of the cavity a t a point guide wavelength
from the coupling iris plane and oriented perpendicular to the plane of the
E field in the waveguide feed line.
It is also possible t o introduce the high frequency directly into the
This is accomplished by the insertion of a small, single-turn,
hairpin-shaped, coupling loop, so oriented that the longer wires are in the
plane perpendicular to the E field. The degree of coupling or field amplitude may be governed by the depth of penetration of the loop.
I t has been reported that an internal coupling loop is sometimes
undesirable for high-modulation amplitudes.86 To overcome this difficulty the modulation coil has been mounted external to the cavity, the
modulation field entering the cavity through a thin portion of the cavity
wall on which the sample is mounted.
A unique method for the introduction of high-frequency samples is to
split the microwave cavity along the plane of maximum microwave
E field, except that the cavity end wall is not
This slot will have no
effect on the Q factor of the cavity. The modulation current then flows
through a loop formed by the two halves of the cavity, joined at the
cavity end wall.
4.2.3.3.2.4.3. Introduction of light. In studies of photochemical reactions
and phosphors, for example, light which must reach the sample may be
introduced through the cavity walls in below cutoff waveguide. It is also
possible to slot the end wall of a rectangular TEOlnmode cavity parallel
with the narrow dimension of the cross section. In this way the microwave
current lines will not be broken.

+

4.2.4. Amplification and Detection
4.2.4.1. Amplifiers.* Perhaps the simplest system is the radio-frequency
amplifier since, in general, it is possible to use standard commercial radio
receivers for amplification and detection. A chain of intermediatefrequency amplifiers, employing conventional i f . transformers may also
be used. For the most sensitive applications it is advisable, however, to
employ a low-noise first stage of amplification, such as the Cascode
amplifiers6 which has a noise figure somewhat less than that of conventional amplifiers.

* See also Vol. 2, Chapter

6.3.

M. Fujimoto and D. J. E. Ingram, Trans. Faraday Soo. 64, 1304 (1958).
P. Llewellyn, J . Sci. Znstr. 34, 236 (1957).
86 G. E. Valley and H. Wallman, “Vacuum Tube Amplifiers” (M.I.T. Radiation
Lab. Ser., Vol. 18). McGraw-Hill, New York, 1948.
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For a superheterodyne system, the greatest sensitivity will be realized
when a balanced microwave mixer system is employed. (A block diagram
of a typical system is given in Fig. 10.) Here the usual detector crystal is
replaced by a superheterodyne detector which uses an additional magic T
or ring network. The important distinction from other superheterodyne
systems is that the two intermediate-frequency transformers driven by
the two mixer crystals are so connected that the noise arising in the mixer
crystals from the local oscillator is canceled out in the secondary of these
transformers, whereas the ESR signals appear additively in the transformer secondaries. Amplification is then accomplished in a standard
30-60 Mc i f . amplifier. For this system to operate successfully the two
mixer crystals must be very carefully balanced, both in their mixing
characteristics and their method of operation.
If a magnetic field modulation scheme is used in place of a radiofrequency amplification system, in the modulation frequency range
0-20 kc conventional low noise audio amplifiers be employed. Typical
voltage gain requirements are lo6 to lo6. The amplifier must be very
carefully constructed to achieve both low noise and low hum. I n the case
of the reflection cavity system using a bridge detection scheme, the noise
generated in the crystal detector will be minimal because of the low power
incident upon the detector, thus it is important to employ an amplifier
having a low noise figure. (However, if microwave biasing of the crystal
detector is employed, the low noise figure requirement may be overlooked.) Transmission ESR systems do not require the same low noise
amplification, because the crystal detector is commonly operated at a high
microwave level, implying high inherent noise in the detector.
4.2.4.2. Detectors and Demodulators.* 4.2.4.2.1. METHODS
OF DETECTION. There are three general types of detection in common use: (1)
crystal; (2) bolometer; and (3) superheterodyne. In the case of the crystal
and the bolometer the detecting element is insert,ed directly in the waveguide. With the crystal, a semiconducting material, usually silicon in contact with a tungsten wire, rectifies the microwave energy directly, giving
rise t o a dc or pulsating dc signal. In the bolometer, a standard detector
for infrared instruments, a short length of Wollaston wire (approximately
1.5-p diameter platinum) is located across the waveguide at the point of
maximum microwave electric field. This wire is heated by an externally
supplied current, so that it has a certain resistance. Absorption of electromagnetic energy changes the temperature of the wire, hence its resistance,
resulting in a change in current which may then be amplified. While the
crystal detector may be used either with a reflection or transmission

* See also Vol. 2, Chapter

10.4.

482

4.

RESONANCE STUDIES

cavity, the bolometer system is restricted to the use of the transmission
cavity. For proper operation, the bolometer requires a relatively high
incident microwave power for biasing, and insufficient microwave power
would be reflected from a cavity operated at balance.
The superheterodyne detestor is, on the other hand, restricted to the
reflection cavity system, since it is sensitive to very small amounts of
microwave power. In this system the energy from a second microwave
source, operated 30-60 Mc away from the other source, is beat in a
balanced silicon-tungsten detection device with the energy reflected from
the cavity. Amplification of the resulting signal is made at the intermediate frequency (30-60 Mc), followed by dc or audio detection and
presentation.
The relative merits of each of these systems will be considered in
Section 4.2.6.2. I n general the silicon-tungsten crystal is the simplest
type of detector to use and the bolometer and superheterodyne systems
are more sensitive. It should be noted that, since bolometers are thermal
devices, their operation must be confined to signals having relatively low
frequencies. Thus bolometers are generally operated with magnetic field
modulations below 100 cps. The crystal and superheterodyne systems
may be used at any modulation frequencies although sensitivity of the
crystal system is enhanced by the use of high frequencies.
4.2.4.2.2. PHASE-SENSITIVE
DETECTION.
In most apparatus the realization of optimum sensitivity is of paramount importance. The absolute
energy change upon the reorientation of the electron spins is so small that
the signal is obscured by the thermal noise of the detector and/or amplifier. The most important technique developed for increasing sensitivity
has been the phase-sensitive or lock-in detector. In effect this is a narrowband system, having an unusually high Q factor for an audio amplifier.
Reduction of the pass band of the amplifier results in a reduction in noise
(Section 4.2.6.1). While many forms of the phase-sensitive detector have
been proposed, the most stable and one of the simplest utilizes a fullwave bridge mixer.s7
The device makes use of the fact that noise is random both in phase and
amplitude, whereas the phase of the ESR signal will be coherent with the
field modulation. Formulation of the action of the phase-sensitive
detector is accomplished by assuming a magnetic field modulation. The
ESR signal appearing at the input to the phase-sensitive detector may be
expressed as a Fourier expansion,
f4.2.28)
8:

G. M. Volkoff, H. E. Petch, and D. W. 1,. Smellie, Can. J. Phys. 30, 270 (1952).
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where a a i d p,, are the aniplitude and phase of the ieth harmonic component. The reference signal introduced into the mixer. may be expressed
by b cos w,t. The action of the mixer is to multiply the ESR and the
reference signals, so that the voltage output from the mixer circuit is
S(t) b cos w,t. For n = 1 there will be a steady dc voltage in the output
of the phase-sensitive detector. This will not happen in the case of any
other signal frequency. The mean dc voltage appearing at the output
of the detwtor over the period of one cycle of the modulation is given by

n=l

=

alb sin

cpl.

(42.29)

Thus the output signal is proportional to the amplitude of tthe ESR
signal and the reference signal, multiplied by the phase factor resulting
from the phase difference between the ESR and the reference signals.
Equation (4.2.29) does not include a term in the ESR signal to account
for the presence of a noise signal. Obviously the phase-sensitive detector
will also be sensitive to noise components in the frequency region immediately surrounding urn.To narrow down the range of sensitivity to the
noise signal, a low-pass filter network is employed in the output of the
phase-sensitive detector. The pass-band of this filter is generally of
cps, corresponding roughly to time constants of the
the order of 1 t o
order 1 to 100 sec. Thus, as a practical matter, Q factors on the order of
lo4 are possible in the audio-frequency region. Use of the phase-sensitivc
detector results in improvements in ESR signal-to-noise ratios of thc
order of 100.
I n the case where a slow magnetic field sweep is used in conjunction
with a phase-sensitive detector it is important to note that realization
of the full amplitude of the resonance line requires that the line must not
be swept through in less than several time constants of the bandwidthdetermining network of the phase-sensitive detector. As a typical example,
consider a resonance line of 20 gauss width being amplified by a phasesensitive detector whose time constant is 10 sec. Allowing 6 time constants
for the time of recording, the sweep rate should be approximately 20
gauss per minute.
An important characteristic of the phase-sensitive detector is that the
output signals are first derivatives of the ESR signal, for the case where
the magnetic field modulation is a small fraction of the observed ESR line
width and the magnetic field is slowly varied across the resonance (slow
passage). (Typical first derivative patterns are shown in Fig. 6.) To
demonstrate this fact, assume a symmetric line shape expressed by the
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function G(ho),where ho = H - Ho, H o being the value of magnetic field
a t the center of the line. When H is amplitude-modula,ted the shape
function is then a function of h = ho h, sin w,t, where h,, is the amplitude of the field modulation and wm/27r, the frequency of this modulation.
By a Taylor's expansion, the instantaneous voltage at 1,he detector is
proportional to a Fourier series:

+

This signal is switched on and off in the phase detector by a square wave
of the fundamental frequency wm/27r. The amplitude of the resulting
signal output is expressed as the coefficient of the terms in sinn w,t in the
above series:
m

For the first few terms, the phase detector output is then proportional to
G(h)=h,-

dG
dh

1 +-- :? Jhl +-- 1 +
ho

hf

192
hm6 d5G
dh6 ho

-

.

*

.

(4.2.32)

For h, N ~ H / 1 only
0
the first derivative term is of practical significance.
For work requiring accurate knowledge of line shapes and widths
(moments), recorded data must be corrected for the effects of the higher
order terms in G(h). This is especially true where h, 'v AH/2, which is
used to give maximum sensitivity. Corrections for this effect have been
derived for the various moments.
4.2.5. Magnetic Field
4.2.5.1. Production. I n the case of ESR apparatus operating in the
microwave region, the frequency of operation is determined by the resonant cavity which is usually untunable. Thus the magnetic field must be
varied; hence, electromagnets are employed. The field requirements are
dictated by the frequency of the resonant cavity and the g value (and
crystalline field splitting) of the sample under investigation. At 3-em
wavelengths a maximum magnetic field of 10,000 gauss is adequate. For
apparatus operating at 1-em wavelength, however, g = 2 requires
10,000 gauss field, and even higher fields may be needed. Since the
88

E. R. Andrew, Phys. Rev. 91, 425 (1953).
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dimensions of the microwave cavity are reduced by the same factor as the
wavelength, the magnetic poles may be brought closer together, making
it possible to achieve higher magnetic fields. The limiting factor in the
maximum realizable magnetic field is the saturation flux density of the
magnet material, typical values being 15 to 20 kilogauss.
In general the homogeneity requirements for ESR experiments are not
so stringent as for the nuclear resonance experiment. Line widths less than
0.01 gauss have not been observed in ESR experiments. Thus this degree
of homogeneity over the volume of the sample is sufficient for excellent
resolution of ESR spectra. Field homogeneity may be worse by a factor
of 100 without effect upon the great majority of ESR spectra. (A ratio of
pole piece diameter to polc gap of 3 will produce a homogeneity of
approximately 1 gauss over a 1 cm3 sample volume.)
4.2.5.2. Magnetic Field Stabilization. For the recording of ESR
spectra the usual short time stability requirement on the magnetic field
is that the field should remain constant to approximately 0.1 gauss over
one minute. Long time stability may also be required for electron-nuclear
resonance (ENDOR) experiments. Two gcneral methods are usually
employed for stabilizing the magnetic field. The first method involves
precise measurement and control of the magnet current by means of
potentiometric devices. The second method measures the magnetic field
directly, converting the magnetic field intensity into a voltage which may
be measured potentiometrically. Three typical examples of these techniques will be discussed briefly.
Of the three types of field stabilization commonly employed, that using
the standard resistor operates by monitoring the magnet current, while
the rotating coil and proton magnetometer systems monitor the magnetic
field itself. These two basic types of systems are not equivalent, since the
current stabilizer type cannot correct for changes in the magnetic field
resulting from temperature effects which produce geometrical alterations
of the magnet yoke, nor from changes in the permeability of the magnet
yoke material. Thus only those stabilizers which directly monitor the
magnetic field are capable of precise field stabilization.
With any stabilizer system it is always necessary to have achieved a
major degree of field stabilization before attempting very precise field
stabilization. The current stabilizer system is particularly valuable for
achieving the first order of field stabilization; this is the most common
application of the standard rcsistor-type stabilizer. The voltage drop
across a standard resistor is compared with the output of the standard
cell by means of a potentiometer device. The difference voltage is amplified
in a standard dc chopper amplifier, the output of which provides the grid
bias for a current regulator tube. With low-resistance magnet coils

486

4.

RESONANCE STUDIES

stabilization is accomplished through the use of t r a n s i ~ t o r s * ~or- ~an
~
auxiliary stabilizing winding on the magnet or auxiliary field winding on
the generator. With high-resistance magnet coils the regulator vacuum
tube may be connected directly in series with the coils themselves. With
these techniques it is possible to achieve field stabilities on the order
of one part in lo4,with response times of the order of 0.1 sec. The standard
resistance type field stabilizer is quite adequate for most general applications. In addition, slow variation of the magnetic field may then be
readily achieved through the use of a multiturn potentiometer driven by
a synchronous motor (clock mechanism).
The simplest magnet field monitor employs a synchronously driven
rotating flip coil. Detailed description of one type of rotating coil stabilizer
has been given.53The rotating coil output voltage is compared against a
standard alternating voltage produced by a permanent magnet reference
voltage generator. (This technique avoids the need for rectification of the
rotating coil output in which instability might develop in the rectifier
circuit.) This system is capable of approximately the same degree of
stabilization realized with the standard resistor, since the error signal is
utilized in the same manner.
The highest degree of field stabilization is achieved through the use of
nuclear magnetic resonance. Description of a number of proton-controllcd
field stabilizers has been g i ~ e n . ~I n~ this
- ~ ~device the proton magnetometer oscillator coil, containing a small sample of paramagneticallydoped water [O.lMFe(N03)z]is placed in the magnet pole gap in proximity
to the electron resonance cavity. The magnetic field t o which the protons
are subjected is already modulated for ESR purposes. The proton resonance absorption signal amplitude is proportional t o the first derivative
of the resonance line; thus a discriminator curve will result. This error
signal may then be used t o supply the grid bias for a control tube. With
this system stabilities of the order of one part in lo6 are realizabIe. The
limit of stabilization is determined by the stability of the magnetometer
radio frequency oscillator and the response time of the associated circuits.
R. L. Garwin, Rev. Sri. Instr. 29, 223, 900 (1958).
R. L. Garwin, D. Hutchison, S. Penman, and G. Shapiro, Rev. S c i . Instr. 30, 105
(1 959).
9 1 R. D. Russell, Can. J. Phis. 38, 616 (1960).
92 M. E. Paclrard, Rev. Sci. Znatr. 19, 435 (1948).
93 H. A. Thomas, R . L. Driscoll, and J. A. Hipple, J. Research N d l . Bur. Standards
44, 569 (1950).
g4 G . Lindstrom, Arkiv. Fysik 4, 1 (1959).
96 H. A. Thomas, Electronzcs 26, 114 (1952).
9 6 H. Andresen, 2. angew. Phys. 9, 326 (1957).
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4.2.5.3. Magnetic Field Measurement.* The problem of magnetic field
measurement is divided into two parts: the determination of absolute
field strength, and the determination of magnetic field intervals. The
absolute determination of magnetic field strength is very readily accomplished through the use of the proton magnetometer. Since the magnetic
moment of the proton has been measuredg7to an accuracy of 22 parts in
lo6, in principle the magnetic field may be determined to this accuracy
from the known proton resonance frequency. Thus with very simple
apparatus it is possible to determine magnetic fields to an accuracy of
better than one part in lo4. (This represents an improvement in accuracy
of the order of 100 over earlier techniques such as flip coils.) The magnetic
field is then determined absolutely by measurement of the resonance
frequency and application to the formula for the resonance condition,

H

=

27rvP/yp = 2.34868 X 10-4vpgauss

(4.2.33)

where the value taken for the proton magneto-mechanical ratio isg8
y p = 2.67530 X lo4rad sec-I gauss-'.

Several suitable magnetometer circuits have been d e ~ c r i b e d . ~ ~ t 9With
9-~~~
the systems described sensitivity is excellent, however application is
limited to relatively homogeneous fields. Thus, as a lower limit of homogeneity, it is not possible to observe proton resonances where the magnet
gap exceeds the pole piece diameter; as a practical matter the gap should
be less than the pole radius for easy observability of the resonance signals.
Since a t 10,000 gauss the proton resonance frequency is 42.57 Mc, for the
measurement of higher magnetic fields it is more convenient to employ
a probe sample containing nuclei of a lower magnetomechanical ratio.
Thus Li7, having a resonant frequency of 16.55 Mc at 10,000 gauss, is
commonly employed.
For convenience in calculating the g factor, once the proton vp and
electron ve resonance frequencies are known, the relation
g = 3.04198 X 10-3v./v,

* See also Vol. 2, Section 9.7.1.1.
H. A. Thomas, R. L. Driscoll, and J. A. Hipple, Phys. Rev. 75, 902 (1949);78,
787 (1950).
08E. R. Cohen, J. W. M. DuMond, T. W. Layton, and J. S. Rollett, Revs. Modern
Phys. 27, 363 (1955).
99 N. J. Hopkins, Rev. Sci. lnstr. 20, 401 (1949).
loo H. W. Knoebel and E. L. Hahn, Rev. Sci. Znstr. 22, 904 (1951).
lol J. R. Singer and S. D. Johnson, Rev. Sci. Znstr. 30, 92 (1959).
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is useful. This result was obtained using the free electron g = 2.00232 and
the value for v e / v p = 658.229 for the free e l e c t r ~ n . ~ ~ ~ ’ ~ ~
4.2.5.3.1. FIELD
MARKERS.
Since one is not always concerned with the
absolute determination of g values, it is often convenient to make use of a
paramagnetic material as a magnetic field marker. The most commonly
employed material for this purpose is the stable free radical apdiphenyl/3-picrylhydraxyl. Since the g value = 2.0036 is very close to that of the
free spin, the unpaired electron in this compound behaves almost as a free
electron. The resonant field H in gauss is H = 0.35682 v , where v is the
spectrometer frequency in megacycles. In comparison with the proton
magnetometer, the use of this material results in signals of much greater
intensity since the magnetic moment of the electron is approximately
658 times that of the proton.98For normal use as a field marker only 10
pg of this material is required. It has also been suggested that ruby be
used, since its orientation dependence makes possible the movement of
the resonance line to avoid interference with other patterns.’03
4.2.5.4. Magnetic Field Modulation. It is customary to superimpose
upon the steady magnetic field a small magnetic field modulation, which
is used to avoid the necessity for high-gain, high-stability, dc amplifiers.
Although the ideal field modulation would be a square wave, it is necessary, as a practical matter, to use sinusoidal modulation. Frequencies of
modulation in the range 10-lo6 cps have been employed. The choice of
frequency has important bearing on the sensitivity.
If detection of the ESR signal is by means of a crystal detector, the
lower limit on modulation frequency is determined by the fact that the
noise voltage developed by the detector varies as A v / v , where A v is
the bandwidth of the detected signal, and v is the frequency of modulation.Io4Figure 16 plots a typical noise spectrum from a crystal detector.
Thus, without considering other noise contributions, it is apparent from
Fig. 16 that a factor of 10 better signal-to-noise ratio would be realized
by increasing the modulation frequency from 100 to 2000 cps.
The upper limit of frequency is determined by shielding problems
or the ability to create a magnetic field of sufficiently large amplitude
at the site of the sample. The skin effect is then important, so that the
material of which the resonant cavity is constructed, as well as its temperature of operation, place important restrictions on the upper frequency.
The effect of skin depth and special techniques to extend the upper
frequency limit have been discussed in Section 4.2.3.3.2.4.2.
J. H. Gardner and E. M. Purcell, Phys. Rev. 76, 1262 (1949); 83, 996 (1951).
S. Singer, J. App2. Phys. 30, 1463 (1959).
1 0 4 H. C. Torrey and C. A. Whitmer, “Crystal Rectifiers” (M.I.T. Radiation Lab.
Ser., Vol. 15), p. 187ff. McGraw-Hill, New York, 1947.
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The use of sinusoidal modulation has been shown in Section 4.2.4.2.2to
result in the taking of the slope of the resonance line. This type of modulation has the disadvantage that the modulation amplitude depends on the
width of the lines being observed and is optimized for amplitude equal
to the line half-width. (This applies to a system employing phase detection. With oscilloscope or video prcsentation, the modulation amplitude
should be greiter than the line width, and the response of the indicator is
then to the absorption of the microwaves.) It was also shown in Section
4.2.4.2.2 that faithful reproduction of the derivative of the line shape
requires modulation amplitude much less than the line width.

4 10-3
K
W

FREOUENCY IN CYCLES PER SECOND

FIG. 16. Crystal noise voltage as a function of the frequency of the signal being
detected.

It is important to note that eddy currents induced in the microwave
cavity walls interact with the dc magnetic field to cause violent vibrations
of the cavity. The amplitude of vibration is proportional to the dc magnetic field. The effect, which seems to result from synchronous variations
in cavity dimensions, results in a periodic frequency instability of the
cavity. Thus, with dispersion presentation, or with an improperly tuned
absorption presentation system, a large dispersion-like signal will be
reflected from the cavity. It may be eliminated by reducing the modulation amplitude or by the methods of cavity construction already discussed in Section 4.2.3.3.2.4.2for the reduction of eddy current loss.
The modulation amplitude and phase depend upon the extent of saturation of the yoke material of the magnet. For magnetic field changing from
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0 to 10,000 gauss there has been reported an amplitude reduction of 25 %
and a phase shift of 15%.53
While in principle it is possible to apply field modulation through the
electronic current regulating circuits of the electromagnet, the high
inductance of the magnet system makes this method impracticable. It is
therefore common to use a n auxiliary set of coils for the introduction of
the field modulation. The modulation coils may be wound over the
electromagnet pole pieces, in which case they should be rigidly fastened
to the magnet yoke of coil assembly to avoid vibration. Where space is
limited, one may also make a pair of pancake Helmholtz coils by winding
a few turns of heavy conductor. These may be attached directly t o the
microwave cavity. One novel scheme has been employed a t high frequencies. Two heavy conducting posts, spaced by wavelength in waveguide,
are centrally inserted into the waveguide in the plane of the microwave
magnetic field and a t the location of minimum E. On one side of the waveguide the posts are soldered to the waveguide wall, while on the other
side they pass through the waveguide wall on insulating bushings. The
two posts are driven from a tuned transformer secondary.

+

4.2.6. Sensitivity
4.2.6.1. Ideal Minimum Detectable Signal. One assumes initially that
the only noise with which a signal must compete is the thermal or Johnson
noise of the detector. The detector may be represented as a source of
noise voltage V , having a n internal resistance R. Assume the noise source
(detector) operates into the matched load R of the signal amplifier input.
The rms noise voltage of the open-circuited source (detector) 1/4kTR Av,
where k is the Boltzmann constant, T absolute temperature, and Av the
amplifier bandwidth. The rms noise voltage developed in the load is then
d k T R Av. However, the load resistor also acts as a source of thermal
noise operating into its load, here the detector. Thus, the total rms noise
voltage present in the amplifier input is d 2 k T R Av. It, is this noise
voltage against which the resonance signal must compete.
Observation of ESR requires that the signal reflected from the cavity
a t ESR be equal to or greater than the noise voltage. To formulate this
condition it is necessary t o determine the detector signal. I n terms of the
microwave voltage V oexp(-jut), incident on the cavity, the voltage V ,
reflected from the cavity will be given by V , = r Vo, where I’ is the reflection coefficient of the cavity at ESR. By definition,

r

=

(z- ZMZ

+ z,)

where Z is the terminating impedance (here that of the cavity) and 2 0
is the characteristic impedance of the waveguide. Using the impedances
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Z and 2, from Eqs. (4.2.18)and (4.2.19),it is seen that r = l'o
j2qQx,
where I'o is the reflection coefficient in the absence of ESR. The change in
reflected voltage at ESR is, for a system tuned only to the absorption
mode, AV = 2a7&x1'Vo.For observability of the signal in the presence of
noise, then,

(4.2.34)
Assuming

T

=

300"K, A V = 1 cps,

r]

=

0.01, Q

=

5000, and P =

watt

obtain xlia = 7 X lo-".
To relate this result to the number of observable spins N , invoke the
Langevin equation for the static permeability, x o = Np2/3kT, 17,44 where
XI'
= x o H / A H . The magnetic moment is given by p = gp d S ( X
1).
Thus, at, H = 3000 gauss,

+

3kTx"AH
= q2/32S(S

+ l ) H - 5 x 1020T AH
N

(4.2.35)

For the DPH radical a t room temperature N g 2 X
spins, corresponding to 6 X lop9gm.
4.2.6.2. Practical Limits on Sensitivity. Sources of Noise. The most
important sources of noise in a practical system originate in the following
ways: (1) detector flicker noise, that is, noise in excess of thermal noise
resulting from the flow of current through the detector; (2) klystron
noise, essentially resulting from random variations in oscillator output;
(3) klystron frequency instability, which creates random dispersion-type
signals; and (4) cavity vibrations, which also create dispersion-type
signals. The latter two sources of noise are systematic in origin and can,
in principle, be eliminated b y proper design and operation of the system.
The first two noise sources are fundamental and inherent in all systems
and are therefore difficult t o eliminate.
Feher57 has made a detailed consideration of the effect of klystron
frequency instabilities on the noise level in a given system. The analysis
applies both t o the case of random frequency variations of the klystron
itself, as well as to random variations in the resonant frequency of the
cavity. Random cavity resonance variations arc a common occurrence
in the case of refrigerated cavities. The boiling of the refrigerant contained
within the cavity causes raiidom changes in the dielectric constant of the
cavity and hence in the resonant frequency of the cavity. Random
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vibrations of the cavity walls could also produce similar effects. The
noise signal resulting from such random frequency variations, when
the system is tuned to the dispersion mode, is directly proportional to the
frequency deviation and to the unloaded Q of the cavity. When the
system is tuned to the absorption mode, however, this source of noise is
only second order in the frequency deviation. Feher concludes that
minimization of this effect can be achieved by: (1) using as little reflection
from the slide screw tuner as possible; and (2) by over-coupling to the
resonant cavity in the case of absorption presentation.
In general, the basic limitation on sensitivity arises from the flicker
noise in the detector. Thus the total noise in a crystal detector is generally
represented as the sum of the thermal noise and the flicker noise by a
relation of the form,lu4
(4.2.36)
where c is a constant, I the detector current, v the modulation frequency,
and Av the amplifier bandwidth. One may consider flicker noise as arising
from a small randomly amplitude modulated component of the crystal
resistance. As shown in Fig. 16 the inverse frequency dependence of the
flicker noise does not hold below approximately 1000 cps. It does apparently hold to a very good approximation up t o frequencies of about 10 Mc.
Buckmaster and Sc0vi1~~
have determined that the flicker noise at 450 kc
is a factor of lo3 less than that at 60 cps. They also estimate that the
flicker noise becomes comparable to thermal noise a t about 10 Mc.
Equation (4.2.36) may be rewritten in the forms

q)

+ kT
P = 1 + - kT
( p:">
P = 1+
( 7 )kT
P = (1

I
_

(4.2.378)
(for square-law detection)

(4.2.37b)

(for linear detection).

(4.2.37~)

(This form of the equations implies temperature dependence of the
flicker noise, an effect which has not been established.) The values
reporteds7are /3 = 5 X l O I 4 watt-2 sec-' and y = loll watt-' sec-'. Here
square law detection exists for incident rf power less than
watt and
linear detection occurs for incident power greater than
watt. Using
these data, and assuming an incident microwave power of 30 pw, the
flicker noise becomes comparable to the thermal noise at approximately
500 kc, consistent with the findings of Buckmaster and S c ~ v i lIt. ~should
~
be noted, in passing, that bolometers do not have flicker noise. Their
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noise is purely thermal and remains constant, with fixed bandwidth, over
a very wide frequency range extending into the near infrared regions.
4.2.6.3. Comparison of Detectors. Any detailed treatment of the
sensitivity of the various detecting schemes customarily employed in
ESR experiments is beyond the scope of this treatment. The subject has
received exhaustive theoretical and experimental consideration by
It will suffice here merely to summarize and quote the theoFehe~-.~’
retical and experimental results which have been determined.
4.2.6.3.1. CRYSTAL
DETECTORS.
While crystal detectors may be
operated on the power reflected from or transmitted by the cavity, it is
found that this so-called straight detection is not optimized at low powers
because of low conversion gain, while at high power excess crystal noise
is developed. Through adjustment of the power reflected from one of the
matched terminations of the magic tee, the proper microwave power may
be made incident upon the crystal detector. The principal advantage
of this so-called microwave bucking is that uniform detectability will be
achieved over a wide range of microwave power available to the detection
system. For this purpose it is therefore desirable constantly to monitor
the crystal current, so that the proper amount of microwave bucking may
be introduced for any given operating conditions of the spectrometer.
4.2.6.3.2. BOLOMETER
DETECTORS. Proper operation of the bolometer
requires a relatively high incident microwave power. For optimum conversion gain of the detector the microwave power input should equal the
power input from the dc biasing circuit.lo6For this reason the bolometer
should be used with a transmission cavity whose coupling is adjusted for
this optimum incident microwave power. Through the use of a balanced
mixer detection system it is possible to use the bolometer with a reflection
cavity. In this homodyne system the additional microwave power is
introduced on the bolometer directly from the power source. This system
does have the advantage of eliminating, through its balancing action, the
noise originating in the power source. Use of a balanced bolometer mixer
system also results in uniform sensitivity over a broad range of signal
powers.
4.2.6.3.3.SUPERHETERODYNE
DETECTORS.
The system resembles that of
the bolometer balanced mixer in that microwave power is added to the
detector from an external power source. The distribution lies in the fact
that this power source is removed in frequency from the power source
used to excite the spins in the resonant cavity. The basic principle of the
~
dependency of crystals as shown
system takes advantage of the 1 / noise
in Fig. 16. A frequency difference between the klystrons of 30-60 Mc is
customarily used. The superheterodyne has a distinct advantage over that
lo6

H. G. Robinson, Rev. Sci. Instr. 27, 163 (1956).
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SUPERHETERODYNE

5 ,

-
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I

I

I

I

I

agree quite closely with the theoretical predictions plot,ted in Fig. 17,64
these experimental data have not been indicated.
It is seen that the bolometer and superheterodyne detection systems
are an order of magnitude more sensitive than the crystal detection
scheme. In spite of this, most ESR spectrometers employ crystal detection
since the increased sensitivity is often not needed and the bolometer and
superheterodyne detection schemes are somewhat more complicated in
construction and operation. When ultimate sensitivity is required the
general preference is for the superheterodyne scheme over the bolometer
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system. This is probably because of the fact that bolomet,ers are easily
burned out by even moderate microwave powers.
It then appears that the ultimate sensitivity of ESR spectrometers is
approximately 10l2spins for the superheterodyne system and approximately 1013 spins for the crystal detection schemes employing optimum
bucking.
4.2.6.4. Standard Paramagnetic Samples. In the operation of any
ESR spectrometer there are two recurrent problems. First, it is desirable
to have a set of standard paramagnetic samples which can bc used
periodically to check the sensitivity of the system. Second, in making
ESR observations it is often useful to know the number of spins being
observed. A set of standard paramagnetic samples is therefore required.
The method of determination of the number of spins is by comparison.
I n using Eq. (4.2.35), it is assumed that optimum field modulation is
applied t o the sample. Since optimum field modulation h, = AH for any
given resonance, if a value of h, less than the optimum is used, the minimum detectable number of spins determined from Eq. (4.2.35) must be
increased by the factor AH/h,. It should be noted that this factor applies
only to the determination of sensitivity. When accurate studies of line
shapes must be made, as in the case of measurements of spin-spin relaxation time, or for the interpretation of exchange effects, require h, < 0. I AH
for preservation of accurate line shapes. It should also be noted that the
use of the factor A H / H in Eq. (4.2.35)to replace [ H G(H)]-' is based upon
a Lorentz line shape, with observation made at the peak absorption.
I n using paramagnetic samples to determine the number of spins
observed in another paramagnetic sample it is first necessary t,o select a
standard sample having approximately the same number of spins as
being observed in the unknown. This generally can be determined
approximately by a n estimate of the signal-to-noise ratio for the unknown
spectrum. Then, if at all possible, it is desirable to record both the standard
sample and the unknown sample simultaneously. I n this way complications will be avoided arising from tuning effects and variations in field
modulation amplitude which may alter incident microwave power or
change line shapes because of the introduction of a dispersion component.
Determination of the actual number of spins for a given unknown
sample may be made from the relation
(-1.2.38)

where N is the number of spins, AH is the line width, 7 is the filling factor,
1M is the number of hyperfine components, and S is the signal-to-noise
amplitude rat,io for one of the hyperfine components lines, and u refers
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to the unknown and s to the standard sample. If optimum modulation is
not used for both unknown and standard, another factor (AHu/AH8)mod.
must be included. I n addition, the factors M assume that only one nuclear
spin contributes to cause the hyperfine splitting. I n the case of several
identical nuclear spins, such as might be found in a free radical containing
several hydrogen atoms, the multiplicity factors M must be replaced by
new factors which take into account the variation in the intensity of the
hyperfine components. Finally, Eq. (4.2.38) is based upon the assumption
that the line shape is identical for both the unknown and the standard
spectra. If this is not the case, or if the line shape is unknown, the factor
A H u / A H , must be replaced by the ratio of the integrated absorptions of
the unknown and standard samples. Obviously the application of Eq.
(4.2.38) involves several empirical facts, thus precluding accurate determination of the number of spins in a given sample.
It is now necessary to consider the preparation of standard samples.
The use of pure, solid paramagnetic materials is extremely difficult
because of the minute quantities of paramagnetic material which can be
detected. The most convenient method for obtaining sufficiently small
quantities of paramagnetic material is the preparation of dilute solutions.
The standard sample may either be a solution sealed in a glass ampule or
sealed between sheets of plastic material, or the solutions may be measured
onto filter paper from which the solvent is then evaporated and the
remainder suitably sealed. The choice of container is mainly predicated
by the type of cavity employed. Glass tubes are useful for cavity modes in
which the utilized microwave magnetic field does not lie along the cavity
walls. The small, flat, plastic containers are particularly well suited to
systems which operate with the samples placed along the walls of the
resonant cavity.
Paramagnetic dilution may also be accomplished by means of solid
solutions. I n the simplest case the paramagnetic material is finely ground
and carefully mixed with some suitable amorphous medium, such as
alumina, A1203.The other method of solid dilution utilizes an isomorphous
diamagnetic crystalline diluent. Several isomorphous series are known,
for example alums and Tutton salts.
There are two major classes of compounds which will provide suitable
standards. The first class is the stable organic free radicals, a large number
of which have been investigated.6 Probably the most suitable from the
point of view of stability and ease of preparation and handling is the
radical @,a-diphenyl-/3-picrylhydrazyl (DPH). The radical decays very
slowly, provided that it is not exposed to light for long periods of time and,
particularly, that it is stored in an oxygen-free atmosphere. FeherS7
reports that samples of less than 10l6 spins, when not handled in this
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manner, are not sufficiently stable as standards. Buckmaster and Scovil,
however, have reported54the preparation of
gram samples containing
approximately 10I2spins. One caution should be used in the application
of this material as a standard. The single crystal of DPH has been reported
It
to have a g-value anisotropy lying between 2.0035 and 2.0041.106*107
has also been found that there is an anisotropy in the DPH line width of
as much as 40%,108In spite of the observed line-width anisotropy, the
measured areas under the absorption lines were found to be the same.
Thus, in using DPH as a standard, it is necessary that comparison be
made with the integrated absorption rather than the peak absorption.
The other important category of standard substances is materials containing paramagnetic ions. I n selecting suitable crystalling compounds
for this purpose, a number of factors should be considered. First, it is
desirable that the ion have long spin-lattice and spin-spin relaxation
times, TI and Tz,at room temperature, in order that the resonances may
both be observable and have sufficiently narrow lines. In both single and
polycrystalline samples it is important that the unit cell contain only a
single magnetic ion, and that the g value be isotropic. In this way broad
resonance lines may be avoided. For solid dilution it is also useful to
select a compound which is isomorphic with some diamagnetic material.
Perhaps most suitable is the chromic ion Cr3+ which has nuclear spin,
I = 0. A particularly useful form is the cesium chrome alum, CsCr(S04)2.
12H20, in which resonances have been observed over a temperature range
20K0-290"K. 109-111 While this compound has not been observed in a magnetically dilute state, it is possible to employ a diamagnetic alum diluent
which will not undergo crystalline transitions. An example is cesium
aluminum alum, CsAl(S04)2.12Hz0.Another possibility is the manganous
ion Mn2+, having a nuclear spin I = $, for sextet hyperfine structure.
Other compounds, suitable as standards, are the f l u ~ s i l i c a t e , ~ ~ ~ * ~ ~
MnSiF6.6H20,acetate, 113,114 Mn(CH3COO) 2.3H20,and sulfide, MnS. l15s116
108
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For standard solutions cobaltous, manganous, and chromous sulfates
in concentrations approximately 0.1 molal or less are acceptable. The
DPH radical is also a useful standard at concentrations 0.01 molal or
less, where a quintet hyperfine spectrum is observed over a 48 gauss
total width. l o 6

1 'T

4.2.7. Electron-Nuclear Double Resonance Techniques
An important advancement in ESR techniques is that developed by
Feher1I7in which nuclear magnetic resonances (NMR) are observed on
the ESR lines. This electron-nuclear double resonance (ENDOR) method
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has already been demonstrated in a variety of applications. Its most
significant value lies in its ability to increase hyperfine structure resolution
by four orders of magnitude. In explaining the principles of the method,
the example of an ion having S = and I = will be used. In Fig. 18 is
shown the energy level diagram for this ion in a strong magnetic field. The
population of each level is indicated. Figure 18(a) shows the normal
population distribution resulting from the electronic Boltzmann factor,
but neglecting the nuclear Boltzmann factor. N+ refers t o the population
and N-, to M , = -&, where N+
N - = N , the total
of the M , =
number of electron spins. Then,

+

++

+

+

(4.2.39)
11'

G. Feher, Phys. Rev. 103, 834 (1956).
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For quantitative interpretation of the ENDOR method it is necessary
to consider the Hamiltonian. For the simple case illustrated the Hamiltonian is
X = gPH * S
A1 . S - gIPNH. I.
(4.2.40)

+

Here gPH >> A , g I P N H . The energy levels for this system are then given
by the system of equations,
h'4 = gP€i/2
A/4 - y r P ~ H / 2
Ea = gPH/2 - A/4
grPNII/2
(4.2.41)
E? = - g P H / 2
A/4
grPNH/a
E l = -gPH/2
- A/4 - Q I @ N H / ~ .

+

+

For the ESR transition, AM8
hv,

=

=

+

+1, AM1

= h ~ 1 . 4=

The nuclear transitions, A M , s

+

0, the low field transition

+ A/2.

gPH

0, A M I

=

=

(4.2.42)

- 1, are expressed by

h ~ . v= hvaS4 = A/2 - g I P N H
hvlv! = hv1.z = A/2
grPNH.

+

(4.2.43)
(4.2.44)

Combining Eqs. (4.2.41)and (4.2.44) results in

+

~ 1 . 2

v3,4

~ 1 . 2- ~

3

=
=
4

A/h
2giPxH/h.

(4.2.45)
(4.2.46)

The first step in the ENDOR technique is to saturate one of the ESR
transitions, thus equalizing the populations of the upper and lower levels.
This transition and the new population distribution is indicated in Fig.
18(b). Thus, if the magnetic field is maintained a t a constant value, the
intensity of the ESR line should be reduced, since it is proportional to
the population difference of the upper and lower levels of this transition,
here designated as levels 1 and 4. While continuing to saturate and
observe the ESR transition, nuclear transitions between levels 1 and 2
and/or 3 and 4 are simultaneously induced. Thus, for example, thc
populations of levels 3 and 4 may be equalized by saturating the NMR
transition between these levels, or the population of levels 3 and 4 may be
reversed by making an adiabatic fast passage through the transition by
sweeping through the width of the N M R line in a short time compared
with the relaxation time for the NMR transitions. The new populations
resulting by saturation are shown on Fig. 18(c) and for fast passage on
Fig. 18(d). Since the result of either of these types of nuclear transitions
is the reduction of the population of level 4 with respect to that of level I ,
the ESR line will reappear. Thus if the intensity of the ESlt lirw is plottcd
as a function of time or of frequency of the NMR signal, a signal typified
by Fig. 19 will result. The decay of this enhancement will h a w a characteristic time which depends upon the rate at which levels 1 and 4 are
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being saturated. A similar effect will occur when the NMR frequency
corresponds to that for levels 1 and 2. The important feature of the
ENDOR technique is that the widths of the resonance lines are related to
those of NMR lines rather than the ESR lines. Equations (4.2.45) and
(4.2.46) show that knowledge of the two NMR frequencies yields both
the hyperfine coupling constant A and the nuclear g value gr, from which
the nuclear magnetic moment may be obtained. Thus the ENDOR
technique makes possible the determination of the hyperfine coupling
constant even when the hyperfine interval is less than the ESR line
width, so that the hyperfine structure is not resolved. Also, the nuclear
magnetic moment may be determined directly without knowledge of the
wave function of the electron through which the resonance observation
is being made.

FIG. 19. A typical ENDOR line shape.

Methods for achieving double resonances involve problems similar
to those already discussed under microwave cavity design (Section
4.2.3.3.2.4.2)and magnetic field modulation methods (Section 4.2.5.4).
It is necessary to utilize some technique to introduce both microwave and
radio-frequency energy into the sample simultaneously. FeherB3utilized
a rectangular TEoll cavity constructed of Pyrex with a thin silver coating
inside. The rf magnetic field at the NMR frequency was obtained by
wrapping a coil around the outside of the microwave cavity, and driving
it through a 50-ohm transmission line. The silver coating of the cavity
was slit along the plane of the microwave E field to reduce rf eddy current
losses a t the NMR frequency. The intensity of the rf and microwave
fields within the cavity was of the order of 0.1 gauss. The entire cavity
system could be immersed in liquid helium.
The ENDOR technique has been applied to resolve F-center resonances
in KC1,ll*as well as to measure the hfs anomaly in SblZ1and Sb119.Details
of the theory, application, and interpretation of the ENDOR method as
applied to complex hfs patterns have been given."*
11*

lI9

G . Feher, Phys. Rev. 106, 1122 (1957).
J. Eisinger and G . Feher, Phys. Rev. 109, 1172 (1958).

4.3. Nuclear Quadrupole Resonance*
4.3.1. lntroductiont

Nuclear quadrupole resonance spectra result from transitions between
energy levels that arise from the interaction of electric field gradients
with nuclear electric quadrupole moments. In the first successful experiment on a solid Dehmelt and Kriiger' observed a resonance absorption
of radio-frequency energy at 27.96 Mc and at 35.40 Mc in trans-dichloroethylene a t 90°K. The two transitions corresponded to the two stable
chlorine nuclei, C13' and C135respectively. Each isotope possesses a nuclear electric quadrupole moment Q and experienced identical electric field
gradients which originated entirely from the electric charge distribution
within the solid. In this particular case the major contribution to the field
gradient came from the nature of the charge distribution in the chlorinecarbon chemical bond of the molecule. The transition frequency for C137
was lower because its quadrupole moment is smaller in magnitude than
that of C135.The C135transition was much more intense than that for C137
partly because of its threefold higher abundance. This chapter will be
concerned with transitions of a similar nature in solids. I n all cases the
field gradients that couple with quadrupolar nuclei to produce detectable
differences in energy levels arise from the electric charge distribution
within the solid; sufficiently large field gradients cannot be obtained from
external sources.
Although the quadrupolar energy levels result from an electric interaction, transitions between the levels are induced by the radio-frequency
magnetic field coupling with the nuclear magnetic moment. This is the
same mechanism by which transitions are induced in nuclear magnetic
resonance spectroscopy (see Chapter 4.1), and, accordingly, there are
many similarities between the two methods. For example, in both methods a sample is placed in the coil of a radio-frequency spectrometer in
order to observe transitions. Frequently the same general type of spectrometer may be used. However, in nuclear magnetic resonance spectroscopy an absorption line may be searched out and scanned either by
varying the frequency of the spectrometer or by varying the strength of
the externally applied magnetic field SO as to change the separation between energy levels. The latter choice cannot be made in nuclear quadrupole resonance spectroscopy since no external field is used and the

t See also Vol. 4,A, Section 4.4.2.
1

H. G. Dehmelt and H. Kriiger, Nuturwissenschuften 37, 111 (1950).

* Chapter 4.3 is by Ralph Livingston.
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spacings of the levels are a property of the substance itself. The frequency of interest depends upon the product of the quadrupole moment
of the nucleus and of the electric field gradient at the nucleus produced
by the charge distribution within the solid. There may be orders of magnitude variation in the value of each of these parameters from one system
to another. The separations between quadrupole energy levels may correspond to frequencies throughout the entire radio-frequency region and
into the microwave region.
Measured frequencies are usually used to deduce various physical
parameters that have basic meaning in the theoretical formulation of
the quadrupole interaction. Most important are the nuclear quadrupole
coupling eq& and the field gradient asymmetry parameter q. Conversely,
knowledge of these two parameters allows the transition frequencies to be
deduced even for those nuclei with high spin where several transitions
may be observed. Some of the equations and methods that are useful for
expressing the data in terms of these parameters will be given in Section
4.3.2. The quadrupolar system is completely defined if, in addition to the
above, the directions of the principal axes of the field gradient tensor are
determined. More extensive experiments than the measurement of transition frequencies are needed to determine the axis directions. The principal method is to study the Zeeman effect on the quadrupole spectrum
from a single crystal.2 It is beyond the scope of this chapter to go into
the details of the interpretation of these parameters, but some remarks
will be made about applications.

4.3.2. Nuclear Quadrupole Energy Levels

A number of derivations of the Hamiltonian and its eigenvalues for the
quadrupole interaction have been published. Among these are the papers
of Pound13Dehmelt and Kriiger,4 Bersohnl6 and Cohen.6 I n the principal axis system for the field gradient tensor, the Hamiltonian may be
written as
(4.3.1)

where I and the 1’s are the nuclear spin and components of the nuclear
spin operator, respectively, in units of h. The nuclear quadrupole moment
is properly represented by a tensor, but a scalar quantity derived from
C. Dean, Phys. Rev. 96, 1053 (1954).
R. V. Pound, Phys. Rev. 79, 685 (1950).
4 H. G . Dehmelt and H. Kruger, 2.Physik 129, 401 (1951)
6 R. Bersohn, J . Chem. Phys. 20, 1505 (1952).
6 M. H. Cohen, Phys. Rev. 96, 1278 (1954).
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the tensor formulation appears in Eq. (4.3.1) which is called the quadrupole moment e& or more simply &. The quadrupole moment is given by
eQ

=

Jpr2(3cos2 e - 1) dr

(4.3.2)

where e is the protonic charge, p is the nuclear charge density, dr is a
volume element of the nucleus located a distance r from the center and
making an angle 0 with the spin axis, and the integration is taken for the
state mr = I. The moment is a measure of the departure of the nuclear
charge distribution from spherical symmetry. In this sense it is sometimes referred to as the nuclear shape. As indicated by Eq. (4.3.2) the
moment is positive for an elongated charge distribution (prolate) and
negative for a flattened distribution (oblate). Only nuclei with I 2 1may
have a nonzero value of Q. The spins and quadrupole moments of a number of nuclei are listed in Table I. Although a variety of methods have
been used to determine the moments, quadrupole spectra have been
studied for chemical compounds of each of the elements listed. The fiftyfold variation in the magnitude of Q does not represent extremes; values
are known for other nuclei which encompass a much larger range.

TABLE
I. Spins and Quadrupole Moments of Some Nucleia
~

~~

~

~

Q
I

(Units of 10-24 cmz)

c136

3

C131

H

-7.97 x 10-2
- 6 . 2 1 X lo-'
0.33
0.28
-0.75
2 x 10-2
0.111
3 . 5 5 x 10-2
- 6 . 4 X lo-'
0.3
-0.8

Nuc1eus

Br79

3

Br*1

P

1111
"4

Q
1
3

BO
'
B"

3

s35

a

As15
Sb121

Sbla3

t

3

-1.0

From Varian Associates table of nuclear moments.

Second derivatives of the electric potential at the nuclear position,
originating entirely from charge external to the nucleus, give rise to the
interaction energy. They are given by a symmetric tensor with elements
q..
$2 = a2V/dxi axj. Laplace's equation holds giving qzs
qeu qzz = 0.
Five parameters define the tensor. In a principal axis system the tensor is
defined by specifying two of the diagonal elements. Three parameters
define the directions of the principal axes. The values of the q's are de-

+ +
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fined such t ha t [qzzI>_ Iqrl/l 2 IqZz( and an asymmetry parameter q is defined as q = (qZz - qvy)/qZz.It follows from these definitions and Laplace's equation that q can have values from 0 to 1. For axial symmetry
q,, = qllv = - +qzz and q = 0.
4.3.2.1. Energy Levels for Axial Symmetry. The Hamiltonian given by
Eq. (4.3.1) may be written in the following form:

For axial symmetry q,, = qyy, the second term vanishes, and the energy
levels are given by
eqQ
(4* 3.4)
*', - 41(21 - 1) [3m2 - I ( I l)]

+

where m is the magnetic quantum number taking values from - I to I
in integral steps, and the subscripts have been dropped on q which is the

I = -3

I = -5

2

2
FIG.1. Energy levels and allowed transitions for axial symmetry ttnd for I

I = g.

=

$ and

convention when the z component is considered. The parameter eqQ is
the nuclear quadrupole coupling; in this case as well as others to be
described, q and Q are not separately measurable. (Often eq instead of q is
written for q. in which ease the quadrupole coupling appears as ezqQ.)
Note that m appears in Eq. (4.3.4) only as the square which means that
for all values except m = 0 the energy levels are twofold degenerate.
For nuclei with half-integral spin there are ( I 4) doubly degenerate
1) levels all doubly
levels while for nuclei with integral spin there are ( I
degenerate except for m = 0.

+

+
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The allowed transitions are given by [Am1 = 1. For Z = s t h e one transition (Fig. 1) appears with a transition frequency given by hv = (eg&)/2.
The one measurable frequency thus allows eqQ to be evaluated provided
that r] is known to be zero so that the use of Eq. (4.3.4) is valid. It is
conventional to express eqQ as a frequency, and, thus, the quadrupole
coupling [or I = is simply twice the observed transition frequency.
Two transitions are allowed for Z = 8 (Fig. 1) and the frequency ratio is
1:2. For nuclei with a high-value half-integral spin the transition frequencies appear in the ratios 1: 2 : 3 : . . . while for nuclei with integral
spin the corresponding ratios are 1:3:5: . . . . If r] is nonzero (see Section 4.3.2.2) these ratios are changed. Experimentally finding the appropriate ratio of frequencies as given by Eq. (4.3.4) at once justifies the
use of the equation. This test is not possible if Z = 3 since there is only
one transition (Fig. 1).
4.3.2.2. Energy Levels for Nonaxial Symmetry. If r] is nonzero the
second term in the Hamiltonian given by Eq. (4.3.3) must be included.
I n addition t o diagonal matrix elements given by Eq. (4.3.4) there will be
the following off diagonal elements:

+

A
(m k 2 [ X [ r n =
) -qZ(Z
2

+ 1) - (m i- l ) ( m i- 2)]1'*[Z(Z + 1) - m(m * 1)]1'2

where

A =

eqQ
4Z(2Z - 1)

(4.3.5)

For a nucleus with an integral value of Z the secular equation will be of
degree ( 2 1 1) and, in general, the levels will no longer be degenerate.
For half-integral values of Z the secular equation will factor into two identical equations of degree ( I $) ; all levels remain twofold degenerate.
Nuclei with half-integral spins are more frequently encountered, and
the secular equations for several spin cases are given in Table 11. The

+

+

TABLE
11. Secular Equations
Secular equation

I

4A
b

=

epQ

41(2I - 1)'
H. Kruger, 2. Physik 180, 371 (1951).
M. Cohen, Phys. Rev. 90, 1278 (1954).

Units
of Ea
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+ gives a pair of energy levels, each doubly deE

=

* -&- (1 + q2/3)1'2.
eqQ

(4.3.6)

Numerical solutions for the higher spin cases in Table I1 have been tabulateda for all values of q in increments of 0.1. The eigenvalues for I = $
have also been computed and tabulated' for all values of q in increments
of 0.001. In addition, solutions for half-integral spin cases by perturbation theory (to fourth order in q ) have been given6 which allow fairly
accurate roots to be calculated for q < +.
It is convenient to label the energy levels by + m corresponding to the
labeling if q vanished. Transitions with \Am1 = 1 are allowed. For example, for I = 8 the two transitions corresponding to those of Fig. 1 may be
observed but the frequency ratio will depart from 1:2 in an amount depending upon q. I n all cases except for I = measured transition frequencies allow q and eqQ to be deduced (or equivalently eqQ, eqrzQ and
equuQ) *
Of the nuclei with integral value spins, N1* is perhaps of greatest
interest. For this case ( I = 1) the energy levels are

+

(4.3.7)

The value for the EOlevel is unchanged from the axially symmetric case,
but the
level is now split. The single transition observable for axial
symmetry splits into a doublet, and both q and eqQ can be evaluated
from measured frequencies.
I n addition to the allowed transitions indicated above there may be
weaker transitions that in some cases are experimentally detectable. For
example, with I = 4 the transition +&t) i-g may take place if q is nonzero in addition to the predominant transitions indicated in Fig. 1. The
probabilities for these extra transitions depend strongly on q. They have
been discussed by Cohen, and calculated values have been tabulated for
several half-integral spin cases.
The sign of the quadrupole coupling is not determined from the transition frequencies. If the sign were reversed the energy level scheme (Fig.
1, for example) would be inverted, but the same transition frequencies
would be observed.
7 R. Livingston and H. Zeldes, Tables of eigenvalues for pure quadrupole spectra,
spin 5/2. Oak Ridge Natl. Lab. Rept. ORNL-1913 (1955).
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Measured frequencies allow the magnitude of eqQ and r] to be determined for all nuclei except those with I = $. A Zeeman experiment2performed with a single crystal makes possible the evaluation of r] even for
nuclei with I = +. If the atom of interest is located on a n element of
appropriate crystallographic point symmetry then 7 should be zero. For
example, if the nucleus lies on a 3, 4, or 6-fold rotation axis then r] should
be zero and, moreover, the z principal axis direction is along the symmetry axis.

4.3.3.

General Experimental Methods*

The experimental methods of nuclear quadrupole resonance bear many
similarities to those of nuclear magnetic resonance. Not all of the magnetic resonance techniques are applicable, however. For example, the
radio-frequency bridge method (Section 4.1.3.1) is best suited for single
frequency operation, whereas a frequency scanning spectrometer is needed
for quadrupole work. The crossed-coil induction method (Section 4.1.3.2)
is also not suitable. The quadrupole energy levels are generally twofold
degenerate (Section 4.3.2) and no net nuclear induction appears in a
crossed coil.8
The regenerative and superregenerative oscillator methods (Section
4.1.3.4) are most frequently used. It should be noted that quadrupole
transitions in many systems appear a t frequencies much higher than
those normally encountered in magnetic resonance. Accordingly, modifications of the simple oscillator circuits are made ; distributed parameter
oscillators using transmission lines or coaxial cavities are common for
high-frequency applications.
As a n aid in detection and display of quadrupole spectra, modulation
schemes which are analogous t o the magnetic modulation technique of
broad line magnetic resonance spectroscopy are used. Frequency modulation of the radio-frequency oscillator and magnetic modulation of the
sample are the two schemes employed. The magnetic modulation differs,
however, from th at commonly used in broad line magnetic resonance
spectroscopy. I n the latter case a sinusoidally varying modulating field is
superimposed on the applied, steady magnetic field. In contrast, a zerobased square wave modulation is used in quadrupole spectroscopy. A
magnetic field applied to a quadrupole system removes the degeneracies
of all energy levels and, in general, causes a n absorption signal, or line,
to split into several lines. The spacings depend upon the angles between
the applied magnetic field and the principal axes of the field gradient
tensor. These splittings may be observed as well resolved lines with single

* See also Vol. 2, Parts 9 and

10.

* M. Bloom, E. L. Hahn, and R. Hereog, Phys. Rev. 97,

1699 (1955)
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crystal sample^.^ A powdered sample with random orientation of crystallites and, hence, with principal axes directions oriented in a random
manner gives rise to an unresolved envelope of lines. Relatively weak
magnetic fields (several gauss) cause a typical quadrupole resonance line
to broaden and with a n increase in field strength to smear out and
eventually become undetectable. The magnetic modulation scheme is
one in which the applied field is switched on and off in square-wave
fashion so that the quadrupole signal is alternately unperturbed and then
smeared out.
The signal to noise ratio, A,/A,, for a quadrupole spectrometer has
been calculated by Pound3 in a manner analogous t o that for magnetic
resonance spectrometers. For a single crystal sample with a n axially symmetric field gradient (7 = 0), the oscillating rf magnetic field along a
direction perpendicular t o the symmetry axis (the direction for maximum
transition probability), and with square-wave magnetic modulation the
expression is

-A _,

-

A,

+

V , " 2 & ~ ' 2 A t h 2 r N ~ v X / 2 T ~ 1m/ 2) ( 1 - m
2(1
I)16kT(kTBF)1/2T:/2

+

+ 1).

(4.3.8)

For powdered samples the value of A , / A , is reduced by a factor of #.
The quadrupole transition is between the states + m and + ( m - 1 ) .
Equation (4.3.8) differs from the magnetic resonance expression by a
factor of 3(1 m)(Z - m
l ) / l ( I l ) ( 2 I 1 ) . The symbols, defined
in abbreviated form below, are defined fully by Bloembergen and coworkers. l o The term (IcTBF) is an effective temperature, bandwidth, noise
figure for the spectrometer, V , the effective volume of the resonant circuit,
Q0 the "Q" of the resonant circuit, t the filling factor, N o the number of
spins per cm3,y the gyromagnetic ratio, v o the resonance frequency, T the
temperature, and A is a constant about equal to unity. T l is the thermal
spin-lattice relaxation time (generally, there will be a different TI for
each transition), and T2* is the line width parameter defined in terms of
a normalized line shape function. For optimum signal to noise ratio [Eq.
(4.3.8)] the amplitude of the rf magnetic field H1 must be optimized.
This condition is given by"

+

+

+

+

y2Hl2T1Tz*(I m)(T - m

+

+ 1 ) = 1.

