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Preface to Volume 2

The second volume of “Laser Spectroscopy” covers the different experimental techniques, necessary for the sensitive detection of small concentrations
of atoms or molecules, for Doppler-free spectroscopy, laser-Raman-spectroscopy, double-resonance techniques, multi-photon spectroscopy, coherent
spectroscopy and time-resolved spectroscopy. In these fields the progress
of the development of new techniques and improved experimental equipment is remarkable. Many new ideas have enabled spectroscopists to tackle
problems which could not be solved before. Examples are the direct measurements of absolute frequencies and phases of optical waves with frequency
combs, or time resolution within the attosecond range based on higher harmonics of visible femtosecond lasers. The development of femtosecond noncollinear optical parametric amplifiers (NOPA) has considerably improved
time-resolved measurements of fast dynamical processes in excited molecules
and has been essential for detailed investigations of important processes, such
as the visual process in the retina of the eye or the photosynthesis in chlorophyl molecules.
In particular, the applications of laser spectroscopy in chemistry, biology
medicine and for the solution of technical problems have made rapid progress.
This is illustrated by several examples in the last chapter.
For several sections of Vol. 2 some basic knowledge of spectroscopic techniques or instrumentation is necessary. Therefore, cross links to Vol. 1 are
given, where the fundamentals of laser spectroscopy are discussed.
At the end of each chapter some problems are given, which should help
the students to check their understanding of the subject treated in the corresponding chapter. The solutions are given at the end of the book.
The author would like to thank Dr. Th. Schneider from Springer-Verlag for
his patience and encouragement and Mrs. St. Hohensee from le-tex, who has
taken care of the layout and printing. The author is grateful to many people
who have contributed to the improvement of this new edition by pointing to
errors and possible revisions of the former edition. He thanks many colleagues
for their permission to use figures from their work.
He will appreciate any future cooperation of readers for improving this
textbook.
Kaiserslautern,
March 2008

Wolfgang Demtröder

Preface to the Fourth Edition

Nearly 50 years after the realization of the first laser in 1960, laser spectroscopy is still a very intense field of research which has expanded with
remarkable progress into many areas of science, medicine and technology, and
has provided an ever-increasing number of applications. The importance of
laser spectroscopy and its appreciation by many people is, for instance, proved
by the fact that over the last ten years three Nobel Prizes have been awarded
to nine scientists in the field of laser spectroscopy and quantum optics.
This positive development is partly based on new experimental techniques,
such as improvements of existing lasers and the invention of new laser types,
the realization of optical parametric oscillators and amplifiers in the femtosecond range, the generation of attosecond pulses, the revolution in the
measurements of absolute optical frequencies and phases of optical waves
using the optical frequency comb, or the different methods developed for
the generation of Bose–Einstein condensates of atoms and molecules and the
demonstration of atom lasers as a particle equivalent to photon lasers.
These technical developments have stimulated numerous applications in
chemistry, biology, medicine, atmospheric research, materials science, metrology, optical communication networks, and many other industrial areas.
In order to cover at least some of these new developments, a single volume would need too many pages. Therefore the author has decided to split
the book into two parts. The first part contains the foundations of laser
spectroscopy, i.e., the basic physics of spectroscopy, optical instruments and
techniques. It furthermore provides a short introduction to the physics of
lasers, and discusses the role of optical resonators and techniques for realizing
tunable narrowband lasers, the working horses of laser spectroscopy. It gives
a survey on the different types of tunable lasers and represents essentially the
updated and enlarged edition of the first six chapters of the third edition. In
order to improve its value as a textbook for students, the number of problems has been increased and their solutions are given at the end of Vol. 1.
The second volume discusses the different techniques of laser spectroscopy.
Compared to the third edition, it adds many new developments and tries to
bring the reader up to speed on the present state of laser spectroscopy.
The author wishes to thank all of the people who have contributed to this
new edition. There is Dr. Th. Schneider at Springer-Verlag, who has always
supported the author and has shown patience when deadlines were not kept.
Claudia Rau from LE-TeX has taken care of the layout, and many colleagues
have given their permission to use figures from their research. Several readers have sent me their comments on errors or possible improvements. I thank
them very much.
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Preface to the Fourth Edition

The author hopes that this new edition will find a similar friendly approval
to the former editions and that it will enhance interest in the fascinating field
of laser spectroscopy. He would appreciate any suggestions for improvement
or hints about possible errors, and he will try to answer every question as soon
as possible.
Kaiserslautern,
February 2008

Wolfgang Demtröder

Preface to the Third Edition

Laser Spectroscopy continues to develop and expand rapidly. Many new ideas
and recent realizations of new techniques based on old ideas have contributed
to the progress in this field since the last edition of this textbook appeared. In
order to keep up with these developments it was therefore necessary to include
at least some of these new techniques in the third edition.
There are, firstly, the improvement of frequency-doubling techniques in external cavities, the realization of more reliable cw-parametric oscillators with
large output power, and the development of tunable narrow-band UV sources,
which have expanded the possible applications of coherent light sources in
molecular spectroscopy. Furthermore, new sensitive detection techniques for
the analysis of small molecular concentrations or for the measurement of
weak transitions, such as overtone transitions in molecules, could be realized.
Examples are Cavity Ringdown Spectroscopy, which allows the measurement
of absolute absorption coefficients with great sensitivity or specific modulation techniques that push the minimum detectable absorption coefficient down
to 10−14 cm−1 !
The most impressive progress has been achieved in the development of
tunable femtosecond and subfemtosecond lasers, which can be amplified to
achieve sufficiently high output powers for the generation of high harmonics with wavelengths down into the X-ray region and with pulsewidths in
the attosecond range. Controlled pulse shaping by liquid crystal arrays allows
coherent control of atomic and molecular excitations and in some favorable
cases chemical reactions can already be influenced and controlled using these
shaped pulses.
In the field of metrology a big step forward was the use of frequency
combs from cw mode-locked femtosecond lasers. It is now possible to directly
compare the microwave frequency of the cesium clock with optical frequencies, and it turns out that the stability and the absolute accuracy of frequency
measurements in the optical range using frequency-stabilized lasers greatly
surpasses that of the cesium clock. Such frequency combs also allow the synchronization of two independent femtosecond lasers.
The increasing research on laser cooling of atoms and molecules and many
experiments with Bose–Einstein condensates have brought about some remarkable results and have considerably increased our knowledge about the
interaction of light with matter on a microscopic scale and the interatomic interactions at very low temperatures. Also the realization of coherent matter
waves (atom lasers) and investigations of interference effects between matter
waves have proved fundamental aspects of quantum mechanics.
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Preface to the Third Edition

The largest expansion of laser spectroscopy can be seen in its possible and
already realized applications to chemical and biological problems and its use
in medicine as a diagnostic tool and for therapy. Also, for the solution of
technical problems, such as surface inspections, purity checks of samples or
the analysis of the chemical composition of samples, laser spectroscopy has
offered new techniques.
In spite of these many new developments the representation of established
fundamental aspects of laser spectroscopy and the explanation of the basic
techniques are not changed in this new edition. The new developments mentioned above and also new references have been added. This, unfortunately,
increases the number of pages. Since this textbook addresses beginners in this
field as well as researchers who are familiar with special aspects of laser spectroscopy but want to have an overview on the whole field, the author did not
want to change the concept of the textbook.
Many readers have contributed to the elimination of errors in the former
edition or have made suggestions for improvements. I want to thank all of
them. The author would be grateful if he receives such suggestions also for
this new edition.
Many thanks go to all colleagues who gave their permission to use figures and results from their research. I thank Dr. H. Becker and T. Wilbourn
for critical reading of the manuscript, Dr. H.J. Koelsch and C.-D. Bachem of
Springer-Verlag for their valuable assistance during the editing process, and
LE-TeX Jelonek, Schmidt and Vöckler for the setting and layout. I appreciate, that Dr. H. Lotsch, who has taken care for the foregoing editions, has
supplied his computer files for this new edition. Last, but not least, I would
like to thank my wife Harriet who made many efforts in order to give me the
necessary time for writing this new edition.
Kaiserslautern,
April 2002

Wolfgang Demtröder

Preface to the Second Edition

During the past 14 years since the first edition of this book was published,
the field of laser spectroscopy has shown a remarkable expansion. Many
new spectroscopic techniques have been developed. The time resolution has
reached the femtosecond scale and the frequency stability of lasers is now in
the millihertz range.
In particular, the various applications of laser spectroscopy in physics,
chemistry, biology, and medicine, and its contributions to the solutions of
technical and environmental problems are remarkable. Therefore, a new edition of the book seemed necessary to account for at least part of these novel
developments. Although it adheres to the concept of the first edition, several
new spectroscopic techniques such as optothermal spectroscopy or velocitymodulation spectroscopy are added.
A whole chapter is devoted to time-resolved spectroscopy including the
generation and detection of ultrashort light pulses. The principles of coherent
spectroscopy, which have found widespread applications, are covered in a separate chapter. The combination of laser spectroscopy and collision physics,
which has given new impetus to the study and control of chemical reactions,
has deserved an extra chapter. In addition, more space has been given to optical cooling and trapping of atoms and ions.
I hope that the new edition will find a similar friendly acceptance as the
first one. Of course, a texbook never is perfect but can always be improved. I,
therefore, appreciate any hint to possible errors or comments concerning corrections and improvements. I will be happy if this book helps to support teaching courses on laser spectroscopy and to transfer some of the delight I have
experienced during my research in this fascinating field over the last 30 years.
Many people have helped to complete this new edition. I am grateful to
colleagues and friends, who have supplied figures and reprints of their work.
I thank the graduate students in my group, who provided many of the examples used to illustrate the different techniques. Mrs. Wollscheid who has
drawn many figures, and Mrs. Heider who typed part of the corrections. Particular thanks go to Helmut Lotsch of Springer-Verlag, who worked very hard
for this book and who showed much patience with me when I often did not
keep the deadlines.
Last but not least, I thank my wife Harriet who had much understanding for the many weekends lost for the family and who helped me to have
sufficient time to write this extensive book.
Kaiserslautern,
June 1995

Wolfgang Demtröder

Preface to the First Edition

The impact of lasers on spectroscopy can hardly be overestimated. Lasers represent intense light sources with spectral energy densities which may exceed
those of incoherent sources by several orders of magnitude. Furthermore, because of their extremely small bandwidth, single-mode lasers allow a spectral
resolution which far exceeds that of conventional spectrometers. Many experiments which could not be done before the application of lasers, because of
lack of intensity or insufficient resolution, are readily performed with lasers.
Now several thousands of laser lines are known which span the whole
spectral range from the vacuum-ultraviolet to the far-infrared region. Of
particular interst are the continuously tunable lasers which may in many
cases replace wavelength-selecting elements, such as spectrometers or interferometers. In combination with optical frequency-mixing techniques such
continuously tunable monochromatic coherent light sources are available at
nearly any desired wavelength above 100 nm.
The high intensity and spectral monochromasy of lasers have opened
a new class of spectroscopic techniques which allow investigation of the structure of atoms and molecules in much more detail. Stimulated by the variety
of new experimental possibilities that lasers give to spectroscopists, very lively
research activities have developed in this field, as manifested by an avalanche
of publications. A good survey about recent progress in laser spectroscopy
is given by the proceedings of various conferences on laser spectroscopy
(see “Springer Series in Optical Sciences”), on picosecond phenomena (see
“Springer Series in Chemical Physics”), and by several quasi-mongraphs on
laser spectroscopy published in “Topics in Applied Physics”.
For nonspecialists, however, or for people who are just starting in this
field, it is often difficult to find from the many articles scattered over many
journals a coherent representation of the basic principles of laser spectroscopy.
This textbook intends to close this gap between the advanced research papers
and the representation of fundamental principles and experimental techniques.
It is addressed to physicists and chemists who want to study laser spectroscopy in more detail. Students who have some knowledge of atomic and
molecular physics, electrodynamics, and optics should be able to follow the
presentation.
The fundamental principles of lasers are covered only very briefly because
many excellent textbooks on lasers already exist.
On the other hand, those characteristics of the laser that are important for
its applications in spectroscopy are treated in more detail. Examples are the
frequency spectrum of different types of lasers, their linewidths, amplitude
and frequency stability, tunability, and tuning ranges. The optical compo-

XIV

Preface to the First Edition

nents such as mirrors, prisms, and gratings, and the experimental equipment
of spectroscopy, for example, monochromators, interferometers, photon detectors, etc., are discussed extensively because detailed knowledge of modern
spectroscopic equipment may be crucial for the successful performance of an
experiment.
Each chapter gives several examples to illustrate the subject discussed.
Problems at the end of each chapter may serve as a test of the reader’s understanding. The literature cited for each chapter is, of course, not complete
but should inspire further studies. Many subjects that could be covered only
briefly in this book can be found in the references in a more detailed and often more advanced treatment. The literature selection does not represent any
priority list but has didactical purposes and is intended to illustrate the subject
of each chapter more thoroughly.
The spectroscopic applications of lasers covered in this book are restricted
to the spectroscopy of free atoms, molecules, or ions. There exists, of course,
a wide range of applications in plasma physics, solid-state physics, or fluid
dynamics which are not discussed because they are beyond the scope of this
book. It is hoped that this book may be of help to students and researchers.
Although it is meant as an introduction to laser spectroscopy, it may also
facilitate the understanding of advanced papers on special subjects in laser
spectroscopy. Since laser spectroscopy is a very fascinating field of research,
I would be happy if this book can transfer to the reader some of my excitement and pleasure experienced in the laboratory while looking for new lines
or unexpected results.
I want to thank many people who have helped to complete this book.
In particular the students in my research group who by their experimental
work have contributed to many of the examples given for illustration and who
have spent their time reading the galley proofs. I am grateful to colleages
from many laboratories who have supplied me with figures from their publications. Special thanks go to Mrs. Keck and Mrs. Ofiiara who typed the
manuscript and to Mrs. Wollscheid and Mrs. Ullmer who made the drawings. Last but not least, I would like to thank Dr. U. Hebgen, Dr. H. Lotsch,
Mr. K.-H. Winter, and other coworkers of Springer-Verlag who showed much
patience with a dilatory author and who tried hard to complete the book in
a short time.
Kaiserslautern,
March 1981

Wolfgang Demtröder
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1. Doppler-Limited Absorption
and Fluorescence Spectroscopy with Lasers

In Vol. 1, Chap. 5 we presented the different realizations of tunable lasers; we
now discuss their applications in absorption and fluorescence spectroscopy.
First we discuss those methods where the spectral resolution is limited
by the Doppler width of the molecular absorption lines. This limit can in
fact be reached if the laser linewidth is small compared with the Doppler
width. In several examples, such as optical pumping or laser-induced fluorescence spectroscopy, multimode lasers may be employed, although in most
cases single-mode lasers are superior. In general, however, these lasers may
not necessarily be frequency stabilized as long as the frequency jitter is
small compared with the absorption linewidth. We compare several detection techniques of molecular absorption spectroscopy with regard to their
sensitivity and their feasibility in the different spectral regions. Some examples illustrate the methods to give the reader a feeling of what has been
achieved. After the discussion of Doppler-limited spectroscopy, Chaps. 2–5
give an extensive treatment of various techniques which allow sub-Doppler
spectroscopy.

1.1 Advantages of Lasers in Spectroscopy
In order to illustrate the advantages of absorption spectroscopy with tunable
lasers, we first compare it with conventional absorption spectroscopy, which
uses incoherent radiation sources. Figure 1.1 presents schematic diagrams for
both methods.
In classical absorption spectroscopy, radiation sources with a broad emission continuum are preferred (e.g., high-pressure Hg arcs, Xe flash lamps,
etc.). The radiation is collimated by the lens L1 and passes through the
absorption cell. Behind a dispersing instrument for wavelength selection
(spectrometer or interferometer), the power PT (λ) of the transmitted light
is measured as a function of the wavelength λ (Fig. 1.1a). By comparison
with the reference beam PR (λ), which can be realized, for instance, by shifting the absorption cell alternatively out of the light beam, the absorption
spectrum
PA (λ) = a[P0 (λ) − PT (λ)] = a[bPR (λ) − PT (λ)] ,
can be obtained, where the constants a and b take into account wavelengthindependent losses of PR and PT (e.g., reflections of the cell walls).
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Fig. 1.1a,b. Comparison between absorption spectroscopy with a broadband incoherent
source (a) and with a tunable single-mode laser (b)

The spectral resolution is generally limited by the resolving power of
the dispersing spectrometer. Only with large and expensive instruments (e.g.,
Fourier spectrometers) may the Doppler limit be reached [1.1].
The detection sensitivity of the experimental arrangement is defined by
the minimum absorbed power that can still be detected. In most cases it is
limited by the detector noise and by intensity fluctuations of the radiation
source. Generally, the limit of the detectable absorption is reached at relative
absorptions ΔP/P ≥ 10−4 −10−5 . This limit can be pushed further down only
in favorable cases by using special sources and lock-in detection or signalaveraging techniques.
Contrary to radiation sources with broad emission continua used in conventional spectroscopy, tunable lasers offer radiation sources in the spectral
range from the UV to the IR with extremely narrow bandwidths and with
spectral power densities that may exceed those of incoherent light sources by
many orders of magnitude (Vol. 1, Sects. 5.7, 5.8).
In several regards laser absorption spectroscopy corresponds to microwave
spectroscopy, where klystrons or carcinotrons instead of lasers represent tunable coherent radiation sources. Laser spectroscopy transfers many of the
techniques and advantages of microwave spectroscopy to the infrared, visible,
and ultraviolet spectral ranges.
The advantages of absorption spectroscopy with tunable lasers may be
summarized as follows:
• No monochromator is needed, since the absorption coefficient α(ω) and
its frequency dependence can be directly measured from the difference
ΔP(ω) = a[PR (ω) − PT (ω)] between the intensities of the reference beam
with PR = P2 and transmitted beam with PT = P1 (Fig. 1.1b). The spectral
resolution is higher than in conventional spectroscopy. With tunable single-
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mode lasers it is only limited by the linewidths of the absorbing molecular
transitions. Using Doppler-free techniques (Chaps. 2–5), even sub-Doppler
resolution can be achieved.
• Because of the high spectral power density of many lasers, the detector
noise is generally negligible. Power fluctuations of the laser, which limit
the detection sensitivity, may essentially be suppressed by power stabilization (Vol. 1, Sect. 5.4). This furthermore increases the signal-to-noise ratio
and therefore enhances the sensitivity.
• The detection sensitivity increases with increasing spectral resolution
ω/Δω as long as Δω is still larger than the linewidth δω of the absorption line. This can be seen as follows:
The relative power attenuation per absorption path length Δx on the transition with center frequency ω0 is, for small absorption α · Δx  1,
1
ω0 + 2 Δω


α(ω)P(ω) dω



ΔP/P = Δx ·
1
ω0 − 2 Δω

1
ω0 + 2 δω



P(ω) dω .

(1.1)

1
ω0 − 2 δω

If P(ω) does not change much within the interval Δω, we can write
1
ω0 + 2 Δω




P(ω) dω = P̄Δω and


α(ω)P(ω) dω = P̄

α(ω) dω .

1
ω0 − 2 Δω

This yields
ΔP/P =

Δx
Δω

1
ω0 + 2 δω



α(ω) dω  ᾱ · Δx
1
ω0 − 2 δω

δω
Δω

for Δω > δω .

(1.2a)

The measured relative power attenuation for an absorption pathlength Δx
is therefore the product of absorption coefficient α, pathlength Δx and the
ratio of absorption linewidth δω and spectral resolution bandwidth Δω, as
long as Δω > δω.
For Δω  δω, we obtain:
ΔP(ω)
= Δx · α(ω) .
P(ω)

(1.2b)

This implies that the line profile α(ω) of the absorption line can be measured.
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Example 1.1.
The spectral resolution of a 1-m spectrograph is about 0.01 nm, which
corresponds at λ = 500 nm to Δω = 2π · 12 GHz. The Doppler width of
gas molecules with M = 30 at T = 300 K is, according to (3.43) δω 
2π · 1 GHz. With a single-mode laser the value of δω becomes smaller than
Δω and the observable signal ΔP/P becomes 12 times larger than in conventional spectroscopy with the same absorption cell.
• Because of the good collimation of a laser beam, long absorption paths can
be realized by multiple reflection back and forth through the multiple-path
absorption cell. Disturbing reflections from cell walls or windows, which
may influence the measurements, can essentially be avoided (for example,
by using Brewster end windows). Such long absorption paths enable measurements of absorbing transitions even with small absorption coefficients.
Furthermore, because of the higher sensitivity, lower gas pressures in the
absorption cell can be used, thus avoiding pressure broadening. This is especially important in the infrared region, where the Doppler width is small
and pressure broadening may become the limiting factor for the spectral
resolution (Vol. 1, Sect. 3.3).
Example 1.2.
With an intensity-stabilized light source and lock-in detection the minimum
relative absorption that may be safely detected is about ΔP/P ≥ 10−6 ,
which yields the minimum measurable absorption coefficient αmin for an
absorption pathlength L,
αmin =

10−6 Δω
L δω

[cm−1 ] .

With conventional spectroscopy for a pathlength L = 10 cm and δω =
10Δω we obtain αmin = 10−6 cm−1 . With single-mode lasers one may
reach Δω < δω and a long absorption path with L = 10 m, which yields
a minimum detectable absorption coefficient of αmin = 10−9 cm−1 , i.e., an
improvement of a factor of 1000 !
• If a small fraction of the laser output is sent through a long Fabry–Perot
interferometer with a separation d of the mirrors (Fig. 1.1b), the photodetector PD3 receives intensity peaks each time the laser frequency ν L is
tuned to a transmission maximum at ν = 12 mc/d (Vol. 1, Sects. 4.2–4.4).
These peaks serve as accurate wavelength markers, which allow one
to calibrate the separation of adjacent absorption lines. With d = 1 m
the frequency separation Δν p between successive transmission peaks is
Δν p = c/2d = 150 MHz, corresponding to a wavelength separation of
10−4 nm at λ = 550 nm. With a semiconfocal FPI the free spectral range
is c/8d, which gives Δν p = 75 MHz for d = 0.5 m.
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• The laser frequency may be stabilized onto the center of an absorption
line. With the methods discussed in Vol. 1, Sect. 4.4 it is possible to measure the wavelength λ L of the laser with an absolute accuracy of 10−8 or
better. This allows determination of the molecular absorption lines with the
same accuracy.
• It is possible to tune the laser wavelength very rapidly over a spectral region where molecular absorption lines have to be detected. With
electro-optical components, for instance, pulsed dye lasers can be tuned
over several wavenumbers within a microsecond. This opens new perspectives for spectroscopic investigations of short-lived intermediate radicals in chemical reactions. The capabilities of classical flash photolysis may be considerably extended using such rapidly tunable laser
sources.
• An important advantage of absorption spectroscopy with tunable singlemode lasers stems from their capabilites to measure line profiles of absorbing molecular transitions with high accuracy. In case of pressure
broadening, the determination of line profiles allows one to derive information about the interaction potential of the collision partners (Sects. 3.3
of Vol. 1 and 8.1). In plasma physics this technique is widely used to determine electron and ion densities and temperatures.
• In fluorescence spectroscopy and optical pumping experiments, the high
intensity of lasers allows an appreciable population in selectively excited
states to be achieved that may be comparable to that of the absorbing
ground states. The small laser linewidth favors the selectivity of optical
excitation and results in favorable cases in the exclusive population of
single molecular levels. These advantageous conditions allow one to perform absorption and fluorescence spectroscopy of excited states and to
transform spectroscopic methods, such as microwave or RF spectroscopy,
which has until now been restricted to electronic ground states, also to
excited states.
• Transient absorption and rapid relaxation processes can be studied in detail
with short-pulse lasers (see Chap. 6) with time resolutions reaching down
into the femtosecond range.
This brief overview of some of the advantages of lasers in spectroscopy
will be outlined in more detail in the following chapters and several examples
will illustrate their relevance.

1.2 High-Sensitivity Methods of Absorption Spectroscopy
The general method for measuring absorption spectra is based on the determination of the absorption coefficient α(ω) from the spectral intensity
PT (ω) = P0 exp[−α(ω)x] ,

(1.3)

which is transmitted through an absorbing path length x. For small absorption
αx  1, we can use the approximation exp(−αx)  1 − αx, and (1.3) can be
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reduced to
PT (ω)  P0 [1 − α(ω)x] .

(1.4)

With the reference power PR = P0 , as produced, for example, by a 50% beam
splitter with the reflectivity R = 0.5 (Fig. 1.1b), one can measure the absorption coefficient
α(ω) =

PR − PT (ω)
,
PR x

(1.5)

from the difference ΔP = PR − PT (ω).
The absorption coefficient αik (ω) of the transition |i → |k with an absorption cross section σik is determined by the density Ni of absorbing
molecules (see Vol. 1, Sect. 5.1.2)
αik (ω) = [Ni − (gi /gk )Nk ]σik (ω) = ΔNσik (ω) .

(1.6)

If the population Nk is small compared to Ni , we obtain from (1.6) for the
density Ni of absorbing molecules in level |i over the absorption path length
x = L:
Ni =

ΔP
,
P0 Lσik

(1.7)

where ΔP is the absorbed power. Since ΔP has to be larger than the noise
power PN , we obtain the following limit for the minimum detectable molecular density Ni in the absorbing level |i:
Ni > PN /(P0 Lσik ) .

(1.8)

The minimum still-detectable concentration Ni of absorbing molecules is
determined by the noise power PN , the absorption path length L, the absorption cross section σik , and the incident radiation power P0 .
In order to reach a high detection sensitivity for absorbing molecules, Lσik
and P0 should be large and the noise noise power PN as small as possible.
The sources of noise are intensity fluctuations of the incident radiation,
random fluctuations of the density of absorbing molecules (e.g. in turbulent
air), and detector noise. The first source is particularly important, if the laser
beam passes through a long distance through a medium with fluctuating index of refraction. This influences the pointing stability of the beam and its
position on the detector. This may cause severe noise if the sensitive area of
the detector is small. The photon noise, caused by the statistics of the number
Nphoton of incident photons, which is proportional to (Nphoton )1/2 is generally
negligible (see Sect. 9.8).
The question is now, how the noise can be reduced and the absorption
path length increased. For small values of αL the direct measurement of
the quantity ΔP = P0 − PT as the small difference of two large quantities
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cannot be very accurate since already small fluctuations of P0 or PT may result in a large relative change of ΔP. Therefore, other techniques have been
developed leading to an increase in sensitivity and accuracy of absorption
measurements by several orders of magnitude compared to direct absorption measurements. These sensitive detection methods represent remarkable
progress, since their sensitivity limits have been pushed from relative absorptions Δα/α  10−5 down to about Δα/α ≥ 10−17 . We now discuss these
different methods in more detail.
1.2.1 Frequency Modulation
The first scheme to be treated is based on a frequency modulation of the
monochromatic incident wave. It was not designed specifically for laser
spectroscopy, but was taken from microwave spectroscopy where it is a standard method. The laser frequency ωL is modulated at the modulation frequency Ω, which changes ωL periodically from ωL − ΔωL /2 to ωL + ΔωL /2.
When the laser is tuned through the absorption spectrum, the difference
ΔPT = PT (ωL − ΔωL /2) − PT (ωL + ΔωL /2) is detected with a lock-in amplifier (phase-sensitive detector) tuned to the modulation frequency Ω (Fig. 1.2).
If the modulation sweep ΔωL is sufficiently small, the first term of the Taylor
expansion
dPT
1 d2 PT
ΔωL +
Δω2L + . . . ,
(1.9)
dω
2! dω2
is dominant. This term is proportional to the first derivative of the absorption
spectrum, as can be seen from (1.5): when PR is independent of ω we obtain
for the absorption length L
ΔPT (ω) =

1 dPT
dα(ω)
=−
.
dω
PR L dω

Fig. 1.2. Absorption spectroscopy with a frequency-modulated single-mode laser

(1.10)
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If the laser frequency
ωL (t) = ω0 + a sin Ωt ,
is sinusoidally modulated at a modulation frequency Ω, the Taylor expansion
yields
PT (ωL ) = PT (ω0 ) +

 an
n!

n


sinn Ωt

dn PT
dωn


ω0

.

(1.11)

For αL  1, we obtain from (1.4)

 n
 n 
d α(ω)
d PT
=
−P
x
.
0
dωn ω0
dωn
ω0
The terms sinn Ωt can be converted into linear functions of sin(nΩt) and
cos(nΩt) using known trigonometric formulas.
Inserting these relations into (1.11), one finds after rearrangement of the
terms the expression
ΔPT
= − aL
P0

 



a d2 α
a3 d4 α
+
+ ...
4 dω2 ω0 64 dω4 ω0


+


dα
dω

a
+ −
4


ω0



⎡
a2
+ ⎣−
24

+

d2 α
dω2



a2
8



d3 α
dω3



d3 α
dω3

a3
+
48
ω0







a4
+
384
ω0

ω0

+ . . . sin(Ωt)

d4 α
dω4


ω0

d5 α
dω5

+ . . . cos(2Ωt)
⎤
+ . . . ⎦ sin(3Ωt)
ω0


+ ...

.

For a sufficiently small modulation amplitude (a/ω0  1), the first terms in
each bracket are dominant. Therefore we obtain for the signal S(nΩ) behind
a lock-in amplifier tuned to the frequency nΩ (Fig. 1.3):

S(nΩ) =

ΔPT
P0


= aL
nΩ

⎧
⎨bn sin(nΩt) ,

for n = 2m + 1 ,

⎩
cn cos(nΩt) ,

for n = 2m .
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Fig. 1.3a–d. Lorentzian line profile
α(ω) of halfwidth γ (FWHM) (a),
with first (b), second (c), and third
(d) derivatives

In particular, the signals for the first three derivatives of the absorption coefficient α(ω), shown in Fig. 1.3, are
S(Ω) = −aL

dα
sin(Ωt) ,
dω

S(2Ω) = +

a2 L d2 α
cos(2Ωt) ,
4 dω2

S(3Ω) = +

a3 L d3 α
sin(3Ωt) .
24 dω3

(1.12)

The advantage of this “derivative spectroscopy” [1.2] with a frequencymodulated laser is the possibility for phase-sensitive detection, which restricts
the frequency response of the detection system to a narrow frequency interval
centered at the modulation frequency Ω. Frequency-independent background
absorption from cell windows and background noise from fluctuations of
the laser intensity or of the density of absorbing molecules are essentially
reduced. Regarding the signal-to-noise ratio and achievable sensitivity, the frequency modulation technique is superior to an intensity modulation of the
incident radiation. There are different experimental techniques for achieving frequency modulation of single-mode lasers. One of them is based on
periodically changing the length d of the laser resonator, which can be accomplished by mounting one of the resonator mirrors onto a piezo ceramic, which
changes its dimensions when a voltage is applied to the piezo (Fig. 1.4a and
Vol. 1, Sect. 5.4).
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Fig. 1.4. Modulated laser sources. (a) Wavelength-modulation; (b) corresponding absorption line profiles; (c) phase modulation; (d) corresponding sideband spectrum

Because the laser frequency ν = q · (c/2d), where q is an integer number,
depends on the resonator length d, a change Δd causes a frequency change
Δν = −q(c/2d 2 )Δd

(1.13a)

or a wavelength change (wavelength modulation)
Δλ = (2/q)Δd .