(4.3.9)

Frequently the value of T I is shorter than that normally encountered in
nuclear magnetic resonance and, accordingly, a much higher rf amplitude
must be used for an optimum signal-to-noise ratio. This feature is of
H. G. Dehmelt, Z. Physik 130, 356 (1951).
N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. Rev. 73, 679 (1948).
1 1 T. P. Das and E. 1
,. Hahn, Nuclear quadrupole resonance. Solid State Phys.
Suppl. 1 (1958).
9

10
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importance in the selection of a suitable oscillator-detector and will be
illustrated more fully below.*
4.3.3.1. Regenerative Oscillator-Detect0rs.t A simple oscillatordetector,12 based on a design by Hopkins,13 is shown in Fig. 2. The triode
connected 6AK5 serves as both oscillator and detector with feedback for
oscillation arising through the tube’s interelectrode capacities. This limits
the low-frequency end of the range of oscillation; typical coverage is from
15 Mc to well in excess of 50 Mc. This range includes transition frequencies for many of the covalently bonded chlorine compounds’ the type
system to which the oscillator has most frequently been applied. Like
6AK5

2.5 M H
R FC

47K

T

.022 p f d

SAMPLE
A,.,,
CIVIL

OUTPUT

1
L

-

FIG.2. A simple regenerative oscillator-detector. Adapted from R. Livingston, Ann.
N . Y . Acad. Sci. 66, 800 (1952).

many other spectrometers, a single untapped coil is used. AndrewI4 has
given a general discussion of the operating principles where the circuit is
regarded as a negative resistance in shunt with the tuned circuit. The
amplitude of oscillation is limited by curvature in the tube characteristics. The sample in the coil absorbs power from the tuned circuit when
the frequency is made to pass through resonance, and there is then a n
accompanying decrease in amplitude of oscillation which is detected as
the output signal.
The tuned circuit (Fig. 2) contains a vibrating condenser which serves
to modulate the oscillator frequency a t an audio frequency and also a
tuning condenser which is slowly varied in searching for a resonance. The
tuning may be manual or by a clock-motor drive depending upon the type
* F o r further information on noise in electronic measurements see also Vol. 2,
Part 12.
t See Vol. 2, Section 9.7.1.
12 11. Livingston, Ann. N . Y . Acad. Sci. 66, 800 (1952).
la N. J. Hopkins, Rev. Sci. Znstr. 20, 401 (1949).
14 E. R. Andrew, “Nuclear Magnetic Resonance.” Cambridge Univ. Press, London
and New York. 1955.
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of spectrometer. Two typical configurations are shown in Fig. 3. The
spectrometer of Fig. 3a features manual tuning and oscilloscope presentation of the spectrum. The modulating frequency, 100 cps in the example shown, is chosen to be small compared t o the expected line widths,
100 c p s
OSCILLATOR

VIBRATING
CONDENSER

OSCl LLOSCOPE

VIBRATING

~os%L:pdroR]

r

(b)
FIG.3. Two quadrupole spectrometers. (a) An oscilloscope display spectrometer.
(b) One method of chart recording.

typically a few kilocycles for chlorine compounds. The vibrating condenser is driven with sufficient amplitude to give a radio-frequency excursion substantially greater than a line width. In this way the detected
and amplified signal may be observed as a n absorption line on a n oscilloscope. The frequency modulation usually introduces considerable amplitude modulation as well. A filter, such as a twin-T, peaked a t 100 cps is
included to remove the detected amplitude modulation. The presence of

4.3.
the filter makes the
the absorption line,
typical spectrum is
20.415 Mc in silicon

51 1
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low-frequency response of the system so poor t h a t
as viewed on t,he oscilloscope, will be distorted. A
shown in Fig. 4a. This absorption line appears at
tetrachloride a t 77°K. The sweep width was 6.2 kc,
b

(a 1
(b)
FIG. 4 Typicd quitdrupole rrsonanre lines (a) An oscillograrri o f a C135 line in
SiC1, at i7"K. (b) A second derivative recording of t h e C135line in NnC103 at room
temperature.

and the modulating frequency was 120 cps. Accurate frequency measurements can be made by injecting the output of 8 frequency meter into the
oscillator-detector unit. The resulting beat signal with the frequency
modulated oscillator appears on the oscilloscope as a n envelope representing the band pass characteristics of the filter and amplifying portion
of the system. The center, null portion, of the envelope is centered on the
absorption line.
A greater signal to noise ratio may be ohtained with a narrow band

312
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width system [Eq. (4.3.8)], for example, by using a narrow band width
amplifier, phase seiisit.ive detector with long time-constant circuits and
chart recorder of the type commonly used for nuclear niagnetic resonance. One method15 of avoiding difficulty with the detect.ed amplitude
modulation is indicated in Fig. 3b. The oscillator is slowly tuned with a
clock-mot'or drive. It is frequency modulat,ed a t 50 cps, but the amplitude of the modulating signal is small so that the frequency excursion of
the oscillator is less than a line width. A narrow band amplifier centering
a t 100 cps is used. This reject,s the undesirable amplitude modulation,
but t,he signal which is passed now results from curvature of the absorption line rather than slope. The recorded signal is a second derivative,
rather than the more usual first, derivative, of the absorption line. A
100-cps reference signal is needed for the phase sensitive detector, and
this is derived by frequency doubling a portion of the 50-cps oscillat,or
output. The oscillator-detector of Fig. 2 requires occasional readjustment
as the frequency is varied; it cannot, be used unattended for a large scan
of frequencies when incorporated into the spectromet#er illustrated in
Fig. 3b. It is satisfact,ory, however, for scanning a small region of int,erest'.
A typical spect,rum for this type of spectrometer with an oscillator similar to t,hat of Fig. 2 is illustrat,ed in Fig. 4b. The second derivative of
the absorpt,ion line for ClS5in sodium chlorat,e a t room t,emperature is
shown. The line width is 1.2 kc between inflections. The spectrometer
configurat,ions shown in Fig. 3 are by no means restricted to the oscillat,ordet'ector unit of Fig. 2 . They are typical of the types that, may be used
with a large variety of rf units.
I n operating the oscillator of Fig. 2 the regeneration control is advanced (resistance increased) until oscillations begin. Further advancing
of the cont'rol gives a higher radio-frequenc,y amplitude which might be
needed for a n optimum signal to noise ratio [Eq. (4.3.9)],but, iinfortunat,ely, t,he conditions for optimum detection are obtained :it a low power
level, just' past the point where oscillations commence. The unit works
well only a t this one, relatively low, setting. Adequate measurements for
making quantitative comparisons with other spectrometer types are not
available, but the salient features can be illustrated by describing the
behavior of this and other types of spectrometers witJh similar chlorine
compounds. A typical chlorine signal is disappointingly weak at room
temperature; thus this uiiit, is virtually useless a t room temperature. A
marked improvement, is obtained a t lower temperatures [Eq. (4.3.8)]with
the performance a t 77°K illustrated in Fig. 4s and a further marked
improvement a t 20°K. At 4°K the thermal relaxation tirne becomes so
long that even the relatively low power level of the oscillator is excessive
l6

R. Livingston and H. Zeldrs, J . Ch,mm.Ph,ys. 26, 351 (1957).
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[Eq. (4.3.9)] and pronounced saturation of the signal occurs. Optimum
performance is obtained below 77"K, in the vicinity of 20"K, with linewidths of a few kilocycles and thermal relaxation times somewhat in
excess of a few tenths of a second, a typical value16 of T1 a t 77°K. At
room temperature TI becomes so short that a much higher rf amplitude
can be advantageously used.
A spectrometer has been designed by Wang17 and modified by Douglass18 which reduces much of the difficulty indicated above. The basic
oscillator-detector has some similarity to th at of Fig. 2 but employs a n
entirely different set of operating parameters which permit the use of a
much higher rf amplitude. A d c bias adjustment is included for initially
setting the oscillator close to cutoff. A major feature of the unit is the
inclusion of a second tube which gives a positive audio feedback to the
oscillator and provides a bias correction t o the oscillator when a resonance signal is being traversed. The unit is frequency modulated and has
been used in spectrometers of the type shown in Fig. 3a. The filter is
needed t o remove undesirable amplitude modulation. The operating level
may be set to give 5 to 13 volts across the rf coil. This is much higher
than normally possible with the unit illustrated in Fig. 2, and there is a n
attendant large improvement in performance a t room temperature for
typical chlorine compounds.
The Pound-Watkins oscillator has been used extensively for low-frequency quadrupole spectroscopy as well as for nuclear magnetic resonance spectroscopy (Section 4.1.3.4.2). Spectrometers using this oscillator
for quadrupole studies have employed square-wave magnetic modulation ;
other portions of the spectrometer are the same as those used for magnetic resonance; i.e., a narrow-band amplifier, lock-in detector with long
time constant circuits and chart recording. Using this oscillator, Watkins
and Poundlo were the first to detect nitrogen quadrupole resonances
(2.5 t o 3.5 Mc region) ; Watkin's thesisz0 contains a detailed description
of the equipment. The unit is primarily intended for low-frequency applications with a n upper practical limit in the vicinity of 35 Mc. The rf level
may be adjusted to give 0.02 t o 2.5 volts across the tuned circuit. (A
minor circuit change is made for the high end of the range.) I n the first

lac. Dean, The chlorine nuclear quadrupole resonance and its Zeeman effect.
Ph.D. Thesis, Harvard University, Cambridge, Massachusetts, 1952.
17T.C. Wang, Phys. Rev. 99, 566 (1955).
I* D. C. Douglass, The nuclear quadrupole resonance of some chlorine compounds.
Ph.D. Thesis, Cornell University, Ithaca, New York, 1957.
1 9 G. D. Watkins and R. V. Pound, Phys. Rev. 86, 1062 (1952).
2oG. D. Watkins, An R. F. spectrometer with applications to studies of nuclear
magnetic resonance absorption in solids. Ph.D. Thesis, Harvard University, Cambridge, Massachusetts, 1952.
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work the modulation coil was wound on a cylindrical form into which
could be inserted a Dewar so that measurements could be made a t liquid
nitrogen temperature. The sample coil, on the end of a short coaxial lead
from the oscillator, was inserted into the Dewar. A modulating supply
provided a n on-off current of 1.25 amp a t 280 cps which produced a
20 gauss square-wave modulation. The orientation of the modulating coil
relative t o the rf coil had to be adjusted to prevent the modulating signal
from being picked up by the rf coil. The recorded signal showed the absorption line corresponding to the off-portion of the square-wave modulation. During the on-portion of the square wave the line was smeared
but not sufficiently to completely erase it. The signal during the on-portion gave rise t o two peaks symmetrically displaced to each side of the
central absorption line, and they appeared on the chart recording as wings
on the main absorption line. They peaked on the chart in the opposite
direction to t ha t of the main line (a property of the detection scheme).
For optimum sensitivity, it is essential that the square-wave magnetic
modulation be of sufficient amplitude to push these wings away from the
center of the unperturbed absorption line. The first resultsLgreported
were for the NI4resonance in ICN, BrCN, and (CHz),N4 where observed
line widths were 1.05 kc, 760 cps, and 1.08 kc respectively. The relaxation
times a t 0°C were 7.4 sec, 2.7 sec, and 0.17 sec, respectively, and for the
2.5 cm3 samples used this gave optimum rf voltages at the coil of 0.19 v,
0.26 v, and 1.6 v respectively. These voltages were all within the optimum
range of the oscillator unit.
Many early efforts to detect nitrogen resonances in other compounds
by using a magnetic modulation scheme of the type described above have
failed. Cassabella and Brayz1have analyzed the line shapes expected from
powdered samples with applied magnetic fields and have demonstrated
that the effectiveness of magnetic modulation decreases with a n increasing value of 7;larger magnetic fields are needed to displace the negative
wings away from the positive, unperturbed line position. They estimated,
for example, that in their equipment with a 25 gauss modulation amplitude it would not be possible to detect a resonance for N'I if q exceeded
0.1. They did detect the resonance in CH,(CN)z where q = 0.0757. Subsequently, other workersz2using about a 50 gauss modulation amplitude
found resonances in several nitrogen compounds with large values of q ;
the largest reported was 0.323.
A moderately high-frequency regenerative oscillator-detector has been
usedl5,z3for studies of bromine and iodine resonances. The unit used a n
ultra-high frequency triode (GT4) and a transmission line tuned circuit.
** P. A. Casabella and P. J. Bray, J. Chem. Phys. 20, 1105 (1958).
22 S. Kojima, M. Minematsu, and M. Tanaka, J. Chem. Phys. 31, 271 (1959).
23 H. Zeldes and R. Livingston, J. Chem. Phys. 21, 1418 (1953).
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A very similar oscillator24 has been described for superregenerative operation. Resonances were observed over the approximate frequency range of
140 Me to 340 Mc. The sensitivity was quite good; for example, a resonance at 208 Mc was observed26 on an oscilloscope for a sample of SnIc
a t 77°K which contained 6 mg of 1 1 2 7 . The main disadvantage of the unit
was its extreme microphonic character; microphonics appeared when the
frequency was changed by moving a slider on the transmission line. Superregenerative oscillators are less troublesome in this respect (see Section
4.3.3.2).
4.3.3.2. Superregenerative Oscillator-Detectors. The superregenerative spectrometer was introduced by RobertsZ6 for observing nuclear
magnetic resonance spectra (see Section 4.1.3.4.2). It has not been as
widely used in such studies as a number of other methods. I n contrast,
a superregenerative oscillator was used for the first successful quadrupole
spectrometer,’ and the method has continued to be a major one. The
operating principles of a superregenerative oscillator are strikingly different than those of the simple regenerative oscillator and give it certain dist,inct advantages and disadvantages in quadrupole spectroscopy.
Whiteheadz7has given a detailed treatment of superregenerative devices
while Dehmeltg and Dean16 have described in some detail the applicability of the method to quadrupole spectroscopy.
An oscillator operates in a superregenerative manner when the amplitude of its oscillations are made to build up and decay in a periodic
fashion. Frequently an external signal source is used to provide a voltage
a t one of the electrodes of the oscillator tube which causes the oscillator
to alternate periodically between self-oscillatory and nonoscillatory states.
The external signal source is called the quench oscillator. The quench frequency is made small compared to the basic, free-running oscillator frequency. This method of achieving superregeneration is called external
quenching. A radio-frequency oscillator may also be made t o operate in
a superregenerative manner by the proper selection of the grid resistor
and condenser; this type is referred to as a n internally or self-quenched
oscillator. Both internally and externally quenched superregenerative
oscillators may be used for observing quadrupole spectra.
A self-quenched superregenerative oscillator-detector is illustrated in
Fig. 5. The basic oscillator is similar to that of Fig. 2, but circuit parameters and operating conditions are chosen t o give the following action :
after oscillations commence and build up to sufficient amplitude, grid curL. Schawlow, J . Chem. Phys. 22, 1211 (1954).
R. Livingston and H. Zeldes, Phys. Rev. 90, 609 (1953).
2 6 A. Roberts, Rev. Sci.Znstr. 18, 845 (1947).
27 J. R. Whitehead, “ Super-Regencrative Receivers.” Cambridge Univ. Press,
London and New York, 1950.
24A.
26
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rent is drawn causing the grid blocking condenser to charge and the grid
to become increasingly negative. This action drives the tube toward cutoff
causing the oscillations to stop. The charge on the grid condenser is dissipated through the grid resistor which then allows the oscillatory condition
to be restored. The quench frequency is primarily determined by the time
constant of the grid condenser and resistor. (The circuit of Fig. 2 can also
frequently be made to enter a superregenerative mode of operation if the
regeneration control is advanced far enough.) The oscillator unit (Fig. 5)
is frequency-modulated and may be used in spectrometer configurations
similar to those described earlier (Section 4.3.3.1). The effects of amplitude modulation are usually not as troublesome in superregenerative units
t
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FIG. 5. A self-quenched superregenerative spectrometer. The B voltage is set to
produce the rf level desired. From C. Dean and M. Pollak, Rev. Sci. Instr. 29, 630
(1958).

as with simple regenerative oscillators and the filter of Fig. 2%can often
be dispensed with. On the other hand, a filter is included for removing
the quench frequency from the output signal of the detector. This filter is
included with the oscillator-detector unit shown in Fig. 5. Superregenerative oscillator-detectors are generally much less microphonic than simple
regenerative types (not a negligible factor). The circuit of Fig. 5 may be
externally quenched by reducing the value of the grid resistor (so as to
prevent self-quenching) and then injecting the quench signal in an appropriate manner.28
The detailed analysis of a superregenerative oscillator is complex and
depends, in part, on the growth characteristics and envelope shapes of
the pulses of radio-frequency energy. In a typical self-quenched oscillatorl
28 C. Dean and M. Pollak, Reu. Sci. Instr. 29, 630 (1958).
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for example, the pulse growth approximates an exponential. The pulse
grows t o a maximum critical amplitude and then immediately decays
exponentially. With external quenching the pulse might grow in a similar
manner but then reach a maximum amplitude with oscillations continuing
a t this amplitude until the quench signal turns the oscillator off. On the
other hand, if the quench signal has a sufficiently short period, the rf
envelope may peak and immediately decay without reaching the maximum amplitude capabilities of the circuit. One feature common to all
modes of operation is that the oscillator-detector has high sensitivity
only during a short time as each pulse starts to grow. This behavior will
be described in terms of a weak, incoming radio-frequency signal; if radiofrequency power is absorbed from the circuit the reverse action will occur.
I n a self-quenched oscillator the presence of a n incoming signal during the
sensitive period causes the pulse to commence and continue its growth at,
an advanced time. Accordingly, the pulse will reach maximum amplitude
early and will then decay a t a n early time. This amounts to a shortening
of the off-time between pulses (an increase in quench frequency) which
causes a n increase in average plate current which in turn serves as the
basis of detection. An externally quenched oscillator retains the constant
pulse repetition rate as set b y the quench oscillator, but a n incoming
signal causes the area of each pulse to become larger because the pulse
starts to grow a t an earlier time. (For some modes of operation the amplitude may also reach a higher level.) The effect of the increased pulse area
on average plate current is usually the basis of detection.
Since the sensitive period lasts only a short time within each quench
cycle, any change in intensity of the incoming signal must be slow compared to the quench rate if it is to be detected. Superregenerative quadrupole spectrometers may employ either frequency or magnetic modulation; the modulation period must be long compared to the quench
period. Typical operating conditions, for example, might be a radio frequency of 30 Mc (say, for a chlorine resonance), a quench frequency of
50 kc, and a modulation frequency of 50 cps.
It is essential to differentiate between two characteristic modes of operation of superregenerative oscillators. If each pulse of rf energy starts t o
build up before the previous pulse has decayed to noise level the successive pulses will be coherent in phase, and the operation is said to be
coherent. On the other hand, if each pulse starts from noise level the operation is incoherent. Oscillators used for spectroscopy should be operated
coherently. The repetitive sequence of rf pulses in this mode of operation
resemble a n amplitude modulated signal. There is a central carrier frequency and a series of sidebands spaced a t the quench frequency above
and below the center. The sample in the spectrometer coil experiences
each of these frequencies, and as the oscillator is tuned, the carrier and
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each of the sidebands can give rise to a detected signal. The resulting
spectrum consists of a family of lines, a central line plus sideband lines
above and below center which are spaced at the quench frequency. The
family of lines may be expanded or compressed about the center by
changing the quench frequency.
Robertsz6has pointed out that two effects could give rise to a detected
signal in studies of nuclear magnetic resonance. The absorption of power
by the sample would cause a delay in pulse growth. On the other hand,
each pulse is accompanied by a nuclear induction signal. If the pulses
are not spaced too far apart (compared to T z ) then the induction signal
trailing each pulse would appear as a n incoming signal during the sensitive period of the succeeding pulse. Roberts stated that the latter effect
was the usual case. As applied to quadrupole spectroscopy, Dehmeltg has
described the operation on the basis of the absorption mechanism while
Dean16 has given evidence supporting the induction mechanism. The induction mechanism is further supported by subsequent studies* which
showed that a n induction signal can be obtained from the same coil used
to excite the resonance. A crossed coil will not give a n induction signal.
(Pulse techniques8 may be used for studying induction decay and echo
phenomena.) * Deanls found, for example, that a spectrometer operating
in a n incoherent mode would frequently and spontaneously go into coherent operation when tuned to a strong resonance. He also pointed out
that the very high rf amplitudes, 100 volts or more at peak amplitude,
were effective in improving the signal t o noise ratio with chlorine compounds a t room temperature even though the sensitive period occurred
a t very low rf amplitudes. As indicated in Section 4.3.3.1 high amplitudes
are desirable for detecting resonances in typical chlorine compounds. Thus
the very high rf amplitude of one pulse gives a large induction signal to
affect the succeeding pulse during the low-level, sensitive time. Typical
quench frequencies (say, 50 kc for a chlorine spectrometer) give a period
sec
between rf pulses which is short compared to T2 (the order of
for typical chlorine compounds). WatkinsZ'J has discussed the relation of
this mode of operation to noise level. A simple regenerative oscillator
inherently cannot be operated at high rf amplitudes without a n attendant
large increase in noise. The superregenerative oscillator allows the higher
rf amplitude to be effective but has its sensitive period a t a low rf level
where noise is not excessive. Dean16 found, particularly at low temperatures, that some of his chlorine spectra were noticeably saturated because T1 was not sufficiently small for the high rf amplitude used [Eq.
(4.3.9)]. DehmeltZ9 has pointed out that one could still frequently utilize
the high rf voltage of a superregenerative oscillator in such cases sinre

* For detailed treatment of pulse measurements see Vol. 2, Chapter 9.6.
z0

H. G. Dehmelt, Am. J . Phys. 22, 110 (1954).
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very large sample sizes could be used; there is not the limitation of nuclear magnetic resonance of having to fit the sample between the poles
of a magnet.
The quench frequency of a superregenerative spectrometer is usually
adjusted during operation to maintain coherent operation. There is a reduction in noise level in going from incoherent to coherent operation.
Various wave shapes have been used for external quench signals such a s
sine, square, and rectangular waves. An alternate method of maintaining
coherence is to alter the quench signal wave shape; this method has not
been used often. A spectrometer has been designed3a with a n automatic
feedback control which maintains coherence as the instrument is tuned
over a wide range of frequencies.
A few types of superregenerative spectrometers in addition to those
already mentioned, are indicated below. Bray and Barnes3' have given a
detailed description of a self-quenched unit based on a design by Dean.ls
The spectrometer is frequency modulated at 20 cps and covers the range
of 10 to 70 Mc. Dehmelt32 used a magnetically modulated spectrometer
to observe S33 (0.74% abundance) resonances in a 3000 cm3 sample of
rhombic sulfur a t room temperature. Four lines near 22.9 Mc were observed. The quench frequency was about 16 kc. One of the first highfrequency spectrometers was described by Dehmelt.g It used a pair of
triodes in a push-pull arrangement with tuned transmission lines in the
plate and cathode circuits. The sample, in a glass ampule, was placed in
a coil which was attached to the plate transmission line. An external
oscillator supplied the quench signal which was sinusoidal and could be
adjusted from 250 to 1500 kc. A vibrating condenser was used for frequency modulation a t 50 cps. The spectrometer covered the frequency
range from 200 to 700 Mc and was particularly useful for covalent iodine
compounds. Schawlow24 has described a very simple transmission-line
oscillator which was adapted from a uhf television converter design using
a single triode (6AF4). The oscillator was operated in a superregenerative
manner by introducing an external quench voltage into either the grid or
cathode circuit. Resonances in bromine and iodine compounds were reported over the approximate range of 135 t o 300 Mc. Kojima and coworkers33 described a two-cavity grid-separation oscillator using a lighthouse tube. The spectrometer covered the frequency region of 700 t o
1000 Mc. The sample was shaped as a torus and placed in the plunger end
of the plate cavity where there was maximum oscillating magnetic flux.
C . Dean, Reu. Sci. Instr. 29, 1047 (1958).
J. Bray and R. G. Barnes, J . Chem. Phys. 27, 551 (1957).
3* H. G. Dehmelt, Phys. Rev. 91, 313 (1953).
53 S. Kojima, A. Shimauchi, S. Hagiwara, and Y. Abe, J . Phys. SOC.Japan 10, 930
a1 P.

(1955).
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Superregenerative spectrometers are best suited for measuring transition frequencies and not line shapes, widths, or relaxation times. In
making frequency measurements, the output of a frequency meter is injected into the oscillator and the resulting beat pattern observed, say,
on an oscilloscope. This is the same method that may be used with simple
regenerative spectrometers (see Section 4.3.3.1), but there is the added
complication that a superregenerative spectrometer gives a family of sideband lines. The criterion for assuring that the beat signal from the frequency meter has been properly superimposed on the resonance is to
change the quench frequency of the spectrometer and see that the beat
signal remains superimposed. The superregenerative method is not well
suited for observing a family of closely spaced lines. The overlapping of
sideband lines often makes such a spectrum unintelligible. Dean and
Pollak28 have given schemes for suppressing such sideband interference
by using a spectrometer with a long time constant (chart recording) and
with a modulated quench frequency.
4.3.3.3. Details of Operation and Construction.* The constructional
details of quadrupole spectrometers are essentially the same as for spectrometers used in other aspects of radio-frequency work. A few features
do warrant special mention. Frequency modulation of the oscillator is
widely used, and this has most often been achieved with a vibrating condenser. One condenser12used frequently consists of a permanent magnet
and voice coil much like that of a loudspeaker. The voice coil is attached
to a metal diaphragm which serves as a grounded, vibrating electrode of
the condenser. The other electrode, insulated from ground, is silver-fired
on a ceramic base. The silver is in two sections of equal area with separate
connections to each section. Both sections may be used for those applications requiring a balanced pair of vibrating condensers. A popular
method for high-frequency spectrometers, particularly those using transmission lines, has been to cement a metal foil to one end of a paper straw
and to cement the opposite end of the straw to a small loudspeaker. The
metal foil is allowed to vibrate next to the transmission line a t an appropriate point. Silicon capacitors may also be usedao as frequency modulating devices. These capacitors change value with an impressed voltage.
Samples may be placed in glass tubes which are then inserted into the
spectrometer coil just as is normally done in magnetic resonance studies.
A somewhat better filling factor [Eq. (4.3.8)] and hence a moderate improvement in signal-to-noise ratio can be obtained by immersing the
entire oscillator coil in the sample. Unlike the situation encountered in
magnetic resonance work, space around the coil is usually not limited.
Since samples are often available in abundant quantity, immersion of the

* See also various chapters of Vol. 2 as well as Vol. 4.
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coil is a worthwhile practice. For example,lZ a typical coil for work in the
30 Mc region might be several spaced turns of bare heavy copper wire
wound with a diameter of $ inch. The coil is mounted in a metal can with
one end connected to the can and the other end emerging through a
metal-to-glass seal. Powdered samples are loaded into such cells with
removable covers, and liquids or gases are poured or condensed into the
cells through a side arm before final cooling t o a low temperature.
Magnetic fields cause a quadrupole resonance line in powdered samples
t o broaden. Care must be taken not to have strong fields at the sample.
I n extreme cases, the chlorine resonance in potassium chlorate, for example, the line is so sharp that the earth’s magnetic field produces appreciable broadening.34 Such cases are rare, however, and normally no
provision need be made to compensate the earth’s field. There is a strong
field close to certain of the vibrating condensers, but this normally causes
no difficulty if the condenser is several inches or more from the sample.
The sample coil is usually mounted on the end of a coaxial cable (or
transmission line) which projects downward from the oscillator so that
the coil may be surrounded by a Dewar. This usually provides adequate
isolation of the sample from stray fields from the vibrating condenser.
The frequency of a quadrupole transition changes with temperature of
the sample.s6 In all but a few cases the frequency increases as the temperature is lowered. The effect is caused by torsional oscillations which
bring about a partial averaging of the field gradient as experienced by
the nucleus. As the temperature is lowered and the amplitude of these
oscillations diminish an increased effective value is experienced by the
nucleus. The effect becomes less prominent a t very low temperatures as
indicated for a few chlorine compounds in Table 111. It is important th a t
there be no thermal gradients in the sample, else the line is broadened so
badly that it is undetectable.
Powdered samples of a piezoelectric substance often give sharp lines in
a frequency-modulated spectrometer that can be mistaken for quadrupole
lines. l 2 They presumably result from mechanical oscillations induced by
radio-frequency electric fields, and they can appear as very strong lines
even though the sample is in a coil where primarily magnetic fields are
experienced. A simple test is to bring a permanent magnet (such as a n
Alnico bar magnet) next to the sample. Piezoelectric lines are unaffected,
but quadrupole lines broaden and can often be made undetectable. It is
always desirable t o make this test. Piezoelectric lines usually remain
sharp when there is a temperature gradient in the sample (even though
the lines may change greatly in frequency as the sample temperature is
changed). Similar conditions make a quadrupole line so broad that it is
84

*6

H. Zeldes and R. Livingston, J . Chem. Phys. 26, 1102 (1957).
H. Bayer, 2. Physik 130, 227 (1951).
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TABLE
111. Measured Frequencies for C136
Observed frequency, Mc
Compound

298°K

77°K

20°K

4°K

NaC10p
CHaClb
A8C13b

29.930

30.632
34.029
24.960
25.058
25.406

30.684
34.199
25.048
25.158
25.520

34.206
25.054
25,167
25.528

Data of H. Zeldes and R. Livingston.
R. Livingston, J. Phys. Chem. 67, 496 (1953).

TABLEIV. Pressure Coefficient of Frequency for C135over the Pressure Range of
0 to 9000 lb/in.2a
Compound
KC103

NaC103

Ba (C103)zHzO

0

Temp, "C

Increase per
1000 lb/in.2, kc

Frequency at
atmos pressure, Mc

27.4
0
- 78
- 196
45.85
0
- 78
-196
27.4
0
- 78
- 196

2.09
1.75
1.11
0.45
2.19
1.84
1.43
1.11
0.75
0.75
0.65
0.53

28.075
28.213
28.560
28.953
29.825
30.033
30.324
30.632
29.328
29.418
29.651
29.922

Unpublished data of H. Zeldes and R. Livingston.

undetectable. Piezoelectric lines do not appear if a magnetic modulation
scheme is used.
Quadrupole resonance frequencies change if pressure is applied t,o the
sample as indicated in Table IV for the C13s resonance in three compounds at various temperatures. A uniform, fluid pressure was applied.
If the samples had been strained nonuniformly it is apparent that the
lines would have been broadened and perhaps made undetectable. In some
cases, for example, it has been found that slow crystallization of a liquid
sample gave satisfactory results while rapid crystallization failed.Z3Strain
may have been an important factor. The presence of impurities in samples
also usually leads to broadening. From the above discussion, it is clear
that a sample should be a pure crystalline material, free of strain and
examined at uniform temperature, so that all nuclei in a given crystallographic site experience the same field gradient.
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4.3.4. Applications

A detailed discussion of applications of quadrupole resonance spectroscopy with a treatment of most of the published data through 1957
has been given by Das and Hahn." A few applications are briefly indicated below.
Quadrupole coupling constants can often be deduced from measured
transition frequencies, but neither the quadrupole moment nor the electric field gradient is separately measured. The field gradient , however, is
quite insensitive to isotopic substitution, and thus the ratio of coupling
constants for two isotopes gives the ratio of nuclear quadrupole moments.
This is one of the most accurate methods of measuring nuclear quadrupole moment ratios, and several have been determined in this way. If
the two isotopes have the same spin, all t,hat needs be done is to take the
ratio of frequencies for corresponding transitions for the two isotopes.
Theoret,ical estimates of the electric field gradient are sometimes made,
in which case the quadrupole moment can be deduced. The accuracy is
limited by the uncertainty in calculating the field gradient. Such calculations usually require knowledge of the chemical nature of the bond to
the atom of interest. Quadrupole couplings may often be measured for
gaseous substances by studying their rotational spectra in the microwave
region.* The quadrupole moments listed in Table I come largely from
optical spectroscopy, quadrupole couplings (solids and gases) , and atomic
beam methods. The latter, when applicable, gives the greatest accuracy.
Most, substances studied have had appreciable covalent bonding of the
atom d h i n the molecule, and a large portion of these substances form
molecular crystals. In such cases the main contribution t o the electric
field gradient comes from the charge distribution within the bond. Lesser
contributions come from intermolecular effects. Multiple transitions are
frequently observed (AsC13 in Table 111, for example), and these usually
(but not always) arise from the presence of nonequivalent crystallographic
sites for the atom of interest. The intermolecular contributions t o the
field gradient are different for each of the sites giving rise to the multiplicity of lines. The separations, however, are small compared to the
average transition frequency. The observation of this kind of multiplicity
often gives interesting crystallographic information. As a n example, Dean
and
studied the temperature dependance of the chlorine transition frequencies in several aromatic compounds. The spectrum for
o-dichlorobenzene consisted of two closely spaced lines for C135(and another pair for C13' a t a lower frequency) over the temperature range of
roughly -20°C to -70°C. In cooling below -70°C the two line spectrum

* Sec
36

this volume, Section 2.1.5.
C. Uenn and R. V. Pound, J . Chem. Phys. 20, 195 (1952).
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suddenly changed to four closely spaced lines. The effect was reversible
with temperature cycling. These findings likely represent a crystallographic phase transition, the higher temperature phase having two nonequivalent chlorine atoms per unit cell and the lower temperature phase
having four.
Studies have been made with one kind of nucleus contained in a family
of chemically related compounds. In this way the nucleus is used as a
probe for evaluating the manner in which the electric field gradient at
the nuclear position varies from one substance to another. This variation
is related to properties of the chemical bond. Quadrupole couplings measured at a low temperature are used in order to minimize the effects of
torsional oscillations (see Section 4.3.3.3), and an average frequency is
used when closely spaced multiple lines appear so as to have a single
quadrupole coupling value to ascribe to the bond. The interpretation of
the couplings usually follows the methods presented by Townes and
D a i l e ~ . ~For
' example, the values of [eq&l a t 20°K for ClS6in CH&1,
CH2C12, CHIC1, and CCL are respectively 68.40, 72.47, 76.98, and
81.85 M c . ~ *The systematic increase in coupling is regarded as arising
primarily from a decrease in ionic character of the C-C1 bond. Another
In trichloroacetic
example is a study of chlorine substituted acetic
acid at 77°K three closely spaced lines were found for C136near 40 Mc.
The multiplicity was ascribed to three crystallographically nonequivalent
sites for chlorine. In trichloroacetyl chloride a similar group of three lines
was observed near 40 Mc and a fourth line at 33.721 Mc which clearly
arises from the acyl chlorine and shows it to be much more ionic than the
other chlorine. Many of the applications of quadrupole spectroscopy have
been studies of the nature of chemical bonds.
If a Zeeman experiment is done with a single crystal sample the principal axis directions of the field gradient tensor may be deduced. These
axis directions sometimes indicate bond directions within the crystal. A
Zeeman study of three different chloratesS4showed the field gradient to
be essentially axially symmetric, a result which indicated the pyramidal
chlorate ion to be negligibly distorted. The z principal axis direction was
then regarded as a good measure of the direction of the normal to the
plane of the three oxygen atoms. In a study of 1,2,4,5-tetrachlorobenxene40
the z principal axis directions gave the C-Cl bond directions. An accompanying X-ray analysis was made, and the combination of the two methods was used for a more detailed structure determination.
C. H. Townes and B. P. Dailey, J . Chem. Phys. 17, 783 (1949).
R. Livingston, J . Chem. Phys. 19, 1434 (1951).
IOH. C. Allen. J. Am. Chern. SOC.74, 6074 (1952).
40 C. Dean, M. Pollak, B. M. Craven, and G. A. Jeffrey, Acta Cryst. 11,710 (1958).
a7
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5.1. introduction
Though mass spectrometry was largely developed by physicists after
Aston’s first mass spectrometer followed on the positive-ray analysis
apparatus, it has during the past few decades become of increasing importance in chemistry and chemical physics. The earlier physical applications, which were largely aimed a t studying the isotopic constitution of
elements and the determination of atomic masses and packing fractions,
led to the development of a great number and types of mass spectrometers. For some time it seemed that many of these different types of
instruments described in the literature would only be used for the specific
problems for which they had been developed. During the past few years,
however, the rapid rate of development of the application of mass
spectrometry in chemistry has resulted in practically all the existing
types of mass spectrometers being used in some area of chemical research.
Thus for many years the most popular forms of mass spectrometers used
by chemists were those based on either the earlier Dempster’ semicircular
mass spectrometer, or the later Nier2 sector-type mass spectrometer.
More recently, high-resolution instruments of the type described b y
Nier and Roberts3 have been found to be of considerable importance in
studying the mass spectra of organic c o m p o ~ n d s Furthermore,
.~
time of
flight mass spectrometerss are finding an increased application in certain
aspects of chemical kinetic studies.6 It is, therefore, to be expected that
the different types of mass spectrometers will continue to find applications in chemistry. In this chapter we shall endeavor to describe briefly
some of those applications which have so far been of t,he greatest significance in the study of molecules.
f See ah0 Vol. 1, Section 3.2.1.4; Vol. 4, B, Section 4.1.1; Vol. 5, B, Section 2.3.1;
and Vol. 6, A, Section 2.2.3.
‘ A . J. Dempster, Phys. Rev. 11, 316 (1918).
A. 0. Nier, Rev. Sci. Instr. 18, 398 (1947).
‘A. 0. Nier and T. R. Roberts, Phys. Rev. 81, 507 (1951).
4 J. H. Benyon, Nuture 174, 735 (1954); “Mass Spectrometry and its Applications
t o Organic Chemistry.” Elsevier, Amsterdam, 1960.
6 W. C. Wiley and P. H. McLaren, Rev. Sci. Znstr. 26, 1150 (1955).
6 G. B. Kistiakowsky and P. H. Kidd, J. Am. Chem. SOC.
79, 4825 (1957).
__

* P a r t 5 is by C.

A. McDowell.
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5.1.1. Ionization Potentials
The ionization potential of a molecule is the energy required to remove
an electron from the highest occupied molecular orbital and so such data
can help one to understand the electronic structures of molecules. Molecules can be ionized by bombardment with electrons of sufficient energy
to cause the following process to occur :
XY

f e

=

XY+ +2e.

(5.1.1)

Ionization can also be caused by the interaction of quanta of sufficiently
high energy t o cause the process
XY + h v

=

XYf + e .

(5.1.2)

This process (5.1.2) is called photoionization and recent photoionization
studies have led to very accurate values for the ionization potentials
of a large number of m o l e c ~ l e s . ~

‘r

‘a

FIG.1. Diagrams showing Franck Condon transition for electronic impact leading
to the formation of: (1) XY+ ions from the X Y molecule; (2) Y + ions by electron
induced dissociation of the X Y molecule.

The potential at which the ionizing electrons in Eq. (5.1.1) have just
sufficient energy to cause a particular ion to appear in the mass spectrum
of a compound is known as the appearance potential. I n the case of the
formation of a parent molecular ion this quantity is the molecular ionization potential. Since the ions formed by process (5.1.1) arise as the result
of Franck-Condon transitions, it, follows that the appearance potentials
of parent molecular ions are the vertical ionization potentials of the
molecules. Figure 1 shows the Franck-Condon transitions leading to
ionization by electron impact.
K. Watanabe, E. C, Y. Inn, and M. Zelikoff, J. Chem. Phys. 21, 1026 (1953).
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Besides the electron impact method (5.1.1) and the photoionization
process (5.1.2), the ionization potentials of molecules can be obtained by
studying that portion of the far ultraviolet spectrum which is due to
Rydberg transitions. Once the Rydberg transitions have been identified,
it is possible to fit them to a series and so to calculate the ionization
potential of the molecule. In favorable cases this method yields highly
accurate values for molecular ionization potentials. There are often
difficulties in the interpretation of the spectra and then a n unambiguous
assignment of the Rydberg bands is not possible. Electron impact studies
will, however, always yield a value for the ionization potentials of molecules except in cases such as carbon tetrafluoride and silicon hexafluoride
where the parent ions CF4+ and SiF6+are so unstable that they cannot
be detected in sufficient abundance in the mass spectrometer. It will, of
course, be realized that the spectroscopic data yield adiabatic ionization
potentials; that is, they refer to the production of the ion in its equilibrium
configuration, whereas electron impact studies yield values for the vertical ionization potentials; these latter are generally a little greater. If the
equilibrium configuration and dimensions of the molecular ion and the
parent molecule are the same, then both the spectroscopic and the electron impact ionization potentials will be equal within experimental error.

5.1.2. Experimental Methods for Determining Appearance Potentials
5.1.2.1. Standard Electron Impact Methods for Positive ions. The
many methods available for the determination of appearance potentials
of parent ions or ionization potentials nearly all depend on the measurement of the ionization efficiency curve for the ion under study. Normally,
the gaseous compound is admitted to the mass spectrometer a t a suitable
pressure and it is ionized by an electron beam the energy of which can be
varied in known amounts. The ionization efficiency curve is the graphical
representation of the variation of the intensity of the ion current studied
as a function of the ionizing electrons. The problem then of evaluating
the appearance potential is one of interpreting the meaning of the ionization efficiency curve. I t is obviously of considerable importance to calibrate the electron energy scale, since the true energy can differ from that
indicated on a potentiometer on the instrument because of contact
potentials and other effects in the ionization chamber of the mass spectrometer. Sometimes ion chambers are gold-plated to reduce contact
potentials and to prevent surface reactions which lead to variations in
contact potentials and other deleterious effects. The inert gases Ar, Kr,
etc., are commonly used as calibrating substances to fix the electron
energy scale, for the ionization potentials of these elements are known
very accurately. The normal procedure is to admit the calibrating gas
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along with the compound being studied. After adjusting the partial
pressures to produce ion beams of comparable magnitude, the ionization
efficiency curves of the calibrating gas and the compound being studied
are determined, and from the resulting graphs the difference between
the ionization potential of the calibrating gas and the appearance potential of the ion studied can be evaluated. Typical ionization efficiency
curves obtained by the above method are illustrated in Fig. 2.
In evaluating the difference between the ionization potential of the
calibrating gas and the ion under study, many different methods have
been used. It will be noticed that the beginning portions of the ionization

FIG.2. A typical ionization efficiency curve for the ionization of krypton by electrons with an approximately Maxwellian distribution of energies.

efficiency curves in Fig. 2 are curved. The vanishing current method of
evaluating ionization potentials introduced by Smyth8assumed that the
appearance potential of an ion was given by the electron voltage at
which the ion current just vanished. A modification of this method introduced by Warren and McDowells is more easy to apply. The ordinates
of the ionization efficiency curves are chosen to make the linear portions
of the curves parallel. The differences in the electron voltage AV corresponding to various values of the ion current I are measured, and a
graph of AV against I drawn and extrapolated to zero ion current. The
extrapolated value of AV is taken as the difference between the ionization
potential of the calibrating gas and the appearance potential of the ion
being studied. Either of the above methods gives more reliable and
8
9

H. D. Smyth, Proc. Roy. SOC.A102, 283 (1922).
J. W. Warren and C. A. McDowell, Discussions Faraduy SOC.10, 53 (1951).
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reproducible values than those given by the earlier linear extrapolation
method due to Smithlo which is not now used.
Among other methods used to evaluate appearance potentials are
several which depend on logarithmic plots of ionization efficiency curves.
All of these stem from the method introduced by Honig” and arise from
considerations of the energy spread of the electrons emitted by the
filament. If we assume that the electrons have a Maxwellian energy distribution, we may write for the electron distribution function
(5.1.3)
where dN,(U) is the number of electrons with energies between U and
U dU leaving the filament per second, U is the thermal energy of the
electrons, m is the mass of the electron, h and k are respectively Planck’s
and Boltzmann’s constants, A is the area of the filament, 41 the work
function of the filament metal, and T its absolute temperature. On
leaving the filament, the electrons are accelerated by potential difference
V, so that the ionizing electrons have energy
(5.1.4)
E=U+V.

+

The total number of ions N i ( V ) produced per second with an electron
accelerating voltage V is given by
U=

Ni(V)

=

La

J

N,(U)p(E) dU

(5.1.5)

u=o

where p ( E ) is the probability that an electron of total energy E produces
an ion which reaches the collector. The exact form of p ( E ) is not known
but on the assumption that it is proportional to the square of the electron
energy in excess of the energy Va for the production of ion, i.e.,
for E I V ,
P(E) = 0
(5.1.6)
for E 2. V,
p ( E ) = C1(E - V,)2
then Eq. (5.1.5) can be solved by substituting Eqs. (5.1.3) and (5.1.6).
This yields the result
Ni(V)

=

2C2kT3[(N, - V)

+ 3kTlexp [

--@

for V 5 V,,

Ni(V) = C2T2[6k2T2
4-4kT(V

-

V,)

11

“1

+ (V - V,)2]exp

for V 2. V,.
10

-

P. T.Smith, Phys. Rev. 36, 1293 (1930).
R. E. Honig, J . Chem. Phys. 16, 105 (1948).

(5.1.7)

[s]

(5.1.8)
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If In(N;) is plotted as a function of V , the curve approaches a n exponential straight line below V , with a final slope
d (In N i ) F
dV

For the critical energy V

=

=

1
kT
-*

(5.1.9)

Vc,the critical slope

dV
d (In Nil,

=

-* 2
3kT

(5.1.10)

Horiig tested these ideas experimentally and found that for argon there
was excellent agreement between the experimental results and the
theoretical predictions. This method enabled him to obtain experimental
values for the ionization potentials of hydrocarbons which seemed to be
quite accurate.
Two other methods which utilized semilogarithmic plots of ion currents against electron energy are those introduced by Lossing et uZ.,12and
'~
the peak height of the gases
by Dibeler and Reese.13Lossing et ~ 1 . adjust
under study to he approximately the same a t 50 v and the peak heights
are then measured at various voltages. A semilogarithmic plot of the
peak heights, as a percentage of the peak height a t 50 v, against voltage
yields curves which give parallel linear regions near the onset of ionization. These workers take the difference between the linear part of the
semilogarithmic plots of the calibrating gas and the substance being
studied a t a n arbitrary peak height of 1%of the peak height at 50 ev, as
being the difference in the appearance potentials of the ions. The values
obtained in this way are reproducible and of quite good accuracy. This
method has been used by Lossing and his collaborators in practically all
their work on the measurement of the ionization potentials of free radicals.
The method introduced by Dibeler and Reeser3is very similar to that
used by Honigl' but instead the data are normalized a t 70 ev instead of
50 ev as used by Honig. Attention should here be directed to an extensive
study of the critical slope method of Honig which has been carried out
by Morrison.I4
Another method of interpreting ionization efficiency curves has been
introduced by Morrison. 15-17 This technique involves the evaluation of
the differential curves A I / A V . In early work these curves were obtained
by subtraction. Later, experimental details were given for instruments
Lossing, A. Tickner, and W. A. Bryce, J . Chem. Phys. 19, 1254 (1951).
V. H. Dibeler and R. M. Reese, J . Research Natl. Bur. Standards 64, 127 (1955).
l 4 J. D. Morrison, J. Chem. Phys. 19, 1305 (1951).
l 6 J. I). Morrison, J. Chem. Phys. 21, 1767 (1954).
l 6 J. D. Morrison, J . Chem. Phys. 22, 1219 (1954).
J. D. Morrison, Revs. Pure and A p p l . Chem. (Australia) 6, 22 (1955).
I2F. P.
l3
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which evaluated the differential ionization efficiency curves AI/AV and
A21/AV2 by special electronic circuits.lx It should also be mentioned th a t
Hercus and Morrison19 have described an instrument for the rapid determination of ionization efficiency curves in which the time taken for a
complete measurement is of the order of a few minutes.
Figure 3 shows an outline of a Nier-type mass spectrometer commonly
used in elect,ron impact studies. This diagram is included so that the

PREAMPLIFIER

SCALE IN CENTIMETERS

FIG.3. Schematic drawing showing a Nier 60' sector-type mass spectrometer tube,
magnet, pressure gauge, and pumping system. From Rev. Sci. Instr. 18, 398 (1947).

reader will understand more fully certain terms in this article which refer
to different parts of a typical mass spectrometer.
It is to be emphasized that all the above methods use an electron beam
obtained by thermal emission from a filament. A tungsten filament is
the one most frequently used and the energy spread of the emitted electrons can be quite considerable. Some workers have, however, attempted
to use filaments which give a relatively narrow energy spread to the
19

J. D. Morrison, J. Chern. Phys. 21, 2090 (1953).
G. R. Hercus and J. D. Morrison, Rev. Sci. Znstr. 23, 118 (1952).
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electrons. Stevenson and HippleZO and otherszl used a tungsten ribbon
coated with BaO and SrO and claimed a half-width of the electron energy
as about 0.3 ev. More recently, Morrison and Nicholsonz2have used
a filament of thoriated iridium or an oxide cathode of BaO/SrO on platinum and claim that the energy spread of the resulting electrons is of the
order of 0.15 ev (half-width).
Tungsten and other filaments are often attacked by the compounds
being studied in a mass spectrometer, This is particularly the case with
corrosive substances like Clz and compounds containing oxygen and the
halogens. Furthermore, many hydrocarbons react with tungsten filaments
and form a film of tungsten carbide. When such a film has formed, the
thermionic emission and presumably the energy spread of the electrons
remains fairly constant. In analytical applications many different
carbonizing techniques are used such as the conditioning of a new tungsten filament by exposing it to butene. The type of carbide formed and
the extent of carbonization have a marked effect on the work function
of the tungsten.
For the above reasons there has been a tendency recently towards
using filament materials other than tungsten. Thoriated-iridium has
been found to be s a t i s f a c t ~ r yThe
. ~ ~ main advantages of this filament
material are : (1) its lower operating temperature with reduced chance
of pyrolysis of organic compounds; (2) no preconditioning required; (3)
its chemical inertness towards Clz, Oz, etc.; and (4) its constant emission
characteristics. Rhenium and also carbon have also recently found use as
filament materials. Rhenium has the advantage that it is not so brittle
as tungsten at high temperatures and its carbides are less stable than
those of tungsten. It is very useful in surface ionization sources.
Carbon filaments are used frequently when organic compounds are
being studied and have also been used in mass spectrometric studies of
organic free radi~als.2~
The emission of a carbon filament follows approximately the same law as tungsten. It is not much affected by exposure to
oxygen, the oxidation rate being about 500-1000 times less than tungsten. Another advantage is that most organic compounds do not decompose readily on a carbon filament.
5.1.2.2. Monoenergetic Electron Impact Methods for Positive Ions.
All the above methods suffer from the common defect that the electrons
used have a more or less wide energy spread. Ideally one would prefer
D. P. Stevenson and J. A. Hipple, Phys. Rev. 62, 237 (1942).
M. G. Inghram and R. J. Hayden, “Handbook on Mass Spectrometry.” Nuclear
Sci. Ser. Rept No. 14, National Research Council, Washington, D.C., 1954.
2* J. D. Morrison and A. J. C. Nicholson, J. Chem. Phys. 31, 1320 (1959).
23 C. E. Melton, Rev. Sci. Inst?. 29, 250 (1958).
%4 C. Duval, P. Le Cob, and R. Valentine, J. chim. phys. 63, 369 (1956).
*O

*l
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to measure ionization and appearance potentials with a monoenergetic
electron source. Several such sources have been described in the literature. Early types such as that described b y Nottinghamz6 based on
velocity selection of electrons gave interesting results. Of particular
interest are the results which Nottingham obtained for the ionization of
mercury vapor. The ionization efficiency curves showed evidence of fine
structure. These sample methods suffered from the defect th a t the electron emission for a narrow energy spread of about 0.1 ev was quite low
and this led t o difficulties in detection of the resulting ions. With the
development of electron multipliers, however, it became possible to use
these monoenergetic electron guns in the ionization chambers of mass
spectrometers. Perhaps one of the most successful studies of this sort in
recent years is th at reported by Clarkez6who studied the ionization of
Nz+, N+, and Xez+ using a mass spectrometer with a n electron energy
selector. Clarke’s mass spectrometer was equipped with a 12-stage Allentype Be-Cu electron multiplier. Generally the energy spread of the electrons from the source was about 0.2-0.3 ev. Many interesting features
are revealed on the ionization efficiency curves which Clarke obtained for
the above substances. This method is clearly capable of further development and should be of importance for future work. Attention is drawn
to an important new advance in the design of electrostatic electron selectors. Marmet and Kerwinz7have recently described a cylindrical electrostatic electron selector which provides an 0.1 pa beam of electrons with
an energy spread of only 100 mv. This apparatus has been used in an
ionization tube t o measure the difference between the zP3p and the aP1/2
states of the Ar+ which are separated by only 0.18 ev. These two states
were clearly detected. When this new improved type of electron selector
is successfully incorporated in a mass spectrometer, it will obviously
lead t o a n important new method of measuring ionization and appearance
potentials by electronic impact.
Fox and his colleagues28~z9
have introduced an electronic method for
obtaining ionization efficiency curves with essentially monoenergetic
electrons.* They designed a special electron gun of which a simplified

* Editor’s comment: In the Fox-Hickam experiment the detector I ‘ sees” only a
relatively monoenergetic part of a nonmonoenergetic beam of electrons. The problem
of monoenergetic electron beams is still an interesting one, as can be seen in Vol. 4, A,
Section 1.1.8. (L.M.)
(6 W. B. Nottingham, Phys. Rev. 66, 203 (1939).
2 e E . M. Clarke, Can. J. Phys. 32, 764 (1954).
27 P. Marmet and L. Kerwin, Can. J. Phys. S8, 787 (1960).
2aR. E. Fox, W. M. Hickam, T. Kjeldaas, Jr., and D. J. Grove, Phys. Rev. 84, 859
(1951).
29 R. E. Fox, W. M. Hickam, D. J. Grove, and T. Kjeldaas, Jr., Rev. Sci.Znstr. 12,
1101 (1955).
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diagram is shown in Fig. 4. Electrons emitted from the filament ( 1 )
pass through slits (2) and (3) into the ionization chamber (4) and are
collected on electrode ( 5 ) . Neglecting the initial thermal energies and
contact potentials, it is seen that the energy of a given electron which
enters the ionization chamber is determined solely by the potential
difference V between the cathode and electrode (4) regardless of the
potential of electrode (2). Any initial thermal energy has to be added
to that acquired in traversing the potential difference V . Since electrode
( 3 ) has no effect on the energy of those electrons which reach the ionization chamber, this electrode then may be made negative in potential with
respect to the cathode by an amount V R such th a t all electrons which
leave the cathode with energies less than VR will not pass through slit ( 3 ) .

-

--

I I

- --

L I I I I I

I

FIG.4. Sirnplificd representation of the ion source used in the RPD method: V f is
the acceleration voltage between the filament F and the initial electrode D; VR is the
retarding potential between the filament F and the rctarding electrode R; V , is the
energy of the electrons causing ionization; P is the ion repeller electrode inside the
ionization chamber B.

Those electrons with initial energy just equal to V R will leave slit ( 3 )
with essentially zero velocity, and their kinetic energy on reaching slit
(4)will be determined b y the difference in potential between electrodes
( 4 ) and ( 3 ) ,indicated as V ain Fig. 4.Electrons possessing initial energies
greater than V Rwill have their kinetic energy in the ionization chamber
unaffected by the potential of slit (2). If the value of V , is such th a t the
electrons have sufficient energy to produce ionization, this will be produced by a n electron beam with an energy distribution characterized
by a sharp lower limit determined by V R .If V Rbe now changed b y a small
amount AVR, the number of electrons entering the ionization chamber
will change accordingly. However, the energy of the electrons will be
unaltered. I n this case, the ionization will be caused by an elect,ron beam
whose energy distribution is characterized by a sharp lower limit determined by VR AVR. The difference in the ionization for these two cases
will be due to those electrons lying with the energy band AVR. By varying
V,, the difference in current can be measured as a function of the measured potential V,. I n this way one can obtain the ionization efficiency

+
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curve for a process produced by essentially monoenergetic electrons.
It has generally been possible t o arrange for A V R to be of the order of
0.1-0.2 ev. When the value of A I (the difference in the ion current for a
change of A V E in the electron energy) is plotted against the energy of
the electrons, the resulting ionization efficiency curves usually exhibit
much fine structure.
Using the above method, Fox and his colleagues29were able to detect
the ionization of the Kr atom to form the Kr+ ion in both is 2P3I2and
2P,jz states. They were also able to observe excited states of the ions of
other atoms and molecule^.^^ They have also used this method to study
multiple ionization p r o c e s s e ~ .Recently
~~
Hickam and Fox and Frost
and McDowell have shown that this retarded potential difference method
(RPD) can also be applied to the study of negative ions (uide infra). The
RPD method has been applied by Frost and McDowell to study the
excited states of the molecular ions of a large number of molecule^.^^-^^
I n nearly all the cases studied it has been possible to correlate the experimental results directly with the excited states of the molecular ions to be
expected from molecular orbital t h e ~ r y . In
~ ~many
, ~ ~ cases much new
information on the energy levels of molecular ions has been obtained and
it has also been possible to check and assess many theoretical predictions
for which no other experimental method can a t present provide the
necessary data. A modified RPD method has been introduced by Cloutier
and S ~ h i f fThese
. ~ ~ authors use a retarding potential in a space-chargedlimited diode as a means of obtaining essentially monoenerge tic electrons.
Using this method, they were able to detect the first excited state of
Nz+ ion. They were not, however, able to observe the higher excited
states of Nz+ detected by Hickam and c o - w ~ r k e r sand
~ ~ by Frost and
M c D ~w e l l . ~z
Doubtless, the method will prove of greater value when
further developed.
5.1.2.3. Electron Impact Methods for Negative Ions. Negative ions
generally arise from one or both of the following two processes. First we
consider an electron capture process of the form shown in Eq. (5.1.11)
XY

+ e = X + Y-.

(5.1.11)

W. M. Hickam, R. E. Fox, and T. Kjeldaas, Jr., Phys. ZZav. 96, 63 (1954).
31R. E. Fox, zn “Advances in Mass Spectrometry” (J. Waldron, ed.), p. 397.
Pergamon, New York, 1959.
32 D. C. Frost and C. A. McDonell, Proc. Roy. SOC.A230, 227 (1955).
33 L). C. Frost and C. A. McDowell, Can. J . Chem. 38, 407 (1960).
33s 1). C. Frost and C. A. McDowell, J. Am. Chem Soe. 80, 6186 (1958).
3 4 D. C. Frost and C. A McDowell, Can. J. Chcm 36, 39 (1958).
35 D. C. Frost and C. A. McDowell, Proc. Roy. SOC.
A241, 194 (1957).
36 G. G. Cloutier and H. I. Schiff, in “Advances in Mass Spectromatry” (J Waldron,
ed.), p. 473. Pergamon, New York, 1959.
so
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Such processes usually occur in the low-energy region of the electron
energy scale. This is readily seen when it is recalled that the appearance
potential of the negative ion Y- will be given by Eq. (5.1.12)

V(Y-)

=

D(XY) - EA(Y)

+ K.E. + E.E.

(5.1.12)

where K.E. and E.E. represent the excess kinetic energy and excitation
energy if any, D is the dissociation energy of the X-Y bond, and E A ( Y )
is the electron affinity of the Y atom. Since the dissociation energies of
most chemical bonds lie in the range of 3-5 ev and the electron affinities
of most atoms are in the range of 1.5-3.5 ev, it follows that the values
of V(Y) to be expected will lie in the range of 0.5-4 ev. Negative ions can
also, of course, arise from an ion-pair process such as that shown in the
equation
XY+e=X++Y-+e.

(5.1.13)

In this case the appearance potential V(Y-) of the negative ion (Y-)will
be given by

V ( Y - ) = D(XY)

+ I ( X ) - E A ( Y ) + K.E. + E.E.

(5.1.14)

Here the symbols used in Eq. (5.1.12) have the same meaning, and

I ( X ) represents the ionization potential of the X atom. Using the values
given above for the various terms in Eq. (5.1.12), and remembering that
the ionization potentials of most atoms lie between 6 and 15 ev, we see
that the appearance potentials of negative ions arising by ion pair formation will be in the range of 6-13 ev.
Since there are no spectroscopic standards for the appearance potentials
of negative ions, a major problem is to calibrate the electron energy scale.
One method is to use the appearance potential of the positive ion when
the negative ion is produced in an ion pair process such as that indicated
in Eq. (5.1.13). This is, however, not always a reliable method. Furthermore, it is difficult to be certain that the extrapolations to very low electron energy values required to observe negative ions produced by electron
capture processes (5.1.11) are at all reliable. These problems have been
discussed in some detail by Hagstrums' in his interesting work on CO,
NO, and 0 2 , and have also been considered carefully by Craggs et uL3*
Many of the problems associated with earlier methods of calibrating the
electron energy scale for negative ion studies have recently been overcome
by the work of Hickam and Fox39 who have shown that the retarding
potential difference (RPD) technique can readily be applied to negative

*'H. D. Hagstrum, Revs. Modern Phys. 23, 185 (1951).
88 J. D. Craggs, C. A. McDowell, and J. W. Warren, Trans. Faraday SOC.48, 1093
(1952).
W. M. Hickam and R.E. Fox, J . Chem. Phys. 26, 642 (1956).
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ion studies and in the case of sulfur hexafluoride, the SFs- ion appears at
a n electron energy of less than 0.1 ev. They have also shown th a t extreme
care must be taken in establishing the electron energy scale for negative
ion formation a t near zero energy. Furthermore, it is essential to use
monoenergetic electrons for the measurement of absolute cross sections
when electron capture takes place only over a n extremely small energy
range; this is usually the case in practice. This method of studying the
occurrence of electron capture processes by the RPD technique has been
applied by Frost and McDowell to the hydrogen h a l i d e ~ ~
and
~ ~the
~l
NO molecule,42etc.
As has been indicated above in Eqs. (5.1.12) and (5.1.14), negative ions
are frequently formed with excess kinetic energy. When this happens,
the determination of the appearance potential alone (even through the
electron energy scale may be quite accurately calibrated) provides but
little fundamental information. T o proceed further with Eqs. (5.2.9) or
(5.2.11), it is necessary to know the kinetic energy with which the ions
are formed. One of the most successful methods of studying the kinetic
energy of ions formed in ionic dissociative processes is that introduced by
L ~ z i e r His
. ~ ~apparatus does not, however, have any provision for mass
analysis, and though recently it has been used in interesting studies of
the ionization and dissociation of simple m o l e ~ u l e s the
, ~ ~results
~ ~ ~ are of
limited value, for i t is frequently not possible to identify unambiguously
the dissociation or ionization processes involved. Concurrent mass spectrometric work is necessary to provide this information.
A mass spectrometric method of determining the kinetic energy of
fragment ions which has been applied most successfully to negative ions
is that described by H a g ~ t r u m . ~
This
’ apparatus uses a mass spectrometer
with a specially designed tube having retarding slits a t the collector end.
It is possible to apply various retarding potentials to these electrodes so
that the ion current to the collector I , can be determined as a function
of the applied retarding potential V,. The retarding potential curves for
the Ne+ and Nz+ ions are shown in Fig. 5. The curves are plotted against
V,, which is taken as zero a t the point of maximum dI,/dV,, the derivative dI,/dV, being plotted below in each case. These are typical of ions
being formed with essentially zero kinetic energy. When ions are formed
40 D. C. Frost and C. A. McDowell, J. Chem. Phys. 29, 503 (1958).
D. C. Frost and C. A. McDowell, J . Chem. Phys. 29, 964 (1958).
D. C. Frost and C. A. McDowell, unpublished experiments, see also J . Chem.
Phys. 29, 1424 (1958).
4a W. W. Losier, Phys. Rev. 36, 1285 (1930).
44 J. Marriott, R. Thorburn, and J. D. Craggs, Proc. Phys. SOC.(London) B67, 437
(1954).
4 6 J. D. Craggs and B. A. Torer, Proc. Roy. SOC.
A264, 229 (1960).
41
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Retarding potential (volts)

FIG.5. Retarding potential curves obtained by Hagstrum lor the Ne+ and N 2 + ions.
'
Solid line, original data: broken line. derivative curve. From Revs. Modern Phys. 23,
191 (1951)
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FIG.6. Plots of retarding potential v appearance potential for 0- ions from 02.
From Revs. Modern Phys. 23, 200 (1951). The intercept on the V , axis, locating the
dissociation limit of the process, is interpreted in each case as indicated.
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with initial kinetic energy, the plot of dI,/dV, is no longer symmetrical
about the point V , = 0, and it usually has extra maxima indicating
the presence of ions with different amounts of kinetic energy.
T o determine the appearance potentials of negative ions formed with
zero kinetic energy, Hagstrum measures the appearance potentials of the
ion with different retarding voltages applied to the repeller electrodes.
Plotting the measured appearance potentials with the retarding potentials V , as ordinates gives a curve of the type shown in Fig. 6. Here are
shown the results obtained by Hagstrum for the 0- ion from 02.It is
easily seen that an extrapolation of the linear portion of the curve back
to V p = 0 yields the value for the appearance potential of the 0- ion
formed with zero kinetic energy. This method is essentially the same a s
that used in the study of ionization and dissociation phenomena in a
Lozier tube.
5.1.2.4. Photoionization Methods in Mass Spectrometry. During
recent years there has been a considerable interest in the study of photoionization processes. Most of the work has been carried out using a
monochromator to provide a beam of photons with a known narrow
energy spread. These photons are then caused to interact with gas
molecules in a special chamber, and the resulting photoions are detected
by measuring the ionization current p r o d ~ c e d . ~By
~ -this
~ ~ method very
accurate values have been obtained for the ionization potentials of a large
number of molecules. The method, has, however, some serious limitations. Because of the lack of mass analysis, one has to be sure that the
sample being studied is very free from impurities of lower ionization
potential. It thus suffers from the same disadvantages as the Lozier
ionization tube method.
The above difficulties can, of course, be overcome by combining the
photoionization source with a mass spectrometer. The application of mass
analysis to photoionization studies was first carried out by Terenin and
Popov in 1932.49They were able to demonstrate the formation of ion
pairs in the photoionization of thallium halides. Recently, Lossing and
TanakaS0described some preliminary work in the use of a photoionization
source for mass spectrometry. Though Lossing and Tanaka did not
make any appearance or ionization potential measurements as they used
the total light output from a krypton discharge tube, they were able to
show that in the case of certain hydrocarbons the mass spectra produced
K. Watanabe, J. Chem. Phys. 22, 1564 (1954).
K. Watanabe, J. Chem. Phys. 26, 542 (1957).
48 W. C. Walker and G. L. Weissler, J. Chem. Phys. 23, 1540 (1955).
49 A. N. Terenin and B. Popov, Physik. 2. Sowjetunion 2, 299 (1932).
60 F. P. Lossing and I. Tanaka, J. Chem. Phys. 26, 1031 (1956).
48

47

540

5.

MASS SPECTROMETRY

were much simpler than was the case of the corresponding compounds
under the influence of electron impact. They were also able to detect the
free methyl radical from the pyrolysis of mercury dimethyl by observing
the ion formed by a photoionization process. They also discussed, briefly,
the possible applications of the technique to the measurement of ionization and appearance potentials. Shortly after this work a number of
investigators reported on the mass spectrometric analysis of ion fragments
produced by photon impact using undispersed radiation. 1-63 Inghram
and his c o - ~ o r k e r swere
~ ~ able successfully to use the combination of a
vacuum monochromator* and a mass spectrometer to study in detail
the formation of ions by photon impact. I n these experiments the residual
gases in the monochromator were isolated from those to be studied b y
photoionization in the mass spectrometer by using a lithium fluorite
window which cut off radiation below 1050 A. These workers used a
very convenient type of monochromator based on the design of Seya and
N a m i ~ k a A. ~diagram
~ ~ ~ ~showing their type of apparatus is shown in
Fig. 7. Slit widths of 0.020-0.040 inch, which gave a n energy spread of
about 0.05 ev a t a photon energy of about 10 ev, made possible the determinat,ion of the ionization potentials of a number of molecules with high
accuracy. In the case of the NO molecule these workers were also able to
observe fine structure when the first differential of the ion current was
plotted against the photon energy. This fine structure was interpreted
as being due t o the resolution of the vibrational frequenciesof the NO+ ion.
This interpretation has yet to be confirmed though it does seem to be
reasonable and likely to be correct.
. ~ ~on similar mass specAbout the same time Vilesov et ~ 1 reported
trometric photoionization studies in which they investigated the photoionization and photodissociation of various amines such as ammonia,
hydrazine, benzylamine, and aniline. They did not, however, make any
determinations of ionization or appearance potentials. About the same
time, Weissler and associates5*similarly reported their very extensive stud-

* See also Vol. 1, Section 7.9.3.
R. F. Herzog and F. F. Marmo, J. Chem. Phys. 27, 1202 (1957).
E.Schonheit, 2.Physik 149, 153 (1957).
W. M. Brubaker, quoted in G. L. Weissler, J. A. R. Samson, M. Ogawa, and
G. R.Cook, J . Opt. SOC.Am. 49, 338 (1959).
5 4 H. Huseler, M. G. Inghram, and J. D. Morrison, J . Chem. Phys. 28, 76 (1958).
65 M.Seya, Sci. Light (Tokyo) 2, 8 (1952).
5 8 T.Namioka, Sci. Light (Tokyo) 3, 15 (1954).
67 F. I. Vilesov, B. L. Kurbatov, and A. N. Terenin, Doklady Akad. Nauk S.S.S.R.
94, 122 (1958).
68 G. L. Weissler, J. A. R. Samson, M. Ogawa, and G. R. Cook, J. Opt. Soc. Am. 49,
338 (1959).
61
52

5.1.

INTRODUCTION

54 1

ies on the photoionization of Ar, He, Ne, 02, Nz, CO, NO, COz, N20,and
NO2 in an apparatus using a mass spectrometer. Their apparatus had the
advantage that by careful design and extensive use of differential pumping they were able to dispense with windows between the monochromator

FIG.7. Mass spectrometer with a photoionization source. I ~ E YL,: the light source;
Y , a pumping lead; U, a variable speed motor which turns the precision micrometer
by means of the rubber-ringed gear wheel D; A is an arm which rotates the table T
holding the grating G. The photon beam is focused through slit E into the ionization
chamber a t S and the intensity of the incoming photon beam is encountered by t h e
photomultiplier 1’; H is the analyzer magnet of the mass spectrometer; C is the ion
collector; and M is the ion-electron multiplier. R is large diffusion point for evacuating
monochromator.

and the ionization chamber, and thus use photons of quite high energy.
These workers also used a Seya-Namioka type monochromator. They
obtained a great amount of most valuable experimental data not only on
ionization potentials but also on dissociative photoionization processes.
The above work shows clearly that photoionization methods can be
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applied with great success to the determination of accurate values for
ionization and appearance potentials and these studies will undoubtedly
yield many significant results in the near future. Photoionization is
perhaps potentially one of the most accurate of the various methods
available and will undoubtedly have many applications in the different
branches of mass spectrometry.

5.2. Molecular Structural Applications
5.2.1. Molecular Ionization Potentials

As has been pointed out above the bombardment of molecules by
electrons can lead to many different types of ionization and dissociation
processes. Of these the more important ones as far a s we are concerned
are :

+

+

XY
e = XY+
2e
XY f e = X f Y XY+e =X++Y-fe.

(5.2.1)
(5.1.11)
(5.1.13)

The process indicated in Eq. (5.2.1) is, of course, simple ionization. All
of the methods outlined above can readily be applied to determine the
appearance potentials of parent molecular ions and so the ionization
potentials of molecules. The experimental determination of such
quantities is obviously of considerable interest, for the ionization of
molecules is a phenomenon of considerable importance in the whole of
chemistry and chemical physics.
The ionization potential of a molecule represents the energy required
to remove a n electron from the lowest occupied molecular orbital. Such
data are therefore of considerable importance in understanding the
arrangement of electrons in molecular orbitals. Frequently much information and many important chemical and physical deductionssg can be
obtained from a knowledge of the first ionization potential alone; it will,
of course, be realized that a molecule has as many ionization potentials
as it has orbitals of different energies. One very important use of electron
impact ionization potentials is in checking the correct assignments and
interpretations of the far ultraviolet Rydberg series spectra of molecules,
and also the results of photoionization studies which may have been
performed without mass analysis.
It is, however, of much greater fundamental importance to be able to
determine as many of the inner ionization potentials as possible for a
69

W. C. Price, Chem. Revs. 41, 257 (1947).
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molecule. These can, however, generally be obtained only from studies
using methods for producing monoenergetic electrons, for the energy
spread in the ordinary electron impact methods is usually much greater
than the separation between the different ionization potentials of a
molecule. Thus the methods described in Sections 5.1.2.3 and 5.1.2.4 are
of considerable irnporhnce for the understanding of the electronic structures of molecules. Furthermore, optical spectroscopic studies have not
SO far yielded much of the desired information on saturated compounds.
So for these molecules the electron impact, studies are of particular
importance. It has also to be realized that there are very few data in the
literature on the absorption spectra of molecular ions, and the methods
here discussed can be applied to obtain values for the excited states of a
very wide variety of polyatomic molecular ions. The methods discussed
in Section 5.1.2.3 have been successfully applied to obtain values for
many of the excited states of the molecular ions N2+,0 2 + , HF+, HC1+,
HBr+, HC1+, HzO+,HzS+,NH3+,and other^.^^-^^ These results have shed
much light on the electronic structures of the molecules mentioned, and
many other compounds are under investigation in several laboratories.

5.2.2. The Ionization Potentials of Free Radicals
Free radicals have so far been studied only by the more commoii
methods outlined in Section 5.1.2.1. These substances present certain
unique experimental problems as they generally have only very short
lifetJimes.It is, therefore, necessary to use special techniques so that their
appearance and ionization potentials may be determined, though the
actual electron impact methods used are those described in Section 5.1.2.3.
All the techniques stem from the initial work of Eltenton,60and of Hipple
and Stevenson.61 The most important experimental developments have
been due to Lossing and Tickner.62Lossing's apparatus for generating
free radicals is shown in Fig. 8. The compound under study is usually
decomposed thermally in the quartz furnace and A stream of the free
radicals formed by the process
R-R

=

2R

(5.2.2)

introduced to the ionization chamber in a stream of inert gas. Using this
type of apparatus, Lossing has determined the ionization potentials of a
very large number of free radicals. These data have been most important
in the calculation of bond dissociation energies by the electron impact
method (vide infra), and in the identification of free radicals formed by
G. C.Eltenton, J . Chenc. Phys. 10, 403 (1942).
J. A. Hipple and D. P. Stevenson, Phys. Rev. 63, 121 (1943).
62 F. P. Lossing and A. W. Tickner, J . Chem. Phys. 20, 207 (1952)
Co
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other means. Thus, recently, the absorption spectrum of a species thought
to be the free methyl radical was observed by Herzberg and S h o ~ s m i t h . ~ ~
These authors were able to identify the species as the methyl radical by
comparing the ionization potential calculated from the observed Rydberg
series with that determined earlier from electron impact measurements.
The free radical to be studied is produced from a .parent compound
by (1) thermal decomposition reactions either homogeneous or heterogeneous, as mentioned above, or by (2) electrical discharges, by (3) photochemical action, etc. The radicals, together with the other reaction products, enter the ionization chamber of the mass spectrometer where- they

I
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FIQ.8. Apparatus used by Lossing and Tichner to study the free radicals by mass
spectrometry. By courtesy of F. P. Lossing.

are subjected to electron bombardment. Owing to the reactive nature of
the radicals, it is necessary either to generate them within a mean free
path length of the ionizing electron beam, or, in the case of radicals
generated in a stream of a carrier gas, to provide an essentially collisionfree path to the ionization chamber. Since the radical is generally accompanied by an excess of stable reaction products, the detection of the
radical R1requires that ions formed by the process
R1+ e
08

=

RI+

+ 2e

G. Herzberg and J. Shoosmith, Nature 183, 1801:(1959).

(5.2.3)
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be distinguished from those formed by such processes as
RIRa

+ e = RI+ + Rz+ 2e

(5.2.4)

which may occur by electron bombardment of some of the stable compounds introduced to the ionization chamber.
T o distinguish between these two processes Eltentoneomade use of the
fact t ha t the energy required t o ionize the free radical (ie., its ionization
potential) is usually lower than that required to dissociate the molecule
in process (5.2.4) b y approximately 3 to 4 ev, the dissociation energy of
the RlR2bond. Therefore, by using electrons with energies 1or 2 ev above
the ionization potential of the radical, it is possible to detect and determine the ionization potentials of the radical without interference from
ions formed by process (5.2.4).
Lossinge2introduced another method for the detection of radical ions
formed by process (5.2.3) in the presence of those formed b y process
(5.2.4) which can readily be used if the radicals contribute a n appreciable
fraction of the reaction products. Electrons with 50 or 75 ev energy are
used. The proportional contributions of all stable products to the ion
current for R1+ are subtracted as in the customary methods used for gas
analysis, the remainder being the ion current due to the radical. In determining the ionization potentials of free radicals the method is applied
in the following manner. The ratios of the R1+peak to the parent for the
compounds formed in the production of the radical and for the parent
compound itself are measured from mass spectra obtained in separate
experiments. From these ratios the contributions of all the stable species
to the radical ion peak under, say, pyrolysis conditions is calculated, and a
net peak height for the radicals is obtained. This usually comprises
0.3 t o 0.5 of the total peak for R+. The net ion current for the parent
peak is generally 2-4 X
amp. With the reactor, or other radical
generator, at the optimum temperature, the parent compound is introduced with a sufficient partial pressure of standard calibrating gas,
usually krypton or xenon, to give a reference peak of the same magnitude
as the net peak for R+. The ionization efficiency curves for R+ and for
the calibrating gas are then measured. The ionization potential of the
radical is then evaluated by the method used by Lossing et a1.12 for the
determination of appearance potentials of ions. With this method, the
ionization cross section of the radical is much larger than at low electron
energies, and is much less dependent on fluctuations in the temperature
of the filament and ion contact potentials. For these reasons this is the
preferred method when a relatively high concentration of the radicals
is to be determined quantitatively.
Table I contains a list of ionization potentials of free radicals. To date,
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only the ionization potential of t,he CH, radical is available from spectroscopic data and this, as mentioned above, confirms the electron impact
value. These data have been used to check molecular orbital theories of
the structures of hydrocarbon molecules and free radical^.^^*^^ The data
are also of importance in the study of the energetics of certain free radical
reactions and perhaps most of all in enabling bond dissociation energies
to be calculated by the direct method (see following section).

5.2.3. Bond

Dissociation Energies

The bond dissociation energy of a molecule is the energy required to
dissociate the molecule into known fragments in known states. As we
have indicated earlier, the dissociation energy of the molecule X Y is
usually denoted by the symbol D(XY). Electron impact studies can lead
to values for dissociation energies which often cannot be readily evaluated
by other methods. If, for example, an ion X+ is known to arise by the
process
XY

+e

=

X+

+ Y + 2e

(5.2.5)

the appearance potential of the X+ ion is given by the equation

V(X+) = D(XY)

+ I ( X ) + K.E. + E.E.

(5.2.6)

where I ( X ) is the ionization potential of the atom X, K.E. is the excess
kinetic energy and E.E. the excitation energy of the ion or the neutral
atom Y. Thus, following the determination of the appearance potential
of the ion X by one of the methods outlined in Section 5.1.2, the dissociation energy of the XY bond, i.e., D(XY), can be calculated provided
both K.E. and E.E. are known or can be measured.
The method used by H a g ~ t r u mand
~ ~described earlier, can be used to
determine the kinetic energy with which a particular ion is formed. It
can also be used to determine the appearance potential which refers to
the ion being formed with zero kinetic energy. Other methods are available such as those described by Washburn and Berrye6and a more recent
development used successfully by Taubert. 67 A simple method which
indicates the presence of excess kinetic energy was demonstrated by
McDowell and Warrene8 though this is not quantitative. Recently
Morrison and Stanton‘j9 have employed a method due to M. G. Inghram
J . A. Pople, Trans. Faraday Soe. 49, 1347 (1953).
A. Brickstock and J. A. Pople, Trans. Faraday SOC.60, 901 (1954).
88 H. W. Washburn and C. E. Berry, Phys. Reu. 70, 559 (1946).
E7R. Taubert, in “Advances in Mass Spectrometry” (J. Waldron, ed.), p. 489.
Pergamon, New York, 1959.
6 8 C. A. McDow-ell and J. W. Warren, Faraday SOC.
Disc.10,53 (1951).
60 J. D. Morrison and H. E. Stanton, J . Chem. Phys. 28, 9 (1958).
64
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in which ions are subjected to energy analysis in a cylindrical condenser
before entering the mass analyzer. These authors claim th a t a n error of
only 0.05 ev in kinetic energy can be detected. Fuller details of the method
will be awaited with interest; provided this preliminary claim is not too
extravagant, the method should be most useful. Though many ions
formed in electron induced dissociation processes possess excess kinetic
energy, it has been found in a large number of cases that ions are produced
with practically zero excess kinetic energy. In this connection we may
mention an empirical observation known as Stevenson’s rule to which
few exceptions are known. It is th at in a dissociation process of the type
indicated in Eq. (5.2.4) the ion which has the smaller ionization potential
is formed without excess kinetic energy.
For dissociation processes in which t,he ions are formed without excess
kinetic energy one can use the ionization potentials listed in Table 170-s6
to derive reliable values for the dissociation energies of a large number
of bonds (that is, provided that the ion and the neutral fragment,s are
formed in their ground states which again generally happens to he the
case). There are, however, instances where this is known not t,o be so
and we shall discuss a few of these more difficult problems later. Generally
there are two methods available for using electron impact data. These
have been called the direct and indirect methods. The direct one has been
mentioned earlier and is most easily applied when the ion is produced
without excess kinetic energy in a known dissociation process, e.g.,

CH,

+e

=

CHsf

+ H + 2e.

(5.2.7)

The appearance potential V(CH3+) is known to be 14.39 ev,68and the
A. J. Langer, J. A. Hipple, and 1). P. Stevcnson, J . Chem. Phys. 22, 1836 (1954).
E. W. B. Clarke and C. A. McDowell, Proc. Chem. Soc. p. 69 (1960).
72 F. P. Lossing, K. U. Ingold, and I. H. S.Henderson, J . Chem. Phys. 22,621 (1954).
7 3 D. Oberghaus and R. Taubert, Z . physik. Chem. (Frankfurt) 4, 264 (1955).
J. B. Farmer and F. P. Lossing, Can. J . Chem. 33, 861 (1955).
76 F. 1
’. Lossing and J. B. de Sousa, J . A m . Chern. SOC.81,281 (1959).
76 C. A. McDowell, F. P. Lossing, I. H. S. Henderson, J. B. Farmer, Can. J . Chem.
84, 345 (1956).
77 S. N. Foner and R. L. Hudson, J . Chem. Phys. 29, 442 (1958).
7aL. P. Blanchard and P. Le Goff, Can. J . Chem. 36, 89 (1957).
7 S T . Tsuchiya, J. Chem. Phys. 22, 1784 (1854).
80 S. N. Foner and R. L. Hudson, J . Chem. Phys. 28, 1364 (1955).
8lF. P. Lossing, P. Kebarle, and J. B. de Sousa, in “Advances in Mass Spectrometry” (J. Waldron, ed.), p. 431. Pergamon, New York, 1959.
82 J. B. Farmer, I . H. S.Henderson, C. A. McDowell, and F. P. Lossing, J . Chem.
Phys. 22, 1948 (1954).
83 J. B. Farmer, F. P. Lossing, D. Marsden, and C. A. McDowell, J . Chem. Phys.
24, 52 (1956).
84 A. G. Harrison and F. P. Lossing, J . Am. Chem. Soc. 82, 1052 (1960).
7*
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TABLE
I. Ionization Potentials of Free Radicals
Radical
CHz
CH 3

CD3
CzHs
n-C3H7
iso-CsH1
n-C4H9
iso-C4H9
sec-C&
tert-C4Hg
CHz=CH
CH=C-CH2
CH z=CH--CH z
CHSCH=CH-CHz
NzHz
NHz
NZH3

cs

OH
HOz
CHzF
CHFz
CF3
CHzCl
CHClz
CClZ
CHzBr
CEHKCHZ
o-C~H
(CHI)
~ CH?
m-Ct3H4 (CH3)CHz
p-CaH&(CHs)CHz
CioH7CHs
CioHiCHs
CEH~-CH*-CEH~

Ionization potential (v)
11.9
11.82
9.90
9.85
9.86
9.88
9.95
8.78
8.69
7.90
8.64
8.35
7.93
7.43
9.45
8.25
8.16
8.03
9.85
11.4
7.88
11.8
13.18
11.53
9.4
9.45
10.2
9.32
9.30
8.78
9.30
7.76

Reference
Langer et ~ 1 . 7 ~
Clarke and M ~ D o w e l l ~ ~
Lossing ct a1.12
Langer et al.TO
Clarke and McDowell7l
Osberghaus and T a ~ b e r t ' ~
Lossing et al.72
Farmer and LOssingT4
Hipple and StevensonE1
Lossing and de S o ~ s a ~ ~
Farmer and
Lossing and de SousaTS
Lossing and de S o u ~ a ~ ~
Lossing and de S o ~ s a ~ ~
Lossing and de SousaT6
Harrison and Lossingss
Farmer and L o ~ s i n g ~ ~
Lossing et al.72
McDowell et aLT6
Foner and Hudson7'
Blanchard and LeGoff78
T~uchiya~~
Foner and Hudsonso
Lossing et a1.81
Lossing et ~ 2 . 8 1
Lossing et aZ.81
Lossing et a1.81
Lossing et ~ 2 . 8 1
Lossing et ~ 2 . 8 1
Lossing el a1.81
Farmer et aZ.82
Farmer et

7.46
7.56
7.35
7.32

al.83

Harrison and Lossinga4
Harrison and Lossing84
Harrison and LossingE4

5.2.

MOLECULAR STRUCTURAL APPLICATIONS

549

ionization potential of the methyl radical 9.86 ev (Table I), hence the
dissociation energy of the CH3-H bond in methane D(CHx-H) is
14.39 - 9.86 = 4.53 ev.
The indirect method uses thermochemical data in conjunction with
electron impact data to derive dissociation energies when there is no
value available for the ionization potential of the radical from which the
ion is formed. Thus if it is desired to determine the dissociation energy
D(R3-R4), one first determines the appearance potential of the Rlf ion
, also from R1R3 and assumes that this
from, say, the molecule R I R ~and
ion is produced by the following processes:
(5.2.8)
(5.2.9)

It is also assumed that n o excess kinetic energy is included in the value of
the appearance potentials, V1 and Vz. One can then deduce the relation
RiRz - RiR3 = R, - R3

+ VI - Vz.

(5.2.10)

If the heats of formation of the compounds RrRz,R3R4,R1R3,and R2Ra
are known, and also the dissociation energy D(R2-RI) then the values
of the heat of the reaction (5.2.11) can be calculated

+

RIRZ R J R =
~ RIRI

+ RBf R4 + AH.

(5.2.11)

On subtracting Eqs. (5.2.10) and (5.2.11) it is easily seen that the process
R3R4= R3 Rq, i.e., D(R3--R4) is given by the equation

+

D(Ra

- R4)

=

AH

+

V1

- Vz

(5.2.12)

where

Here AHo(XY) is the heat of formation of the compound XY in its
standard state. Compounds can always be chosen so that RzR4 is Ha
or CH4 or some other compound for which there is available a reliable
value for D(Rz--Rd). This method has been extensively used by Stevensons5to deduce values for the bond dissociation energies of various C-H
and C-C bonds in hydrocarbons. The results he obtained are in good
agreement with those estimated in other ways. Now that a large number
of values are becoming available for the ionization potentials of free radicals (Table I), this method is being less used.
In Table I1 are listed values for some bond dissociation energies which
D. P. Stevenson, Discussions Faraday Soc. 10, 35 (1951).
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have been evaluated recently from electron impact data.86-91Most of
these data have been calculated by the direct method using the ionization
potentials of the free radicals listed in Table I. In all cases the main ion
and the other dissociation products are apparently formed in their
ground states, and without excess kinetic energy.
TABLE
11. Some Recent Electron Impact Values for Bond Dissociation Energies
Bond

Dissociation energy (ev)

Referenre

CH3-H
C2HD-H
S-C3H7-H
CtHs-H
C?Ha--CHs
CcHa--C?H,j
CzH2-H
GH3-H (allene)
C3H3-H (propyne)
CHdAH3 (l12-butadrene)
CHsC3H3 (1-butyne)
CH3-I
CH3-CN
sec-C 3H7-1
sec-CaH7-C1
sec-C8H7-Br
CH=C.CHZ-Br
CH=C.CH2-1
C?H,Cl
CPHaBr

4.42
4.25
4.22
4.55
4.01
4.51
1.78
3.52
3.59
2.96
2.93
2.28
4.52
1.84
3.18
2.55
2.51
1.98
3.71
3.18
9.756
6.34

Stevensons6
Farmer and LossingT4
Farmer and L0ssing7~
Harrison and Lossing86
Harrison and Lossingas
Harrison and Lossingas
Harrison and Lossingas
Collin a.nd Lossinggl
Collin and Lossinggl
Collin and LossingY1
Collin and Lossinggl
McDowell and Coxs0
McDowell and Warrens9
Farmer and LossingT4
Farmer and LossingT4
Farmer and
Farmer and Lossingr4
Farmer and Lossingr4
Harrison and Lossingse
Harrison and Lossingss
Frost and McDowellS8
Frost and McDowell87

Nz
NO

Several examples are, of course, known where electron induced dissociations lead t o ions being produced with excess kinetic energy; also cases
are known where the ion or the other dissociation products are produced
in excited states. Perhaps the best example is the electron induced dissociation of oxygen. Careful measurements by Hagstrum3’ established
that many of the processes leading to the production of O+ and 0- ions do
occur with excess kinetic energy, and also some produce either the Of
A. G. Harrison and F. P. Lossing, J. Am. Chem. SOC.82, 519 (1960).
D. C. Frost and C. A. McDowell, J. Chem. Phys. 29, 1424 (1958).
88 D. C. Frost and C. A. McDowell, Proc. Roy. Soc. A236, 278 (1956).
C. A. McDowell and J. W. Warren, Trans. Faraday SOC.48, 1084 (1952)
9O C. A. McDowell and B. C. Cox, J . Chem. Phys. 20, 1496 (1952).
91 J. Collin and F. P. Lossing, J. Am. Chem. SOC.
79, 5848 (1959).
86

s7
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or the 0- ion, or even both, in excited states. Recently the RPD method
has been used by Frost and M ~ D o w e l to
l ~ demonstrate
~
directly for the
first time the formation of a t least five distinct processes leading to the
production of O+ from molecular oxygen when this is bombarded with
electrons with energies between 17 and 23 ev. Subsequent work by Morrison et aLgl*has confirmed the earlier findings of Frost and M c D o ~ e l l . ~ ~ ”
Table 111, which is taken from this last reference, indicates the complexities of the dissociation processes occurring in oxygen.
TABLE111. Minimum Energies for Ionic Dissociation Processes in Oxygen33a
Minimum energy (ev)
3.67
17.28
18.73
20.60
20.70
22.50
22.30
22.90

Another interesting example is provided by the electron induced dissociation of nitrogen. Here the R D P met,hod was used to demonstrate88
that there are three distinct processes leading to the production of N+ ions.
These occur a t 24.32, 26.66, and 27.93 ev, and it was shown that the three
processes by which atomic nitrogen ions are produced are those in which
the accompanying nitrogen atom is formed in its three states 4X0,
and 2Po;the atomic nitrogen having always formed in its ground ( 3 P )
state. Since it was known from Hagstrum’s work3’ that no nitrogen
negative ions are formed and that the atomic nitrogen ions are formed
without excess kinetic energy, the above results led to the conclusion
that D(N2) = 9.756 ev. Another case where there was some difficulty in
deciding if one of the products was produced in an excited state was the
electron induced dissociation of cyanogen. Stevensons2had assumed that
in the dissociation process
C2N2

+ e = CN+ + CN + 2e

(5.2.13)

the cyanogen radical C N was produced in its A2ni excited state. McDowel1 and Warren,89however, concluded that the CN+ ion was produced
with excess kinetic energy and that both it and the C N radical were
formed in their ground states. On this basis, they deduced that the
O1&

F. H. Dorman, J. I). Morrison and A. J. C. Nicholson, J . Chem. P h p . 32, 378

(1960).
O2

1). P. Stevenson,

J . Chem. Phys. 18, 1347 (1950).
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ionization potential of the CN radical was < 15.6 ev. Recently Kandelga
showed t ha t the CN+ ion in the process (5.2.13) was, in fact, produced
with 0.57 e v excess kinetic energy and so the ionization potential of the
CN radical is estimated to be 15.13 ev, thus confirming the view of
McDowell and Warren.

5.2.4. Electron Affinities by Mass Spectrometric Methods
The electron affinity of an atom is defined as the energy difference
between the negative ion and the neutral atom in their ground states.
When negative ions are formed in electron-induced dissociation processes,
e4.1

+

+

XY
e = X+
YXY+e=Y-+X

+e

(5.1.13)
(5.1.11)

the appearance potentials for the negative ion (Y-) formed by these two
processes are given by the equations

V(Y-)

=

V(Y-)

=

or

+ I(X) - E A ( Y ) + K.E. + E.E.
D(XY) - EA(Y) + K.E. + E.E.
D(XY)

(5.1.14)
(5.1.12)

I n these equations the items have the same meanings a s given earlier.
Therefore, if in an experiment one can determine the appearance
potential of the negative ion V(Y-), and can also measure the kinetic
energy and any excitation energies of the ion or the products, one can
compute the electron affinity of the atom Y. It is to be noted th a t there
are theoretical reasons for believing th at negative ions are always formed
in their ground states. Furthermore it is generally also the case th a t the
other products are also formed in their ground states. This is, of course,
an indirect method for determining electron affinities but we shall describe
it first, and later we will discuss a direct mass spectrometric method.
The indirect method for determining electron affinities by mass spectrometry has been developed most highly by H a g ~ t r u m An
. ~ ~account
of his work was given in Section 5.1.2.3. Hagstrum’s main efforts were
directed towards determining the electron affinity of the oxygen atom but
the value he obtained, namely 2.2 ev, was too high, mainly due to the
lack of a sufficiently accurate method for calibrating the negative ion
electron energy scale. It must be mentioned, however, that there were
other errors in interpretation which also contributed to this wrong result.
The method he developed is, however, sound in principle, and with the
use of sulfur hexafluoride to calibrate the electron energy scale and a n
R P D ion source, it should be possible to obtain quite accurate values for
O8

R. J. Kandel, J. Chem. Phys. 22, 1496 (1954).
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the electron affinities of a number of atoms. Using an apparatus with
modifications of this type, Randolph and Geballeg4have found a value
of 1.48 5 0.05 ev for the electron affinity of the oxygen atom. This is in
very good agreement with the results of photodetachment measurements
by Branscomb et ~ 1who. found
~ ~ E A ( 0 ) equal to 1.465 ev. Mention may
be made here of the use of a Lozier apparatus recently by Craggs and
T o ~ e r though
, ~ ~ the results obtained by these authors for the electron
affinity of oxygen have not been in agreement with the widely accepted
value of Branscomb, Smith, and Burch.
It may be mentioned here that this value of 1.465 ev for the electron
affinity of the oxygen atom is the only one which is consistent with
recent electron impact studiesg7on the formation of 0- from NO by an
electron resonance capture process as in process (5.2.14)
NO+e=N+O-.

(5.2.14)

The appearance potential for the formation of the 0- ion given by
Eq. (5.2.15)
V(O-) = D(N0) - E A ( 0 ) K.E. E.E.
(5.2.15)

+

+

was found experimentally to be 6.99 ev. Hagstrum3’ had earlier shown
that these fragments are formed in process (5.2.14) with 2.1 ev total
excess kinetic energy. Substituting these data in Eq. (5.2.15) with the
now accepted value for D(N0) indicates that the Branscomb, Smith, and
Burch value for E A ( 0 ) must be correct.
An interesting example of the application of the indirect method of
determining electron affinities is found in the results of Frost and McDowe1Iy8on the study of the formation of ion-pair processes in bromine
and iodine. It was found by these authors that the process
Iz+e = I + + I - + e

(5.2.16)

occurs at 8.62 ev. It was assumed that the I+ ion is formed in its ground
( 3 P 2 state
)
and the I- ion in its ground (‘8)state. Hence, since

D(Iz) = 1.542 ev,

I(1)

=

10.45 ev

there results a value for the electron affinity of the iodine atom of 3.37 ev
assuming that the products in process (5.2.13) are formed without excess
94P. L. Randolph and R. Geballe, Tech. Rept. No. 6, U.S. Office of Ordnance
Research, 1958.
95L. M. Branscomb, D. S. Burch, S.J. Smith, and S.Geltmann, Phys. Rev. 111, 504
(1958).
96 J. D. Craggs and B. A. Tozer, Proc. Roy. SOC.
A247, 337 (1958).
g7 D . C. Frost and C. A. McDowell, J . Chem. Phys. a@,1424 (1958).
08 D. C. Frost and C. A. McDowell, in “Advances in Mass Spectrometry” (J. Waldron, ed.), p. 412. Pergamon, New York, 1959.
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kinetic energy. More recently, Morrison et U Z . , ~ ~in studying the photoionization of Iz in a mass spectrometer, observed the formation of I+ions
a t a photon energy corresponding to 8.95 ev. They assumed that these
ions were produced by the process
I? + h v

=

I+

+ I-

(5.2.17)

and state that the products are produced with 0.2 ev excess kinetic
energy. From these data they deduced a value of 3.14 ev for t,he electron
affinity of the iodine atom. Both these values are in good agreement with
those derived from other sources. It should also be pointed out that,
similarly, good agreement is found for the values of the electron affinity
of the bromine atom deduced from the experimental result,s of these two
sets of workers.
The most satisfactory way to determine electron affinities is by the
direct surface ionization method. This method employs a mass spectrometer to measure the currents of ions emitted from a hot tungsten filament
placed in a diffuse beam of alkali halide molecules. Essentially all the
alkali atoms leave the filament as positive ions and so the positive ion
current gives the neutral X atom current. The partial pressures Pi can be
calculated from the numbers Zi of the species emitted from the hot filament a t temperature T”K using the equation:

Pi = Zi(2nmiicT)1’2.

(5.2.18)

Since the electron affinity of an atom X is defined as -AEo, a t OOK, for
the reaction
X

+ e-

=

X-

(5.2.19)

it may be determined by measuring the equilibrium constant K for the
reaction (5.2.19). The equilibrium constant K , is related to the change
in free energy in reaction (5.2.19) by Eq. (5.2.20)
In K ,

=

ln(P,/P,P,-)

and
R T j In K ,

=

-AE‘

=

-AFo/RTj

+- F:!’ f Fg’ - Fgl

(5.2.20)
(5.2.21)

where FLO-’,FF’, and Fgl are the free energies of the electron, the X
atom, and the X- ion, chosen so that FjO’ = 0 a t T = 0°K and
Pi = 1 atm. As it is easy to measure the number of M+ ions produced,
and the electron current and the X- ion current can be measured separately, K , can be calculated for reaction (5.2.19). This method has been
9 9 J. D. Morrison, H. Huseler, XI. G. Inghram, and H. E. Stanton, J. Chem. Phys.
33, 821 (1960).
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used extensively by Yonov and his collaborators,lOO~lol
and more recently
by Bailey.lo2The theory of the niet,hod is quite straightforward.
As the filament temperatures are quite high -2000"K, and a s only
low gas pressures are used, it is obvious that only atomic ions will in
general be formed on the hot filament. The mass balance

ZM+ f Z M

=

ZX-

+

Z X

(5.2.22)

holds, where 2, is the number of species i emitted from unit area of the
filament in unit time. Under the experimental conditions used Zx >> ZX-.
It is also readily shown from considering the equilibrium

+ e-

M

=

M+

r

=

Gexp(4 - IM)/kT,

(5.2.23)

that
Z,+/Z,

=

(5.2.24)

where 4 is the work function of the filament metal, and I , is the ionization
potential of the atom M. Richardson's equation gives the electron
emission as
I ( e - ) = 120.1T2exp( - 4 / k T )
(5.2.25)
and so 4 and r may be calculated from the electron current, and measurements of the filament temperature by an optical pyrometer. It is here
where Yonov and Bailey differ. Yonov assumed that the work function
of the surface was that of pure tungsten and that the total positive and
ion currents observed were caused solely by the M+ and X- ions formed
on the filament in equilibrium amounts.
1/~),
Since Zx >> Zx-, Eqs. (5.2.24) and (5.2.25) give Zx = Z M + ( T
2,- is obtained from the electron current I(e-) in amperes per em2 of
emitting surface by use of the relation

+

2,-

=

I(e-)No/S

(5.2.2G)

where N o is Avogadro's number, and 5 is the Faraday equivalent. T h e
partial pressure of the electron gas in equilibrium with the number 2, of
electrons emitted is from Eq. (5.2.18)

P,-

=

[ I (e-) N 0/5](2nm,-k T f )

(5.2.27)

Thus the expression for the equilibrium constant K , becomes

K,

=

Zx-/ZxP,-

=

+

[ Z x - / Z M + l ( e - ) ] ( r / r 1)(s/N0)( 2 ~ m , - k T ) ' / ~ .
(5.2.28)

LOON. I. Yonov, Compt. rend. acad. sci. U.R.S.S. 28, 512 (1940).
101 I. N. Bakalina and N. I. Yonov, Doklady Acad. Nauk S.S.S.R. 106, 680 (1955).
102 T.L. Bailey, J . Chem. Phys. 28, 792 (1958).
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FIO-’,F:)), and F:? are given by

PIo’ = RT,( ln[h2/(2?rmikTr)3/2(1/IcTZ)]
- In &i]

(5.2.29)

where Qis
i the internal partition function of the species i. Substituting
from Eq. (5.2.29)and (5.2.28) into (5.2.21)the expression for the electron
affinity E A ( X ) becomes

E A (X)

=

+

RTI In( [ Z X - / Z M + ~ ( ~ - ) I ( ~1)
/ T( Q B - Q x / Q x - )

( 2 ~ m , - k ~ T , ~ /1.N ~(5.2.30)
h~)

Experimentally Zx-/ZM+is measured from the ratios of the corresponding ion currents observed in a mass spectrometer. I(e-) is determined by direct measurement of the total temperature-limited negative
current leaving the filament and the surface area of the filament; and
the temperature of the filament is measured, as has been mentioned
before, with an optical pyrometer.
Bakalina and Yonov’O’ have used a modification of this method with
mixed alkali halides and so derived values for the differences between
the electron affinities of various atoms. Because the work function may
be different for different areas of the filament on which surface ionization
occurs, Yonov has modified the original method. The use of a mixed
beam of alkali halides enables the difference in the electron affinities to
be determined by measuring the ratio of the negative ion currents
Z y - / Z x - , the filament temperature, and ZM+
the alkali metal ion current. In the experiments, crossed molecular beams of the alkali salts are
used, and the intensities of these are controlled so that the Mf ion current>
measured by the mass spectrometer is equal for each beam. Under these
= Zx-.
Periodic checks are made of the constancy of the
conditions ZM+
atomic beams by measuring their Mf ion currents. The ratio Zy+/Zxis measured at various temperatures and the electron affinity difference
between atoms Y and X calculated. This difference is generally found to
be independent of temperature. Bakalina and Yonovlo3determined the
difference between the electron affinities of bromine and sulfur to be
1.23 f 0.05 ev by studying the surface ionization of Br and S atoms in a
mixed stream of the vapors of sodium sulfide and sodium bromide.
Taking EA(Br) = 3.6 ev, they deduced the electron affinity of sulfur
to be 2.37 ev. In later experimentslo4the latter authors determined the
differences between the electron affinities of all the halogen atoms, and
between the sulfur atom and the CN radical. The values obtained for the
differences between the electron affinities of the halogens are given in
Table IV.
loS
lo4

I. N. Bakalina and N. I. Yonov, Doklady Acad. Nauk S.S.S.R. 116, 41 (1057).
I. N. Bakalina and N. I. Yonov, Zhur. Fiz. Khim. 33, 2063 (1959).
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TABLE
IV. Differences between the Electron Affinities of the Halogen Atornsloa
Electron affinity
difference (ev)

Halogen pair
__
Cl-Br
CI-I
C1-F
Br-I
F-Br
F-I

0 . 2 5 0.06
0 . 5 3 f 0.03
0 . 2 0 3~ 0.03
0.27 0.02
0.02 f 0.02
0.29 k 0.04

+

Taking the value of 3.56 ev106for the electron affinity of the bromine
atom as a standard, Bakalina and Yonov give as the values for the electron affinities of the other halogen elements, EA(F) = 3.58 ev, EA(C1)
3.81 ev, and EA(1) 3.29 ev. For the CN radical they give the value
E A ( C N ) = 3.7 ev. These may be compared with the values obtained
by Bailey1°2 using a similar method but calculated from measurements
on the vapor of one halogen salt, i.e., from determinations of the ratio
Zx-/ZM+. Bailey's values are E A ( F ) = 3.53 ev (mean of 3.60 and
3.46 ev), EA(C1) = 3.76 ev, and EA(Br) = 3.51 ev.
A modification of the above method has been used by Baileylo2which
he has called the Electron Affinity Difference Method. This is in some
respects similar to the method used by Yonov, but instead of measuring
the ratio of the negative ion currents Zy-/Zx- from two atomic beams
of different halide salts of one alkali metal, say sodium, Bailey used
interhalogen compounds such as ClF, and IBr. When the hot filament
is surrounded with interhalogen gas X,,,Y,, the equilibrium between the
species emitted from the surface will be

x + Y-

=

x- + Y.

(5.2.31)

For this equilibrium we have
-AF0)/R2'f

=

In K ,

=

ln(ZX-/ZY-)(ZY/ZX)

(5.2.32)

and
-AF(") = E A ( X ) - E A ( Y )

+ ( F g ) - F'O') - (F:'
X-

- F:?).

(5.2.33)

Substituting from (5.2.29) into (5.2.32) and (5.2.33), we get the following
expression for the difference of the electron affinities of the X and Y
atoms :

E A (X)
106

-

E A (Y)

=

RTf ln(Zx-/Zy-) (ZY/Z,)(QY-&X/QY&X-).(5.2.34)

H. 0. Pritchard, Chem. Revs. 62, 529 (1953).
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At sufficiently high temperatures there is complete dissociation of the

X,Y, molecules on striking the hot filament surface and the ratio ZY/ZX
is simply n/m. Equation (5.2.34) then becomes
E A ( X ) - E A ( Y ) = RT, I~[(~/~)(ZX-/ZY-)(&X/&Y)(&Y-/&X-)I.
(5.2.35)

Thus the determination by mass spectrometric measurements of the
ratio Zx-/Zy- of the ions emitted from the filament at temperature T ,
enables the difference in the electron affinities of the atoms X and Y, i.e.,
EA(X) - E A ( Y ) , to be calculated. An underlying assumption is that
the accommodation cnefficients for electron exchange between the filament surface and the X and Y atoms on or very near the surface are all
unity. This is a reasonable assumption which is likely to be correct.
Using this method with C1F3 and IBr, Baileylo2obtained the results
that the difference between the electron affinities of chlorine and fluorine
was EA(C1) - E A ( F ) = 0.238 ev, and the difference between the
electron affinities of bromine and iodine was E A (Br) - EA(1) = 0.333 ev.
5.2.5. High-Temperature Chemistry Studies
During recent years there has been considerable interest in the thermochemistry of substances a t elevated temperatures. Mass spectrometric
methods have proven to be a particularly fruitful way of studying the
thermal properties of chemical compounds in the region from 1000" to
2500°K. Furthermore, a great amount of interesting information has
been amassed concerning the composition of inorganic materials in the
vapor state a t high temperatures. It has also been possible to measure
accurately the vapor pressures of a large number of substances over a
wide range of elevated temperatures. From these results it has frequently
been possible to calculate accurate values for the heats of sublimation of
the compounds and elements studied as well as to evaluate values for
certain bond dissociation energies which could not readily be obtained
by any other method. It has been possible, for example, to determine
the latent heat of sublimation of
and to evaluate the bond
dissociation energies of the dimers of the elements in Groups I B and IV B
of the Periodic Tablelo* and the dissociation energies of di-, tri-, and
tetra-atomic intergroup IV B molecules. log
In these studies the normal source of the mass spectrometer is modified
R. E. Honig, 1.Chem. Phys. 21, 573 (1953).
W. A. Chupka and M. G. Inghram, J . Phys. Chem. 69, 100 (1955).
lo* J. Drowart and R. E. Honig, J . Phys. Chem. 61, 980 (1959).
l0$J.Drowart, G. de Maria, A. J. H. Boerboom, and M. G. Inghram, f. Chem.
Phys. 30, 308 (1959).
Io6
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so that a crude molecular beam of the vapor of the compound to be
studied can be introduced to the ionization chamber. I n the case of
Honig'slo6 experiments to determine the vapor pressure of carbon, a
graphite filament was heated near the entrance to the ionization chamber
and the evaporating carbon atoms allowed to enter the chamber directly.
The techniques for these studies were developed almost simultaneously
by Honig, '06 and by Chupka and Inghram. Io7 Honig's apparatus was
very simple and is shown diagrammatically in Fig. 9. The apparatus used
by Chupka and Tnghram is somewhat more elaborate and is shown in
Fig. 10. The Knudsen effusion cell which can be heated t o the desired
I

--

SZ

1

L

6
f

Sh

Ta radiation shield
H
Mo filament holders
C
Mo filament clips
F, = graphite filament, 0.015in. diameter
RI,?= repeller half plates
S1 = plate of first slit (0.010 X 0.5 in.)
D1,?= deflector half plates
=
=
=

I

-

4

S, = plate of second slit
(0.005 X 0.5 in.)
Fz = electron filament
(Thoriitted W, 0.001 X 0.025 in.)
Electron slits =
1 and 2 = 0.015 X 0.125 in.
3 = 0.020 X 0.125 in.

FIQ.9. Source for solid evaporation experiments used by Honig. From
Phys. 91, 273 (1953).

J. Chem.

temperature is mounted above the ent,rance to the ion source. Gaseous
molecules leaving the surface in the Knudsen cell pass through several
slits in the ion source into the ionization chamber. Positive ions produced
by electron bombardment are then accelerated into the analyzer for mass
analysis. By means of a shutter located between the effusion cell and the
ion source, it is possible to control the number of molecules that enter
the ion source from the effusion cell. When the slit in the shutter plate is
aligned with the slits in the ion source and the orifice of the effusion cell,
the maximum number of molecules pass through the ion source slits.
Radiation to heat the crucible oven is provided by a n electrically heated
tungsten filament surrounded by several sheets of radiation shielding for
uniform heating. The effusion cell consists of a metal crucible with liners
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of different refractory materials; platinum or stainless st,eel being used
for the crucible material. The temperature of the cell was measured by a
thermocouple or by an optical pyrometer. As high accuracy was required
in measuring the ion currents resulting from the electron bombardment
of the effusing gas, most of the mass spectrometers employ electron
multipliers as detectors and the ion currents are frequently measured
with vibrating reed electrometers. High sensitivities are thus obtained
and are required, for frequently it is necessary to measure accurately

FIQ.10. Knudsen cell apparatus used by Chupka and Inghram for studies on high
temperature chemistry. From J . Phys. Chem. 69, 100 (1955). KEY:A, movable slit
plate and mount; B, tungsten filament; C, tantalum radiation shields; D, tantalum
knudsen cell; E, graphite liner; F, quartz window; G, ionization chamber; H, source
focusing system; I, ionization electron beam.

small ion currents due to ions of polymeric species or multiply charged
particles.
One of the very interesting applications of the above methods was the
determination of the latent heat of sublimation of graphite. Honig’slo6
work, which was carried out using the rather simple techniques mentioned above, is based on the following principles. The Clapeyron equation relating the vapor pressure P of a solid with the latent heat of sublimation L ( T ) is
dP/P = L ( T ) dT/RT2.
(5.2.36)
The latent heat L ( T ) can be calculated at any temperature by the
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Kirchhoff equation
UT)

=

561

+ / , T A C p dT

(5.2.37)

+ /TT ( D + BY') dT.

(5.2.38)

UTd

which we can write as
L(T)

=

L(T1)

Equation (5.2.36) can be integrated to give

R In P

=

L(T,)/T

+K

(5.2.39)

where TI is the mean temperature in the range studied. I n Honig's
experiments T 1 was approximately 2400°K.
When positive ions are produced from neutral species by electron
impact, the current a t the collector I+, is given by the relation

I+= $X(e-)Zn;

(5.2.40)

where 77 is the efficiency of ion collection, i.e. the ratio of ions collected
to ions formed in the ionizing region; Q is the ionization section in cm2;
I(e-) is the electron beam current, in units consistent with those of I+;
1 is the active path length of the electrons in cm, and ni is the concenOn. substituting
tration of neutral species in the ionizing region in ~ m - ~
for ni from the ideal gas equation, the following expression results for
the pressure of the neutral species

P

=

EJ+T.

(5.2.41)

For negative ions, which are emitted directly from the filament, the pressure is related to the current density I-/A' by the expression well known
in gas kinetics

P-

=

( I - / A ' ) ( ~ T " C T ) ' '=~ kJ-T1'Z.

(5.2.42)

Thus, if equilibrium may be assumed, the heat of sublimation of the
neutral species is obtained by plots of ln(I+T) against 1 / T . It should be
remembered that in the case of graphite the neutral species evaporating
from a hot filament of this substance will contain C atoms, and also
have
C2, Cs,. . . C, molecules. It may be noted that Drowart et
detected the following ions, Cf, Cz+, C3+, C4+, and Cs+. The heats of
sublimation of each species can be obtained from measurements of the
ion currents I&, I& I:! as functions of the temperature of the emitting
graphite filament.
1lOJ.

Drowart, R. P. Burns, G . de Maria, and M. G. Inghram, J . Chem. Phys. 31,

1131 (1959).
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The method used by Chupka and Inghram,107while similar in principle, is perhaps more precise, for they calibrate their ion beam intensities
by using silver as a calibrating element. The vapor pressure of pure silver
is known to a very high degree of accuracy. The determination of the
sensitivity of the mass spectrometer is carried out by placing about
10 mg of pure silver in the Knudsen cell and measuring the Ag+ and
Ag++ ion currents a t 1250°K. This method gave a n average of about
6.0 X l o l l intensity units (arbitrary) of AgIo7++formed by 150 volt
electrons per atmosphere of Ag pressure inside the cell. The sensitivity
is converted to Sensitivity for the carbon atom (in t,he studies on the
heat of sublimation of graphite) by using the equation
6.0 X

I =

E

X C Ag(tota1)
Ag107

(

)

(a)
(m7)(m)'
T(Ag)

S(C+)

(5.2.43)

I n this equation, C is the ratio of Ag+ ions produced by 80-volt electrons (at maximum ionization efficiency) to Ag++ ions produced by
150-volt electrons (this quantity, which was measured directly, has the
value 3.0) ; E is the ratio of the ionization probability of carbon atoms
a t the maximum to that at 17 volts (this was estimated to have the value
of 6); (Ag(total)/AgIo7)is the ratio of the total amount of silver to that
of the isotope of mass 107 (this has the value 2.0); a(C)/u(Ag) is the ratio
of the ionizat,ion cross sections and has been estimated to be 1/4; T(Ag)/
T ( C ) is the ratio of the temperatures a t which the two species were
evaporated-approximately
1400/2300; S(C+)/S(Ag+) is the ratio of
the secondary electron efficiencies on the first plate of the electron
multiplier and was estimated to be 2.5; I is the sensitivity in intensity
units of C+ ions formed by atoms in the Knudsen cell.
These two researches, by Honig and by Chupka and Inghram, gave,
respectively, the values of 179 A 10 kcal per mole and 170 6 kcal per
mole for the latent heat of sublimation of graphite.
The above methods, or ones essentially similar to them, have been used
greatly in recent years by workers interested in determining the composition of the vapors of salts a t high temperatures and in measuring bond
dissociation energies of oxides and intermetallic compounds. An early
study of the evaporation products of the alkaline earth oxides had been
carried out by Pelchowitch.lll This was repeated with their more sensitive
apparatus by Inghram and co-workers,
who obtained the value of
Do(BaO) of 5.65 _+ 0.2 ev.
ll1
112

I. Pelchowitch, Philips Research Repts. 9, 42 (1954).
M. G. Inghram, W. A. Chupka, and R.F. Porter, J . Chem. Ph;ys. 23,2159 (1955).
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This school has made some very important contributions in this field
in the past several years. Their results have contributed much new and
important informat,ion about the composition of the species in the vapor
state of many high melting compounds. Thus Berkowitz and associates,113
in studying the evaporation of WO, from a Knudsen cell, found that the
gaseous molecules Wa04,w4012, and W6016are formed. Later work114
showed that the vapor subliming from V 2 0 6 contained the species
V1Ol0, V6014, V6012with some evidence for V408 and V Z O ~These
.
studies
which also included measuring the vapor pressure of VO as well as VzO6
led to the value of D " ( V 0 ) = 6.4 ev and a value of 12.8 ev for the heat
of atomization of VOZ. Similar work115on T a z 0 6indicated that the predominant species in the vapor were TaO and TaOz. I n this work the
value of Do(TaO) was found to be 8.4 ev and the heat of atomization of
T a z 0 6 to be 15.0 ev. More recently Chupka et aZ.'16 have studied the
vaporization of B e 0 and found that the vapor consists predominantly
of Be and 0 atoms with (BeO)a and (BeO)a molecules. Small amounts
of the following molecules were detected 02,BeO, (BeO),, (BeO)6, (Be0)E
and from the interaction with tungsten in the crucible WO,, WOS, and
WO,(BeO), where x = 1, 2 and 1~ = 1, 2, 3. Thermodynamic treatment
of their results yiclded the value of 4.6 ev for Do(BeO).The value obtained
for the heat of vaporization of the (BeO)4 molecules suggested they had a
cyclic structure.
h detailed study of the gaseous species produced in the vaporization
of potassium hydroxide in the temperature range 30O-45O0C was carried out by Porter and Sch0onmaker.~l7These workers found that
KOH vaporizes mainly as gaseous dimers. The heat of the reaction
2KOH(s) = KZ(OH),(g) was found to be AH!,, = 36 & 2 kilocalories
per mole of dimer. Later the same workers118extended their researches
to include all the alkali hydroxides. Monomeric and dimeric species were
detected in all cases except that of LiOH in the temperature range
650-900°K. I n another paper11gthey reported results on alkali fluoride
vapors. Similar studies have been reported by ChupkalZ0who studied
the vapors of the halides NaC1, KC1, KBr, and RbCl in the temperature
range 700-900°K. For these four compounds he found th a t the most
abundant ionic species were of the type M+ and MzX+ in comparable
J. Berkowitz, W. A. Chupka, and M. G. Inghram, J . Chem. Phys. 27, 85 (1957).
J. Berkowitz, W. A. Chupka, and M. G. Inghram, J . Chem. Phys. 27, 87 (1957).
115 M. G. Inghram, W. A . Chupka, arid J. Berkowitz, J . Chem. Phys. 27, 569 (1957).
116 W. A. Chupka, J. Berkowitz, and C. F. Giese, J . Chem. Phys. 30, 827 (1959).
'I7 R. F. Porter and R. C. Schoonmaker, J . Phys. Chem. 62, 234 (1958).
118 R. F. Porter and H. C. Schoonmaker, J. Chem. Phys. 29, 1070 (1958).
119 It. C. Schoonmaker and R. F. Porter, J . Chem. Phys. 31, 830 (1959).
120 W. A. Chupka, J . Chem. Phys. 30, 458 (1959).
113
114
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amounts. It may be mentioned that perhaps the first observation of a
complex ion in the vapors of mixed alkali halides was that of Haydenl2I
who during his mass spectrometric study of the mixed vapors of KC1
and NaCl found the ion NaKCl+. Chupka found small amounts of
M3X2+ions, and in certain circumstances, negative ions of the type Xand MXZ- were detected. An attempt was made to detect the K(HzO)+ion
in equilibrium with water vapor and KC1 at about 840", but positive
identification of the ion could not be made. In an earlier paper Berkowitz
and Chupka1zZstudied in some detail the molecular species of alkali
halide vapors in equilibrium with their respective condensed phases by
mass spectrometric analysis of the ions produced by electron impact.
They found dimers, trimers, and, in the cases of LiF, LiC1, LiBr, and
NaF, tetramers. The lithium halides exhibited more dimeric than momeric
species. These results were in substantial agreement with earlier molecular
beam velocity selector experiments of Miller and K u s ~ who
h ~ obtained
~ ~
a velocity profile which could not be attributed to simple diatomic species
alone. Berkowitz and Chupka also substantiated earlier studies by
fried ma^^'^* who studied mass spectrometrically the ions resulting from
the electron bombardment of lithium iodide molecules effusing from a
crucible. He found that approximately 50% of the ion current was due
to LiJ+ which was assumed to be formed by the reaction
(LiI)2

+ e = Lid+ + I + 2e.

Similar studies by Schoonmaker and PorterlZ6showed the existence of
monomers, dimers, and trimers in all the alkali fluoride vapors. These
authors were also able t o determine the heats of dimerization of the mixed
fluorides in the reaction MzFz NzFz = 2MNFz. A further study by
the same authorslZ6of the vaporization of ferrous bromide led to the
observation that the monomer is the predominant vapor species in the
temperature range 620-665°K; but at the melting point the dimer concentration becomes significant.
These methods which have been discussed above are also of considerable importance in studying the composition of metallic vapors and
have been extensively used to derive values for the dissociation energies
of diatomic molecules formed from metallic elements. Drowart and

+

Lz1R.J. Hayden, Phys. Rev. 74, 651 (1948).
l 2 * J. Berkowitz and W. A. Chupka, J . Chem. Phys. 29, 653 (1958).
183 R. C. Miller and P. Kusch, J . Chem. Phys. 26, 860 (1956).
lz4L. Friedman, J . Chem. Phys. 23, 477 (1955).
126 R. C. Schoonmaker and R. F. Porter, J. Chem. Phys. 30,283 (1959).
116 R. F. Porter and R. C. Schoonmaker, J. Phys. Chem. 63, 626 (1959).
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H~nig’~
studied
’
the vapors of Cu, Hg, and Au using C, Mo, A1208,and
Si02 as crucible materials. They also used silver to calibrate their mass
spectrometer, and mention that they were able to detect Ag2+in silver
vapor which Chupka and Inghramlo7had failed to do. They derived
values for the dissociation energies of the diatomic molecules Cu2, Ag,,
and Auz. Using the same methods, but Be0 and graphite crucibles, they
later128measured the vapor pressures of Ga and Ir over a range of temperatures, but were unable to detect sufficient quantities of the dimer
ions of either Ga2or Ir2to enable values to be obtained for the dissociation
energies of these molecules. In a later paper,’29they give the results of
their studies on the vapors of the elements in Groups I B and IV B and
have derived values for the dissociation energies of the dimers of their
elements. The values which they gave for the dissociation energies are
D0(C2) = 6.2 ev, Do(Siz) = 3.2 ev, Do(Gez) = 2.8 ev, Do(Sn2) = 2.0,
D0(Pb2) = 1.0 ev, Bo(Cuz)= 2.0 ev, Do(Agz) = 1.63ev, and Do(Auz) =
2.1 ev. Similar studies were carried out by Drowart and Goldfingerlsofor
some of the elements in Groups 111-V and VI. They studied InP, InSb,
and GaAs as well as CdSe and CdTe. In this work they observed the
following ions which are of some interest : P+, Pz+, and P4+ from I n P and
As+, As2+, As3+, and As4+ from GaAs. They were able to calculate the
following values for the dissociation energies Do(P-P) = 2.42 ev,
Do(Asz--As2) = 3.11 ev, and Do(SbzSbz) = 2.63 ev. These values are
in good agreement with later work from the same laboratory which was
reported by Goldfinger and Je~nehomme.’~’
These authors studied the
evaporation of InAs, GaSb, and ZnS. In the case of ZnS it was found
that it decomposes when heated to near 1000”KJand Zn and Sz evaporate
in equivalent amounts. Drowart and associates132have recently studied
the systems germanium-graphite and germanium-silicon-graphite by the
same method. Several gaseous molecules containing Ge, Si, and/or C
were observed as indicated by the ions GeSi+, GeSiCf, GezSi+, GezSiC+,
and Ge3Sif which were detected. Their data enabled values for the heats
of atomization of these molecules to be calculated, and thus adding
valuable data to those rapidly accumulating by the application of this
powerful mass spectrometric method to the study of high-temperature
chemistry.
* w J . Drowart and R. E. Honig, J . Chem. Phys. 26, 581 (1956).
Drowart and R. E. Honig, Bull. soc. chim. belg. 66, 411 (1957).

118 J.

J. Drowart and R. E. Honig, J . Phys. Chem. 61, 980 (1957).
J. Drowart and P. Goldfinger, J . chim. phys. 66, 721 (1958).
191 P. Goldfinger and M. Jeunehomme, in “Advances in Mass Spectrometry”
(J. Waldron, ed.), p. 534. Pergamon, New York, 1959.
l s * J . Drowart, G. de Maria, A. J. H. Boerboom, and M. G. Inghram, J . Chern.
Phys. 30, 308 (1959).
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5.3. Chemical Kinetics
The application of mass spectrometry in the study of chemical kinetics
has led to considerable advances in that branch of chemistry. One of
the early successful applications was that of Leifer and U ~ - e y who
'~~
studied the chemical decomposition of dimethyl ether and acetaldehyde,
and used a mass spectrometer to provide continuous analytical data
showing the changes in the concentrations of the reactants, products, and
the intermediates. As mass spectrometers were a t the same time being
developed and applied to the analysis of petroleum fractions, and other
analytical problems, the subsequent application of this method of
analysis led to many important advances in chemical kinetics. Mass
spectrometry has, however, undoubtedly been most influential in the
whole field of chemical kinetics in the use of this technique t o detect
and identify free radicals and atoms formed in chemical reactions. This
work had its beginnings in the researches of el tent or^^^*'^^ and Hipple
and Stevenson,61to which brief reference has already been made. Since
that time, however, the technique has been developed greatly. The more
advanced methods of mass spectrometric investigation as applied to the
study of free radicals by Lossing, Foner, and Hudson, and others, have
provided the chemist with extremely powerful tools with which t o study
the more intimate details of free radical reactions. These methods have
also provided a means of studying the rates of free radical reactions and
also of studying fast gas phase reactions.

5.3.1. Detection of Free Radicals in Thermal Reactions
The principles underlying the detection of free radicals have been
used two methods to detect
discussed in Section 5.2.2. Eltentonao*L34
and study the reactions of free radicals. The first method consisted of
introducing the radicals, in the form of a crude molecular beam, into the
ionization chamber of the mass spectrometer. The radicals were produced
by pyrolysis of organic compounds diluted with inert gases in a small
furnace or oven called the reactor a t the end of which was a small molecular
leak. As it was important to ensure that the radicals produced during a
chemical reaction in the reactor adjacent to the ionization chamber
should reach the latter, it was necessary to provide a n essentially collisionfree path. A thin diaphragm was used to separate the reactor from the
ionization chamber. Differential pumping of about 7 liters/second a t the
diaphragm, enabled a pressure of about 100 mm to be maintained in the
138

134

E. Leifer and H. C . Urey, J . Am. Chem. SOC.64, 994 (1942).
G. C. Eltenton, J . Chem. Phys. 16, 455 (1947).
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reactor when there was a pressure of about
mm in the ionization
chamber of the mass spectrometer. A diagram of one of Eltenton’s
reactors is shown in Fig. 11. Various types of reactors were used by
Eltenton. The simplest consisted of a furnace of double-walled quartz
tubing down which the reactants passed. The furnace was heated by

-

1

w.

DQ

FIG. 11. Eltenton’s low pressure quartz reactor attached to the ionization chamber
of the mass spectrometer. From J. Chem. Phys. 16, 455 (1947). KEY:J, ground joint;
W water-cooled jacket; Q, double-walled quartz tube; D, diaphragm; SI and SZ,
ion-collimating slits; PI, Pt, 1’8, and Pa, pumping leads.

means of a platinum spiral placed in the space between the quartz walls.
This reactor was used for low pressures of about 4 mm. Another form of
reactor used hot carbon filaments to cause the thermal decomposition of
the organic compounds to produce free radicals. For work a t higher
pressures -140 mm, Eltenton used a more elaborate reactor which is
shown in Fig. 12. This consisted of a stainless steel furnace and it was used
with a gold diaphragm 0.020 mm thick. With these various systems,
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FIG.12.
FIG.13.
FIG. 12. Eltenton's high pressure reactor. From J. Chern. Phys. 16, 458 (1947).
KEY:H, stainless steel furnace; W, water-cooled jacket; J, joints for attachment to
the mass spectrometer, and t o the pump opening M ; C, copper conductor; S, expansion
joint; D, recessed diaphragm. An enlarged view of bottom of furnace is given at the
right.