(1.13b)

The length change Δd must be sufficiently large to attain a modulation depth
Δν that reaches the Doppler width of the absorption line. The modulation
frequency is limited by the mass of the mirror to a few kilohertz.
Example 1.3.
For a resonator length of d = 8 cm, which is typical of a diode laser with
an external cavity, and λ = 800 nm, the integer q becomes q = 2 ×105 . For
a Doppler width of Δνd = 1 GHz, a length change of Δd = 2 μm is sufficient to shift the laser frequency periodically over the absorption profile.
The technical noise, which represents the major limitation, decreases with
increasing frequency. It is therefore advantageous to choose the modulation
frequency as high as possible. For diode lasers this can be achieved by modulation of the diode current. For other lasers, often electro-optical modulators
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outside the laser resonator are used as phase modulators (Fig. 1.4), resulting
in a frequency modulation of the transmitted laser beam [1.3].
The electro-optic crystal changes its refractive index n(V) with the application of a voltage V = V0 (1 + a · sin Ωt). The amplitude of the laser wave
transmitted through the phase-modulator with optical length n · L is
E = E 0 ei(ωt+φ(t)) with φ(t) = (2π/λ)n(t) · L with n = n 0 (1 + b · sin ωt) .
(1.14)
While only two sidebands appear at frequencies ω ± Ω for amplitude modulation, for phase modulation the number of sidebands at frequencies ω ± q · Ω
depends on the modulation amplitude Δφm = b · n 0 · 2π/λ. The amplitudes of
the sidebands decrease with increasing q (Fig. 1.4d). For sufficiently small values of b, the higher sidebands for q > 1 have small intensities and can be
neglected.
The phase modulation has an additional advantage: the first two sidebands
at frequencies ω + Ω and ω − Ω have equal amplitudes but opposite phases
(Fig. 1.5). A lock-in detector tuned to the modulation frequency Ω therefore
receives the superposition of two beat signals between the carrier and the two
sidebands, which cancel to zero if no absorption is present. Any fluctuation of
the laser intensity appears equally on both signals and is therefore also cancelled. If the laser wavelength is tuned over an absorption line, one sideband
is absorbed, if ω + Ω or ω − Ω coincides with the absorption frequency ω0
(Fig. 1.6). This perturbs the balance and gives raise to a signal with a profile
that is similar to the profile of the second derivative in Fig. 1.3c.
The sensitivity of this technique is demonstrated by Fig. 1.7, which shows
an overtone absorption line of the water molecule H2 O, recorded with an unmodulated laser and with this modulation technique. The signal-to-noise ratio
of the absorption measured with phase modulation is about 2 orders of magnitude higher than without modulation. The sensivity reaches a maximum if
the modulation frequency is chosen to be equal to the width of the absorption
line.

Fig. 1.5a,b. Sideband amplitudes for: (a) amplitude modulation; (b) phase modulation
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Fig. 1.6a,b. Principle of phase-modulated absorption spectroscopy

If the modulation frequency Ω is chosen sufficiently high (Ω > 1000 MHz),
the technical noise may drop below the quantum-noise limit set by the statistical fluctuations of detected photons. In this case, the detection limit is mainly
due to the quantum limit [1.4]. Since lock-in detectors cannot handle such

Fig. 1.7. (a) Water overtone absorption line measured with unmodulated (b) and with
phase-modulated single-mode diode laser
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high frequencies, the signal input has to be downconverted in a mixer, where
the difference frequency between a local oscillator and the signal is generated.
This new method of high-frequency modulation spectroscopy using lowfrequency detection is called two-tone frequency-modulation spectroscopy
[1.5]. Here the laser output is phase-modulated in an electro-optic LiTaO3
crystal that is driven by a high-frequency voltage in the GHz range, that is
amplitude-modulated at frequencies in the MHz range. The detector output is
fed into a frequency mixer (downconverter) and the final signal is received
with a lock-in amplifier in the kilohertz range [1.6, 1.7].
A comparison of different modulation techniques can be found in [1.8–1.10].
1.2.2 Intracavity Laser Absorption Spectroscopy ICLAS
When the absorbing sample is placed inside the laser cavity (Fig. 1.8), the detection sensitivity can be enhanced considerably, in favorable cases by several
orders of magnitude. Four different effects can be utilized to achieve this “amplified” sensitivity. The first two are based on single-mode operation, the last
two on multimode oscillation of the laser.
(1) Assume that the reflectivities of the two resonator mirrors are R1 = 1 and
R2 = 1 − T2 (mirror absorption is neglected). At the laser output power Pout ,
the power inside the cavity is Pint = qPout with q = 1/T2 . For αL  1, the
power ΔP(ω) absorbed at the frequency ω in the absorption cell (length L) is
ΔP(ω) = α(ω)L Pint = qα(ω)L Pout .

(1.15)

If the absorbed power can be measured directly, for example, through the
resulting pressure increase in the absorption cell (Sect. 1.3.2) or through the
laser-induced fluorescence (Sect. 1.3.1), the signal will be q times larger than
for the case of single-pass absorption outside the cavity.
Example 1.4.
With a resonator transmission T2 = 0.02 (a figure that can be readily realized in practice) the enhancement factor becomes q = 50, as long as
saturation effects can be neglected and provided the absorption is sufficiently small that it does not noticeably change the laser intensity.

Fig. 1.8. Intracavity absorption detected either by monitoring the laser output P(ωL ) with
detector 2 or the laser-induced fluorescence IFl (ωL ) with detector 1

14

1. Doppler-Limited Absorption and Fluorescence Spectroscopy with Lasers

This q-fold amplification of the sensitivity can be also understood from the
simple fact that a laser photon travels on the average q times back and forth
between the resonator mirrors before it leaves the resonator. It therefore has
a q-fold chance to be absorbed in the sample; in other words, the effective
absorption pathlength becomes q times longer.
This sensitivity enhancement in detecting small absorptions has no direct
correlation with the gain medium and can be also realized in external passive resonators. If the laser output is mode matched (Vol. 1, Sect. 5.2.3) by
lenses or mirrors into the fundamental mode of the passive cavity containing the absorbing sample (Fig. 1.9), the radiation power inside this cavity is
q times larger. The enhancement factor q may become larger if the internal
losses of the cavity can be kept low.
Intracavity absorption cells are particularly advantageous if the absorption
is monitored via the laser-induced fluorescence. Since the radiation field inside
the active resonator or inside the mode-matched passive cavity is concentrated
within the region of the Gaussian beam (Vol. 1, Sect. 5.9), the laser-excited
fluorescence can be effectively imaged onto the entrance slit of a spectrometer with a larger efficiency than in the commonly used multipass cells. If
minute concentrations of an absorbing component have to be selectively detected in the presence of other constituents with overlapping absorption lines
but different fluorescence spectra, the use of a spectrometer for dispersing the
fluorescence can solve the problem.
External passive resonators may become advantageous when the absorption cell cannot be placed directly inside the active laser resonator. However,
there also exist some drawbacks: the cavity length has to be changed synchronously with the tunable-laser wavelength in order to keep the external
cavity always in resonance. Furthermore, one has to take care to prevent
optical feedback from the passive to the active cavity, which would cause
a coupling of both cavities with resulting instabilities. This feedback can be
avoided by an optical diode (Vol. 1, Sect. 5.2.7).
(2) Another way of detecting intracavity absorption with a very high sensitivity relies on the dependence of the single-mode laser output power on
absorption losses inside the laser resonator (detector 2 in Fig. 1.8). At con-

Fig. 1.9. Spectroscopy inside an external resonator, which is synchronously tuned with the
laser frequency ωL in order to be always in resonance
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stant pump power, just above the threshold, minor changes of the intracavity
losses may result in drastic changes of the laser output. In Vol. 1, Sect. 5.3
we saw that under steady-state conditions, the laser ouput power essentially
depends on the pump power and reaches the value Ps , where the gain factor G = exp[−2L 1 αs − γ ] becomes G = 1. This implies that the saturated gain
gs = 2L 1 αs of the active medium with the length L 1 equals the total losses γ
per cavity round trip (Vol. 1, Sect. 5.1).
The saturated gain gs = 2L 1 αs depends on the intracavity intensity I. According to (3.61) in Vol. 1 we obtain
gs =

g0
g0
=
,
1 + I/Is 1 + P/Ps

(1.16)

where Is is the saturation intensity. The gain decreases from g0 for P = 0 to
gs = g0 /2 for P = Ps (Vol. 1, Sect. 3.6). At a constant pump power, the laser
power P stabilizes itself at the value where gs = γ . With (1.16), this gives:
P = Ps

g0 − γ
.
γ

(1.17)

If small additional losses Δγ are introduced by the absorbing sample inside the cavity, the laser power drops to a value
Pα = P − ΔP = Ps ·

g0 − γ − Δγ
.
γ + Δγ

(1.18)

From (1.16–1.18) we obtain for the relative change ΔP/P of the laser output
power by the absorbing sample
ΔP/P =

Δγ
g0 Δγ
g0

,
g0 − γ γ + Δγ
γ g0 − γ

for Δγ  γ ,

(1.19)

where g0 is the unsaturated gain.
Compared with the single-pass absorption of a sample with the absorption coefficient α and the absorption pathlength L 2 outside the laser resonator
where ΔP/P = −αL 2 = −Δγ , the intracavity absorption represents a sensitivity enhancement by the factor
Q=

g0
.
γ(g0 − γ)

(1.20)

At pump powers far above threshold, the unsaturated gain g0 is large compared to the losses γ , and (1.20) reduces to
Q  1/γ ,

for

g0  γ .
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Fig. 1.10. (a) Laser output power PL (Ppump ) for two slightly different losses γ and γ +
Δγ . (b) Enhancement factor Q as a function of pump power Ppump above threshold

If the resonator losses are mainly due to the transmission T2 of the output
mirror, the enhancement factor Q then becomes Q = 1/γ = 1/T2 = q, which
is equal to the enhancement of the previous detection method 1.
Just above threshold, however, g0 is only slightly larger than γ and the denominator in (1.19) becomes very small, which means that the enhancement
factor Q may reach very large values (Fig. 1.10). At first sight, it might appear
that the sensitivity could be made arbitrarily large for 2α0 L → γ . However,
there are experimental as well as fundamental limitations that restrict the maximum achievable value of Q. The increasing instability of the laser output,
for instance, limits the detection sensitivity when the threshold is approached.
Furthermore, just above threshold, the spontaneous radiation that is emitted
into the solid angle accepted by the detector cannot be neglected. It represents
a constant background power, nearly independent of γ , which puts a principal
upper limit to the relative change ΔP/P and thus to the sensitivity.
Note: If the gain medium is inhomogeneously broadened, the saturated
gain gs becomes
g0
,
gs = √
1 + I/Is
(Vol. 1, Sect. 3.6 and 2.2). The derivation analogue to (1.16–1.19) yields
g2 (2γ Δγ + Δγ 2 )
g02 Δγ
ΔP
= 20
,

P
(g0 − γ 2 )(γ + Δγ)2 γ 2 g0 − γ

(1.21a)

instead of (1.19).
(3) In the preceding discussion of the sensitivity enhancement by intracavity
absorption, we have implicitly assumed that the laser oscillates in a single
mode. Even larger enhancement factors Q can be achieved, however, with
lasers oscillating simultaneously in several competing modes. Pulsed or cw
dye lasers without additional mode selection are examples of lasers with
mode competition. As discussed in Vol. 1, Sect. 5.3, the active dye medium
exhibits a broad homogeneous spectral gain profile, which allows the same
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dye molecules to simultaneously contribute to the gain of all modes with
frequencies within the homogeneous linewidth (see the discussion in Vol. 1,
Sects. 5.3, 5.8). This means that the different oscillating laser modes may
share the same molecules to achieve their gains. This leads to mode competition and bring about the following mode-coupling phenomena:
Assume that the laser oscillates simultaneously on N modes, which may
have equal gain and equal losses, and therefore equal intensities. When the
laser wavelength is tuned across the absorption spectrum of an absorbing sample inside the laser resonator, one of the oscillating modes may be tuned into
resonance with an absorption line (frequency ωk ) of the sample molecules.
This mode now suffers additional losses Δγ = α(ωk )L, which cause the decrease ΔI of its intensity. Because of this decreased intensity the inversion
of the active medium is less depleted by this mode, and the gain at ωk increases. Since the other (N − 1) modes can participate in the gain at ωk , their
intensity will increase. This, however, again depletes the gain at ωk and further decreases the intensity of the mode oscillating at ωk . With sufficiently
strong coupling between the modes, this mutual interaction may finally result
in a total suppression of the absorbing mode.
Frequency fluctuations of the modes caused by external perturbations
(Vol. 1, Sect. 5.4) limit the mode coupling. Furthermore, in dye lasers with
standing-wave resonators, the spatial hole-burning effect (Vol. 1, Sect. 5.8)
weakens the coupling between modes. Because of their slightly different
wavelengths, the maxima and nodes of the field distributions in the different
modes are located at different positions in the active medium. This has the
effect that the volumes of the active dye from which the different modes extract their gain overlap only partly. With sufficiently high pump power, the
absorbing mode has an adequate gain volume on its own and is not completely
suppressed but suffers a large intensity loss.
A more detailed calculation [1.11, 1.12] yields for the relative power
change of the absorbing mode
g0 Δγ
ΔP
=
(1 + K N ) ,
P
γ(g0 − γ)

(1.21b)

where K(0 ≤ K ≤ 1) is a measure of the coupling strength.
Without mode coupling (K = 0), (1.21b) gives the same result as (1.19) for
a single-mode laser. In the case of strong coupling (K = 1) and a large number of modes (N  1), the relative intensity change of the absorbing mode
increases proportionally to the number of simultaneously oscillating modes.
If several modes are simultaneously absorbed, the factor N in (1.21) stands
for the ratio of all coupled modes to those absorbed. If all modes have equal
frequency spacing, their number N gives the ratio of the spectral width of the
homogeneous gain profile to the width of the absorption profile.
In order to detect the intensity change of one mode in the presence of
many others, the laser output has to be dispersed by a monochromator or
an interferometer. The absorbing molecules may have many absorption lines
within the broadband gain profile of a multimode dye laser. Those laser
modes that overlap with absorption lines are attenuated or are even com-
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pletely quenched. This results in “spectral holes” in the output spectrum of the
laser and allows the sensitive simultaneous recording of the whole absorption
spectrum within the laser bandwidth, if the laser output is photographically
recorded behind a spectrograph or if an optical multichannel analyzer (Vol. 1,
Sect. 4.5) is used.
(4) The discussion in item 3 has assumed that the mode coupling and mode
frequencies were time independent. In real laser systems this is not true. Fluctuations of mode frequencies due to density fluctuations of the dye liquid or
caused by external perturbations prevent stationary conditions in a multimode
laser. We can define a mean “mode lifetime” tm , which represents the average time a specific mode exists in a multimode laser. If the measuring time
for intracavity absorption exceeds the mode lifetime tm , no quantitatively reliable information on the magnitude of the absorption coefficient α(ω) of the
intracavity sample can be obtained.
It is therefore better to pump the “intracavity laser” with a step-function
pump laser, which starts pumping at t = 0 and then remains constant
(Fig. 1.11). The intracavity absorption is then measured at times t with
0 < t < tm , which are shorter than the mean mode lifetime tm . The experimental arrangement is depicted in Fig. 1.12 [1.13]. The cw broadband dye laser
is pumped by an argon laser. The pump beam can be switched on by the
acousto-optic modulator AOM1 at t = 0. The dye laser output passes a second
modulator AOM2, which transmits the dye laser beam for the time interval Δt
at the selectable time t to the entrance slit of a high-resolution spectrograph.
A photodiode array with a length D allows simultaneous recording of the
spectral interval Δλ = ( dx/ dλ)D. The repetition rate f of the pump cycles
must be smaller than the inverse delay time t between AOM1 and AOM2, i.e.,
f < 1/t.

Fig. 1.11. Time profiles of incident and
transmitted laser power
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Fig. 1.12. Experimental arrangement for intracavity laser spectroscopy using a stepfunction pump intensity and a definite delay for the detection [1.13]

A detailed consideration [1.11–1.17] shows that the time evolution of the
laser intensity in a specific mode q(ω) with frequency ω after the start of
the pump pulse depends on the gain profile of the laser medium, the absorption α(ω) of the intracavity sample, and the mean mode lifetime tm . If the
broad gain profile with the spectral width Δωg and the center frequency ω0
can be approximated by the parabolic function



ω − ω0 2
,
g(ω) = g0 1 −
Δωg
the time evolution of the output power Pq = P(ωa ) in the qth mode for a constant pump rate and times t < tm is, after saturation of the gain medium
 


t
ω − ω0 2
exp −
t/tm e−α(ωq )ct .
(1.22)
Pq (t) = Pq (0)
πtm
Δωg
The first exponential factor describes the spectral narrowing of the gain profile
with increasing time t due to saturation and laser mode competition, and the
second factor can be recognized as the Beer–Lambert absorption law for the
transmitted laser power in the qth mode with the effective absorption length
L eff = ct. In practice, effective absorption lengths up to 70,000 km have been
realized [1.15]. The spectral width of the laser output becomes narrower with
increasing time, but the absorption dips become more pronounced (Fig. 1.13).
Example 1.5.
With typical delay times t = 10−4 s, the effective absorption pathlength
becomes L eff = c · t = 3 ×108 × 10−4 m = 30 km! If dips of 1% can still
be detected, this gives a sensitivity limit of α · L eff = 0.01 ⇒ αmin ≥ 3 ×
10−9 cm−1 for the absorption coefficient α(ω). For systems where t =
10 ms can be realized, the effective length becomes L eff = 3 ×106 m and
a limit of αmin = 3 ×10−11 cm−1 is possible.
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Fig. 1.13. Time evolution of the spectral profile of the laser output measured with timeresolved intracavity absorption spectroscopy [1.13]

In ring lasers (Vol. 1, Sect. 5.6) the spatial hole-burning effect does not
occur if the laser is oscillating in unidirectional traveling-wave modes. If
no optical diode is inserted into the ring resonator, the unsaturated gain is
generally equal for clockwise and counterclockwise running waves. In such
a bistable operational mode, slight changes of the net gain, which might be
different for both waves because of their opposite Doppler shifts, may switch
the laser from clockwise to counterclockwise operation, and vice versa. Such
a bistable multimode ring laser with strong gain competition between the
modes therefore represents an extremely sensitive detector for small absorptions inside the resonator [1.18].
The enhanced sensitivity of intracavity absorption may be utilized either
to detect minute concentrations of absorbing components or to measure very
weak forbidden transitions in atoms or molecules at sufficently low pressures
to study the unperturbed absorption line profiles. With intracavity absorption
cells of less than 1 m, absorbing transitions have been measured that would
demand a path length of several kilometers with conventional single-pass absorption at a comparable pressure [1.15, 1.19].
Some examples illustrate the various applications of the intracavity absorption technique.
• With an iodine cell inside the resonator of a cw multimode dye laser,
an enhancement factor of Q = 105 could be achieved, allowing the detection of I2 molecules at concentrations down to n ≤ 108 /cm3 [1.20].
This corresponds to a sensitivity limit of αL ≤ 10−7 . Instead of the laser
output power, the laser-induced fluorescence from a second iodine cell outside the laser resonator was monitored as a function of wavelength. This
experimental arrangement (Fig. 1.14) allows demonstration of the isotopespecific absorption. When the laser beam passes through two external
iodine cells filled with the isotopes 127 I2 and 129 I2 , tiny traces of 127 I2 inside the laser cavity are sufficient to completely quench the laser-induced
fluorescence from the external 127 I2 cell, while the 129 I2 fluorescence is
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Fig. 1.14. Isotope-selective intracavity absorption spectroscopy. The frequencies ωk absorbed by the 127 I2 isotope inside the laser cavity are missing in the laser output, which
therefore does not excite any fluorescence in the same isotope outside the laser resonator [1.20]

not affected [1.21]. This demonstrates that those modes of the broadband dye laser that are absorbed by the internal 127 I2 are completely
suppressed.
• Detection of absorbing transitions with very small oscillator strength
(Vol. 1, Sect. 2.7.2) has been demonstrated by Bray et al. [1.22], who
measured the extremely weak (v = 2, v = 0) infrared overtone absorption band of the red-atmospheric system of molecular oxygen and also the
(v = 6 ← v = 0) overtone band of HCl, with a cw rhodamine B dye
laser (0.3-nm bandwidth) using a 97-cm-long intracavity absorption cell.
Sensitivity tests indicated that even transitions with oscillator strengths
down to f ≤ 10−12 could be readily detected. An example is the P(11) line
+
−
in the (2 ← 0) band of the b 1 Σg ← x 3 Σg system of O2 with the oscil−13
[1.23]!
lator strength f = 8.4 ×10
• The overtone spectrum Δv = 6 of SiH4 was measured with the effective
absorption pathlength L eff = 5.25 km [1.13]. The spectrum shows wellresolved rotational structure, and local Fermi resonances were observed.
Although most experiments have so far been performed with dye lasers,
the color-center lasers or the newly developed vibronic solid-state lasers such
as the Ti:sapphire laser, with broad spectral-gain profiles (Vol. 1, Sect. 5.7.3)
are equally well suited for intracavity spectroscopy in the near infrared.
An example is the spectroscopy of rovibronic transitions between higher
electronic states of the H3 molecule with a color-center laser [1.24]. The
combination of Fourier spectroscopy with ICLAS allows improved spectral
resolution, while the sensitivity can also be enhanced [1.25, 1.34].
Instead of absorption, weak emission lines can also be detected with the
intracavity techniques [1.26]. If this light is injected into specific modes of
the multimode laser, the intensity of these modes will increase for observation
times t < tm before they can share their intensity by mode-coupling with other
modes. Cavity-enhanced spectroscopy in optical fibres have been reported in
[1.32, 1.33].
A detailed discussion of intracavity absorption, its dynamics, and its limitations can be found in the articles of Baev et al. [1.15, 1.27], in the thesis of
Atmanspacher [1.23], and in several review articles [1.13, 1.28–1.31].
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1.2.3 Cavity Ring-Down Spectroscopy (CRDS)
During the last years a new, very sensitive detection technique for measuring
small absorptions, cavity ring-down spectroscopy (CRDS), has been developed and gradually improved. It is based on measurements of the decay times
of optical resonators filled with the absorbing species [1.35]. We can understand its general principle as follows:
Assume a short laser pulse with input power P0 is sent through an optical resonator with two highly reflecting mirrors (reflectivities R1 = R2 = R,
and transmission T = 1 − R − A  1, where A includes all losses of the cavity from absorption, scattering, and diffraction, except those losses introduced
by the absorbing sample). The pulse will be reflected back and forth between
the mirrors (Fig. 1.15), while for each round-trip a small fraction will be transmitted through the end mirror and reach the detector. The transmitted power
of the first output pulse is
P1 = T 2 e−αL · P0 ,

(1.23)

where α is the absorption coefficient of the gas sample inside the resonator
with length L. For each round-trip, the power of the transmitted pulse decreases by an additional factor R2 · exp(−2αL). After n round-trips, its power
has decreased to

2n

2n
P1 = (1 − T − A) e−αL
P1 ,
(1.24)
Pn = R · e−αL
which can be written as
Pn = P1 · e+2n(ln R−α·L) .

(1.25)

The reflectivity of the resonator mirrors is R ≥ 0.999 and therefore ln R ≈ R −
1 = −(T + A). Therefore, (1.25) can be written as
Pn = P1 · e−2n(T +A+αL) .

(1.26)

The time delay between successive transmitted pulses equals the cavity
round-trip time TR = 2L/c. The nth pulse therefore is detected at the time
t = 2nL/c. If the time constant of the detector is large compared to TR , the
detector averages over subsequent pulses and the detected signals give the exponential function
P(t) = P1 · e−t/τ1 ,

Fig. 1.15. Principle of cavity ring-down spectroscopy with pulsed lasers

(1.27)
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with the decay time
τ1 =

L/c
.
T + A+α· L

(1.28)

Without an absorbing sample inside the resonator (α = 0), the decay time of
the resonator will be lengthened to
τ2 =

L/c
L/c
≈
.
T + A 1− R

(1.29)

The absorption coefficient α can be obtained directly from the difference
1/τ1 − 1/τ2 = c · α

(1.30)

in the reciprocal decay times τi .
What level of accuracy can be achieved for the determination of α? Assume that the decay times τi can be measured within an uncertainty δτi . From
(1.30) we then obtain for the uncertainty δα of α for τ1 − τ2  τ = 12 (τ1 + τ2 )



2δτ
c · τ12 τ22 δτ ≈ 3 · (τ1 − τ2 ) ,
δα = τ12 − τ22
(1.31)
τ
where τ is the average of τ1 and τ2 .
In order to attain a high sensitivity for the determination of α, the decay
times should be as long as possible; i.e., the reflectivity of the cavity mirrors should be as high as possible. The uncertainty δτ is mainly caused by
the noise in the decay curves. A good signal-to-noise ratio therefore increases
the accuracy of α.
Example 1.6.
R = 99.9% = 0.999; L = d = 1 m, α = 10−6 cm−1 ⇒ τ1 = 3.03 μs, τ2 =
3.33 μs. The difference Δτ = 0.3 μs is rather small. If it can be measured
within ±0.03 μs then δα = 0.06 μs/(c τ 2 ) = 4 ×10−7 cm−1 . This means that
α can only be determined with an uncertainty of 40%.
However, for R = 0.9999 ⇒ τ1 = 16.5 μs and τ2 = 33 μs, Δτ = 16.5 μs.
Now δα = 6 ×10−9 cm−1 and δα/α = 0.6%. These figures demonstrate the
importance of a high finesse cavity for the sensitivity of CRDS.
The CRDS technique uses the same principle as intra-cavity spectroscopy,
namely increasing the effective absorption path length. The difference is that
in CRDS the absorption coefficient is determined from a time measurement,
i.e., the decay time of the “ringing cavity”, while in intra-cavity spectroscopy
the gain competition between different resonator modes is used as the enhancement factor.
If the reflectivity is very high, diffraction losses may become dominant,
in particular for cavities with a large separation d of the mirrors. Since the
TEM00 mode has the lowest diffraction losses, the incoming laser beam has
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Fig. 1.16. Experimental setup with mode-matching optics

to be mode-matched by a lens system to excite the fundamental mode of
the resonator but not the higher transverse modes. Similar to intracavity absorption, this technique takes advantage of the increased effective absorption
length L eff = L/(1 − R), because the laser pulse traverses the absorbing sample 1/(1 − R) times.
The experimental setup is shown in Fig. 1.16. The laser pulses are coupled into the resonator by carefully designed mode-matching optics, which
ensure that only the TEM00 modes of the cavity are excited. Diffraction losses
are minimized by spherical mirrors, which also form the end windows of the
absorption cell. If the absorbing species are in a molecular beam inside the
cavity, the mirrors form the windows of the vacuum chamber. For a sufficiently short input pulse (Tp < TR ), the output consists of a sequence of pulses
with a time separation TR and with exponentially decreasing intensities, which
are detected with a boxcar integrator. For longer pulses (Tp > TR ), these pulses
overlap in time and one observes a quasi-continuous exponential decay of the
transmitted intensity. Instead of input pulses, the resonator can also be illuminated with cw radiation, which is suddenly switched off at t = 0.
If several resonator modes within the bandwidth of the laser pulse are excited, beat signals are superimposed onto the exponential decay curve. These
beats are due to interference between the different modes with differing frequencies. They depend on the relative phases between the excited resonator
modes. Since these phase differences vary from pulse to pulse when the cavity is excited by a train of input pulses, averaging over many excitation pulses
smears out the interference pattern, and again a pure exponential decay curve
is obtained.
When the laser wavelength λ is tuned over the absorption range of the
molecules inside the resonator, the measured differences
1
τ2 − τ1 Δτ(λ)
1
≈
= c · α(λ)
Δ= − =
τ1 τ2
τ2 · τ1
τ2
yield the absorption spectrum α(λ) [1.36]. For illustration, the rotationally resolved vibrational overtone band (2, 0, 5) ← (0, 0, 0) of the HCN molecule,
obtained with cavity ring-down spectroscopy, is shown in Fig. 1.17.
The possible high sensitivity of cavity ring-down spectroscopy can be
achieved only if several conditions are met:
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Fig. 1.17. Section of the rotational lines on the overtone band (2, 0, 5) ← (0, 0, 0) of the
HCN molecule, measured with CRDS [1.36]

(a) the bandwidth δωR of all excited cavity modes should be smaller than the
width δωa of the absorption lines. This implies that the laser pulsewidth
δωL < δωa .
(b) The relaxation time TR of the cavity must be longer than the lifetime Texc
of the excited molecules, which means δωR = 1/TR < δωa = 1/Texc .
Example 1.7.
The resonator length is L = 0.5 m, the mirror reflectivity is R = 0.995;
⇒ TR = 3.3 ×10−7 s, δωR = 3 ×106 s−1 . With a laser pulse duration of
10−8 s, the Fourier-limited laser bandwidth is δωL = 108 s−1 → δν = 1.5 ×
107 s−1 . This is smaller than the Doppler width of absorption lines in the
visible spectrum.
The frequency spacing of the longitudinal modes in a resonator with
plane mirrors is 3 ×108 Hz, which shows that only one mode of the cavity is excited. In this case the resonator length L has to be synchroneously
tuned when the laser wavelength is tuned (see Vol. 1, Sect. 5.5).
The major source of noise in single-shot decay is the technical noise introduced by the detection electronics and by fluctuations of the cavity length.
Here an optical heterodyne detection technique can greatly enhance the signalto-noise ratio. The experimental arrangement [1.37] is illustrated by Fig. 1.18.
The output of a cw tunable single mode diode laser is split into two parts.
One part is directly sent into the cavity ring-down ring resonator and one of
the TEM00 modes of the cavity is locked to the laser frequency. This part
serves as the local oscillator. The other part is frequency shifted in an AOM
(acousto-optic modulator) by one free spectral range of the cavity. It is therefore resonant with the adjacent TEM00 mode. It is chopped by the AOM at
40 kHz. Both parts are superimposed, pass through the ring-down cavity, and
the total transmitted intensity

2


IT α  E s (t) + E LO · ei(2πδνt+φ)  = |E s (t)|2 + |E LO |2
+ 2E s · E LO · cos(2πδνt + φ) ,

(1.32)
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Fig. 1.18. Apparatus for heterodyne-detected cavity ring-down spectroscopy

is measured by the detector. Since the signal enters the cavity as pulses of
12.5-μs duration at a repetition rate of 40 kHz, the transmitted signal intensity
decays exponentially after the end of each pulse, while the local oscillator has
constant intensity.
The interference term in (1.32) contains the product of the large amplitude
E LO (its transmission through the ring-down cavity is T ≈ 1) and the small
amplitude E s (t) and is, therefore, much larger than (E s (t))2 . Measuring the
decay time of the interference amplitude at the frequency δν (= free spectral
range of the cavity), therefore, gives a larger signal (which decays with 2τ)
and thus a larger signal-to-noise ratio.
Because a single-mode cw laser is used, the spectral resolution is generally
higher than in case of pulsed lasers. It is only limited by the linewidth of the
absorption lines.
Instead of measuring the differences of decay times τ1 and τ2 with and
without absorbing sample inside the cavity, the time-integrated transmitted intensity can be also monitored as a function of the wavelength of the incident
laser pulse [1.41]. This method is similar to the absorption in external cavities,
discussed in Sect. 1.2. An improved version of CRDS called “Cavity Leak-Out
Spectroscopy (CALOS)” has been proposed and realized in several laboratories [1.42–1.44]. Here a cw laser with a frequency scan is used. Its output
beam is mode-matched to the high finesse ring-down cavity (Fig. 1.19). Within
each scan cycle there is a time where the laser frequency coincides with an
eigen-resonance of the high finesse cavity. At this time the intra-cavity power
builds up, the input beam is then shut off and the decay of the stored energy is observed for the empty cavity and the cavity filled with the absorbing
gas.
Either tunable cw lasers can be used or tunable sidebands of a fixedfrequency laser. Since the noise of cw-lasers is lower than for pulsed lasers,
the sensitivity of CALOS is generally higher. Absorption coefficients down
to α = 7 ×10−11 cm−1 Hz−1/2 could be still measured and detection limits for
molecular gases, relevant for medical applications, such as NO, CO, CO2 ,
NH3 etc. down into the ppt-region (1 ppt means a relative concentration of
10−12 ) have been achieved [1.43]. More information on CRDS and CALOS
can be found in [1.38–1.40] and in several reviews [1.38, 1.42–1.48].
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Fig. 1.19. Experimental setup of cavity leak-out spectroscopy with mode-matching optics
and detector. [P. Hering, Institute of Laser Medicine, University of Düsseldorf]

1.3 Direct Determination of Absorbed Photons
In the methods discussed in the preceeding sections, the attenuation of the
transmitted light (or of the laser power in intracavity spectroscopy) is monitored to determine the absorption coefficient α(ω) or the number density
of absorbing species. For small absorptions this means the measurement of
a small difference of two large quantities, which limits, of course, the signalto-noise ratio.
Several different techniques have been developed where the absorbed radiation power, i.e., the number of absorbed photons, can be directly monitored.
These techniques belong to the most sensitive detection methods in spectroscopy, and it is worthwhile to know about them.
1.3.1 Fluorescence Excitation Spectroscopy
In the visible and ultraviolet regions a very high sensitivity can be achieved,
if the absorption of laser photons is monitored through the laser-induced fluorescence (Fig. 1.20). When the laser wavelength λL is tuned to an absorbing
molecular transition E i → E k , the number of photons absorbed per second
along the path length Δx is
n a = Ni n L σik Δx ,

(1.33)

where n L is the number of incident laser photons per second, σik the absorption cross section per molecule, and Ni the density of molecules in the
absorbing state |i.
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Fig. 1.20. Level scheme and experimental arrangement for fluorescence excitation spectroscopy

The number of fluorescence photons emitted per second from the excited
level E k is
(1.34)
n Fl = Nk Ak = n a ηk ,

where Ak = m Akm stands for the total spontaneous transition probability
(Vol. 1, Sect. 2.8) to all levels with E m < E k . The quantum efficiency of the
excited state ηk = Ak /(Ak + Rk ) gives the ratio of the spontaneous transition
rate to the total deactivation rate, which may also include the radiationless
transition rate Rk (e.g., collision-induced transitions). For ηk = 1, the number n Fl of fluorescence photons emitted per second equals the number n a of
photons absorbed per second under stationary conditions.
Unfortunately, only the fraction δ of the fluorescence photons emitted
into all directions can be collected, where δ = dΩ/4π depends on the solid
angle, dΩ, accepted by the fluorescence detector. Not every photon impinging
onto the photomultiplier cathode releases a photoelectron; only the fraction
ηph = n pe /n ph of these photons produces on the average n pe photoelectrons.
The quantity ηph is called the quantum efficiency of the photocathode (Vol. 1,
Sect. 4.5.2). The number n pe of photoelectrons counted per second is then
n pe = n a ηk ηph δ = (Ni σik n L Δx)ηk ηph δ .