FIG. 13. Eltenton's apparatus for studying flames. From J . Chern. Phys. 16, 474
(1947). Gas components A and B enter the reactor as indicated and the flame extends
from the side hole 0, across the diaphragm D. It is possible to vary the distance OD
by oscillating the tube T in a vertical direction, lateral movement being prevented
by the spring guide H. A retractable Pt-Ir coil S, moving in guides G, serves to ignite
the combustible mixture.

Eltenton was able to detect free radicals in the pyrolysis of a number of
organic compounds and was able to study certain important radical
reactions. Thus, he was able to detect the formation of methyl radicals
by the pyrolysis of lead tetramet,hyl, (Pb(CH2) 4), methane, etc. He
detected the ethyl radical in a reacting stream of ethane and Pb(CH3)a at
temperatures in excess of 500"C, and the ally1 radical in reacting mixtures
of propylene and Pb(CH3)4 at temperatures in excess of 800°C.
A somewhat different method was used by E l t e n t ~ n ~to~study
J ~ ~ the
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free radicals produced in low-pressure flames. The high-pressure reactor
was used but it was modified as shown in Fig. 13. One component of the
combustible mixture was introduced down tube T . It met the other component a t the small side hole 0, and the flame which was formed when the
gases were ignited by spiral S was directed across the gold diaphragm D.
The flame issuing from the hole 0 can be regarded as being composed of
several reaction zones (see Fig. 14). In each of the zones there will be a
A

B

C

D

E

IIT

FIG. 14. Schematic representation of the reaction zones in a horizontal flame
pulsating across the sampling diaphragm. From J . Chem. Phys. 16, 475 (1947). As the
diaphragm moved from X to Y, corresponding to an elongation of the flame, the
intensities of the zonal products ABCDE entering the ionization chamber passes
through maxima A', B', C', D', and E'. As the flame contracts the pattern will be
repeated, and the maxima on a n unfolding time scale will appear a t D", C", B",
and A".

different distribution of the products of the reactions. Thus the concentration of any given product will vary with the distance from tube 5".
These reaction zones may be conical or spherical but are represented
schematically in Fig. 14 by A , B , C, D, and E where it is assumed that
the products A , B, C , D, and E are a maximum in the shaded regions.
It follows then that if the diaphragm of the reactor under the flame is
moved from position X to position Y , the intensity of the products
effusing through the orifice in the diaphragm will pass through maxima
corresponding to A', B', C', D', and E', and that as the diaphragm returns
from Y to X to complete the cycle, the maxima will be reproduced a
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second time. On a continuously unfolding time scale these second maxima
will appear in positions D", C", B f f ,and A". It is clear that simple
maxima will occur only when the zones lie outside the limits of movement
of X. In all other cases, such as B, C , and D,the maxima will be double
and the relative depths of the two maxima will be a function of the
symmetry of the reaction zone with respect to X and Y . The phases of
the various products are directly related to their positions in the flame,

FIG.15. Summa,rizedphase curves for the reaction intermediates determined with
a pulsating oxygen-in-methane flame. From J . Chem. Phys. 16, 477 (1947).

and it follows that if the intensities of B and C , for example, are not coincident in phase, then the ion B+ cannot be either the isotope or electroninduced dissociation fragment of the product C . Thus by using a pulsating
or oscillating flame with a fixed diaphragm, certain difficulties in interpreting the true origin of an ion can be avoided. It should be possible
to obtain information concerning the sequence of the chemical reactions
in the flame. The phase curves for various products and free radicals
detected by E1tentonla4 in the oxygen-methane flame are shown in
Fig. 15. From these curves it is clear that the CHaO, CH20, and CHO
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molecules or radicals are formed in different parts of the flame or under
different chemical conditions. Using this method Eltenton was able to
detect for the first time the radicals, H02, CH20 and CHO, and CH3
in a combustion reaction, and showed that small traces of the hydroxyl
radical were also doubtless present. This work of Eltenton's was of great
fundamental importance, and it clearly showed how very versatile could
be the application of mass spectrometry to the study of chemical kinetics.

I .

FIQ.16. Robertson's apparatus for studying the pyrolysis of hydrocarbons by mass
spectrometry. From Proc. Roy. SOC.A199, 394 (1949). The hydrocarbon flowed into
tube T through a fine capillary tube, and passed over the heated platinum spiral B
of geometrical surface area about 0.3 cm2. The products of the pyrolysis passed
through a grid covering a large hole in the electrode C, and thence into the electron
beam E, emitted from the oxide-coated nickel filament F and controlled by the
electrodes D, GI,and Gs.To avoid interference from the products formed on F, it
was enclosed in the copper box D, containing a slit Sa for the electron beam, and D
was connected directly to a pumping lead; PI is the permanent magnet (analyzer)
producing a field of about 2-100 oersteds. Dotted line, positive ion path; CY = 7.5",
e = approx. 70".

A simple form of mass spectrometer was used by Robertson136to study
the pyrolysis of methane, ethane, and n-butane on a platinum filament.
Robertson's apparatus consisted of a mass spectrometer with a 180"magnetic analyzer in a permanent magnetic field of about 2000 gauss. The
simple source, together with the platinum filament on which the hydrocarbon pyrolysis occurred, is shown in Fig. 16. The gas under examination
to
was passed at a pressure of
mm over the heated platinum
A. J. B. Robertson, PTOC.
Roy. SOC.A199, 394 (1949).
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spiral placed directly in the ionization chamber of the mass spectrometer.
The products of the pyrolysis and excess unchanged gas passed directly
into the electron beam where ionization occurred. To detect any free
radicals, the energy of the ionizing electrons was maintained above the
ionization potential of the radical, but below the appearance potential
for the formation of the ion from the parent compound. It was found
that the primary dissociation of methane on platinum at about 1000°C
gave methyl radicals, but no methylene (CH,) radicals could be detected.
No free radicals or ethyl radicals could be detected in the dehydrogenation of ethane to ethylene at 950°C.
The most extensive work on the study of free radicals in chemical
systems by mass spectrometric methods has been that carried out by
Lossing and his school. The early form of his reactor has already been
described (see Fig. 5). It is based largely on the type introduced by
Eltenton, but Lossing improved the design considerably. With this
apparatus it was possible to show that the decomposition of mercury
dimethyl and of di-tertiary butyl peroxide yielded methyl radicals in
essentially quantitative amounts,62 whereas in the decomposition of
ethylene oxide at least 60% of the decomposing molecules form a methyl
r a d i ~ a 1 . lI~n~the course of preparing CC1, radicals for the ionization
potential measurements described earlier (Section 5.2.2) the thermal
decomposition of chloropicrin was briefly studied.13' The high yield of
CCl, radical a t 680" indicated that the primary molecular dissociation
was predominantly
CClsNOa = cc13

+ Nos.

(5.3.1)

There were also strong indications that CCL radicals were formed as well,
possibly by the reaction
CCl,NO? = CClz

+ NOZC1.

(5.3.2)

Lossing and his co-workers have also used a reactor with a retractable furnace. This device enables the distance between the ends of the furnace and
the entrance to the ionization chamber to be varied and so radical recombination reactions can be studied and the rates of these reactions measured.
Lossing and Tickner had previously measured the rate of recombination
of methyl radicals. Later
indicated that the reaction had a negative temperature coefficient and it was then shown to be pressure dependF. P. Lossing, K. U. Ingold, and A. F. Tickner, Discussions Faraday SOC.14, 34
(1953).
13'J. B. Farmer, I. H. S. Henderson, F. P. Lossing, and D. G. H. Marsden, J . Chem.
Phys. 24, 348 (1956).
158 K. U. Ingold and F. P. Lossing, J . Chem. Phys. 21, 1135 (1954).

5.3. CHEMICAL

KINETICS

573

ent.139This apparatus was also used to study the thermal decomposition
of a number of interesting compounds. The thermal decomposition of
l-butene a t 1000°C was foundL40to involve mainly allyl and methyl
radicals. Other considerations also indicate it is probable that in l-butene,
CH2:CHCH-CH3,
the methyl-ally1 bond is the weakest one. The
decomposition of 1,5-hexadiene a t about 800°C resulted in the formation
of allyl radicals, with small amounts of hydrogen and methyl radicals.
With allyl iodide it was also found that allyl radicals were produced.
The recombination product 1,bhexadiene was found to be produced in
abundance, but the disproportionation products propylene and allene
' of the hexadiene. This indicates
were present in amounts of less than 1%
that, the reaction
2(CHZ:CH,CHn) = CH~:CH'CH~CH?CH=CHZ

(5.3.3)

is much faster than
2(CHZ:CHCH2) = CH2C:CHz

+ CH2:CH'CHr

(5.3.4)

even a t 750°C. Similar experiments on benzyl iodide and benzylamine82
showed that disproportionation of these was also much slower than
recombination.
Using a similar apparatus to that described by Lossirig and TicknerlB2
Ingold and
studied the hydrogen-oxygen and the methyl radicaloxygen reactions. The reactants were present a t low pressures in a stream
of helium. I n many of the experiments it was found desirable to add the
oxygen to the second reactant below the heated zone of the reaction
furnace. To enable this to be done, a movable furnace was wound around
a quartz tube 3 mm in diameter through which the oxygen entered (see
Fig, 17). The furnace and tube could be moved simultaneously from a
position just above the leak into the ionization chamber t o a position
6 cm back from the nozzle. Oxygen entering the tube a t about 10 cm
pressure passed into the reacting mixture a t a pressure of a few microns.
This system prevented fluctuations of the oxygen pressure in the reactor.
Moreover, the method enables the oxygen to be added in the same position relative to the second reactant regardless of the position of the furnace in the reactor. Helium gas at l cm pressure passing down the main
reactor tube a t about 5000 cm/sec was the carrier for the second reactant.
With this apparatus these authors were able to detect the OH and HO2
radicals in the hydrogen-oxygen reaction, arid C&O, CH302, OH, HOn,
K. U. Ingold, I. H. S.Henderson, and F. P. Lossing, 21, 2239 (1954).
F. P. Lossing, K. U. Ingold, and I. H. S. Henderson, J . Chem. Phys. 22, 621
(1954).
141 K. U. Ingold and W. A. Bryce, J . Chem. Phys. 24, 360 (1956).
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CH2, and probably CHO in the methyl-oxygen reaction. A value of lop3
to
was obtained for the collision efficiency of the oxygen-methyl
radical reaction.
A later modification of this apparatus by Fabian and Bryce'42provides
a method which has greater potentialities for the study of many different
types of bimolecular reactions. The ion source and the vacuum pumping
arrangements of Ingold and Bryce's apparatus were modified to provide
fast differential pumping so as to ensure a more clearly defined flow path

Movable furnace
quartz envelope

Stainless steel

Fixed furnace
quartz envelope

Quartz sampling
leak

Electron beam

FIG.17. Apparatus used by Ingold and Bryce, and Fabian and Bryce, to study the
reaction betwecn methyl radicals and oxygen. From J . Chem. Phys. 24, 361 (1955).

for the free radicals. This is particularly important when studying free
radicals such as OH, Hop, etc., which are very sensitive to surface collisions. In this new apparatus the ion source housing was evacuated strictly
through a 5 cm diameter pumping line giving a pumping speed a t the ion
source of about 6.5 liters per second for oxygen. Pressure measurements
within the chamber were obtained by both a McLeod gauge and an ion
gauge. To take advantage of the faster pumping, the ionization box was
made open in construction, and gas, sampled through a 6-mm hole in
l42 D. J. Fabian and W. A. Bryce, Symposium o n Combirstion, 7th Symposium,
London and Oxford, p. 150 (1959).
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the top plate, was pumped away from between the first and second plates.
This arrangement results in a lower over-all sensitivity than was obtained
with the unmodified apparatus, but a considerable advantage is gained
when the method is used to study unstable free radicals since the ion
source partial pressure of these becomes greater, relative to that of the
stable molecules. The authors were able to detect the HOz and CHB
radicals in low concentration in a mixture of 5 mm of methane and
3 mm of oxygen at 1100°C.
Perhaps the most satisfactory mass spectrometric method for studying
free radical reactions which has been described thus far is that due to
Foner and Hudson. 143 Because of the special requirements necessary to
ensure adequate sampling of the free radicals in the reaction mixture
which we have discussed above, these authors designed a special molecular beam gas sampling system which is illustrated in Fig. 18. Gases from

,

'Pump'

.

I

Pump

Pump

LFiloment

FIG. 18. Molecular beam gas sampling system used by Foner and Hudson in the
study of free radicals. From J. Chem. Phys. 21, 1374 (1953).

the reaction zone to the left of slit 1 stream through the first orifice as a
sonic jet at the usual reaction vessel pressures. The flow changes rapidly
in character from viscous to molecular as the pressure drops. The second
slit selects the central portion of the gas stream emerging from the first
orifice, thereby selecting a sample of gas molecules which had the least
likelihood of colliding with the walls of the inlet orifice. Slit 3 provides
an additional collimation of the molecular beam and is effective in preventing scattered gas molecules in the first gap from entering the ionization chamber of the mass spectrometer. Diffusion pumps are used to
evacuate the three sections of the apparatus. The electron beam in the
ion source is made coaxial with the molecular beam to increase the probability of ionizing the incoming gas molecules.
High sensitivity which is so very necessary to detect radicals present
in small amounts is achieved by a novel method. Figure 19 shows a block
Ira

S. N. Foner and R. L. Hudson, J . Chem. Phys. 21, 608 (1953).
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diagram of the mass spectrometer and in particular indicates the method
of measurement. When preliminary studies are being made, the beam
chopper is not used, the ion accelerating voltage is automatically swept
with a sawtooth waveform, and the ion spectrum is displayed on an
oscilloscope screen. A magnetically operated gate permits the selection
of either a conventional electrometer amplifier or an electron multiplier
detector. * The presence of background ion signals which arise from
URATOR
REACTANT
HELIUM

IN

EL

-ANALYZER TUBE

FIQ.19. Apparatus used by Lossing and co-workers in the study of free radicals
produced by photochemical means.

pyrolysis products generated by the filament, and diffusely scattered or
reacted beam molecules, tend to limit the sensitivity of the detection
system. By incorporating a molecular beam chopper between the first
and second slits and employing phase sensitive detections* of the ion
current signal, the background problem is virtually eliminated. The beam
chopper is a vibrating reed magnetically driven at a frequency of about
200 cps with amplitude stabilization derived from a capacity pickup in
the feedback loop of the driver oscillator.

* See Vol.

2.
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I n studying the low-pressure flame of hydrogen and oxygen, Foner
and Hudson were able to detect H and 0 atoms and the OH radical. In
the methane-oxygen flame they found CZH2, CO, C H 2 0 ,C H 4 0 ,and C4HZ.
The methyl radical was clearly identified in the methanc-oxygen flame.
A search for the HOz radical in this flame failed to yield positive results.
I n a later publicationE0they detected the HOs radical in the reaction
between H atoms and oxygen molecules.

5.3.2. Detection of Free Radicals in Photochemical Reactions
With the successful application of mass spectrometric methods to the
study of free radicals produced in thermal reactions and in flames a s
described above in Section 5.3.1, it was natural that attempts should be
made to study the free radicals known to be formed in photochemical
reactions. Apart from the desire to use mass spectrometric techniques to
gain more information about photochemical kinetics, the use of photochemical methods has the added advantage th a t some thermally unstable
radicals could possibly be produced and studied. The absorption coefficients of most organic molecules are however usually so small that the
quantum yield of radicals produced by the normal photochemical
methods are too small for these to provide satisfactory sources of radicals.
Mercury photosensitized photochemical reactions were used successfully
' ~ yield
~
free radicals in sufficient concentration for
by Farmer et ~ 1 . to
mass spectrometric detection. I n their original work, these authors were
able to detect the CH3 and CH3CO radicals in the mercury photosensitized decomposition of acetone. They used a specially constructed lowpressure mercury lamp which had a central quartz tube surrounded by a
water-cooled mercury lamp of cylindrical form. After traversing the
illuminated zone, the stream of gas is passed over a quartz cone in which
there is a small orifice, through which a sample of the gas can enter
directly into the ionization chamber of the mass spectrometer (see
Fig. 19).
Lossing and his co-workers have used this method to study quite a
number of mercury photosensitized reactions. The application of the
method to the mercury ( 6 3 P , )photosensitized decomposition of acetaldeh ~ d eshowed
l ~ ~ that the primary step was a decomposition to form methyl
and formyl radicals. Methane was detected in this reaction but was shown
by tracer experiments using CD3CDO to be the product of a secondary
reaction. Harrison and L o ~ s i n g found
l ~ ~ in the mercury photosensitized
144 J. B. Farmer, F. P. Lossing, D. G. H. Marsden, and E. W. R. Steacie, J. Chem.
Phys. 23, 1169 (1955).
l46F. P. Lossing, Can. J . Chem. 36, 305 (1957).
146 A. G . Harrison and F. P. Lossing, Can. J . Chem. 38, 544 (1960).
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decomposition of formaldehyde that 40% of the primary dissociation
proceeds by way of an intramolecular elimination of Hz. Other aldehydes
studied include benzaldehyde, acrolein, and crotonaldehyde.147Kebarle
and Lo~sing'~8
have studied the mercury (63P1)photosensitized decomposition of formic acid and shown that this proceeds by two intramolecular rearrangement reactions, and that no free radicals are produced.
The decomposition reactions of methyl formate and of acetic acid were
found to proceed predominantly by the formation of free radicals, but
intramolecular rearrangements also occur to a significant extent. I n the
case of the mercury photosensitized decomposition of allene149it has
been found that a free radical C3H3is formed. The reactions of this radical
with added methyl radicals showed it to have the propargyl (CH,
C=CH) structure rather than the alternative allenyl (CH2=C=CH)
structure. This modification in the technique illustrates how useful this
method is for studying free radicals.
Kistiakowsky and Kidde have used a time-of-flight mass spectrometer
of the type described by Wiley and McLaren6 to study the free radicals
and other products formed in flash photochemical reactions. The reaction
under study (ketene and also nitrogen dioxide) in a quartz vessel was
subjected to high intensity ultraviolet irradiation from a flash tube.
The reaction vessel had a small orifice through which products effused
into the ionization region of the mass spectrometer. It was possible to
observe a complete mass spectrum every 50 rsec and the mass resolution
was about $6. In the type of mass spectrometer used, the sensitivity is
limited by the number of ions generated by a single ionizing pulse and is
roughly proportional to the duration of the pulse. The resolution is
adversely affected by lengthening the pulse because of the drift of the
ions out of the small volume in which they are formed. To some extent,
resolution has therefore to be sacrificed for sensitivity. The relatively low
sensitivity of the instrument meant that a high degree of reaction was
necessary in the flash photochemical experiments. In the case of ketene,
it was observed that the ratios of the 28 and 26 mass peaks (CO+, C2H4+,
and C2H2+) to that of neon-20 (carrier gas) reached their full intensity
in the first spectrum recorded after the irradiation, i.e., about 50 psec
later. Since in the mixture of ketene with inert gases the reaction mechanism is e~sentiallyl5~

+

+
+

CHzCO hv = GO
CH2
CH2 CH&O = CzH4
CO.

+

147

A. G. Harrison and F. P. Lossing, Can. J . Chem. 37, 1696 (1959).

P.Kebarle and F. P. Lossing, Can.J. Chem. 37, 389 (1959).
149 J. Collin and F. P. Lossing, Can. J. Chem. 36, 778 (1957).
l 6 0 A. N. Strachan and W. A. Noyes, J . Am. Chem. SOC.
76, 3258 (1954).
148

(5.3.5)
(5.3.6)
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The above result means that the reaction was complete as Boon as it was
possible to make a n observation after the flash.
Methylene radicals undergo approximately l o 4 collisions with ketene
molecules in 50 psec under the conditions chosen.
In the experiments on the flash photolysis of nitrogen dioxide, it was
found that the amplitude of the mass 16 peak was quite large before the
flash, it being a daughter ion of the nitrogen dioxide. After the flash there
was a sudden increase of the mass 32/mass 20 ratio. No evidence for the
NO3+ion could be found. A rather interesting finding was that nitrous
oxide is formed as rapidly as is molecular oxygen. The results which
Kistiakowsky and Kidd obtained are sufficient to indicate th a t this
will possibly be a powerful new method for the study of rapid free radical
reactions, particularly in photochemical processes.
An interesting new method for studying transient intermediates in
photochemical (or other) processes was introduced b y Gomer and
Inghram.161These authors made use of field ionization as a source of ions
in a mass spectrometer. One of their experimental arrangements consisted
of a 30 cm radius of curvature direction-focusing mass spectrometer
equipped with an electron multiplier type of ion detector, capable of
measuring currents of about
amp. A 0.75-mm hole in the screen
of a field emission microscope permitted a portion of an ion beam t o pass
into $his instrument, so that the detector could ‘‘see” a n area of about
900 Az of the tip source. I n the case of methanol as the atmosphere in the
field emission source, the CH30 peak was observed and it represented a
substrate product fragment. This was shown by the observation th a t the
CH20H+ peak broadened with increasing field while the CH30+ peak
did not, a result indicating that this latter ion was formed on the surface,
since broadening corresponds t o ion formation further from the surface.
More recently Beckey and Groth162have used this method to study the
primary photochemical process in acetone. They were able to detect
peaks which they attributed to the CH3CO+ion and take this as confirming the postulated primary process in acetone photolysis, namely
CH3CO.CH3

+ hv = CHa + CHSCO.

(5.3.7)

5.3.3. Fast Reactions by Mass Spectrometry
One of the earliest uses of a mass spectrometer to measure the rate of a
fast chemical reaction was th at described b y R 0 b e rts 0 n .l~Figure
~
20
shows a n outline of his apparatus. The reaction which Robertson studied
R. Gomer and M. G. Inghram, J . Am. Chem. SOC.77, 500 (1955).
H. D. Beckey and W. Groth, Z. physik. Chem. (Frankfurt) 20, 307 (1959).
lS3 A. J. B. Robertson, in “Applied Mass Spectrometry,” p. 112. Institute of
Petroleum, London, 1954.
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was the combination of a hydrogen atom and a n oxygen molecule as
indicated in Eq. (5.3.8).
H

+ 02 = Hot.

(5.3.8)

The principle of the method is to mix molecular oxygen with atomic
hydrogen and pass the mixture at a high velocity from the point of mixing
to the point of analysis. At the point of analysis the reaction mixture
was allowed t o diffuse down a short side arm, in which no bulk flow
occurred. A sample for analysis was passed from the side arm into the
mass spectrometer through a small hole in a very thin glass diaphragm.
A sufficient flow rate of about 500 cm/sec at 0.5 mm pressure in a tube

W t

Drainage
tube

0,

FIG.20. Robertson’s apparatus for the study of fast reactions using a flow system.
From “Applied Mass Spectrometry,” p. 112. Institute of Petroleum, London, 1954.

of 1.15 ern radius was obtained by connecting the reaction tube through
a large t a p and a cold trap to a fast rotating pump. The mixing of the
gases before sampling occurs by diffusion.
The H 0 2 radicals produced by the reaction reached the leak b y diffusion. The diffusion coefficient for HOz was assumed to be equal to th a t
for the oxygen molecule. This gave a time of 7 x
sec for a n HOZ
radical to reach the leak from a point at the center of the reaction tube.
During this time wall collisions may occur and radicals sensitive t o these
may not reach the entrance to the mass spectrometer. Reaction times
could be varied between 0.005 to 0.03 sec. I n the experiments described,
the yield of HOs radicals increased with time and pressure and the rate
of formation was within the observable velocities. This method is capable
of considerable development and can, of course, readily be extended to
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many other systems. A very similar technique has been used by Berkowitz et al.164to study the kinetics of the nitrogen afterglow, and by
Kistiakowsky and Volpi16sto study the react,ions of nit,rogen atoms with
oxygen and the oxides of nitrogen.
Perhaps the most interesting application of mass spectrometry to the
study of fast chemical reactions is the development of the rapid-scanning
mass spectrometer by Blanchard et al. lS6 Their apparatus represents a
considerable improvement on the earlier design of LBger. The apparatus
consists of a reaction vessel with a small leak to enable the products of
the reaction including free radicals to enter the ionization chamber of a
mass spectrometer. A sawtoothed pulse is applied to the acceleration

Gas stream

Ion beom
FIG.21. Molecular beam sampling systems used by Blanchard, Farmer, and Ouellet
for the study of fast reactions. From Can. J. Chem. 36, 115 (1957).

plates so that ions of several different masses are drawn out of the ionization chamber and pulsed down the mass analyzer tube. The collector
signals are displayed on a cathode-ray oscillograph screen and photographed with a motion-picture camera. Thus a sequence of pictures are
obtained from which can be found the time variation of various ions and
the course of the reaction can readily be ascertained.
The cylindrical quartz reaction vessel which was 4.5 cm in diameter
and 12.5 cm long, heated electrically to any temperature up to 3OO0C,
formed an integral part of the ion source (see Fig. 21). Sealed in the side
1 5 4 J. Berkowitz, W. A. Chupka, and G. B. Kistiakowsky, J. Chem. Phys. 26, 457
(1956).
166 G. B. Kistiakowsky and G. G. Volpi, J. Chem. Phys. 27, 1141 (1957).
15'JL.P. Blanchard, J. B. Farmer, and C. Ouellet, Can. J. Chem. 36, 115 (1957).
167 E. G. Lhger, Can. 1.Phys. 33. 74 (1955).
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of the vessel was a quartz-diaphragm leak identical with the ones used
by Lossing and Tickner.62 The mass spectrometer was a sector-field
instrument equipped with a Nier-type ion source. The slits were set for a
resolving power of one in 75, which was adequate for the analysis of the
products of the reaction between acetaldehyde and oxygen, the one
chosen for detailed study. Spectra from 12 to 80 atomic mass units were
scanned sixty times per second by the sawtooth modulation of the ionacceleration voltage. The collector signal was amplified by an ion-electron
multiplier followed by a vacuum-tube amplifier.
In each experiment a known amount of argon was added to the reaction
mixture. This was done for three reasons. First, if the electron emission
varied slightly during a run, the intensity of the argon peak indicated
the extent of this variation. Secondly, the sensitivity of each pure gas
was expressed as the ratio of the principal peak to the intensity of the
argon peak and so allowances could always be made for any variations
in sensitivity due to instrumental variables. A third reason for the inclusion of argon was that it acted as a thermometer. During a flame in the
acetaldehyde-oxygen mixture, the temperature rise produced an increase
in the partial pressure of the inert gas and the magnitude of the rise could
be estimated from the intensity of the spectrum peak. This apparatus is a
most versatile one and it should be possible to apply the method to study
a wide variety of rapid chemical reactions.

5.3.4. Ion-Molecule Reactions

A large number of interesting ion-molecule reactions of the type

+ Hz = KrH' + H

(5.3.9)

+ C H I = HsS+ + CHI

(5.3.10)

Kr+

or
H*S+

are most important from the viewpoint of chemical kinetics and also
give an insight into the chemical reactions taking place in electrical discharges in molecular gases. During the past decade ion-molecule reactions
have been intensively studied and the mass spectrometer provides an
instrument ideally suited to this type of investigation. Not only can ionmolecule reactions be identified and the main kinetic features investigated by mass spectrometric methods, but more important, the absolute
rates of many of the reactions can be determined.
In general, ordinary mass spectrometers have been used. The ionization chamber has been used as a reaction vessel in which, under chosen
conditions, the various desired ion-molecule reactions are studied. More
recently very special types of mass spectrometers have been designed
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specifically for the study of ion-molecule reactions and some of this work
will be described later.
The methods generally used to deduce the rates of bimolecular reactions between gaseous ions and molecules from measurements of the
relative intensities of secondary to primary ions in the mass spectra of
pure compounds or mixtures are based on the work of Stevenson and
S c h i s ~ l e r .The
~ ~ ~ measurements are made by successively scanning
through the mass spectral range of interest at different settings of the
ion repeller potential. The ratios of the intensity of the secondary ion S+
t o that of the primary ion P+, defined by the reaction (5.3.11)

Pf

+R

=

S+

+Q

(5.3.11)

are computed from the measured intensities and corrected to zero time
for the decay in pressure of the reactant R in the gas reservoir.
To compute a reaction cross section for a reaction such as (5.3.11)
from observations of the relative yield of secondary ions it is necessary
to know the length I of the path of the primary ions through the reactant
gas R, and the concentration of the reactant gas n,. The apparent reaction cross section is given by
=

(iJip)/lnr.

(5.3.12)

1

Where i, is the mass spectral current (corrected) of the X+ ion. The ion
path length I is approximately known from the geometry of the ion source
and a reasonable calculation of its magnitude is possible. The relation
between the gas concentration n, in the ion source and the externally
measured pressure of the gas in the reservoir is determined b y measurement of the total ion current produced in helium, neon, and argon in the
ion source per unit ionizing electron current and the use of the absolute
cross sections of these gases for ionization by single electron impact.'O
Measurements of the ion source positive ion currents made with
helium, neon, or argon, for various inlet pressures of between 50 and
500 mm Hg, and ionizing electron (75-volt) currents between 5 and 20 p
with an ion source at 380"K, enabled Stevenson and Schissler to write
the following equation

n, (molecules/cms)

=

C(380/T)1'2p, (microns Hg).

(5.3.13)

For their instrument C = 2.53 & 0.11 X lo9 (molecules)/(cm3 micron).
If it is assumed th at the intrinsic efficiency of collection of secondary
ions (S+) is the same as that for primary ions (Pf), and th a t the relative
intensity &/iP has been corrected for the mass-dependent discrimination,
D. P. Stevenson and D. 0.Schissler, J . Chem. Phys. 23, 1353 (1955).
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there can be calculated the apparent phenomenological reaction cross
section u for the formation of the secondary ion from Eq. (5.3.12).
The exact magnitude of the reaction cross section Q depends on the
definition of the reactants, i.e., the reaction giving the secondary ion S+
might be either
P+ + R + S+
(5.3.14)
or
P + R++ S+.
(5.3.15)
Hence, before any attempt is made to interpret the apparent magnitude
of the reaction cross section calculated, it is necessary to ascertain the
exact reactants.
The experimental method for determining the nature of the primary
reactant ion involves the comparison of the dependence of the intensity
of the secondary ion on the energy of the ionizing electrons with that of
the various possible reactant primary ions. These d a ta must be determined in the range of low ionizing electron energies near the appearance
potentials of the primary ions. The intensity ratios will be found to be
independent of ionizing electron energy when P+ is the reactant primary
ion, and this ratio will either increase or decrease a t low electron energies
if P+ is not the reactant ion. Whether the ratio increases or decreases
will be determined by the relative order of the appearance potentials of
the true and reference primary ion. If the appearance potential of the
actual reactant primary ion is less than that of the reference primary,
will increase sharply as the electron energy decreases
the ratio is/ip(ref)
towards the appearance potential of P2f and conversely. This method of
identification will, of course, fail if two or more possible reactant ions
have nearly the same appearance potential and similarly shaped ionization efficiency curves.
The chemical kinetic velocity constants for ion-molecule reactions
can be obtained from the following theoretical considerations. The
reaction of a primary ion with a neutral molecule can be considered to
consist of the formation of a transition-state ion which then decomposes
unimolecularly into various products. We may write the processes as
ki

P++M-PM+
kSi+

PM+-

Sj+

(5.3.16)

+ F,

(5.3.17)

there will be a set of the above reactions for each primary ion th a t
reacts with neutral molecules. If the time of decomposition of the transition-state ion is short eompared with the residence times of the ions in
the ionization chamber, the number of secondary ions of the j t h type
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that are formed will be
(5.3.18)
where the n’s are the number of ions of the various kinds formed per
unit time. Since the primary ions are formed in the electron beam a t a
constant rate, in the following account general reference is made to the
n’s a s the number of ions formed, the rate aspect being kept in mind.
The number of transition-state ions formed is equal to the product of
the number of primary ions formed, the number of collisions made by
one primary ion with neutral molecules during the ionization chamber
residence time, and the collision efficiency or
npM+

where
n:+
f
Q

= f&[MIn:+

(5.3.19)

number of primary ions formed;
collision efficiency for the formation of PM+;
= total number of collisions made by a single primary ion with
neutral molecules a t unit concentrations;
[MI = number of molecules per unit volume.
=

=

Combining Eqs. (5.3.18) and (5.3.19), and introducing the time in
which the primary ion makes collisions with neutrals (the primary ion
residence time), gives
k +
Q [MlTP+.
(5.3.20)
ngi+= 2
2ks,+n:+f
Q / r P +is the time-average collision rate, and the product of this quantity
and the collision efficiency is the rate constant for the formation of the
= k, so Eq. (5.3.20) becomes
transition-state ion, i.e., fQ/n+

(5.3.21)
The number of primary ions formed will be proportional to the number
of primary ions collected plus the number of secondary ions (derived
from the primary ions) collected. Thus, if it is assumed th a t all the ions
are collected equally efficiently we can write

where the I’s are the observed ion currents.
From Eq. (5.3.22) it is seen that the slope of the linear portion of the
plot of 1 8 / ( I p I s ) against the ionization chamber molecular concen-

+
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tration is equal to (kSj+/ZkSi+)kl~P+,
and by using values of 7p+ calculated
from the geometry of the ion source the values of (ks,+/Zks,+)kl can
readily be calculated. If only one product ion is formed from the
given transition state the expression (ks,+/Zks,+)klreduces to kl, the
bimolecular rate constant.
A large number of ion-molecule reactions have been reported in the past
several years. Thus Tal'roze and Lynbimova169 reported the formation
of the CH6+ ion in methane. The velocity constant for the formation of
the CD6+ion in the reaction
CD4+

+ CDd+ = CD6" + CD3

(5.3.23)

was measured by Stevenson and Schissler.158 In an interesting series of
papers, Field, Franklin, and Lampe, have reported on their studies of
many ion-molecule reactions occurring when the following molecules are
ionized: methane,lso ethylene,160 acetylene,l61 water,ls2methane-hydrogen
l~~
chloride, 163 and methane-hydrogen sulfide.163 Field and L a m ~ e have
also made an interesting study of hydride ion transfer reactions. Interesting studies of ion molecule reactions between Ar and H2, Kr and Hz,
Ne and H,, N2 and H2, CO and H2, O2 and H2, as well as the hydrogen
halides and the rare gases have been reported by Stevenson and Schissler. 16* Gioumousis and Stevenson have discussed- the theory of ionmolecule reactions. ls6 The formation of negative ions in ion-molecule
reactions has been studied by Melton, Ropp, and Martin.166 Melton and
RudolphI67have detected the Xe(CN)2+ion as a transient species formed
by an ion molecule reaction in mixtures of cyanogen and zenon. Russian
workers have been particularly active in this field in recent years and
have published a number of important papers on different types of ionmolecule r e a c t i o n ~ . l ~ ~ Tal'roze
-l7~
and F r a n k e v i ~ h have
' ~ ~ determined by
these methods the proton affinity of water, hydrocarbons, and alcohols.
ls9V. L. Tal'rose and A. K. Lynbimova, Doklady Akad. Nauk S.S.S.R. 86, 909
(1952).

F. H. Field, J. L. Franklin, and F. W. Lampe, J. Am. Chem. SOC.79,2419 (1957).
F. H. Field, J. L. Franklin, and F. W. Lampe, J . Am. Chem. SOC.79, 2665 (1957).
lK2
F. H. Field, J. L. Franklin, and F. W. Lampe, J . Am. Chem. SOC.79, 6132 (1957).
lBS
F. H. Field and F. W. Lampe, J. Am. Chem. SOC.80, 5583 (1958).
lK4
F. H. Field and F. W. Lampe, J. Am. Chem. SOC.80, 5587 (1958).
1 B 6 G. Gioumousis and D. P. Stevenson, J. Chem. Phys. 29, 294 (1958).
lKK
C. E. Melton, G. A. Ropp, and T. W. Martin, J. Phys. Chem. 64, 1577 (1960).
lE7
C. E. Melton and P. S. Rudolph, J. Chem. Phys. 33, 1594 (1960).
l K 8 V ,M. Doukelsky and E. Y. Zandberg, Doklady Akad. Nauk S.S.S.R. 82, 33
lK0

lK1

(1952).

la9V. L. Tal'rose and E. L. Frankevich, Doklady Akad. Nauk S.S.S.R. 111, 376
(1956).
l I o E. L. Frankevich and V. L. Tal'rose, Doklady Akad. Nauk S.S.S.R. 119, 1174
(1958).
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A somewhat different experimental method for studying ion-molecule
reactions has been used by Lindholm. 171 Lindholm uses a double mass
spectrometer. One mass spectrometer is used to provide known ions
which are allowed to pass through the collector slits and collide with
neutral molecules or atoms in a collision chamber which is also the ion
source of a second mass spectrometer. By this method one has a considerable control over the energy of the colliding ion. Also, of course, the
identity of the primary ion is known without any doubt. Using this
method, Lindholm has studied the ionization and dissociation of carbon
dioxide, water, ammonia, methane, and nitrous oxide. In later papers, he
studied the carbon
and the nitrogen molecule. 173
Here we may also record that a new type of ion-molecule reaction has
recently been studied by Melton and Rud01ph.l~~
These authors studied
the mass spectrum of acetylene produced by 5.1-Mev alpha particles.
They modified the ion source of their mass spectrometer by covering the
ion repeller with an alpha emitter, Ptoa,having a decay rate of 2 X los
disintegrations per second. They found that the mass spectrum of the
acetylene produced by the bombardment with a-particles was much
different from that produced by electron bombardment. In a later
paper,176they made a fuller study of this topic and were able to suggest
probable mechanisms for the formation of the ions observed.
5.3.5. Decomposition of Molecular Ions and Metastable Ion Transitions

The mass spectra of many molecules exhibit a number of small,
diffuse peaks, usually at nonintegral mass numbers. These were recognized by Hipple et al.176 as being due to the decomposition of ions in the
field-free region between the source and the magnetic analyzer. They are
said to arise from what are called metastable transitions. The mass m*
a t which a dissociation transition mi+ -+ mj+ appears is given by the
relation
m* = mj2/mi.
The decompositions leading to these metastable ion transitions may
be either spontaneous or the result of a collision with residual gas
molecules, Aspects of the nature of metastable transitions in the mass
spectra of large molecules have been discussed in terms of the quasiE. Lindholm, Z. Naturforsch. 9, 535 (1954).
E. Lindholm, Arkiv Fysik 8, 433 (1954).
173 E. Lindholm, Arkiv Fysik 8, 257 (1954).
174 C. E. Melton and P. S. Rudolph, J . Chem. Phys. 30, 847 (1959).
P. S.Rudolph and C. E. Melton, J . Phys. Chem. 63, 916 (1959).
176 J. A. Hipple, R. E. Fox, and E. H. Condon, Phys. Rev. 69, 347 (1946)
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equilibrium theory of mass spectra by Rosenstock et ~1.1’7These workers
have shown that the spontaneous decomposition of large molecular ions
could occur with a small distribution of half-lives, including a small range
of values which would lead to the metastable transitions observed experimentally. The theoretical model used was that of a unimolecular decomposition of a molecular ion idealized as a system of weakly coupled harmonic oscillators and rigid rotators in which rapid random transfer of
excitation energy took place by radiationless transitions. For smaller
molecules it is to be expected that the statistical model would no longer
appear. For these cases, e.g., methane, the metastable transitions observed must either be collision-induced or be the result of predissociation.
Melton and Rosen~tockl7~
have studied metastable ion transitions and
collision-induced dissociations in the mass spectra of n-butane and isobutane. The various metastable transitions were discussed in terms of
the quasi-equilibrium theory of mass spectra. I n a later paper they
reported their work on collision induced dissociations in the mass spectrum of methane.’lg Friedman and co-workerslsO have made similar
studies on various alcohols. Recently Chupka181has made a comprehensive study of the effect of unimolecular decay kinetics on the interpretation of appearance potentials.
The studies which Hipple and associates176 made on metastable ion
transitions showed that the lifetimes of the ions were about 1 psec.
The development of time-of-flight mass spectrometers6 with a time
resolution of this order has made possible a more direct method of
studying these phenomena. WahrhaftiglS2has described the construction
and use of a time-of-flight mass spectrometer in which the time between
ionization and mass analysis can be varied over a range of 1 to 100 psec.
Preliminary studies were carried out on propane, and at low electron
energies it was possible to demonstrate directly the occurrence in the
ionization chamber of the reaction:
CzHs+ =

C2H3+

+ Hz.

(5.3.24)

H. M. Rosenstock, A. L. Wahrhaftig, and H. Eyring, J . Chem. Phys. 23, 2200
(1955).
178 C. E. Melton and H. M. Rosenstock, J . Chem. Phys. 26, 568 (1957).
H. M. Rosenstock and C. E. Melton, J . Chem. Phys. 26, 314 (1957).
ls0L. Friedman, F. A. Long, and M. Wolfberg, J. Chsm. Phys. 27, 620 (1957).
181 W. A. Chupka, J. Chem. Phys. 30, 191 (1959).
182 A. L. Wahrhaftig, in “Advances in Mass Spectrometry” (J. Waldron, ed.)
p. 274. Pergamon, New York, 1959.

6. MOLECULAR BEAMS*
6.1. Introduction
Investigations of the behavior of matter b y means of thermal beams
of atoms and molecules, called collectively “molecular beams,” may be
divided into two parts: gas kinetics and spectroscopy. Gas kinetics consists of the study of the propagation of beams and how their propagation
is affected by interactions with matter. I t includes such topics as atomic
and molecular velocity distributions, diffraction from surfaces, scattering of beams by beams and of beams by gases, chemical reactions, and
molecular-surface interactions. I n molecular beam spectroscopy transitions between atomic and molecular energy levels are observed in the
frequency range from zero to lo5mc/sec,’ the frequency limit of currently
available microwave radiation. I n this frequency range it is possible to
investigate the fine structure and hyperfine structure of atoms, the rotational transitions in molecules, and the Zeeman and Stark effects in both
atoms and molecules.
Gas kinetics is the oldest area of molecular beam research, starting in
191 1 with Dunoyer’s first molecular beam experiments on the propagation of Na atoms. Molecular beam spectroscopy, beginning in 1938 with
the development of the resonance method by I. I. Rabi, has proved such
a fruitful field of research that i t is now the dominant area of molecular
beam work.
The earliest spectra were from the transitions in molecules corresponding t o nuclear reorientations, or “flops,” in a magnetic field. This work
opened the field of measurements of nuclear spins and nuclear moments.
Applied t o the H D and D z molecules it led to the discovery of the deuteron electric quadrupole moment. Subsequently, molecular quadrupole
interactions were found in many molecules. Additional important results
of the observation of molecular spectra are internuclear distances and
electric and magnetic dipole moments in molecules. Molecular beam
methods complement the methods of microwave absorption spectroscopy
and of nuclear resonance spectroscopy in bulk matter.
Atomic hyperfine structure measurements have been used to determine
the following nuclear properties : spin, magnetic dipole moment, electric
quadrupole moment, and magnetic octupole moment. Extensive investigations of atomic electron moments led to the discovery of the anomalous
1

A. X. Garrison and W. Gordy, Phys. Rev. 108, 899 (1957)

* Part 6 is by John W. Trischka.
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electron moment. Fine structure measurements in H atoms revealed unforeseen features which, together with the existence of the anomalous
electron moment, showed the failure of the Dirac theory of the electron
and required a revision of quantum electrodynamics.
There are a number of books and review articles which together provide a thorough coverage of molecular beam methods and results.* The
most extensive of these, in coverage and in bibliography, is the recent
treatise, “Molecular Beams,” by Ramsey.2 Kusch and Hughes have
recently written a long review article on atomic and molecular beam
spectro~copy,~
and Nierenberg has reviewed the work in a very active
field of spectroscopy; vix., the measurement of the nuclear spins and
moments of radioactive isotope^.^ Modern molecular beam techniques
and their applications have been discussed in an article by King and
Zacharias.6 The two older books by Fraser are still useful because of
their presentation of early work, particularly in the field of gas
A monograph by Smith will be of interest to the reader who does not
wish to go deeply into the field but does wish to learn more than is found
in the present chapter.8
Both gas kinetics and molecular beam spectroscopy will be discussed
in the present chapter. Experimental methods are emphasized, and the
theoretical material is limited to that deemed necessary for understanding these methods.

6.2. Beam Formation and Detection
6.2.1. Formationt

An ideal molecular beam consists of a collision-free beam of atoms or
molecules traversing an evacuated region. In reality some of the beam

* See also Vol. 4, Chapters 1.3, 2.2, 4.2, 9.1, and 10.2.
t See also Vol. 4, A, Chapter 1.3.
2 N. F. Ramsey, “Molecular Beams.” Oxford Univ. Press, London and New York,
1956.
8P. Kusch and V. W. Hughes, in “Handbuch der Physik-Encyclopedia
of
Physics” (S. Flugge, ed.), Vol. 37, Part 1, p. 1. Springer, Berlin, 1959.
4 W. A. Nierenberg, Ann. Rev. Nuclear Sci. 7,349 (1957).
6 J. G. King and J. R. Zacharias, Aduances in Electronics and Electron Phys. 8, 2
(1956).
6R. G. J. Fraser, “Molecular Rays.” Cambridge Univ. Press, London and New
York, 1931.
7 R. G. J. Fraser, “Molecular Beams.” Methuen, London, 1937.
8 K. F. Smith, “Molecular Beams.” Methuen, London, 1955.
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particles collide with one another and with the residual gas in the vacuum
system to produce a small amount of scattering. A typical method of
forming a molecular beam is shown in Fig. l.y
The source A contains a
gas or vapor which effuses through an aperture 0 into a n evacuated
region, indicated by the outermost solid lines in the figure. The molecules emerge from 0 in all directions, but some are selected by the collimator slit C , to form a molecular beam in the observation chamber B.
Usually there is a beam detector at the end of the observation chamber.

FIG.1. Schematic diagram of the formation of a molecular beam.

FIQ.2. Schematic diagram of a molecular beam magnetic resonance apparatus.

The formation of a molecular beam in a typical modern apparatus is
shown in Fig. 2,'O where gas from a source S effuses into a source chamber,
and reaches the observation chamber (main chamber) only after passage
through a separately pumped compartment, the forechamber. The beam
passes through the collimator in the center of the apparatus and ends at
the detector D . A pressure of 3 X lo-' mm of Hg is common in the
observation chamber.
I. Estermann, Revs. Modern Phys. 18, 300 (1946).
1oH. G. Kolsky, T. E. Phipps, Jr., N. F. Ramsey, and H. B. Silsbee, Phys. Rev. 87,

Q

395 (1952).
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To aid in the further discussion of molecular beam formation a few
words must be said about the design of the aperture through which the
molecules effuse. The usual aperture is a long, narrow slit which is thin in
the direction perpendicular to its surface. Sometimes a thin circular hole
is used. Under some conditions it is necessary to make a slit thick in the
dimension perpendicular to its surface, so as to form a canal. The opening
may be circular, or long and narrow, in such a case.
For a thin aperture the theoretical condition for the formation of a
molecular beam is that the mean free path of the molecules in the source
be large compared with the smallest dimension of the aperture. In practice
an acceptable beam may be formed if the mean free path is about equal
to this smallest dimension. If the mean free path is much smaller than
this dimension, the gas cloud which forms outside of the aperture becomes the effective source of the beam, with the consequence that the
beam becomes poorly defined.
Important features of a molecular beam source are: (1) the rate of
loss of material from the source; (2) the angular distribution of the molecules effusing from the source; (3) the beam intensity to be expected a t
some distance 2 from the source; and (4) the velocity distribution of the
molecules in the beam.
The rate of loss of material from the source determines in some cases
how long the source material will last and, if it is a gas source, the pumping system required to maintain an adequate vacuum in the molecular
beam apparatus. Closely related to the loss of material from the source
is the angular distribution of the molecules. For an ideally thin slit molecules effuse with an angular distribution which is proportional to the
cosine of the angle between the beam and the normal to the slit surface.
For such a source most of the material does not appear in a useful beam,
and beam material is used up at a relatively rapid rate. However, a beam
which effuses mostly in the forward direction can be formed with canal
slits, thereby conserving oven material. If a canal slit is used the mean
free path of the molecules in the gas must be of the same order as the
length of the canal, which means that the source pressure must be less
than it would be for a thin slit of the same width, and the intensity of
the beam is correspondingly reduced.
For a source with an ideally thin aperture the effusion rate is
li = 3.5

x IO~~PA,/~/MT

(6.2.1)

where li is the total number of molecules emerging per second, p is the
source pressure in mm of Hg, A , is the area of the aperture, M is the
molecular weight, and T is the temperature in OK. For a canal slit Eq.
(6.2.1) must be multiplied by a factor 1 / ~ ,which for a slit of infinite
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height, and a depth eight times its width, is 0.28. For the depth d much
greater than the width w
1 / =
~ (w/d)ln(d/w).

(6.2.2)

The intensity of an unattenuated beam a t a detector of area Ad and a
distance I from the source is, in molecules sec-I,

I

=

Z/m.

1.12 X 1022pA,Ad/12

(6.2.3)

The inverse square law results in a marked drop in beam intensity with
length, and a molecular beam apparatus is seldom more than one or two
meters long. Although the intensity is proportional to the area of the
source, if the width of a source is increased the pressure must be decreased in order to increase the mean free path; and, therefore, the maximum possible intensity from a source is independent of source slit width.
On the other hand, the intensity will vary as the square of the beam
height.
The velocity distribution of the molecules in a n ideal source is Maxwellian for each species in the source. Kinetic theory predicts that the
velocity distribution in the beam will be

I(v)

=

(210/a4)v3exp(- v 2 / a 2 )

(6.2.4)

where
cy

=

4 2 k m

(6.2.5)

is the most probable velocity in the source and m is the mass of the
molecule. Note that this is not a Maxwellian distribution, differing from
it apart from the normalizing factor, by containing a factor of v3 rather
than v2. Important particular velocities in the beam are the most probable
velocity 1 . 2 2 and
~ ~ the median velocity 1 . 3 0 ~ ~ .
I n the absence of any deflecting field or collisions the molecules in a
beam travel in straight lines. A horizontal beam is deflected slightly by
the earth's gravitational field, and, although the effect is measurable, it is
usually of no practical consequence.
6.2.2. Sources
Molecular beam sources have a wide variety of special designs. The
original material from which a beam must be made may be a solid, a
liquid, or a gas, and the beam may be formed a t temperatures ranging
from liquid nitrogen temperatures, for a Hz beam, to 2000°K for a B beam.
Figure 3 shows oven sources, typically made of Fe, suitable for producing
beams from the vapors of normally solid materials." The oven in Fig. 3B
has separately heated slits so that the beam controlled by the front set of
11 S. A. Ochs, R. E. Cotb, and P. Kusch, J. Chem. Phys. 21,459 (1953).
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heaters can be made independent of the pressure, which is controlled by
cm to 7.5 X
the rear set of heaters. Slit widths vary from 2.5 X
cm for different applications.
If the beam originates from a noncondensable gas, such as Hz, the
apparatus must have special pumping arrangements to handle the gas
flowing into the vacuum system. Figure 2 shows an apparatus with a
gas source. A typical gas source has a slit in the end of a glass tube.
Excited atoms in metastable states may be produced by a gas discharge,
the beam being formed a t a slit in a tubulation connected to the discharge tube. Alternatively, a beam of the gas may be subjected to elec-

A

thermocowle Holes

-

8

r

FIG.3. Ovens for the formation of molecular beams by vaporization a t high temperatures: A shows a conventional oven; B shows an oven in which the heating of the
slits is accomplished separately from the heating of the oven section containing the
material being vaporized.

tron bombardment after the beam is formed. Beams of H atoms have
been produced through the dissociation of Hz in a gas discharge or in a
heated W oven.
For conserving beam materials, especially necessary for rare stable and
radioactive isotopes, Zacharias (cf. reference 5) has developed a slit system made up of many canals which are the result of stacking many layers
of crinkled foil together. Such a source gives effusion mainly in the forward direction and gives an effectively wider slit without a drop in the
source pressure. King and Zacharias6 give an excellent account of the
sources required for a wide variety of situations.

6.2.3. Detection*
There are many types of beam detectors, and only the most common
ones will be mentioned here. Although most detectors have an electric
* See also Vol. 4, A, Chapter 2.2.
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current as the output of the detector system, an important exception is
the condensation detector widely used for radioactive materials. Many
detectors are suitable only for specific materials or groups of materials ;
e.g., the Pirani detector and the surface ionization detector. The recently
developed “universal detector,” on the other hand, detects beams of all
materials.
The Pirani detector contains two Pirani gages which form two arms of
a Wheatstone bridge. The beam enters one of these gages, thereby raising
the pressure in the gage and altering the gage resistance to produce a
change in bridge current. It is a sluggish device, difficult to build and use,
but was the only one available for noncondensable gases before the advent of the universal detector.
In the surface ionization detector atoms with low ionization potentials
are converted into positive ions, and atoms with large electron affinities
are converted into negative ions. Alkali metal atoms are important examples of the former, and halogen atoms are examples of those converted
into negative ions. For the production of positive ions the best conditions
are those in which an atom strikes a hot wire, usually W, which has a
work function greater than the ionization potential. In this case the
atomic electron is captured by the wire and an ion leaves the wire. The
work function of a tungsten wire may be raised by a layer of oxygen on
the surface. The efficiency of conversion of atoms into ions ranges from
SO% to 100% for the alkali metals. For the production of negative ions
it is desirable to have a hot wire with a low work function and atoms
with large electron affinities. Although halogen atoms can be converted
into negative ions on a very hot W wire, the best efficiencies are obtained
for these atoms (with the exception of F) with a thoriated W wire. In this
type of detector an electron captured from the Fermi band in the metal
converts the atom into a negative ion. The detector wire itself emits
positive ions, mostly K ions, which act as a source of “noise.”
In the universal detector the molecular beam is subjected to crossbombardment by electrons. The beam ions so formed are accelerated to
high energies and are then passed through a mass spectrometer in order
to separate them from the ions of the residual gas in the apparatus. The
efficiency for many materials is quite low, of the order of 0.01%. However, FrickeI2 reports an efficiency of 5% for I< and Cs beams. The
efficiencies with noncondensable materials appear to be much lower. A
group a t Harvard U n i ~ e r s i t y ’who
~ have developed a detector for HD
report an efficiency in the range from 1 part in 10-~to 1 part in
G. Fricke, 2. Physilc 141, 166 (1955).
W. E. Quinn, A. Pery, J. M. Baker, H. R. Lewis, N. F. Ramsey, and J. T.
Latourette, Rev. Sci. Instr. 29, 935 (1958).
12
1s
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An eIectron-optical method of detection based on the schlieren effect13%
provides a less sensitive universal detector with the compensating feature
that a single observation provides information about the molecular beam
in toto.

For the detection of radioactive materials present in trace amounts
use is made of the condensation detector. This consists of a specially
prepared target on which the beam material is allowed to condense. After
condensation has proceeded for a certain time the target is removed and
the amount of radioactive material is measured with counters.

To leak

To Welch

To Kinney

detector
pump
pump
FIG.4. An atomic beam magnetic resonance apparatus with a mass spectrometer
and a secondary emission multiplier.

The most sensitive modern equipment utilizes a mass spectrometer to
analyze the ions produced a t the detector, thereby eliminating undesirable ions coming from the ionizing part of the detector, and also separating
isotopes present in the original beam. At the output of the mass spectrometer is a secondary emission multiplier which amplifies the current
by a factor of lo6 or lo6. Further amplification can produce currents
which will drive a recording instrument. In Fig. 4 may be seen the vacuum
immersed components of such an apparatus. l4 For the best signal-to-noise
values the beam, or the part of the beam important for measuring purposes, is modulated, and use is made a t the output of the multiplier of a
narrow band amplifier and a phase-sensitive detector. If the beam is very
weak, a pulse amplifier may be used at the output of the multiplier so
that individual beam particles can be counted.
laAL. Marton, 1).C. Schubert, and S. R. Mielcsarek, J . Appl. Phys. 27, 419 (1956);
Natl. Bur. Standards ( U . S . ) Tech. News Bull. 41, No. 10 (1957).
d. T. Eisinger, B. Bederson, and B. T. Feld, Phys. Rev. 86, 73 (1952).

6.3. Gas Kinetics
6.3.1. Velocity Distribution

Molecular beam experiments have demonstrated directly many of the
postulates and conclusions of the kinetic theory of gases. The particle
nature of gases is directly revealed by the counting of individual beam
atoms, and the straight line propagation of beam particles is shown by
the production of collimated beams. A subject of intensive study has
been the velocity distribution function, predicted by kinetic theory to be
that given by Eq. (6.2.4).
A number of ingenious schemes have been used for measuring the
velocity distribution in a beam of atoms or molecules. Examples are:
(1) a n arrangement of consecutive, rotating toothed wheels; and (2) a n
apparatus in which a velocity dependent spatial distribution is produced
a t the det,ector as the result of the gravitational free fall of a collimated,
flat beam.
All experiments have shown a general agreement with the theory, but
some of the more careful experiments have indicated a deficiency in the
experimental velocity distribution in the low-velocity range. However,
it is likely that the observed deficiencies were a result of oven pressures
which were too high and/or slits which were too thick or both.lb
The most recent experiments have been performed b y Miller and
Kusch,l6 who have studied K and T1 beams with a velocity selector consisting of a rotating Dural cylinder with over 700 spiral slots cut into its
surface. Their measurements covered a range from 0.3 to 2.5 times the
most probable velocity in the source, and their results, shown in Fig. 5,
provide the best agreement t o date between observed and theoretical distributions. The solid line in Fig. 5 is the theoretical distribution function
as seen a t the detector of the velocity selecting apparatus. This function
differs from Eq. (6.2.4) by containing a factor of v4 instead of v 3 and by
having a different normalizing factor. Note that the use of thick oven
slits produces a deficiency in the low velocity region.
Velocity selectors have been used as a tool in many experiments; for
example, in recent resonance experiments (cf. Chapter 6.6) in which the
beam focusing fields have velocity dependent focusing properties. Velocity
selectors have also been used to study the velocity distribution of vapors
which contained polymeric forms of the beam materials. Miller and
Kuschlo have studied the polymeric composition of ten alkali halides.
16

lR

R. C. Miller and P. Kusch, Phys. Rev. 99, 1314 (1955).
R. C. Miller and P. Kiiach, J . Chem. Phys. 26, 860 (1956).
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Dimers occurred in all but the Cs salts and trimers were observed in
NaF, LiC1, and LiBr. LiCl provides an excellent example of their results.
They found, under one set of conditions, 27% monomers, 68% dimers,
and 5% trimers. Dimerization as small as 1.5% could be detected. From
21
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FIG.5. Intensity distribution for K in a velocity selecting apparatus. Run 31 was
made with thick oven slits and runs 57 and 60 with thin slits.

their results they were able to calculate the energy of dissociation of
dimers and trimers.
6.3.2. Diffraction Experiments
The diffraction of molecular beams striking crystalline surfaces was
beautifully demonstrated by several experimenters in the late 1920’s and
early 1930’s. Although diffraction phenomena offer a fruitful means for
studying surfaces of crystals, no recent work has been done in this field.
The theory of the location of diffraction maxima for atoms and molecules is the same as that for electron diffraction from surfaces. Both
coherent and incoherent scattering will occur a t crystal surfaces, the
former showing the wave character of the particles. A beam of He atoms,
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emerging from a, source at room temperature, produces the diffraction
pattern shown in Fig. 6 when it strikes the cleavage face of a LiF cry~ta1.l~
The atoms were incident at an angle of 18.5". The central maximum is
the specularly reflected beam and the two maxima at 11' are diffraction

Direct beam 320cn

1

-200

1

1

tll,l,,,l,,l;,ll,
-loo

O0

-10"

-2OO

FIG.6. Diffraction pattern of a He beam scattered from a LiF crystal cleavage face.

peaks. The width of the peaks is a consequence of the velocity distribution in the beam.

6.3.3. Scattering
Molecular beams have been used for scattering experiments involving
two gases, similar or dissimilar; for scattering atoms with photons; and
for the elastic scattering of electrons by gases. Clearly, beams offer the
most direct means for studying scattering phenomena. Scattering experiments provide (1) tests of quantum theory and (2) empirical results on
cross sections and angular distributions with consequent interaction constants for various atoms.
1'

I. Estermann and 0. Stern, 2.Physik 61, 95 (1930).
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Scattering experiments with gases have employed either crossed molecular beams or a molecular beam passing through an enclosed gas. The
most common experiments have been those in which alkali atoms were
scattered by noble gases. Self-scattering, Cs-Cs, has also been studied.
In recent experiments’s on the elastic scattering of electrons from
beams of H and Hz, electron beams, chopped at 25 cps, were used in
the range of 1.5 ev to 14.5 ev. The molecular beam was detected with a
Pirani detector. Inhomogenous magnetic fields were used to separate
atoms from molecules, the former being highly deflected by the field (cf.
Chapter 6.5). The total scattered electron current was measured by collecting electrons on a cage around the scattering region. Evidence was
found for the formation of an H- ion. The scattering cross section of H
shows a peak at low energy similar to that found in scattering from
alkali metals.
A new use of scattering has been pointed out by Ramsey who has
shown that if a beam from a monatomic vapor cross-bombards a beam
of molecules or a beam of atoms in electronic P states or higher states,
the latter beams will exhibit a selective transmission which depends on
the space-quantization of the atomic or molecular angular momentum
states. For example, under proper conditions, beams of linear molecules
attenuated by a monatomic scattering vapor may show, by a factor of
two or more, a difference in scattering cross section between rotational
substates of mR = 0 and mR = k R. This type of selective transmission
is called “collision alignment.” Ramsey has suggested that the degree of
alignment resulting from the collision alignment procedure can be detected by the molecular beam resonance method (cf. Chapter 6.6) ; hence,
collision alignment may be used for polarizing beams of atoms and molecules in much the same way as inhomogeneous magnetic and electric
fields are now used. Collision alignment experiments are expected to be
valuable for studying collision cross sections and molecular shapes.
The recoil of Na atoms in an atomic beam bombarded by photons of
Na resonance radiation has demonstrated conservation of momentum for
this process. Photoionization and photoexcitation experiments were performed twenty years ago, but no current experiments have been reported.

6.3.4. Chemical Reactions
Early experiments to study chemical reactions by molecular beam
methods were unsuccessful. However, in 1952 Martin and Meyer20 reported the production of chemical reactions when a molecular beam of
18 B. Bederson, J. M. Hammer, and H. Malamud, Technical Report No. 2, Electron
Scattering Project, New York University (January, 1958).
1u N. F. Ramsey, Phys. Rev. 98, 1853 (1955).
20 H. Martin and M. J. Meyer, Naturwissenschajten 39, 85 (1952).
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one gas bombarded another gas a t low pressure in a reaction chamber.
Bull and Moon (1954) have used crossed molecular beams of CCL and
Cs to produce CsC1.21
Taylor and Datz have studied the reaction products from crossed
beams of K and HBr.22In their apparatus, Fig. 7, a K beam from an
oven ABCD with separately heated slits D , crosses perpendicularly the
path of an HBr beam from the source IJL. A surface ionization detector
M N can be rotated so that the reaction products as well as their angular

FIG.7. Apparatus for studying the chemical reaction between K and HBr.

distribution can be studied. The crucial problem in their experiment was
to distinguish at the detector between K and KBr. This they were able
to do through their discovery that Pt produces K ions from K atoms with
very high efficiency, but from KBr with very low efficiency. As detectors
they mounted a W wire and a Pt alloy wire (8% W for strength).
HBr + H
The activation energy they found for the reaction, K
KBr, was 3.4 k 0.1 kcal/mole. The probability or steric factor was 0.1.
The angular distribution of KBr is consistent with the idea that collisions
2 1 T. H. Bull and P. B. Moon, Discussions Faraday SOC.
No. 17, 54 (1954).

+

E. H. Taylor and S. Uatz, J . Chem. Phys. 23, 1711 (1955).
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with the H end of the HBr are more likely to produce a reaction than are
collisions with any other part of the molecule. The total collision cross
section for a beam of K at 504°K with HBr at 401°K is 850 X 10-l6 cm2.
This work has opened a new and fruitful field of molecular beam endeavors. The method has the advantage that the results of single collisions
can be observed and that substances can react at temperatures which are
not the same for the two materials. I n principle, further improvements
such as velocity selection and molecular state selection are possible.

6.3.5. Vapor Pressures
Vapor pressures of a number of substances as a function of temperature
have been determined from measurements of the effusion rate of a molecular beam. A knowledge of the degree of polymerization of the vapor is
necessary for evaluating the results. Fraser gives results for a number of
substances and discusses the experimental problems involved.

6.3.6. Surface Physics
Studies which deal with problems in surface physics include work done
with surface ionization detectors, condensation target detectors, and
chemical targets in which a beam produces a chemical reaction on the
surface it strikes. Scattering from crystal surfaces has already been
mentioned.
Other experiments include the adsorption lifetimes of atoms and molecules on W surfaces, negative ion formation on thoriated tungsten wires,
electron affinity experiments, and the ejection of electrons from surfaces
by metastable atoms. Studies have been made of surface reflection, condensation coefficients, and accommodation coefficients.

6.4. Atoms and Molecules in Magnetic and Electric Fields
Because the techniques and observations in molecular beam spectroscopy are so intimately related to the effectsof magnetic and electric fields
on atoms and molec,ulesa discussion of these effects will be given here to
make easier the understanding of the remainder of this chapter.

6.4.1. Atoms in a Magnetic Field*
The Hamiltonian for an atom in a magnetic field is
X = -(PJ/J)J.

* See also Vol. 4,

Ho - ( ~ r / l ) *I Ho
[2h A ~ / ( 2 1 l)]I * J

+

A, Part 4.

+

+ XQ+ X Q

(6.4.1)
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where J is the electronic angular momentum quantum number, I is the
nuclear spin, and HDis the applied magnetic field. The first two terms are
magnetic interactions for which pJ and P I are respectively the electronic
and nuclear magnetic moments. The third term is the magnetic hyperfine
interaction between electrons and the nucleus, Av being the frequency of
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FIG.8. Energy levels of atoms in a magnetic field. J
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the hyperfine-structure separation. The last two terms symbolize the nuclear electric quadrupole and magnetic octupole interactions respectively.
In order to show the principal features of the energy levels of an atom
in a magnetic field consideration is given to the case J = +. In this case
the last two terms in Eq. (6.4.1) vanish and the energy levels are given by

W(F,m) = -

h Av
PI
2 ( 2 1 + 1) - T

* (1

4m
+2

3

2

+ .')

The total quantum number F takes on two values, II f $1,

lfZ

h AZJ

2'
(6.4.2)

which corre-
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spond to the two sets of energy levels in Eq. (6.4.2). Figure SZ3shows the
energy levels for I = and I = 4. The dimensionless quantity W,/IAWI
is plotted against the dimensionless quantity x.

+

AW

=

~ A v ,

x

= (-pj/J

+ pr/I)Ho/AW
+

and m is the total magnetic quantum number, mr
mJ. The nuclear
moment is assumed positive. At zero magnetic field the energy levels are

1.5

2.0

2.5

3.0

FIQ.9. Atomic magnetic moments as a function of magnetic field. J =

6.

split by the amount AW. Measured in frequency, this hyperfine splitting
is usually between a few hundred Mc/sec and a few thousand Mc/sec.
As x increases decoupling occurs between the nucleus and the electron
so that at very high fields the energies are determined mainly by the
electronic magnetic moment. The electron spin energy in a field of a few
thousand gauss is 10,000 Mc/sec. If the nuclear contribution to the energy
is neglected, the quantity x gives the ratio of the electron spin energy to
the hyperfine splitting.
*3

I. I. Rabi, Phys. Rev. 49, 324 (1936).
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The magnetic moment of the atom, important for determining its deflection in a magnetic field, is given by
pm =

--aW/dHo.

(6.4.3)

Figure 9 shows pm/po versus x,where P O is the Bohr m a g n e t ~ nFor
. ~ ~both
I = and I = $ there are two states for which pm is independent of the
field, but for other states it shows a strong field dependence; and for
I = Q it is zero for some values of the field.
The energy levels show a much more complex structure when quadrupole and octupole interactions occur, and the reader is referred to reference 2 for a discussion of these cases.

+

6.4.2. Molecules in a Magnetic Field
Diatomic molecules in l Z states, electronic states of zero angular momentum, have been most studied by molecular beam methods and are
the easiest to understand. If the electronic, vibrational, and rotational
energy contributions are ignored, the Hamiltonian for these molecules in
the presence of a magnetic field contains the following terms:
X = X1H

+

X2H

f XRH

+ + +
XS

XSe

X1R

+

+ X2R
+ +

XQl

XQ2

ED.

(6.4.4)

The notation is that used by Ramsey.* The first two terms are the interactions of the nuclear magnetic dipole moments with the external magnetic field. The third term is the paramagnetic interaction of the molecular
magnetic moment with the magnetic field. In this case the molecular moment is a result of the rotation of the molecule and depends on the rotational state. The term XS is the direct spin-spin interaction between the
nuclear magnetic moments. The term XSe is an indirect interaction between the nuclear spins resulting from their mutual interaction with the
electronic magnetic moments. Both XS and Xse are very small effects.
X ~ and
R X ~ are
R the magnetic interactions between the nuclei and the
magnetic field produced by the rotation of the molecule. They are called
, quadrupole interactions, are
spin-rotation interactions. X q l and X Q ~the
the interactions between the electric quadrupole moments at the nuclei
and the electric field gradients produced a t the nuclei by the remainder
of the molecular charge. These interactions are sometimes quite large,
resulting in energy differences which may, in some cases, be several hundred megacycles, in frequency units. The term X D is a consequence of the
nonisotropic character of the diamagnetic susceptibility of the molecule.
With the exception of the first two interactions all of the above terms
depend on the rotational and vibrational state of the molecule.
The effective magnetic moment of the molecule, as found from Eq.
(8.4.3), is determined a t strong fields by the first three terms in Eq.

606

6.

MOLECULAR BEAMS

(6.4.4). At strong magdetic fields, because of the decoupling of rotational
and nuclear motions the molecular moment is the sum of the individual
moments given by each of these terms. I n this case, for a nucleus of spin I
and magnetic quantum number m the moment is P I / I.

6.4.3. Stark Effect
The effect of an electric field on atomic energy levels, the Stark effect,
has so far been not very important in molecular beam experiments. The

FIG.10.Energy levels of a polar, linear molecule in an electric field.
e = Aw/(h2/2A);
X = peE/(ha/2A).

Stark effect in 'Z diatomic molecules has, on the other hand, played a n
important role in modern spectroscopic experiments. The Hamiltonian
for a rigid, rotating electric dipole in a n electric field E is
X = (h2/2A)R2 - ge* E

(6.4.5)

where A is the moment of inertia, R is the rotational quantum number,
and pe is the electric dipole moment of the molecule. ,4 perturbation
theory solution gives energies which can be expressed in series form in
powers of EZ.A complete solution of the problem gives the energy levels
shown in Fig.
The states shown are designated by the pair of quantum numbers R,mR for R = 0, 1, and 2. States of * m R are degenerate.
2(

H. K. Hughes, Phys. Rev. 72, 1675 (1949).
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The effective electric dipole moment, important for determining the
electrical deflection of molecules, is given by
perf =

--dW/-dE.

(6.4.6)

Figure llZ4shows perr/peas a function of electric field intensity. At a given
field perfdecreases rapidly as R increases. Hence, only the lowest rotational states are readily accessible for study.

Fro. 11. Electric dipole moments for different states of space-quantization of a
polar, linear molecule in an electric field.

X

=

peE/(ha/2A).

The presence of internal molecular interactions gives rise to hyperfine
structure.

6.5. Molecular Beam Optics
6.5.1. Optical Analog
In many molecular beam experiments the beam is deflected from its
straight line path by means of inhomogeneous magnetic and electric fields.
Such fields exert forces on the effective magnetic and electric moments of
the beam particles.
It is conceptually useful to realize that the passage of molecular beams
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through inhomogeneous fields has an optical analog just as does the passage of electrons through electrostatic fields. Hence, the store of accumulated experience in electron optics can be used in examining the problems
of deflecting molecular beams in inhomogeneous fields.
The optical analog is established by the fact that the beam particles
conserve energy in the magnetic or electric fields. In what follows the
magnetic field case will be used as an example, but the same arguments
can be applied to the electric field case upon substitution of the effective
electric moment and the electric field for the effective magnetic moment
and the magnetic field. For the magnetic case
+mu2 - p,Ho

=

(6.5.1)

Wo

where v is the velocity of the particle. The relative index of refraction for
two fields, HI and H z is
n = v2/v1
(6.5.2)
and the index relative to that in the field-free region is
no

=

(1

+P~HO/WO)~/*.

(6.5.3)

Except for very slow molecules p,Ho is very much smaller than W O
and the index of refraction will be given by the approximate expression

no

=

(1

+ +pmHo/Wo).

(6.5.4)

In Table I are tabulated values of no - 1 for typical molecular beam examples under typical conditions of source temperature and field strengths.
Examples of particles which have roughly the dipole moments given in
Table I, from top to bottom, are: (1) an atom with J = in a strong
magnetic field; (2) a ’2 diatomic molecule in a magnetic field; (3) a molecule in an electric field; and (4) an alkali atom in an electric field. An
examination of Figs. 9 and 11 reveals that for different fields p , may be
positive, negative, or zero. Hence, the index of refraction may be > 1,
<1, or = 1. This range of values of nomakes possible a variety of molecular beam “optical systems.”

+

TABLE
I. Index of Refraction for Various Molecular Beams
The magnetic and electric dipoles are respectively assumed t o be in fields of l o 4
gauss and 100 esu. The beam is formed a t a temperature of IOOOOK, and W O= k2‘.
Dipole moment

no - 1

1 Bohr magneton
1 nuclear magneton
1 debye
debye (polarized atom)

3.4 x 10-4
1 . 8 x 10-7
3 . 6 x 10-4
3.6

x

10-7
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6.5.2. Refraction in Various Fields

If molecular beam deflections are viewed in optical terms, then use
can be made of Snell’s law, and although in general there will be no
sharply defined refracting surfaces, those surfaces for which pmHois constant can be treated as refracting surfaces just as equipotential surfaces
are treated in electron
A deflecting field designed by Rabi provides a simple example of the
optical approach.Ze The field is produced by a magnet with two parallel,
rectangular pole faces. The beam passes through one corner of the magnet, much as a light beam passes through a right angle prism. The beam
enters the “prism” a t nearly glancing incidence and leaves nearly at
right angles to the second “surface.” Therefore, the only appreciable
deflection occurs as the beam enters the field. This field can, in fact, be
treated as a n analog of an optical prism. The angular deflection of the
beam can be calculated by applying Snell’s law to the first surface, where
the index of refraction goes from the field-free value to the value in the
homogeneous part of the magnetic field. The result of this calculation,
for a small angle of deviation 6 is
1 - (tan 8)sin b

=

l/no

(G .5.5)

where 8 is the angle between the prism surface and the beam. Although
the angular deflection depends only on the index of refraction of the field
and not on the details of the fringing field (or prism surface), the spatial
deflection of the beam at a particular distance from the magnet will depend on the nature of the fringe region.
Figure lF7shows in cross section the pole faces of a type of deflecting
magnet commonly used in molecular beam spectrometers of the type
shown in Fig. 2. The pole surfaces are designed to be surfaces which are
the magnetic equipotentials of the field produced by two parallel wires
carrying oppositely directed currents. The surfaces of constant p,,Ho
will be curved surfaces in the intervening space between the pole faces.
Because pm depends only on Ho, the refracting surfaces will be surfaces
of constant H o . I n the field design of Fig. 12 the attempt is made to
have Ho and aHo/ax constant over the height of the beam. This is in
principle impossible throughout the field, but is approximately possible
if the deflection is not too large. Deflections of either sign may be produced if H o is selected to give either a positive or negative value of
2 6 0. Klemperer, “Electron Optics,” 2nd ed., p. 34. Cambridge Univ. Press, London
and New York, 1953.
2 6 1 . I. Rabi, Z. Physik 64, 190 (1929).
27 J. M. B. Kellogg and S. Millman, Revs.Modern Phys. 18, 323 (1946).
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Large deflections mean a close packing of refracting surfaces, that is,
a large value of aHo/i3z. The net effect of this type of magnet is t o alter
the direction of the beam as a whole. Hence, a prism may be thought of
as its analog.
pm.

Fro. 12. Cross section of a structure which produces an inhomogeneous field for
deflecting a molecular beam.

FIG.13. Quadrupolar structure for producing an inhomogeneous field for deflecting
a molecular beam.
Figure 13 shows a pole face configuration of recent design.28 (This particular example is designed to produce beam deflections in electric fields.)
The pole faces in the ideal case are hyperbolas, but in practice are usually
circular cylinders. Viewed from the optical point of view this type of field
2s

H. G. Bennewitz, W. Paul, and Ch. Schlier, 2.Physik 141, 6 (1955).
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is a cylindrical mirror and as such has important “focusing” properties.
Because of these properties it is usually called a lens. The beam must
start from a point source. I n some lenses of this type the radial distance
of the pole faces from the axis varies with axial distance. By varying the
sign of p, either convergent or divergent lenses can be obtained.
I n the previous discussion it was assumed th a t the molecules had only
a single velocity. If there is a velocity “spectrum,” then various “chromatic” effects will occur. For example, the pole faces shown in Fig. 12
will produce a field in which the deflections are velocity-dependent,
whereas the lens whose pole faces are shown in Fig. 13 will have a focal
length which varies with beam velocity.
6.5.3. Molecular Beam Dynamics

The analysis of molecular beam deflections in inhomogeneous fields is
usually carried out by means of mechanical, rather than optical, principles.
From the mechanical point of view a magnetic moment in a n inhomogeneous magnetic field is acted on by a force given by

F

= p,

grad Ho.

(6.5.6)

I n fields produced by the pole faces shown in Fig. 12 the field gradient
is constant, perfis constant, and hence the path of the beam through the
field is a parabola. I n Table I1 are given the deflections which occur in
a distance of 10 cm under conditions which are the same as those given in
Table I.
TABLE
11. Deflections for Various Molecular Beams
The magnetic and electric dipoles are respectively assumed to be in fields of 104
gauss and 100 esu. The respective field gradients are 3 X lo4gauss/cm and 300 esu/cm.
The beam is formed a t a temperature of 1000°K. Deflections are for molecules having
the most probable velocity in the source. The deflecting field is 10 em long.
Dipole moment
1 Bohr magneton
1 nuclear magneton
1 debye
10-3 debye (polarized atom)

Deflection (em)

5x
2.7 x
5.4 x
5.4 X

10-2
10-6
10-2
lO-6cm

The theory of the focusing-type magnet shown in Fig. 13 will now be
discussed. This type of field is designed so tha t no gradient, hence, no
force on the molecules, exists on the axis of the field. However there is a
restoring force proportional to the radial displacement._In this case the
molecules undergo simple harmonic motion when their motion is viewed
as a projection on a plane perpendicular to the axis made by the unde-
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flected beam. In practice, only a half-period, or less, of the motion is used.
The magnet must be designed so that the field strength is a function of
the radial distance alone, which means a symmetrical arrangement of an
even number of pole faces having a hyperbolic shape (in the ideal case).
For simple harmonic motion the potential energy must vary as r 2 ; i.e.,
for the magnetic case,
pmHo
r2.
(6.5.7)

-

Because pm may or may not be independent of field strength, different
situations will call for different numbers of pole faces. For situations in
which the moment is field-independent, or nearly so (cf. Figs. 9 and l l ) ,
the field must be proportional to r2, and the theory requires a six-pole
field. If the moment is proportional to the field, as is the case for some
atomic states in a weak magnetic field, or diatomic molecules in a weak
electric field, then a four-pole field, is required in order to get a field intensity proportional to r . The field produced by the electrodes shown in
Fig. 13 is an example of this last case.
6.5.4. Deflection Pattern of a Beam
In most cases the beams undergoing deflections in inhomogeneous fields
have the velocity distribution given by Eq. (6.2.4). If such a beam passes
through a field which exerts a constant force on it, then the spatial distribution in a plane perpendicular to the undeflected beam is given by
I ( s ) as

= +I0

[F (.: .) - (A)]
__

(6.5.8)

+

where F(z) = (1 z)e-= for s > a. The distance from the undeflected
beam is s, for a beam whose width is 2a. The deflection sa is that for
molecules having the velocity a. The deflection for any velocity v can
be related to sa by
s = sa(a2/v2).
(6.5.9)
For sa >> a Eq. (6.5.8) becomes

I ( s ) ds = l o ( a / s )(sa/s)Ze-aa’s ds.

(6.5.10)

Three particular deflections are of special interest; uiz., the most prohable deflection, the median deflection, and so. An example will illustrate
this statement. For s. = 10a the most probable deflection is 3a and the
median deflection is about 7a. Seventy-four per cent of the molecules
have deflections less than sa. If the most probable deflection, ,s >> a,
then s, = 3sm.
In some experiments an obstacle is used which stops all but those
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molecules having a deflection greater than b, the distance from the beam
center to the edge of the obstacle. I n that case the fraction of molecules
C$ getting around the obstacle is
C$ = 1 - [(b

+ ~)/Za]e-~~’@+”)
+ [(b - ~)/2a]e-~a/(*-~).
(6.5.11)

The use of the deflection characteristics of a molecular beam for the
determination of atomic and molecular properties has been of great historical importance, as for example in the Stern-Gerlach experiment which
established the existence of space-quantization in,atoms. However, the invention of the extremely precise resonance method (cf. Section 6.6) by
Rabi eliminated the need for deflection experiments except in a few special
cases. For example, deflection experiments are still important for studying
the gravitational deflection of molecular beams and for measuring atomic
polariaabilities.

6.5.5. Spectrometer Deflection Systems
I n molecular beam spectrometers atoms or molecules in particular
states of space-quantization are selected for study through the use of
inhomogeneous magnetic or electric fields. Two methods of making this
selection will be discussed here. The first method, illustrated by the magnetic resonance apparatus shown in Fig. 2, makes use of two deflecting
magnets, A and B , having pole faces of the type shown in Fig. 12. With a
proper setting of the fields, beam particles can reach the detector only b y
means of a sigmoid path through the collimator. Particles following such
a path are said t o be “refocused” although the optically analogous process
is not one of focusing, but of properly collimating a beam passing through
two prisms. I n order to be refocused a particle must have, for a given
angle of emergence from the source, a particular speed. Hence, the refocused beam contains particles with all speeds. The refocusing process
described above is also used in experiments employing the electrical deflection of molecules.
The second method of state selection, illustrated b y the electric resonance apparatus of Fig. 14,29makes use of two lens-type deflecting fields,
A and B , whose pole faces are of the kind shown in Fig. 13. I n Fig. 14
two positive lenses are used t o focus on the detector beam particles
leaving the source with a particular velocity. The selector which precedes
the detector eliminates particles whose velocities are not proper for focusing. T o a good approximation the focusing does not depend on the
angle of emergence of beam material. Using magnetic lenses whose pole
faces varied in distance from the beam axis as a function of beam length,
Hamilton, Lemonick, and Pipkin designed, for radioactive beams, a sys20

G. Graff, W. Paul, and Ch. Schlier, 2.Physik 163, 38 (1958).

614

6.

MOLECULAR BEAMS

tem consisting of a convergent lens followed by a divergent lens with a
virtual focus between the source and the detector.30The beam strikes the
condensation-type detector in an annular ring.
Most molecular beam spectrometers have produced inhomogeneous
fields by means of arrangements of the type shown in Fig. 12. However,
both theory and experiment show that the lens type fields obtained by
means of pole faces like those shown in Fig. 13, give greater intensities
at the detector. Hence, a n increased use of the latter type field is to be
expected.

00
00

Oven

A- field

C-field

00
00

Detector
Speed selector

B-field

FIQ.14. Electric resonance apparatus with quadrupolar focusing fields.

Some important examples of state selection will now be given. If molecules without angular momentum are used in magnetic resonance experiments, then the deflections in the A - and B-fields are due principally to
their nuclear moments. I n the idealized case in which only one of the
nuclear moments is important, beam particles having the magnetic quantum numbers 5 mr will be respectively deflected in opposite directions;
hence, they will follow paths which are symmetrical about the axis of the
undeflected beam. Only one such path is shown in Fig. 2. An obstacle,
usually placed on one side of the beam axis in the B-field, can be used to
distinguish between the aforementioned states of space quantization.
I n atomic beam experiments in which hyperfine structure has been
measured by the magnetic resonance method, a number of different
arrangements of the A- and B-fields have been used. Two extreme cases
3"

A. Lemonick and F. M. Pipkin, Phys. Rev. 96, 1356 (1954).

6.6.

MAGNETIC AND ELECTRIC RESONANCE METHODS

615

will be discussed. It is apparent from Fig. 9 that if very strong fields are
used the magnetic moment of the deflected atoms will be of the order
of a Bohr magneton. Such a large moment permits the use of relatively
short fields, with the consequent advantage of high beam intensity. However, many states having different values of the quantum number m will
have nearly the same deflection and will not be distinguishable in the
apparatus. If states of different m are to be separately selected, much
weaker fields and a longer apparatus, must be used.
The requirements for selection of states of polar, diatomic molecules
for electric resonance experiments can be understood from an examination
of Fig. 11. Because of degeneracy no distinction can be made between
the two substates specified by fm ~ Large
. rotational states are deflected
much less a t the same field value than are states of small J . In some
experiments, for example, those with alkali halide molecules, so many
rotational states are excited that most of the beam is relatively undeflected by the fields. The fraction in a particular state which is deflected
enough for measurement purposes may be as low as 1 part in lo4.In order
to eliminate the large background produced by this undeflected beam an
obstacle, such as that shown in Fig. 14, must be placed in the beam path.
Two modes of selection are possible: (1) the A- and B-fields have
gradients in the same direction but one is set to produce a negative moment and the other to produce a positive moment (this can be done with
molecules in states such as 1,0;2,1; etc.); (2) the A- and B-fields have
gradients in opposite directions and the moment has the same sign in
both fields, as is the case for molecules in the states O,O;l,l; etc. It is
clear from Fig. 9 that the same two modes of selection are also possible
for some states in magnetic resonance experiments with atomic beams.
It is important that in all cases, whether magnetic or electric fields
are used, the direction of the field intensity be the same throughout the
apparatus, in order to maintain adiabatic conditions.

6.6. The Magnetic and Electric Resonance Methods
6.6.1. Introduction
I n the preceding section the focusing and “refocusing” of beam particles was discussed. If, in the region between the A- and B-fields (cf. Figs.
2 and 14), the state of the particle is altered, a loss of focusing occurs,
and the beam flux a t the detector drops. Such a decrease in measured
beam indicates that a change in state has occurred. In the resonance
method of molecular beam spectroscopy the change in state is produced
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through the absorption or stimulated emission of radiation by the beam
particle in the region called the “C-field.” This region will sometimes
hereafter be referred to as the (‘transition region.” Transitions between
states, which may take place in the presence of electric or magnetic fields,
are produced by the introduction into the C-field of an oscillating radio
frequency field. The occurrence of a transition is called a “resonance” or
a ‘rffop.” (The spatial reorientation of the beam particle is a ‘rflop.”)
A typical resonance line is shown in Fig. 15.27
The resonance method just described is called the “flop-out ’’ method
because a resonance is observed through a decrease in beam flux. A

f (Megacycles)

Fro. 16. Resonance curve for the proton in KOH. Obtained by magnetic resonance
method.

resonance may also be observed through an increase in beam flux, the
“flop-in” method, by arranging the B-field so that a beam particle will
reach the detector only if its state is first altered in the transition region.
This method often has the advantage over the flop-out method of a better
signal-to-noise ratio because the beam flux is zero except at, resonance.
The resonance method need not use the means of state selection heretofore described. Examples of different means may be seen in the LambRetherford experiments on the fine structure of H (cf. Section 6.7.1.2)
and in neutron resonance experiments (cf. Section 6.7.4). The possible
use of Ramsey’s technique of “collision alignment ” has already been
mentioned in Section 6.3.3.
Details of the resonance process will be discussed in the following
paragraphs.
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6.6.2. Transition Probabilities and line Shapes
I n most molecular beam resonance experiments the particles undergo
transitions in a uniform field upon which is superposed an oscillating
field, and the beam particles originate from a source having a Maxwellian
distribution of velocities. For convenience it will be assumed in the following discussion that the oscillating field is replaced by a field rotating in a

t"

FIG.16. Larmor precession of a magnetic dipole in the presence of a steady field H .
The small rotating field H I perturbs t h e motion.

plane perpendicular to the steady field and that the beam particles all
have the same velocity.
It is especially convenient to discuss a classical model of resonance in a
magnetic field because of the value of visualization and because the equations of motion are the same as those for the quantum-mechanical timedependent perturbation theory for a resonance involving only two quantum states, as, for example, is the case for a nucleus of spin +, or for an
electron. In Fig. 162' are shown the vectors characterizing an arrangement in which a particle of magnetic moment p and angular momentum
J h undergoes a Larmor precession in the steady magnetic field H , while a
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rotating field H 1 a t frequency w is superposed. The Larmor precession
takes place a t an angular frequency given by
wo =

pH/JA.

(6.6.1)

A t resonance H 1 is in synchronism with the Larmor precession, and a
torque is exerted on J in such a way as to increase the angle between J
and H . This increase occurs continuously until the particle leaves the
rotating magnetic field. Hence, depending upon the time spent in the
magnetic field, the angle between J and H may have any value. The most
desirable condition is that in which the angle increases from 0” to 180”,
so that J undergoes a complete “flop” from one direction to its opposite.
The quantum-mechanical interpretation of the process involves the projection J H of J on the H axis, because this projection gives the probability
that the beam particle is in one or the other of the two possible states.
Thus, if the two states are designated as “upper” and “lower,” depending on whether J is in the same direction as H or in the opposite direction
the difference in probabilities is given by

P,

- Pi

while

P,

+

= JH/J

Pl =

1.

(6.6.2)
(6.6.3)

If J is aligned in the direction of H , then all of the particles are in the
upper state; if J is perpendicular to H , then half the particles are in the
upper state and half in the lower state; and if J is aligned oppositely to H ,
then all of the particles are in the lower state.
The time for J to “flop” 180” is important because for maximum flop
this should equal the time that the beam is in the rotating field. These
two times are adjusted to equality by adjusting the magnitude of H1.
If H1 is slightly out of synchronism with the Larmor precession, the
theory shows that for J initially aligned with H the maximum angle between J and H will always be less than 180”;and if the Larmor frequency
and the frequency of rotation of HI differ appreciably, J will be affected
a negligible amount. Hence, the width of a resonance line depends on the
amount of desynchronization of the rotating field and the angular Larmor
frequency. This desynchronization can be measured in terms of the angular differences in the two rotations after a time interval. It follows that
for a given beam of a given velocity the line width will be large when the
transition region is short, because in such a short time a large frequency
difference from resonance is required t o give a large desynchronization.
On the other hand, for a long field the amount of desynchronization becomes large for relatively small deviations from the resonance frequency,
and the resonance line is narrow.
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FIG.17. Theoretical shapes of resonance lines. Dashed line is optinium shape for a
mono-velocity beam. Solid line is optimum shape for a beam with a Maxwellian
velocity distribution. Lowest line is shape for Maxwellian beam and large oscillating
fields.

If the theory of the above model is carried out in detail, or if the
quantum-mechanical theory is used, then the probability of finding beam
particles in the lower state, when they were all initially in the upper
state, is given by

+

+

P L= { ( 2 b ) 2 / [ ( w-~ ( J ) ~ (2Z1)~])sin~&[(wo
- ( J ) ~ ( 2 6 ) 2 ] 1 / 2 t (6.6.4)
where

b

=

Vuz/he-iwt; t

=

L/v.

(6.6.5)

L is the length of the transition region and v is the particle velocity.
V,L is the matrix element for the perturbation potential V produced by
the rotating field.

vuz = <ItU*IVIItl>
Vuu= Vlr = 0.

(6.6.6)

In terms of the energies of the upper and lower states W , and W I the
‘ I Larmor frequency ” is
(6.6.7)
(Jo = ( W , - W,)/h.
A plot of Pz,Eq. (6.6.4), is shown by the dashed line in Pig. 17 for
the case in which the perturbation is optimum;31i.e., when bt = n / 2 . Here
2 = (a - w 0 ) / 2 b . The transition probability given above is for induced
emission or for absorption, being the same for both processes. Spontme31

1%.C. Torrey, Phys. Rev. 69, 293 (1941).
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ous transitions in the radio-frequency region are not important because
of the very long lifetimes of the states.
The solid line in Fig. 17 shows the line shape for a beam having the
velocity distribution given by Eq. (6.2.4).Note that the maximum probability is 0.75. This curve is drawn for the optimum choice of radiofrequency field. The line width, in cps, is given by

Av

=

1.07a/L

(6.6.8)

which is very close to the width predicted by the uncertainty relation,

Av = a/L.
The fact that the radio-frequency fields used in practice are oscillating
fields rather than rotating fields can be important in experiments in which
extremely narrow lines are observed. The oscillating field can be resolved
into two oppositely rotating fields, only one of which is in phase with the
“Larmor precession.” The out-of-phase field has a slight but definite
effect on the position of the resonance. I n resonance transitions such a s
those exemplified by nuclei having spins >$, the theory of the transition
probability requires the consideration of more than two energy levels,
and Eq. (6.6.4) does not apply. See reference 2 for the correct analysis in
this case.
Under special conditions multiple-quantum transitions may be observed. I n these cases two or more radio-frequency quanta are absorbed
or emitted in the resonance process. Such transitions have been observed
in magnetic resonance experiments with atoms and molecules for which
there are several energy levels with approximately equal spacings.
Multiple-quantum transitions occurred between levels for which single
quantum transitions were forbidden. I n electric resonance experiments
a t very weak fields two-quantum transitions have been observed a t large
radio-frequency fields between levels for which single-quantum transitions
were observed a t weak radio-frequency fields. At large values of the steady
electric field, two-quantum transitions were observed between levels for
which single-quantum transitions were forbidden, provided the radiofrequency field was of the same order as the steady field. Very large
radio-frequency electric fields also give rise to shifts in the resonance line
position. These shifts are the radio-frequency counterpart of the Stark
effect and are, t o a first approximation, proportional to the mean-square
field intensity.
6.6.3. Design of Oscillating Fields
Two examples of the construction of oscillating fields used in magnetic
resonance experiments are shown in Fig. 18.32The hairpin design shown
H. Taub and P. Kusch, Phys. Rev. 76, 1481 (1949).
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a t the top is the older design and it can be modified to give a radiofrequency field either parallel to the steady field or perpendicular to it.
Because of the spatial changes in the direction of the radio-frequency
field at the ends of the hairpin a distortion in the shape of the resonance,
known as the Millman effect, occurs on one side of the line. This effect
provides a means for determining the sign of the nuclear spin in nuclear
resonance experiments. The design shown a t the bottom of Fig. 18 gives

To r.f. current source

FIQ.18. Structures for producing oscillating magnetic fields.

no Millman effect. For frequencies in the microwave region waveguides
or cavities are used to produce the oscillating field.
I n electric resonance experiments the electrodes which produce the
radio-frequency electric field must not distort the steady electric field in
Stark effect experiments. Figure 19, in two views, shows one way in which
this can be done.33A radio-frequency voltage is placed between the two
insulated parts, 3 and 4, of plate 2, as shown in Fig. 19B. I n electric
33

J. W. Trischka, Phys. Rev. 74, 718 (1948).
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A

8

FIG.19. Btructure for producing homogeneous and oscillating electric fields.

resonance experiments with microwaves the microwaves were introduced
through a slot parallel to the beam direction in one of the parallel plates
shown in Fig. 19A.
6.6.4. Separated Oscillating Fields
From Eq. (6.6.8) it is clear that the longer the transition region the
narrower the width of the resonance line. However, narrow resonances
cannot be achieved in this way in the presence of a magnetic or electric
field, because inhomogeneities in the field cause excessive line broadening.
To avoid the effects of inhomogeneities, Ramsey2invented the separated
oscillating field method in which two short radio-frequency fields are used,
one at each end of the long transition region. This method is also very
useful a t very high frequencies and at microwave frequencies to eliminate
Doppler shifts and the effects of phase differences which would occur in
long radio-frequency fields.
The operation of the Ramsey method can be readily understood in
terms of the classical model previously introduced and Fig. 16. The first
oscillating field a t the beginning of the transition region is adjusted so
that in its length the moment J flops over by a n angle of r / 2 . The beam
particle then traverses the region of no oscillating field, and when it passes
through the second oscillating field the moment flops a n additional ?r/2
to produce a total flop of ?r radians. I n order th a t the second flop take
place it is necessary for the phase relations between the precessing moment and the oscillating field to be just right. These relations are proper
if the oscillating frequency is that corresponding to the Larmor frequency
for the average value of the steady field, and if the two oscillating fields
are connected together and in phase.
Figure 20 shows the resonance line for the Ramsey method when the
beam has the usual thermal distribution of v e l o c i t i e ~ .L~ ~is the total
34

N. F. Ramsey, Phys. Rev. 78, 695 (1950).
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length of the transition region. It is seen th a t the width of the central
line in the figure, Av, is approximately that given by the uncertainty
principle when use is made of a time interval of t,he order of the total
time spent in the transition region. The larger width, (Av)3, is determined
by the length I of the short oscillating field regions. The origin of the
peaks t o the sides of the central peak can be understood when it is
realized that a resonance will occur every time the phase difference between the precession frequency and the oscillating field frequency is 2 ~ n .

FIG.20. Theoretical line shape with separated oscillating fields and Maxwellian
velocity distribution in the beam.

The central peak, for which n = 0 , will be the largest, however, because
it is also a t the resonance frequency for the short fields of length 1. The
importance of the central peak is further emphasized by the fact th a t
for it the resonance is the same for all velocities in the beam, whereas
for the side peaks the resonance frequency depends on velocity, and these
peaks are consequently suppressed partially or entirely. It is the suppression of these peaks which accounts for the occurrence of so few
maxima in Fig. 20.
When only two energy levels are involved and the beam has particles
of only one velocity, the quantum-mechanical theory of the resonance
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line for the Ramsey method gives
Pl

=

4 sin2 0 sin2+UT[COS +AT cos &a7 - cos 0 sin &AT sin $a.I2

where

x = [(Vu
- r n l ) / h ] - w.

(6.6.9)
(6.6.10)

muand Vl are the average energies of the beam particle in the length L.
T is the total time spent in the transition region, while T is the time spent
in one of the oscillating fields.
sin 0
cos 6
u

=

-2b/a

= (wo
= a.([

- .)/a
-u )

+~ (2b)2]”2.

(6.6.11)

The resonant frequency in the region of the oscillating fields is a..
For the situation shown in Fig. 20 the maximum transition probability
is obtained when
2bL/a = 0 . 6 ~
(6.6.12)
and the full resonance width at half-intensity is

Av

=

0.65a/L.

(6.6.13)

This is almost one-half the width that could ideally be achieved with this
length of field and an oscillating field throughout the length.
If phase differences are introduced between the two separated oscillating fields, it is possible to obtain some very useful effects. For example,
flop can be observed through shifting the phase rather than turning the
radio-frequency on and off. If the phase difference between the separated
fields is changed from zero to u radians, the total amount of observed
flop is twice that achieved by switching the radio-frequency on and off.
This phase shift method also eliminates changes in radio-frequency
“pickup ” which might give simulated flop. If the phase is changed from
--r/2 to ~ / 2 then
,
the observed changes in beam intensity give a curve
with a dispersion shape which has its greatest slope at resonance. No flop
occurs at resonance in this case.

6.6.5. Special Methods for Obtaining Very Narrow Lines*
In order t o make the width of a resonance line as narrow as possible
it is necessary to make the time spent in the transition region as long as
possible. The obvious way to do this is to make very long transition
regions, and this is the usual method. However, Zacharias36has designed
an apparatus in which very low velocity beam particles are selected to

* See also Vol. 2, Section
*6

10.6.2.1.

J. R. Zacharias, Phys. Rev. 94, 751T (1954).
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pass through the transition region, the transit time being estimated at
about 1 second. In this apparatus the beam is directed vertically upward
and only the slowest molecules fail to reach the top of the apparatus
because the downward gravitational force causes them to fall back to
the plane of their starting point. These molecules are allowed to pass
through the transition region. Recently, Kleppner and associate^^^ have
constructed a magnetic resonance apparatus utilizing a “broken ” molecular beam, The beam bounces, in the transition region, between two surfaces of heated Teflon, thus lengthening the time spent in the transition
region. This apparatus will also have applications in studying magnetic
effects at surfaces.

6.6.6. Double Resonance
Kastler3’ has developed a method, called “optical pumping,” of selectively orienting the magnetic states of atoms by exciting them with polarized resonance radiation while they pass through a magnetic field. After
returning to the ground state an illuminated atom shows preference for
particular magnetic substates; e.g., with a beam of Na atoms illuminated
state over
with D light he obtained a 30% excess of the mJ =
mJ = -4.
Rabi2 has used a similar idea in his “double resonance” method to
study the radio-frequency spectra of excited states of atoms. The magnetic fields used in his apparatus are arranged as in a conventional resonance apparatus except that the inhomogeneous fields are set to produce
deflections in the same direction for atoms in a given magnetic state.
Hence, the beam does not ordinarily reach the detector. If the sign of
the atomic magnetic moment is changed in the transition region, however, the beam is refocused and a rise in intensity is observed. Transitions
are produced by a combination of optical and radio-frequency radiation
as described in the next paragraph.
Consider the passage through a magnetic resonance apparatus of a
If the beam is illuminated
beam of alkali atoms in the state mJ =
with resonance radiation in the transition region, then upon their decay
to the ground state some of the atoms will be in the state mJ = -4,and
these atoms will be deflected onto the detector by the B-field, thus causing a rise in measured beam flux. This process is called “light flop.” If to
the optical radiation is added radio-frequency radiation of a frequency
corresponding to the differences between the hyperfine levels in the optically excited state, then upon their return to the ground state even more
atoms will be found in the state mJ = -& and the detection of this addis8 D. Kleppner, N. F. Ramsey, and P. Fjelstadt, Phys. Rev.Letters 1, 232 (1958).

++

++.

3’

A. Kastler, Proc. Phys. Soc. (London) A67, 853 (1954).
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tional flop provides means of measuring the hyperfine structure in the
optically excited state. Because of the short lifetimes of the excited states,
the radio-frequency spectral lines are very broad. From information thus
obtained about the atomic quadrupole interactions the nuclear quadrupole moments of several alkali metals have been calculated. This method
resembles closely the optical “double resonance’’ method used for gases.

6.6.7. The Maser*
Resonance in molecular beams can be measured, under special circumstances, by observing the effect that the beam resonance has on the radiation producing the resonance. Two devices which employ this method
are the microwave absorption spectrometer’s2 and the M a ~ e r . ~In
, ~ the
8
former device observation is made of the direct absorption of microwave
radiation. Results are best for high frequencies.
The Maser also operates in the microwave region, but inhomogeneous
deflecting fields are used to select molecules in a particular molecular
state, usually an excited state. The selected molecules then enter a microwave cavity where the resonance occurs. The stimulated emission of radiation in the cavity results in an increase in the radiation in the cavity,
thus making it possible to amplify microwaves, or even to construct
microwave oscillators. I n the first such device amplification was achieved
through the stimulated emission from the excited inversion state of ammonia molecules deflected by means of quadrupolar electric fields (cf.
Fig. 13).2 The term “Maser” is derived from the longer designation,
“microwave amplification by stimulated emission of radiation.” Because
of its great frequency stability and relatively narrow line widths the
Maser is particularly suited for use as an atomic or molecular clock.
As an amplifier it has a very low noise level.

6.7. Spectroscopy
This section is devoted to the description of typical magnetic and
electric resonance experiments with atoms and molecules.

6.7.1. Atomst
Atomic experiments have been chiefly devoted to the measurement of
atomic hyperfine structure by the magnetic resonance method. Such
* See also Vol. 2, Chapter 10.6.

t See also Vol. 4, A, Section 4.2.3.

38

J. P. Gordon, H. J. Zeiger, and C. H. Townes, Phys. Rev. 96,282 (1954).
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measurements yield information about the magnetic moment of the electron, the various nuclear magnetic and electric moments, and nuclear
size effects. Much of the recent work has been devoted to atoms with
radioactive nuclei. Important studies have also been made of the fine
structure of hydrogen and light atoms isoelectronic to hydrogen.
6.7.1 .l. Hyperfine Structure Experiments. The Hamiltonian which
characterizes atomic hyperfine structure levels is given in Eq. (6.4.1) and
the energy levels for the case of J = are given in Eq. (6.4.2) and shown
diagrammatically in Fig. 8. The selection of states by means of the deflecting fields in a resonance apparatus is discussed in Section 6.5.5.
At strong magnetic fields the nuclear and electronic spins are decoupled
and the selection rules are

+

Am1

=

+1;

Am,

=

0, + 1 .

(6.7.1)

=

0, fl.

(6.7.2)

At weak fields the selection rules are
AF

=

0, * l ;

Am

The direction of the oscillating field must be different for different types
of transitions. Thus, to achieve transitions for which A m = 3z 1 the oscillating field must be perpendicular to Ho. These transitions are called
a transitions. On the other hand, Am = 0 transitions, called u transitions,
require an oscillating field parallel to Ho.
By properly choosing the deflecting fields it is possible to observe any
transition allowed by the selection rules. The frequencies required to produce transitions have a wide range. Thus, for strong magnetic fields a
change in the F value requires microwave frequencies. However, if F is
fixed and A m = f l transitions are observed, the frequencies can range
from zero to the microwave region. Because of the wide variety of possibilities as to inhomogeneous fields and transition frequencies the experiments which have been done on atomic hyperfine structure have been
themselves quite varied and no attempt will be made t o give a detailed
account of the experimental work.
It can be seen from Eq. (6.4.2) and the definition of z th a t the constants which can be measured b y hyperfine structure experiments on
, I.
atoms for which J = are Av, p r / I , ~ J / Jand
The hyperfine splitting AV may be measured by a number of different
methods. At low fields AF = f l transitions may be used; on the other
hand, a t high fields Amr = f 1, AmJ = 0 transitions may be used. In the
latter case the frequency of the transitions, obtained with the help of
Eq. (6.4.2) is given by

+

(6.7.3)
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The measurement of Av is made possible by the doublet structure shown
1).
in this equation. The average position of the doublet is A v l ( 2 I
The separation of the doublet is 2 ( p r / I ) H o / h ; hence, this measurement
also gives directly p z / I . Table I11 gives a sample of the many values of
Av obtained by molecular beam measurements.

+

TABLE
111. Atomic Hyperfine Structure Separations for J =
The number in parentheses shows the error in measurement."
Atom

Av(Mc/sec)

Hi
Li7
NaZ3
cis6
K39

Rbs6
Cs'33

Tl20a

1420.40577
803.512
1771.631
2074.383
461.723
3035.730
9192.63183
21,106.06

(5)
(15)
(2)
(8)
(10)
(5)
(1)

(49)

The information is taken from reference 2; see Table IX:I, p. 255.
0

The nuclear spin I may be measured in several ways. One way is to
count the number of lines which can be obtained at either low or high
fields, provided the apparatus permits the observation of all possible lines.
Another way makes use of the observation of the particular transition,
$. The frequency of this
m = - ( I - +) t o m = - ( I - Q) for F = I
transition is given approximately a t low magnetic fields by

+

v

+

Q ( P J / J ) H o / ( I +)

(6.7.4)

from which I can be calculated directly.
If transition frequencies are plotted as a function of magnetic field,
it is found t ha t in every region of the field, low, intermediate, or high,
there are some lines whose frequencies are independent of the field over
some small range of field values. Such lines play a n important role in
hyperfine structure work because the magnetic field does not need to be
known accurately and because inhomogeneities in the field will have
negligible effect on the line width. Atomic clocks have been made which,
in order t o avoid the effects of weak, stray fields, utilize a line whose
frequency is field independent a t weak fields.
For atoms having J > Q the energy levels become very complex, but
the kinds of information found for J = 3 atoms can still be obtained.
I n addition, measurements can be made of the atomic interaction with
the electric quadrupole moment of the nucleus and, for J 2 +, of the
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atomic interactions with the magnetic octupole moment of the nucleus.
A number of nuclear quadrupole moments have been determined by
studies of ground states and of excited states of atoms. Nuclear octupole
interactions are very small, and have been discovered only recently with
high-resolution equipment. So far, nuclear octupole moments have been
determined for only a few atoms, e.g.,
In116,Ga68,Ga”. Table I V
gives a small sample of the results of measurements of the constants,
a, b, and c, for atoms having J > &.
TABLB
IV. Nuclear Interactions in Atoms for J
Atom
C186

Gaee
Br70
I127

a(Mc/sec)
205.050
(5)
190.794270 (55)
884.810
(3)
827.265
(3)

b(Mc/sec)
54.873
62.52249
-384.878
1146.356

>

~

J

J

c( Mc/sec)

(5)
(10)

(8)
(10)

...
0.000084
<0.0001
0.00234

(3)
(37)

The interaction a is related to the hyperfine structure separation by

Av = (a/2)(21 4- 1)
where I is the nuclear spin. The interaction constant b is the quadrupole interaction
given by hb = e2qJQ; where Q is the nuclear electric quadrupole moment and q~ is
related to the electric field gradient at the nucleus q by qJ = - [ J / ( 2 J
3)](q/e).
The constant c is a measure of the interaction between the atomic electrons and the
state. Errors are shown
nuclear magnetic octupole moment. All atoms are in the 2Pa,*
in parentheses.
* These results are taken from reference 2; see Table XI:III, p. 313.

+

Hyperfine structure experiments have played an important role in the
development and testing of the new theory of quantum electrodynamics.
The measurements of Av for the H atom are important because exact
calculations are possible for this atom. Measurements of gJ for other
atoms led to the discovery, by Kusch and Foley, of the anomalous magnetic moment of the electron.2 gJ = -pJJJpo, where po is the Bohr
magne ton.
Once AV has been determined for an atom, the measurement of a fieldsensitive transition will yield a value of 97. because the transition frequency depends on the parameter x, which in turn depends on gJ and the
magnetic field H o . The nuclear quantity gr must also be known, but not
so accurately as the field and Av. In the original study the need for an
absolute calibration of the magnetic field was avoided by measuring the
ratio of gJ values for different states of the same atom or of different
atoms. For example, it was found that gJ(2P3/2Ga)/gJ(2P1/2Ga)
instead
of having the value 2 had the value 2(1.00172 k 0.00006). On the basis
of the assumption that the electron orbital quantity gL = 1, it was con-
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cluded that the electron has an anomalous magnetic moment. Subsequent
measurements with calibrated fields have shown that this assumption
was correct.
Measurements of Av in deuterium and tritium have shown that the
ratio of the Av’s has an anomalous value which may be attributed to the
nonzero sizes of the nuclei.
Hyperfine structure measurements in the hydrogen isotopes, gJ measurements, and proton magnetic moment measurements have all had an
important effect on recent re-evaluations of the fundamental constants.
6.7.1.2. Fine Structure in Hydrogen. The molecular beam experiments
by Lamb and Retherford on the fine structure of H atoms are of importance because their results disagreed with the predictions of the Dirac
theory, and led to a far-reaching revision of quantum electrodynamics.
According t o the Dirac theory the metastable state, 22S1/2and the normally excited state, 22P1/2,
should have the same energy, but the excited
state, 22P3/2,should be separated from them by about 11,000 Mc/sec.
The experiments showed, contrary to this prediction, that the first two
states were separated by about 1000 Mc/sec.
The apparatus used by Lamb and Retherford was not a conventional
resonance apparatus because of the absence of any deflection fields.
H atoms were formed by the dissociation of H 2 gas in a hot W oven.
The atoms were then cross-bombarded with low-energy electrons to produce a beam in which about one atom in 40 million was in the metastable
state, this being the only excited state with a sufficiently long lifetime to
travel the full length of the apparatus. After formation of the metastable
atoms the beam passed through the transition region. This consisted of a
homogeneous magnetic field and a coaxial line carrying the radio-frequency currents which produced the oscillating field. After leaving the
transition region the beam struck a W target where the atoms in metastable states ejected electrons. Transitions from the metastable state to a
normally excited state produced atoms which, because of their rapid decay
to the ground state, had no effect on the W target. Hence, the observation
of a resonance was made by measuring the decrease in electron current
from the target.

6.7.2. Magnetic Resonance Spectra of Molecules
The spectroscopic work on magnetic resonance in molecules has been
done with diatomic molecules, except for some of the experiments in
which the purpose was to measure nuclear g values. The Hamiltonian for
a diatomic molecule in a
state is given by Eq. (6.4.4).
Different types of magnetic resonance spectra are obtained depending
on whether a few or many rotational and vibrational states are excited in
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the source. If only a few such states are excited, as is true for light molecules such as Hz, then resolved spectra for each rotational and vibrational
state are found. However, if many states are excited, as is true in heavy
molecules such as Rb2, then the spectra of the different rotational and
vibrational states merge and the resulting spectrum is a statistical distribution of the unresolved spectra.
The molecules Hz, HD, and Dz have been more intensively and thoroughly studied than any others, largely because they are amenable to
t,heoretical calculation of their electronic structure and because of the
0

D in D2
Frequency
1.300mc
I, =2.5amp

1
1900

1

L
2000

2100

Magnetic field in gauss

FIG.21. Magnetic resonance spectrum for the Da molecule.

interest in the H and D nuclei. Figure 2139shows an early spectrum of
D in Dz. The central maximum is a result of the Larmor precession of
the D nucleus in the magnetic field. The maxima, A , R, and C , result
from the quadrupole interaction. The dashed lines show what the spectrum would have been had there been no quadrupole interaction. Such
spectra formed the earliest experimental basis for the existence of a quadrupoIe moment in the deuteron. T o obtain such spectra the source must
be cooled to liquid air temperatures where only molecules in the ground
vibrational state and the first two rotational states are present in appreciable quantities.
80 J. M. B. Kellogg, I. I. Rabi, N. F. Ramsey, and J. R. Zacharias, Phys. Rev. 67,
677 (1940).
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The recent precision experiments on the hydrogens by Ramsey and his
co-workers2required for their analysis the use of all of the terms in Eq.
(6.4.4). Ramsey and his colleagues have even investigated the exceedingly small variation of the interaction constants with rotation. From
their experimental constants they have calculated such quantities as the
quadrupole moment of the deuteron, the quadrupole moment of the electronic charge distribution, and the average values of the square and of
the cube of the internuclear distance.
The first molecular beam magnetic resonance experiments with heavy
molecules were undertaken for the purpose of measuring nuclear moments. Such experiments still give, by comparison with other molecular
beam methods the best values of nuclear moments. However, molecular
beam measurements have, for abundant isotopes, been superseded by
magnetic resonance measurements on liquids and solids because of the
narrower resonance lines obtained from condensed phases.
Since 'Z molecules have no electronic magnetic moments, deflections
and transitions are due to the nuclear magnetic moments. Hence, for
analysis of spectra, only the terms involving either subscript 1 or subscript 2 need be considered in Eq. (6.4.4). The Hamiltonian which best
describes the results to date is, for nucleus 1,

x = Em + X1R + XOl.

(6.7.5)

Although the spectra for the separate rotational and vibrational states
are not resolved for heavy molecules, the interaction constants characterizing the terms in Eq. (6.7.5) can usually be determined from the
characteristics of the observed spectrum. Figure 2240shows the spectrum
of the homonuclear molecule Rb;'. The central maximum is a t the position of the nuclear resonance, and the secondary maxima on either side
are determined by the size of the nuclear quadrupole interaction. Under
proper condit,ionsthe width of the central maximum can be used t o determine the spin-rotation interaction, given by the second term in Eq.
(6.7.5). If the quadrupole interaction shows a marked variation with
vibrational states, as is true for C1 in alkali halides, the results are
ambiguous.
Accurate measurements of nuclear g values may be limited by the linebroadening effects of the last two terms in Eq. (6.7.5). Hence, some molecules are more suitable than others for such measurements.
The spectra a t zero fields also yield important results. They have a
number of peaks which are the result of the variation of the quadrupole
interaction with vibrational state. The shapes of the peaks are affected
R. A. Logan, R. E. Cote, and P. Kusch, P h p . Rev. 86, 280 (1952).
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by the variation of the quadrupole interaction with rotational state; i.e.,
by the rotational stretching effect.
Table V gives a sample of values of nuclear interactions for diatomic
molecules.
4
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FIG.22. Magnetic resonance spectrum for Rbz.

In measurements of nuclear g values molecules other than diatomic
have often been used; e.g., KOH for the proton resonance, KFBeFz for
the Be resonance, KCN for the C resonance and the N resonance, and
NaC1*A1C13for the A1 resonance.
TABLE
V. Nuclear-Molecular Interactions in Diatomic Molecules"**
Molecule

HD
KCl
RbF
RbCl

Rb P

Nu c1eu s
DP
K89

RbB7
FL9
RbB7
c136
RbB7

- eqQ (Mc/sec)

224.992 (100)
-5.656
(6)
-34.00
(6)

...
-25.485 (6)
0.774 (9)
-0.580

c ( Mc/sec)

-0.01340

(34)

...
0.0011
0.014
0.0010

(1)
(4)
(1)

...

...

The interaction eqQ is the quadrupole interaction, where q is the electric field
gradient a t the nucleus and Q is the nuclear electric quadrupole moment. The constant
c is the spin-rotation interaction. The molecules are in a '2 electronic state. Errors are
given in parentheses.
*Results in this table are taken from reference 2; see Table VIII:I, p. 209 and
Table XI:I, p. 311.
0
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In measurements on the alkali halides Kusch and his co-workers have
discovered dimers and trimeys of these molecules and have made studies
of their spectra.2 One important result of these studies has been the
evaluation of the quadrupole interaction in the polymers.41

6.7.3. Electric Resonance Experiments with Molecules
Electric resonance experiments can be done only with polar molecules
because the deflecting fields must exert a force on an electric dipole moment. The transition region has, to date, contained only an oscillating

Frequency- megacycles

FIG.23. Electric resonance spectrum for CsF.

electric field, but an oscillating magnetic field could be used because of
the existence of molecular magnetic moments. If a steady magnetic field
and a steady electric field are both present in the transition region, then,
for a diatomic molecule, the Hamiltonian will include all of the terms in
Eq. (6.4.4) and, in addition, the terms in Eq. (6.4.5).Transitions may be
observed between the Stark levels a t strong fields according to the selection rules AR = 0, AmR = 5 1, or between rotational states according to
the selection rules A R = +1, Am8 = 0. The design of the transition
region must be different for the two types of transitions because the
frequency range for transitions between Stark levels is generally below
500 Mc/sec, whereas for transitions between rotational states the frequencies are usually in the microwave region.
Figure 2333shows the spectrum of CsF as an example of the resonances
41

P. Kusch, J . Chem. Phys. 30, 52 (1959).
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occurring for transitions between the Stark levels. The F nucleus has a
spin of $, and therefore has no quadrupole interactions, whereas Cs, with
a spin of f, has a quadrupole interaction which is responsible for most of
the observed structure. Spectra from molecules in three different vibrational states overlap in this example (cf. top of Fig. 23). The spectra for
the successive vibrational states are a t different frequencies because the
molecular electric dipole moment and moment of inertia are different.
From spectra such as those shown in Fig. 23 the frequency corresponding t o the Stark splitting has been calculated. From this frequency the
electric dipole moment and moment of inertia of molecules have been
determined to about one per cent. If frequencies corresponding to rotational transitions are measured, the moment of inertia may be determined to about one part in 100,000. With this information available,
dipole moments may be determined from the Stark splitting to about
one part in 10,000. The chief limitation on the precision of Stark measurements is the inhomogeneity of the electric field. This limitation could be
eliminated if separated oscillating fields were used.
The terms in Eq. (6.4.4) which have been required for the analysis of
,
XIR,X ~ RXS,
, a n d X R H . The
electric resonance spectra are X Q ~XQZ,
last-named term, involving the molecular magnetic moment, requires the
presence of a magnetic field. Experiments with magnetic fields in the
transition region have been done for LiF and T l F . 2 9 ~ ~ ~
Electric resonance experiments have been limited to diatomic molecules in 2 states and in particular to the alkali halides and thallium
halides, because these are readily detectable by the surface ionization
process. However, with the development of detectors using electron bombardment of the beam (cf. Section 6.2.3),any molecule should be accessible to study. Polyatomic molecules will be difficult to investigate because
of t,he problems of sorting out different states with the deflection fields.

6.7.4. Neutron Beam Magnetic

Resonance

The magnetic moment of the neutron has been determined from magnetic resonance experiments with beams of neutrons having thermal energies. Polarization (space-quantization) of the neutron may be produced
by a number of different methods; hence, a neutron resonance apparatus
is best described in general as having, in sequence, a polarizing region,
a transition region, and an analyzing region (a second polarizing region
corresponding to the B-field in a conventional resonance apparatus). Four
different techniques of polarization have been used : (1) transmission
through a magnetized ferromagnetic substance; (2) diffraction from mag41

A. M. Russell, Phys. Rev. 111, 1558 (1958).
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netite; (3) passage through inhomogeneous magnetic fields as in a conventional molecular beam apparatus; and (4) total reflection by magnetized ferromagnetic mirrors.
The great precision of experiments with the neutron is indicated
by the latest value of the neutron magnetic moment, -(1.913138
0.000045)n.m.
An upper bound has been set to the electric dipole moment of the
neutron by examining the transition frequency in a n apparatus having
combined magnetic and electric fields in the transition region. This upper
bound is equal to the charge on the electron multiplied by the distance
D =5X
cm.2

6.8. Technology
The first commercial application of molecular beam resonance methods
has come quite recently (1956) with the development of an atomic clock
which uses the Av in Cs atoms as a standard frequency. Atomic clocks
using molecular rotational transitions are also feasible. The Maser has
already been put to use as an atomic clock as well as a microwave amplifier. It has been suggested that a molecular beam could be used for the
measurement of accelerations.6The electric resonance method has a possible application as a secondary voltage standard in which use is made of
the transition between the molecular Stark levels.
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7. ELECTRIC PROPERTIES OF MOLECULES*
A great many molecular phenomena have their origin in the electric
properties of individual molecules. The most important electric properties of a neutral moIecuIe are its permanent dipole moment and polarizability. Through these the molecular motion is coupled to external electric
fields giving rise to a host of effects including: absorption, emission, and
scattering of radiation ; refraction of light, polarization of dielectrics, and
Stark effect. Absorption, emission and scattering of radiation were discussed in P a r t 2. Refraction, polarization of dielectrics, and Stark effect
are discussed in this part. Of the higher electric multipole moments only
the molecular quadrupole can be singled out as producing observable
effects. These are discussed in Chapter 7.4.t
An additional phenomenon which can be attributed to a characteristic
of the molecular charge distribution which is not revealed b y the lower
multipole moments is optical activity. Optical activity is discussed in
Chapter 7.5.

7.1. Electric Polarization
When atoms unite to form a molecule the atomic charge distributions
are altered to such a n extent th at a permanent molecular dipole moment
frequently results. This dipole moment is a vector quantity with components defined by equations of the form
=

2

qixi

(7.1.1)

i

where qi is the charge on the ith particle, and xi is its x coordinate. Molecules with permanent dipole moments are called polar molecules. If a
polar molecule is placed in a static electric field it will be subject to a
torque tending to align its dipole moment in the field direction. I n addition t o exerting a torque on the molecule the electric field will slightly
distort the molecular charge distribution and produce a n induced dipole
moment. The magnitude of this induced dipole moment depends on the
structure of the molecule, the magnitude of the electric field, and the

t See also Vol. 1, Chapter 8.5; Vol. 2, Section 10.6.3; and Vol. 6, B, Chapter 7.1.
* Part 7 is by T. 1. Weatherly and Quitman Williams.
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orientation of the molecule in the field. For the present purpose i t is permissible t o write for the magnitude of the induced dipole moment
pi =

aE’

(7.1.2)

where a is the molecular polarizability averaged over all orientations, and
E’ is the electric field intensity a t the position of the molecule.
I n the case of a large number of molecules forming a gas, liquid, or
solid, the vector sum of all dipole moments in a unit volume is defined
as the electric polarization which will be designated by P, in order to
distinguish it from the molar polarization P defined below. The magnitude of electric polarization in the direction of the applied field is

P,

=

-

N~ cos e

+N~E‘

(7.1.3)

where p is the magnitude of the permanent dipole moment, N is the
number of molecules per unit volume, 0 is the angle between p and E’,
and the bar indicates an average over all molecules.
In a gas the molecules are free to align with the applied field, but their
alignment is disturbed b y thermal agitation. The orientation energy may
be assumed t o obey the Boltzmann distribution, a n d the average value of
cosine B is given by1
-

cos 0

=

J exp(pE‘ cos O/lcT)cos e dw
J exp(pE’ cos O/kT) dw

=

coth

PE’
~

kT

-

1

pE’/kT
~

(7.1.4)

where dw is a n element of solid angle oriented a t angle 0 with the field E‘,
k is the Boltzmann constant, and T is the absolute temperature. The
calculation is completely analogous to that of Langevin2 for the alignment of the magnetic dipole moments of gas molecules, and the value of
cos 0 given by (7.1.4) is called the Langevin function. I n the above equation E‘ is the electric field a t the position of each molecule, and it is a
sum of the applied field E and the fields of the other dipoles. For gases,
liquids, and isotropic solids the average value of E‘ is given approximately by
4xP,
E‘=E+---*
(7.1.5)
3

-

For a gas at ordinary temperature the polarization P, is so small that
E’ differs very little from the applied field E, and pE’ is small compared
to kT. The Langevin function can then be replaced b y the first significant
C. P. Smyth, “Dielectric Behavior and Structure,” p. 10. McGraw-Hill, New
York, 1955.
P. Langevin, J. p h y s . [4]4, 678 (1905).
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term in its series expansion which gives

cos

e

=

ME'
-

(7.1.6)

3kT

for the approximate average value of cosine 8.
When this result is substituted into (7.1.3) one obtains

P,

=

N

(&+

a ) E'.