(1.35)

Example 1.8.
Modern photomultipliers reach quantum efficiencies of ηph = 0.2. With
carefully designed optics it is possible to achieve a collection factor δ = 0.1,
which implies that the collecting optics cover a solid angle dΩ = 0.4 π.
Using photon-counting techniques and cooled multipliers (dark pulse rate
≤ 10 counts/s), counting rates of n pe = 100 counts/s are sufficient to obtain
a signal-to-noise ratio S/R ∼ 8 at integration times of 1 s.
Inserting this figure for n PE into (1.35) illustrates that with ηk = 1 absorption rates of n a = 5 ×103 /s can be measured quantitatively. Assuming
a laser power of 1 W at the wavelength λ = 500 nm, which corresponds to
a photon flux of n L = 3 ×1018 /s, this implies that it is possible to detect
a relative absorption of ΔP/P ≤ 10−14 . When placing the absorbing probe
inside the cavity where the laser power is q times larger (q ∼ 10 to 100,
Sect. 1.2.2), this impressive sensitivity may be even further enhanced.
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Fig. 1.21. (a) Parabolic optical system and (b) elliptical/spherical mirror system with high
collection efficiency of fluorescence light. (c) Imaging of the fluorescence onto the entrance slit of a monochromator with a properly adjusted shape of the fiber bundle

Since the attainable signal is proportional to the fluorescence collection efficiency δ, it is important to design collection optics with optimum values of δ.
Two possible designs are shown in Fig. 1.21 that are particularly useful if the
excitation volume is small (e.g., the crossing volume of a laser beam with
a collimated molecular beam). One of these collection optics uses a parabolic
mirror, which collects the light from a solid angle of nearly 2π. A lens images
the light source onto the photomultiplier cathode. The design of Fig. 1.21b
uses an elliptical mirror where the light source is placed in one focal point A
and the polished end of a multifiber bundle into the other B. A half-sphere reflector with its center in A reflects light, which is emitted into the lower half
space back into the source A, which is then further reflected by the elliptical
mirror and focused into B.
The exit end of the fiber bundle can be arranged to have a rectangular
shape in order to match it to the entrance slit of a spectrograph (Fig. 1.21c).
When the laser wavelength λL is tuned across the spectral range of the
absorption lines, the total fluorescence intensity IFl (λL ) ∝ n L σik Ni monitored
as a function of laser wavelength λL represents an image of the absorption
spectrum called the excitation spectrum. According to (1.35) the photoelectron
rate n PE is directly proportional to the absorption coefficient Ni σik , where the
proportionality factor depends on the quantum efficiency ηph of the photomultiplier cathode and on the collection efficiency δ of the fluorescence photons.
Although the excitation spectrum directly reflects the absorption spectrum
with respect to the line positions, the relative intensities of different lines I(λ)
are identical in both spectra only if the following conditions are guaranteed:
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• The quantum efficiency ηk must be the same for all excited states E k . Under collision-free conditions, i.e., at sufficiently low pressures, the excited
molecules radiate before they can collide, and we obtain ηk = 1 for all
levels E k .
• The quantum efficiency ηph of the detector should be constant over the
whole spectral range of the emitted fluorescence. Otherwise, the spectral distribution of the fluorescence, which may be different for different
excited levels E k , will influence the signal rate. Some modern photomultipliers can meet this requirement.
• The geometrical collection efficiency δ of the detection system should be
identical for the fluorescence from different excited levels. This demand
excludes, for example, excited levels with very long lifetimes, where the
excited molecules may diffuse out of the observation region before they
emit the fluorescence photon. Furthermore, the fluorescence may not be
isotropic, depending on the symmetry of the excited state. In this case δ
will vary for different upper levels.
However, even if these requirements are not strictly fulfilled, excitation spectroscopy is still very useful to measure absorption lines with extremely high sensitivity, although their relative intensities may not be recorded
accurately.
The technique of excitation spectroscopy has been widely used to measure very small absorptions. One example is the determination of absorption
lines in molecular beams where both the pathlength Δx and the density Ni of
absorbing molecules are small.
The LIF method is illustrated by Fig. 1.22, which shows a section of the
excitation spectrum of the silver dimer Ag2 , taken in a collimated molecular
beam under conditions comparable to that of Example 1.9.
Example 1.9.
With Δx = 0.1 cm, δ = 0.5, η = 1, a density Ni = 107 /cm3 of absorbing
molecules yields for an absorption cross section σik = 10−17 cm2 and an incident flux of n L = 1016 photons/s (= 3 mW at λ = 500 nm) about 5 ×104
fluorescence photons imaged onto the photomultiplier cathode, which emits
about 1 ×104 photoelectrons per second, giving rise to 104 counts/s at the
exit of the PM.
The extremely high sensitivity of this technique has been demonstrated
impressively by Fairbanks et al. [1.49], who performed absolute density
measurements of sodium vapor in the density range N = 102 −1011 cm−3
using laser-excited fluorescence as a monitor. The lower detection limit of
N = 102 cm−3 was imposed by background stray light scattered out of the
incident laser beam by windows and cell walls.
Because of the high sensitivity of excitation spectroscopy, it can be successfully used to monitor minute concentrations of radicals and short-lived
intermediate products in chemical reactions [1.51]. Besides measurements of
small concentrations, detailed information on the internal state distribution
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Fig. 1.22. Section of the fluorescence excitation spectrum of the 107 Ag 109 Ag isotope,
showing the band head of the v = 1 ← v = 0 band in the A 1 Σu ← X 1 Σg system,
superimposed by some lines of the 107 Ag 107 Ag isotope [1.50]

Ni (vi , Ji ) of reaction products can be extracted, since the fluorescence signal
is, according to (1.35), proportional to the number Ni of absorbing molecules
in the level |i (Sect. 1.8.4).
If in atoms a transition |i → |k can be selected, which represents a true
two level system (i.e., the fluorescence from |k terminates only in |i), the
atom may be excited many times while it flies through the laser beam. At
a spontaneous lifetime τ and a travel time T through the laser beam, a maximum of n = T/(2τ) excitation-fluorescence cycles can be achieved (photon
 500 fluorescence
burst). With T = 10−5 s and τ = 10−8 s we can expect n =
photons per atom! This allows single atom detection.
If molecules are diluted in solutions or in solids, single molecules can be
excited if the focused laser beam diameter is smaller than the average distance
between the molecules. Although the fluorescence from the upper state terminates in many rovibrational levels of the electronic ground state, these levels
are rapidly quenched by collisions with the solvent molecules, which brings
them back into the initial level, from where they can again be excited by the
laser. This allows the detection of many photons per second from a single
molecule and gives sufficient sensitivity to follow the diffusion of molecules
into and out of the laser spot. This technique of “single-molecule detection”
has developed into a very useful and sensitive method in chemistry and biology [1.52–1.54].
Excitation spectroscopy has its highest sensitivity in the visible, ultraviolet, and near-infrared regions. With increasing wavelength λ the sensitivity
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decreases for the following reasons: Equation (1.35) shows that the detected
photoelectron rate n PE decreases with ηk , ηph , and δ. All these numbers
generally decrease with increasing wavelength. The quantum efficiency ηph
and the attainable signal-to-noise ratio are much lower for infrared than for
visible photodetectors (Vol. 1, Sect. 4.5). By absorption of infrared photons,
vibrational–rotational levels of the electronic ground state are excited with
radiative lifetimes that are generally several orders of magnitude larger than
those of excited electronic states. At sufficiently low pressures the molecules
diffuse out of the observation region before they radiate. This diminishes the
collection efficiency δ. At higher pressures the quantum efficiency ηk of the
excited level E k is decreased because collisional deactivation competes with
radiative transitions. Under these conditions photoacoustic detection may become preferable.

1.3.2 Photoacoustic Spectroscopy
Photoacoustic spectroscopy is a sensitive technique for measuring small absorptions that is mainly applied when minute concentrations of molecular
species have to be detected in the presence of other components at higher
pressure. An example is the detection of spurious pollutant gases in the atmosphere. Its basic principle may be summarized as follows:
The laser beam is sent through the absorber cell (Fig. 1.23). If the laser is
tuned to the absorbing molecular transition E i → E k , part of the molecules
in the lower level E i will be excited into the upper level E k . By collisions
with other atoms or molecules in the cell, these excited molecules may transfer their excitation energy (E k − E i ) completely or partly into translational,
rotational, or vibrational energy of the collision partners. At thermal equilibrium, this energy is randomly distributed onto all degrees of freedom, causing
an increase of thermal energy and with it a rise in temperature and pressure
at a constant density in the cell.
When the laser beam is chopped at frequencies Ω < 1/T , where T is the
mean relaxation time of the excited molecules, periodic pressure variations
appear in the absorption cell, which can be detected with a sensitive microphone placed inside the cell. The output signal S [Volt] of the microphone
is proportional to the pressure change Δ p induced by the absorbed radiation

Fig. 1.23a,b. Photoacoustic spectroscopy: (a) level scheme; (b) schematic experimental
arrangement
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power ΔW/Δt. If saturation can be neglected, the absorbed energy per cycle
ΔW = Ni σik Δx(1 − ηK )PL Δt ,

(1.36)

is proportional to the density Ni [cm−3 ] of the absorbing molecules in
level |i, the absorption cross section σik [cm2 ], the absorption pathlength Δx,
the cycle period Δt, and the incident laser power PL .
Contrary to LIF, the optoacoustic signal decreases with increasing quantum efficiency ηk (which gives the ratio of emitted fluorescence energy to
absorbed laser energy) unless the fluorescence is absorbed inside the cell and
contributes to the temperature rise.
Since the absorbed energy ΔW is transferred into kinetic or internal energy of all N molecules per cm3 in the photoacoustic cell with the volume V ,
the temperature rise ΔT is obtained from
ΔW =

1
2

fVNkΔT ,

(1.37)

where f is the number of degrees of freedom that are accessible for each of
the N molecules at the temperature T [K]. If the chopping frequency of the
laser is sufficiently high, the heat transfer to the walls of the cell during the
pressure rise time can be neglected. From the equation of state pV = NVkT ,
we finally obtain
Δ p = NkΔT =

2ΔW
.
fV

(1.38)

It is therefore advantageous to keep the volume V of the photoacoustic cell
small. The output signal S from the microphone is then
S = Δ pSm =

2Ni σik
Δx(1 − ηk )PL ΔtSm ,
fV

(1.39)

where the sensitivity Sm [Volt/Pascal] of the microphone not only depends on
the characteristics of the microphone but also on the geometry of the photoacoustic cell.
With infrared lasers the molecules are generally excited into higher vibrational levels of the electronic ground state. Assuming cross sections of
10−18 −10−19 cm2 for the collisional deactivation of the vibrationally excited
molecules, the equipartition of energy takes only about 10−5 s at pressures
around 1 mbar. Since the spontaneous lifetimes of these excited vibrational
levels are typically around 10−2 −10−5 s, it follows that at pressures above
1 mbar, the excitation energy absorbed from the laser beam will be almost
completely transferred into thermal energy, which implies that ηk ∼ 0.
The idea of the spectraphone is very old and was demonstrated by Bell
and Tyndal [1.55] in 1881. However, the impressive detection sensitivity obtained today could only be achieved with the development of lasers, sensitive
capacitance microphones, low-noise amplifiers, and lock-in techniques. Concentrations down to the parts per billion range (ppb, or 10−9 ) at total pressures
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Fig. 1.24. (a) Spectrophone with capacitance microphone; (b) longitudinal and radial
acoustic resonance modes

of 1 mbar up to several atmospheres are readily detectable with a modern
spectraphone (Fig. 1.24).
Modern condensor microphones with a low-noise FET preamplifier and
phase-sensitive detection achieve signals of larger than 1 V/mbar (
= 10 mV/Pa)
with a background noise of 3 ×10−8 V at integration times of 1 s. This sensitivity allows detection of pressure amplitudes below 10−7 mbar and is, in
general, not limited by the electronic noise but by another disturbing effect:
laser light reflected from the cell windows or scattered by aerosols in the cell
may partly be absorbed by the walls and contributes to a temperature increase.
The resulting pressure rise is, of course, modulated at the chopping frequency
and is therefore detected as background signal. There are several ways to reduce this phenomenon. Antireflection coatings of the cell windows or, in case
of linearly polarized laser light, the use of Brewster windows minimize the
reflections. An elegant solution chooses the chopping frequency to coincide
with an acoustic resonance of the cell. This results in a resonant amplification
of the pressure amplitude, which may be as large as 1000-fold. This experimental trick has the additional advantage that those acoustic resonances can
be selected that couple most efficiently to the beam profile but are less effectively excited by heat conduction from the walls. The background signal
caused by wall absorption can thus be reduced and the true signal is enhanced.
Figure 1.24b shows longitudinal and radial acoustic resonances in a cylindrical cell.
Example 1.10.
With Ni = 2.5 ×1011 cm−3 (
= 10−8 bar), σik = 10−16 cm2 , Δx = 10 cm,
3
V = 50 cm , ηk = 0, f = 6, we obtain the pressure change Δ p = 1.5 Pa
(
= 0.015 mbar) for the incident laser power PL = 100 mW. With a microphone sensitivity of Sm = 10−2 V/Pa the output signal becomes S = 15 mV.
The sensitivity can be further enhanced by frequency modulation of the
laser (Sect. 1.2.1) and by intracavity absorption techniques. With the spectraphone inside the laser cavity, the photoacoustic signal due to nonsaturating
transitions is increased by a factor q as a result of a q-fold increase of the
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Fig. 1.25. Acoustic resonance cell inside an optical multipass cell. Dimensions are in
millimeters

laser intensity inside the resonator (Sect. 1.2.2). The optoacoustic cell can be
placed inside a multipath optical cell (Fig. 1.25) where an effective absorption
pathlength of about 50 m can be readily realized [1.65].
According to (1.39) the optoacoustic signal decreases with increasing
quantum efficiency because the fluorescence carries energy away without
heating the gas, as long as the fluorescence light is not absorbed within the
cell. Since the quantum efficiency is determined by the ratio of spontaneous
to collision-induced deactivation of the excited level, it decreases with increasing spontaneous lifetime and gas pressure. Therefore, the optoacoustic method
is particularly favorable to monitor vibrational spectra of molecules in the infrared region (because of the long lifetimes of excited vibrational levels) and
to detect small concentrations of molecules in the presence of other gases
at higher pressures (because of the large collisional deactivation rate). It is
even possible to use this technique for measuring rotational spectra in the
microwave region as well as electronic molecular spectra in the visible or ultraviolet range, where electronic states with short spontaneous lifetimes are
excited. However, the sensitivity in these spectral regions is not quite as high
and there are other methods that are superior.
Some examples illustrate this very useful spectroscopic technique. For
a more detailed discussion of optoacoustic spectroscopy, its experimental
tricks, and its various applications [1.59], the reader is referred to recently published monographs [1.56–1.58,1.71] and to conference proceedings [1.60–1.62].
Example 1.11.
(a) The sensitivity of the spectraphone has been demonstrated by Kreutzer
et al. [1.63]. At a total air pressure of 660 mbar in the absorption
cell these researchers could detect concentrations of ethylene down to
0.2 ppb, of NH3 down to 0.4 ppb, and of NO pollutants down to 10 ppb.
The feasibility of determining certain important isotope abundances or
ratios by simple and rapid infrared spectroscopy with the spectraphone
and also the ready control of small leaks of polluting or poison gases
have been demonstrated [1.64].
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Fig. 1.26. Section of the optoacoustic overtone absorption spectrum (5, 1, 0, 0, 0, 0) ←
(0, 0, 0, 0, 0, 0) of acetylene around ν̄ = 15,600 cm−1 , corresponding to the excitation of
a local mode by five quantum vibrations [1.65]

(b) The optoacoustic method has been applied with great success to highresolution spectroscopy of rotational–vibrational bands of numerous
molecules [1.65]. Figure 1.26 illustrates as an example a section of the
visible overtone absorption spectrum of the C2 H2 molecule where, in
spite of the small absorption coefficient, a good signal-to-noise ratio
could be achieved.
(c) A general technique for the optoacoustic spectroscopy of excited molecular vibrational states has been demonstrated by Patel [1.66]. This
technique involves the use of vibrational energy transfer between two
dissimilar molecules A and B. When A is excited to its first vibrational
level by absorption of a laser photon hν1 , it can transfer its excitation energy by a near-resonant collision to molecule B. Because of the
large cross section for such collisions, a high density of vibrationally
excited molecules B can be achieved also for those molecules that cannot be pumped directly by existing powerful laser lines. The excited
molecule B can absorb a photon hν2 from a second, weak tunable laser,
which allows spectroscopy of all accessible transitions (v = 1 → v = 2).
The technique has been proved for the NO molecule, where the frequency of the four transitions in the 2 Π1/2 and 2 Π3/2 subbands of 15 NO
and the Λ doubling for the v = 1 → 2 transition have been accurately
measured. The following scheme illustrates the method:
14

NO + hν1 (CO2 laser) −→ 14 NO∗ (v = 1) ,
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NO∗ (v = 1) + 15 NO(v = 0) −→ 14 NO(v = 0) + 15 NO∗ (v = 1)
+ ΔE(35 cm−1 ) ,

15

NO∗ (v = 1) + hν2 (spin-flip laser) −→ 15 NO∗ (v = 2) .

The last process is detected by optoacoustic spectroscopy.
(d) The application of photoacoustic detection to the visible region has been
reported by Stella et al. [1.67]. They placed the spectraphone inside
the cavity of a cw dye laser and scanned the laser across the absorption bands of the CH4 and NH3 molecules. The high-quality spectra
with resolving power of over 2 ×105 proved to be adequate to resolve
single rotational features of the very weak vibrational overtone transitions in these molecules. The experimental results are very useful for the
investigation of the planetary atmospheres, where such weak overtone
transitions are induced by the sun light.
(e) An interesting application of photoacoustic detection is in the measurement of dissociation energies of molecules [1.68]. When the laser
wavelength is tuned across the dissociation limit, the photoacoustic signal drops drastically because beyond this limit the absorbed laser energy
is used for dissociation. (This means that it is converted into potential energy and cannot be transferred into kinetic energy as in the case
of excited-state deactivation. Only the kinetic energy causes a pressure
increase.)
(f) With a special design of the spectraphone employing a coated quartz
membrane for the condensor microphone, even corrosive gases can be
measured [1.69]. This extends the applications of optoacoustic spectroscopy to aggressive pollutant gases such as NO2 or SO2 , which are
important constituents of air pollution.
Photoacoustic spectroscopy can be also applied to liquids and solids [1.70].
An interesting application is the determination of species adsorbed on surfaces. Optoacoustic spectroscopy allows a time-resolved analysis of adsorption and desorption processes of atoms or molecules at liquid or solid
surfaces, and their dependence on the surface characteristics and on the temperature [1.72]. For more information see [1.70, 1.73, 1.74].
1.3.3 Optothermal Spectroscopy
For the spectroscopy of vibrational–rotational transitions in molecules the
laser-excited fluorescence is generally not the most sensitive tool, as was
discussed at the end of Sect. 1.3.1. Optoacoustic spectroscopy, on the other
hand, is based on collisional energy transfer and is therefore not applicable
to molecular beams, where collisions are rare or even completely absent. For
the infrared spectroscopy of molecules in a molecular beam therefore a new
detection technique has been developed, which relies on the collision-free
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Fig. 1.27. Optothermal spectroscopy in a molecular beam with a helium-cooled bolometer
as detector and two optical systems, which increase the absorption path length

conditions in a beam and on the long radiative lifetimes of vibrational–
rotational levels in the electronic ground state [1.75–1.77].
Optothermal spectroscopy uses a cooled bolometer (Vol. 1, Sect. 4.5) to detect the excitation of molecules in a beam (Fig. 1.27). When the molecules
hit the bolometer they transfer their kinetic and their internal thermal energy, thereby increasing the bolometer temperature T0 by an amount ΔT .
If the molecules are excited by a tunable laser (for example, a colorcenter laser or a diode laser) their vibrational–rotational energy increases by
ΔE = hν  E kin . If the lifetime τ of the excited levels is larger than the flight
time t = d/v from the excitation region to the bolometer, they transfer this
extra energy to the bolometer. If N excited molecules hit the bolometer per
second, the additional rate of heat transfer is
dQ
= NΔE = Nhν .
dt

(1.40)

With the heat capacity C of the bolometer and a heat conduction G(T − T0 )
the temperature T is determined by
Nhν = C

dT
+ G(T − T0 ) .
dt

(1.41)
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Under stationary conditions ( dT/ dt = 0), we obtain from (1.41) the temperature rise
Nhν
.
(1.42)
ΔT = T − T0 =
G
The sensitivity of the bolometer increases with decreasing heat conduction G.
In general, the exciting laser beam is chopped in order to increase the
signal-to-noise ratio by lock-in detection. The time constant τ = C/G of
the bolometer (Vol. 1, Sect. 4.5) should be smaller than the chopping period.
Therefore the bolometer must be constructed in such a way that both C and G
are as small as possible.
The bolometer consists of a small (0.25 × 0.25 × 0.25 mm3 ) doped silicon
semiconductor crystal (Fig. 1.28), which has a low heat capacity at T = 1.5 K.
The collimated molecular beam generally has a diameter of about 3 mm
when reaching the bolometer, whereas the active area of the sensitive silicon
disc in the bolometer is only 0.5 × 0.5 mm2 . This means that only a small fraction of the beam would hit the bolometer and contribute to the signal. In order
to improve the situation the silicon disc is glued with a heat-conductive glue
to a larger thin sapphire disc with an area of 3 × 3 mm2 . Since sapphire has
a high Debye temperature, at 1.5 K only very few phonons are excited, which
implies that the specific heat is very low. In spite of its larger size the sapphire disc provides only a small contribution to the total heat capacity of the
bolometer, although it greatly enhances the signal (Fig. 1.28).
If a small electric current i is sent through the crystal with resistance R,
a voltage U = R · i is generated across the bolometer. The resistance decreases
with increasing temperature. The temperature change ΔT can be measured by
the resulting resistance change
dR
ΔT ,
dT
which is a function of the temperature dependence dR/ dT of the bolometer material. Large values of dR/ dT are achieved with doped semiconductor
materials at low temperatures (a few Kelvin!).
ΔR =

Fig. 1.28. Central part of the bolometer. The diamond plate increases the sensitivity area
without contributing much to the heat capacity
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Fig. 1.29. Excitation of molecules in a collimated beam inside an optical enhancement
cavity

Even larger values can be realized with materials around their critical
temperature Tc for the transition from the superconducting to the normal conducting state. In this case, however, one always has to keep the temperature
at Tc . This can be achieved by a temperature feedback control, where the
feedback signal is a measure for the rate dQ/ dt of energy transfer to the
bolometer by the excited molecules.
With such a detector at T = 1.5 K, energy transfer rates dQ/ dt ≥ 10−14 W
are still detectable [1.76]. This means that an absorbed laser power of
ΔP ≥ 10−14 W is measurable. In order to maximize the absorbed power, the
absorption path length can be increased by an optical device consisting of two
90◦ reflectors, which reflect the laser beam many times back and forth through
the molecular beam (Fig. 1.27). An even higher sensitivity is achieved with
an optical enhancement cavity with spherical mirrors, where the optical beam
waist at the center of the cavity has to be matched to the molecular beam diameter (Fig. 1.29). When the laser wavelength is tuned, the enhancement cavity
has to be synchronously tuned, which is accomplished by including a piezocylinder and an electronic feedback circuit that keeps the cavity in resonance
with the laser wavelength.
The sensitivity of the optothermal technique is illustrated by the comparison of the same sections of the overtone spectrum of C2 H4 molecules,
measured with Fourier, optoacoustic, and optothermal spectroscopy, respectively (Fig. 1.30). Note the increase of spectral resolution and signal-to-noise
ratio in the optothermal spectrum compared to the two other Doppler-limited
techniques [1.78]. More examples can be found in [1.79].
The term photothermal spectroscopy is also used in the literature for the
generation of thermal-wave phenomena in samples that are illuminated with
a time-dependent light intensity [1.80]. In many aspects this is equivalent to
photoacoustic spectroscopy. An interesting modification of this technique for
the study of molecules adsorbed at surfaces is illustrated in Fig. 1.31. A small
spot of a surface is irradiated by a pulsed laser beam. The absorbed power results in a temperature rise of the illuminated spot. This temperature travels as
a thermal shock wave through the solid. It leads to a slight time-dependent deformation of the surface from thermal expansion. This deformation is probed
by the time-dependent deflection of a low-power HeNe laser beam. In the
case of adsorbed molecules, the absorbed power varies when the laser wavelength is tuned over the absorption spectrum of the molecules. Time-resolved
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Fig. 1.30a–c. Section of the overtone band (ν5 + ν9 ) of C2 H4 , comparison of (a) Fourier
spectrum; (b) optoacoustic spectrum; (c) Doppler-free optothermal spectrum

measurements of the probe-beam deflection allow one to determine the kind
and amount of adsorbed molecules and to follow their desorption with time,
caused by the irradiating light of the pulsed laser [1.81].

Fig. 1.31a–c. Optothermal spectroscopy of solids and of molecules adsorbed at surfaces:
(a) propagation of thermal wave induced by a pulsed laser; (b) deformation of a surface
detected by the deflection of a HeNe laser beam; (c) time profile of surface temperature
change following pulsed illumination [1.81]
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1.4 Ionization Spectroscopy
1.4.1 Basic Techniques
Ionization spectroscopy monitors the absorption of photons on the molecular
transition E i → E k by detecting the ions or electrons produced by ionization
of the excited state E k . The necessary ionization of the excited molecule may
be performed by photons, by collisions, or by an external electric field.
a) Photoionization

The excited molecules are ionized by absorption of a second photon, i.e.,
M∗ (E k ) + hν2 −→ M+ + e− + E kin .

(1.43a)

The ionizing photon may come either from the same laser that has excited the
level E k or from a separate light source, which can be another laser or even
an incoherent source (Fig. 1.32a).
A very efficient photionization process is the excitation of high-lying
Rydberg levels above the ionization limit (Fig. 1.32b), which decay by autoionization into lower levels of the ion M+
M∗ (E k ) + hν2 −→ M∗∗ → M+ + e− + E kin ( e− ) .

(1.43b)

The absorption cross section for this process is generally much larger than that
of the bound–free transition described by (1.43a) (Sect. 5.4.2).
The excited molecule may also be ionized by a nonresonant two-photon
process (Fig. 1.32c)
M∗ (E k ) + 2hν2 −→ M+ + e− + E kin ( e− ) .

(1.43c)

Fig. 1.32a–d. Level schemes of ionization spectroscopy: (a) photoionization; (b) excitation of autoionizing Rydberg levels; (c) two-photon ionization of excited molecules;
(d) experimental arrangement for photoionization spectroscopy in a molecular beam
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b) Collision-Induced Ionization

Ionizing collisions between excited atoms or molecules and electrons represent the main ionization process in gas discharges:
M∗ (E k ) + e− −→ M+ + 2 e− .

(1.44a)

If the excited level E k is not too far from the ionization limit, the molecule
may also be ionized by thermal collisions with other atoms or molecules. If
E k lies above the ionization limit of the collision partners A, Penning ionization [1.82] becomes an efficient process and proceeds as
M∗ (E k ) + A −→ M + A+ + e− .