(7.1.7)

Replacing E' by the average value given by (7.1.5) and solving for P,
we have
N[(~~/31~7')a ] E
(7.1.8)
p e = ( 1 - (4aN/3)[(p2/31cT)
4 1*

+

+

According t o the above equation the polarization P, will approach infinity as T approaches

(7.1.9)
where LY in the denominator of (7.1.8) has been neglected in the calculation of T,. This prediction of a polarization catastrophe with its implibelow T , should not be
cation of ferroelectric behavior at temperatures
taken seriously. The approximation (7.1.6) for cos 0 becomes invalid long
before the temperature T , is reached. This could be corrected by using
(7.1.4) instead of (7.1.6) for cos 8, but the approximation (7.1.5) for E' is
not sufficiently accurate to justify this.
Although T , cannot be interpreted as the Curie temperature marking
the onset of ferroelectric behavior, it is useful for determining the range
of validity of Eq. (7.1.8). Equation (7.1.8) cannot be expected to hold for
temperatures near T,.For gases N is very small and T , given by (7.1.9)
is a fraction of a degree absolute indicating that Eq. (7.1.8) should be a
good approximation for gases. For polar liquids and solids N is very large
and Eq. (7.1.8) predicts ferroelectric behavior a t ordinary temperatures,
therefore it cannot be applied to polar liquids and solids. For dilute solutions of a polar substance in a nonpolar solvent, N can be made very
small giving a very low T,in which case Eq. (7.1.6) for cos 8 would be
valid. I n such cases, however, the polar molecules induce a polarization
in the nonpolar solvent, a n effect which was not considered in the derivation of (7.1.8). This phenomenon is called the solvent effect and because of it Eq. (7.1.8) is only approximately correct for dilute solutions
of polar substances in nonpolar solvents.

-

640

7.

ELECTRIC PROPERTIES OF MOLECULES

7.1 .l. Molar Polarization
A very useful equation relating dielectric constant, electric dipole moment, and polarizability can be derived from Eq. (7.1.8) by eliminating E
from that equation. This can be done by substitution of

(7.1.10)
to obtain, after algebraic simplification,

(7.1.11)
Multiplying both sides of (7.1.11) by the molecular weight M , and dividing by the density D, one obtains a quantity called the molar polarization,

c-1M
c+2 D

(7.1.12)

where N Ois Avagadro’s number. Equation (7A.12) is the Debye equation. Debye3 has given a more general derivation of this equation in
which a is replaced by the average of the polarizabilities along the three
molecular axes.
The Debye equation can be expected to hold in the same cases for
which Eq. (7.1.8) holds. It gives the correct static dielectric constant in
terms of the molecular polarizability and permanent dipole moment for
gases, and it gives approximately the correct result for dilute solutions of
polar liquids in nonpolar solvents. In the latter case the solvent effect is
the primary cause of discrepancy. For pure polar liquids both (7.1.5) and
(7.1.6) are invalid, and the Debye equation cannot be expected t o hold.
Equations applying to pure polar liquids have been derived by Onsager4
and by K i r k w o ~ d I. ~n most solids any permanent dipoles present are
fixed so that no reorientation can occur in an applied electric field. The
dielectric constant of such solids is the result of induced polarization only
just as it is for nonpolar substances. A few molecular solids show evidence
that their molecules have some rotational freedom even in the solid state.E
8 P. Debye, Physik 2. 13, 97 (1912); “Polar Molecules.” Chemical Catalog, New
York, 1929; “The Collected Papers of Peter J. Debye.” Interscience, New York, 1954.
L. Onsager, J. Am. Chem. SOC.88, 1486 (1936).
6 J. G. Kirkwood, J. Chem. Phys. 7, 911 (1939).
6 C. P. Smyth, “Dielectric Behavior and Structure,” p. 132. McGraw-Hill, New
York, 1955.
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For p = 0 Eq. (7.1.12) reduces to the Clausiiis-Mossotti
C 1 M - 4rNoa
E + ~ D 3

(7.1.13j

which gives the correct dependence of dielectric constant on density for
nonpolar substances.
Molar polarization may be divided into three types: orientation polarization, atomic polarization, and electronic polarization. Orientation
polarization has been discussed above and gives rise to the term inversely
proportional to the temperature appearing in Eq. (7.1.12). Atomic polarization is the result of displacement of entire atoms or ions within the
molecule by the applied field. The magnitude of this effect depends to a
small extent on the vibrational state of the molecule. Since the population of vibration states is a function of temperature, atomic polarization
changes very slightly with temperature. This change is small compared to
the 1/ T dependence of orientation polarization. Electronic polarization is
a result of the displacement of electrons within the molecule by the applied field. I t is for all practical purposes independent of temperature,
since a t ordinary temperatures practically all molecules are in the electronic ground state. Atomic and electronic polarization effects are included in the molecular polarizability Q! in Eq. (7.1.12). Orientation and
electronic polarization are of comparable magnitude, while atomic polarization is usually small compared to either of the others.
The effects of the three types of polarization may be separated by
examining the frequency dependence of molar polarization. Orientation
polarization is effective only at frequencies below the infrared since the
permanent dipoles cannot keep pace with the field reversals at high frequencies. Atomic polarization will cease to be a factor at visible and
higher frequencies, because the atomic mass is too great to permit vibrations at these frequencies. Therefore in the visible region only electronic
polarization contributes to the molar polarization. In the X-ray region
polarization effects almost disappear. A more complete discussion of dielectric behavior may be found in the book by f3myth.l
7.1.2. Measurement of Dielectric Constant and Molar Polarization
Dielectric constants are determined by measuring the change in capacitance caused by placing the sample between the plates of a capacitor.
The dielectric constant e is given by E = C/Co where C is the capacitance
of the filled capacitor and GOis the capacitance of the empty capacitor.
7 R. Clausius, “Die mechanische Warmetheorie,” Vol. 2, p. 94. Vieweg, Brunswiek,
Germany, 1897.
* 0. F. Mossotti, Mem. SOC. ital. sci. (Modena) 14, 49 (1850).
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The change in capacitance can be measured by an impedance bridge, or
it can be determined by its effect on the resonance of a tuned circuit.
After the dielectric constant is obtained the Clausius-Mossotti relation,
Eq. (7.1.12) gives the molar polarization.
Many determinations of dipole moment require a measurement of the
molar polarization of a substance in solution. The molar polarization of a
solut,ion is given by

PlZ

= ClPl+

c2pe

=

')("'"'

___
-

E f 2

czMz)

(7.1.14)

where
Plz is the molar polarization of the mixture,

P1 is the molar polarization of the solvent,
P z is the molar polarization of the solute,
of solvent,
of solute,
Ml is the molecular weight of solvent,
is the molecular weight of solute,
e
is the dielectric constant of mixture, and
B is density of mixture.

c1 is the mole fraction
c2 is the mole fraction

Equation (7.1.14) can be rewrit>tenas
( 7.1.15)

The dielectric constants of several different concentrations are measured
and P z is computed. P z is plotted against cz and the curve is extrapolated
to c2 = 0 to give the molar polarization of the solute a t infinite dilution.
Another method, in which the dielectric constant and density are extrapolated, and then the molar polarization a t infinite dilution deter.~
moments
mined, has been discussed by Halverstadt and K ~ m l e rDipole
determined from measurements on solutions do not agree exactly with
the results from a gas because of the interaction of the solute molecules
with the solvent.
7.1.2.1. Bridge Method. This method is applied principally t o liquids
and solids and can be used on samples whose conductivities preclude any
resonance method. The General Radio Company makes several impedance bridges which are suitable for such measurements. Usually the bridge
is balanced with a precision capacitor in parallel with the empty capacitor
cell, then the capacitor cell is filled with the sample and the precision
capacitor readjusted to produce a balance. The change in the precision
9

I. F. Halverstadt and W. D. Kumler, J. Am. Chern. SOC.64, 2988 (1942).
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capacitor is equal in magnitude to the change caused by the introduction
of the sample.
7.1.2.2. Resonance Method. This method is used on liquids and gases
with specific conductivities less than
ohm-’cm-’. It offers much
more precision than the bridge method when it can be used.
The usual procedure is to place the capacitor cell in the resonant circuit of a 0.5 to 5 Mc oscillator which can be heterodyned with a crystal
controlled oscillator to produce a certain beat frequency. The capacitor
cell is then filled with the sample causing a change in the beat frequency.
A calibrated capacitor which is connected in parallel with the cell is then
adjusted to return the beat frequency to its initial value. The change required in the calibrated capacitor is equal in magnitude t o the change
caused by the sample. A typical circuit, given by Chien,lo is reproduced
in Fig. 1.
LeFBvre and Russell1’ describe a procedure for measuring the change
in capacitance using only one oscilhtor which contains the capacitor
cell, a calibrated variable capacitor, and a detector which is made very
frequency-selective by the use of a quartz crystal. The oscillator is first
adjusted so that its frequency corresponds to the resonant frequency of
the quartz crystal; the sample is added, and the calibrated capacitor
which is connected in parallel with the capacitor cell is adjusted so that
the oscillator frequency is again the same as the resonant frequency of the
quartz crystal. The change in capacitance caused by the sample is exactly
equal to the change required in the calibrated capacitor.
When using capacitor cells care must be taken to determine that port,ion of the capacitance which is not altered by the presence of the gas.
The capacitor cell is usually made up of concentric cylinders with glass or
quartz spacers. Allowance must be made for the space occupied by the
spacers and also for the wiring capacitance. If the capacitance which is
affected by the sample is Ca then the change in capacitance is given by
AC

=

(6

- 1)Co

(7.1.16)

and a measurement of AC gives the value of 6. The construction of capacitor cells is discussed by LeFBvre12and by Smyth and Morgan.ls
Precision capacitors are commercially available. To obtain the small
capacitance needed in gas studies one can remove some of the plates of
the precision capacitors as described by Wiswall and Smyth.14 LeFi.vrelZ
J.-Y. Chien, J. Ghem. Education 24, 494 (1947).
R. J. W. LeFbvre and P. Russell, Trans. Faraday SOC.43, 374 (1947).
12 R. J. W. LeFBvre, “Dipole Moments,” p. 49. Methuen, London, 1953.
1 3 C . P. Smyth and S. 0. Morgan, J . Am. Chem. Soc. 60, 1547 (1928).
I p R. H. Wiswall and C. P. Smyth, J. Chem. Phys. 9, 352 (1941).
10
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FIG. 1. A typical circuit for measuring dielectric constants. This circuit is from a paper by J.-Y. Chien, J .
Chern. Ed. 24, 494 (1947), and is reproduced with the permission of the editor of t h a t journal.
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describes the construction of a capacitor of concentric cylinders in which
the inner cylinder has a step, or increase in diameter, which can be displaced along the cylinder axis by a screw. It provides a capacitance of
about 30 to 40 ppf with a variable range of 4 fipf covered by 100 turns
of the screw. A pointer and a rotating head indicates the number of turns
and the fraction of a turn so that the change in capacitance can be
accurately determined.
Dielectric constants a t microwave frequencies can be determined by
measuring the change in the resonant frequency of a cavity when the
cavity is filled with the sample. If v 0 is the resonant frequency of the
evacuated cavity, and v is the resonant frequency of the filled cavity,
.
microwave method has certain advantages over the
then e = ( Y / V O ) ~ The
radio-frequency method. The cavity is simpler than the gas capacitor cell,
and no corrections are needed for incomplete filling by the sample. Crain16
describes apparatus using two cavity stabilized oscillators a t 9340 Mc.
The gas sample is allowed to enter one of the cavities, and the change in
the beat frequency is measured. Magnusonl'j describes apparatus which
operates a t 9400 Mc and uses only one cavity. A measure of the cavity
resonant frequency before and after admitting the gas gives the dielectric
constant.

7.2. Refraction of Light"
When electromagnetic radiation enters a material medium, the electrons of the material are set into oscillation a t the radiation frequency.
The electromagnetic wave which results from the addition of the incident
radiation and the radiation of the oscillating electrons travels a t a velocity
less than the velocity of light in a vacuum. The refractive index of the
medium is defined by the equation

n

=

c/v

(7.2.1)

where v is the velocity of the radiation in the material, and c is the
velocity in a vacuum. For a nonconducting medium electromagnetic
theory gives for the velocity of the radiation v = c / d G and for the
index of refraction
n = 1/G
(7.2.2)
where

fi

is the magnetsic permeabi1it.y. For all but ferromagnetic sub-

* See also Vol. 1, Part 7; Vol. 6, B, Chapter 10.2.
16

C . M. Crain, Phys. Rev. 74, 691 (1948).
Magnuson, J . Chem. Phys. 20, 229 (1952); 24, 344 (1056)

16D. W.
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stances 1.1 is very nearly equal to one, and we have
n 2

=

%.

(7.2.3)

Both index of refraction and dielectric constant depend on frequency,
since a finite time is required for the orienting of a dipole and for the
displacement of an atom or electron. At visible light frequencies only the
electrons are capable of responding to the rapidly varying electric field.
7.2.1. Molar Refraction
Since the permanent dipoles contribute nothing t o the polarization a t
visible light frequencies, the dipole moment p in Eq. (7.1.12) may be set
equal to zero for light waves. If in addition e is replaced by n2, one obtains the Lorenz-Lorentz r e l a t i ~ n ‘ ~which
* ~ g defines molar refraction,
(7.2.4)
In passing from molar polarization, Eq. (7.1.12), to molar refraction,
Eq. (7.2.4), all the complicated effects involved in orientation polarization
are removed. As a result Eq. (7.2.4) is surprisingly well obeyed. I n many
cases it will predict the approximate index of refraction of a liquid from
that of its vapor. The molar refraction of a substance is measured in
units of volume and varies with wavelength. Measurements are usually
made using the sodium D-line as the source of radiation.
Since the molecular polarizability a appearing in (7.2.4) is the result of
displacement of individual electrons, it is an additive property. That is,
the molecular polarizability is equal to the sum of the polarizabilities of
the atoms. Since molar refraction is directly proportional to a, it is also
an additive quantity, and it is possible to assign refraction equivalents
to the atoms from which the molar refractions of compounds can be computed. For example, the molar refraction of ethyl alcohol (CH3CH20H)
may be computed as follows:
R(CHaCH20H)

=

2R(C)

+ 6R(H) + R(O, in OH).

(7.2.5)

The atomic refractions of carbon, hydrogen, and oxygen in the O H group
are :19
R ( C ) = 2.42 cm3;
B(H) = 1.10 cm3; and
R ( 0 , in OH) = 1.52 cm3.
H. A. Lorentz, Ann. Physik [3] 9, 641 (1880).
L. Lorenz, Ann. Physik [3] 11, 70 (1880).
l9 N. Bauer and K. Fajans, Refractometry. In “Physical Methods of Organic
Chemistry” (A. Weissberger, ed.), 2nd ed., Vol. I, Part 11, p. 1163. Interscience,
New York, 1949.
l7
l8
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Substituting into Eq. (7.2.5), one obtains

R(CH3CH20H) = 2(2.42)

+ 6(1.10) + 1.52 = 12.96 cm3.

The molecular refraction of ethyl alcohol computed from its measured
index of refractionz0is also 12.96 cm3. The perfect agreement in this case
is somewhat accidental; discrepancies between calculated and observed
values are frequently of order 0.1 cm3.
By far the largest contribution to the molar polarization comes from
the valence shell electrons. Therefore it is possible to further separate
molar refraction into refractions of the different electron groups making
up the outer electron shells of the atoms constituting the molecule. The
molar refraction of ethyl alcohol can be expressed

R(CHsCH20H)

=

+ R ( C - C ) + R(C-0-H)

5R(C-H)

(7.2.6)

includes the refraction of all outer shell electrons of
where R(C-0-H)
carbon, oxygen, and hydrogen which do not participate in other bonds.
The refractions of the different electron groups are related to the atomic
refractions as follows:21

R(C-H)
R(C-C)
R(C-0-H)

+

= $R(C)
R(H) = 1.71
= +R(C) = 1.21
= +R(C)
R(H)
R(0) =

+

+

3.23.

Substitution of these into (7.2.6) gives

R(CH3CH20H)= 5(1.71)

+ 1.21 + 3.23

=

12.99 cm3.

This result is also in very good agreement with the measured value of
12.96 cm3.

7.2.2. Measurement of Index of Refraction and Molar Refraction
Several different types of instruments are used to measure the index of
refraction. The Abbe and the Pulfrich refractometers provide rapid and
precise measurements for solids and liquids by determining the critical
angle a t the boundary formed by the sample and a prism with known
index of refraction. Commercial models of these instruments are available. The Jamin and Rayleigh refractometers determine the increase in
optical path length caused by introduction of a sample into one of two
paths in a n interferometer. This method is particularly useful for gases
since gases can be gradually introduced into the path, and one can keep
an accurate count of the number of fringes produced. To meet the un20 C. D. Hodgman, ed., “Handbook of Chemistry and Physics,” 37th ed. Chemical
Rubber Publ., Cleveland, 1955.
21 A. L. von Steiger, Ber. deut. chem. Ges. 64, 1381 (1921).
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usual needs of many research problems spectrometers are used to measure
index of refraction by determining image displacement which amounts to
measuring the angle of incident and angle of refraction. Bauer22 and
Fajans give a detailed discussion of the various instruments used for the
measurement of the index of refraction.
The molar refraction can be obtained from the index of refraction and
the Lorenz-Lorentz expression, Eq. (7.2.4).

7.3.

Electric Dipole Moments

The permanent electric dipole moment of a molecule can be determined by quantitative measurement of the effects which it produces;
therefore it can be measured in many different ways. A few of these are
described below. Those methods based on the measurement of dieIectric
properties are discussed under that heading. Two more recently developed methods are discussed under separate hea.dings.

7.3.1. Determination of Electric Dipole Moments from Dielectric
Properties

Polarization of a material by a n eIectric field is a result of the alignment
of permanent dipoles and the creation of induced dipoles. Measurements
of polarization using static fields of ordinary intensity do not distinguish
between the two contributions to the polarization since they have the
same dependence on applied field. However, the conditions of observation
can be varied in such a way that the two contributions are separated.
7.3.1.1. Variation of Temperature. Equation (7.1.12) shows th a t the
part of the molar polarization resulting from permanent dipoles is inversely proportional to the absolute temperature. This is, of course, a
result of the disorienting effect of thermal motions. Therefore, if one
measures the molar polarization as a function of temperature and plots P
versus 1 / T , a straight line will be obtained which has the slope 4?rNop2/9k.
When this plot is extrapolated to 1/T = 0 the intercept is 4nNaa/3.
Therefore both p and a may be obtained from such a measurement.
This method will yield accurate results only for gases. I n solutions the
solvent effect changes with temperature and therefore changes the slope
of the R versus 1/T curve.
22

See Bauer and Fajans, reference 19, pp. 1177-1238.
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7.3.1.2. Variation of Frequency. As one passes from measurements of
molar polarization with static fields to measurements with radiation fields,
molar polarization is found to decrease. This decrease results from the
fact that the permanent dipoles find it more and more difficult to follow
the field variations as the frequency increases. At visible light frequencies
neither permanent dipoles nor atomic displacements contribute to the
polarization. Therefore, by measuring the molar refraction one can determine 4?rNoa/3 appearing in Eq. (7.2.4). Then, neglecting or estimating
the smaller effect of atomic polarization, Eq. (7.1.12) can be used to find
the permanent dipole moment p from a static or radio-frequency measurement of e. Since the index of refraction appearing in Eq. (7.2.4) is not
independent of frequency, the molar refraction measured in the visible
range should be extrapolated to infinitely long wavelength using dispersion formulas. However, since the molar polarization determined from
data on solutions is usually in error because of solvent effect, it is common practice to use the molar refraction for the sodium D-line as the
induced polarization term in computing the dipole moment. Substituting
4aNocu/3 = RD into Eq. (7.1.12) and solving for p, one obtains
(7.3.1)
or, on substitution for the constants,
p =

0.01281 X lO-’’[(P

- RD)T]”~.

(7.3.2)

The value of the dipole moment computed in this way may be in error
by as much as lo%, but the error is usually smaller.23
7.3.1.3. Variation of State. Another method of separating the contribution of induced dipoles from that of permanent dipoles is to measure
the molar polarization for the solid state of the substance. If the substance forms a molecular solid, the molecular dipole moments are usually
fixed in orientation, in which case the orientation polarization is zero.
A measurement of the molar polarization then determines 4?rNOa/3 of
Eq. (7.1.12), and the dipole moment may be calculated from a measurement of the molar polarization of the gas or a solution of the substance
in a nonpolar solvent.
In some molecular solids, however, the rotational freedom of the molecules is not completely eliminated;” therefore, the above method must be
used with caution. A study of the temperature dependence of the polari28 C. P. Smyth, Determination of dipole moments. In “Physical Methods of Organic
Chemistry” (A. Weissberger, ed.), Vol. I, Part 11, Chapter 24. Interscience, New
York, 1949.
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zation of the solid should determine whether or not orientation polarization is a contributing factor to the polarization of the solid.
7.3.1.4. Absorption in Dielectrics. Liquid dielectrics are observed to
have broad absorption bands in the microwave frequency region which
result from the orientation of molecules by the radiation field. As the
radiation field intensity increases molecules are aligned with the field,
and as it decreases there is a relaxation to thermal equilibrium. The frequency of the broad absorption peak is Y O = &HT where r is the relaxation
time. The relaxation time is determined by the dipole moment, structure
of the molecule, and other factors. By studying this type of absorption
it is possible to calculate the molecular dipole m0rnent.2~Dipole moments
obtained in this way agree approximately with values obtained by other
methods.

7.3.2. Stark Effect in Microwave Spectra'"
One of the best methods for measuring the permanent dipole moment
of a molecule is by analysis of the Stark effect in its microwave spectrum.
The Stark effect results from an interaction between the molecular electric dipole moment and the applied electric field. Since the measurements
are made on a gas a t very low pressure, the method is free of the complicating influences of interactions between molecules present in the dielectric methods described above. The applied electric field interacts directly
with the individual molecular dipole moments producing a splitting of the
microwave spectral lines which can usually be precisely measured.
7.3.2.1. Theory of the Stark Effect. Most of the spectral lines falling
in the microwave region result from changes in molecular rotation energy.
When an external electric field is applied the rotation of the molecule is
affected, but since the change in energy produced by the field is small
compared to the rot,ational energy, perturbation theory can be applied.
The Hamiltonian for the interaction of an electric field E along the
space fixed 2 axis with the molecular dipole moment is

H~

=

-cls

E

=

-

1

l l s ~cos

ezQ

(7.3.3)

Q

where ezQ is the angle between the space fixed Z axis and the moleculefixed g axis. It frequently happens that the molecule of interest contains
one or more atoms with nuclear electric quadrupole moments. This electric moment interacts with the electric field gradient produced by the
electrons and other nuclei causing a splitting of the rotational energy

* See also Vol. 2,
24

Chapter 10.6; Vol. 4, Section 4.2.3.3.
D. H. Whiffen and H. W. Thompson, Trans. Furaday SOC.42A, 114 (1946).
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levels. The Hamiltonian for the first-order quadrupole interaction of one
nucleus is25326
3 ( I *J)z +(I * J) - 12J2
(7.3.4)
HQ =
2J(2J - 1)1(2f - 1)

+

where I is the nuclear spin angular momentum operator, and J is the
molecular angular momentum operator. Q is the nuclear quadrupole
moment defined by

Q = A e/

p(3.Z’ -

T’)

dv

M ~ = I

(7.3.5)

where p is the nuclear charge density, r is referred to the center of the
nucleus, and the integration is over the state Mr = I . The second partial
derivative of the potential V with respect t o the space-fixed Z axis is
averaged over molecular rotation for the state M J = J.
The total Hamiltonian for the molecule in an externally applied electric
field is then
(7.3.6)
H = H R HQ H s

+ +

where H R is the rotational Hamiltonian given in Chapter 2.1. The general
problem of finding the allowed energies consists in the evaluation of the
matrix elements of H in terms of a complete set of functions and diagonalization of this matrix to find the energy eigenvalues. Since the rotational energy is always much larger than either the Stark or quadrupole
energy, the obvious choice for the wave functions is
$(JTMJ I M ~ =
) R ( J T M J ) (f M I )

(7.3.7)

where R ( J T M J )is the rotational wave function for an unperturbed asymmetric top, and (P(IMr)is the nuclear spin wave function for a free spin.
The indices are defined as follows:

J

quantum number specifying the total angular momentum of the
molecular framework, .\/J(J
1) h
M J quantum number specifying the Z component of the total angular momentum of the molecular framework, M J h
r
index specifying a particular rotational substate; replaced by K
for symmetric tops
I nuclear spin quantum number
MI quantum number specifying the Z component of nuclear spin
angular momentum, Mrh.

+

25 J. M. B. Kellogg, I. I. Rabi, N. F. Ramsey, Jr., and J. R. Zacharias, Phys. Rev.
67, 677 (1940).
2 8 H. B. G. Casimir, “On the Interaction between Atomic Nuclei and Electrons.”
E. F. Bohn, Haarlem, Netherlands, 1936.
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The matrix of H E is diagonal in this representation and is independent of
M J and MI. This form of the wave function is particularly appropriate
for calculations where the Stark perturbation is large compared to the
quadrupole perturbation since M J and MI remain good quantum numbers under the Stark perturbation.
If the Stark interaction is small compared to the nuclear quadrupole
interaction as it would be for weak electric fields, the two may be treated
separately taking the stronger perturbation first. The quadrupole interaction is a first-order effect, and elements of HQ off-diagonal in J r may be
neglected except when they connect near-degenerate rotational states.
Diagonalization of the matrix

+
leads to eigenstates with energy W R+ W Qin which J and Z are coupled
(JTMJZMIIHR HQIJrMj’ZMI’)

to form total angular momentum F with Z component Mph. The wave
functions for these states are

J.(JTZFMp )

C(FMFJIMJMI)R(JTMJ)@(ZMI)
(7.3.8)

=
MI

J

where C ( F M p J I M j M r ) are the Clebish-Gordon coefficients given by
Condon and S h ~ r t l e y , ~and
’ the sum extends over all values of M J and
M I for which M J M I = MF.A weak Stark interaction may then be
treated as a small perturbation on the states with energy WE
WQ.
Nondegenerate perturbation theory may be used if there are no matrix
elements of H s linking near-degenerate rotational states.
Since the Clebish-Gordon coefficients have been tabulated for most
cases of interest, it is possible to use the JTZFMFrepresentation from the
beginning in which case the energies W Rare just the diagonal elements of
H R and the energies WQare the diagonal elements of HQ. This treatment
of the weak field case can be used for asymmetric tops, symmetric tops,
and linear molecules, since nuclear quadrupole interaction is a first-order
effect in all three.
In strong electric fields the Stark interaction can be much larger than
the nuclear quadrupole interaction. For a symmetric top, this can occur
a t relatively weak fields because the Stark effect is first order for K # 0.
The allowed energies may then be calculated by considering the quadrupole interaction to be a small perturbation on the states with energy
W R W Susing nondegenerate perturbation theory. For asymmetric top

+

+

+

H E . U. Condon and G. H. Shortley, “The Theory of Atomic Spectra,” p. 7G.
Cambridge Univ. Press, London and New York, 1935.
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and linear molecules the Stark effect is second-order, and much stronger
fields are required to produce a Stark effect larger than the quadrupole
interaction. As a result the rotational wave functions become badly mixed
by the strong Stark perturbation, and the application of nondegenerate
perturbation theory to the weaker quadrupole interaction is rather difficult since the perturbed wave functions must be used. It is doubtful that
the work involved is any less than that necessary for the diagonalization
of the Hamiltonian matrix of H B H Q Hs.
In electric fields of intermediate strength where the Stark and quadrupole interactions are of comparable magnitude the energy cannot be sepa,
W S ,but must be obtained by diagonalization of
rated into W E ,W Q and
the matrix of H R H Q H s . For symmetric tops with K # 0, where
both the quadrupole and Stark interactions are first-order, the separation
into W R WQScan be made. WQSis obtained by diagonalization of
H Q Hs.A similar separation can be accomplished for asymmetric tops
with no rotational near-degeneracies by the use of the contact transformation suggested by Golden and Wilson.28Contributions of elements of
the original Hamiltonian, off-diagonal in Jr, are transferred to the diagonal elements of the transformed Hamiltonian. The transformed Hamiltonian is diagonal in J r ; therefore, the Hamiltonian matrix factors into a
separate block for each Jr, and the calculation for each Jr may be done
independently.
For an asymmetric top with rotational near-degeneracies in an electric
field of intermediate strength there is no avoiding diagonalization of the
matrix of H E HQ Hs. Fortunately, such near-degeneracies usually
occur between pairs of rotational levels only, and that part of the Hamiltonian involving the pair of interest may be factored from the rest.
The Stark perturbation energies for the different molecular types for
most cases of interest are given below, along with references to the original
literature. I n addition the reader is referred to the excellent discussions
of the Stark effectin the book by Townes and S c h a w l ~ w
and
~ ~in the book
by Gordy et dao
7.3.2.1.1. STARKEFFECTWITH No HYPERFINE
STRUCTURE.
If the
molecule contains no nuclei with electric quadrupole moments, or if nuclear quadrupole interactions are small enough to neglect, then the total
Hamiltonian may be written

+

+

HR

+ Hs.

+ +

+

+

+

+

H

=

(7.3.9)

S. Golden and E. B. Wilson, Jr., J . Chem. Phys. 16, 669 (1948).
C. H. Townes and A. L. Schawlow, “Microwave Spectroscopy,” McGraw-Hill,
New York, 1955.
80 W. Gordy, W. V. Smith, and R. F. Trambarulo, “Microwave Spectroscopy.”
Wiley, New York, 1953.
28

29
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For the case in which the separation between rotational levels is large
compared to the Stark effect interaction, the energy eigenvalues may be
found by nondegenerate perturbation theory.
7.3.2.1.1.1. Asymmetric Top. Since no quadrupole interaction is involved the nuclear spin quantum numbers may be omitted and the unperturbed wave functions specified by J T M J .M J remains a good quantum
number under the perturbation Hs. This problem has been solved by
Golden and Wilson.28 In order to separate the contributions of neardegenerate rotational levels from those of widely separated rotational
levels, Golden and Wilson made use of a contact transformation of the
Hamiltonian matrix H R H S to obtain a new Hamiltonian matrix
H R Hi'
Hg'. I n the transformed matrix the term H$" consists of
those elements of H s connecting near-degenerate rotational levels, and
the contributions of those elements of H s connecting widely spaced rotational levels have been transferred to the diagonal elements of Hg). The
off-diagonal elements of H$2' may be neglected since they contribute to
the energy in fourth order only. If there are no near-degenerate rotational levels connected by matrix elements of Hs, then H g ) is zero, and
the rotational and Stark perturbation energies may be separated. The
Stark perturbation energies are then just the diagonal elements of H g )
given below.

+

+

+

(7.3.10)
where

+

(J

4(J

+

-

Mj2

+ 1)2(2J + 1)(2J + 3)

c
7'

The symbols in the above equations are defined as follows:
molecule-fixed principal axis a, b, c
space fixed direction of the electric field E
component of electric dipole moment along axis g
pu
E magnitude of applied electric field
W:",)unperturbed energy of rotational state Jr
( + z ~ ) J ~ J Y= Jt*(Jr>cos Oz&(J'r') dv.
g

Z
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The matrix elements of the direction cosines ( ~ Z ~ ) J , J 'are
~ + not tabulated in the literature. However, they are simply related to the line
intensities A, for pure rotational transitions of an asymmetric top which
have been tabulated by Cross et aL31 In terms of the line intensities
one obtains

The perturbation energy given by (7.3.10) and either (7.3.11) or (7.3.12)
must be added to the rotational energy and the frequencies of the spectral
lines found by subtraction. It will be noted that the displacement of a
Stark component from the unperturbed rotational line is quadratic in
the field intensity E for this case.
If there are near-degenerate rotational levels connected by matrix elements of Hs, then there will be off-diagonal elements of H g ) and the
matrix H R H i ) H g ) must be diagonalized to find the energy eigenvalues. Fortunately the level whose Stark perturbation is sought is seldom near-degenerate with more than one other level, and the matrix
diagonalization involves only the solution of a quadratic equation.
7.3.2.1.1.2. Symmetric T o p Molecules. The symmetric top molecule is,
of course, just a special case of an asymmetric top, and its Stark effect
can be predicted by the asymmetric top theory if the effects of degeneracy
are included. It is much simpler, however, to set up the problem in terms
of the usual symmetric top wave functions characterized by quantum
numbers J , K , M J , rather than the linear combinations of these functions used in the asymmetric top theory.
When the matrix elements of the Hamiltonian Hs are calculated using
the symmetric top wave functions, + ( J K M j ) , and the direction cosine
matrix elements given by King and associates32one obtains the diagonal
elements
(JKMjIHslJKMj) = - MEKMJ
(7.3.13)
J(J
1)

+

+

+

+

and off-diagonal elements linking rotational states J and J
1, and J
and J - 1. Nondegenerate theory may be used with this choice of wave
31

32

P. C. Cross, R. M. HtLiner, and G. W. King, J . Chem. Phys. 12, 210 (1944).
G. W. King, R. M. Hainer, and P. C. Cross, J . Chem. Phys. 11, 27 (1943).
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functions since there are no off -diagonal elements linking degenerate
states. The first- and second-order corrections to the energy are33

W$1&,

=

-

ph’KMj
J(J
1)

+

and

The second-order correction for J

=

K

=

(7.3.14)

M J = 0 is
(7.3.16)

In the above equations B is the rotational constant ( B = h/8r21a).
When these energy corrections are added to the rotational energy, the
spectrum may be found by subtraction. For K # 0 the perturbation
energy contains a term linear in the field intensity E , while for K = 0
only the quadratic term appears. The linear term gives rise to a large
Stark effect which is easily observed, and when it is present the quadratic
term can usually be neglected. For K = 0 transitions the line splitting is
quadratic in E , and larger fields are required to produce measurable
displacements.
7.3.2.1.1.3. Linear Molecules. Linear molecules may be treated as symmetric tops with K = 0. The perturbation energy is therefore
p2E2

WYL,

=

- __
2hB J ( J

+ + :3)

[31Mj2 - J ( J
I)]
1)(2J - 1)(2J

+

(7.3.17)

with

The line splitting is quadratic in E for linear molecules.
7.3.2.1.1.4. Relative Intensities of Stark Components of Rotational Lines
without Hyperjine Structure. I n the conventional Stark absorption cell the
applied electric field is parallel to the electric field of the microwave radiation, and transitions are restricted by the selection rule AMJ = 0. The
intensities of the Stark components are proportional to the squares of
the electric dipole moment matrix elements linking the two states. These
may be computed using the direction-cosine matrix elements given by
King ei! aL32 The relative intensities 1 of the Stark components of rotational lines without hyperfine structure are as follows:
as W. Gordy, W. V. Smith, and R. F. Trambarulo, “Microwave Spectroscopy,”
p. 156. Wiley, New York, 1953.
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=

PMj2

(7.3.19)

1 and AMJ = 0,

I

=

1)' - M J 2 ]

&[(J

(7.3.20)

where P and Q depend on the particular rotational levels involved, and
J is the smaller of the rotational quantum numbers.
7.3.2.1.2. STARKEFFECT
WITH HYPERFINE
STRUCTURE.
The Hamiltonian for simultaneous Stark effect and nuclear quadrupole interaction is

H

=

HR

+ H Q + Hs.

(7.3.21)

The method of treating the eigenvalue problem varies depending on the
type of molecule and strength of the electric field.
7.3.2.1.2.1. Asymmetric T o p Molecules. The theory for the Stark effect
of a n asymmetric rotor with nuclear quadrupole interaction has been
worked out by M i z ~ s h i m a . ~ ~
7.3.2.1.2.2. Weak Field Case. Mizushima has treated the weak field
Stark interaction as a small perturbation on the states with energy
Wa WQ using nondegenerate perturbation theory and the J T I F M F
representation. His result for the Stark effect energy correction is

+

3

(7.3.22)
where

34

M. Miaushima, J . Chem. Phys. 21, 539 (1953).
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The coefficients of the sums are,

+ I + F + 2 ) ( 1+ F - J ) ( I + J + 1 - F )
(F + J + 1 - 0
~ ~ ( J I F M=F )
4F2(F + 1)2(2J+ 3)(2J + 1 ) ( J + 1)
(J + I + F + 3 ) ( J + I + F + 2 ) ( J - I + F + 2 )
( J - I f F + l ) [ ( F4- 1)' - MF']
( J I F M F )= 4(F + 1)'(2F + 3)(2F + 1)(2J + 3)(2J + I ) ( J + 1)
( I + F - J ) ( I + F - J - l ) ( I + J - F + 2)
MF'(J

f2

(I

+ J +F + 2)(1+ J

- F)(I +F

-J

+ 1)
(7.3.24)

This correction is added to the rotational plus quadrupole energy,
W E WQ,and the spectrum is found by subtraction. The quadrupole
.~~
interaction energy W Qmay be computed by the theory of B ~ - a g gThe
J r I F M p representation is particularly well adapted to this calculation
since F and M F remain good quantum numbers under the nuclear quadrupole interaction. The displacement of Stark components is quadratic
in the electric field intensity E in this ease.
7.3.2.1.2.3. Intermediate Field Case. The case of Stark and quadrupole
interactions of comparable magnitude is referred to by Mizushima as the
I' stronger field case." Mizushima gives the following secular determinant
for the energy eigenvalues.

+

eQ

<$)

( J ~ I M j M r l 3 ( *1J ) z
JT

[2I(2I - l ) J ( 2 J - 1)l-l

+ $(I

*

J) - I'J'[JTIMj'Mr')

+ (Wj7,vJ- W ) ~ , W ~ M ~ P0. ~ (7.3.25)
M~M~
=

W J r ~above
J
is the Stark energy for the case of no hyperfine structure
M I is a good quantum number
given by Eq. (7.3.10). Since M F = M J
under both perturbations, the determinant can be factored into a product
of determinants each involving only one value of M F . For a particular M F
one considers only those values of M J and MI for which M J
M I = MF.
The matrix elements of 3(1 J)'
$(I ' J) - 12J2 are given by Kellogg
et aLZ5and expressions for eQ <d2V/dZ2 > J~ are given by B r t ~ g g
and
~ ~by
Bragg and Golden.36 Mizushima does not give a detailed derivation of
35 J. K. Bragg, Phys. Rev. 74, 533 (1948).

+

+

+

a*

J. K. Bragg and S. Golden, Phys.

Rev. 76, 735

(1949).
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Eq. (7.3.25). It can be obtained by applying the contact transformation
of Golden and Wilsonz8to the matrix H R
HQ Hs followed by the
elimination of certain matrix elements which have only a small effect
on the roots of the secular determinant.
Mizushima did not consider the case of rotational near-degeneracy
which occurs for all slightly asymmetric top molecules, and which can
occur accidentally for molecules of greater asymmetry. In such cases
approximate eigenvalues of the energy may be obtained by solving
htizushima's secular equation with the Stark energies replaced by Stark
energies corrected for degeneracy according to the method described by
Golden and Wilsonz1for the asymmetric rotor without nuclear quadrupole interaction. A more accurate result may be obtained by a diagonalization of the matrix H R HQ H s . The transformation used by Golden
and Wilson is again useful for separating the contributions of neardegenerate levels. The transformed Hamiltonian contains a great many
terms, and approximations must be made in order to obtain a workable
result. Reasonable approximations lead to the Mizushima result for no
rotational near-degeneracies, but for the case of rotational near-degeneracies the result is slightly different from the Mizushima result corrected
as described above.
7.3.2.1.2.4. Symmetric T o p Molecules. The Stark effect for symmetric
top molecules with hyperfine structure has been treated by LOWand
Towne~.~'
7.3.2.1.2.5. W e a k Field Case. In weak electric fields the Stark interaction may be treated as a small perturbation of the state with energy
WR W Qusing the J K I F M F representation. The first-order Stark perturbation energy is

+ +

+ +

+

P E K J ~ FF ( F
W!JlkIFM, - - J ( J 1)

+ [

+ 1) + J ( J + 1) - I ( I + 1) .
2F(F + 1)
1

(7.3.26)

For J = 0 , W Qis zero and the second-order correction is given by (7.3.18).
The most compact expression for the second-order energy correction for
J # 0 is given by C o e ~ t e r . ~ ~

W'Z'

-

p2E2K2
e&p[3K2- J ( J
1 ) ] J ( J 1)
R ( F ) ( F Z- MF') - R(F
1)[(F 1)' - MF'I
Y ( F ) - Y ( F - 1)
Y ( F ) - Y ( F 1)
/ L ~ E ' [ ~M F(F
F~
1 ) 1 [ 3 0 ( 0- 1) - 4F(F
1)J(J
111
(7.3.27)
- hB2J(J 1)(2J - 1)(2J 3)2F(F 1)(2F - 1)(2F 3)

+

JKrFMr-

*[

+

37

38

+

+

+

+

+

+
+
+ +

W. Low and C. H. Townes, Phys. Rev. 76, 1295 (1949).
F. Coester, Phys. Rev. 77, 454 (1950).

+

1
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where

R(F)

=

Y ( F )=
C
D

=
=

+ + - F21
+ 1)
$C(C + 1 ) - I ( 1 + 1 ) J ( J + 1)
2(2J + 3)(2J - 1)1(2I - 1 )
F ( F + I ) - 1(1 + 1 ) - J ( J + 1)
F(F + 1 ) - 1 ( 1 + 1) + J ( J + 1 )
[F2 - ( I - J ) ' ] [ ( 1 J
4F2(2F - 1)(2F

For K # 0 the second-order effect can usually be neglected.
7.3.2.1.2.6. Strong Field Case. If the separation between levels split by
the Stark effect is very large compared to the separation between levels
split by quadrupole interaction but much smaller than the splitting between rotational levels, then J K I M J and M I may be assumed to be good
quantum numbers, but F is not. The quadrupole interaction may then be
treated as a small perturbation of the states with energy W R W S ,where
W S is computed from (7.3.14) and (7.3.15). The first-order quadrupole
perturbation interaction is

+

WYkIM,MI

= ( J K I M J M I J HJQK] I M J M I )

When the above result is used for the perturbation energy it amounts to
assuming that all off-diagonal elements of HQ are zero. When solving for
the perturbation energy of the K = 0, IMJI = 1 states, one cannot neglect the off-diagonal elements linking the degenerate M J = f l and
M J = - 1 states. The quadrupole interaction mixes the wave functions
of these states and the perturbation energy must be found from the
secular determinant,

1

W ( JK +I)
(J

+ (J K +1IHOIJ K +I) - W
K -1)lH~lJ K +I)

+

(J

W ( J K -1)

K + l l H ~ l JK -1)

+ ( J K - ~ I H Q I J K-1) - W ) = O

where W ( J K 1 ) is the Stark energy for the state with M J = 1 given
by Eqs. (7.3.14) and (7.3.15).
7.3.2.1.2.7. Intermediate Field Case. For intermediate fields where the
quadrupole and Stark splittings are of the same order of magnitude,
one must find the energy eigenvalues by diagonalization of the Hamiltonian matrix, HQ Hx.The matrix elements may be computed using
either the J K I F M p representation or the J K I M J M I representation.
M F = M J M I remains a good quantum number under this pertur-

+

+
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bation. For K # 0 one can usually neglect matrix elements off-diagonal
in J . The elements off-diagonal in K vanish if the molecular dipole moment is along the symmetry axis as it must be for true symmetric tops.
Therefore the Hamiltonian matrix can be separated into blocks by collecting elements involving the same J K I M F . The energy eigenvalues for
a particular J K I M F are then found by diagonalizing that block of the
Hamiltonian matrix. Low and Townes3' chose the J K I F M F representation for this problem, and their paper gives a sample calculation. The
matrix of HQis diagonal in F in this representation, but the calculation of
the HEmatrix requires expansion of the wave functions in the J K I M J M ~
representation. It might be easier to use the J K I M J M I representation
throughout, since the matrix elements of H E are easy to obtain from the
direction cosine matrix elements,a2and those of HQ are given by Kellogg
et aLZ6
7.3.2.1.2.8. Linear Molecules. The Stark effect for linear molecules with
hyperfine structure is the same as that of a symmetric top with K = 0.
7.3.2.1.2.9. Relatiae Intensities of Stark Components of Hyperjne Lines.
For weak electric fields in which F and MF are good quantum numbers
the relative intensities I of the Stark components are as follows.
For AF

=

0 and A M P = 0,
I

and for AF

=

=

PMF2

(7.3.29)

+_1and 4MF = 0,

where P and Q depend on the particular levels involved and F is the
smaller of the two total angular momentum quantum numbers. In very
strong electric fields J and M J will be good quantum numbers, and the
following relative intensities are obtained.

For AJ

=

0 and AMJ

=

0,

I
and for AJ =

+_

=

PddJ2

(7.3.31)

1 and ~ M =J 0,

I

=

&[(J

+

-

MJ2].

(7.3.32)

Again P and Q depend on the particular rotational levels involved and
J is the smaller of the two rotational quantum numbers.
For electric fields of intermediate strength the relative intensities must
be calculated by finding the wave functions of the hyperfine levels in
~ the JTIFMF representation, evaluating the eleceither the J T M J I M or
tric dipole moment matrix elements connecting the two states, and
squaring these. Once the wave functions have been expressed in terms
of the functions J . ( J r M j I M r ) or the functions $(JrIFMF) the above
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intensities may be used in evaluating the matrix elements, since they are
proportional to the squares of the respective matrix elements.
7.3.2.2. M e a s u r e m e n t of the S t a r k Effect. I n order t o determine
molecular electric dipole moments from the Stark effect the Stark components of the microwave spectral lines must be observed and their frequencies measured. The construction of a Stark modulated microwave
spectrograph is discussed in Chapter 2.1 of this volume. The spectrograph
consists of a monochromatic source of microwave radiation, Stark absorption cell and square wave voltage generator, crystal detector, preamplifier, phase-sensitive second detector, recorder, and a means of
measuring frequencies. Only those components of particular importance
to Stark effect measurements are discussed below.
7.3.2.2.1. THESTARK
EFFECT
ABSORPTION
CELL. The absorption cell
of a Stark effect microwave spectrograph is usually constructed from the
original design of Hughes and Wilson.as It consists of a waveguide of
rectangular cross section with a center electrode which is a metal strip
lengthwise the waveguide and parallel t o the long dimension of the cross
section. The strip is held at the center of the short dimension by two
grooved strips of insulating material, such as Teflon, along the sides. The
metal strip is perpendicular to the microwave E field and does not interfere with transmission of the TEol mode.
Absorption cells are frequently cooled with dry ice. This presents a
problem because the stresses which occur during heating and cooling
cause the metal strip and the Teflon insulators to creep along the length
of the cell. The electrical connection to the metal strip, if sufficiently
strong, can eliminate this movement. A description of such a connection
follows.
The metal strip is made of two strips, each approximately one-half the
length of the cell, soldered together with short pieces overlapping on each
side. The ends of the short pieces are shaped so that the microwave E field
sees no sharp discontinuities. The ends of the two halves are not butted
together but are left separated so th at there is a gap through which a
screw can be forced. The screw passes through the walls of the wave
guide and is fastened by nuts tightened against Teflon bushings a s shown
in Fig. 2. Each end of the screw is enclosed in a vacuum-tight box soldered
to the walls of the waveguide. The box on one side has a glass seal through
which the screw passes so that it can be connected t o a uhf fitting.
The metal strip and the Teflon strips should be machined so th a t they
fit easily into the waveguide. If the Teflon strips are stretched a s they are
pulled in they will contract during the heating and cooling cycle and leave
$2

R. H. Hughes and E. B. Wilson, Jr., Phys. Rev.

71, 562 (1947).
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the ends of the metal strip unsupported. The ends of the Teflon should
extend several inches beyond the metal strip in order to avoid this.
The electric field between the center electrode and walls of the guide
will be inhomogeneous especially near the edges of the electrode. The
effect of an inhomogeneous field is to broaden the Stark components.
Fortunately the microwave field is strongest in the middle of the guide

FIG.2. Details of the Stark cell. Upper part shows how the center conductor is
joined with two overlapping pieces. Lower part is a cross section at t h e center of the
guide showing how the electrical connection t o the center conductor is made. A identifies the overlapping pieces; B is a screw which is forced through the gap in the center
conductor; C identifies t h e Teflon strips which support the center conductor; D identifies two Teflon bushings; E identifies nuts, washers, and a soldering lug on one end
of screw A; F is a glass seal through which a wire is soldered to the soldering lug; G
identifies holes for evacuating the chambers formed at each end of t h e screw; H is a
uhf fitting. The chamber immediately behind the uhf fitting has a lid which is screwed
into place.

where the field is most uniform, and the observed Stark components are
fairly narrow as can be seen in Fig. 3. The effective field intensity is
approximately equal to the applied voltage divided by the electrode-toguide distance d, with an error of less than one per cent. A more accurate
value of the effective field may be determined by calculating an effective
value of d for the cell by measurement of the Stark effect of OCS. The
dipole moment of OCS has been very carefully measured by Shulman
and Townes40 taking account of field inhomogeneities.
7.3.2.2.2. STARKVOLTAGE
GENERATORS.
Several Stark voltage gen40

R. G. Shulman and C. H. Townes, Phys. Rev. 77, 500 (1950).

FIG.3. The Jr = 21 + 30 transition of N02Cla5showing the Stark components for an electric field of 515 volts/cm. The F2 valves
are for the lower state. The valves of Fin the upper state are not identified because the 30 level is degenerate in F.
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erators are described in the l i t e r a t ~ r e . ~ ’These
- ~ ~ produce Stark voltages
by alternately charging and discharging the center electrode a t a fixed
frequency near 100 kc. The resulting Stark voltage is a square wave with
adjustable amplitude and with one side clamped to ground potential.
The method of clamping has been improved by Lorimer Clayton a t
Georgia Institute of Technology. The improvement provides both an

n
85 kc from switch tubes
in square-wave generator

zero reference

to Stark
cell

I-f

HV

Fro. 4. Circuit for clamping and measuring the Stark voltage.

adjustment of the clamping potential so that it may be kept on zero
and a method of measuring the magnitude of the square wave voltage.
It is given in Fig. 4 as adapted for the generator given by Gordy et
The 8020 diode clamps the upper side of the square wave to a potential
approximately equal to that of its cathode. I n normal operation switch XI
4lL. C. Hedrick, Rev. Sci. Znstr. 20, 781 (1949); 22, 537 (1951).
42 A. H. Sharbaugh, Rev. Sci. Znstr. 21, 120 (1950).
48 W. Gordy, W. V. Smith, and R. F. Trambarulo, “Microwave Spectroscopy,”
p. 58. Wiley, New York, 1953.
44 See reference 43, p. 61.
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is in the “operate” position so that the cathode is returned to a small
potential which is adjustable about ground by means of a potentiometer
R,. It is adjusted so that the top of the square wave as observed on the
oscilloscope is a t ground potential.
To measure the magnitude of the Stark voltage the switch S1 is placed
in the “measure voltage” position, and the dc adjustable reference voltage is adjusted to shift the waveform upward on the oscilloscope until the
bottom of the waveform is at ground potential. The amplitude of the
Stark voltage is then equal to the reference voltage which is measured by
the precision voltmeter V. Ideally, both the resistor R%and the voltage
of the high-voltage power supply should be large enough to constitute
a constant current source. This would maintain the voltage across the
8020 diode constant. Any change in this voltage occurring during the
adjustment of the reference voltage introduces an error in the measurement of the Stark voltage. In practice this change may amount to several
volts and can be taken into account by measuring the current through
the diode with meter M and referring to the diode tube curve to get the
change in voltage. When making this correction one must remember that
the current through the diode is twice the meter reading because current
flows in the tube for only one-half cycle.
7.3.2.2.3. STARK
MODULATION
AND THE PHASE-SENSITIVE
DETECTOR.
As a result of the change in the energy of the molecule when an external
electric field is applied, a field which is alternately on and off can be used
to modulate the microwave radiation. The output of the Stark voltage
generator, when applied to the center conductor of the Stark cell, produces such an electric field. When the klystron frequency coincides with
that of a spectral line, absorption occurs when the Stark voltage is zero,
and does not occur when the Stark voltage is different from zero. When
the klystron frequency coincides with that of a Stark component, absorption occurs when the Stark voltage is applied, and does not occur when
the Stark voltage is zero. The former absorptions will be called main lines
and the latter Stark components. The output of the crystal detector,
located at the end of the absorption cell, is a signal whose frequency is
the same as that of the Stark voltage generator. A main line signal is
180” out of phase with the Stark voltage, and a Stark component signal
is in phase with the Stark voltage. Because of this difference in phase it is
possible to distinguish between the two absorptions.
Phase-sensitive detectors have been described by Gordy et al.44and by
Figure
5 gives a phase-sensitive detector conTownes and S c h a w l o ~*. ~
~

* See also Vol. 2, Section 9.4.1.
C. H. Townes and A. L. Schawlow, “Microwave Spectroscopy,” p. 422. McGrawHill, New York, 1955.
46

P 300 "

ua
ua

4

FIG.5. Circuit diagram for an 85-kc phase-sensitive detector.
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structed by Clayton to operate at 85 kc. The signal-in comes from a
tuned 85-kc amplifier similar to the first few stages of the 100-kc detector
described by Gordy et al. The 85-kc reference signal comes from the
Stark voltage generator by way of a phase-shifting amplifier. The output of the phase-sensitive detector may be viewed on an oscilloscope if
the frequency of the klystron is being swept electrically with a saw-tooth
voltage of a few cycles per second. This enables one to properly adjust
the phase and balance of the reference signal while viewing a strong absorption line. To increase the sensitivity the frequency of the klystron is
slowly varied with an electric motor and reduction gears driving the
mechanical tuner, and the output of the phase-sensitive detector is displayed on a recording milliammeter.
Figure 3 shows the J = 213 30 transition of NOzCl using the phasesensitive detector described above. The upward deflections are main lines
and the downward deflections are Stark components.
7.3.2.2.4. FREQUENCY
MEASUREMENTS.
In order t o measure the dipole
moment of a molecule by use of the Stark effect the frequency separation
of the Stark components from the main line must be determined. This
separation can be obtained from absolute frequency measurements of the
Stark component and the main line. Several circuits for providing the
necessary standard frequencies have been r e p ~ r t e d . * ~ -The
* ~ general
method is one of frequency multiplication from a crystal controlled
oscillator which is constantly compared with a signal from the National
Bureau of Standards Radio Station WWV. The output of the frequency
standard may, for example, be 30, 90, 270, 540, and 2160 Mc. All these
are applied to a 1N26 crystal which is used as a multiplier and mixer.
It is connected to the waveguide by means of a directional coupler, or a
waveguide tee, so that some microwave energy from the klystron is also
applied to the crystal. The crystal produces standard frequencies 30 Mc
apart which extend up into the microwave region and two beat notes of
frequency less than 30 Mc which result from the klystron signal beating
with the standard frequency signals. Either of these beat notes can be
detected by a calibrated communication receiver connected to the multiplier and mixer crystal holder by means of a coaxial tee.
Strong absorption lines can be displayed on an oscilloscope as the
klystron is electronically swept over a region of several megacycles. The
output of the receiver is a sharp voltage pulse which occurs when the
beat note is equal to the receiver setting. This pulse is added to the absorption signal and also appears on the oscilloscope. The pulse is narrower
than the absorption line and can be set on the center of the absorption
R. R. Unterberger and W. V. Smith, Rev. Sci. Instr. 19, 580 (1948).
See reference 45, p. 468.
4s W. E. Good, Westinghouse Research Labs. Sci. Paper No. 1638 (1950).
46
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line by adjusting the receiver. The difference between the absorption
frequency and one of the standard frequencies is then equal to the frequency setting of the receiver.
An absorption type w a ~ e m e t e ris~used
~ to determine the approximate
frequency of the absorption line so that one will know which of the
standard frequencies produces the beat note. As a further aid in determining which standard frequency is being used the 30-Mc signal can be
removed from the crystal; this leaves standard frequencies every 90 Mc
apart. The frequency of the 90-Mc standard frequency nearest to the klystron frequency is easily determined with an absorption type wavemeter.
For weaker absorption lines which can only be detected with the phasesensitive detector and recorder the beat note can be heard using the
speaker of the receiver. Because of variations in the klystron frequency
the beat note is not as clean as one might expect, but it is possible after
some practice to distinguish it from other noise. Since the klystron is
tuned very slowly one can tune the receiver in l-Mc steps, listen for the
beat note a t each setting, and mark the recording a t l-Mc intervals. It is
also possible to set the receiver by trial and error until the beat occurs
a t the peak of the absorption line.
WolfeKO
describes a method of frequency measurement which provides
frequency marks at 1.25-Mc intervals along the side of the recording.
He used standard frequencies 5 Mc apart in the microwave region and
two communication receivers to detect the beat notes. One receiver was
tuned to 5.625 Mc and the other to 6.875 Mc. Thus beat notes occur a t
1.250-Mc intervals as the klystron frequency is varied continuously.
Another method of determining a frequency difference of two absorption lines has been described6’ in which the klystron was frequencymodulated so that the center frequency and sidebands were produced.
Both the center frequency and the sideband frequencies produce absorption lines. The frequency of the modulation is adjusted until the two
absorption lines coincide on the oscilloscope. The frequency separation
of the two lines is then equal to the modulation frequency.

7.3.3. Molecular Beam Method
Another direct method for measuring molecular dipole moments is
based on the deflection of a molecular beam in an electric field. When a
beam of polar molecules passes through an inhomogeneous electric field
the interaction between the electric field and the molecular electric dipole
49 W. Gordy, W. V. Smith, and R. F. Trambarulo, “Microwave Spectroscopy,”
p. 41. Wiley, New York, 1953.
60 P. N. Wolfe, J . Chem. Phys. 26, 976 (1956).
61 B. P. Dailey, R. L. Kyhl, M. W. P. Strandberg, J. H. Van Vleck, arid E. B. Wilson.
Jr., Phys. Rev. 70, 984 (1946).
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moment will affect the rotation of the molecule in such a way that the
dipole moment will not average to zero. The interaction of the average
dipole moment with the electric field gradient causes a deflection of the
beam, and by measurement of this deflection the dipole moment can be
calculated.
The similarity between the molecular beam and the Stark effect methods may be seen as follows. The energy of interaction between the molecular dipole moment and the electric field is just the Stark energy 13s
discussed in Section 7.3.2, and the force on the molecule is equal to the
negative gradient of Es[F, = - (dEs/dz)].Using the force derived in this
way the deflection of the beam may be computed by classical mechanics.
Molecular beam experiments have been discussed by R a r n ~ e y and
, ~ ~ the
measurement of dipole moments by this method has been discussed by
Estermann and F r a ~ e r The
. ~ ~ method is more difficult to use than the
classical methods or the Stark effect described above, and the results of
different investigators are not always in good agreement. The dipole moand the alkali h a l i d e ~ ~ ~have
- ~ 7 been measured by this
ments of HC163s64
also
method. S ~ h e f f e r s ~has
**~
~ studied the polarizability of Cs, K, Li, H,
and 0 atoms by this technique.

7.3.4. References to Tables of

Dipole Moments

Experimentally determined values of molecular electric dipole moments
can be found in the following publications:
1. Trans. Faraday SOC.30, Appendix (1934).
2. L. G. Wesson, “Tables of Electric Dipole Moments,” Technology Press, Massachusetts Institute of Technology, Cambridge, Massachusetts, 1948.
3. “Landolt-Bornstein Zahlenwerte and Funktionen,” 6th ed., Vol. I, Part 3,
Molecular 11, pp. 388-493 and 712-720. Springer, Berlin, 1951.
4. R. J. W. LeFivre, “Dipole Moments,” Appendix, p. 132. Methuen, London, 1953.
5. A. A. Maryott and F. Buckley, Tables of dielectric constants and electric dipole
moments of substances in the gaseous state. U S . Natl. Bur. Standards Circ. 637 (1953).
6. C. H. Townes and A. L. Schawlow, “Microwave Spectroscopy,” Appendix VI,
p. 613. McGraw-Hill, New York, 1955.

A partial listing of dipole moments is given in Table I in order to
illustrate the agreement between moments determined by different methK 2 N. F. Ramsey, “Molecular Beams.” Oxford Univ. Press, London and New
York, 1956.
53 I. Estermann and R. G. J. Fraser, J. Chern. Phys. 1, 390 (1933).
64 H. Scheffers, Physik 2. 41, 89 (1940).
K 5 H. Scheffers, Physik Z. 96, 425 (1934).
s6 W. H. Rodebush, V. Murray, and U. Bixler, J. Chem. Phys. 4, 372, 536 (1936).
67 R. G. J. Fraser and J. V. Hughes, J. Chem. Phys. 4, 730 (1936).
K8 H. Scheffers and J. Stark, Physik 2.36, 625 (1934); 37, 217, 220 (1936).
K g H. Scheffers, Physik 2. 40, 1 (1939).
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TABLE
I. Electric Dipole Moments
Molecule

Dipole moment

Method of
measurement"

State or
solvent

Reference*

CO

0.112 f 0.005
0.10
0.10
0.12

Stark
Temp.
Temp.
Temp.