(1.44b)

c) Field Ionization

If the excited level E k lies closely below the ionization limit, the molecule
M∗ (E k ) can be ionized by an external electric dc field (Fig. 1.33a). This
method is particularly efficient if the excited level is a long-lived, highly
excited Rydberg state with principal quantum number n, quantum defect δ,
and ionization energy Ry/n ∗2 , which can be expressed by the Rydberg constant Ry and the effective quantum number n ∗ = n − δ. The required minimum
electric field can readily be estimated from Bohr’s atomic model, which gives
a good approximation for atomic levels with large principal quantum number n. Without an external field the ionization energy for the outer electron
at the mean radius r from the nucleus is determined by the Coulomb field of
the nucleus shielded by the inner electron core.
∞
IP =
r

Ry
Z eff e2
Z eff e2
Ry
=
dr
=
= ∗2
2
2
4π0r
4π0r
(n − δ)
n

Fig. 1.33a,b. Field ionization of highly excited levels closely below the ionization limit:
(a) Potential diagram and (b) experimental arrangement for field ionization in a molecular beam. The photomultiplier monitors the LIF from the intermediate level populated in
a two-step excitation process
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where eZ eff is the effective nuclear charge, i.e., the nuclear charge eZ partly
screened by the electron cloud. If an external field E ext = −E 0 x is applied,
the effective ionization potential is lowered to the value (see Problem 1.9)

Z eff e3 E 0
.
(1.45)
IPeff = IP −
π0
If the energy E of the excited level is above IPeff , it will be field-ionized.
Techniques where the laser excites the atoms but the ionizing step is performed by field ionization have found increasing applications in the detection
of Rydberg atoms in atomic beams (Sect. 9.6), in analytical chemistry for trace
elements, or for small concentrations of pollutants [1.83].
Example 1.12.
For levels 10 meV below the ionization limit, (1.45) gives E 0 ≥ 1.7
× 104 V/m for the ionizing external field. However, because of the
quantum-mechanical tunnel effect the fields required for complete ionization are even lower.

1.4.2 Sensitivity of Ionization Spectroscopy
The following estimation illustrates the possible sensitivity of ionization spectroscopy (Fig. 1.32a). Let Nk be the density of excited molecules in level E k ,
PkI the probability per second that a molecule in level E k is ionized, and
n a = Ni n L σik Δx (1.33) the number of photons absorbed per second on the
transition E i → E k . If Rk is the total relaxation rate of level E k , besides the
ionization rate (spontaneous transitions plus collision-induced deactivation)
the signal rate in counts per second for the absorption path length Δx and
for n L incident laser photons per second under steady state conditions is:
SI = Nk PkI δ · η = n a

PkI
PkI
δ · η = Ni n L σik Δx
δ·η .
PkI + Rk
PkI + Rk

(1.46)

With a proper design the collection efficiency δ for the ionized electrons
or ions can reach δ = 1. If the electrons or ions are accelerated to several keV
and detected by electron multipliers or channeltrons, a detection efficiency of
η = 1 can also be achieved. If the ionization probability PkI can be made large
compared to the relaxation rate Rk of the level |k, the signal SI then becomes
with δ = η = 1:
SI ∼ n a .
This means that every laser photon absorbed in the transition E i → E k gives
rise to a detected ion or electron. It implies that single absorbed photons can
be detected with an overall efficiency close to unity (or 100%). In experimental practice there are, of course, additional losses and sources of noise,
which limit the detection efficiency to a somewhat lower level. However, for
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all absorbing transitions E i → E k where the upper level E k can readily be ionized, ionization spectroscopy is the most sensitive detection technique and is
superior to all other methods discussed so far [1.84, 1.85].
1.4.3 Pulsed Versus CW Lasers for Photoionization
In case of photoionization of the excited level |k, the ionization probability
per second
PkI = σkI n L2

[s−1 ]

equals the product of the ionization cross section σkI [cm2 ] and the photon flux
density n L2 [cm−2 · s−1 ] of the ionizing laser. We can then write (1.46) as


σik n L1 δ · η
Δx .
(1.47)
SI = Ni
1 + Rk /(σkI n L2 )
The maximum ion rate SImax , which is achieved if
σkI n L2  Rk ,

and δ = η = 1 ,

becomes equal to the rate n a of photons absorbed in the transition |i → |k:
S1max = Ni σik n L1 Δx = n a .

(1.48)

The following estimation illustrates under which conditions this maximum ion
rate can be realized:
Typical cross sections for photoionization are σkI ∼ 10−17 cm2 . If radiative
decay is the only deactivation mechanism of the excited level |k, we have
Rk = Ak ≈ 108 s−1 . In order to achieve n L2 σkI > Ak , we need a photon flux
n L2 > 1025 cm−2 s−1 of the ionizing laser. With pulsed lasers this condition
can be metreadily.
Example 1.13.
Excimer laser: 100 mJ/pulse, ΔT = 10 ns, the cross section of the laser
beam may be 1 cm2 → n L2 = 2 ×1025 cm−2 s−1 . With the numbers above
we can reach an ionization probability of Pik = 2 ×108 s−1 for all molecules
within the laser beam. This gives an ion rate SI that is 2/3 of the maximum
rate SI = n a .
The advantage of pulsed lasers is the large photon flux during the pulse
time ΔT , which allows the ionization of the excited molecules before they decay by relaxation into lower levels where they are lost for further ionization.
Their disadvantages are their large spectral bandwidth, which is generally
larger than the Fourier-limited bandwidth Δν ≥ 1/ΔT , and their low duty
cycle. At typical repetition rates of f L = 10 to 100 s−1 and a pulse duration
of ΔT = 10−8 s, the duty cycle is only 10−7 −10−6 !
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If the diffusion time tD of molecules out of the excitation-ionization region
is smaller than 1/ f L , at most the fraction f L tD of molecules can be ionized,
even if the ionization probability during the laser pulse ΔT approaches 100%.
Example 1.14.
Assume that the two laser beams L1 and L2 for excitation and ionization have the diameter D = 1 cm and traverse a collimated molecular
beam with 1-cm2 cross section perpendicularly. During the pulse time
ΔT = 10−8 s the distance traveled by the molecules at the mean velocity
v = 500 m/s is d = ΔT v ∼ 5 ×10−4 cm. This means that all molecules in
the excitation volume of 1 cm3 can be ionized during the time ΔT . During the “dark” time T = 1/ f L , however, the molecules travel the distance
d = vT ∼ 500 cm at f L = 102 s−1 . Therefore, only the fraction 1/500 = 2 ×
10−3 of all molecules in the absorbing level |i are ionized in a continuous
molecular beam.
There are two solutions:
(a) If pulsed molecular beams can be employed having the pulse time
ΔTB ≤ D/v and the repetition rate f B = f L , an optimum detection probability can be achieved.
(b) In continuous molecular beams the two laser beams may propagate antiparallel to the molecular beam axis. If lasers with a high-repetition
frequency f L are used (for example, copper-laser-pumped dye lasers
with f L ≤ 104 s−1 ), then the distance traveled by the molecules during
the dark time is only d = v/ f ≥ 5 cm. They can therefore still be detected by the next pulse [1.87, 1.88].
With cw lasers the duty cycle is 100% and the spectral resolution is not
limited by the laser bandwidth. However, their intensity is smaller and the
laser beam must be focused in order to meet the requirement PkI > Rk .
Example 1.15.
If a cw argon laser with 10 W at λ = 488 nm(
= 2.5 ×1019 photon/s) is
used for the ionizing step, it has to be focused down to an area of 2.5 ×
10−6 cm2 , i.e., a diameter of 17 μm, in order to reach a photon flux density
of n L2 = 1025 cm−2 s−1 .
Here the following problem arises: the molecules excited by laser L1 into
level |k travel during their spontaneous lifetime of τ = 10 ns at around thermal velocities of about v = 5 ×104 m/s only a distance of d = 5 μm before
they decay into lower levels. The second laser L2 must therefore be focused
in a similar way as L1 and its focus must overlap that of L1 within a few
microns.
A technical solution of this problem is depicted in Fig. 1.34. The dye
laser L1 is guided through a single-mode optical fiber. The divergent light
emitted out of the fiber end is made parallel by a spherical lens, superimposed

1.4 Ionization Spectroscopy

47

Fig. 1.34. Experimental arrangement for resonant two-photon two-color ionization with
two cw lasers. The insert shows the optimum overlap of the Gaussian intensity profiles
in the focal plane

with the beam of the argon laser L2 by a dichroic mirror M. Both beams are
then focused by a cylindrical lens into the molecular beam, forming a rectangular “sheet of light” with a thickness of about 5−10 μm and a height of
about 1 mm, adapted to the dimensions of the molecular beam [1.89]. All
molecules in the beam traveling in the z-direction have to pass through the
two laser beams. Since the transition probability for the first step |i → |k is
generally larger by some orders of magnitude than that of the ionizing transition, the first transition can be readily saturated (Sect. 2.1). It is therefore
advantageous to adjust the relative positions of the two beams in such a way
that the maximum intensity of L2 coincides spatially with the slope of the
Gaussian intensity profile of L1 (see insert of Fig. 1.34).
Often it is possible to tune the ionizing laser L2 to transitions from |k
into autoionizing Rydberg levels (Sect. 5.4). For such transitions the probability may be from two to three orders of magnitude larger than for bound–free
transitions into the ionization continuum. In these cases the requirement (1.48)
can be met even at much lower intensities of L2.
Resonant two-step ionization with two laser photons from pulsed or cw
lasers represents the most versatile and sensitive detection technique. If
laser L1 excites all atoms or molecules that fly through the laser beam, single
atoms or molecules can be detected [1.84, 1.90, 1.91] if the condition (1.48)
can be fulfilled.
1.4.4 Resonant Two-Photon Ionization (RTPI) Combined
with Mass Spectrometry
When used in combination with mass spectrometry, RTPI allows mass- and
wavelength-selective spectroscopy, even if the spectral lines of the different
species overlap. This is particularly important for molecular isotopes with
dense spectra, which overlap for the different isotopes. This is illustrated by
Fig. 1.35, where the differences in the line positions in the spectra of 21 Li3 and
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Fig. 1.35a–c. Excitation spectra of Li3 clusters detected by photoionization of the excited states: (a) no mass selection; (b) spectrum of the 21 Li3 = 7 Li 7 Li 7 Li isotopomer;
(c) spectrum of 20 Li3 = 6 Li 7 Li 7 Li, recorded with doubled sensitivity [1.86]
20 Li
3

are caused partly by the different masses but mainly by the different nuclear spins. Such isotope-selective spectra give detailed information on isotope
shifts of vibrational and rotational levels and facilitate the correct assignment
of the spectral lines considerably. Furthermore, they yield the relative isotopic
abundances.
Time-of-flight mass spectrometers with pulsed lasers are convenient since
they allow the simultaneous but separate recording of the spectra of different
isotopes [1.92, 1.93]. For ionization by cw lasers, quadrupole mass spectrometers are generally used. Their disadvantage is the lower transmittance and
the fact that different masses cannot be recorded simultaneously but only sequentially. At sufficiently low ion rates, delayed coincidence techniques in
combination with time-of-flight spectrometers can even be utilized for cw ionization if both the photoion and the corresponding photoelectron are detected.
The detected electron provides the zero point of the time scale and the ions
with different masses are separated by their differences Δta = tion − tel in arrival times at the ion detector.
For measurements of cluster-size distributions in cold molecular beams
(Sect. 4.3), or for monitoring the mass distribution of laser-desorbed molecules
from surfaces, these combined techniques of laser ionization and mass spectrometry are very useful [1.94, 1.95]. For the detection of rare isotopes in the
presence of other much more abundant isotopes, the double discrimination
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of isotope-selective excitation by the first laser L1 and the subsequent mass
separation by the mass spectrometer is essential to completely separate the
isotopes, even if the far wings of their absorption lines overlap [1.96]. The
combination of resonant multiphoton ionization (REMPI) with mass spectrometry for the investigation of molecular dynamics and fragmentation is
discussed in Chap. 5.
1.4.5 Thermionic Diode
The collisional ionization of high-lying Rydberg levels is utilized in the
thermionic diode [1.97], which consists in its simplest form of a metallic
cylindrical cell filled with a gas or vapor, a heated wire as cathode, and
the walls as anode (Fig. 1.36). If a small voltage of a few volts is applied,
the diode operates in the space-charge limited region and the diode current is restricted by the electron space-charge around the cathode. The laser
beam passes through this space-charge region close to the cathode and excites
molecules into Rydberg states, which are ionized by electron impact. Because
of its much larger mass, the ion stays on the average a much longer time Δtion
within the space-charge region than an electron. During this period it compensates one negative charge and therefore allows n = Δtion /Δtel extra electrons
to leave the space-charge region. If N ions are formed per second, the diode
current therefore increases by
Δi = eNΔtion /Δtel = eMN .

(1.49)

The current magnification factor M = Δtion /Δtel can reach values of up to
M = 105 .
Sensitive and accurate measurements of atomic and molecular Rydberg
levels have been performed [1.98–1.100] with thermionic diodes. With a special arrangement of the electrodes, a nearly field-free excitation zone can be
realized that allows the measurement of Rydberg states up to the principal
quantum numbers n = 300 [1.100] without noticeable Stark shifts.

Fig. 1.36a–c. Thermionic diode: (a) level scheme; (b) schematic arrangement; and
(c) field-free excitation scheme, where the laser beam passes through the field-free central
region in a symmetric arrangement of cathode wires
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A more detailed representation of ionization spectroscopy and its various applications to sensitive detection of atoms and molecules can be found
in [1.83–1.85, 1.90–1.92].

1.5 Optogalvanic Spectroscopy
Optogalvanic spectroscopy is an excellent and simple technique to perform
laser spectroscopy in gas discharges. Assume that the laser beam passes
through part of the discharge volume. When the laser frequency is tuned
to the transition E i → E k between two levels of atoms or ions in the discharge, the population densities n i (E i ) and n k (E k ) are changed by optical
pumping. Because of the different ionization probabilities from the two
levels, this population change will result in a change in the number of
ions and free electrons and therefore a change ΔI in the discharge current that is detected as a voltage change ΔU = RΔI across the resistor R
at a constant supply voltage U0 (Fig. 1.37). When the laser intensity is
chopped, an ac voltage is obtained, which can be directly fed into a lock-in
amplifier.
Even with moderate laser powers (a few milliwatts) large signals (μV to
mV) can be achieved in gas discharges of several milliamperes. Since the absorbed laser photons are detectd by the optically induced current change, this
very sensitive technique is called optogalvanic spectroscopy [1.101–1.103].
Both positive and negative signals are observed, depending on the levels
E i , E k involved in the laser-induced transition E i → E k . If IP(E i ) is the total
ionization probability of an atom in level E i , the voltage change ΔU produced
by the laser-induced change Δn i = n i0 − n iL is given by
ΔU = RΔI = a[Δn i IP(E i ) − Δn k IP(E k )] .

(1.50)

There are several competing processes that may contribute to the ionization of atoms in level E i , such as direct ionization by electron impact A(E i ) + e− → A+ + 2 e, collisional ionization by metastable atoms
A(E i ) + B∗ → A+ + B + e− , or, in particular for highly excited levels, the direct photoionization by laser photons A(E i ) + hν → A+ + e− . The change in
the electron temperature caused by the atomic population change ΔN can

Fig. 1.37. Experimental arrangement for optogalvanic spectroscopy in a hollow cathode
lamp
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Fig. 1.38a,b. Optogalvanic spectrum (a) of a neon discharge (1 mA, p = 1 mbar) generated
with a broadband cw dye laser [1.103]; (b) of Al, Cu, and Fe vapor sputtered in a hollow
cathode illuminated with a pulsed dye laser [1.106]

also influence the ionization probability. The competition of these and other
processes determines whether the population changes Δn i and Δn k cause an
increase or a decrease of the discharge current. Figure 1.38a shows the optogalvanic spectrum of a Ne discharge (5 mA) recorded in a fast scan with 0.1-s
time constant. The good signal-to-noise ratio demonstrates the sensitivity of
the method.
In hollow cathodes the cathode material can be sputtered by ion bombardment in the discharge. The metal vapor, consisting of atoms and ions, can be
investigated by optogalvanic spectroscopy. Figure 1.38b illustrates a section
of the optogalvanic spectrum of aluminum, copper, and iron atoms, and ions
Al+ , Fe+ , measured simultanously in two hollow cathodes irradiated with
a tunable pulsed dye laser [1.106].
Molecular spectra can also be measured by optogalvanic spectroscopy
[1.107]. In particular, transitions from highly excited molecular states that are
not accessible to optical excitation but are populated by electron impact in
the gas discharge can be investigated. Furthermore, molecular ions and radicals can be studied. Some molecules, called excimers (Vol. 1, Sect. 5.7.6) are
only stable in their excited states. They are therefore appropriate for this technique because they do not exist in the ground state and cannot be studied in
neutral-gas cells. Examples are He∗2 or H∗2 [1.108, 1.109].
Optogalvanic spectroscopy is a suitable technique for studies of excitation
and ionization processes in flames, gas discharges, and plasmas [1.110], which
are important for the development of new energy saving light sources. Of particular interest is the investigation of radicals and unstable reaction products
that are formed by electron-impact fragmentation in gas discharges. These
species play an important role in the extremely rarefied plasma in molecular
clouds in the interstellar medium.
Besides its applications to studies of collision processes and ionization
probabilities in gas discharges and combustion processes, this technique
has the very useful aspect of simple wavelength calibration in laser spec-
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Fig. 1.39a,b. Optogalvanic spectrum of a uranium hollow-cathode lamp filled with argon
buffer gas. In the upper spectrum (a) taken at 7 mA discharge current, most of the lines
are argon transitions, while in the lower spectrum (b) at 20 mA many more uranium lines
appear, because of sputtering of uranium from the hollow cathode walls [1.111]

troscopy [1.111]. A small fraction of the output from a tunable laser is split
into a hollow-cathode spectral lamp and the optogalvanic spectrum of the
discharge is recorded simultaneously with the unknown spectrum under investigation. The numerous lines of thorium or uranium are nearly equally
distributed throughout the visible and ultraviolet spectral regions (Fig. 1.39).
They are recommended as secondary wavelength standards since they have
been measured interferometrically to a high precision [1.112, 1.113]. They can
therefore serve as convenient absolute wavelength markers, accurate to about
0.001 cm−1 .
If the discharge cell has windows of optical quality, it can be placed inside
the laser resonator to take advantage of the q-fold laser intensity (Sect. 1.2.2).
With such an intracavity arrangement, Doppler-free saturation spectroscopy
can also be performed with the optogalvanic technique (Sect. 2.2 and [1.114]).
An increased sensitivity can be achieved by optogalvanic spectroscopy in
thermionic diodes under space-charge-limited conditions (Sect. 1.4.5). Here
the internal space-charge amplification is utilized to generate signals in the
millivolt to volt range without further external amplification [1.98, 1.115].
For more details on optogalvanic spectroscopy see the reviews [1.83,
1.101–1.105] and the book [1.116], which also give extensive reference lists.
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1.6 Velocity-Modulation Spectroscopy
The analysis of absorption spectra in molecular gas discharges is by no means
simple, because the gas discharge produces a large variety of neutral and
ionized fragments from the neutral parent molecules. The spectra of these different species may overlap, and often an unambiguous identification is not
possible if the spectra are not known. An elegant technique, developed by
Saykally et al. [1.117, 1.118], is very helpful in distinguishing between spectra
of ionized and neutral species.
The external voltage applied to the gas discharge accelerates the positive
ions toward the cathode and the negative ions toward the anode. They therefore acquire a drift velocity vD , which causes a corresponding Doppler shift
Δω = ω − ω0 = k· vD of their absorption frequency ω0 . If an ac voltage of frequency f is applied instead of a dc voltage, the drift velocity is periodically
changed and the absorption frequency ω = ω0 + k · vD is modulated at the frequency f around the unshifted frequency ω0 . When the absorption spectrum
is recorded with a lock-in amplifier, the spectra of the ions can be immediately
distinguished from those of the neutral species. This velocity-modulation technique has the same effect as the frequency modulation discussed in Sect. 1.2.1.
When the laser is scanned through the spectrum, the first derivatives of the
ion lines are seen where the phase of the signals is opposite for positive and
negative ions, respectively (Fig. 1.40). The two species can therefore be distinguished by the sign of the lock-in output signal.
A typical experimental arrangement [1.118] is depicted in Fig. 1.41. With
specially designed electron-switching circuits, polarity modulation frequencies
up to 50 kHz can be realized for gas discharges of 300 V and 3 A [1.119].
The attainable signal-to-noise ratio is illustrated by Fig. 1.42, which shows the
+
band head of a vibrational band of the A 2 Π1/2 ← X 2 Σg transition of the
CO+ -ion [1.118].

Fig. 1.40. Opposite signal phases of
the derivative line profiles of negative and positive ions in velocitymodulation spectroscopy [1.117]
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Fig. 1.41. Experimental arrangement for velocity-modulation spectroscopy [1.117]

Fig. 1.42. Rotational lines of CO+ around the band head of the R21 branch in the
+
A2 Π1/2 (v = 1) ← X2 Σ (v = 0) band measured with velocity modulation [1.118]

This technique was first applied to the infrared region where many
vibrational–rotational transitions of ions were measured with color-center
lasers or diode lasers [1.118, 1.122]. Meanwhile, electronic transitions have
also been studied with dye lasers [1.123].
A modification of this velocity-modulation technique in fast ion beams is
discussed in Sect. 4.5.

1.7 Laser Magnetic Resonance and Stark Spectroscopy
In all methods discussed in the Sects. 1.1–1.6, the laser frequency ω L was
tuned across the constant frequencies ωi k of molecular absorption lines. For
molecules with permanent magnetic or electric dipole moments, it is often
preferable to tune the absorption lines by means of external magnetic or electric fields across a fixed-frequency laser line. This is particularly advantageous
if intense lines of fixed-frequency lasers exist in the spectral region of interest
but no tunable source with sufficient intensity is available. Such spectral regions of interest are, for example, the 3−5 μm and the 10 μm ranges, where
numerous intense lines of HF, DF, CO, N2 O, and CO2 lasers can be utilized.
Since many of the vibrational bands fall into this spectral range, it is often
called the fingerprint region of molecules.
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Another spectral range of interest is the far infrared, where the rotational lines of polar molecules are found. Here a large number of lines from
H2 O or D2 O lasers (125 μm) and from HCN lasers (330 μm) provide intense
sources. The successful development of numerous optically pumped molecular
lasers [1.124] has considerably increased the number of FIR lines.
1.7.1 Laser Magnetic Resonance
The molecular level E 0 with the total angular momentum J splits in an external magnetic field B into (2J + 1) Zeeman components. The sublevel with
the magnetic quantum number M shifts from the energy E 0 at zero field to
E = E 0 − gμ0 BM ,

(1.51)

where μ0 is the Bohr magneton, and g is the Landé factor, which depends on
the coupling scheme of the different angular momenta (electronic angular momentum, electron spin, molecular rotation, and nuclear spin). The frequency ω
of a transition (v , J , M ) → (v , J , M ) is therefore tuned by the magnetic
field from its unperturbed position ω0 to
ω = ω0 − μ0 (g M − g M )B/ ,

(1.52)

and we obtain on the transition (v , J , M ) → (v , J , M ) three groups of
lines with ΔM = M − M = 0, ±1, which degenerate to three single lines
if g = g (normal Zeeman effect). The tuning range depends on the magnitude of g − g and is larger for molecules with a large permanent dipole
moment. These are, in particular, radicals with an unpaired electron, which
have a large spin moment. In favorable cases a tuning range of up to 2 cm−1
can be reached in magnetic fields of 2 T (
= 20 kG).
Figure 1.43a explains schematically the appearance of resonances between the fixed frequency ω L and the different Zeeman components when
the magnetic field B is tuned. The experimental arrangement is illustrated
in Fig. 1.43b. The sample is placed inside the laser cavity and the laser output is monitored as a function of the magnetic field. The cell is part of
a flow system in which radicals are generated either directly in a microwave
discharge or by adding reactants to the discharge close to the laser cavity.
A polyethylene membrane beam splitter separates the laser medium from the
sample. The beam splitter polarizes the radiation and transitions with either
ΔM = 0 or ±1 can be selected by rotation of the tube about the laser axis.
For illustration, Fig. 1.43c shows the laser magnetic resonance (LMR) spectrum of the CH radical with some OH lines overlapping. Concentrations of
2 ×108 molecules/cm3 could be still detected with reasonable signal-to-noise
ratio for the detector time constant of 1 s [1.125, 1.126].
The sensitivity of this intracavity technique (Sect. 1.2.2) can even be enhanced by modulating the magnetic field, which yields the first derivative of
the spectrum (Sect. 1.2.1). When a tunable laser is used it can be tuned to
the center ν0 of a molecular line at zero field B = 0. If the magnetic field is
now modulated around zero, the phase of the zero-field LMR resonances for
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Fig. 1.43a–c. Laser magnetic resonance spectroscopy: (a) level diagram; (b) experimental set-up with an intracavity sample; A and B are the laser resonator mirrors (c) LMR
spectrum of CH radicals, superimposed by some OH-lines, measured in a low-pressure
oxygen–acetylene flame with an H2 O laser [1.126]

ΔM = +1 transitions is opposite to that for ΔM = −1 transitions. The advantages of this zero-field LMR spectroscopy have been proved for the NO
molecule by Urban et al. [1.127] using a spin-flip Raman laser.
Because of its high sensitivity LMR spectroscopy is an excellent method
to detect radicals in very low concentrations and to measure their spectra with
high precision. If a sufficient number of resonances with laser lines can be
found, the rotational constant, the fine structure parameters, and the magnetic
moments can be determined very accurately. The identification of the spectra and the assignment of the lines are often possible even if the molecular
constants are not known beforehand [1.128]. Most radicals observed in interstellar space by radio astronomy [1.125a] have been found and measured in
the laboratory with LMR spectroscopy [1.125b].
Often, a combination of LMR spectroscopy with a fixed-frequency laser
and absorption spectroscopy at zero magnetic field with a tunable laser is
helpful for the identification of spectra.
Instead of inside the laser cavity, the sample can also be placed outside
between two crossed polarizers (Fig. 1.44). In a longitudinal magnetic field
the plane of polarization of the transmitted light is turned due to the Faraday
effect if its frequency ω coincides with one of the allowed Zeeman transitions. The detector receives a signal only for these resonance cases, while
the nonresonant background is blocked by the crossed polarizers [1.129]. This
technique is similar to polarization spectroscopy (Sect. 2.4). Modulation of
the magnetic field and lock-in detection further enhances the sensitivity. In
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Fig. 1.44a,b. Schematic arrangement for LMR spectroscopy using the Faraday effect in
a longitudinal magnetic field (a), or the Voigt effect in a transverse magnetic field
(b) [1.129]

a transverse magnetic field, the plane of polarization of the linearly polarized incident beam is chosen 45◦ inclined against B. Due to the Voigt effect,
the plane of polarization is turned if ωL coincides with a Zeeman transition [1.129].

1.7.2 Stark Spectroscopy
Analogously to the LMR technique, Stark spectroscopy utilizes the Stark
shift of molecular levels in electric fields to tune molecular absorption lines
into resonance with lines of fixed-frequency lasers. A number of small
molecules with permanent electric dipole moments and sufficiently large Stark
shifts have been investigated, in particular, those molecules that have rotational spectra outside spectral regions accessible to conventional microwave
spectroscopy [1.130].
To achieve large electric fields, the separation of the Stark electrodes is
made as small as possible (typically about 1 mm). This generally excludes an
intracavity arrangement because the diffraction by this narrow aperture would
introduce intolerably large losses. The Stark cell is therefore placed outside
the resonator, and for enhanced sensitivity the electric field is modulated while
the dc field is tuned. This modulation technique is also common in microwave
spectroscopy. The accuracy of 10−4 for the Stark field measurements allows
a precise determination of the absolute value for the electric dipole moment.
Figure 1.45 illustrates the obtainable sensitivity by a ΔM = 0 Stark spectrum of the ammonia isotope 14 NH2 D composed of measurements with
several laser lines [1.130]. An electric resonance signal is observed at
every crossing point of the sloped energy levels with a fixed laser frequency. Since the absolute frequency of many laser lines was measured
accurately within 20−40 kHz (Sect. 9.7), the absolute frequency of the Stark
components at resonance with the laser line can be measured with the
same accuracy. The total accuracy in the determination of the molecular parameters is therefore mainly limited by the accuracy of 10−4 for
the electric field measurements. To date numerous molecules have been
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Fig. 1.45. ΔM = 0 Stark spectra of 14 NH2 D in the spectral range 950−955 cm−1 obtained
with different fixed-frequency laser lines [1.130]

measured with laser Stark spectroscopy [1.130–1.133]. The number of
molecules accessible to this technique can be vastly enlarged if tunable
lasers in the relevant spectral regions are used, which can be stabilized
close to a molecular line with sufficient accuracy and long-term stability.
Stark spectroscopy with constant electric fields and tunable lasers has been
performed in molecular beams at sub-Doppler resolution to measure the
electric dipole moments of polar molecules in excited vibrational states
[1.132].
An efficient way to generate coherent, tunable radiation in the far infrared is the difference frequency generation by mixing the output of an CO2
laser kept on a selected line with the output of a tunable CO2 waveguide
laser in a MIM diode (Vol. 1, Sect. 5.8). With this technique Stark spectra of
13 CH OH were measured over a broad spectral range [1.133].
3
Reviews about more recent investigations in LMR and Stark-spectroscopy,
including the visible and UV range, can be found in [1.134–1.136].

1.8 Laser-Induced Fluorescence
Laser-induced fluorescence (LIF) has a large range of applications in spectroscopy. First, LIF serves as a sensitive monitor for the absorption of laser
photons in fluorescence excitation spectroscopy (Sect. 1.3.1). In this case, the
undispersed total fluorescence from the excited level is generally monitored
(see Sect. 1.3.1).
Second, it is well suited to gain information on molecular states if the fluorescence spectrum excited by a laser on a selected absorption transition is
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Fig. 1.46a,b. Laser-induced fluorescence: (a) level scheme and (b) experimental arrangement for measuring LIF spectra

dispersed by a monochromator. The fluorescence spectrum emitted from a selectively populated rovibronic level (vk ,Jk ) consists of all allowed transitions
to lower levels (vm ,Jm ) (Fig. 1.46). The wavenumber differences of the fluorescence lines immediately yield the term differences of these terminating
levels (vm ,Jm ).
A third aspect of LIF is the spectroscopic study of collision processes.
If the excited molecule is transferred by inelastic collisions from the level
(vk ,Jk ) into other rovibronic levels, the fluorescence spectrum shows new lines
emitted from these collisionally populated levels which give quantitative information on the collision cross sections (Sect. 8.4).
Another aspect of LIF concerns its application to the determination of the
internal-state distribution in molecular reaction products of chemical reactions
(Sects. 1.8.4 and 8.6). Under certain conditions the intensity IFl of LIF excited
on the transition |i → |k is a direct measure of the population density Ni in
the absorbing level |i.
Let us now consider some basic facts of LIF in molecules. Extensive information on LIF can be found in [1.137–1.140].

1.8.1 Molecular Spectroscopy by Laser-Induced Fluorescence
Assume a rovibronic level (vk ,Jk ) in an excited electronic state of a diatomic molecule has beenselectively populated by optical pumping. With
a mean lifetime τk = 1/ m Akm , the excited molecules undergo spontaneous transitions to lower levels E m (vm , Jm ) (Fig. 1.46). At a population
density Nk (vk ,Jk ) the radiation power of a fluorescence line with frequency
νkm = (E k − E m )/h is given by (Vol. 1, Sect. 2.7.1)
Pkm ∝ Nk Akm νkm .