Gas
Gas
Gas
Gas

76
3
25
53

CsF

7.875 f 0.006
7.3 f 0.5

Stark
Mol. Beam

Gas
Gas

77
49

CSI

12.1

Mol. Beam

Gas

33

KCI

10.48 A 0.05
9.53
8.0
6.3
10.41 rf: 0 . 0 5
10.8

Stark
Mol. Beam
Mol. Beam
Mol. Beam
Mol. Beam
Mol. Beam

Gas
Gas
Gas
Gas
Gas
Gas

70
33
31
21
68
33

11.05
9.24
6.8

Mol. Beam
Mol. Beam
Mol. Beam

Gas
Gas
Gas

33
31
21

KBr

KI

HCN

2.985 k 0.004
2.93
3.03
2.88

Stark
Temp.
Optical
Temp.

Gas
Gas
Gas
Gas

69
23
34
10

HCCCl

0 . 4 4 If: 0.01
0 . 4 4 i 0.01

Stark
Temp.

Gas
Gas

60
39

NzO

0.166 k 0.002
0.14 rt 0.02
0.17

Stark
Temp.
Temp.

Gas
Gas
Gas

58
17
25

OCY

0.709 +_ 0.004
0.72
0.720 k 0.005
0.65

Stark
Stark
Temp.
Temp.

Gas
Gas
Gas
Gas

57
48
52
3

H2O

1 . 9 4 k 0.06
1.84
1 . 8 4 i 0.01

Stark
Temp.
Optical

Gas
Gas
Gas

46

Benzene
Ether
Dioxane

20
12
12

(PA =

1.76
1.71
1.91

0.02

Optical
0pt)ical
Optical

51
27

5%)
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TABLE
I (Continued)
Molecule

Dipole moment

Method of
measurement

State or
solvent

Referenceb

H2S

1.02 f 0.02
0.931

Stark
Temp.

Gas
Gas

64
3

so2

1.59 f 0.01
1.61
1.60 f 0.02

Stark
Temp.
Temp.

Gas
Gas
Gas

63
1
38

0.58 rt 0.05
0.53 k 0.02
0.44

Stark
Stark
Optical

Gas
Gas
Liquid

74
71
41

1.80 f 0.02
1.87

Stark
Optical

Gas
cc14

81
47

NOCl

PO = 1.86 f 0.02
p = 1.83 f 0.01

Stark
Optical

Gas
CCl'

79
47

NH3

1.468 f 0.009
1.44
1.437
1.43
1.38

Stark
Temp.
Temp.
Optical
Optical

Gas
Gas
Gas
n-Heptane
Benzene

62
6
53
32
32

NF3

0.234 k 0.004
0.24

Stark
Temp.

Gas
Gas

72
34

AsF3

2.815 ?r 0.025
2.65 f 0.05

Stark
Solid

Gas
Benzene

58
19

PFa

1.025 f 0.009
1.03 f 0.01

Stark
Stark

Gas
Gas

58
69

PHa

0.578 ?r 0.010
0.54
0.56

Stark
Temp.
Temp.

Gas
Gas
Gas

76
2
2

POFa

1.77 f 0.02

Stark

Gas

69

HeOz

2.26
2.06
2.13

Stark
Optical
Optical

Gas
Ether
Dioxane

73
16
12

NOiCl

0 . 5 3 0.01
0.42 f 0.01

Stark
Stark

Gas
Gas

80
78

0 3

NOBr

=
p =
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TABLE
I. (Continued)
Molecule
CHFs

CHFzCl

Dipole moment
1 . 6 4 f 0.02
1.59

Method of
measurement"

State or
solvent

Referenceb

Stark
Temp.

Gas
Gas

65
30

Stark

Gas

82

Temp.

Gas

15

3.97
3.92 rt 0.06
3.94

Stark
Stark
Optic a1

Gas
Gas
Gas

56
70
36

3.51
3.45

Optical
Optical

Benzene

42
42

Stark
Optical

Gas
Gas

58
36

1 . 4 5 rt 0.02
0.12 f 0.02
= 1.45
= 1.40

pa =
/Lb =

p
I./

CHsCN

(Pa = 5 % )

CH3Br

1.797
1.79

* 0.015

(PA =

5%)

1.75
1.45

Temp.
Temp.

Gas
Hexane

29
7

CHzCl

1.869 & 0.010
1.87 k 0.03
1.861 t 0.008
1.86
1.56
1.65
1.86 f 0.005
1.85
1.85
1.83

Stark
Stark
Temp.
Temp.
Temp.
Temp.
Temp.
Temp.
Temp.
Temp.

Gas
Gas
Gas
Gas
Hexane
CCl,
Gas
Liquid
Hexane
Gas

58
55
8
5
7
7
13
18
18
29

CHsF

2.07 rt 0.02
1.808

Stark
Temp.

Gas
Gas

69
22

CHaI

1.647 k 0.014
1.64 & 0.01
1.41
1.35
1.59
1.60
1.56

Stark
Optical
Optical
Optical
Temp.
Temp.
Optical

Gas
Gas
Benzene
Hexane
Gas
Gas
cc14

36
35
7
22
29
44

58

674

7.

ELECTRIC PROPERTIES OF MOLECULES

TABLE
I. (Continued)
Molecule
CHBOH

Dipole Moment
f i ~ ~ c=o 0.893
f i L C 0 = 1.435
fi = 1.690
1.69
1.706 f 0.005
1.688 3~ 0.006
1.66 f 0.02

Method of
measurement"

State or
solvent

Reference*

Stark

Gas

61

Temp.
Temp.
Optical
Optical

Gas
Gas
Gas
Benzene

28
40
40
11

(PA= 15%)

CHaNH2

1.62
1.68

Optical
Temp.

Benzene
Gas

45
4

0.30
1.23
p = 1.27
1.33 f 0.01
1.23 f 0.02
1.28
1.46
1.08
1.32 k 0.01

Stark

Gas

66

Temp.
Temp.
Temp.
Temp.
Temp.
Optical

Gas
Gas
Gas
Benzene
Liquid
Gas

37
9
50
50
50
37

Gas
Gas

75
36

pa =
~r,
=

(PA

=

5%)

3.46 f 0.02
3.54

Stark
Optical

3.10
3.10
3.02
3.17
3.18

Optical
Optical
Optical
Optical
Optical

CClr
Benzene
Benzene
C7H16
n-Heptane

24
24
14
26
26

GeHaCl

2.124 k 0.02
2.03

Stark
Optical

Gas
Gas

67
43

SiHaCl

1.303 0.01
1.284 k 0.005

Stark
Temp.

Gas
Gas

59
39

CHaNOi

(PA

=

5%)

Stark indicates measurement by analysis a t the Stark effect; Temp. indicates the
variation of temperature method; Optical indicates the variation of frequency method
with the estimate of PA shown in parenthesis; Solid indicates the variation of state
method; and Mol. Beam indicates the molecular beam method.
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ods. The solvent effect is apparent in the values obtained in different
solvents. The listing is not complete but contains some of the simple
molecules whose dipole moments have been measured by analysis of the
Stark Effect.

7.4. Molecular Electric Quadrupole Moments
The molecular electric quadrupole moment of a symmetric top molecule is given by
= Jp(3z2 - r') dv
(7.4.1)
where p is the charge density and z is along the molecular symmetry axis.
This definition differs from that given for the nuclear quadrupole moment
by a factor of electron charge. It also differs in that the integration is
over the static molecule.
The nuclear electric quadrupole moment interacts with the very large
electric field gradients occurring within the molecule and produces spectral line splittings which are easily resolved. The molecular electric quadrupole moment on the other hand can be determined only by its interaction with an electric field gradient resulting from external charges. Field
gradients which can be applied by laboratory electrode systems are not
sufficient to produce observable effects on the spectrum, but large interactions involving the molecular quadrupole moment do occur when two
molecules approach one another very closely. These interactions contribute to pressure broadening of spectral lines.

7.4.1. Impact Theory of Spectral Line Widths
Pressure broadening of microwave spectral lines can be satisfactorily
explained by assuming that a molecule radiates or absorbes a constant
amplitude wave between collisions. The observed spectral line consists of
the Fourier components of this constant amplitude wave with abrupt
beginning and end. The orientation of the molecule after collision is
assumed to be random. The half-width of the spectral line is given by
Av = 1/2m
(7.4.2)
where T is the mean time between collisions. The collision cross section u
is related to r by the equation
7 = l/n&T
(7.4.3)
where fi is the average velocity, and n is the number of molecules per
unit volume. Therefore one obtains for the collision cross section,
u = l/nijr = 21r Av/nO.
(7.4.4)
Collision cross sections calculated from (7.4.4) and the observed linewidths are usually larger and in some cases several times larger than
kinetic theory cross sections. This result is not surprising when one considers that the interaction energy required to interrupt radiation is considerably less than that involved in a kinetic theory hard-sphere-type
collision. Therefore radiation can be interrupted when molecules pass
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near one another without the occurrence of a hard-sphere-type of collision. During the time in which the molecules are close to one another
the frequency of the radiating molecule will be shifted, and it may make
a transition t o another state. As they separate the radiation frequency
will return t o its original value if no transition occurred, but the phase
will have been shifted. I n either case the radiation has been interrupted.
I n optical spectra phase shifting or adiabatic collisions are important,
but in microwave spectra a n interaction strong enough to cause an
appreciable phase shift will produce a transition. Therefore pressure
broadening of microwave lines results from radiation interrupting collisions in which the colliding molecule merely passes near the radiating
molecule and induces it to make a transition to another state.

7.4.2. Multipole Interactions
The fact that collision cross sections calculated from spectral line widths
are larger than kinetic theory values indicates that the line broadening
interaction is of relatively long range. Thus one is led to consider dipoledipole and dipole-quadrupole interactions. A rigorous quantum-mechanical treatment of dipole-dipole interactions has been given by AndersonGo
and a simplified version of this theory has been applied to dipole-dipole
and dipole-quadrupole interactions by Smith and Howard.61
Smith and Howard assume that a collision occurs if the tot,al transition
probability lajkl integrated over the path of the perturbing molecule is
greater than one-half. Their treatment neglects rotational resonance
which is a first-order interaction occurring for linear and symmetric top
molecules when the radiating and colliding molecules are identical and
have rotational quantum numbers differing by one (J2= J 1 k 1). Rotstional resonance is an important factor in the broadening of ammonia
lines by ammonia, but in most other cases it can be neglected. Smith and
Howard give for dipole-dipole interactions,
(7.4.5)
where p1 is the component of dipole moment along the angular momentum
axis for the rotating molecule and p z is the corresponding quantity for the
colliding molecule averaged over the states of the colliding molecule.
When this result is set equal to one-half and solved for u = ?rb2one obtains

(7.4.6)
(7.4.7)
60

61

P. W. Anderson, Phys. Rev. 76, 647 (1949).
W. V. Smith and R. Howard, Phys. Rev. 79, 132 (1950).
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This result of Smith and Howard agrees with the more rigorously derived
result of Anderson within the accuracy of the theory. The above result is
in good agreement with experimentally measured widths of the ammonia
inversion lines for which J = K . For these lines rotational resonance is
not a contributing factor. Anderson’s theory which takes account of rotational resonance is in good agreement with experimental results for all
ammonia lines. Both theories give good agreement for the broadening of
ammonia lines by foreign gases with large dipole moments,
When the dipole moment of the colliding molecule is zero or averages
to zero for the rotational state higher order interactions such as dipolequadrupole interactions must be included in order to account for observed line widths. Smith and Howard obtained for dipole-quadrupole
interactions the transition probability

(7.4.8)
where &’ is the effective quadrupole moment for the rotating molecule
equal to one-half the static moment in the case of linear molecules. Molecular quadrupole moments calculated from this relation may be found
in the paper of Smith and HowardG1and in the book b y Townes and
Schawlow.62The results are consistent with estimates of quadrupole moments based on known molecular structures and Eq. (7.4.1). Because of
the large number of interactions involved and the uncertainty in molecular constants, one cannot expect precise values of molecular quadrupole
moments from the above treatment.

7.5. Optical Activity
When plane polarized light is transmitted through a sugar solution the
plane of polarization is rotated about the direction of the beam. T h e
amount of rotation is proportional to the distance traveled in the solution indicating a volume effect rather than a surface effect. This phenomenon is called optical activity and is observed for many substances
both solid and liquid. Sugar molecules occur in two forms which are
mirror images, and their solutions rotate the plane of polarization in
opposite directions. Since the molecules of a liquid are randomly oriented
the phenomenon must be an individual molecule effect.
The theories of optical rotation have been reviewed in a n article by
C ~ n d o nAn
. ~ ~analysis of the phenomenon on the basis of electromag62 C. H. Townes and A. L. Schawlow, “Microwave Spectroscopy,” p. 365. McGrawHill, New York, 1955.
63 E. U. Condon, Revs. Modern Phys. 9, 436 (1937).
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netic theory shows that if the effect is to be attributed to individual
molecules there must be induced electric and magnetic dipole moments
given by
p e = m E - - -P
(7.5.1)
c at

and
(7.5.2)
respectively. This might come about in the following way. Consider a
plane polarized wave and a molecule in the shape of a right-handed spiral
oriented with the spiral axis parallel to the magnetic field of the wave.
The changing magnetic field in the spiral induces an emf tending to move
electrons around the spiral and hence toward one end producing a molecular electric dipole moment given by the second term of (7.5.1). The
electric field of this dipole is a t right angles to the electric field E of the
plane wave, and when it is added to E the resultant electric field is rotated slightly with respect to its former direction. For a molecule with
spiral axis along E the changing E field produces a current along the
spiral, and, since this current must flow around the spiral, i t produces a
magnetic moment along the spiral axis given by (7.5.2). When the field
of this magnetic dipole is added to the H field of the wave, the resultant
magnetic field is rotated slightly with respect to its former direction. I n
this way the plane of polarization of the wave is rotated as it traverses
the substance. Since a right-handed spiral is right-handed viewed from
either end, the effect does not average to zero for the randomly oriented
molecules of a liquid.
The specific optical rotation for a pure substance is defined by
[a]= a/ZD

(7.5.3)

where a is the observed rotation in degrees, 1 is the length of optical path
in the substance in decimeters, and D is the density in g/cm3. The molecular optical rotation is defined as
(7.5.4)
where M is the molecular weight. The optical rotation of a substance is
dependent on the wavelength, and the wavelength is usually indicated
by a subscript. The correlation of molecular rotations with molecular
structure has been discussed by K l i ~ ~ e . ~ ~
84 W. Kline, in “Determination of Organic Structures by Physical Methods” (E. A.
Braude and F. C. Nachod, eds.), p. 73. Academic Press, New York, 1955.

8. ULTRASONIC STUDIES AND THERMODYNAMIC
PROPERTIES OF FLUIDS
Volume 1 of this series discusses the propagation of sound waves
through matter (pp. 199 to 234) and the determination of the ratio of
specific heats from sound velocity measurements (pp. 277 to 280). This
part discusses further the use of sound waves as a tool for the investigation of molecular properties of gases and liquids. When the proper
analysis is made, it is possible to calculate a number of physical properties of gases and liquids from measurements of the sound velocity and
absorption. In gases, for example, sound velocity and absorption measurements provide one of the most convenient and accurate means for determining such properties as the ratio of specific heat, virial coeficients, and
relaxation times for the transfer of translational energy of molecules
into internal molecular energy (vibration and rotation). In the case of
liquids this list can be extended to include adiabatic and isothermal
compressibility.
The velocity of the sonic wave is measured either by measuring the
“time of flight” of a high-frequency sound pulse over a known distance
or by measuring the frequency and wavelength. The velocity of sound
in gases a t room temperature varies from 1300 m/sec in hydrogen to
150 m/sec in bromine vapor. I n liquids the range is from 1600 m/sec in
glycerine to 600 m/sec in hydrogen fluoride.
The attenuation is usually determined from the decrease in output of
a transducer as the path length of the sound wave is increased. Generally, measurements are made on plane waves and the magnitude of the
exponential decrease in the amplitude of the sound wave is expressed in
terms of an amplitude absorption coefficient a. In this case, since the
intensity of the wave is proportional to the square of the amplitude,
the ratio of the intensity a t two points a distance x apart is given by
exp(-2ax). The term 2a is then referred to as the intensity absorption
coefficient. For practical purposes the intensity absorption coefficient is
often measured in terms of the decibel per unit length, which is 20a log e
or 8.686~~.
The propagation of sound waves in fluids is represented by the simultaneous solution of four equations: (1) the equation of motion which expresses conservation of momentum; (2) the equation of continuity which
expresses conservation of mass; (3) the heat transfer equation which expresses conservation of energy; and (4) the equation of state of the fluid.
The general solution of these four equations is very involved.’ When
For a discussion of these equations and their solutions see F. V. Hunt, in “American Institute of Physics Handbook,” p. 3-27. McGraw-Hill, New York, 1957.
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these equations are restricted to special cases it is possible to find approximate solutions for the velocity of propagation and the absorption of the
sound wave in terms of the physical properties of the fluid. Such equations can be used either to predict the velocity, if the properties of the
fluid are known, or they can be used to determine the properties of the
fluid from measured values of the velocity and absorption. This chapter
will be concerned only with plane waves of small amplitude. This approximation implies that the amplitude of the particle displacement is small
compared to the wavelength divided by 2 ~ a, condition adequately fulfilled with intensities up to 0.1 watt per square cm. These are the kind of
waves which are generally used for exploring molecular properties.

8.1. Velocity and Absorption of Sound in Gases and Vapors*
This chapter treats the theoretical and experimental aspects of sonic
measurements in gases and vapors. Chapter 8.2 is a similar treatment for
liquids. We first discuss (Section 8.1.1) a number of the familiar equations for the sound velocity and absorption in gases and vapors, noting
carefully the conditions under which each equation is applicable. A realization of the approximations involved in each equation is basic to correct
interpretation of sonic and ultrasonic measurements. Section 8.1.2 discusses some methods of measuring sound velocity and absorption in gases.
8.1.1. Theory of Sound Transmission in Gases and Vapors
8.1.1.1. Adiabatic Propagation in a Nonviscous Gas or Vapor. In
this simplest case the gas pressure can be expressed as a function of
density alone and the equations mentioned above solved to yield the
following familiar equation for the sound velocity,
02

=

(2).

(8.1.1)

8

P is pressure, p is density, and the s indicates the derivative is taken a t
constant entropy. In this case then, the sound wave is propagated without attenuation with a speed which is independent of frequency. By
) ~ an appropriate equation of state, it is
proper evaluation of ( d P / d ~from
possible to relate the sound velocity to the physical properties of the gas
or vapor. A few of the equations derived in this way which have been
found useful are discussed in this section under the headings of ideal and
real gases.

-

* Chapter 8.1 is by F. D. Shields.
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It should be noted that all of the equations in these two sections are
derived for the case of negligible viscosity and heat conduction. These
equations can also be used to predict the velocity in gases or vapors
when there is an appreciable attenuation duc to viscosity and heat conduction if the wave i s in free space and relaxation effects are absent. Analysis and experiment both show that the attenuation in this case leaves the
velocity unchanged. If the measurements are made in a tube, the losses
to the tube wall produce both an attentuation and a decrease in the
sound velocity. These various effects are discussed in greater detail in
Section 8.1.1.2.
In order to approximate the unbounded condition, measurements a t
audible frequencies have to be made in rather large enclosures which
often present difficulties in maintaining uniform composition, purity, and
temperature. To avoid these difficulties measurements are usually made
a t high frequencies where the wavelength is short enough to permit
measurements on small samples.
8.1.1.1.1. IDEAL
GAS.For an ideal gas, Eq. (8.1.1) for the sound velocity
takes the familiar form
(8.1.2)
where R is the universal gas constant, T is the absolute temperature,
M is the gram molecular weight, y is the ratio of specific heats, POand
pa are the equilibrium gas pressure and density. I n this case the velocity
in a particular gas depends only on the absolute temperature.
8.1.1.1.2. REALGAS.In case the boiling point of a gas is above - 150°C
Eq. (8.1.2) no longer reliably predicts the sound velocity, and Eq. (8.1.1)
must be evaluated from the appropriate equation of state. For this purpose Eq. (8.1.1) is more conveniently expressed by means of standard
thermodynamic relationships in the form
(8.1.3)
I n this equation C, is the specific heat per mole a t constant volume.
Further manipulation is necessary to obtain C, since the specific heat
of a real gas is a function of pressure and temperature. It is therefore
necessary to obtain C, by integrating its derivative,

C,

=

+ /av T

CVo

a2p

dV

(8.1.4)

where CVois the specific heat per mole a t constant volume and zero pressure. Of course, any appropriate equation of state can be used to evaluate
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Eqs. (8.1.3) and (8.1.4) to obtain the sound velocity in terms of the constants involved in the particular equation of state which is chosen. AS
an illustration of the procedure, when the viral equation,

PV

=

RT

+ BP

is substituted in Eqs. (8.1.3) and (8.1.4), and terms containing (dB/dT)2
and B2 are neglected, one obtains for the velocity

RT

+ 2PB

C,

)[-

M

v2=(

+ R + 2P(dB/dT)]
C7J

(8.1.5)

and for the specific heat

C,=CvO-P

(8.1.6)

The virial coefficient B depends only on temperature. In Eq. (8.1.5) the
term
dB
Cv -k R i2 P a
is just the specific heat at constant pressure for the real gas. These
equations therefore connect the three quantities CVo,B , and v.
Since Cvo is independent of pressure, measurements of the sound
velocity a t different pressures and temperatures determine the value of
the virial coefficient B as a function of temperature. Using this method
van Itterbeek and his co-workers have obtained the temperature variation in the virial coefficient in a number of vapor^.^,^
For this purpose Eq. (8.1.6) is substituted into Eq. (8.1.5), again neglecting the square of correction terms, and the resulting equation expressed as

v

= vo

(1

+ g)

(8.1.7)

where v o is the limiting value of the sound velocity as the pressure goes to
zero and is given by
(8.1.8)
and

T R dB
S=B+--+
CvodT

T2R2
d2B
2Cv0(CV0 R ) dT2'

+

Measurements of the velocity at a particular temperature are then plotted
a A. van Itterbeek and 0. van Paemel, Physica 6, 593, 845 (1938); A. van Itterbeek
and L. Lauwers, ibid. 12, 241 (1946).
a A. van Itterbeek and W. van Doninck, PTOC.
Phys. SOC.(London) 68, 615 (1946) ;
B62,62 (1949).
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as a function of pressure. The intersection of the resulting straight line
with the velocity axis gives the sound velocity a t zero pressure and therefore the ideal value of the ratio of specific heats. The slope of this straight
line graph of velocity versus pressure then gives the value of S from which
the virial coefficients are obtained.
If Berthelot’s equation for the virial coefficient,

is substituted into Eq. (8.1.5), the resulting expression for the velocity

where y is the ratio of specific heats for the real gas.
In a similar way equations for the sound velocity can be developed
from van der Waals’ equation4 and the more accurate Beattie-Bridgeman
eq~ation.~
8.1.1.2. Nonadiabatic Propagation in a Viscous Gas or Vapor. The
equations developed in the previous section (8.1.1.1) assumed that the
plane sound wave was propagated without loss in energy. I n developing
the equations for the velocity, viscous forces were considered negligible
and changes in pressure were assumed to take place adiabatically. In
most experimental situations these assumptions are not justified and it is
necessary to consider the attenuation of the sound wave due to thermal
conductivity, viscosity, and thermal relaxation. In this section we will
discuss the equations for velocity and absorption which include the
effects of thermal conductivity and viscosity, and in the next section the
equations when thermal relaxation is considered.
8.1.1.2.1. CLASSICAL
ABSORPTION.The study of attenuation of sound
waves is more than a century old. By 1845 Stokes had included loss due
to viscous effects in a wave equation, and in 1868 Kirchhoff considered
jointly the effect of heat conduction and viscosity on the wave. The
results of Kirchhoff’s analysis indicated that both heat conduction and
viscosity produce a negligible effect on the velocity of a plane wave in
free space but contribute significantly to the attenuation.6
His expression for the attenuation coefficient is widely used in predicting absorption in monatomic gases and other gases in the absence of
molecular effects. It is generally referred to as the “classical absorption,”
4 W. T.Richards and J. A. Reid, J. Chem. Phys. 2, 193 (1934).
6 H. C. Hardy, D. Telfair and W. H. Pielemeier, J. Acoust. SOC.
Am. lS, 226 (1942).
6Lord Rayleigh, “Theory of Sound,” 2nd ed., Vol. 11, Topic 346. Macmillan,
London, 1926.
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and is given by
co

(8.1.9)

Y

In this equation f is the sound frequency, q is the viscosity, and K is
the thermal conductivity. Assuming the velocity is independent of pressure, this equation can be written in the form

where kc depends on the physical properties of the gas, but for a particular gas is a function of temperature only. Table I gives some representative values of k, for various gases and vapors. For convenience, the units
of k, in this table are decibels per cm/(kilocycles per sec)z per mm Hg.
Therefore, the absorption of the sound in decibels per cm is obtained by
multiplying k, by the square of the frequency in kilocycles per second
divided by the pressure in mm of Hg. The values were calculated using
the ideal gas approximation for the sound velocity and therefore only
apply at reduced pressures.
TABLE
I. Classical Absorption (k, X lo3) in Gases and Vapors"
T"C

Ar

NZ

coz

Air

c12

Brz

12

0
50
100
150
200
250
300

1.23
1.30
1.36
1.40
1.44
1.47
1.51

0.85
0.89
0.92
0.95
0.97
0.98
1 .oo

0.90
0.98
1.05
1.I1
1.16
1.21
1.25

2.44
2.55
2.63
2.69
2.73
2.75
2.77

1.03
1.12
1.20
1.26
1.32
1.37
1.40

1.82
1.93
2.04
2.15
2.26
2.37
2.48

2.34
2.49
2.63
2.77
2.94

a The units of k, are decibels per cm/(kilocycles per see)*per mm Hg. The values
of k, are obtained by multiplying the values in the table by l O V .

8.1.1.2.2. TUBEEFFECT.
Kirchhoff applied his 1868 analysis including
heat conduction and viscosity also to the case where the wave is confined to a tube of circular cross section.'
The case of most interest here is the "wide tube" case where the layer
of gas immediately affected by the walls of the tube is small in comparison to the tube radius. In this case the attenuation of the sound wave,
to the second approximation, is the sum of two terms: the classical absorption plus the tube absorption. The latter is given by

(8.1.10)
7

See reference 6, Topics 348-351.

8.1.

PROPAGATION OF SOUND IN GASES AND VAPORS

687

Here r is the tube radius. In this case the classical absorption is small
compared to the tube absorption.
The velocity of the sound in the tube is also affected by the tube wall

where vf is the velocity in free space.
Usually the ideal gas approximation for the velocity is adequate and
these equations reduce to t'he form
at = k , ($)'I2

and
v=vf-

. kt 10-3
(fP)-"Z.
2~8.686

t y

The factor kldepends on the physical properties of the gas and the radius
of the confining tube. For a particular gas and tube, kt is a function of
temperature only. From these two equations it is seen that the fractional
change in velocity due to the tube wall is 1/2r times the attenuation per
wavelength. The units of kl are the same in both equations and are decibels per cm/(kilocycles per sec per mm Hg)1/2.The numerical values of
kt for a tube of 1-cm radius have been calculated for a number of gases
and vapors and are given in Table 11. Again the values listed for the
vapors only apply at low pressures.
TABLE11. Tube Absorption (kr) in Gases and Vapors"

T"C

Ar

0
50
100
150
200
250
300

0.273
0.292
0.309
0.324
0.337
0.350
0.362

0.213
0.227
0.240
0.250
0.260
0.267
0.275

coz

Air

c1,

Brz

I2

0.183
0.197
0.208
0.219
0.228
0.238
0.245

0.216
0.231
0.243
0.254
0.264
0.272
0.280

0.178
0.192
0.205
0.216
0.227
0.236
0.244

0.190
0.202
0.215
0.228
0.240
0.253
0.264

0.205
0.218
0.230
0.242
0.255

The units of kt are decibels per cm/(kilocycles per sec per mm Hg)'/*.

Early discrepancies between these equations and experimental results
caused Henry to re-evaluate the assumptions of the Kirchhoff derivation.*
He established these assumptions as valid and suggested irregular motion
of the gas near the tube wall as a possible source of the large experimental
values.
8

P. S. H. Henry, Proc. Phys. SOC.(London) 43, 340 (1931).
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Westong has made a more recent analysis of the effect of the tube on
the sound wave. His equations are a great deal more complicated and
give results which differ only slightly from the values obtained by the
Kirchhoff equations for the “wide tube” case. Experimental results with
but few exceptionsl0*l1have shown the Kirchhoff equations to predict
correctly the variation of absorption and velocity with frequency and
tube radi~s.’2-‘~
However, the magnitude of the factor which depends on
the physical properties of the gas is not so well-established. According to
Henry* a slight irregularity in the tube wall (both small scale roughness
and slight waviness) could create irregularities of motion of the gas resulting in a reduction in the effective diameter of the tube and thereby increase the absorption. Shields and Lagemann, using precision bore glass
tubing 1.73 cm in diameter, have found the Kirchhoff equation adequately
to predict both absorption and velocity correction.ls
I n order to insure only plane waves in the sound tube it is necessary to
place an upper limit on the frequencies employed. This limit is the cut off
frequency for the first transverse mode and is given by
u10

=

-0.5861~
. 2r

(8.1.12)

Measurements probing molecular properties are usually made below this
frequency limit. However the behavior of the transverse vibrations has
been investigated in some detai1.2”29
D. E. Weston, Proc. Phys. SOC.(London) B66, 695 (1953).
R. D.Fay, J. Acoust. SOC.Am. 12, 62 (1940).
11 G.T.Kemp and A. W. Nolle, J. Acoust. Soc. Am. 26, 1083 (1953).
12L. E.Lawley, Proc. Phys. SOC.(London) B66, 181 (1952);B67,65 (1954).
13 D.E.Weston and I. D. Campbell, Proc. Phys. SOC.
(London) B66,769 (1953).
14 G.A. Norton, J . Acoust. SOC.
Am. 7 , 16 (1935).
16 G. W. C. Kaye and G. G. Sherratt, Proc. Roy. SOC.
(London)A141, 123 (1933)
1sP. Mariens, J . Acoust. Soc. Am. 29, 442 (1957).
17 F. A. Angona, J. Acoust. Soc. Am. 26, 336 (1953).
18 F. D.Shields and R. T. Lagemann, J . Acoust. SOC.
Am. 29, 470 (1956).
19 L. L. Beranek, “Acoustic Measurements.” Wiley, New York, 1949,with correction as indicated in L. L. Beranek, J. Acoust. SOC.Am. 23, 115 (1951).
2 0 A. M. Ghabrial, Acustica 6 , 187 (1955).
21 R.F. Lambert, J . Acoust. SOC.
Am. 27, 790 (1955).
22 H. E. Hartig and C. E. Swanson, Phys. Rev. 64, 618 (1938).
23 H.E.Hartig and R. F. Lambert, J. Acoust. SOC.Am. 22, 42 (1950).
14E.A. G.Shaw, J. Acoust. Soc. Am. 22, 512 (1950).
2sH. E.Hartig, R. F. Lambert, J . Acoust. SOC.Am. 23, 111 (1951).
26R.E.Beatty, Jr., J . Acoust. SOC.Am. 28, 639, 850 (1950).
27 B. P.Bogert, J . Acoust. SOC.
Am. 22, 432 (1950).
28 R. F. Lambert, J. Acoust. SOC.
Am. 23, 480 (1951).
28 R. F.Lambert, J . Acoust. SOC.Am. 26, 1068 (1953).
B
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8.1.1 -3. Thermal Relaxation. All of the equations for sound absorption
and velocity in gases and vapors which have been presented thus far in
this chapter have considered the compressibility and specific heat of the
gas to be independent of the sound frequency. In most polyatomic gases
this assumption is good for only a limited range of frequencies. In such
gases the energy of the gas molecule is considered to be divided into two
or more parts which adjust to the rapid compressions in the sound wave
at different rates. For example, the rapid compression that takes place in
a sound wave causes an increase in the translational energy of the molecules and an appreciable time may elapse before this energy is shared by
rotation and vibration within the molecules. The rotational energy is
found to adjust much more rapidly than the vibrational and therefore
can be considered to stay in phase with the translational energy when
studying the “vibrational relaxation” process. This energy adjustment
delay results in a decrease in specific heat as far as the sound wave is
concerned and therefore an increase in sound velocity. In addition, the
pressure and volume changes no longer occur 180 degrees out of phase,
and work is expended on the gas by the sound wave resulting in an
attenuation of the wave which may be hundreds of times larger than the
classical attenuation. This additional absorption remaining after the
classical and tube absorptions have been subtracted from the measured
absorption is called relaxation or molecular absorption.
Since the molecular energy is transferred by collision, a reduction in
the gas pressure retards the flow of energy from translation to vibration
and therefore shifts the relaxation dispersion and absorption region to a
lower frequency. For this reason it is customary to specify the dispersion
region in terms of frequency over pressure or kilocycles per atmosphere.
This is experimentally important since it is usually easier to get a continuous range of pressures than a continuous range of frequencies.
There are a number of different methods advanced for the explanation
of this relaxation dispersion and absorption in terms of molecular struct ~ r e . ~These
O
theories predict velocity and absorption curves of the form
shown in Fig. 1. This figure was drawn for chlorine gas a t 256°C. The
equations for such curves can be written in terms of a relaxation time r
and a relaxing specific heat Ci, which is associated with the lagging energy
mode. If it is known what modes fail to follow the acoustic cycle, the value
of Ci can be calculated from spectroscopic data using the Planck Einstein
equation,

Ci= R (k)’
kT

ehvlkT

(ehvlkT-

1)2

ao For a review of these theories see 0. Nomoto, J. Phys. Sac. Japan 12,85 (1957);
and J. J. Markham, R. T. Beyer, and R. B. Lindsay, Revs. Modern Phys. 23, 353

(1951).
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where v is the fundamental frequency of the vibrating mode which fails
to follow the acoustic cycle. In these terms the total specific heat a t constant volume can be written

where Cw
, is the frequency-dependent specific heat and w is the angular
frequency. C, is the specific heat associated with the rapidly adjusting

FIG.1. Variation of sound velocity and absorption due t o thermal relaxation. These
curves have been drawn for a value of fm = 135 kc/atmos and A , = 0.240 nepers per
wavelength. These curves have been verified by the author for chlorine gas at 256°C.

molecular modes and is therefore the specific heat encountered by the
sound wave a t very high frequencies where there is no time for flow of
energy into the lagging internal modes. The three specific heats are related by the equation

c, = c, + ci.

When this complex frequency dependent specific heat is substituted into
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Eq. (8.1.3), one obtains the following equation for the velocity,

In this equation ZIO is the low-frequency sound velocity given by Eq.
(8.1.3) using the static value of specific heat,, v, is the high-frequency
velocity obtained when the specific heat is taken to be C,, f , is the frequency pressure ratio a t which the maximum absorption occurs (see next
paragraph), and f is the varying frequency pressure ratio. fin is related to
the relaxation time T by the equation,

where C, is the usual specific heat a t constant pressure.
The imaginary part of the specific heat gives rise to a relaxation absorption. The frequency dependence of this part of the absorption is given
in the equation,

A is the intensity absorption per wavelength; A , is the maximum value
of A and is dependent only on Ciaccording to

From these equations it is seen that both the relaxation time and the
lagging part of the specific heat can be determined from either the absorption or dispersion curve. Probably the most important information
gained from sound measurements is the value of the relaxation time, since
this relaxation time is a measure of the efficiency of energy transfer in the
collision process. A short relaxation time indicates a high probability for
the transfer of energy in a collision. The curves shown in Fig. 1 and the
corresponding equations were developed on the assumption that there
was a single relaxation time for the flow of energy into the internal modes.
As previously mentioned, the vibrational and rotational energies adjust
separately but here the difference in the relaxation time is so large that
the dispersive regions are well separated and the equations mentioned
above can be applied to each region separately. There have been a few
reports of distinct relaxation times for different vibrational modes in
complicated m o l e c ~ i l e s , ~more
~ - ~ ~often, however, the entire vibrational
3 1 W. H. Pielemeier, J. Acoust. Soc. Am. 16, 22 (1943).
32
33

T. S. Rao and J. C. Hubbard, J . Acoust. SOC.Am. 27, 321 (1955).
D. Sette, A. Busala, and J. C. Hubbard, J . Chem. Phys. 23, 787 (1955).
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TABLE
111. Relaxation Data for Various Gases
~~

Gas

coz
coz
coz
c02

CO2
N20

cos
CSn

so2
SFE
c12
0 2
0 2

Nz
Hz
D2

CHI
Dry air

Temp.
(“C)

Type of
relaxation

0
31
99
200
305
23
23
23
23
36
25
19
41
29

vib.
vib.
vib.
vib.
vib.
vib.
vib.
vib.
vib.
vib.
vib.
vib.
rot.
rot.
rot.
rot.
rot.
rot.

0
0
41
32

fmmax

(kc/atmos)

29
31
45
65
90
153
287
397
1040
890
39
0.05
122,000

.......
11,000
13,000
300,000
1 16,000

~

~~

T

(see)

7.04 X
6.88 x
5.16 X
3.92 x
3.05 X
14.4 x
8.6 X
7.0 x
1.8 x
5.89 x
4.85 X
3.0 x
2.2 x
1.2 x
2.3 x
2.0 x
1 .OB x
2.3 x

10V

10-6

10-7
10-7
10-7
10-7
10F6
10-3
10-9
10-9
10-8
10-9
10-9

~

Referencc
a
a
a

a
a
i
i
i

i
Q
h
b
C

d
e

e

f
j

F. I). Shields, J . Acoust. Sac. Am. 29, 450 (1957); 13, 248 (1959).
H. Knoteel and L. Knoteel, Ann. Physik 2, 393 (1948).
J. V. Connor, J. Acoust. SOC.Am. 30, 297 (1958).
A. J. Zmuda, J . Aeoust. SOC.Am. 23, 472 (1951).
E. S. Stewart and J. L. Stewart, J . Acoust. Sac. Am. 24, 194 (1952).
f B. T . Kelly, J . Acoust. Sac. Am. 29, 1005 (1957).
C. L. O’Connor, J . Acoust. SOC.Am. 26, 361 (1954).
F. D. Shields, J . Acoust. Sac. Am. 32, 180 (1960).
E. F. Fricke, J . Acoust. SOC.Am. 12, 245 (1940).
i C. Ener, A. F. Gabrysh, and J. C. Hubbard, J . Acoust. SOC.Am. 24,474 (1952).
@

energy is found to relax with a single relaxation t,ime.34-37Beyer has
analyzed the case of double relaxation times and shown that when the
two relaxation times are of the same magnitude the shape of the absorption curve is affected in a complicated way making it impossible to determine the maximum value of the absorption for the individual processes
from the composite curve.38This theory lacks experimental verification.
The measured values of the relaxation time for energy transfer to the
vibrational degrees of freedom a t room temperature and atmospheric
pressure range from about 3 X
for oxygen to 7 X
second for
T. D. Rossing and S. Legvold, J . Chem. Phys. 23, 1118 (1955).
J. D. Lambert and J. S. Rowlinson, Proc. Roy. SOC.A204,424 (1950).
a8 P. G. T. Fogg and J. D. Lambert, Proc. Roy. SOC.A232,537 (1955).
37 R. Amme and S. Legvold, J . Chem. Phys. 26, 514 (1957).
a* R. T. Beyer, J . Acoust. Sac. Am. 29, 243 (1957).
a4
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hexane. These relaxation times are found to decrease with temperature.
The relaxation time for the transfer of energy to the rotational degrees
of freedom is very short but has been measured for a few gases. For
example, the rotational relaxation times in hydrogen and oxygen are
second, respectively. Table I11
approximately 2 X lo-* and 2 X
gives some representative values for relaxation data. The first column
of this table gives the gas. The second column gives the temperature a t
which measurements were made. The third column identifies the relaxation as vibrational or rotational. The fourth and fifth columns give the
frequency of the maximum absorption and the corresponding relaxation
time, respectively.
For further information on thermal relaxation in gases, the reader
should consult some of the excellent review articles available in the
literat~re.~~~~~-~~
8.1.2. Measurements of Velocity and Absorption in Gases*
8.1.2.1. Interferometer Method. The standard apparatus for ultrasonic
measurements in gases is the Pierce variable path i n t e r f e r ~ m e t e r .I~n ~
this instrument a gas column of varying length forms the load on a quartz
crystal vibrating a t its resonant frequency. The loading effect of the gas
greatly increases whenever the length of the gas column is a whole multiple of a half-wavelength of the sound. This loading effect is reflected in
the driving circuit of the crystal. Thus it is possible to measure the wavelength of the sound by varying the distance between the crystal and a
reflecting surface and noting the periodic changes which are thus produced in the driving circuit.
There are two basic types of circuits generally used to drive the crystal
and detect the periodic variation in impedance which accompanies the
motion of the r e f l e ~ t o r There
. ~ ~ are also circuits which combine the two
basic t y p e ~ . ~These
4
two types of circuits are sketched in Fig. 2.
Figure 2a is the circuit first developed by Pierce and widely used to
measure absorption and velocity in the medium frequency range.46-48
* See also Vol. 1, Chapter 5.3.
C. Kittel, Rept. Progr. in Phys. 11, 205 (1946-1947).
40

S. Petralia, Nuovo cimento [9] 9, Suppl. 1, 1 (1952).

G. Richardson, Reus. Modern Phys. 27, 15 (1955).
G. W. Pierce, PTOC.Am. Acad. Arts Sci. 60, 271 (1925).
43P. W. Smith, Jr., Tech. Mem. No. 30, ONR Contract N5 ORI-76, A.D. No.

4IE.
42

18 356 (1952).
4 4 T. F. Hueter and R. H. Bolt, “Sonics,” pp. 342-343. Wiley, New York, 1955.
4 6 C. D. Reid, Phys. Rev. 36, 814 (1930).
4 8 W. H. Pielemeier, J . Acoust. Sac. Am. 10, 313 (1939).
47 H. C. Hardy, D. Telfair, and W. H. Pielemeier, J . Acoust. SOC.
Am. 13,226 (1942).
48 A. v m Ttterbeek and W. van Doninck. Ann. phys. [ l l ] 19,88 (1944).
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The variation in the standing wave pattern above the crystal, which
accompanies the motion of the reflector, produces corresponding variations in the amplitude of the vibrations of the crystal. This in turn produces the changes in plate current which locate the nodal points in the
standing wave. Hardy has shown that it is also possible to obtain the
absorption coefficient of the sound from the logarithmic decrease in resonant, antiresonance decrement in the plate current as the reflector is
moved if two conditions are fulfilled. First the measurements must be
made far enough from the crystal so that +A is a small fraction of the
sound path-length, and second the fractional change in plate current A I / I
REFLECTOR
REFLECTOR

B+

-

I

I

a

T'

B-

b

FIG. 2. Basic interferometer circuits. Figure 2a is the circuit developed by Pierce
and Fig. 2b is that developed by Hubbard.

in moving the reflector from a position of resonance to one of antiresonance is maintained less than 0.03.4y
In the case of very high frequencies it is necessary to make the absorption measurements so close to the crystal that the first condition is not
adequately fulfilled.
The circuit of Fig. 2b was developed by HubbardKOand has been used
by his students to make measurements of velocity and absorption to frequency over pressure ratios in the hundred megacycle per atmosphere
r e g i ~ n . Special
~ ~ , ~ techniques
~
must be used in making measurements in
this region. The frequency of the crystals used is usually between two
and four megacycles and measurements are made a t pressures as low as a
H. C. Hardy, J. Acoust. Soc. Am. 16, 91 (1943).
J. C. Hubbard, Phvs. Rev. 38, 1011 (1931); 41, 523 (1932).
6 1 C. Ener, A. F. Gabrysh, and J. C. Hubbard, J. Acoust. SOC.
Am. 24,474 (1952).
62 J. V. Connor, J . Acoust. SOC.
Am. 30, 297 (1958).
49

60
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fraction of a cm of Hg.63At these frequencies the wavelength is of the
order of 100 microns and sound penetrates only a few millimeters into
the gas. The radiating face of the crystal and the reflector must be optically flat and parallel to within a few light fringes. At these highflp values
the absorption coeficient of the gas and the reflection coefficient of the
interface between the gas and the reflector are determined from the shape
or,
of the resonant response curve as the driving frequency is
in a simplified procedure, by noting the current when no reflections are
. ~ ~ also
~ ~ ~Vol. 1,
present and when the interferometer is e v a c ~ a t e d (See
pp. 222 and 223 for a discussion of a simplified procedure.)
A representative instrument of this type by Stewarts7 is shown in
Fig. 3. A brass piston (Pi) moves in a brass cylinder which is covered a t
one end by a quartz crystal (X). The test gas is introduced into the
region between X and Pi. An improved crystal holder employs a n adjustable backing plate and modal mounting developed by Zartman.68
The end of the piston and cylinder are ground optically flat. The alignment of the crystal and the piston is examined through the edges of the
crystal, which are left free from plating, by observing Newton’s interference fringes when the crystal and piston are illuminated from above.
Rotation of the piston is prevented by the keying screw K. Three guide
bars G are attached to the end plates and form a rigid framework fixed to
the piston. Since the bellows on the top and bottom are both attached to
this rigid framework, motion of the piston does not change the volume of
the system. Stewart has used this instrument in connection with the automatic recorder circuit shown in Fig. 4 to measure rotational dispersion
and absorption in hydrogen and deuterium.59
The wavelength measurement with the interferometer as described
above assumes plane waves between the transducer and reflector. This
condition is not easily justified a t low frequencies. Many times the reaction of the gas column on the crystal indicates “satellite peaks” which
appear alongside the regular fluctuations due t o the plane standing wave.
These have been investigated theoretically by Krashnooshkinso and experimentally by BelLB1Some of these peaks persist even when the reflector and crystal are perfectly aligned. When present these satellite peaks
J. L. Stewart and E. S. Stewart, J . Acoust. SOC.Am. 24,22 (1952).
J. C. Hubbard, Phys. Rev. 88, 1011 (1931).
66 R. S. Alleman, Phys. Rev. 66, 87 (1939).
s6 J. L. Stewart and E. S. Stewart, Phys. Rev. 77, 143 (1950).
61 J. L. Stewart, Rev. Sci. Instr. 17, 59 (1946).
681. F. Zartman, J . Acoust. SOC.Am. 21, 171 (1949).
59 E. S. Stewart and J. L. Stewart, J . Acoust. Roc. Am. 24,191 (1952).
60 P. E. Krashnooshkin, Phys. Rev. 66, 190 (1944).
J. F. W. Bell, Proc. Phys. SOC.(London)B63, 958 (1950).
63

64
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a
FIQ.3. High frequency interferometer (Stewart). The instrument as shown in this
diagram is approximately 10 cm long. X, crystal; B, backing plate; Pi, piston; G , 3
guide bars (which with end plates form a frame work fixed to the piston); K, keying
hole; Ca, caps (soldered t o bellows); Ex, exhaust tube carrying axial conductor;
Q, quartz rod t o micrometer; Be, sylphon bellows; R, steel ring soldered to bellows.
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interfere with the velocity and absorption mensuremcnts. ICrashnooshkin's theory, which was verified experimentally by Bell, attributes thew
satellite peaks to cross modes of vibration. Bell gives a method of separating the absorption due to the cross modes from that due t o the plane
wave. A number of different methods have been proposed for eliminating
these disturbing effects. Ener, Babrysh, Hubbard,'j2suggest covering the
entire end of the interferometer enclosure with the crystal, while Eucken
and B e c k e F used a series of baffles in their instrument t o eliminate
reflections from the wall.
Diffraction effects must also be considered when the wavelength becomes comparable to the size of the s o u r ~ e . ~ 4

FIG. 4. Block diagram of automatically recording interferometer circuit (Stewart
and Stewart). Dashed lines represent the mechanical drive of the interferometer
piston by the chart motor of the rerording meter.

There are many variations of the interferometer which have been developed for special purposes. Sherratt and GriffithP have developed a n
interferometer which can measure velocities in gases tfo 2000°C. At the
other extreme van Itterbeek and van Doninck3 has developed an interferometer for measurements a t liquid hydrogen t.emperatures.
In examining relaxation effects it' is very important to maintain gas
purity, since small amounts of impurity drastically shift the relaxation
phenomena to higher frequencies. For this reason great care must be
exercised in maintaining vacuum seals. To avoid the necessity of a packing seal around the shaft of the micrometer screw which moves the reC. Ener, A. F. Gsbrysh, and J. C. Hubbard, J . Acoust. SOC.A m . 24, 474 (1952).
A. Eucken and R. Becker, Z . p h y s i k . Chem. 20, 467 (1933).
64 E. G. Richardson, Revs. Modern P h y s . 27, 16, 17 (1955).
G. G. Sherratt and E. Griffiths, Proc. Roy. Sac. A147,292 (1934).
83
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flector, fixed path interferometers have been developed which can be
completely enclosed. I n these instruments the standing wave pattern is
varied by varying the wavelength.s6 This variation in wa,velength is produced by a change in temperature. Another variation replaces the reflector in the interferometer with a second crystal which matches the first
in resonant frequencyaB7
A number of other methods have been successfully used for measure~ - instrument,
~~
developed b y
ments in gases a t very high f / p v a l ~ e s . ~The
Greenspan and Thompson7oa t the Bureau of Standards, has been used
for measurements to f / p values where the wavelength of the sound approaches the mean free path of the molecules. This instrument has been
used to investigate translational dispersion in monatomic gases.’l
8.1.2.2. Tube Methods. Many times it is more convenient to investigate
vibrational relaxation times by making measurements a t audible frequencies and reduced pressures. The troublesome diffraction effects which
were mentioned above relative to interferometer studies, and which might
be expected to accompany the longer wavelengths of audible frequencies,
can be avoided by making measurements in a tube of small enough cross
section so that only plane waves can be propagated in it. The cutoff frequency for the first transverse mode of a tube of radius r is given by Eq.
(8.1.12). I n this case the measurements must be corrected for the effects
of the tube on the velocity and absorption by Eqs. (8.1.10) and (8.1.11).
For this method Angonal7 has developed a special transducer for generating the sound wave which can be completely enclosed in the sound tube.
This transducer operates on the principle of the ribbon microphone. It is
moved inside a glass tube relative to a fixed microphone and the absorption and wavelength measurements are made by observing the change in
phase and intensity of the sound arriving a t the microphone. The motion
of the sound source is accomplished by moving a magnet on the outside
of the sound tube. Standing waves are avoided by terminating the sound
path with some absorbing material such as Pyrex wool tapers. Shields
and Lagemannl8 have adapted this method to measurements a t elevated
temperatures and ShieldJ2 to measurements in corrosive gases and vapors
a t elevated temperatures. I n this method, if measurements are to be made
at low pressures, care must be exercised to shock mount the microphone
J. F. W. Bell, J. Acoust. SOC.Am. 26, 96 (1953).
E. Meyer, Nuwo cimento 191 7 , Suppl. 1-2, p. 248 (1950).
88 H. H. Keller, Physik 2. 41, 386 (1940).
89J. G . Parker, C. E. Adams, and R. M. Stavseth, J . Acoust. SOC.Am. 26, 263

88

87

(1953).

M. Greenspan and M. C. Thompson, Jr., J. Acoust. SOC.Am. 26,92 (1953).
M. Greenspan, J. Acoust. SOC.Am. 28, 644 (1956).
72 F. D. Shields, J . Acoust. SOC.
Am. 31, 248 (1959).
70
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from the tube walls so that the vibrations transmitted through the glass
walls of the sound tube will not interfere with the vibrations transmitted
by the gas under test inside the tube. One method of accomplishing this
without making a break in the sound tube is to use a narrow foil suspended across the tube in the presence of a transverse external magnetic
field for a microphone. In this way it is possible to completely enclose the
sound source and microphone in a glass tube and therefore maintain thc
extreme gas purity necessary for investigation of thermal relaxation.
AUDIO
OSCILLATOR

osc ILLOSCOPE

--

AUDIO
VOLTMETER
(Db)

AMPLl FIE R
( 7 3 Db )

FILTER

1M PE DANCE

I

MATCHING
TRANS FORMER

-- - - - - - - -- - - --- - -- - - - - - - - - - - -- - -I

I

I

GAS

SPEAKER
(MOVEABLE)
PYREX WOOL

MICROPHONE

Ht/&!--\G

CONTROLLED BOX

FIG. 5. Block diagram for the tube method of measuring sound velocity and
absorption.

Figure 5 is a block diagram of the equipment used in the tube method
discussed in the preceding paragraph. The signal from the signal generator is applied simultaneously to a coil encircling the sound tube, and
thence to the transducer inside the sound tube by transformer action
through the tube wall and also to the horizontal deflection plates of the
oscilloscope. The output of the microphone is amplified and applied t,o
the vertical deflection plates of the oscilloscope and the audio voltmeter.
An ellipse is thus produced on the face of the oscilloscope which closes to
a straight line every time the distance from the sound source to the
microphone changes by half a wavelength. By reading the voltmeter and
the separation between the sound source and microphone each time the
ellipse closes, it, is possible to obtain both the wavelength and the absorption. When using this method the relaxation absorption is obtained
by subtracting the tube and classical absorption [Eqs. (8.1.10) and (8.1.9)]
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from the measured absorption. The velocity can be corrected to free space
conditions by Eq. (8.1.11).
A few other methods for low frequency measurements should be mentioned. SchulzeT3uses a method developed by Thiesen to obtain velocities in chlorine. Schulze’s method determines the velocity relative to a
standard (usually air or nitrogen) by measurement of the resonant frequency of a cavity for the two gases.
In most diatomic molecules the vibrational specific heat is so small
that it is difficult to detect the dispersion and absorption caused by
failure of the vibrational energy to follow the acoustical cycle. The situation is further complicated by the fact that the relaxat,ion effects occur
at very low (even sub-audible) frequencies where absorption is very slight.
Knotzel and K n ~ t z e l ’have
~ been successful, however, in measuring the
absorption and dispersion in oxygen from the change in tfheresonant frequency of a cavity when impurities are added to the gas in the cavity.
The impurities shift the relaxation effects to higher frequencies where
they are more easily detected. This is the way in which the vibrational
relaxation time for oxygen, reported in Table 111, was obtained.
In another method of obtaining absorption a t low frequencies, the level
of intensity of diffuse sound in an enclosure filled with the test gas is
measured. The method compares the absorption in a test gas to that in
some standard such as nitrogen. F r i ~ k used
e ~ ~ this method to measure
the absorption due to vibrational relaxation for a number of the gases
reported in Table 111.

8.2. Velocity and Absorption of Sound in Liquids*

t

8.2.1. Introduction

Fewer reliable data exist for absorption of sound in liquids than is the
c,ase for gases. Moreover the theory of absorption in liquids is less well
developed. Many measurements exist for the velocity of sound in liquids,
but the values are notI yet predictable from more basic knowledge of
molecules. The a priori prediction of either velocity values or relaxational
absorption can be characterized as empirical and in most cases virtually
f Numbering of references, figures and tables is consecutive with that of Chapter
8.1.
7s V. R. Schulze, Ann. Physik [5]34, 41 (1939).
74 H. Knotzel and L. Knotzel, Ann. Physilc [6] 2, 393 (1948).
16E. F. Fricke, J . Acoust. Soc. Am. 12, 245 (1940).

* Chapter 8.2 is by Robert Lagemann.
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impossible. This is not to say that velocities cannot be predicted from
the measurement of other physical properties; they can. Nor is the explanation of absorption unpromising; the theory will no doubt develop
along the directions taken for gases, i.e., invoke relaxation processes.
I n this chapter we will describe methods for the measurement of velocity and absorption of compressional waves in liquids, point out the
precautions to be observed, and present a few results which will serve as
check points for those who wish to undertake measurements.
The interest in absorption in liquids, aside from practical application,
stems from a desire to study the liquid state. Perhaps the greatest interest
in measurements of velocity derives from its functional relationship to
other physical properties of liquids. These relations allow one to calculate
the value of some physical property from one or more others already
determined, and, if all the properties concerned have been measured, the
relations act as an interval check on the accuracy of measurement. If,
for instance, we wish to know the adiabatic compressibility of a liquid,
we can calculate it from the relation76

provided we know the density and the velocity of sound a t the desired
temperature. Some of the physical properties which are related are: velocity of compressional waves v, density p , adiabatic compressibility Bad,
isothermal compressibility B,,, the volume coefficient of expansion a, the
ratio of specific heats y, and the specific heats a t constant pressure
and constant volume c p and cv. These properties are connected by the
relations :

Of course account must be taken of the temperature a t which thevalues
are determined. Herein lies a source of difficulty in that a needed datum,
if not missing entirely, is often available a t a temperature for which the
other data are not available. It is highly desirable, for various reasons,
that absorption and velocity measurements be taken over a range of
temperatures. At least a value ought to be determined for 30°C, a convenient point usually above the ambient temperature. I n any case, to
determine a, a series of densit,y measurements must be made over a range
of temperatures, and, after an equation relating density and temperature
is obtained, the equation is differentiated with respect to temperature.
78

L. Bergmann, “Ultrasonics,” pp. 104, 106. Wiley, New York, 1938.
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The usefulness of the relations is most obvious in the case of adiabatic
compressibility and specific heat at constant volume, which are difficult
quantities to measure, I n general it can be said that data ought to be
secured a t a variety of temperatures and a t a variety of frequencies. The
latter is much more difficult to achieve, since it is not easy to build precision oscillators of variable frequency for use with liquids.
The three schemes found best for the measurement of velocity and
attenuation in liquids are the optical diffraction, the interferometric, and
the pulse methods. The first two utilize continuous transmission of energy,
the interferometric method setting up standing waves and the diffraction
method avoiding them. The pulse method utilizes discontinuous output
and requires precautions against the existence of standing waves.
The optical diffraction method has been widely used, but is giving way
to the interferometer and to devices using radar techniques. There are
several reasons for this trend. The diffraction method involves the measurement of small angles and, for absorption, the intensity of interference
fringes. Moreover, the apparatus as usually built permits the taking of
data only a t the ambient temperature. On the other hand the interferometer and pulse methods involve the measurement of larger distances,
and they are therefore capable of higher accuracy. Too, the interferometer
method can be applied to the study of smaller amounts of liquid and the
interferometer can be submerged in a constant temperature bath with
greater ease. Although the pulse method gives results similar to those
provided by the interferometer, it was not introduced until 1946 and has
not yet reached wide adoption.
8.2.2. The Optical Diffraction Method

In 1932 Lucas and B i q ~ a r dand
~ ~ Debye and Sears7xshowed that a
continuous beam of ultrasonic waves in a liquid or a solid was equivalent
to a ruled grating which could diffract light directed perpendicularly to
the sonic beam. The successive compressions and rarefactions of the
sound beam alter periodically the density and refractive index of the
liquid. The grating distance is given by the wavelength of the sound, and
the fact that the simulated grating is in constant motion has no effect on
the optical diffraction pattern.
Figure 6 is a diagram of the optical system. Light (usually monochromatic) from the light source is concentrated on the slit, then is formed
into a parallel beam as i t passes through the liquid, and then is focused in
the plane of the screen. A steady succession of compressional waves have
their source a t &, which is usually a piezoelectric crystal such as quartz,
77 R. Lucas and P. Biquard, J . phys. radium 3, 464 (1932).
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P. Debye and F. W. Sears, Proc. Natl. Acad. Sci. (U.S.) 18,409 (1932).
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and form a grating. Often an absorber a t A prevents standing waves.
When the quartz is not activated by the associated oscillator, a single
image of the slit is seen. When ultrasonic waves in the order of megacycles per second are produced by the piston action of the crystal, diffracted images appear on either side of the central image. These may be
observed by photographic means, by photoelectric methods, or visually
using a telescope mounted on a spectrometer circle.
A

SCREEN

FIG.6. Optical system for the observation of diffraction by ultrasonic waves.

The usual grating formula holds, namely,

nX

=

d sin 0

where
d

=

wavelength of the sonic beam

X = wavelength of the light used

n

=

whole number order of the fringe

0 = angle of diffraction.