(1.53)
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The spontaneous transition probability Akm is proportional to the square of the
matrix element (Vol. 1, Sect. 2.7.2)

2


∗

(1.54)
Akm ∝  ψk rψm dτn dτel  ,
where r is the vector of the excited electron and the integration extends
over all nuclear and electronic coordinates. Within the Born–Oppenheimer
approximation [1.141, 1.142] the total wave function can be separated into
a product
ψ = ψel ψvib ψrot ,

(1.55)

of electronic, vibrational, and rotational factors. If the electronic transition
moment does not critically depend on the internuclear separation R, the total transition probability is then proportional to the product of three factors
Akm ∝ |Mel |2 |Mvib |2 |Mrot |2 ,
where the first factor

Mel = ψel∗ rψel dτel ,

(1.56a)

(1.56b)

represents the electronic matrix element that depends on the coupling of the
two electronic states. The second integral

Mvib = ψvib ψvib dτvib , with dτvib = R2 dR ,
(1.56c)
is the Franck–Condon factor, which depends on the overlap of the vibrational
wave functions ψvib (R) in the upper and lower state. The third integral

Mrot = ψrot ψrot gi dτrot , with dτrot = dϑ dϕ ,
(1.56d)
is called the Hönl–London factor. It depends on the orientation of the
molecular axis relative to the electric vector of the observed fluorescence
wave. This is expressed by the factor gi (i = x, y, z), where gx = sin ϑ cos ϕ,
g y = sin ϑ sin ϕ, and gz = cos ϑ, and ϑ and ϕ are the polar and azimuthal angles [1.141].
Only those transitions for which all three factors are nonzero appear as
lines in the fluorescence spectrum. The Hönl–London factor is always zero
unless
ΔJ = Jk − Jm = 0, ±1 .

(1.57)

If a single upper level (vk ,Jk ) has been selectively excited, each vibrational
band vk → vm consists of at most three lines: a P line (ΔJ = −1), a Q line
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Fig. 1.47a–c. Laser-induced fluorescence of the Na2 molecule excited by argon laser lines:
(a) energy level diagram; (b) fluorescence lines with ΔJ = 0 (Q-lines) emitted from the
upper level (v = 3, J = 43) of the B1 Πu state, excited at λ = 488 nm; (c) P and R doublets, emitted from the upper level (v = 6, J = 27). The numbers indicate the vibrational
quantum numbers v of the termination levels

(ΔJ = 0), and an R line (ΔJ = +1). For diatomic homonuclear molecules additional symmetry selection rules may further reduce the number of possible
transitions. A selectively excited level (vk , Jk ) in a Π state, for example, emits
on a Π → Σ transition either only Q lines or only P and R lines, depending
on the symmetry of the rotational levels, while on a Σu → Σg transition only
P and R lines are allowed [1.142].
The fluorescence spectrum emitted from selectively excited molecular
levels of a diatomic molecule is therefore very simple compared with a spectrum obtained under broadband excitation. It consists of a progression of
vibrational bands where each band has at most three rotational lines. Figure 1.47 illustrates this by two fluorescence spectra of the Na2 molecule,
excited by two different argon laser lines. While the λ = 488 nm line excites a positive Λ component in the (v = 3, J = 43) level, which emits only
Q lines, the λ = 476.5 nm line populates the negative Λ component in the
(v = 6, J = 27) level of the 1 Πu state, resulting in P and R lines.
1.8.2 Experimental Aspects of LIF
In atomic physics the selective excitation of single atomic levels was achieved
with atomic resonance lines from hollow cathode lamps even before the
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invention of lasers. However, in molecular spectroscopy only fortuitous coincidences between atomic resonance lines and molecular transitions could be
used in some cases. Molecular lamps generally emit on many lines and are
therefore not useful for the selective excitation of molecular levels.
Tunable narrow-band lasers can be tuned to every wanted molecular transition |i → |k within the tuning range of the laser. However, selective
excitation of a single upper level can only be achieved if neighboring absorption lines do not overlap within their Doppler width (Fig. 1.48). In the case
of atoms this can generally be achieved, whereas for molecules with complex absorption spectra, many absorption lines often overlap. In this latter case
the laser simultaneously excites several upper levels, which are not necessarily energetically close to each other (Fig. 1.48a). In many cases, however, the
fluorescence spectra of these levels can readily be separated by a spectrometer
of medium size [1.143].
In order to achieve selective excitation of single levels even in complex molecular spectra, one may use collimated cold molecular beams where
the Doppler width is greatly decreased and the number of absorbing levels
is drastically reduced due to the low internal temperature of the molecules
(Sect. 4.2).
A very elegant technique combines selective laser excitation with highresolution Fourier transform spectroscopy of the LIF spectrum. This combination takes advantage of the simultaneous recording of all fluorescence lines
and has therefore, at the same total recording time, a higher signal-to-noise
ratio. It has also been applied to the spectroscopy of visible and infrared
fluorescence spectra of a large variety of molecules [1.144–1.146].
When the beam of a single-mode laser passes in the z-direction through
a molecular absorption cell, only molecules with velocity components vz =
0 ± γ are excited if the laser is tuned to the center frequency of an absorption
line with the homogeneous width γ . The fluorescence collected within a narrow cone around the z-axis then shows sub-Doppler linewidths, which may be
resolved with Fourier transform spectroscopy (Fig. 1.49) [1.146].

Fig. 1.48a,b. Doppler-broadened absorption lines overlapping with the spectral line profile
of a laser: (a) level scheme and (b) line profiles
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Fig. 1.49. Measurement of LIF spectrum with reduced Doppler width, excited by a singlemode laser

The advantages of LIF spectroscopy for the determination of molecular
parameters may be summarized as follows:
(a) The relatively simple structure of the fluorescence spectra allows ready
assignment. The fluorescence lines can be resolved with medium-sized
spectrometers. The demands of experimental equipment are much less
stringent than those necessary for complete resolution and analysis of absorption spectra of the same molecule. This advantage still remains if
a few upper levels are simultaneously populated under Doppler-limited excitation [1.143].
(b) The large intensities of many laser lines allow achievement of large population densities Nk in the excited level. This yields, according to (1.53),
correspondingly high intensities of the fluorescence lines and enables
detection even of transitions with small Franck–Condon factors (FCF).
A fluorescence progression vk → vm may therefore be measured with
sufficiently good signal-to-noise ratio up to very high vibrational quantum numbers vm . The potential curve of a diatomic molecule can be
determined very accurately from the measured term energies E(vm , Jm )
using the Rydberg–Klein–Rees (RKR) method, which is based on a modified WKB procedure [1.147–1.150]. Since the term values E(vm , Jm ) can
be immediately determined from the wave numbers of the fluorescence
lines, the RKR potential can be constructed up to the highest measured level vmax . In some cases fluorescence progressions are found up to
levels v just below the dissociation limit [1.151, 1.152]. This allows the
spectroscopic determination of the dissociation energy by an extrapolation of the decreasing vibrational spacings ΔE vib = E(vm+1 ) − E(vm ) to
ΔE vib = 0 (Birge–Sponer plot) [1.153–1.156].
(c) The relative intensities of the fluorescence lines (vk , Jk → vm , Jm ) are
proportional to the Franck–Condon factors. The comparison between calculated FCF obtained with the RKR potential from the Schrödinger equation and the measured relative intensities allows a very sensitive test
for the accuracy of the potential. In combination with lifetime measurements, these intensity measurements yield absolute values of the elec-
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tronic transition moment Mel (R) and its dependence on the internuclear
distance R [1.157].
(d) In several cases discrete molecular levels have been excited that emit
continuous fluorescence spectra terminating on repulsive potentials of
dissociating states [1.158]. The overlap integral between the vibrational
eigenfunctions ψvib of the upper discrete level and the continuous function ψcont (R) of the dissociating lower state often shows an intensity
modulation of the continuous fluorescence spectrum that reflects the square
|ψvib (R)|2 of the upper-state wave function (Vol. 1, Fig. 2.16). If the upper
potential is known, the repulsive part of the lower potential can be accurately determined [1.159, 1.160]. This is of particular relevance for excimer
spectroscopy (Vol. 1, Sect. 5.7) [1.161].
(e) For transitions between high vibrational levels of two bound states, the
main contribution to the transition probability comes from the internuclear distances R close to the classical turning points Rmin and Rmax
of the vibrating oscillator. There is, however, a nonvanishing contribution from the internuclear distance R between Rmin and Rmax , where the
vibrating molecule has kinetic energy E kin = E(v, J ) − V(R). During a radiative transition this kinetic energy has to be preserved. If the total energy
E = E(v , J ) − hν = V (R) + E kin = U(R) in the lower state is below
the dissociation limit of the potential V (R), the fluorescence terminates

Fig. 1.50. (a) Schematic potential energy curve diagram illustrating bound–bound transitions between the discrete levels and bound–free transitions from an upper discrete
level into the lower continuum above the dissociation energy of the electronic ground
state. (b) Two sections of the NaK fluorescence spectrum showing both kinds of transitions [1.162]
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in bound levels and the fluorescence spectrum consists of discrete lines.
If it is above this limit, the fluorescence transitions end in the dissociation continuum (Fig. 1.50). The intensity distribution of these “Condon
internal-diffraction bands” [1.162, 1.163] is very sensitive to the difference
potential V (R) − V (R), and therefore allows an accurate determination
of one of the potential curves if the other is known [1.164].

1.8.3 LIF of Polyatomic Molecules
The technique of LIF is, of course, not restricted to diatomic molecules, but
has also been applied to the investigation of triatomic molecules such as NO2 ,
SO2 , BO2 , NH2 , and many other polyatomic molecules. In combination with
excitation spectroscopy, it allows the assignment of transitions and the identification of complex spectra. Examples of such measurements have been cited
in [1.137–1.140].
The LIF of polyatomic molecules opens possibilities to recognize perturbations both in excited and in ground electronic states. If the upper state is
perturbed its wave function is a linear combination of the BO wave functions of the mutually perturbing levels. The admixture of the perturber wave
function opens new channels for fluorescence into lower levels with different symmetries, which are forbidden for unperturbed transitions. The LIF
spectrum of NO2 depicted in Fig. 1.51 is an example where the “forbidden”
vibrational bands terminating on the vibrational levels (v1 , v2 , v3 ) with an odd

Fig. 1.51. LIF spectrum of NO2 excited at λ = 590.8 nm. The vibrational bands terminating on ground-state vibrational levels (v1 , v2 , v3 ) marked with an asterisk are forbidden
by symmetry selection rules but are made allowable by an admixture of a perturbing level
with other symmetry to the excited-state wave function [1.165]
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number v3 of vibrational quanta in the asymmetric stretching vibrational mode
in the electronic ground state are marked by an asterisk [1.165].
Due to nonlinear coupling between high-lying vibrational levels of polyatomic molecules, the level structure may become quite complex. The classical motion of the nuclei in such a highly vibrationally excited molecule can
often no longer be described by a superposition of normal vibrations [1.166].
In such cases a statistical model of the vibrating molecule may be more
adequate when the distribution of the energy spacings of neighboring vibrational levels is investigated. For several molecules a transition regime has been
found from classical oscillations to chaotic behavior when the vibrational
energy is increasing. The chaotic region corresponds to a Wigner distribution of the energy separations of neighboring vibrational levels, while the
classical nonchaotic regime leads to a Poisson distribution of the vibrational
energy spacings. With LIF spectroscopy such high-lying levels in the electronic ground state can be reached. The analysis of such LIF spectra therefore
yields information on the dynamics of molecules in vibronically coupled
levels [1.167–1.169].
1.8.4 Determination of Population Distributions by LIF
An interesting application of LIF is the measurement of relative population densities N(vi , Ji ) and their distribution over the different vibrational–
rotational levels (vi , Ji ) under situations that differ from thermal equilibrium.
Examples are chemical reactions of the type AB + C → AC∗ + B, where a reaction product AC∗ with internal energy is formed in a reactive collision
between the partners AB and C. The measurement of the internal state distribution NAC (v , J ) can often provide useful information on the reaction
paths and on the potential surfaces of the collision complex (ABC)∗ . The initial internal state distribution NAC (v, J ) is often far away from a Boltzmann
distribution. There even exist reactions that produce population inversions
allowing the realization of chemical lasers [1.170]. Investigations of these
population distributions may finally allow the optimization and better control
of these reactions.
The population density NK (vK , JK ) in the excited state |k can be determined from the measurement of the fluorescence rate
n Fl = NK AK VR ,

(1.58)

which represents the number of fluorescence photons n Fl emitted per second
from the reaction volume VR .
In order to obtain the population densities Ni (vi , Ji ) in the electronic
ground state, the laser is tuned to the absorbing transitions |i → |k starting
from levels (vi , Ji ) of the reaction products under investigation, and the total fluorescence rate (1.58) is measured for different upper levels |k. Under
stationary conditions these rates are obtained from the rate equation
dNk
= 0 = Ni Bik ρ − Nk (Bki ρ + AK + RK )
dt

(1.59a)
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Fig. 1.52. Level scheme for measurements
of population distributions in rotational–
vibrational levels of molecular reaction products in their electronic ground state

which gives, according to (1.58) with Bik = Bki :
n Fl = Nk Ak VR = Ni Ak VR

Bik ρ
,
Bik ρ + Ak + Rk

(1.59b)

where RK is the total nonradiative deactivation rate of the level |k (Fig. 1.52).
If the collisional deactivation of level |k is negligible compared with its radiative depopulation by fluorescence, (1.59) reduces to
n Fl = Ni · Ak · VR ·

Ni VR Bik ρ
Bik ρ
=
.
Ak + Bik ρ 1 + Bik ρ/Ak

(1.60)

We distinguish two limiting cases:
(a) The laser intensity is sufficiently low to ensure Bik ρ  AK . Then the ratio
n Fl (k)/n Fl (m) of fluorescence rates observed under excitation on the two
transitions |1 → |k and |2 → |m, respectively, with the same laser intensity IL = cρ becomes (Fig. 1.52)
N1 B1k
n Fl (k)
N1 σ1k
α1k
=
=
=
,
n Fl (m)
N2 B2m
N2 σ2m
α2m

(1.61)

where σ is the optical absorption cross section and α = Nσ the absorption
coefficient. Therefore the ratio N1 /N2 of the lower-level population can
be obtained from the measured ratio of fluorescence rates or of absorption
coefficients if the absorption cross sections are known.
(b) If the laser intensity is sufficiently high to saturate the absorbing transition
we have the case Bik ρ  AK . Then (1.60) yields for Rk < AK
N1 A k
n Fl (k)
=
.
n Fl (m)
N2 A m

(1.62)

Under stationary conditions the population densities Ni are determined by
the rate equations

Nm Rmi ,
(1.63)
dNi / dt = 0 = Ai − Ni (Ri + Bik ρ) +
m
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where Ai is the feeding rate of the level |i by the reaction, or by diffusion of molecules in level |i into the detection volume. The
 rate Ni
(Ri + Bik ρ) is the total deactivation rate of the level |i, whereas
Nm Rmi
is the sum
of
all
transition
rates
from
other
levels
|m
into
the
level
|i.

If Ai  Nm Rmi and the main depletion rate of Ni is due to laser absorption (Bik ρ  Ri ), the stationary level population becomes Ni = Ai /Bik ρ
and the ratio (1.62) of LIF rates becomes
!
A1 B2m Ak
n Fl (k)
=
.
n Fl (m) !
A2 B1k Am

(1.64)

Lifetime measurements of levels |k and |m (see Sect. 6.3) yield the absolute values of Ak and Am . Measuring the relative intensities of the different
fluorescence transitions allows the determination of the branching ratios of
these transitions from a selectively excited upper level [1.171].
First measurements of internal-state distributions of reaction products
using LIF have been performed by Zare et al. [1.172–1.174]. One example
is the formation of BaCl in the reaction of barium with halogens
Ba + HCl → BaCl∗ (X2 Σ+ v , J ) + H .

(1.65)

Figure 1.53a exhibits the vibrational population distribution of BaCl for two
different collision energies of the reactants Ba and HCl. Figure 1.53b illustrates that the total rotational energy of BaCl barely depends on the collision
energy in the center of mass system of Ba + HCl, while the vibrational energy
increases with increasing collision energy.
The interesting question of how the internal-state distribution of the products is determined by the internal energy of the reacting molecules can be
answered experimentally with a second laser that pumps the reacting molecule
into excited levels (v , J ). The internal-state distribution of the product is

Fig. 1.53. (a) Vibrational level populations N(v ) of BaCl for two different collision energies of the reactants Ba + HCl. (b) Mean vibrational and rotational energy of reactively
formed BaCl as a function of the relative collision energy [1.174]
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measured with and without the pump laser. An example that has been studied [1.173] is the reaction
Ba + HF(v = 1) → BaF∗ (v = 0−12) + H ,

(1.66)

where a chemical HF laser has been used to excite the first vibrational level
of HF, and the internal state distrubtion of BaF∗ is measured with a tunable
dye laser.
An example where LIF is used for the optimization of the production of
thin amorphous layers of Si:H from the deposition of gaseous silane SiH4 in
a gas discharge is the spectroscopy of SiH radicals that are formed in the
discharge [1.175].
Another example is the determination of vibrational–rotational population
distributions in supersonic molecular beams [1.176], where molecules are
cooled down to rotational temperatures of a few Kelvin (Sect. 4.2).
The method is not restricted to neutral molecules but can also be applied
to ionic species. This is of importance when LIF is used for diagnostics of
combustion processes [1.177, 1.178] or plasmas [1.179].
A good overview of fluorescence spectroscopy is given in [1.180].

1.9 Comparison Between the Different Methods
The different sensitive techniques of Doppler-limited laser spectroscopy discussed in the previous sections supplement each other in an ideal way.
In the visible and ultraviolet range, where electronic states of atoms or
molecules are excited by absorption of laser photons, excitation spectroscopy
is generally the most suitable technique, particularly at low molecular densities. Because of the short spontaneous lifetimes of most excited electronic
states Ek , the quantum efficiency ηk reaches 100% in many cases. For the
detection of the laser-excited fluorescence, sensitive photomultipliers or intensified CCD cameras are available that allow, together with photon-counting
electronics (Vol. 1, Sect. 4.5), the detection of single fluorescence photons
with an overall efficiency of 10−3 −10−1 including the collection efficiency
δ ≈ 0.01−0.3 (Sect. 1.3.1).
Excitation of very high-lying states close below the ionization limit, e.g.,
by ultraviolet lasers or by two-photon absorption, enables the detection of absorbed laser photons by monitoring the ions. Because of the high collection
efficiency of these ions, ionization spectroscopy represents the most sensitive
detection method, superior to all other techniques in all cases where it can
be applied. Its experimental drawback is the need for two lasers, including at
least one tunable laser.
In the infrared region, excitation spectroscopy is less sensitive because of
the lower sensitivity of infrared photodetectors and because of the longer lifetimes of excited vibrational levels. These long lifetimes bring about either
at low pressures a diffusion of the excited molecules out of the observation
region, or at high pressures a collision-induced radiationless deactivation of
the excited states. Here photoacoustic spectroscopy becomes superior, since

70

1. Doppler-Limited Absorption and Fluorescence Spectroscopy with Lasers

this technique utilizes this collision-induced transfer of excitation energy into
thermal energy. A specific application of this technique is the quantitative
determination of small concentrations of molecular components in gases at
higher pressures. Examples are measurements of air pollution or of poisonous constituents in auto engine exhausts, where sensitivities in the ppb
range have been successfully demonstrated. For pure gases at lower pressures,
where collisions are less significant, absorption spectroscopy with wavelengthmodulation may be even superior to optoacoustic spectroscopy, Fig. 1.54.
For infrared spectroscopy in molecular beams optothermal spectroscopy is
a very good choice (Sect. 1.3.3).
For the spectroscopy of atoms or ions in gas discharges, optogalvanic
spectroscopy (Sect. 1.5) is a very convenient and experimentally simple alternative to fluorescence detection. In favorable cases it may even reach the
sensitivity of excitation spectroscopy. For the distinction between spectra of
ions and neutral species velocity-modulation spectroscopy (Sect. 1.6) offers an
elegant solution.
Regarding detection sensitivity, LMR and Stark spectroscopy can compete
with the other methods. However, their applications are restricted to molecules
with sufficiently large permanent dipole moments to achieve the necessary
tuning range. They are therefore mainly applied to the spectroscopy of free
radicals with an unpaired electron. The magnetic moment of these radicals
is predominantly determined by the electron spin and is therefore several orders of magnitude larger than that of stable molecules in 1 Σ ground states.
The advantage of LMR or Stark spectroscopy is the direct determination of
Zeeman or Stark splittings from which the Landé factors and therefore the
coupling schemes of the different angular momenta can be deduced. A further merit is the higher accuracy of the absolute frequency of molecular
absorption lines because the frequencies of fixed-frequency laser lines can
be absolutely measured with a higher accuracy than is possible with tunable
lasers.
All these methods represent modifications of absorption spectroscopy,
whereas LIF spectroscopy is based on emission of fluorescence from selectively populated upper levels. The absorption spectra depend on both the
upper and lower levels. The absorption transitions start from thermally populated lower levels. If their properties are known (e.g., from microwave
spectroscopy) the absorption spectra yield information on the upper levels. On
the other hand, the LIF spectra start from one or a few upper levels and terminate on many rotational–vibrational levels of a lower electronic state. They
give information about this lower state.
All these techniques may be combined with intracavity absorption when
the sample molecules are placed inside the laser resonator to enhance the
sensitivity. Cavity ring-down spectroscopy yields absorption spectra with
a detection sensitivity that is comparable to the most advanced modulation
techniques in multipass absorption spectroscopy.
A serious competitor of laser absorption spectroscopy is Fourier spectroscopy [1.1, 1.181], which offers the advantage of simultaneous recording
of a large spectral interval and with it a short measuring time. In con-
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Fig. 1.54a,b. Section of CS2 -overtone spectrum. Comparison of optoacoustic detection (a)
and absorption spectroscopy with wavelength modulation (b) [G.H. Wenz, Thesis, K.L.]
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Fig. 1.55a,b. Section of the pure rotational spectrum of 16 O3 recorded with a high-resolution Fourier spectrometer (left spectrum) and a small section of it, measured with
a tunable far-infrared laser spectrometer (right spectrum with expanded frequency scale),
demonstrating the superior resolution of the laser spectrometer [1.181]

Fig. 1.56a,b. Comparison of overtone spectra of C2 H2 around λ = 1.5 μm, measured
(a) with a Fourier spectrometer and (b) with a color-center laser and intracavity optoacoustic spectroscopy [1.65]
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trast, in laser absorption spectroscopy the whole spectrum must be measured sequentially, which takes much more time. However, laser techniques
offer two advantages, namely, higher spectral resolution and higher sensitivity. This is demonstrated by examples in two different spectral regimes.
Figure 1.55 exhibits part of the submillimeter, purely rotational spectrum of
16 O
−1
3 taken with a high-resolution (0.003 cm ) Fourier spectrometer
(Fig. 1.55a) and a small section of Fig. 1.55a in an expanded scale, recorded
with the tunable far-infrared laser spectrometer shown in Fig. 5.134. Although the resolution is still limited by the Doppler width of the absorption lines, this imposes no real limitation because at ν = 1.5 ×1012 Hz the
Doppler width of ozone is only ΔνD ≈ 2 MHz, compared with a resolution
of 90 MHz of the Fourier spectrometer. Another example illustrates the overtone spectrum of acethylene C2 H2 around λ = 1.5 μm, recorded with a Fourier
spectrometer (Fig. 1.56a) and with a color-center laser and photo-acoustic
spectroscopy (Fig. 1.56b). Weak lines, which are barely seen in the Fourier
spectrum, still have a large signal-to-noise ratio in the optoacoustic spectrum as shown by the insert in Fig. 1.56b [1.65].

Problems
1.1 A monochromatic laser beam is sent through a sample of diatomic
molecules. The laser wavelength is tuned to a vibration–rotation transition
(v , J ) → (v , J ) with an absorption cross section of σik = 10−18 cm2 .
(a) Estimate the fraction n i /n of molecules in the level (vi = 0, Ji = 20)
at T = 300 K (vibrational constant ωe = 200 cm−1 , rotational constant
Be = 1.5 cm−1 ).
(b) Calculate the absorption coefficient for a total gas pressure of 10 mbar.
(c) What is the transmitted laser power PT behind an absorption path length
of 10 cm for an incident power P0 = 100 mW?
1.2 A focused laser beam (∅ = 0.4 mm) with 1-mW input power at
λ = 623 nm crosses a molecular beam (∅ = 1 mm) perpendicularly. The absorbing molecules with a partial flux density Ni = n i · v = 1012 /(s cm2 ) and
a velocity v = 5 ×104 cm/s have the absorption cross section σ = 10−16 cm2 .
How many photoelectrons are counted with a photomultiplier if the fluorescence emitted from the crossing volume Vc = 10−4 cm−3 of both the
laser and molecular beams is imaged by a lens with D = 4 cm at a distance
L = 8 cm from Vc onto the photocathode with quantum efficiency ηph = 0.2?
1.3 A monochromatic laser beam with P = 1 mW is sent through a 1-m
long sample cell filled with absorbing molecules. The absorbing transition
has the Doppler width ΔωD = 2π · 109 s−1 and a peak absorption α(ω0 ) =
10−8 cm−1 . The laser frequency ωL = ω0 + Δω · cos 2π ft is modulated (Δω =
2π · 10 MHz). A detector measures the transmitted laser power PT . Calculate
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the maximum ac amplitude of the detector output signal for a detector with
a sensitivity of 1 V/mW. How large is the dc background signal?
1.4 How many ions per second are formed by resonant two-step photoionization if the transition |i → |k of the first step is saturated, the lifetime τk of
the level |k is τk = 10−8 s, the ionization probability by the second laser is
10−7 s−1 , and the diffusion rate of molecules in the absorbing level |i into
the excitation volume is dNi / dt = 105 /s?
1.5 A thermal detector (bolometer area 3 × 3 mm2 ) is hit by a molecular
beam with a density of n = 108 molecules per cm3 , having a mean velocity v = 4 ×104 cm/s and a mass m = 28 AMU. All impinging molecules are
assumed to stick at the surface of the detector.
(a) Calculate the energy transferred per second to the bolometer.
(b) What is the temperature rise ΔT , if the heat losses of the bolometer are
G = 10−8 W/K?
(c) The molecular beam is crossed by an infrared laser (λ = 1.5 μm) with
P0 = 10 mW. The absorption coefficient is α = 10−10 cm−1 and the absorption path length L = 10 cm (by the multiple-reflection techniques).
Calculate the additional temperature rise of the bolometer.
1.6 The frequency ν0 of a molecular transition to an upper level |k is 108 Hz
below the frequency νL of a fixed laser line. Assume that the molecules
have no magnetic moment in the ground state, but μ = 0.5μB (μB = 9.27 ×
10−24 J/T) in the upper state. What magnetic field B is necessary to tune the
absorption line into resonance with the laser line? How many Zeeman components are observed, if the lower level has the rotational quantum number J = 1
and the upper J = 2, and the laser is (a) linearly and (b) circularly polarized?
1.7 For velocity-modulation spectroscopy an ac voltage of 2 kV peak-to-peak
and f = 1 kHz is applied along a discharge tube with 1-m length in the zdirection.
(a) How large is the mean electric field strength?
(b) Estimate the value of Δvt for the ion velocity v = v0 + Δvz sin 2π ft for
ions with the mass m = 40 amu (1 amu = 1.66 ×10−27 kg) if their mean
free path length is Λ = 10−3 m and the density of neutral species in the
discharge tube is n = 1017 /cm3 .
(c) How large is the maximum modulation Δν of the absorption frequency
ν(vt ) = ν0 + Δν(vt ) for ν0 = 1014 s−1 ?
(d) How large is the ac signal for an absorbing transition with α(ν0 ) =
10−6 cm−1 if the incident laser power is 10 mW and the detector sensitivity
1 V/mW?
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1.8 An absorbing sample in a cell with L = 4 cm is placed within the laser
resonator with a total resonator loss of 2% per round trip and a transmission
T = 0.5% of the output coupler.
(a) Calculate the relative decrease of the laser output power of 1 mW when the
laser is tuned from a frequency ν where α = 0 to a frequency ν0 where the
sample has an absorption coefficient α = 5 ×10−8 cm−1 , while the unsaturated gain g0 = 4 ×10−2 of the active laser medium stays constant.
(b) How many fluorescence photons are emitted if the fluorescence yield of
the sample is 0.5 and the laser wavelength is 500 nm?
(c) Could you design the optimum collection optics that image a maximum ratio of the fluorescence light onto the photomultiplier cathode of 40-mm ∅?
How many photon counts are observed if the quantum yield of the cathode
is η = 0.15?
(d) Compare the detection sensitivity of (c) (dark current of the PM is 10−9 A)
with that of method (a) if the laser output is monitored by a photodiode
with a sensitivity of 10 V/W and a noise level of 10−9 V.
1.9 Derive equation (1.45).

2. Nonlinear Spectroscopy

One of the essential advantages that single-mode lasers can offer for highresolution spectroscopy is the possibility of overcoming the limitation set by
Doppler broadening. Several techniques have been developed that are based
on selective saturation of atomic or molecular transitions by sufficiently intense lasers.
The population density of molecules in the absorbing level is decreased
by optical pumping. This results in a nonlinear dependence of the absorbed
radiation power on the incident power. Such techniques are therefore summarized as nonlinear spectroscopy, which also includes methods that are based
on the simultaneous absorption of two or more photons during an atomic or
molecular transition. In the following sections the basic physics and the experimental realization of some important methods of nonlinear spectroscopy
are discussed. At first we shall, however, treat the saturation of population
densities by intense incident radiation.

2.1 Linear and Nonlinear Absorption
Assume that a monochromatic plane lightwave
E = E 0 cos(ωt − kz) ,
with the mean intensity
I = 12 c0 E 02

[W/m2 ] ,

passes through a sample of molecules, which absorb on the transition E i →
E k (E k − E i = ω). The power dP absorbed in the volume dV = A dz is then
dP = −P0 α dz = −AIσik ΔN dz

[W] ,

(2.1a)

where A is the cross-section of the illuminated area, ΔN = [Ni − (gi /gk )Nk ]
is the difference of the population densities, and σik (ν) is the absorption cross
section per molecule at the light frequency ν = ω/2π, see (5.2) in Vol. 1.
For sufficiently low incident intensities I0 , the absorption coefficient α
is independent of I0 (this implies that the population difference ΔN is not
dependent on I!), and the absorbed power dP is linearly dependent on the
incident power P0 . Integration of (2.1a) gives Beer’s law of linear absorption:
P = P0 e−αz = P0 e−σ ΔNz .

(2.1b)
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Fig. 2.1. Fluorescence intensity Ifl (IL ) as a function of incident laser intensity for linear
and nonlinear absorption

When the absorption is measured through the fluorescence intensity Ifl emitted from the upper level |k, which is proportional to the absorbed power, we
obtain the linear curve in Fig. 2.1. As the intensity of the incident radiation
increases, the population Ni in the absorbing level |i will be depleted when
the absorption rate becomes faster than the relaxation processes that can refill
it. Therefore, the absorption decreases and the curve Ifl (I0 ) in Fig. 2.1 deviates from the straight curve until it reaches a constant value (saturation). We
must then generalize (2.1a) to
dP = −P0 · α(P0 ) dz = −P0 σik ΔN(P0 ) dz

(2.1c)

where the population difference ΔN and therefore the absorption coefficient α
become a function of P0 (nonlinear absorption).
Example 2.1.
In a first approximation we can write α = α0 (1 − bI), which gives with
a cross-section A of the incident radiation
dP = −AIα dz = −A(Iα0 − α0 bI 2 ) dz .

(2.1d)

The first term describes the contribution from linear absorption, and the
second is from nonlinear quadratic absorption.
We will now consider the nonlinear absorption in more detail.
If the incident plane wave with the spectral energy density ρν (ν) = Iν (ν)/c
[W s2 /m3 ] has the spectral width δνL , the total intensity becomes

I = Iν (ν) dν ≈ Iν (ν0 ) · δνL .
(2.2)
Note the difference between the spectral intensity Iν [Ws m−2 ] (radiation
power per m2 and frequency interval dν = 1 s−1 ) and the total intensity
I [W m−2 ].