The product of the frequency of the oscillator and the wavelength X gives
the velocity of sound. An excellent, modern description is given by
Burton79who uses a photomultiplier tube as a receiver.
When it is desired to measure attenuation, the intensity of the fringes
is measured by photometry of a photographic plate or b y use of photoelectric methods. Some means must be employed to vary the length of
the acoustic path. If the liquid is nonpolar, the piezoelectric crystal can
be placed in the liquid itself. Otherwise the waves must be sent through
the wall of t,he containing vessel. Alignment is very important, the liquid
must be sufficiently transparent t o light, and only of late is the method
giving results in good agreement with the other techniques.
79

C. J. Burton, J. Acoust. SOC.Am. 20, 186 (1948).
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8.2.3. The I n t e r f e r o m e t e r M e t h o d
The interferometer method for liquids is similar to that previously
described for gases. It employs a n arrangement for setting u p standing
waves between a source of sound and a plane reflector set parallel and
coaxially to it. The reflector must be movable and affixed to some lengthmeasuring device so that the distance between nodal points can be determined. The product of the frequency of the source and the wavelength of
sound in the liquid gives the velocity. The device was first described b y
Pi e r ~e . 4~
Several interferometers have been described in the literature,
but here only one such will occupy our attention.80 It is shown in
Fig. 7.
A piezoelectric quartz plate of natural frequency 500 kc/sec (about
one-quarter inch in thickness and one inch in diameter) serves as the
source of plane waves. Plated on opposite sides with aluminum, say, by
vacuum deposition, electrical contact is made simply by contact a t the
bottom with its metal support and, a t the top, by induction. If desired,
contact can be made b y leads soldered to the thin film of metaLsl The
liquid under study is placed in a cup of volume about 60 cc and diameter
1.5 inches. The quartz is brought up against the bottom of the cup by
means of the lower micrometer, after a drop of oil has first been placed
between the crystal and the cup to secure acoustic contact.
The upper piston acts as a reflector and must be set strictly parallel
to the bottom of the cup. One way to effect this is to press the ball and
socket joint assembly lightly against the cup base. Other schemes involve
adjustment with a screw arrangement. The position of the reflector can
be measured with a micrometer head. It is also possible to use the liquidair interface as the reflecting ~ u r f a c e . ~ ~ - ~ ~
The crystal is driven at, or near its natural frequency by a n oscillator
whose output frequency is controlled by the difference frequency between
a 4.0 mc and a 4.5 mc crystal oscillator circuit. A more simple circuit,
even though crystal controlled, might vary its frequency with changes in
temperature. This is minimized by using the difference frequency. The
500 kc/sec signal is amplified by a 6F6 power stage, which drives the
acoustic crystal by a loose, step-up inductivc coupling. The crystal is
thus driven by a high-voltage, high impedance source, so that any appreciable change in power consumed, such as a change in power when
standing waves are set up, is accompanied by an appreciable voltage
I>. R. McMillan and R. T. Lagemann, J . Acoust. SOC.Ant. 19,956 (1947).
R. T. Lagemann, J . Acousl. SOC.Am. 24, 86 (1952).
s 2 J. L. Hunter and F. E. Fox, J . Acoust. SOC.
Am. 22,238 (1950).
81

J. L. Hunter, J . Acoust. SOC.Am. 22, 243 (1950).
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change across the crystal. It is this voltage change which detects the
presence of standing waves as the reflector is moved.
Generally i t is a length measurement which limits the accuracy of velocity determinations. The distance is usually measured with a micrometer head of a least count of 0.0001 inch, although this could be improved
by use of a n optical interferometer mounted in its place. However, the
lack of sharpness of the nodal peaks as read on the meter in the oscillator
limits precise length readings.
The other critical measurement is th at of frequency.* To insure a
means for determining the frequency accurately, it is advisable to choose
a crystal whose natural frequency is such that a harmonic of it will closely
approximate one of the standard frequencies broadcast by Radio Station
WWV of the National Bureau of Standards. By placing a n antenna from
a receiver in the close vicinity of the oscillator it is possible t,o hear audible
beats with one of the frequencies (2.5, 5, 10, 15, and 25 Mo/sec) broadcast by Station WWV.84I n the case of a crystal cut to have a natural frequency of 500,000 cps, its fifth harmonic can be beat with the 2.5 Mc/sec
signal (during the silent period, one minute out of five) and a n audible
frequency noted. The oscillator can then be tuned t o cause the beat frequency to approach zero.
There are several precautions which ought to be observed during
measurements with precision interferometers. First of all the liquid under
study should be of a high purity, a requirement th a t applies to other
methods as well. While the purity required for velocity is not th a t demanded of work on the absorption of gases, where a few parts per million
will markedly affect the result, it must be kept in mind that the velocity
of a mixture follows a mixture rule whereby velocity varies roughly as a
linear function of percent composition. Mixtures with water are not so
simply d e s ~ r i b e dIt. ~is~important
~~~
too that temperature be controlled,
since the velocity changes about 3 m/sec for each degree change in temperature, a variation in the order of 0.3%. Further, i t is advantageous to
use low frequencies, first in order to obtain large nodal intervals and
secondly to make it more likely that one is working below the onset of
dispersion. In a typical case, a frequency of 500 kc/sec results in a wavelength of about 2 mm.
One advantage of the interferometer is that it can be adapted for the
study of corrosive liquids. It is possible to make a n interferometer of tef-

* See also Vol. 2, Chapter 9.2.
Further details can be obtained from the Director, Time Service Division, U.S.
Naval Observatory, Washington 25, D.C.
86 T. Derenzini and A. Giacomini, Ricmca sci. 13, 27 (1942).
*6G. W. Willard, J. Acoust. SOC.Am. 19, 235 (1947).
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lon or polyethylene that is air-tight (if not vacuum-tight), and one of the
authors has measured the velocity of sound in liquid hydrogen fluoride.
Measurements of velocity in liquids a t pressures up to 300 kg/cm* have
been made by S w a n ~ o n . ~ ~
A disadvantage of the interferometer is that it does not lend itself-to
precision measurements of absorption in liquids, although some such work
has been accomplished.88

8.2.4. The Pulse-Echo Method

A third useful way to measure both velocity and absorption is the pulse
method.* Here a source, the transducer, is actuated by a pulsed oscillator
for short periods of the order of microseconds a t regular intervals spaced
several hundred per second. The pulses are returned to the transducer
from a reflector a few inches distant. The echo pulse can be amplified
and displayed on a cathode-ray tube in such a way that the time for the
pulse to travel a known distance can be determined, a technique used in
radar. The absorption is obtained by noting the amount of energy reflected back to the source after having traversed various distances. The
logarithm of the intensity varies linearly with distance and the slope of
the curve provides a value of the absorption coefficient.
Excellent descriptions of the pulse method are provided by Pellam and
of both velocity and absorption
Galtsgand by P i n k e r t ~ nMeasurements
.~~
a t low temperatures have been d e s ~ r i b e dVelocities
. ~ ~ ~ ~ ~are obtainable to
1 part in 1000, or perhaps better, a precision equal to that generally obtained with an interferometer. The absorption coefficient can be better
determined with the pulse method than with an interferometer and the
usual error is between 1 and 5%.
For anyone planiiing experimental work in this field it is advantageous
to have available some “best values” to which may be compared trial
runs on a standard prior to study of an unknown. This is especially
needed because of the wide disparity of published results and because of
the multitude of unreliable data. Some best values of sonic velocity,
which the authors have found useful, are given in Table IV.
Values of the measured absorption coefficient vary widely for the same
compound. Here water should no doubt be considered a standard liquid.

* See also Vol.

2, Chapter 9.6.
a7J. C. Swanson, Rev. Sci. Instr. 4, 603 (1933); J . Chem. Phys. 2, 689 (1934).
8 8 A. L. Quirk and G. D. Rock, Rev. Sci. Instr. 6, 6 (1935).
89 J. R. Pellam and J. K. Galt, J . Chem. Phys. 14, 608 (1946).
J. M. M. Pinkerton, Nature 160, 128 (1947); Proc. Phys. SOC.(London)B62, 286

(1949).
91

91

J. R. Pellam and C. F. Squire, Phys. Rev. 72, 1245 (1947).
J. K. Galt, J . Chem. Phys. 16, 505 (1948).
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TABLE
IV. Compressional Wave Velocity in Selected Liquids
~

Liquid
Acetone (C3H6O)
Benzene (CeHa)
Carbon tetrachloride (CCl,)
Chlorobenzene (C sH $21)
Chloroform (CHC13)
Methyl alcohol (CH30H)
Water (H,O)

Density
(g/cm3)

30
30
20
30
20
30
30
30

0.8685
1.5942
1.5748
1.1042
1.0947
1.4674
0.7816

0

10
20
25
30
a

~~

Temp.
(“C)

Velocity
(m/sec)
1146
1276
937.8
907.0
1289
1249
967.7
1088.9
1407
1448.8
1484.2
1498.1
1509.9

Reference
a
b
C
C

C
C
C

d
e
e
e
e
e

E. B. Freyer, J. C. Hubbard, and D. H. Andrews, J . Am. Chem. SOC.61,759 (1929).
A. Weissler, J. Am. Chem. SOC.74, 419 (1949).
R. T. Lagemann, I). R. McMillan, Jr., and W. E. Woolf, J. Cheni. P h p . 17, 369

(1949).
A. Weissler, J . A m . Chem. SOC.70, 1634 (1948).
J. C. Hubbard and A. L. Loomis, Phil. Mag. 171 6, 1177 (1928).

There appears to be general agreement that the absorption coefficient
( a / v 2 ) of water a t 25°C is 25 X 10-17 cm-’ sec2. The largest absorption
so far found is that for liquid CSZ. Liquids in which relaxation appears
definitely to be present are tolueneg3and acetic acid.94A list of absorption coefficients for several liquids is given by Markham et aLg6
For further informattion on velocity and absorption in liquids several
excellent references are availsble.30~76~96~97
C. J. Moen, J . Acoust. SOC.Am. 23, 62 (1951).
P. Bazulin, Compt. rend. acad. sci. U.R.S.S. 3, 285 (1936); 24, 690 (1939); J.
Lamb and J. M. M. Pinkerton, Proc. Roy. SOC.A199, 114 (1949).
esJ. J. Markham, R. T. Beyer, and R. B. Lindsay, Revs. Modern Phys. 23, 353
(1951).
9 6 L. Bergmann, “Der Ultraschall,” 6th ed. Hirzel, Stuttgart, 1954.
97 P. Vigoureux, “Ultrasonics.” Wiley, New York, 1951.
98
94

9. APPENDIX*
9.

. Evaluation of Measurement

9.1.1. General Rules

In a concise expres, on of the results of the measurement of a physical
quantity, three pieces of information should be given: a number, a numerical statement of reliability, and an appropriate set of units. The number
is generally an estimate expressed in a finite set of digits (the exceptions
are numbers which are exact by arbitrary definition, or mathematical
constants such as the base of natural logarithms) reflecting the limited
accuracy of physical measurement. The statement of reliability is usually
written as plus or minus one, or at most two digits in units of the last digit
of the number, together with a sufficient explanation to allow interpretation. I n particular, one should state how many measurements were employed in the determination of the number and of its reliability. As will
be seen below, this is of great value in the critical comparison of the results
of different experiments, and in their combination with results of previous
work. The number of digits that can be read is indicated by the smallest
scale division, the least count of an instrument. Usually, one additional
digit can be estimated between scale divisions. No more-and no lessdigits should be recorded than can be read reproducibly.
To remove ambiguities, a standard form may be used for the recording
of data: the decimal point is put just after the first nonzero digit, and the
number is multiplied by the appropriate power of ten. Every digit is then
understood to be significant. The statement of reliability, or the statement of the magnitude of error, is automatically indicated b y the number
of significant digits. The final result will generally have one more significant digit than the individual readings. This procedure implies that one
should not round off readings. Any round-off increases the error. I n the
course of computation, round-off may be inevitable. A brief discussion of
errors so introduced, with further references, is given in Chapter 9.7.
For the estimation of the best value of the desired quantity and of the
significance of the result statistical techniques are used. The terms “best ”
and “significant ” should be understood in a technical sense : e.g., “best ”
and “significant ” according to some statistical criterion. The criteria
applied depend on assumptions which may or may not be true: attention
should be paid to their validity. In the following, only a prescription of the
techniques can be given. For this reason, a word of warning is in order:
~

* Part 9 is by Sidney Reed.
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these techniques, properly used, can improve the understanding of the
results and the judgment of their worth-but they are not a substitute for
thought.’ It should be emphasized that work in certain fields, e.g., cosmic
ray or high energy physics, requires more complete attention to statistical
techniques in the planning and interpretation of experiments than can be
discussed here. 2 , 3

9.2. Errors
9.2.1. Systematic Errors, Accuracy
Statements about reliability of a measurement require assessment of
the accuracy and of the precision of the work. Lack of accuracy is considered to be due mainly to what long usage has termed systematic errors.
I n general, systematic errors are definite functions of experimental
method, instruments, or environmental conditions. If detected they can
usually be corrected for. Sometimes a single correction will be adequate
for the entire work and can be applied at the end. The caliber of investigators cited in the above examples should be a warning that constant, or
slowly varying systematic errors are hard to detect. The crucial test is the
comparison of measurements of the same quantity obtained from different
experiments, using different principles.
9.2.2. Accidental Errors, Precision
Precision implies close reproducibility of the results of successive individual measurements. It is assumed that, in general, there is a variation
from measurement to measurement. This scatter of data is usually considered due to accidental errors; it is imagined th a t the experiment is
aimed a t a constant quantity, superimposed on which there is a random
sum of small effects independent of each other and of the quantity itself
which are responsible for the variation of the results. Absence of variation
is not necessarily an indication of precision; it may be due simply to a n
excessively large least count of the instrument used.
1 For a readable introduction t o statistical methods and for further references,
see E. 3. M‘ilson, Jr., “An Introduction to Scientific Research.” McGraw-Hill, Kew
York, 1952; H. Cramer, “Elements of the Theory of Probability and Its Applications.”
Wiley, New York, 1955; J. Cameron, in “Fundamental Formulas of Physics” (D.
Mensel, ed.), Chapter 2. Prentice-Hall, New York, 1955.
a See, for example, L. Jhnossy, “Cosmic Rays.” Oxford Univ. Press, London and
New York, 1953.
3 M. Annis, W. Cheston, and H. Primakoff, Revs. Modern Phys. 26, 818 (1953);
J. Orear, Univ. of California Radiation Lab. Rept. UCRL-8417 (1958).

9.3. Statistical Methods
To analyze accidental errors, the actual data are imagined to be a
random selection, one for each measurement, of values from a large reference distribution which could be generated by infinite repetition of the
experiment. In statistical terms, this is a finite sample from a “parent
distribution” (p.d.). For reasons of mathematical convenience, it is usual
to assume that the p.d. can be approximated satisfact,orilyby an analytic
function (p.d.f.) having two or three parameters. A finite data sample
permits at most the assignment of odds t o the values of the p.d.f.
parameters which represent the best value and the significance of the
measurement.
In most cases, a reasonable, explicit assumption of a definite form of the
p.d.f. is desirable. Which form should be taken depends on a preliminary
assessment of the probabilistic features of the experiment. If the errors are
accidental in the sense described in Chapter 9.2 above, a normal (see
Section 9.3.1) distribution function (n.d.f.) is appropriate. If the experiment is directly concerned with probabilistic phenomena, e.g., counting
experiments in nuclear physics, the Poisson or some other discrete probability distribution function may be chosen. In this case the measurements
are generally indirect3 (see Chapter 9.5).
For the problem of estimation of the best value alone one does not need
to assume any particular p.d.f. ; a systematic estimation using least
squares can be made.4 A sharp quantitative statement of the statistical
significance of a difference between two “best” estimates of the same
quantity cannot be made, however, without assuming a definite form for
the p.d.f.

9.3.1. Mean Value and Variance
The fraction of readings d N ( x ) / N drawn from the p.d.f. f ( x ) lying in
the range between x and x
dx is

+

dN(x)/N

= f ( x ) dx.

(9.3.1)

The function f ( x ) is normalized: J f ( x )dx = 1. The average of any funcdx.
tion g(r), denoted by <g(x)>, is defined by < g ( x ) > = J”g(x)f(x)
The range of integration may, for mathematical convenience, extend in
both directions to infinity. Of special importance are the average of x:
called the mean
< x > = J x f ( x )dx
(9.3.2)

‘E. R. Cohen, Revs. Modern Phys. 26, 709 (1953).
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and the average of (x - < x > ) * , called the dispersion or variance of x
=

““(2)

J-(x - <x>)”(x) dx.

(9.3.3)

The square root of the variance, u ( z ) is called standard deviation or sometimes standard error. It is a measure of the spread of the data and thus
of the precision. An important example of a p.d.f., often assumed to apply
to accidental errors, is the Gaussian or normal distribution (n.d.f.) :
=

[ d 2 ~ u ~ ( x ) ] - ~ e x p(x[ -- <x>)2/2u2(z)1

(9.3.4)

characterized by two parameters, the mean < x > and the variance
u2(x). N measurements xi allow the formation of the sample mean
(9.3.5)
and the sample variance
N

s’(2) = ( N

- 1)-1

2

(Xi

- 2)2.

(9.3.6)

i=l

The mean has the property of being the value of a parameter a which
minimizes ZL1 (xi - a ) z . On the grounds of consistency, one expects that
00 .* For computain some sense 5 converges to < x > and s to u as N
tion, it is useful to subtract a constant A of the order of size of xi, so that
---f

N

z -A

=

N-1

1

(Xi

- A)

(9.3.7)

i=l

and

[c
n;

s2(x) = ( N -

l)-I

(xi - A ) 2 - N ( 5

-

A)’].

(9.3.8)

i=
1

9.3.2. Statistical Control of Measurements
The use of any p.d. implies that the data may be regarded as drawn
at random from it. There are statistical tests for this,’ but in the case
of data scatter because of accidental errors, a rough “control chart” can
assist in detecting systematic departures which are functions of time.
Such a chart may be made by plotting, on the abscissa, the order (in
time) of the reading, and on the ordinate, the reading itself. If there
is previous information on the scatter of the data using the same instrument under similar conditions, so that u(x) is known, one can, at least

* This is so in the technical sense of convergence in probability; see, e.g., Crctmer,
reference 1.
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tentatively, draw lines on the chart a t 9 sf: 3a which should, if the data
are in control, bracket practically all the points. It is quite valuable t o
have such a chart associated with a precise instrument.
If no previous information is available] one should take a number of
points, draw lines a t 9 & 3s and continue for a few more readings in order
to see whether the additional data fall between these lines. If it appears
that randomness is a fair assumption, one can use t8hefunction “chisquareJJ6to test the fit of an assumed p.d.f. The chi square, x2, function
can be defined as*
- values expected from p.d.f.)2
x 2 = sum of (observed values
value expected from p.d.f.

and is tabulated as function of the number of degrees of freedom. Here
the number of degrees of freedom equals the number of terms in the sum
minus the quantity: one plus the number of p.d.f. parameters which must
be estimated from t,he data. I n the case of a n.d.f., this is the number
of terms minus three. It is generally necessary to group the observed
data and the corresponding values from the p.d.f. into cells6 For moderate numbers of readings, say 20 or so, x2 will only show marked discrepancies between the data and the proposed p.d.f. The x 2 tables give
the probability that tabulated values of x 2 would be exceeded by those
computed from a random sample from the assumed p.d.f.

9.4. Direct Measurements
It is useful to distinguish between direct measurements, such as can
be made of length, time, or electrical current; and indirect measurements,
in which the quantity in question can be calculated from measurement of
other quantities. I n the latter case the law of connection between the
quantities measured and sought may also be in question. I n such a case,
one has first t o decide whether the proposed relation holds for any values
of the quantities (establishment of the law of connection), and then to

* An alternative definition has, instead of the expected value, the p.d.f. variance
in t h e denominator.
6 See any standard statistical tables, e.g., R. A. Fisher and F. Yates, “Statistical
Tables,” Oliver & Boyd, Edinburgh and London, 1953; C. D. Hodgman, ed., “Handbook of Chemistry and Physics.” Chemical Rubber Publ., Cleveland. (New editions
of the latter volume are published frequently.)
6 W. G. Cochran, Ann. Math. Slatislics as, 315 (1952).
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make as good an estimate as possible of the quantity desired.? In the case
of direct measurements only the latter problem needs to be solved. This
simple situation will be discussed first.8 There are several cases, depending on what information is available at the start.
9.4.1. Errors of Direct M e a s u r e m e n t s

If one has information at the start of the experiment regarding the
variance of readings of the measuring instrument under similar conditions,
the following procedure can be employed: One can draw up a control
chart, using the previous u(x) together with the mean 3 of a short preliminary run. If subsequent readings appear to be in statistical control, i.e.,
if the points fall between the lines at 2 f 3a, one can terminate the process
at a definite number of readings which depends on the precision desired.
One can then say that the most likely value of < x > is given by the mean
2, and that the reliability of this estimate is such that the probability is
one-half that the interval 3 - 0.67u/1/N 5 < x > 5 f
0.67u/1/N
contains < x > . The precision increases with N in the sense that the interval having a definite probability of containing < x > narrows proportional
to N-’l2.* In this case, the interval length is sharply defined (for fixed N
and probability) and if the results are quoted as

+

x f E ; N measurements;
the meaning of this statement is as stated above.
Frequently the only information available at the start is that provided
by the data itself. If the data seem to be in statistical control, one can
make statements about the probability of bracketing the p.d.f. mean
which differ from those possible when “(2) is known. The levels of probability now depend on the number of data points in the sample and the
intervals bracketing < x > can now vary in length from sample to sample.
The type of statement that can be made for this case is that the best
estimate of < x > is 2 and that the probability is 1 - P that the interval
between
(9.4.1)

* An interval of this type is called a confidence interval. It should be distinguished
from a tolerance interval which will contain a definite fraction of t h e population, e.g.,
a single observation. See, e.g., reference 1; or N. Arley and K. Buch, “Probability and
Statistics,” p. 168. Wiley, New York, 1950.
See Wilson, reference 1; Annis et aZ., reference 3; and Cohen et al., reference 12, on
page 717.
* A valuable, readable discussion is given by W. E. Deming and R. T. Birge, Revs.
Modern Phys. 6 , 119 (1934).
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will include, on the average of many samples of size N , the p.d.f. mean
<z>. The function t(P,f) is called Student’s or Fisher’s t and is tabulated
giving probability levels P that a value should be found a t least as large
as that tabulated, as function of the number of degrees of freedom f,
which in this case is N - l.6,$
Equation (9.4.1) indicates th at the precision increases, i.e., that the
interval narrows as N increases. From this it might be inferred that with
repetition of the experiment the precision of the mean would improve
indefinitely. That would be so under ideal circumstances but in actual
experiments the probability of occurrence of systematic errors increases
with the length of the investigation.
Another limitation is due to the least count of the instruments used.
All the statements above depend on the approximation of a continuous
parent distribution function. This approximation improves with the
ratio of u t o the least count w. (w 5 $u is usually considered reasonable;
see Eisenhart et aE.”J)If w is large, and the readings come out constant,
statistical methods cannot be applied. If there are random errors in the
data, one can improve the precision by repetition, but, a very large number of measurements are required if u = w.*
I n order to be fairly sure the accidental errors are in a state of statistical
control, a certain number of measurements is necessary (how many
depends largely on the investigation, but the number must be fairly
large). Once such a state has been reached, further measurements can be
added to refine the precision of the mean, but on the hypothesis that each
added measurement can be joined with the preceding ones. For this
reason a continuously running control chart is very useful.

9.4.2.

Rejection of Data

A closely related problem is the rejection of data. Often some criterion
for doing so is given, based on analysis of the data alone. This is not
recommended, A measured point should not be excluded on statistical
grounds alone. If a control chart as suggested in the previous paragraph is
used, and if a point or set of points seem out of control, the experimental
conditions should be carefully re-examined, and if no assignable causes

* If the least count is large, attention must be paid to providing a random character
for t h e data. For example, an improvement in the precision of a measurement of
length can be obtained by putting the ends of a n object at random between the least
count marks of a scale rather than always setting one end to coincide with one of the
markers.
9 R. A. Fisher and F. Yates, “Statistical Tables.” Oliver & Boyd, Edinburgh and
London, 1953.
lo C. Eisenhart, M. W. Hastay, and W. A. Wallis, eds., “Techniques of Statistical
Analysis.” McGraw-Hill, New York, 1947.
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can be found, the point should be remeasured after settings have been remade, etc. This presumes that the analysis is made in the course of the
experiment itself, which is the procedure to be strongly recommended.
Unless assignable causes can be found, the suspected data should be
retained. In any case a clear statement of the situation is imperative,
and a procedure once adopted should be followed consist>ently.'*
9.4.3. Significance of Results
Of particular importance is the comparison of the best estimates from
two experiments using different physical principles to measure the same
quantity. Under the assumption that both are under statistical control,
i.e., their data may be regarded as drawn, at random, from normal p.d.f.'s
and that these p.d.f.'s have different means but the same variance d , one
can proceed as follows: If nl and n2 are the numbers of measurements,
21 and $2 their sample means, and s12and s22their sample variances, the
expression
(nl- l)s12
(nz - l)szz
t = t(P, nl n2 - 2) =
- z21
nl
n2 - 2

[

+

+

+

[nlnT,z],,, (9.4.2)

.___

+

should have Student's t distribution with nl n2 - 2 degrees of freedom.
If the value of t from Eq. (9.4.2) corresponds to a low level of probability
for the appropriate number of degrees of freedom, the probable existence
of a systematic difference between z1 and z2,as opposed to an accidental
or chance difference, is indicated. In many cases, the results from these
experiments will have unequal precision, so that they cannot be assumed
to be samples drawn from populations having one and the same variance.
This situation is discussed by Fisher and Y a t e ~ . ~

9.5. Indirect Measurement
Errors of indirect measurement occur when the desired quantities are
obtained from those measured with the aid of equations. These equations
may be the expression of an established physical relation, or may have
to be established by means of the data itself.
9.5.1. Propagation of Errors

A simple case of indirect errors is the propagation or compounding of
absolute errors. The desired quantity z is related to the directly measured
A critical discussion is given by N. Arley, Kgl. Danske Videnskab. Selskab., Mat.fys. Medd. 18, No. 3 (1949).
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different quantities dl),
d2),.
z

. . xCm) by a known function,
= f(z(1) , . . 3 9 ) ) .

Using Taylor’s theorem to expand around the true values zo, xn(;), one
obtains

Squaring, averaging over all d.f.’sfor the di),and retaining only the
lowest order terms, one has

where the correlation coefficient pL3is dcfincd as

< ( ~ ( d- * ~ 0 ( 3)(
)

~ ( 2 )

P’J =

-

- TO(’)) >

[u?(l(’))a?(S(’))J%

The derivatives are evaluated a t x0(%)or a t the nearest approximation
thereto. The approximation resulting from neglecting the higher order
terms may be poor, for example if any of the higher derivatives, e.g.,
dkf/dx(+)kmultiplied b y the kth moment < (db)
- Z O ( ~ ) ) ~ > is comparable
with the lowest order terms. If the errors in the di)are independent, the
equation has the form usually given
.“z)

= <(z

- 20)2>

=

2 (S))‘

uydj)).

(9.5.3)

One can assign a measure of error u to z on the basis of preassigned error
values in the x(j) using the above formulas. The interpretation of the
statistical significance of the error in z, however, requires some knowledge
of the distribution of the errors.
I n an error analysis of this type, the data should be carefully examined
for independence. If the data are obtained from a least squares fit of all
the data jointly, for example, or if i n the computation of the di)
before
insertion into the formula some common error-contributing components
are used, e.g., one of the physical constants, the correlation coefficient
pa? will in general not be zero.12 The most accurate determination of the
l*E. R. Cohen, J. W. M. DuMond, T. W. Layton, and J. S. Rollett, Revs. Modern
Phya. 27,363 (1955); E. R. Cohen and J. W. M. DuMond, in “Handbuch der PhysikEncyclopedia of PhysicB” (S. Flugge, ed.), Vol. 35. Springer, Berlin, 1957.
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physical constants themselves requires a knowledge of the correlation
coefficients in addition to that of the standard errors.
Another practical consequence refers to the design of the experiment.
The best distribution of errors among the quantities z(i)is that in which
all the errors are equal. As a consequence, effort should not be spent on
further refining the measurements expected to be most accurate, but on
those expected to be least accurate in order to approach the optimum
condition.
A third consequence occurs in the transformation of weights that must
be made when transforming a variable in order to bring an equation into
a more tractable form for the determination of its parameters by least
squares fitting. For example y = abZis often transformed into a straight
line by setting y’ = In y = In a
bx for the determination of a and b by
least squares procedures. If the error in x is assumed to be negligible and
if that in y is constant, each value of yt does not have equal weight but
must be weighted according to

+

W(g’) = (d(y’))-l =

[($

172(y)]-1

(9.5.4)

or, more generally

(95.5)

9.5.1 .l. Least Squares. Assume a set of data y is generated hy changing
values of a variable z. I n the general case, both 5 and y are subject to
errors. We assume a certain functional relation between y and x, and are
attempting to estimate values of its parameters and to estimate how well
it fits the data. A rather clear case is that in which there is some physical
reason for believing that the functional relation has a definite form.
It is important to have some idea of the over-all behavior of the data,
in order not to waste time trying to fit the wrong type of function. The
data should be plotted first. It may be that to start arbitrarily with a
definite kind of function, e.g., a polynomial, is really a mistake and the
data would be much better fitted by a sum of exponentials, for example.
In order to interpret a data plot, some acquaintance with the behavior
of simple functions is helpf~1.I~
There are two general classes of least squares approximation functions,
one represented by the polynomial functions, and the other by periodic
functions. A special case of polynomial function, the linear or straight line
relation, is important enough to deserve discussion.
l 3 Graphs of simple functions are given by A. C. Worthing and J. Gattner, “Treatment of Experimental Data.” Wiley, New York, 1943.
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The usual treatment, and the one given below, is that wherein the errors
in y are assumed to be much greater than those in x, so that x may be
taken as exact. Even, so the errors in y may vary with x, and this may be
known a priori or not. If the errors in both x and y are comparable, a
partial analysis is available. l 4
If there is assumed to be a linear relation between an exact, but unknown, Y and x, and if all the measurements are given equal weight, this
relation could be written
y=(Y+px

whereas the approximation to this relation is
$

=

a

+ bx.

With given data yi, a and b are determined by the least squares' condition
) ~ minimized with respect to a and b.
that the difference Zi(yi - j j ( ~ i ) be
This leads to

For equispaced x data, use of the explicit sums of Z9,xi and Zi",lxi2
in the above formulas give

this can be written in the easily memorizable form, suggested by Birge14
b =

(9%- y d ( n

+

+

- 1) (yn-1 - yz)(n - 3) (yn-2
(n - 1)2 (n - 3 ) 2
(n - 5)2

+

+

-

+

- 5)

+-

*

**

*

(9.5.8)

The intercept is
a = y-- - % + I b .

2

(9.5.9)

Formulas for the variance and statistical significance of a and b are given,
e.g., by Cameron' or Kendal1,'S or in Vol. 1 of this series.
If, assuming negligible error in x, a polynomial of the nth order f(x) is
1 4 A. Wald, Ann. Math. Statistics 11, 284 (1940);J. Neyman and E. M. Scott, ibid.
22, 352 (1941);23, 135 (1953).
16 M. G. Kendall, "The Advanced Theory of Statistics," Vol. 2. Griffi, London,
1948.
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considered to be appropriate to fit the data y, e.g.,
(9.5.10)
the least squares procedure is to determine the polynomial coefficients

(The number of data points N > n ) where w,is the weighting factor of yj,
usually taken as the inverse of the variance d ( y j > , wi = (d((yj))-l. This
gives t.he sequence of linear equations

The minimal value of Q is then

Assuming the 2/i are normally distributed an estimate of goodness of fit
is given by computing Q:’,. If the deviations from the assumed function would be due to chance fluctuations, QFnshould behave as x2 with
N - n - 1 degrees of freedom. The statistical significance of the
coefficient a, can be estimated by forming the ratio

F , = ( N - n - l)(Q$;”- Q:i)/Q:’,
(9.5.12)
which under the assumptions mentioned should have Fisher’s F distribution‘ for one degree of freedom in the numerator and N - n - 1
degrees in the denominator. Standard tables6 give probability levels that
values at least as large as those tabulated could be found by chance, as
function of the degrees of freedom in numerator and denominator. Even
if it appears that a coefficient a, is not statistically significant, the fit
may not yet be satisfactory according to the xz criterion; if the fit is
1.
not satisfactory one should proceed to the next higher power, n
Formulas for the variance of the coefficients a, assuming these are normally distributed, are given, e.g., by Cameron’ and in standard stat,istical
texts. l6
The use of orthogonal polynomials offers considerable advantage in
least squares procedures. These are discussed, e.g., by BirgelSa and in
standard texts.
16s R.T.Birge, Revs. Modern Phys. 19, 298 (1947).

+

9.6.

Preliminary Estimation

Under certain assumptions, it is possible to use Fisher’s method of
Maximum Likelihood’ to make preliminary estimates of the numbers of
measurements needed to achieve a desired precision, or to be able to
establish agreement with a hypothesis, given in terms of a theoretical
formula for the distribution of measurements. This is discussed, e.g.,
by Orear.3

9.7. Errors of

Computation

Recent progress in automatic computation has given much incentive
to the discussion of numerical analysis and errors of computation, particularly the errors of solving large sets of linear equations. Introductory
discussions with extensive further references are given b y Hildebrand.
Errors of linear equation solving are treated by Dwyer. l7 The publication
“Mathematical Tables and Other Aids to Computation ” (MTAC) 18
contains useful material, including lists of recent tables. l 9
Apart from gross errors, or mistakes, the errors of computation can be
classed into: (1) the propagation of errors initially present; (2) the generation of errors in detailed steps of the computation, now commonly called
round-off errors; and (3) the type of error due to cutting off, a t a finite
number of steps, a computation involving a n infinite limiting process or
asymptotic series, called truncation error. Although these types of error
combine in complicated ways, fortunately the over-all error of the computation can be estimated by a simple addition. I n extensive computations, the distribution of errors has to be obtained from statistical considerations in order to make a practical over-all estimate. l6
There are some accepted rules for good computational design. The
procedure should allow the computer to find and get rid of mistakes, t o
estimate bounds for other errors, and to check the final result. There
should be a minimum number of individual operations, including look-ups,
1.3 F. B. Hildebrand, “Introduction t o Numerical Analysis.” McGraw-Hill, New
York, 1956. A useful index is given in the appendix of this text, as well as an extensive
bibliography.
17 P. S. Dwyer, “Linear Computations.” Wiley, New York, 1951.
I s Mathematical Tables and Other Aids to Computation (MTAC). National Research Council, Washington, D.C.; published as a quarterly since 1943.
19 A. J. Fletcher and others, “Index of Mathcmatical Tables.” McCraw-Hill, New
York, 1946.
72 1
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resetting of scales, and arithmetic operations. Approximate operations,
such as division and root extraction, should be eliminated or a t least put
off as far as possible towards the end of the calculation. An assessment
should be made of the number of digits required at each step to maintain
the desired overall accuracy.
Regarding calculational aids of moderate accuracy, a few general
statements can be made. For multiplication and division, tables of
logarithms to 4, 5, 7, and 10 decimal places are available. A calculating
machine which multiplies and divides is usually more convenient. Tables
of powers of x, sin x, cos 2, exp z and other special functions are also
available. A comprehensive index to 1946 has been p ~ b l i s h e d , and
' ~ more
recent lists can be found in MTAC.'* The ordinary ten inch slide rule has
a relative accuracy of about 0.3 % per operation of multiplication or
division, and can only handle numbers having three significant figures.
The relative accuracy, but not the convenience, of a slide rule improves
roughly proportional to the length of scale. Automatic desk calculating
machines are often so designed that a fixed number of decimal places can
be carried throughout. In such a case the number having the largest
number of decimal places should fix the position of the machine. In
calculation with numbers having a definite number of significant figures,
one additional digit should be carried.
It is not recommended that numbers be systematically rounded off in
order to eliminate doubtful digits during the course of a calculation.
Doing so generally increases the error.
There are conventional rules of rounding off followed in many tables
and in circumstances where rounding off is inevitable and under the
control of the computer. These are given here so that an estimate may be
made of the errors thereby introduced. To round off a number, in the
conventional sense, to n digits in the decimal system, the nth digit is
1st digit is greater than 5 , and left unaltered if
increased by 1 if the n
1st digit is less than 5 . If the n
1st digit is equal to 5 , the nth
the n
is left unaltered if even. If odd, it is increased by 1. The rounded-off
number is said to have n significant digits or figures, and the error of the
rounded-off number is not larger than one half unit in the nth digit. If
two numbers are rounded off to the same set of n significant figures, their
difference does not exceed one unit in the nth place from the true value x
rounded off to n significant figures. In multiplication, raising to powers, or
division, the relative errors and the number of significant figures are
important, but not the decimal place. In addition or subtraction the
absolute values of errors and the location of the decimal point do matter.
The subtraction of nearly equal numbers, causing a loss in significant
figures, should be avoided, or made explicit if possible.

+

+

+
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Numerical analysis of the arithmetic operationst gives the following
results: If x* represents a number x rounded off to n significant figures, the
error in the nth significant digit of xm with m = any real number, is less
than 10n[(l 5 .
- 11. If y* is also rounded off t o n significant
figures, the product x*y* differs from the true value xy b y less than 4 in
units of the nt h digit. When handling an (algebraic) sum of numbers
having the same number of significant figures, but different decimal
positions, a good rule is to round off the ones with more decimal positions
to one place beyond that of those with the least decimal positions.
If an auxiliary table of entry differences is given to facilitate interpolation, the difference between rounded off values (such as those
usually given in tables) has less “round-off ” error than the difference
between entries before these are rounded off.?

+

t See Eisenhartlo
ence 16.

for

B

brief discussion of errors of interpolation; see also refer-
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difference method, 557-558
mass spectrometric method, 552-558
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diffraction, 334-348
accuracy of results, 347-348
analysis of results, 341-347
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distribution function, 529
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527-532
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scattering
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469-480
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spectrographs for, 464-469
transition frequency, 465
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intensity per molecule, 242
specturm, iron, 175
ENDOR, 498-500
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Energy
bond dissociation, 546-552
correction, Stark effect, 657-658
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level
broadening, 378
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population, 454
levels, 443, 445-453
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atoms in a magnetic field, 603
diatomic molecules, 12
diatomic rotator, 46, 47, 49
of ENDOR, 499
HF harmonic oscillator, 44
molecules in electric field, 606
nuclear quadrupole, 502-507
symmetric top molecules, 13
vibrating rotator, 52
of nuclear magnetic moment in a
uniform field, 361
potential, function, 40, 43 ff
of rigid symmetric top, 59
rotational, 11, 47
of rotational increase, 18
spread, electron beam, 531-532
Stark perturbation, 654, 655, 656, 65!)
storage rate per unit volume, 390
total stored, in tuned circuit, 391
Errors
of computation, 721-723
of direct measurement, 714-715
of indirect measurement, 716-718
propagation of, 716-718
Ethane, rotational Raman spectrum,
142
Ethylene, rotational Raman specturm,
143
Eulerian cradle, 321
Exchange effects, spin relaxation, 459
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law criteria, 284-285
primary, 305-306
secondary, 306

F
Fastie-Ebert mounting, 160
Fermi-Dennison resonance, 67
Field
Lamb shielding, 366-367
local time average, 363-365
potentials, ligand, 223
randomly fluctuating local, 363
splitting, strong magnetic, Mnz+,
449-450
sweep direction, 407
theory, ligand, 222
Fields
crystal, 222-229
term splitting, 223
magnetic
electron spin resonance, 484-490
measurement, 471
oscillating electric and magnetic,
620-622
Van der Waals, 229-238
Figure of merit of cavity, 27
Filament material, electron beam, 531532
Filters
Raman lamp, 129-131, 135
scattered radiation, 86
Fisher’s t function, 715
Flame bands, hydrocarbon, 166
Flash photochemical reactions, 578579
Flash photolysis, 161-166
“Flop,” 616
“Flop-out” method, 616
Fluid properties, ultrasonic studies,
681-708
Fluorescence, 116
excitation, 165
Formaldehyde, rotational structure in
singlet-triplet transition, 203, 204
Franck-Condon
principle, quantum-mechanical, 247
transition, 526

Free radical
detect,ion
in photochemical reactions, 576,
577-579
in thermal reactions, 566-577
ionization potentials, 543-546, 548
production, 543-544
in low pressure flames, 569-571
reactors, Eltenton’s, 566 ff
trapped, 230-234
Frequencies, group, 58
Frequency
combination, 122
difference between two nonequivalent
nuclei, 404
for infinitesimal amplitudes, 43
instability, klystron, 491-492
measurement, 471
microwave, 30-31
modulation, 22
of operation, electron spin resonance,
4 73474
overtone, 122
quadrupole resonance, pressure effect,
522
ringing, 165
separation of Stark component from
main line, 668-669
stabilization, 469-471
transition
diatomic molecule, 12
symmetric top molecule, 13
Friedel’s law, 285, 286

G
Gas
kinetics, 589, 597-602
mantle, 76
sampling system, molecular beam,
575,581
Gases, velocity of sound in, 681, 682-700
Gaskets, indium wire, 170
Gaussian
distribution, 712
line shape, 458
Germanium infrared detectors, 83
g-factor, 487
Globar, 76
Golay cell, 85
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Graphite latent heat of sublimation,
560-562
Grating
instruments, 156-160
mounts, 158-159
resolving power, 157
Gratings, 137-138
diffraction, 102-103
Groups, isochromatic, 395
Group theory, geometrical, 270 ff

Hydrides, first-row, correlation of lowlying electronic states, 180
Hydrogen
atom fine structure, 630
fluoride
molecular constants, 52-53
rotational spectrum, 48
-like 3d functions, 225
-oxygen reaction, 573-574
Raman spectrum, 141, 143
Hyperfine structure, 446

H

I
Hamilton ian
for atom in a magnetic field, 602
electron spin resonance, 443
of ENDOR method, 499
for first-order quadrupole interaction
of one nucleus, 651
for interaction of electric field with
molecular dipole moment, 650
for magnetic interactions in molecules,
200
for molecule in presence of a magnetic
field, 605
for prolate symmetric rotor, 202
for quadrupole interaction, 502, 504,
505
for rigid, rotating electric dipole in a n
electric field, 606
spin, 446-447
-orbit, for system of electrons and
nuclei, 207
for vibronic interactions, 192
Harker sections, 288-289
Harmonic generator, crystal, 29
Hartmann dispersion formula, 174
Heat of sublimation, latent, of graphite,
560-562
Herzberg-Teller effect, 192- 193
Hexamethylene tetramine
electron diffraction curves, 342-345
Laue photograph, 324
neutron diffraction study, 355-358
precession photograph, 322
rotation photograph, 314
structure determination, 329-334
zero-level Weissenberg photograph,
318
Homogeneity, magnetic field, 412-415

Impedance, total, of parallel tuned
circuit, 392
Index of refraction, molecular beam, 608
Induct,ion
decay, free, 394-395
signal
comparison with absorption, 391392
nuclear, 388-389
transient nuclear, 394-400
Infrared
detectors, 80-85
instrumentation, 91-103
isotope effect, 43
optical materials, 77-80
radiation sources, 76-77
spectra, general theory, 42-73
window, KRS-5, 80
Intensities
integrated, 324-329
of Raman bands, 124-125
relative, of Stark components of
hyperfine lines, 661-662
Intensity
factor, molecular structure, 336, 338
measurement, Raman, 13!)-140
standards, 178-179
of an unattenuated molecular beam,
593
Interactions
dipole-dipole, 678
dipole-quadrupole, 679
effects, 409, 411
electric quadrupole, 384-386
multiple, 678-679
quadrupole perturbation, 660
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spin-orbit, 205-221
vibronic, 190-200
X-rays with matter, 302-308
Interference function, 276-282
Interferometer, Pierce variable path,
693-694
Iodine vapor vibrational levels, thermal
distribution, 45
Ion
current, positive, produced by electron
impact, 561
-molecule reactions, 582-587
-pair process, 536
pressure, negative, emitted from hot
filament, 561
transitions, metastable, 587-588
Ionization
efficiency curve, 527-528
potentials
of free radicals, 543-546, 548
molecular, 526-527, 542-543
surface, partial pressures in, 554-558
Ions
fragment, kinetic energy, 537-539
magnetic, nuclear magnetic resonance
of nuclei, 375
molecular, decomposition, 587-588
negative
appearance potential, 536
electron impact methods, 535-539
per second produced by electrons,
529
positive, electron impact method,
527-535
Isotope
diffuse neutron scattering, 350
effects, 58

J
Jahn-Teller effect, 193-197, 445
two-dimensional illustration, 195-196
j-coupling, 369

K
Kinetics
chemical, mass spectrometric studies,
566-588
gas, 589, 597-602

Kirchhoff
equation, 561
sound attenuation coefficient, 685686
Klystron frequency instability, 491492
Klystrons, reflex, 20-24
range of oscillation frequency, 22
Knight shift, 369-370
Knudsen effusion cell, 550-560
Kramer’s degeneracy, 44.5

L
Lamb shielding field, 366-367
Lamp
gas-filled tungsten filament, 178
microwave excited, 128
Toronto, 127-128
Langevin
equation for static permeability, 491
function, 638-639
Larmor
angular frequency, 361
precession, 360-363
angular frequency, 618, 619
of magnetic dipole, 617-618
Lattice
reciprocal, 275-276
sum factor, 278-279, 280
vector translation, 270
Laue
-Bragg diffraction, effect of thermal
vibration, 282-283
method, 321-324
Layer lines, 312
Lead selenide infrared detector, 83
Lead sulfide detector, 81-82
Lead telluride infrared detector, 82-83
Least count of an instrument, 709
Least squares method, 299-300, 71%
72 1
Lifetime of nuclear spin state, 378
Ligands, 223
Light
flop, 625
polarization of scattered, 122-123
refraction, 645-648
sources, 161-169
t o excite Raman spectra, 126-131
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Line
broadening, 460
shape
ENDOR, 500
resonance, 459-464, 618-620
spectral, 8-16
width
narrowing, motional, 381-384
resonance, 618-620, 624-625
spectral, impact theory, 677-678
Liquids, solvent shift in, 234
Lithium atomic form factor, 308
London energy, 236, 237
Lorenta
cavity, 364
factors, 281, 325
Lorentzian line shape, 458
Lorenz-Lorentz equation, 646

M
Magic T, 26, 472
Magnesium oxide diffuse reflector, 129,
164
Magnet
pole faces for molecular beam apparatus, 609-611
temperature requirements, 417-4 18
“Magnetic top,” nuclear, 360-362
Magnetization
diffusion, 398
induced nuclear, 378
nuclear, of system of nuclei, 386 ff
paramagnetic, Langevin expression,
376
time variation, 396, 400
transverse, decay of, 383
Magneto-mechanical ratio, 442
Maser, 626
ammonia, 37
optical, 154-155
Mass spectrometry, 525-588
chemical kinetic studies, 566-588
fast reaction rates by, 579-582
molecular structure applications,
542-565
photoionization methods in, 539-542
Matrix isolation technique, 230
Matter, molecular theory of, 1-4
Mean value, 711-712

Measurement
direct, 713-716
evaluation, 709-710
indirect, 716-721
statistical control, 712-713
Mercury arc, quartz, 76
Metal
nuclear relaxation of, 430
vapor composition, 564-565
Methyl
halide molecular fundamental frcquency, 58
radicaI-oxygen reaction, 573-574
Microscope, infrared, 96-07
Microwave
bridge networks, 471473
components, 20-29
electron spin resonance, 469-480
mixer system, balanced, 481
resonant cavity impedance, 467
Miller indices, 275
Millman effect, 621
Mixer, crystal, 29
Mode
cavity, 27
waveguide, 24
Modulation
high-frequency, cavities for, 4 7 9 4 8 0
magnetic, 488-490, 507-508
sideband, 405-407
Stark, and the phase sensitive detector, 666-668
Molecules
asymmetric top, 13-15, 654-655,
657459
diatomic, 42-53
energy levels, 12
nuclear-molecular interactions, 633
rotational problem, 46-48
transitions, 12-13
vibrational problem, 42-46
ionization potentials, 526-527
linear, 656
Stark effect for, 661
triatomic, 13
in a magnetic field, 605-606
magnetic interactions, 200-221
moments of inertia, 11-12
per cell, 289
polar, 637
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polarization , electric , 637-645
polyatomic, 53-73
linear, 54-56
non-linear, 56-57
rotational problem, 59-73
spectra of, 208-221
vibrational modes, 54 ff
vibrational problems, 54-59
properties, electric, 637-680
quadrupole coupling, 19
resonance spectra,
electric, 634-635
magnetic, 630-634
simple free, electronic spectra, 179-222
symmetric top, 13, 655-656, 659-661
triatomic, 186, 187
bent, fundamental frequency, 56
triplet states, 207
Moment
anomalous magnetic, of electron,
629-630
atomic magnetic, 604, 605
electric quadrupole, 384
of inertia of a molecule, 11-12
neutron magnetic, 635-636
nuclear
magnetic, 632
quadrupole, 651
quadrupole, 384, 503, 523, 651
ratios, nuclear quadrupole, 523
Momentum
angular, 18
orbital, quenching of, 455456
Monohydride molecular fragments, 185
Motion, nuclear rotational, 11-15

N
Nernst filament, 76
Neutron
beam magnetic resonance, 635-636
capture by boron, probability, 350
diffraction, 348-358
analysis of results, 354-358
apparatus and procedures, 352-354
magnetic moment, 635-636
polarization, 635-636
scattering
free atom recoil from, 351-352
by the nucleus, 350-351

wavelength, average, in reactor core,
348
Nitrogen
afterglow, 168
electron induced dissociation, 551
quadrupole resonance, 513-514
rotational lines, pressure broadening,
146, 147
Noise
flicker, 492-493
power output, crystal rectifier, 29
sources, electron spin resonance, 491493
voltage, 32, 490
Normal distribution, 712
function, 711
Nucleus
in constant magnetic field, torque on,
360, 362
magnetic field a t , 363-375

0
Optics of molecular beams, 607-615
Orbital
configuration
for homonuclear first-row diatomic
molecule, 184
for linear symmetrical AB, rnolecule, 186
degeneracy, effect of crystalline field
in removing, 448
energies, 183
symmetry properties, 183
Oscillator
-detector
autodyne, 401-402
regenerative, 509-515
superregenerative, 402404, 515-520
hydrogen fluoride, 44
marginal, 401-402
Pound-Watkins, 513
quench, 515
strength, 242, 243
first order vibrationally induced,
251
temperature dependence, 253
theoretical, 245-249
vibrationally induced, 254-255
oscillators, 4 6 9 4 7 1
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Overtones in near infrared, 108-109
Oxygen
electron induced dissociation, 550551
Moffit’s “atoms-in-molecules” treatment, 182

P
Parameters, computational methods for
refinement, 295-301
Parent distribution, 711
Patterson
function distribution of maxima, 292,
293
series, 287-289
Permeability, static, 491
Perturbations, external, in electronic
spectra, 222-241
Pfund arrangement, 99-101
Phase
coherence, 435
curves for reaction intermediates,
570-571
Phosphorescence spectra, lifetime, 257
Photoionization, 526
methods in mass spectrometry, 539542
Photosensitized reactions, mercury,
577-578
Physics, molecular, 4-6
Pierce variable path interferometer,
693-694
P-K-W system, 401-402
Planck-Einstein equation, 689
Plunger, waveguide, 25
Point groups, 273
Polarizability
isotropic part of, 119
of a molecule, 237
theory, 118-121
Polarization
atomic, 641
electric, of molecules, 637-645
electronic, 641
factor, 307
molar, 640-645
neutron, 635-636
of scattered light, 122-123
transition, 255

Potassium beam intensity distribution,
597, 598
Potential
additivity, 235
appearance, 526, 527-542
function, double minimum, 69-71
retarding, difference method, 533-535
Pound-Watkins oscillator, 513
Powder method, 309-311
Power
integrated, of coherently scattered
neutrons, 354
levels, high, dispereive mode at, 423
output, signal-to-noise, 440
Precession
combined forced and free, 399-400
method, 317-319 ff
Precision, 710
Pressure broadening of spectral lines,
677-678
Prism
instruments, 160-161
materials, electronic spectra studies,
169-170
Propagation of sound
adiabatic in non-viscous fluid, 682685
non-adiabatic in viscous fluid, 685688
Pulse generator, 435
Pumping, optical, 625
Purcell absorption method, 390-394
Pyrolysis of hydrocarbons, 571-572

Q
Q factor, 468, 473
Q of tuned LC circuit, 391
Quantum number, vibrational, 43-44
Quenching, external, 515

R
Radiation
field energy density, 453
incident,
density of, 242
fraction radiated, 243
scattering per second, 117
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Raman
effect, 111-115
apparatus for investigations, 125141
selection rule, 118
theory, 115-125
tube, mirror, 132-133
Ramsey
diamagnetic term, 367
separated oscillating field method,
622-624
Range
germanium detectors, 83
lead sulfide detectors, 81
Rayleigh
intensities, ratio of Raman to, 124
scattering, 112, 117
R branch, 144
Reaction
chemical, by molecular beam methods,
600-602
zones in horizontal flame, 569-570
Reciprocal lattice layers, 31 1
Rectifiers, crystal, 28-29
Referencing, resonance position, 408412
Reflection
coefficient, cavity, 490-491
integrated, 324-325
sphere, 280
Refraction
index, 645, 647-648
of light, 645-648
molar, 645-648
of molecular beams, 609-61 1
Refractometers, 647-648
Relaxation
dipolar electron, 428
electric quadrupole, 384-386
in free liquid systems, 426-428
magnetic dipole, 375-384
measurement, 434-438
mechanisms, 377-379
in molecular adsorption, 429-430
multiphase, 431-433
nuclear in metals, 430
paramagnetic, aqueous systems, 428 429
quadrupole, deuterium, 428
in solid state, 430-431
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spin-spin, 456-459
of spin systems, 456-464
thermal, of sound waves in gas, 689693
t~ime,425 R
benzene, 427
effects of structure and motion,
379-384
spin-lattice, 375-377, 382, 385, 386,
456
thermal, 376
water protons, 427
total translation, 427
Renner effect, 198-200
in ammonia, 199, 201
Residual evaluation, 295-296
Resolution
magnetic field, 412
spectral, alkali halide prism, 28
Resolving power
grating, 157
spectrometer, 103
Resonance, 65-71
double, 625-626
cavities, 479-480
electron-nuclear, 498-500
electric
apparatus with quadrupole focusing
fields, 614
molecular beam methods, 615-626
spectra of molecules, 634-635
electron
spin, 441-500
-nuclear double, 498-500
line
second moment, 380-381
shapes, 459464
width, 618-620, 624-625
magnetic
atomic beam apparatus, 596
atomic hyperfine structure by,
626-630
molecular beam methods, 591, 615626
neutron beam, 6355636
spectra of molecules, 630-634
nuclear magnetic, 359-440
elementary theory, 360-386
experimental methods, 386-404
quantitative analysis, 421 -422
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nuclear quadrupole, 501-.525
applications, 523-525
experimental methods, 507-523
position referencing, 408-412
Raman effect, 125
Resonant elements, 473-480
Response, spectral
lead sulfide cells, 82
lead telluride detectors, 82-83

rf
components, electron spin resonance
spectrograph, 469-480
nuclear signal receiver, 437
receiver stability, 417
systems, pulsed, 425-438
transmitter, 435-436
Richardson’s equation, 555
Rocksalt, second-order spectrum, 154
Rotation
lines, nuclear spin effect, 71-73
method, 311-313
of nuclear magnetic resonance sample,
414

optical, 679-680
selection rules, 123-124
about top axis, rotational constant of,
146

Rotator
diatomic, 46, 47, 49
rigid, kinetic energy, 46
symmetric, 59-65
vibrating, 48-53
energy levels, 52
Rounding off of numbers, 722-723
Row lines, 312
Ruby maser, 154-155
Rule of greatest simplicity, 2
Russell-Saunders coupling, 206
Rydberg states, 189

S

Hainail spectra, 131-136
variance, 712
Saturation broadening, 10-1 1
Sayre sign relation, 295
S branch, 144
Scattering
amplitude
atomic, 336
coherent neutron, 35
complex coherent, 357
centers, density distribution, 286-287
electron
by atoms, 335-338
elastic from hydrogen beams, 600
inelastic, 336-337
function, Karle and Karle, 341-342
molecular beams, 599-600
neutrons
by nucleus, 350-351
by paramagnetic atoms, 352
slow, by atoms, 349-352
Rtlyleigh, 112, 117
Tyndall, 112
of X-rays, 306-308
Selection rules
for atomic hyperfme structure, 6 2 i
electron spin resonance, 447-448
Raman, 118
rotation, 123-125
symmetry, 248
vibrational, 121-123
Sensitivity of electron spin apparatus,
490-408

Shape factor, 8
Shielding effect
diamagnetic, 366
intermolecular, 409
intramolecular, 366-369
Shift phenomena, 410-412
Shifts
antiferromagnetic in single crystals,
374-395

Sample
cell, vacuum tight, 86-88
location, electron spin resonance, 476478

nuclear magnetic resonance, 413-415,
419-421

paramagnetic standard, 495-498
powder, techniques, 134-136

chemical, 368-369, 404-407
conduction electron in metals, 3G$1-3iO
Dickenson, 371
dilution, in strong hydrogen bonding
systems, 424-425
ferromagnetic i n single crystals, 374395

Knight, 369-370
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molecular interaction in liquids, 370374
paramagnetic in single crystals, 374395
Van der Waals spectral, 234-238
Shroedinger equation, 335
Signal
ideal minimum detectable, 490-491
-to-noise
power output, 440
ratio for quadrupole spectrometer,
508
Significance of results, 716
Skin depth, 479
Slits, spectrograph, 86
Solid state relaxation, 430-431
Solvent effect, 639
Solvent-solute
interactions
spectral shift, 236, 237
strong, 238-241
separation, 238
Sound velocity
in gases and vapors, 682-700
in liquids, 700-708
Space groups, 274
Specific heat
per mole, gas, a t constant volume, 683,
684, 690
relaxing, 689
Spectra
electronic, 155-264
apparatus, 156-179
external perturbations, 222-241
simple free molecules, 179-222
transition probabilities, 241-261
forbidden polyatomic, 251ff
infrared, 42-73
measurement of characteristics, 138141
microwave, Stark effect in, 650-669
Raman
ammonia, 150
applications, 141-154
benzene, 152
of Con, Fermi diad, 148
of diacetylene, 149
light sources, 126-131
naphthalene, 152
quartz, 152, 153
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samples and cclls, 131-136
second-order, 122
solid hydrogen, 152-153
of water, 151
of some simple polyatomic molecules,
208-221
vibrational, 121-123
Spectrographs
electron spin resonance, 464-469
reflection type, 466
sample location, 476-478
superheterodyne, 467
transmission type, 465
infrared, calibration, 90-91
Raman, 136-138
Spectrometer
grating, 97-103
mass
Nier type, 531
rapid-scanning, 581-582
microwave, 31-36
cavity modulation, 35-36
double modulation, 32-33
simple sweep, 31-32
Stark modulation, 33-35
unmodulated, 31
molecular beam
deflection systems, 613-615
magnet pole faces for, 609-611
photoelectric, speed of, 137
prism, 91-97
double beam, 92-95
fast scanning, 95-96
ratio-recording, 94, 95
single beam, 91
rf, broad line continuous, 438-440
Spectrometry, mass, 525-588
Spectroscope, high resolution nuclear
resonance, 404
Spectroscopy
infrared, 38-111
applications, 103-111
sampling techniques, 86-89
microwave, 7-38
applications, 37-38
sample handling, 36-37
molecular, 7-264
Spectrum
ammonia inversion, 15-16
electromagnetic, 39-40
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first-order, 153
HF rotational, 48
mercury lamp, 127 ff
vibration-rotation, 49, 50
isotope effect? 51, 52
Speed, photographic, 137
Spin
cases, secular equations for, 505-506
-diffuse neutron scattering, 350
echoes, 395-399
flip, mutual, 378-379
fiipping, 431-432
Hamiltonian, 446-447
-lattice relaxation time, 456
nuclear, 503, 628
effect on rotation line, 71-73
-orbit
coupIing, 227, 228, 445
interactions, 205-221
perturbations, 255-256
orbitals, molecular, 179
-rotation interactions, 605
-spin
interactions, electron-coupled, 407408
relaxation, 456459
systems, relaxation, 456-464
Spins
absorbing, 454
number of, 491, 495-496
Splitting
factor, spectroscopic, 443
Jahn-Teller, of nuclear potential function, 196
Stabilization, magnetic field, 415-416,
485-486
Stabilizer
frequency
klystron, 470-471
Pound, 470
magnetic field, proton controlled, 486
Stark
effect, 16-18, 606-607
with hyperfine structure, 657-662
with no hyperfine structure, 653657
measurement, 634-635
modulation spectrometer, 33-35
perturbation energies, 654, 655, 656
Statistical methods, 711-713

Stevenson’s rule, 547
Stokes line, 112, 113, 124
Structure
amplitude, relative, 283
atomic hyperfine,
by magnetic resonance, 626-630
separations, 628
determination procedure, 289-295
factor
crystal, 278, 283-286
magnitude, probable value of phase,
293-294
hyperfine, 18-20
Stubs, 26
Student’s t function, 715
Surface
ionization
detector, 595
method, partial pressures in, 554558
reaction equilibrium constant, 554,
555
physics, 602
Susceptibility, 468
component, minimum detectable, 473
volume, 423-424
Symmetry
groups, 268-301
molecular, 122

T
Tanaka rare-gas light sources, 160
Temperature
color, 178-179
control, nuclear magnetic resonance
sample, 418-419
requirements, magnet, 417418
Thermistor, 84
Thermochemistry of substances at high
temperatures, 558-565
Thermocouples, 83-84
Thermodynamic properties of fluids, 681708
Thermopile, 80-81
Thin crystal criterion, 355
Thomson scattering expression, 306307
Time
duration of a flash, 165
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response, PbS detector, 81-82
variation of magnetization, 396, 400
Tolerance interval, 714
TOP
prolate symmetric, 59
rigid symmetric, energy of, 59
Transient phenomena, forced, 399
Transition
fine structure, 16
forbidden, 251-256
frequency
diatomic molecule, 12
electron spin resonance, 465
quadrupole, temperature dependence, 521, 522
symmetric top molecule, 13
metastable ion, 587-588
moment, elcctronic, 245
multiple-quantum, 620
multiplicity forbidden, 251, 255-256
n--K*, 250-251
pi, 627
probabilities, 453-455
experimental, 256-261
molecular, 617-620
in molecular electronic spectra, 241261
radiative, mass effect, 253-254
Q-N, 250
Rydberg, 250
shift, 17
sigma, 627
symmetry allowed, 247
vibrationally induced, 251-255
V-A', 250
Transitron, 402
Transmission factor, x-ray, 302, 30.4
Transmitter
oscillator stability, 416-417
rf, 435-436
Truncation error, 721
Tube effect, nonadiabatic sound propagation, 686-688
Tungsten filament, 77
Tyndall scattering, 112

U
Ultraviolet, vacuum, problems, 160
Unit cell, primitive, 268

V
Van der Waals
fields, 229-238
spectral shift, 234-238
Vapor
pressures, 602
state of high melting compounds,
composition, 563
Vapors
metal, composition, 564-565
velocity of sound in, 682-700
Variance, 711-712
Vector-correlation function, 287-289
Velocity
constants, chemical kinetic for ionmolecule reactions, 584-586
distribution in molecular beam, 593,
597-598
of sound
in gases, 681, 682-700
in liquids, 700-708
Vibrational-electronic interactions, 190200
Vibration, Raman-active, 121-1 22
Vibration-rotation
lines, HCl, intensity relations, 47-48
spectra
of acet,ylene, 145
CHICI, 62
of HF, 49
of NO, 50
Voltage
generators, Stark, 66.7-666
standing wave ratio, 25

W
Water vapor fundamental bands, 89
Wavefunction, vibronic, 191
Waveguides, 24-26
hybrid ring network, 472, 473
magic T, 472
Wavelength
Ge I lines, 177-178
measurement, 173-174
to resolve neighboring atoms in a
molecule, 265
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standards, 174-1 78
in waveguides, 24
Wavemeter, 27
Wavenumber
dispersion, 174
shift, 138-139
Wave, scattered, amplitude, 276 ff
Weissenberg method, 313-317
Wiggle beats, 406, 408
Wiggles, phenomena of, 393-394
Windows,
electronic spectra studies, 169-170
infrared, cleaning, 87
Wings, rotational, 114

X
X-ray
absorption, 302-306
atomic scattering factor, 307-308
diffraction, 301-334
intensity expressions, 327
pattern recording, 309-324
interaction with matter, 302-308
sources, 308-309

z
Zeeman study of chlorates, 524
Zirconium arc, 77