2.1 Linear and Nonlinear Absorption

The absorbed power is then

ΔP = ΔN · dV · Iν (ν) · σik (ν) dν .
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(2.3)

For a monochromatic laser wave tuned to the center-frequency ν0 of an absorption line, the absorbed power is:
ΔP = ΔN dV · I(ν0 ) · σik (ν0 )

(2.4)

where dV = A dz is the volume of the absorbing medium traversed by the
laser beam with cross-section A. If the spectral width δνL of the laser is larger
than the width δνa of the absorption line, only that part of the spectral interval
inside the line width δνa of the absorption line is absorbed, and the absorbed
power becomes:
ΔP = ΔN dV · I(ν0 ) · σ(ν0 ) · δνa /δνL .

(2.5)

This corresponds to n ph = ΔP/hν absorbed photons. From Vol. 1, (2.15) we
can deduce
n ph = Bik · ρ(ν)ΔN · dV .

(2.6)

Bik ρν gives the net probability for absorbing a photon per molecule and per
second within the unit volume dV = 1 m3 , see (Vol. 1, 2.15, 2.78).
The comparison of (2.3) and (2.6) yields the relation between the Einstein
coefficient Bik and the absorption cross-section σik
c
Bik =
hν

∞
σik (ν) dν .

(2.7)

ν=0

The absorption of the incident wave causes population changes of the
levels involved in the absorbing transition. This can be described by the rate
equations for the population densities N1 , N2 of the nondegenerate levels |1
and |2 with g1 = g2 = 1 (Fig. 2.2):
dN1
= B12 ρν (N2 − N1 ) − R1 N1 + C1 ,
(2.8a)
dt
dN2
= B12 ρν (N1 − N2 ) − R2 N2 + C2 ,
(2.8b)
dt
where Ri Ni represents the total relaxation rate (including spontaneous emission) that depopulates the level |i and

Rki Nk + Di ,
(2.8c)
Ci =
k

takes care of all relaxation paths from other levels |k that contribute to the
repopulation of level |i and also of the net diffusion rate Di of molecules
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Fig. 2.2a–c. Level diagram of an open two-level system with open relaxation channels
into other levels and population paths from outside the system (a), a closed system (b),
and schematic illustration of absorption (c)

in level |i into the excitation volume dV . We call the system described by
(2.8a, 2.8b) an open two-level system because optical pumping occurs only between the two levels |1 and |2, which, however, may decay into other levels.
That is, channels are open for transitions out of the system and for the population of the system from outside.
If the quantities Ci are not noticeably changed by the radiation field, we
obtain from (2.8) under stationary conditions ( dN/ dt = 0) the unsaturated
population difference for ρ = 0
ΔN 0 = ΔN(ρ = 0) = N20 − N10 =

C 2 R1 − C 1 R2
,
R1 R2

(2.9)

Note that N10 > N20 and therefore ΔN 0 < 0.
For the saturated population difference (ρ = 0):
ΔN =

ΔN 0
ΔN 0
=
,
1 + B12 ρν (1/R1 + 1/R2 ) 1 + S

(2.10)

where the saturation parameter
S=

B12 ρν
B12 Iν /c
B12 I
=
=
,
R∗
R∗
c · R1 R2

with
R∗ =

R1 R2
,
R1 + R2

(2.11)

gives the ratio of the induced transition probability B12 ρ to the “mean”
relaxation probability R∗ . The homogeneous width of the absorption line is
δνa = R1 + R2 and therefore the absorbed intensity is ΔI = ΔIν (R1 + R2 ).
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Fig. 2.3. Population difference ΔN and saturation parameter S as a function of incident
laser intensity IL

For S  1, (2.10) can be written as
ΔN ≈ ΔN 0 (1 − S) .

(2.12)

The spectral intensity Iν = c · R∗ /B12 = Is (ν) at which the saturation parameter S becomes S = 1 is called the saturation intensity. The total saturation
intensity is Is = ∫ Is (ν) dν ≈ Is (νL ) δνL . From (2.10) we derive that for S = 1
the population-density difference ΔN decreases to one half of its unsaturated
value ΔN 0 (Fig. 2.3). The saturation power Ps is Ps = Is A, where A is the
cross section of the laser beam at the absorbing molecular sample.
Taking into account saturation, the power decrease of the incident light
wave along the length dz of the absorption path is for δνL < δνa , according
to (2.1 and 2.10)
dP = −A · I · σ12

ΔN 0
dz .
1+ S

(2.13)

In case of incoherent light sources, such as spectral lamps, the intensity Iν
is so small that S  1. We can then approximate (2.13) by
dP = −Pσ12 ΔN 0 dz ,

(2.14)

where the unsaturated population difference as given by (2.9) is independent
of the intensity I, and the absorbed power is proportional to the incident
power (linear absorption), i.e., the relative absorbed power dP/P is constant.
Higher incident intensities Iν are achievable with lasers, where S  1 may
be no longer valid and (2.13) instead of (2.14) has to be used. Because of
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the decreasing population difference the absorbed power increases less than
linearly with increasing incident intensity (Fig. 2.1). The decreasing relative
absorption dP/P with increasing intensity I can readily be demonstrated
when the absorbed power as a function of the incident intensity is measured via the laser-induced fluorescence. If the depopulation of the absorbing
level |1 by absorption of laser photons becomes a noticeable fraction of the
repopulation rate (Fig. 2.3), the population N1 decreases and the laser-induced
fluorescence intensity increases less than linearly with the incident laser intensity IL .
With the Rabi flopping frequency
ΩR = Dik E 0 /
which depends on the transition dipole matrix element Dik and the electric
field amplitude E 0 of the incident wave (see Vol. 1, (2.90)), we can relate the
saturation parameter S for homogeneous line broadening (see Vol. 1, Sect. 3.1)
with a line width γ = γ1 + γ2 = R1 + R2 to the Rabi flopping frequency by
S12 = ΩR2 /(R∗ · γ) = ΩR2 /(R1 R2 )

(2.15)

Using the relations (2.30, 2.78 and 2.90) from Vol. 1 with the homogeneous
spectral width δωa = 2πδνa = γ = γ1 + γ2 = R1 + R2 (see Vol. 1, Sect. 3.1.2)
and the Rabi frequency Ω12 we obtain from (2.11)
S=

2
2
Ω12
Ω12
=
,
R∗ γ
γ1 γ2

for

R1 = γ1 , R2 = γ2 .

(2.16)

This demonstrates that the√saturation parameter can also be expressed as the
square of the ratio Ω12 / R1 · R2 of the Rabi frequency Ω12 at resonance
(ω = ω12 ) and the geometric mean of the relaxation rates of |1 and |2. In
other words, when the atoms
√ are exposed to light with intensity I = Is , their
Rabi frequency is Ω12 = R1 · R2 .
The saturation parameter defined by (2.11) for the open two-level system is
more general than that defined in Vol. 1, (3.67d) for a closed two-level system.
The difference lies in the definition of the mean relaxation probability, which
is R = (R1 + R2 )/2 in the closed system but R∗ = R1 R2 /(R1 + R2 ) in the
open system. We can close our open system defined by the rate equations (2.8)
by setting C1 = R2 N2 , C2 = R1 N1 , and N1 + N2 = N = const. (see Fig. 2.2b).
The rate equations then become identical to Vol. 1, (3.66) and R∗ converts
to R.
Regarding the saturation of the absorbing-level population N1 , there exists an important difference between a closed and an open two-level system.
For the closed two-level system the stationary population density N1 of the
absorbing level |1 is, according to (2.8) and Vol. 1, (3.67) with C1 = R2 N2 ,
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C2 = R1 N1 , N1 + N2 = N = const.:
N1 =

B12 I/c + R2
N,
2B12 Iν /c + R1 + R2

with

N = N1 + N2 .

(2.17a)

N1 can never drop below N/2 because
N1 ≥ lim N1 = N/2 → N1 ≥ N2 .
I→∞

For our open system, however, we obtain from (2.8)
N1 =

(C1 + C2 )B12 Iν /c + R2 C1
N.
(R1 + R2 )B12 Iν /c + R1 R2

(2.17b)

For large intensities Iν (S  1), the population density N1 (I ) approaches the
limit
N1 (S → ∞) =

C1 + C2
N.
R1 + R2

(2.17c)

If the repopulation rates C1 , C2 are small compared to the depopulation
rates R1 , R2 the saturated population density N1 may become quite small.
This case applies, for instance, to the saturation of molecular transitions
in a molecular beam, where collisions are generally negligible. The excited
level |2 decays by spontaneous emission at the rate N2 A2 into many other
rotational–vibrational levels |m = |1, and only a small fraction N2 A21 comes
back to the level |1. The only repopulation mechanisms of level |1 are
the diffusion of molecules into the excitation volume and the radiative decay
rate N2 A21 . For E 2  kT , the upper level |2 can be populated only by optical pumping. If |1 is the ground state, its “lifetime” is given by the transit
time tT = d/v through the excitation region of length d. We therefore have to
replace in (2.8): C1 = D1 + N2 A21 , D2 = 0, R1 = 1/tT , R2 = A2 + 1/tT , and
find
N1 =

D1 (B12 ρ + A2 + 1/tT )
N.
B12 ρ(A2 − A21 + 2/tT ) + 1/tT2

(2.18a)

Without the laser excitation (ρ = 0, A2 = A21 = 0), we obtain N10 = D1 tT .
This is the stationary population due to the diffusion of molecules into the
excitation region. For large laser intensities, (2.18a) yields
lim N1 =

I→∞

D1
.
A2 − A21 + 2/tT

(2.18b)
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Example 2.2.
For d = 1 mm, v = 5 ×104 cm/s → tT = 2 ×10−6 s. With D1 = 1014 s−1
× cm−3 we have the stationary population density N10 = 2 ×108 cm−3 .
With typical figures of A2 = 108 s−1 , A21 = 107 s−1 we obtain for the
completely saturated population density N1 ≈ 106 cm−3 . The saturated population N1 has therefore decreased to 0.5% of its unsaturated value N10 .

We shall now briefly illustrate for two different situations at which intensities
the saturation becomes noticeable:
(a) The bandwidth δνL of the cw laser is larger than the spectral width δνa
of the absorbing transition. In this case, we get the same results both for
homogeneous and inhomogeneous line broadening. The total saturation intensity Is = cρs (ν)δνL is then according to (2.11)

Is =

Is (ν) dν ≈

R∗ c
δνL
B12

[W/m2 ] .

(2.19a)

Example 2.3.
Saturation of a molecular transition in a molecular beam by a broadband
cw laser with δνL = 3 ×109 s−1 (=
ˆ 0.1 cm−1 ):
With R1 = 1/tT , R2 = A2 + 1/tT , we obtain with B12 = (c3 /8πhν3 )A21
the saturation intensity
Is (δνL ) =

(A2 + 1/tT )8πhν3 · δνL
(tT A2 + 2)A21 c2

[W/m2 ] .

(2.19b)

With the values of our previous example A2 = 108 s−1 , tT = 2 ×10−6 s,
ν = 5 ×1014 s−1 , A21 = 107 s−1 , and δνL = 3 ×109 s−1 , which gives
Is ≈ 3 ×103 W/m2 .
If the laser beam is focused to a cross section of A = 1 mm2 , a laser power
of 3 mW is sufficient for our example to reach the value S = 1 of the saturation parameter.
If the laser bandwidth δνL matches the homogeneous width γ/2π of
the absorption line, we find with γ = A2 + 2/tT from (2.19b) the saturation
intensity
Is =

4hν3
(A2 + 1/tT ) ≈ 100 W/m2 = 100 μW/mm2 .
TA21 c2

(2.19c)
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Fig. 2.4a,b. Velocity-selective saturation of a Doppler-broadened transition: (a) the Bennet
hole in the lower- and the Bennet peak in the upper-state population distribution Ni (vz ).
(b) Saturated absorption profile when the saturating laser is tuned across the Dopplerprofile of a molecular transition (dashed curve)

(b) The second case deals with a cw single-mode laser with frequency
ν = ν0 tuned to the center frequency ν0 of a homogeneously broadened atomic resonance transition. If spontaneous emission into the ground
state is the only relaxation process of the upper level, the relaxation
rate is√ R∗ = A21 /2 for S = 1, the saturation-broadened linewidth is
δνa = 2A21 /2π, and the saturation intensity is, according to (2.11) and
Vol. 1, (2.22)
√
cR∗ A21
2 2hνA21
Is = cρs δνa = √
=
.
λ2
2πB12

(2.20)

The same result could have been obtained from Vol. 1, (3.67f) Is =
hνA21 /2σ12 with

σ12 dν ∼ σ(ν0 )δνa = (hν/c)B12 = (c2 /8πν2 )A21 ,

(2.21a)

which yields without saturation broadening
σ(ν0 ) ∼ c2 /4ν2 = (λ/2)2 ,

and

Is =

2hνA21
.
λ2

(2.21b)
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For A21 = 108 s−1 the relaxation due to diffusion out of the excitation volume can be neglected. At sufficiently low pressures the collision-induced
transition probability is small compared to A21 .
Example 2.4.
λ = 500 nm → ν = 6 ×1014 s−1 , A21 = 108 s−1 → Is ≈ 380 W/m2 . Focusing the beam to a focal area of 1 mm2 means a saturation power of only
265 μW! With the value A21 = 107 s−1 of Example 2.3, the saturation intensity drops to 38 W/m2 .
If collision broadening is essential, the linewidth increases and the saturation intensity increases roughly proportionally to the homogeneous linewidth.
If pulsed lasers are used, the saturation peak powers are much higher because
the system does generally not reach the stationary conditions. For the optical
pumping time the laser pulse duration TL often is the limiting time interval.
Only for long laser pulses (e.g., copper-vapor laser-pumped dye lasers) the
transit time of the molecules through the laser beam may be shorter than TL .

2.2 Saturation of Inhomogeneous Line Profiles
In Vol. 1, Sect. 3.6 we saw that the saturation of homogeneously broadened
transitions with Lorentzian line profiles results again in a Lorentzian profile
with the halfwidth
"
(2.22)
Δωs = Δω0 1 + S0 , S0 = S(ω0 ) ,
which is increased by the factor (1 + S0 )1/2 compared to the unsaturated
halfwidth Δω0 . The saturation broadening is due to the fact that the absorption coefficient
α(ω) =

α0 (ω)
1 + S(ω)

decreases by the factor [1 + S(ω)]−1 , whereas the saturation parameter S(ω)
itself has a Lorentzian line profile and the saturation is stronger at the line
center than in the line wings (Fig. 3.24).
We will now discuss saturation of inhomogeneous line profiles. As an
example we treat Doppler-broadened transitions, which represent the most important case in saturation spectroscopy.
2.2.1 Hole Burning
When a monochromatic light wave
E = E 0 cos(ωt − kz) ,

with k = k z ,
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passes through a gaseous sample of molecules with a Maxwell–Boltzmann
velocity distribution, only those molecules that move with such velocities v that the Doppler-shifted laser frequency in the frame of the moving molecule ω = ω − k · v with k · v = kvz falls within the homogeneous
linewidth γ around the center absorption frequency ω0 of a molecule at rest,
i.e., ω = ω0 ± γ , can significantly contribute to the absorption. The absorption
cross section for a molecule with the velocity component vz on a transition
|1 → |2 is
σ12 (ω, vz ) = σ0

(γ/2)2
,
(ω − ω0 − kvz )2 + (γ/2)2

(2.23)

where σ0 = σ(ω = ω0 + kvz ) is the maximum absorption cross section at the
line center of the molecular transition.
Due to saturation, the population density N1 (vz ) dvz decreases within the
velocity interval dvz = γ/k, while the population density N2 (vz ) dvz of the
upper level |2 increases correspondingly (Fig. 2.4a). From (2.10) and Vol. 1,
(3.72) we obtain for S  1


S0 (γ/2)2
ΔN 0
,
(2.24a)
N1 (ω, vz ) = N10 (vz ) −
γ1 τ (ω − ω0 − kvz )2 + (γs /2)2


S0 (γ/2)2
ΔN 0
0
N2 (ω, vz ) = N2 (vz ) +
,
(2.24b)
γ2 τ (ω − ω0 − kvz )2 + (γs /2)2
where
√ γ = γ1 + γ2 denotes the homogeneous width of the transition and γs =
γ 1 + S0 . The quantity
τ=

1
γ
1
+
=
,
γ1 γ2 γ1 · γ2

(2.24c)

is called the longitudinal relaxation time, while
T=

1
1
=
γ1 + γ2 γ

(2.24d)

is the transverse relaxation time.
Note that for γ1 = γ2 the depth of the hole in N1 (vz ) and the heights of
the peak in N2 (vz ) are different.
Subtracting (2.24b) from (2.24a) yields for the saturated population difference


S0 (γ/2)2
0
.
(2.24e)
ΔN(ωs , vz ) = ΔN (vz ) 1 −
(ω − ω0 − kvz )2 + (γs /2)2
The velocity-selective minimum in the velocity distribution ΔN(vz ) at
vz = (ω − ω0 )/k, which is often called a Bennet hole [2.1], has the homogeneous width (according to Vol. 1, Sect. 3.6)
"
γs = γ 1 + S0 ,
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and a depth at the hole center at ω = ω0 + kvz of
ΔN 0 (vz ) − ΔN(vz ) = ΔN 0 (vz )

S0
.
1 + S0

(2.25)

For S0 = 1 the hole depth amounts to 50% of the unsaturated population difference. Molecules with velocity components in the interval vz to vz + dvz
give the contribution
dα(ω, vz )
dvz = ΔN(vz )σ(ω, vz ) dvz ,
(2.26)
dvz
to the absorption coefficient α(ω, vz ). The total absorption coefficient caused
by all molecules in the absorbing level is then

(2.27)
α(ω) = ΔN(vz )σ12 (ω, vz ) dvz .
Inserting ΔN(vz ) from (2.24), σ(ω, vz ) from (2.23) and ΔN 0 (vz ) from (3.40)
yields

2
e−(vz /vp ) dvz
ΔN 0 σ0
,
(2.28)
α(ω) =
√
(ω − ω0 − kvz )2 + (γs /2)2
vp π
1/2 and the total unsaturated
with the most probable velocity
# vp 0= (2kB T/m)
0
population difference ΔN = ΔN (vz ) dvz . Despite the saturation, one obtains again a Voigt profile for α(ω), similarly to Vol. 1, (3.46). The only
difference is the saturation-broadened homogeneous linewidth γs in (2.28) instead of γ in Vol. 1, (3.46).
Since for S0 < 1 the Doppler width is generally large compared to the
homogeneous width γs , the nominator in (2.28) at a given frequency ω does
not vary much within the interval Δvz = γs /k, where the integrand contributes
significantly to α(ω). We therefore can take the factor exp[−(vz /vp )2 ] outside
the integral. The residual integrals can be solved analytically and one obtains
with vz = (ω − ω0 )/k and Vol. 1, (3.44) the saturated absorption coefficient
 
 
α0 (ω0 )
ω − ω0 2
,
(2.29)
exp −
αs (ω) = √
0.6δωD
1 + S0

with the unsaturated absorption coefficient

√
σ0 γc π
ω0 8kT ln 2
0
,
, and the Doppler width δωD =
α (ω0 ) = ΔN0
vp ω0
c
m
Equation (2.29) illustrates a remarkable result: Although at each frequency ω the monochromatic laser burns a Bennet hole into the velocity
distribution N1 (vz ), this hole cannot be detected just by tuning the laser
through the absorption profile. The absorption coefficient
α0 (ω)
,
α(ω) = √
1 + S0

(2.30)
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of the inhomogeneous profile still shows a Voigt profile without any hole but
is reduced by the constant factor (1 + S0 )−1/2 , which is independent of ω
(Fig. 2.4b).
Note: The difference to the homogeneous absorption profile where α(ω) is reduced by the frequency-dependent factor (1 + S(ω))−1 , see Vol. 1, (3.75) and
Fig. 3.24.
The Bennet hole can, however, be detected if two lasers are used:
• The saturating pump laser with the wave vector k1 , which is kept at the
frequency ω1 and which burns a hole, according to (2.24), into the velocity
class vz ± Δvz /2 with vz = (ω0 − ω1 )/k1 and Δvz = γ/k1 (Fig. 2.5).
• A weak probe laser with the wave vector k2 and a frequency ω tunable
across the Voigt profile. This probe laser is sufficiently weak to cause no
extra saturation. The absorption coefficient for the tunable probe laser is
then

2
e−(vz /vp )
σ0 ΔN 0
αs (ω1 , ω) = √
(ω0 − ω − k2 vz )2 + (γ/2)2
vp π


S0 (γ/2)2
dvz .
× 1−
(2.31)
(ω0 − ω1 − k1 vz )2 + (γs /2)2
The integration over the velocity distribution yields analoguously to (2.29)


(γ/2)2
S0
0
αs (ω1 , ω) = α (ω) 1 − √
.
(2.32)
1 + S0 (ω − ω )2 + (Γs /2)2
This is an unsaturated Doppler profile α0 (ω) with a saturation dip at the
probe frequency
ω = ω = ω0 ± (ω1 − ω0 )k1 /k2 ,

Fig. 2.5. Dip in the Doppler-broadened absorption profile α(ω) burned by a strong pump
laser at ωp = ω1 and detected by a weak probe laser at ω = ω0 ± (ω1 − ω0 )k1 /k2
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where the + sign holds for collinear and the − sign for anticollinear propagation of the pump and probe waves.
The halfwidth Γs = γ + γs = γ [1 + (1 + S0 )1/2 ] of the absorption dip at
ω = ω equals the sum of the unsaturated homogeneous absorption width γ of
the weak probe wave and that of the saturated dip (due to the strong pump).
The depth of the dip at ω = ω is
S0
,
Δα(ω ) = α0 (ω ) − αs (ω ) = α0 (ω ) √
√
1 + S0 (1 + 1 + S0 )
≈

S0 0
α (ω ) ,
2

for

S0  1 .

(2.32a)

Note: In the derivation of (2.32) we have only regarded population changes
due to saturation effects. We have neglected coherence phenomena that may,
for instance, result from interference between the two waves. These effects, which differ for copropagating waves from those of counterpropagating
waves, have been treated in detail in [2.2–2.4]. For sufficiently small laser intensities (S  1) they do not strongly affect the results derived above, but add
finer details to the spectral structures obtained.
2.2.2 Lamb Dip
Pump and probe waves may also be generated by a single laser when the
incident beam is reflected back into the absorption cell (Fig. 2.6).
The saturated population difference in such a case of equal intensities
I1 = I2 = I of the two counterpropagating waves with wavevectors k1 = −k2
is then
ΔN(vz ) = ΔN 0 (vz )

S0 (γ/2)2
S0 (γ/2)2
,
−
× 1−
(ω0 − ω − kvz )2 + (γs /2)2 (ω0 − ω + kvz )2 + (γs /2)2
(2.33)


where S0 = S0 (I ) is the saturation parameter due to one of the running waves.
Because of the opposite Doppler shifts the two waves with frequency ω burn
two Bennet holes at the velocity components vz = ±(ω0 − ω)/k into the population distribution ΔN(vz ) (Fig. 2.6b).
The saturated absorption coefficient then becomes

αs (ω) = ΔN(vz )[σ(ω0 − ω − kvz ) + σ(ω0 − ω + kvz )] dvz .
(2.34)
Inserting (2.33 and 2.23) into (2.34) yields in the weak-field approximation
(S0  1) after some elaborate calculations [2.2] the saturated-absorption co-
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Fig. 2.6a–c. Saturation of an inhomogeneous line profile: (a) Bennet hole and dip produced by a monochromatic running wave with ω  = ω0 ; (b) Bennet holes caused by the
two counterpropagating waves for ω  = ω0 and for ω = ω0 (dashed curve); (c) Lamb dip
in the absorption profile αs (ω)

efficient for a sample in a standing-wave field



(γs /2)2
S0
0
1+
,
αs (ω) = α (ω) 1 −
2
(ω − ω0 )2 + (γs /2)2

(2.35a)

with
"
γs = γ 1 + S0 ,

and

S0 = S0 (I, ω0 ) .

This represents the Doppler-broadened absorption profile α0 (ω) with a dip at
the line center ω = ω0 , which is called a Lamb dip after W.E. Lamb, who
first explained it theoretically [2.5]. For ω = ω0 the saturated absorption coefficient drops to αs (ω0 ) = α0 (ω0 ) · (1 − S0 ). The depth of the Lamb dip is
S0 = Bik I/(cγs ), I = I1 = I2 being the intensity of one of the counterpropagating waves that form the standing wave. For ω0 − ω  γs the saturated
absorption coefficient becomes αs = α0 (1 − S0 /2), which corresponds to the
saturation by one of the two waves.
The Lamb dip can be understood in a simple, conspicuous way: for
ω = ω0 the incident wave is absorbed by molecules with the velocity components vz = +(ω − ω0 ∓ γs /2)/k, the reflected wave by other molecules with
vz = −(ω − ω0 ) ± γs /2. For ω = ω0 both waves are absorbed by the same
molecules with vz = (0 ± γs /s)/k, which essentially move perpendicularly to
the laser beams. The intensity per molecule absorbed is now twice as large,
and the saturation accordingly higher.
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In Fig. 2.7 the differences in the saturation behavior of a homogeneous
(Fig. 2.7a) and an inhomogeneous line profile are illustrated. For the inhomogeneous case two situations are illustrated:
• The absorbing sample is placed in a standing-wave field (I1 = I2 = I) and
the frequency ω is tuned over the line profiles (Fig. 2.7b).
• A pump laser (I = I1 ) is kept at the line center at ω0 and a weak probe
laser is tuned over the saturated line profiles (Fig. 2.7c).

Fig. 2.7a–c. Comparison of the saturation of a homogeneous absorption line profile
(a) and an inhomogeneous profile (b) in a standing-wave field. (c) The traveling saturating wave is kept at ω = ω0 and a weak probe wave is tuned across the line profile

In the first case (Fig. 2.7c), the saturation of the inhomogeneous line
profile is S0 = Bik I/(cγs ) at the center of the Lamb dip and S0 /2 for
(ω − ω0 )  γs . In the second case (Fig. 2.7c), the depth of the Bennet hole
is S0 /2 = Bik I1 /(cγs ).
For strong laser fields the approximation S0  1 no longer holds. Instead
of (2.35) one obtains, neglecting coherent effects [2.2]:
αs (ω) = α0 (ω) 



γ/2

2(ω − ω0 )
B 1−
A+ B

2

1/2

,

(2.35b)

with
A = [(ω − ω0 )2 + (γ/2)2 ]1/2 and B = [(ω − ω0 )2 + (γ/2)2 (1 + 2S)]1/2 .
√
This yields
αs (ω0 ) = α0 (ω0 )/ 1 + 2S at the line center ω = ω0 , and αs (ω) =
√
α0 (ω)/ 1 + S for (ω − ω0 )  γ . The maximum depth of the Lamb dip is
achieved when
1
α(ω − ω0  γs ) − α(ω0 )
1
=√
−√
,
α(ω0 )
1 + S0
1 + 2S0
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Fig. 2.8. Lamb dips for several values of the saturation parameter S0

becomes maximum, which occurs for S0 ≈ 1.4. In Fig. 2.8 the saturated absorption profile is depicted for some values of S0 .
Note: The width of the Lamb dip in (2.35a) is δωLD = γs . This corresponds,
however, to the velocity interval Δvz = 2γs /k because the opposite Doppler
shifts Δω = (ω0 − ω) = ±kvz of the two Bennet holes add when the laser
frequency ω is tuned.
If the intensity of the reflected wave in Fig. 2.6 is very small (I2  I1 ),
we obtain instead of (2.35) a formula similar to (2.32). However, we must
replace Γs by Γs∗ = (γ + γs )/2 since the pump and probe waves are simultaneously tuned. For S0  1 the result is


(γs /2)2
S0
αs (ω) = α0 (ω) 1 −
.
(2.36)
2 (ω − ω0 )2 + (Γs∗ /2)2

2.3 Saturation Spectroscopy
Saturation spectroscopy is based on the velocity-selective saturation of
Doppler-broadened molecular transitions, treated in Sect. 2.2. Here the spectral resolution is no longer limited by the Doppler width but only by the much
narrower width of the Lamb dip. The gain in spectral resolution is illustrated
by the example of two transitions from a common lower level |c to two
closely spaced levels |a and |b (Fig. 2.9). Even when the Doppler profiles
of the two transitions completely overlap, their narrow Lamb dips can clearly
be separated, as long as Δω = ωca − ωcb > 2γs .
Saturation spectroscopy is therefore often called Lamb-dip spectroscopy.
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Fig. 2.9a,b. Spectral resolution of the Lamb dips of two transitions with overlapping
Doppler profiles

2.3.1 Experimental Schemes
A possible experimental realization of saturation spectroscopy is illustrated in
Fig. 2.10. The output beam from a tunable laser is split by the beam splitter
BS into a strong pump beam with the intensity I1 and a weak probe beam
with intensity I2  I1 , which pass through the absorbing sample in opposite directions. When the transmitted probe-beam intensity It2 (ω) is measured
as a function of the laser frequency ω, the detection signal DS(ω) ∝ I2 − It2
shows the Doppler-broadened absorption profiles with “Lamb peaks” at their
centers, because the saturated absorption shows Lamb dips at the centers of
the Doppler-broadened absorption lines.
The Doppler-broadened background can be eliminated if the pump beam
is chopped and the transmitted probe intensity is monitored through a lock-in

Fig. 2.10. Experimental setup for saturation spectroscopy where the transmitted probe intensity I2 (ω) is monitored
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amplifier that is tuned to the chopping frequency. According to (2.36), we obtain for a sufficiently weak probe intensity the Doppler-free absorption profile
α0 − αs =

(γs /2)2
α0 S0
.
2 (ω − ω0 )2 + (Γs∗ /2)2

(2.37)

To enhance the sensitivity, the probe beam can again be split into two parts.
One beam passes the region of the sample that is saturated by the pump beam,
and the other passes the sample cell at an unsaturated region (Fig. 2.11). The
difference between the two probe-beam outputs monitored with the detectors
D1 and D2 yields the saturation signal if this difference has been set to zero
with the pump beam off. The pump-beam intensity measured by D3 can be
used for normalization of the saturation signal. Figure 2.12 shows as an exam-

Fig. 2.11. Sensitive version of saturation spectroscopy. The probe is split by BS2 into
two parallel beams, which pass through a pumped and an unpumped region, respectively.
Pump and probe beams are strictly antiparallel. A Faraday isolator prevents feedback of
the probe beam into the laser

Fig. 2.12. Saturation spectrum of all hyperfine components of the 62 S1/2 → 72 P transition
at λ = 459.3 nm in a mixture of isotopes 133 Cs, 135 Cs, and 137 Cs [2.6]
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ple the saturation spectrum of a mixture of different cesium isotopes contained
in a glass cell heated to about 100◦ C [2.6]. The hyperfine structure and the
isotope shifts of the different isotopes can be derived from these measurements with high accuracy. The small crossing angle α [rad] of the two beams
in Fig. 2.10 results in a residual Doppler width δω1 = ΔωD α. If the pump
and probe beams are strictly anticollinear (α = 0) the probe beam is coupled
back into the laser, resulting in laser instabilities. This can be prevented by an
optical isolator, such as a Faraday isolator [2.7], which turns the plane of polarization by 90◦ and suppresses the reflected beam by a polarizer (Fig. 2.11).
Instead of measuring the attenuation of the probe beam, the absorption
can also be monitored by the laser-induced fluorescence, which is proportional
to the absorbed laser power. This technique is, in particular, advantageous
when the density of the absorbing molecules is low and the absorption accord-

Fig. 2.13a,b. Intermodulated fluorescence method for saturation spectroscopy at small
densities of the sample molecules: (a) experimental arrangement; (b) hyperfine spectrum
of the (v = 1, J = 98) → (v = 58, J = 99) line in the X 1 Σg → 3 Πou system of I2 at
λ = 514.5 nm, monitored at the chopping frequency f 1 of the pump beam (upper spectrum with the Lamb dips) and at ( f 1 + f 2 ) (lower spectrum) [2.10]
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ingly small. The change in the attenuation of the probe beam is then difficult
to detect and the small Lamb dips may be nearly buried under the noise
of the Doppler-broadened background. Sorem and Schawlow [2.8, 2.9] have
demonstrated a very sensitive intermodulated fluorescence technique, where
the pump beam and the probe beam are chopped at two different frequencies f 1 and f 2 (Fig. 2.13a). Assume the intensities of the two beams to be
I1 = I10 (1 + cos Ω1 t) and I2 = I20 (1 + cos Ω2 t) with Ωi = 2π f i . The intensity of the laser-induced fluorescence is then
IFL = CΔNs (I1 + I2 ) ,

(2.38)

where ΔNs is the difference between the saturated population densities of the
absorbing and upper levels, and the constant C includes the transition probability and the collection efficiency of the fluorescence detector. According to
(2.33), we obtain at the center of an absorption line
ΔNs = ΔN 0 [1 − a(I1 + I2 )] .
Inserting this into (2.38) gives
IFL = C[ΔN 0 (I1 + I2 ) − aΔN 0 (I1 + I2 )2 ] .

(2.39)

The quadratic expression (I1 + I2 )2 contains the frequency-dependent term
I10 I20 cos Ω1 t · cos Ω2 t = 12 I10 I20 [cos(Ω1 + Ω2 )t + cos(Ω1 − Ω2 )t] ,
which reveals that the fluorescence intensity contains linear terms, modulated at the chopping frequencies f 1 and f 2 , respectively, and quadratic
terms with the modulation frequencies ( f 1 + f 2 ) and ( f 1 − f 2 ), respectively.
While the linear terms represent the normal laser-induced fluorescence with
a Doppler-broadened excitation line profile, the quadratic ones describe the
saturation effect because they depend on the decrease of the population density ΔN (vz = 0) from the simultaneous interaction of the molecules with
both fields. When the fluorescence is monitored through a lock-in amplifier
tuned to the sum frequency f 1 + f 2 , the linear background is suppressed and
only the saturation signals are detected. This is demonstrated by Fig. 2.13b,
which shows the 15 hyperfine components of the rotational line (v − 1,
3
J = 98) (v = 58, J = 99) in the X 1 Σ+
g → B Πu0 transition of the iodine
molecule I2 [2.9, 2.10]. The two laser beams were chopped by a rotating disc
with two rows of a different number of holes, which interrupted the beams
at f 1 = 600 s−1 and f 2 = 900 s−1 . The upper spectrum was monitored at the
chopping frequency f 1 of the pump beam. The Doppler-broadened background caused by the linear terms in (2.39) and the Lamb dips both show
a modulation at the frequency f 1 and are therefore recorded simultaneously.
The center frequencies of the hyperfine structure (hfs) components, however,
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can be obtained more accurately from the intermodulated fluorescence spectrum (lower spectrum), which was monitored at the sum frequency ( f 1 + f 2 )
where the linear background is suppressed. This technique has found wide applications for sub-Doppler modulation spectroscopy of molecules and radicals
at low pressures [2.11–2.13].
Example 2.5.
The linewidth of the Lamb dips of the I2 hfs components can be estimated as follows. The spontaneous lifetime of the upper level of the
transition at λ = 632 nm is τ = 10−7 s, which gives a natural linewidth of
δνn = 1.5 MHz. The vapor pressure at T = 300 K is p(I) = 0.05 mbar. The
pressure broadening is then about 2 MHz. Saturation broadening at a saturation parameter S = 3 is δνs = 2δνn = 3.0 MHz. Transit time broadening
for a laser beam diameter 2w = 1 mm is δνtr = 0.4v/w ≈ 120 kHz for an
average √
velocity of v = 300 m/s. The total width of the Lamb dips is then
δνLD = 22 + 32 + 0.12 ≈ 3.6 MHz.

2.3.2 Cross-Over Signals
If two molecular transitions with a common lower or upper level overlap
within their Doppler width, extra resonances, called cross-over signals, occur
in the Lamb-dip spectrum. Their generation is explained in Fig. 2.14a.
Assume that for the center frequencies ω1 and ω2 of the two transitions
|ω1 − ω2 | < ΔωD holds. At the laser frequency ω = (ω1 + ω2 )/2, the incident
wave is shifted against ω1 by Δω = ω − ω1 = (ω2 − ω1 )/2. If it saturates the
velocity class (vz ± dvz ) = (ω2 − ω1 )/2k ± γk on the transition 1 with center frequency ω1 , it is in resonance with molecules in this subgroup. Since
the reflected wave experiences the opposite Doppler shift, when it saturates
the same velocity class it is in resonance with molecules in the same subgroup in transition 2 with the center frequency ω2 . One therefore observes,
besides the saturation signals at ω1 and ω2 (where the velocity class vz = 0
is saturated), an additional saturation signal (cross-over) at ω = (ω1 + ω2 )/2
because one of the two waves causes a decrease −ΔN1 of the population density N1 in the common lower level, which is probed by the second wave on
another transition. In case of a common upper level, both waves contribute
at ω = (ω1 + ω2 )/2 to the increase ΔN2 of the population N2 ; one wave on
transition a, the other on b. The sign of the cross-over signals is negative for
a common lower level and positive for a common upper level. Their frequency
position ωc = (ω1 + ω2 )/2 is just at the center between the two transitions 1
and 2 (Fig. 2.14b).
Although these cross-over signals increase the number of observed Lamb
dips and may therefore increase the complexity of the spectrum, they have the
great advantage that they allow one to assign pairs of transitions with a common level. This may also facilitate the assignment of the whole spectrum; see,
for example, Fig. 2.14b and [2.4, 2.13–2.15].

2.3 Saturation Spectroscopy

99

Fig. 2.14. (a) Generation of cross-over saturation signals; (b) illustration of cross-overs
in the helium transition 33 D ← 23 P. The cross-over signals are marked by 0 above or
below the lines [2.14]

2.3.3 Intracavity Saturation Spectroscopy
When the absorbing sample is placed inside the resonator of a tunable laser,
the Lamb dip in the absorption coefficient α(ω) causes a corresponding peak
of the laser output power P(ω) (Fig. 2.15).
The power P(ω) depends on the spectral gain profile G(ω) and on the absorption profile α(ω) of the intracavity sample, which is generally Doppler
broadened. The Lamb peaks therefore sit on a broad background (Fig. 2.15a).
With the center frequency ω1 of the gain profile and an absorption Lamb dip
at ω0 we obtain, according to Vol. 1, (5.58) and (2.35)

$

%
(γs /2)2
S0
0
1+
.
PL (ω) ∝ G(ω − ω1 ) − α (ω) 1 −
2
(ω − ω0 )2 + (γs /2)2
(2.40)
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Fig. 2.15a–c. Saturation spectroscopy inside the cavity of a laser: (a) experimental arrangement; (b) output power P(ω); (c) experimental detection of the Lamb peak in the
output power of a HeNe laser tunable around λ = 3.39 μm, caused by the Lamb dip of
a CH4 transition in a methane cell inside the laser cavity [2.20]

In a small interval around ω0 we may approximate the gain profile G(ω − ω1 )
and the unsaturated absorption profile α0 (ω) by a quadratic function of ω,
yielding for (2.40) the approximation
PL (ω) = Aω2 + Bω + C +

D
(ω − ω0 )2 + (γs /2)2

,

(2.41)

where the constants A, B, C, and D depend on ω0 , ω1 , γ , and S0 . The derivatives
PL(n) (ω) =

dn PL (ω)
,
dωn

(n = 1, 2, 3, . . . ) ,

of the laser output power with respect to ω are
PL(1) (ω) = 2Aω + B −
PL(2) (ω) = 2A +
PL(3) (ω) =

2D(ω − ω0 )
,
[(ω − ω0 )2 + (γs /2)2 ]2

6D(ω − ω0 )2 − 2D(γs /2)2
,
[(ω − ω0 )2 + (γs /2)2 ]3

(2.42)

24D(ω − ω0 )[(ω − ω0 )2 − (γs /2)2 ]
.
[(ω − ω0 )2 + (γs /2)2 ]4

These derivatives are exhibited in Fig. 2.16, which illustrates that the broad
background disappears for the higher derivatives. If the absorptive medium is
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Fig. 2.16a–d. Lamb peak at the slope of the Dopplerbroadened gain profile and the first three derivatives,
illustrating the suppression of the Doppler background

the same as the gain medium, the Lamb peak appears at the center of the gain
profile (Fig. 2.15b,c).
Example 2.6.
The zero crossings of PL(3) (ωm ) are at ω = ω0"and ω = ω0 ± γs /2. The max√
imum and minimum appear at ωm = ω0 ± (1 ± 4/5), as can be seen
from the condition PL(4) (ωm ) = 0. The two largest central extremes are at
ωm,1,2 = ω0 ± 0.16γs . The width of the signal between these extremes is
then δω = 0.32γs . It is three times smaller than the width of PL(1) .
If the laser frequency ω is modulated at the frequency Ω, the laser output
PL (ω) = PL (ω0 + a sin Ωt) ,
can be expanded into a Taylor series around ω0 . The derivation in Sect. 1.2.1
shows that the output PL (ω, 3Ω) measured with a lock-in device at the frequency 3Ω is proportional to the third derivative, see (1.12).
The experimental performance is depicted in Fig. 2.17. The modulation
frequency Ω = 2π f is tripled by forming rectangular pulses, where the third
harmonic is filtered and fed into the reference input of a lock-in amplifier that
is tuned to 3Ω. Figure 2.18 illustrates this technique by the third-derivative
spectrum of the same hfs components of I2 as obtained with the intermodulated fluorescence technique in Fig. 2.13.
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Fig. 2.17. Schematic arrangement for third-derivative intracavity saturation spectroscopy

Fig. 2.18. The third-derivative intracavity absorption spectrum of I2 around
λ = 514 nm, showing the same hfs components as Fig. 2.13 [2.15]

2.3.4 Lamb-Dip Frequency Stabilization of Lasers
The steep zero crossing of the third derivative of narrow Lamb dips gives
a good reference for accurate stabilization of the laser frequency onto an
atomic or molecular transition. Either the Lamb dip in the gain profile of the
laser transition or Lamb dips of absorption lines of an intracavity sample can
be used.
In the infrared spectral range, Lamb dips of a vibration–rotation transition of CH4 at λ = 3.39 μm or of CO2 around 10 μm are commonly used
for frequency stabilization of the HeNe laser at 3.39 μm or the CO2 laser. In
the visible range various hyperfine components of rotational lines within the
1Σ → 3Π
g
ou system of the I2 molecule are mainly chosen. The experimental
setup is the same as that shown in Fig. 2.17. The laser is tuned to the wanted
hfs component and then the feedback switch S is closed in order to lock the
laser onto the zero crossing of this component [2.16].
Using a double servo loop for fast stabilization of the laser frequency
onto the transmission peak of a Fabry–Perot Interferometer (FPI) and a slow
loop to stabilize the FPI onto the first derivative of a forbidden narrow calcium transition, Barger et al. constructed an ultrastable cw dye laser with
a short-term linewidth of approximately 800 Hz and a long-term drift of
less than 2 kHz/h [2.17]. Stabilities of better than 1 Hz have also been realized [2.18, 2.19].
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Fig. 2.19. Schematic diagram of a frequency-offset locked laser spectrometer

This extremely high stability can be transferred to tunable lasers by a special frequency-offset locking technique (Sect. 1.9) [2.20]. Its basic principle
is illustrated in Fig. 2.19. A reference laser is frequency stabilized onto the
Lamb dip of a molecular transition. The output from a second, more powerful laser at the frequency ω is mixed in detector D1 with the output from the
reference laser at the frequency ω0 . An electronic device compares the difference frequency ω0 − ω with the frequency ω of a stable but tunable RF
oscillator, and controls the piezo P2 such that ω0 − ω = ω at all times. The
frequency ω of the powerful laser is therefore always locked to the offset frequency ω = ω0 − ω , which can be controlled by tuning the RF frequency ω .
For Lamb-dip spectroscopy with ultrahigh resolution, the output beam of
the powerful laser is expanded before it is sent through the sample cell in
order to minimize transit-time broadening (Vol. 1, Sect. 3.4). A retroreflector provides the counterpropagating probe wave for Lamb-dip spectroscopy.
The real experimental setup is somewhat more complicated. A third laser is
used to eliminate the troublesome region near the zero-offset frequency. Furthermore, optical decoupling elements have to be inserted to avoid optical
feedback between the three lasers. A detailed description of the whole system
can be found in [2.21].
An outstanding example of the amount of information on interactions
in a large molecule that can be extracted from a high-resolution spectrum
is represented by the work of Bordé et al. on saturation spectroscopy of
SF6 [2.22]. Many details of the various interactions, such as spin-rotation
coupling, Coriolis coupling, and hyperfine structure, which are completely
masked at lower resolution, can be unravelled when sufficiently high resolution is achieved. For illustration Fig. 2.20 depicts a section of the saturation
spectrum of SF6 taken by this group.
Meanwhile, many complex molecular spectra have been resolved by saturation spectroscopy. One example are the ultranarrow overtone transitions of
the acetylene isotopomer 13 C2 H2 [2.23].
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Fig. 2.20a,b. Hyperfine and super-hyperfine structures of a rotational–vibrational transition in SF6 , showing the molecular transitions and cross-over signals: (a) experimental
spectrum; (b) calculated spectrum [2.22]

2.4 Polarization Spectroscopy
While saturation spectroscopy monitors the decrease of absorption of a probe
beam caused by a pump wave that has selectively depleted the absorbing level,
the signals in polarization spectroscopy come mainly from the change of the
polarization state of the probe wave induced by a polarized pump wave. Because of optical pumping, the pump wave causes not only a change in the
absorption coefficient α, but also a change in the refraction index n.
This very sensitive Doppler-free spectroscopic technique has many advantages over conventional saturation spectroscopy and will certainly gain
increasing attention [2.24, 2.25]. We therefore discuss the basic principle and
some of its experimental modifications in more detail.
2.4.1 Basic Principle
The basic idea of polarization spectroscopy can be understood in a simple
way (Fig. 2.21). The output from a monochromatic tunable laser is split into
a weak probe beam with the intensity I1 and a stronger pump beam with the
intensity I2 . The probe beam passes through a linear polarizer P1 , the sample cell, and a second linear polarizer P2 , which is crossed with P1 . Without
the pump laser, the sample is isotropic and the detector D behind P2 receives
only a very small signal caused by the residual transmission of the crossed
polarizer, which might be as small as 10−8 I1 .
After having passed through a λ/4-plate, which produces a circular polarization, the pump beam travels in the opposite direction through the
sample cell. When the laser frequency ω is tuned to a molecular transition (J , M ) → (J , M ), molecules in the lower level (J , M ) can
absorb the pump wave. The quantum number M that describes the projection of J onto the direction of light propagation follows the selection rule ΔM = +1 for the transitions M → M induced by σ + circu-
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Fig. 2.21a–c. Polarization spectroscopy: (a) level scheme for a P transition J = 2 →
J = 1; (b) experimental setup; (c) linearly polarized probe wave as superposition of σ +
(angular momentum +5 in z-direction) and σ − components

larly polarized light (M → M = M + 1). The degenerate M sublevels
of the rotational level J become partially or completely depleted because
of saturation. The degree of depletion depends on the pump intensity I2 ,
the absorption cross section σ(J , M → J , M ), and on possible relaxation processes that may repopulate the level (J , M ). The cross section σ depends on J , M , J , and M . From Fig. 2.21a it can be seen
that in the case of P transitions (ΔJ = −1), not all of the M sublevels of the lower state are pumped. For example, from levels with M =
+J no P transitions with ΔM = +1 are possible, while for R transitions the levels M = −J in the upper state are not populated. This implies that the pumping process produces an unequal saturation and with
it a nonuniform population of the M sublevels, which is equivalent to
an anisotropic distribution for the orientations of the angular momentum
vector J.
Such an anisotropic sample becomes birefringent for the incident linearly
polarized probe beam. Its plane of polarization is slightly rotated after having
passed the anisotropic sample. This effect is quite analogous to the Faraday effect, where the nonisotropic orientation of J is caused by an external
magnetic field. For polarization spectroscopy no mangetic field is needed.
Contrary to the Faraday effect where all molecuels are oriented, here only
those molecules that interact with the monochromatic pump wave show this
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nonisotropic orientation. As has already been discussed in Sect. 2.2, this is the
subgroup of molecules with the velocity components
vz ± Δvz = (ω0 − ω)/k ± γ/k ,
where Δvz is determined by the homogeneous linewidth δω = γ .
For ω = ω0 the probe wave that passes in the opposite direction through
the sample interacts with a different group of molecules in the velocity interval vz ± Δvz = −(ω0 − ω ± δω)/k, and will therefore not be influenced by the
pump wave. If, however, the laser frequency ω coincides with the center frequency ω0 of the molecular transition within its homogeneous linewidth δω
(i.e., ω = ω0 ± δω → vz = 0 ± Δvz ), both waves can be absorbed by the same
molecules and the probe wave experiences a birefringence from the nonisotropic M distribution of the molecules in the absorbing lower rotational
level J or in the upper level J .
Only in this case will the plane of polarization of the probe wave be
slightly rotated by Δθ, and the detector D will receive a Doppler-free signal every time the laser frequency ω is tuned across the center of a molecular
absorption line.
2.4.2 Line Profiles of Polarization Signals
Let us now discuss the generation of this signal in a more quantitative way.
The linearly polarized probe wave
E = E0 ei(ωt−kz) ,

E0 = {E 0 , 0, 0} ,

can always be composed of a σ + and a σ − circularly polarized component
E = E+ + E− (Fig. 2.21c) where
E + = E 0+ ei(ωt−k
−

E =

+ z)

i(ωt−k− z)

E 0− e

,

E 0+ = 12 E 0 (x̂ + iŷ) ,

(2.43a)

,

E 0−

(2.43b)

=

1
2 E 0 (x̂ − iŷ) ,

where x̂ and ŷ are unit vectors in the x- and y-direction, respectively. While
passing through the birefringent sample the two components experience different absorption coefficients α+ and α− and different refractive indices n +
and n − from the nonisotropic saturation caused by the σ + -polarized pump
wave. After a path length L through the pumped region of the sample, the
two components are
E + = E 0+ ei[ωt−k
−

E =

+ L+i(α+ /2)L]

−
−
E 0− ei[ωt−k L+i(α /2)L]

,
.

(2.44)

Because of the differences Δn = n + − n − and Δα = α+ − α− caused by the
nonisotropic saturation, a phase difference
Δφ = (k+ − k− )L = (ωL/c)Δn ,
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has developed between the two components, as has a small amplitude difference
ΔE =

'
E 0 & −(α+ /2)L
−
e
− e−(α /2)L .
2

The windows of the absorption cell with thickness d also show a small absorption and a pressure-induced birefringence from the atmospheric pressure
on one side and vacuum on the other side. Their index of refraction n w and
their absorption coefficient αw can be expressed by the complex quantity
±
±
n ∗±
w = br + ibi ,

with n w = br ,

and αw = 2k · bi = 2(ω/c)bi .

Behind the exit window the superposition of the σ + and σ − components of
the linearly polarized probe wave traveling into the z-direction yields the elliptically polarized wave
E(z = L) = E + + E −
=

iωt −i[ω(nL+br )/c−iαL/2−iaw /2]
1
2 E0 e e

(2.45)
&
'
−iΔ
+iΔ
(x̂ + iŷ) e
,
+ (x̂ − iŷ) e

where aw = 2dαw = (4d · ω/c)bi is the absorption in the two windows of the
sample cell, and
n = 12 (n + + n − ) ;

α = 12 (α+ + α− ) ;

b = 12 (b+ + b− )

are the average quantities. The phase factor
Δ = ω(LΔn + Δbr )/2c − i(LΔα/4 + Δaw /2) ,
depends on the differences
Δn = n + − n − , Δα = α+ − α− ,
and Δbi = bi+ − bi− .

Δbr = br+ − br− ,

If the transmission axis of the analyzer P2 is tilted by the small angle θ  1
against the y-axis (Fig. 2.22) the transmitted amplitude becomes
E t = E x sin θ + E y cos θ .
For most practical cases, the differences Δα and Δn caused by the pump
wave are very small. Also, the birefringence of the cell windows can be
minimized (for example, by compensating the air pressure by a mechanical
pressure onto the edges of the windows). With
LΔα  1 ,

LΔk  1 ,

and Δb  1 ,
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Fig. 2.22. Transmission of the elliptically polarized probe
wave through the analyzer, uncrossed by the angle θ

we can expand exp(iΔ) in (2.45). We then obtain for small angles θ  1
(cos θ ≈ 1, sin θ ≈ θ) the transmitted amplitude
i
E t = E 0 eiωt exp[−i{ω(n L + br )/c − (α · L + aw )}](θ + Δ) .
2

(2.46)

The detector signal S(ω) is proportional to the transmitted intensity
S(ω) ∝ IT (ω) = c0 E t E t∗ .
Even for θ = 0 the crossed polarizers have a small residual transmission
It = ξI0 (ξ ≈ 10−6 to 10−8 ). Taking this into account, we obtain with the
incident probe intensity I0 and the abbreviation θ = θ + ω/(2c) · Δbr and
aw = 2dαw = 4dkbi , the transmitted intensity
(
)
It = I0 e−αL−aw ξ + |θ + Δ|2 ,

2

1
ω
1
−αL−aw
2
Δaw + Δaw LΔα + θ LΔn
ξ +θ +
= I0 e
2
4
c
+

ω
2c

2
LΔn



LΔα
+
4

2
.

(2.47)

The change of absorption Δα is caused by those molecules within the velocity
interval Δvz = 0 ± γs /k that simultaneously interact with the pump and probe
waves. The line profile of Δα(ω) is therefore, analogous to the situation in
saturation spectroscopy (Sect. 2.2) a Lorentzian profile
Δα(ω) =

Δα0
,
1 + x2

with

x=

ω0 − ω
,
γs /2

and α0 = α(ω0 ) ,

(2.48)

having the halfwidth γs , which corresponds to the homogeneous width of the
molecular transition saturated by the pump wave.
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The absorption coefficient α(ω) and the refractive index n(ω) are related by the Kramers–Kronig dispersion relation, see (3.36b, 3.37b) in Vol. 1,
Sect. 3.1.
We therefore obtain for Δn(ω) the dispersion profile
Δn(ω) =

c Δα0 x
.
ω0 1 + x 2

(2.49)

Inserting (2.48 and 2.49) into (2.47) gives for the circularly polarized pump
beam the line profile of the detector signal

−αL−aw

S = It (ω) = I0 e
cp

1 2
x
ξ + θ 2 + Δaw
+ θ Δα0 L
4
1 + x2

 



Δα0 x 2
1
3
1
Δα0 L 2
Δα0 Δaw L +
.
+
+
4
4
1 + x 2 4 (1 + x 2 )


(2.50)

2 /4 that is indeThe signal contains a constant background term ξ + θ 2 + Δaw
pendent of the frequency ω. The quantity ξ = IT /I0 (θ = 0, Δaw = Δbr = 0,
Δα0 = 0) gives the residual transmission of the completely crossed analyzer P2 . With normal Glan–Thomson polarizers ξ < 10−6 can be realized,
with selected samples even ξ < 10−8 can be obtained. The third term is due
to the absorption part of the window birefringence. All these three terms are
approximately independent of the frequency ω.
The next three terms contribute to the line profile of the polarization signal.
The first frequency-dependent term in (2.50) gives the additional transmitted
intensity when the angle θ = θ + (ω/2c)Δbr is not zero. It has a dispersiontype profile. For θ = 0 the dispersion term vanishes. The two Lorentzian
terms depend on the product of Δaw and Δα0 · L and on (Δα0 L)2 . By
squeezing the windows their dichroism (that is, Δaw ) can be increased and
the amplitude of the first Lorentzian term can be enlarged. Of course, the
2 also increases and one has to find the optimum signalbackground term Δaw
to-noise ratio. Since in most cases Δα0 L  1, the last term in (2.50), which is
proportional to Δα02 L 2 , is generally negligible. Nearly pure dispersion signals
can be obtained if Δaw is minimized and θ is increased until the optimum
signal-to-noise ratio is achieved. Therefore by controlling the birefringence
of the window either dispersion-shaped or Lorentzian line profilescan be obtained for the signals.
The sensitivity of polarization spectroscopy compared with saturation
spectroscopy is illustrated by Fig. 2.23a, which shows the same hfs transitions
of I2 as in Fig. 2.13 taken under comparable experimental conditions. A section of the same spectrum is depicted in Fig. 2.23b with θ = 0, optimized for
dispersion line-profiles.
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Fig. 2.23a,b. Polarization spectrum of the same hyperfine components of I2 as shown in
Fig. 2.13 with circularly polarized pump: (a) with θ = 0; (b) with θ = 0

If the pump wave is linearly polarized with the electric field vector
45◦ against the x-axis, one obtains in an analogous derivation for the polarization signal instead of (2.50) the expression

ω
2 Δb ω
1
x
r
2
Δbr +
Δα0 L
+
S L P (ω) = I0 e−αL−aw ξ + θ 2 Δaw
4
2c
4 c
1 + x2



1
1
Δα0 L 2
,
+ − θΔaw Δα0 L +
4
4
1 + x2


(2.51)

where Δα = α − α⊥ and Δb = b − b⊥ are now defined by the difference of
the components parallel or perpendicular to the E vector of the pump wave.
Dispersion and Lorentzian terms as well as Δαw and Δbr are interchanged
compared with (2.50). For illustration, in Fig. 2.24 two identical sections of
the Cs2 polarization spectrum around λ = 627.8 nm are shown, pumped with
a linearly or circularly polarized pump beam, respectively. As shown below,
the magnitude of the polarization signals for linearly polarized pump is large
for transitions with ΔJ = 0, whereas for a circularly polarized pump they are
maximum for ΔJ = ±1. While the Q lines are prominent in the upper spectrum, they appear in the lower spectrum only as small dispersion-type signals.
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Fig. 2.24a,b. Two identical sections of the
Cs2 polarization spectrum recorded with
linear (upper spectrum) and circular pump
polarization (lower spectrum)

2.4.3 Magnitude of Polarization Signals
In order to understand the different magnitudes and line profiles, we have to
investigate the magnitudes of the differences Δα0 = α+ − α− for a circularly
polarized pump wave and Δα0 = α − α⊥ for a linearly polarized pump wave,
and their relation to the absorption cross section of the molecular transitions.
When a linearly polarized weak probe wave propagating through a ensemble of molecules is tuned to a molecular transition |J, M → |J1 , M ± 1, the
difference Δα = α+ − α− of the absorption coefficients of its left- and righthand circularly polarized components is


+
−
−
σ
(2.52)
Δα(M) = N M σ JJ
JJ1 M ,
1M
where N M = N J /(2J + 1) represents the population density of one of the
(2J + 1) degenerate sublevels |J, M of a rotational level |J in the lower
±
the absorption cross section for transitions starting from the
state, and σ JJ
1M
level |J, M and ending on |J1 , M ± 1.
The absorption cross section
σ JJ1 M = σ JJ1 C(J, J1 , M, M1 )

(2.53)
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can be separated into a product of two factors: the first factor is independent of the molecular orientation, but depends solely on the internal transition
probability of the molecular transitions, which differs for P, Q, and R lines
[2.27, 2.28]. The second factor in (2.53) is the Clebsch–Gordan coefficient,
which depends on the rotational quantum numbers J, J1 of the lower and
upper levels, and on the orientation of the molecule with respect to the
quantization axis. In the case of a σ + pump wave, this is the propagation direction kp ; in the case of a π pump wave, it is the direction of the electric
vector E, see Fig. 2.25.
The total change Δα (J → J1 ) = α+ (J → J1 ) − α− (J → J1 ) on a rotational transition J → J1 is due to the saturation of all allowed transitions
(M J → M J1 with ΔM = ±1 for a circular pump polarization or ΔM = 0 for
a linearly polarized pump) between the (2J + 1) degenerate sublevels M in the
lower level J and the (2J1 + 1) sublevels in the upper level J1 .



+
−
Δα(J, J1 ) =
N M σ JJ
−
σ
(2.54)
JJ1 M .
1M
M

Because of the saturation by the pump beam, the population N M decreases
0 to
from its unsaturated value N M
S
NM
=

0
NM
,
1+ S

Fig. 2.25. Dependence of σ JJ1 M
on the orientational quantum
number M for transitions with
ΔM = 0, ±1
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Table 2.1. Values of 2/3ΔC ∗J1 J2 for linear pump polarization (a) and circular pump polarization (b). For the two-level system J1 = J2 and r = (γ J − γ J2 )/(γ J + γ J2 ). For the
three-level system J is the rotational quantum number of the common level and r = −1
J2 = J + 1

J2 = J

J2 = J − 1

(a)

Linear pump polarization

J1 = J + 1

2J 2 + J(4 + 5r) + 5 + 5r
5(J + 1)(2J + 3)

−(2J − 1)
5(J + 1)

1
5

J1 = 1

−(2J − 1)
5(J + 1)

(2J − 3)(2J − 1)
5J(J + 1)

−

J1 = J − 1

1
5

−2J +

(b)

Circular pump polarization

J1 = J + 1

2J 2 + J(4 + r) + r + 1
(2J + 3)(J + 1)

−1
J +1

−1

J1 = 1

−1
J +1

1
J(J + 1)

1
J

J1 = J − 1

−1

1
J

2J 2 − r J − 1
J(2J − 1)

3
5J

2J + 3
5J

2J 2 − 5r J + 3
5J(2J − 1)

where the saturation parameter
S=

B12 2 8σ JJ1 M I2
,
=
R∗
γs R∗ ω

(2.55)

depends on the absorption cross section for the pump transition, the saturated
homogeneous linewidth γs , the mean relaxation rate R∗ , which refills the saturated level population (for example, by collisions) and the number of pump
photons I2 /ω per cm2 and second [2.26].
From (2.52–2.54) we finally obtain for the quantity Δα0 in (2.50, 2.51)
Δα0 = α0 S0 ΔC ∗JJ1 ,

(2.56)

where α0 = N J σ JJ1 is the unsaturated absorption coefficient of the probe wave
at the
line center, and ΔC ∗JJ1 is a numerical factor that is proportional to the
sum
Δσ JJ1 M C(JJ1 MM1 ) with Δσ = σ + − σ − . The numerical values of
∗
ΔC JJ1 are compiled in Table 2.1 for P, Q, and R transitions. Their dependence
on the rotational quantum number J is illustrated by Fig. 2.26.
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Fig. 2.26. Relative magnitude of polarization signals expressed by the factor ΔC ∗JJ1 as
a function of rotational quantum number J for circular and linear pump polarization

2.4.4 Sensitivity of Polarization Spectroscopy
In the following we briefly discuss the sensitivity and the signal-to-noise
ratio achievable with polarization spectroscopy. The amplitude of the dispersion signal in (2.50) for θ = 0 is approximately the difference ΔIT = IT (x =
+1) − IT (x = −1) between the maximum and the minimum of the dispersion
curve. From (2.50) we obtain (Fig. 2.27)
ΔSmax = I0 e−(αL+aw ) · θ Δα0 L ,

(2.57a)

while for the Lorentzian profiles (IT (x = 0) − IT (x = ∞), θ = 0) we derive
from (2.50)
ΔSmax = I0 e−(αL+aw ) ·

Δα0 L
4



1
Δaw + Δα0 L .
4

(2.57b)

Fig. 2.27a,b. Magnitude of signals in polarization spectroscopy: (a) for dispersion signals;
(b) for Lorentzian signals

2.4 Polarization Spectroscopy

115

Under general laboratory conditions the main contribution to the noise comes
from fluctuations of the probe-laser intensity, while the principal limit set by
shot noise (Chap. 4) is seldom reached. The noise level is therefore essentially
proportional to the transmitted intensity, which is given by the background
term in (2.50).
Because the crossed polarizers greatly reduce the background level, we can
expect a better signal-to-noise ratio than in saturation spectroscopy, where the
full intensity of the probe beam is detected.
In the absence of window birefringence (that is, Δbr = Δbi = 0, θ = θ) the
signal-to-noise (S/N) ratio, which is, besides a constant factor a, equal to the
signal-to-background ratio, becomes with (2.56) and (2.57a) for the dispersion
signals
θα0 L S0
S
=a
ΔC ∗JJ1 ,
N
ξ + θ2

(2.58)

where a is a measure of the intensity stability of the probe laser, i.e., I1 /a
is the mean noise of the incident probe wave with intensity I1 , and S0 is the
saturation parameter at ω = ω0 .
This ratio is a function of the uncrossing angle θ of the two polarizers
(Fig. 2.22) and has a maximum for d(S/N)/ dθ = 0, which yields θ 2 = ξ and
 
α0 L S0 ΔC ∗JJ1
S
.
(2.59)
=a
√
N max
2 ξ
In this case of ideal windows (br = bi = 0) the quality of the two polarizers,
given by the residual transmission ξ of the completely crossed polarizations
(θ = 0), limits the achievable S/N ratio.
For comparison, in saturation spectroscopy the S/N ratio is, according to
(2.37), given by
α0 S0 L I0 a 1
S
=
= aα0 L S0 .
N
2I0
2

(2.60)

Polarization
√ spectroscopy therefore increases the S/N ratio by the factor
ΔC ∗JJ1 /2 ξ for optimized dispersion-type signals.
Example 2.7.
For ΔC ∗JJ1 = 0.5, ξ = 10−6 , the S/N ratio in polarization spectroscopy
with ideal cell windows becomes 500 times better than in saturation spectroscopy.
For windows with birefringence the situation is more complex: for br = 0 we
obtain for the dispersion signals the optimum uncrossing angle


2
1
Δaw .
(2.61)
θ = ξ+
2
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This yields the maximum obtainable signal-to-noise ratio for dispersion
signals
 disp
S
1
= a · α0 · LS0 · ΔC ∗JJ1 *
,
(2.62)
N max
2 · ξ + ( 1 Δa )
2

w

which converts to (2.59) for Δaw = 0.
Example 2.8.
For ξ = 10−6 and Δaw = 10−5 , the S/N ratio is smaller than in Example 2.7 by a factor of 0.4. For ξ = 10−8 one reaches an improvement in
the S/N compared to saturation spectroscopy by a factor of 5000 with
Δαw = 0, but only 150 for Δαw = 10−5 .
For the Lorentzian line profiles with θ = 0 in (2.50) we obtain
 
a Δα0 L(Δaw + Δα0 L/4)
S
=
.
(2.63)
N max 4
ξ + (Δaw /2)2
Here we have to optimize Δaw to achieve the maximum S/N ratio. The differentiation of (2.63) with respect to Δaw gives for ξ  Δα · L the optimum
window birefringence
4ξ
,
(2.64)
Δaw ≈
Δα0 · L
which yields for the maximum S/N ratio for Lorentzian signals

 

12ξ
S
Δα0 L
64ξ 2
1+
.
≈ a · α0 L S0 ΔC ∗JJ1 ·
−
N max
4ξ
(Δα0 L)2 (Δα0 L)3
(2.65)
Example 2.9.
With a = 102 , ξ = 10−6 , ΔC ∗JJ1 = 0.5, α0 L = 10−2 , and S0 = 0.1, we
obtain a signal-to-noise ratio of 5α0 · L = 5 ×10−2 for the saturation spectroscopy signal measured with the arrangement in Fig. 2.10, without lock-in
detection but S/N = 2.5 ×103 α0 · L = 25 for the dispersion signal or the optimized Lorentzian profiles in polarization spectroscopy. In practice, these
figures are somewhat lower because Δaw = 0. One must also take into
account that the length L of the interaction zone is smaller in the arrangement of Fig. 2.21 (because of the finite angle between the pump and
probe beams) than for saturation spectroscopy with completely overlapping
pump and probe beams (Fig. 4.11). For α0 L = 10−3 and ξ = 10−6 , one still
achieves S/N ≈ 2.5 for dispersion and for Lorentzian signals. For ξ = 10−8
and Δaw = 10−4 , the improvement factor over saturation spectroscopy is
70 for dispersion signals. For Lorentzian signals, the optimum value of
Δαw is 4 ×10−6 for Δα0 · L = 10−2 . With these numbers we obtain, using
(2.65) an improvement factor of 1.2 ×104 .
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An important source of noise is the interference noise caused by the
superposition of the signal wave with that part of the pump wave that is
backscattered from the windows of the sample cell. Since the optical paths
of the two waves through air differ considerably, every fluctuation of the air
density causes a corresponding fluctuation in the phase difference between the
two coherent waves, which results in the addition of random fluctuations to
the signal amplitude monitored by the detector. Even without air fluctuations,
periodic changes in this interference amplitude occur when the wavelength is
tuned through the spectral range of interest.
This noise and the periodic false signals can be greatly reduced by implementing a fast periodic phase shift of the pump which averages over the
fluctuations. To achieve this, the mirror M2 in Fig. 2.21 reflecting the pump
beam into the sample cell is mounted on a piezo element which periodically
shifts the pathlength and with it the phase of the pump wave by Δϕ > 2π
when an ac voltage with a frequency f is applied to the piezo. If f is large
compared to the lock-in frequency, the lock-in averages out all phase fluctuations.
2.4.5 Advantages of Polarization Spectroscopy
Let us briefly summarize the advantages of polarization spectroscopy, discussed in the previous sections:
• Along with the other sub-Doppler techniques, it has the advantage of high
spectral resolution, which is mainly limited by the residual Doppler width
due to the finite angle between the pump beam and the probe beam. This
limitation corresponds to that imposed to linear spectroscopy in collimated
molecular beams by the divergence angle of the molecular beam. The transit-time broadening can be reduced if the pump and probe beams are less
tightly focused.
• The sensitivity is 2−3 orders of magnitude larger than that of saturation
spectroscopy. It is surpassed only by that of the intermodulated fluorescence technique at very low sample pressures (Sect. 2.3.1).
• The possibility of distinguishing between P, R, and Q lines is a particular
advantage for the assignment of complex molecular spectra.
• The dispersion profile of the polarization signals allows a stabilization of
the laser frequency to the line center without any frequency modulation.
The large achievable signal-to-noise ratio assures an excellent frequency
stability.
Meanwhile polarization spectroscopy has been applied to the measurement of many high-resolution atomic and molecular spectra. Examples can be
found in [2.3, 2.29–2.35].
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2.5 Multiphoton Spectroscopy
In this section we consider the simultaneous absorption of two or more photons
 by a molecule that undergoes a transition E i → E f with (E f − E i ) =
 i ωi . The photons may either come from a single laser beam passing
through the absorbing sample or they may be provided by two or more beams
emitted from one or several lasers.
The first detailed theoretical treatment of two-photon processes was given
in 1929 by Göppert-Mayer [2.36], but the experimental realization had to wait
for the development of sufficiently intense light sources, now provided by
lasers [2.37, 2.38].

2.5.1 Two-Photon Absorption
Two-photon absorption can be formally described by a two-step process from
the initial level |i via a “virtual level” |v to the final level | f  (Fig. 2.28b).
This fictitious virtual level is represented by a linear combination of the wave
functions of all real molecular levels |kn  that combine with |i and | f  by allowed one-photon transitions. The excitation of |v is equivalent to the sum of
all off-resonance excitations of these real levels |kn . The probability amplitude for a transition |i → |v is then represented by the sum of the amplitudes
of all allowed transitions |i → |k with off-resonance detuning (ω − ωik ). The
same arguments hold for the second step |v → | f .
For a molecule moving with a velocity v, the probability Ai f for a twophoton transition between the ground state E i and an excited state E f induced
by the photons ω1 and ω2 from two light waves with the wave vectors k1 ,
k2 , the polarization unit vectors ê1 , ê2 , and the intensities I1 , I2 can be written

Fig. 2.28a–d. Level schemes of different two-photon transitions: (a) resonant two-photon
absorption with a real intermediate level |k; (b) nonresonant two-photon absorption;
(c) Raman transition; (d) resonant anti-Stokes Raman scattering
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as
Ai f ∝

γi f I1 I2
[ωi f − ω1 − ω2 − v · (k1 + k2 )]2 + (γi f /2)2

2
 D · ê · D · ê
Dik · ê2 · Dk f · ê1 
ik 1
kf
2

×
+
 .

ωki − ω1 − v · k1 ωki − ω2 − v · k2 

(2.66)

k

The first factor gives the spectral line profile of the two-photon transition of a single molecule. It corresponds exactly to that of a single-photon
transition of a moving molecule at the center frequency ωi f = ω1 + ω2 +
v · (k1 + k2 ) with a homogeneous linewidth γi f (Vol. 1, Sects. 3.1, 3.6). Integration over all molecular velocities v gives a Voigt profile with a halfwidth
that depends on the relative orientations of k1 and k2 . If both light waves
are parallel, the Doppler width, which is proportional to |k1 + k2 |, becomes maximum and is, in general, large compared to the homogeneous
width γi f . For k1 = −k2 the Doppler broadening vanishes and we obtain
a pure Lorentzian line profile with a homogeneous linewidth γi f provided that
the laser linewidth is small compared to γi f . This Doppler-free two-photon
spectroscopy is discussed in Sect. 2.5.2.
Because the transition probability (2.66) is proportional to the product of
the intensities I1 I2 (which has to be replaced by I 2 in the case of a single
laser beam), pulsed lasers, which deliver sufficiently large peak powers, are
generally used. The spectral linewidth of these lasers is often comparable to or
even larger than the Doppler width. For nonresonant transitions |ωki − ωi | 
v · ki , and the denominators (ωki − ω − k · v) in the sum in (2.66) can then be
approximated by (ωki − ωi ).
The second factor in (2.66) describes the transition probability for the twophoton transition. It can be derived quantum mechanically by second-order
perturbation theory (see, for example, [2.39, 2.40]). This factor contains a sum
of products of matrix elements Dik Dkf for the transitions between the initial
level i and intermediate molecular levels k or between these levels k and the
final state f , see Vol. 1, (2.110). The summation extends over all molecular
levels k that are accessible by allowed one-photon transitions from the initial state |i. The denominator shows, however, that only those levels k that
are not too far off resonance with one of the Doppler-shifted laser frequencies
ωn = ωn − v · kn (n = 1, 2) will mainly contribute.
Often the frequencies ω1 and ω2 can be selected in such a way that the
virtual level is close to a real molecular eigenstate, which greatly enhances the
transition probability. It is therefore generally advantageous to excite the final
level E f by two different photons with ω1 + ω2 = (E f − E i )/ rather than by
two photons out of the same laser with 2ω = (E f − E i )/.
The second factor in (2.66) describes quite generally the transition probability for all possible two-photon transitions such as Raman scattering or
two-photon absorption and emission. Figure 2.28 illustrates schematically
three different two-photon processes. The important point is that the same
selection rules are valid for all these two-photon processes. Equation (2.66)
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reveals that both matrix elements Dik and Dkf must be nonzero to give
a nonvanishing transition probability Ai f . This means that two-photon transitions can only be observed between two states |i and | f  that are both
connected to intermediate levels |k by allowed single-photon optical transitions. Because the selection rule for single-photon transitions demands that
the levels |i and |k or |k and | f  have opposite parity, the two levels |i
and | f  connected by a two-photon transition must have the same parity. In
atomic two-photon spectroscopy s → s or s → d transitions are allowed, and
in diatomic homonuclear molecules Σg → Σg transitions are allowed.
It is therefore possible to reach molecular states that cannot be populated
by single-photon transitions from the ground state. In this regard two-photon
absorption spectroscopy is complementary to one-photon absorption spectroscopy, and its results are of particular interest because they yield information about states, which often had not been found before [2.41]. Often excited
molecular states that are accessible from the groundstate by one-photon transitions are perturbed by nearby states of opposite parity, which cannot be
directly observed by one-photon spectroscopy. It is generally difficult to deduce the structure of these perturbing states from the degree of perturbations,
while two-photon spectroscopy allows direct access to such states.
Since the matrix elements Dik · ê1 and Dk f · ê2 depend on the polarization
characteristics of the incident radiation, it is possible to select the accessible
upper states by a proper choice of the polarization. While for single-photon
transitions the total transition probability (summed over all M sublevels) is
independent of the polarization of the incident radiation, there is a distinct polarization effect in multiphoton transitions, which can be understood by applying known selection rules to the two matrix elements in (2.66). For example,
two parallel laser beams, which both have right-hand circular polarization, in-

Fig. 2.29. Different two-photon transitions in an atom, depending on the polarization characteristics ê1 and ê2 of the two laser fields
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duce two-photon transitions in atoms with ΔL = 2. This allows, for instance,
s → d transitions, but not s → s transitions. When a circularly polarized wave
is reflected back on itself, the right-hand circular polarization changes into
a left-hand one, and if a two-photon transition is induced by one photon from
each wave, only ΔL = 0 transitions are selected. Figure 2.29 illustrates the
different atomic transitions that are possible by multiphoton absorption of linearly polarized light and of right or left circularly polarized light.
Different upper states can therefore be selected by a proper choice of the
polarization. In many cases it is possible to gain information about the symmetry properties of the upper states from the known symmetry of the ground
state and the polarization of the two light waves. Since the selection rules
of two-photon absorption and Raman transitions are identical, one can utilize
the group-theoretical techniques originally developed for Raman scattering to
analyze the symmetry properties of excited states reached by the different
two-photon techniques [2.42, 2.43].
2.5.2 Doppler-Free Multiphoton Spectroscopy
In the methods discussed in Sects. 2.3 and 2.4, the Doppler width had been
reduced or even completely eliminated by proper selection of a velocity
subgroup of molecules with the velocity components vz = 0 ± Δvz , due to
selective saturation. The technique of Doppler-free multiphoton spectroscopy
does not need such a velocity selection because all molecules in the absorbing state, regardless of their velocities, can contribute to the Doppler-free
transition.
While the general concepts and the transition probability of multiphoton
transitions were discussed in Sect. 2.5.1, we concentrate in this subsection on
Doppler-free multiphoton spectroscopy [2.44–2.48].
Assume a molecule moves with a velocity v in the laboratory frame. In the
reference frame of the moving molecule the frequency ω of an EM wave with
the wave vector k is Doppler shifted to (Vol. 1, Sect. 3.2)
ω = ω−k·v .

(2.67)

The resonance condition for the simultaneous absorption of two photons is
(E f − E i )/ = (ω1 + ω2 ) = ω1 + ω2 − v · (k1 + k2 ) .

(2.68)

If the two photons are absorbed out of two light waves with equal frequencies ω1 = ω2 = ω, which travel in opposite directions, we obtain k1 = −k2 and
(2.68) shows that the Doppler shift of the two-photon transition becomes zero.
This means that all molecules, independent of their velocities, absorb at the
same sum frequency ω1 + ω2 = 2ω.
Although the probability of a two-photon transition is generally much
lower than that of a single-photon transition, the fact that all molecules in the
absorbing state can contribute to the signal may outweigh the lower transition
probability, and the signal amplitude may even become, in favorable cases,
larger than that of the saturation signals.
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Fig. 2.30. Experimental arrangement for Doppler-free two-photon spectroscopy

The considerations above can be generalized to many photons. When the
moving molecule is simultaneously interacting with several plane waves with
wave vectors
 ki and one photon isabsorbed from each wave, the total Doppler
ki = 0.
shift v · i ki becomes zero for
Figure 2.30 shows a possible experimental arrangement for the observation
of Doppler-free two-photon absorption. The two oppositely traveling waves
are formed by reflection of the output beam from a single-mode tunable dye
laser. The Faraday rotator prevents feedback into the laser. The two-photon
absorption is monitored by the fluorescence emitted from the final state E f
into other states E m . From (2.66) it follows that the probability of two-photon
absorption is proportional to the square I 2 of the laser intensity. Therefore, the
two beams are focused into the sample cell by the lens L and the spherical
mirror M.

Fig. 2.31a,b. Doppler-free two-photon spectrum of the Na atom: (a) level scheme of the
3S → 5S and 3S → 4D transitions; (b) 3S → 5S transition for ΔF = 0 with resolved
hyperfine structure [2.44]
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For illustration the examples in Fig. 2.31 show the Doppler-free twophoton spectra of the 3S → 5S transition in the sodium atom with resolved
hyperfine structure [2.44].
The line profile of two-photon transitions can be deduced from the following consideration: assume the reflected beam in Fig. 2.30 to have the same
intensity as the incident beam. In this case the two terms in the second factor of (2.66) become identical, while the first factor, which describes the line
profile, differs for the case when both photons are absorbed out of the same
beam from the case when they come from different beams. The probability
for the latter case is twice as large as for the former case. This can be seen
as follows:
Let (a, a) be the probability for the case that both photons are provided by
the incident beam and (b, b) by the reflected beam. The total probability for
a two-photon absorption with both photons of the same beam (which gives
a Doppler-broadened contribution to the signal) is then (a, a)2 + (b, b)2 .
The probability amplitude of the Doppler-free absorption is the sum
(a, b) + (b, a) of two nondistinguishable events. The total probability for this
case is then |(a, b) + (b, a)|2 . For equal intensities of the two beams this
is twice the probability (a, a)2 + (b, b)2 .
We therefore obtain from (2.66) for the two-photon absorption probability


 (D ê )(D ê )  (D ê )(D ê ) 2
im 1
mf 2
im 2
mf 1  2

+
Wi f ∝ 
 I
 m ω − ωim − k1 · v
ω − ωim − k2 · v 
m

4γi f
γi f
×
+
(ωi f − 2ω)2 + (γi f /2)2 (ωi f − 2ω − 2k · v)2 + (γi f /2)2

γi f
+
.
(ωi f − 2ω + 2k · v)2 + (γi f /2)2

(2.69)

Integration over the velocity distribution yields the absorption profile


 (D ê)(D ê) 2
im
mf 
α(ω) ∝ ΔN I 

 m

ω − ωim


 
2
kvp
γi f /2
ωi f − 2ω
+√
,
× exp −
2kvp
π (ωi f − 2ω)2 + (γi f /2)2
0 2

(2.70)
where vp = (2kT/m)1/2 is the most probable velocity, and ΔN0 = Ni0 − N f
the nonsaturated population difference. The absorption profile (2.70) represents a superposition of a Doppler-broadened background and a narrow
Lorentzian profile with the linewidth γi f = γi + γ f (Fig. 2.32).
As was shown above, the area under the Doppler profile with halfwidth
ΔωD is half of that under the narrow Lorentzian profile with halfwidth γi f .
However, due to its larger linewidth its peak intensity amounts only to the
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fraction

√
γi f π
γi f
=

,
2kvp
2ΔωD

of the Lorentzian peak heights.
Example 2.10.
With γi f = 20 MHz, ΔωD = 2 GHz, the Doppler-free signal in Fig. 2.32 is
about 200 times higher than the maximum of the Doppler-broadened background.
By choosing the proper polarization of the two laser waves, the background can often be completely suppressed. For example, if the incident laser
beam has σ + polarization, a λ/4-plate between mirror M and the sample in
Fig. 2.30 converts the reflected beam to σ − polarization. Two-photon absorption on a S → S transition with ΔM = 0 is then possible only if one photon
comes from the incident wave and the other from the reflected wave because
two photons out of the same beam would induce transitions with ΔM = ±2.
For the
√ resonance case 2ω = ωi f , the second term in (2.69) becomes
2kvp /(γi f π)  1. We can neglect the contribution of the Doppler term and
obtain the maximum two-photon absorption:

2

0 kv  (D · ê) · (D
ΔN
·
ê)
1
p
im
m
f


α(ω = ωi f ) ∝ I 2 √
(2.71)

 .

2
ω − ωim
πγi f  m
Note: Although the product of matrix elements in (2.71) is generally much
smaller than the corresponding one-photon matrix elements, the magnitude of
the Doppler-free two-photon signal (2.68) may exceed that of Doppler-free

Fig. 2.32. Schematic line profile of a Doppler-free two-photon signal with (greatly exaggerated) Doppler-broadened background
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saturation signals. This is due to the fact that all molecules in level |i contribute to two-photon absorption, whereas the signal in Doppler-free saturation
spectroscopy is provided only by the subgroup of molecules out of a narrow
velocity interval Δvz = 0 ± γ/k. For γ = 0.01ΔωD , this subgroup represents
only about 1% of all molecules.
For molecular transitions the matrix elements Dim and Dm f are composed
of three factors: the electronic transition dipole element, the Franck–Condon
factor, and the Hönl–London factor (Sect. 1.7). Within the two-photon dipole
approximation α(ω) becomes zero if one of these factors is zero. The calculation of linestrengths for two- or three-photon transitions in diatomic molecules
can be found in [2.42, 2.43].
2.5.3 Influence of Focusing on the Magnitude of Two-Photon Signals
Since the two-photon absorption probability is proportional to the square of
the incident laser intensity, the signal can generally be increased by focusing
the laser beam into the sample cell. However, the signal is also proportional
to the number of absorbing molecules within the interaction volume, which
decreases with decreasing focal volume. With pulsed lasers the two-photon
transition may already be saturated at a certain incident intensity. In this case
stronger focusing will decrease the signal. The optimization of the focusing
conditions can be based on the following estimation:
Assume the laser beams propagate into the ±z-directions. The two-photon absorption is monitored via the fluorescence# from
the upper level | f  and
z2
can be collected from a sample volume V = π · z1 r 2 (z) dz (Fig. 2.33), where
r(z) is the beam radius (Vol. 1, Sect. 5.3) and Δz the maximum length of the
interaction volume seen by the collecting optics. The two-photon signal is
then for N f  Ni , that is, ΔN ≈ Ni , according to (2.71)


 (D ê) · (D ê) 2  
1
im
mf 

I 2 (r, z)2πr dr dz ,
(2.72)
S( ωi f ) ∝ Ni 



2
ω − ωim
m

z

r

Fig. 2.33. Beam waist w0 and Rayleigh length L for optimum focusing in two-photon
spectroscopy
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where Ni is the density of the molecules in the absorbing level |i and
2P0 −2r 2 /w2
e
(2.73)
πw2
gives the radial intensity distribution of the laser beam with power P0 in the
TEM00 mode with a Gaussian intensity profile. The beam waist

λz
,
(2.74)
w(z) = w0 1 +
πw20
I(r, z) =

gives the radius of the Gaussian beam in the vicinity of the focus at z = 0
(Vol. 1, Sect. 5.4). The Rayleigh length L = πw20 /λ gives that distance from
the focus at z = 0 where the beam cross section πw2 (L) = 2πw20 has increased by a factor of two compared to the area πw20 at z = 0.
Inserting (2.73, 2.74) into (2.72) shows that the signal Si f is proportional
to
∞ z2
z2
1 −4r 2 /w2
dz
Si f ∝
e
r dr dz = 4
.
(2.75a)
4
w
w2
0 z1

z1

Si f becomes maximum if the integral
+Δz/2


(

−Δz/2

dz

1 + λz/πw20

)2 = 2L arctan[Δz/(2L)] ,

(2.75)

with Δz = z 2 − z 1 has a maximum value. Equation (2.75) shows that the signal cannot be increased any longer by stronger focusing when the Rayleigh
length L becomes smaller than the interval Δz from which the fluorescence
can be collected.
The two-photon signal can be greatly enhanced if the sample is placed either inside the laser resonator or in an external resonator, which has to be
tuned synchroneously with the laser wavelength (Sect. 1.4).
2.5.4 Examples of Doppler-Free Two-Photon Spectroscopy
The first experiments on Doppler-free two-photon spectroscopy were performed on the alkali atoms [2.44–2.48] because their two-photon transitions
can be induced by cw dye lasers or diode lasers in convenient spectral ranges.
Furthermore, the first excited P state is not too far away from the virtual level
in Fig. 2.28b. This enlarges the two-photon transition probabilities for such
“near-resonant” transitions. Meanwhile, there are numerous further applications of this sub-Doppler technique in atomic and molecular physics. We shall
illustrate them by a few examples only.
The isotope shift between different stable lead isotopes shown in Fig. 2.34
has been determined by Doppler-free two-photon absorption of a cw dye laser
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Fig. 2.34. Measurement of the isotope shift of the stable lead isotopes measured with
Doppler-free two-photon spectroscopy at λexc = 450 nm and monitored via fluorescence
[2.49]

beam at λ = 450.4 nm on the transition 6 p2 3 P0 → 7 p 3 P0 [2.49] using the
experimental arrangement of Fig. 2.30.
Doppler-free two-photon transitions to atomic Rydberg levels [2.50] allow
the accurate determination of quantum defects and of level shifts in external fields. Hyperfine structures in Rydberg states of two-electron atoms, such
as calcium and singlet–triplet mixing of the valence state 4s and 1 D and
3 D Rydberg levels have been thoroughly studied by Doppler-free two-photon
spectroscopy [2.51].
The application of two-photon spectroscopy to molecules has brought
a wealth of new insight to excited molecular states. One example is the
two-photon excitation of CO in the fourth positive system A 1 Π ← X 1 Σg
and of N2 in the Lyman–Birge–Hopfield system with a narrow-band pulsed
frequency-doubled dye laser. Doppler-free spectra of states with excitation energies between 8−12 eV can be measured with this technique [2.52].
For larger molecules, rotationally resolved absorption spectra could, for the
first time, be measured, as has been demonstrated for the UV spectra of benzene C6 H6 . Spectral features, which had been regarded as true continua in
former times, could now be completely resolved (Fig. 2.35) and turned out
to be dense but discrete rotational-line spectra [2.53, 2.54]. The lifetimes of
the upper levels could be determined from the natural linewidths of these
transitions [2.55]. It was proven that these lifetimes strongly decrease with increasing vibrational–rotational energy in the excited electronic state because
of the increasing rate of radiationless transitions [2.56].
Molecular two-photon spectroscopy can also be applied in the infrared
region to induce transitions between rotational–vibrational levels within the
electronic ground state. One example is the Doppler-free spectroscopy of rotational lines in the ν2 vibrational bands of NH3 [2.57]. This allows the study of
the collisional properties of the ν2 vibrational manifold from pressure broadening and shifts (Vol. 1, Sect. 3.3) and Stark shifts.
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Fig. 2.35. Section of the Doppler-free two-photon excitation spectrum of the 1410 QQ band
of C6 H6 [2.54]

Near-resonant two-photon spectroscopy of NH3 has been reported by
Winnewisser et al. [2.58]. Using a tunable diode laser with frequency ν1 the
two-photon excitation ν1 + ν2 of the 2v2 (1,1) level of NH3 was observed with
the second photon hν2 coming from a fixed-frequency CO2 laser.
The possibilities of Doppler-free two-photon spectroscopy for metrology
and fundamental physics has been impressively demonstrated by precision
measurements of the 1S − 2S transition in atomic hydrogen [2.59–2.62]. Precise measurements of this one-photon forbidden transition with a very narrow
natural linewidth of 1.3 Hz yield accurate values of fundamental constants
and can provide stringent tests of quantum electrodynamic theory (Sect. 9.7).
A comparison of the 1S − 2S transition frequency with the 2S − 3P frequency
allows the precise determination of the Lamb shift of the 1S ground state
[2.60], whereas the 2S Lamb shift was already measured long ago by the famous Lamb–Rutherford experiments where the RF transition between 2S1/2
and 2P1/2 were observed. Because of the isotope shift the 1S − 2S transitions
of 1 H and 2 H = 21 D differ by 2 × 335.49716732 GHz = 670.99433464 GHz
2 − r 2 = 3.8212 fm2 for the
(Fig. 2.36). From this measurement a value rD
P

Fig. 2.36. Doppler-free two-photon transitions of hydrogen 1S − 2S and deuterium 1S −
2S [2.59]. For each of the two photons from opposite laser beams, only transitions with
ΔF = 0 are allowed
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difference of the mean square charge radii of proton and deuteron is derived.
The Rydberg constant has been determined within a relative uncertainty of
10−10 [2.61–2.63].
Even higher precision can be reached with the optical frequency comb (see
Sect. 9.7).

2.5.5 Multiphoton Spectroscopy
If the incident intensity is sufficiently large, a molecule may absorb several
photons simultaneously. The probability
 for absorption of a photon ωk on the
generaltransition |i → | f  with E f − E i = ωk can be obtained from a +
ization of (2.66). The first factor in (2.66) now contains the product k Ik of
the intensities Ik of the different beams. In the case of n-photon absorption of
a single laser beam this product becomes I n . The second factor in the generalized formula (2.66) includes the sum over products of n one-photon matrix
elements.
The three-photon absorption can be used for the excitation of high-lying
molecular levels with the same parity as accessible to one-photon transitions. However, for a one-photon absorption, lasers with a wavelength λ/3
have to be available in order to reach the same excitation energy. An example of Doppler-limited collinear three-photon spectroscopy is the excitation of high-lying levels of xenon and CO with a narrow-band pulsed dye
laser at λ = 440 nm (Fig. 2.37). For one-photon transitions light sources at
λ = 146.7 nm in the VUV would have been necessary.

Fig. 2.37. Three-photon excited resonance
fluorescence in Xe at λ = 147 nm, excited
with a pulsed dye laser at λ = 440.76 nm
with 80-kW peak power. The Xe pressure
was 8 mtorr [2.64]
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Fig. 2.38. Possible arrangements for Doppler-free three-photon spectroscopy

In the case of Doppler-free multiphoton absorption, momentum conservation


pk = 
kk = 0 ,
(2.76)
k

k


ωk = E f − E i . Each
has to be fulfilled in addition to energy conservation
of the absorbed photons transfers the momentum kk to the molecule. If
(2.76) holds, the total transfer of momentum is zero, which implies that the
velocity of the absorbing
molecule has not changed. This means that the

photon energy  ωk is completely converted into excitation energy of the
molecule without changing its kinetic energy. This is independent of the initial
velocity of the molecule, that is, the transition is Doppler-free.
A possible experimental arrangement for Doppler-free three-photon absorption spectroscopy is depicted in Fig. 2.38. The three laser beams generated
by beam splitting of a single dye laser beam cross each other under 120◦ in
the absorbing sample.
The absorption probability increases if a two-photon resonance can be
found. One example is illustrated in Fig. 2.39a, where the 4D level of the Na
atom is excited by two-photons of a dye laser at λ = 578.7 nm and further excitation by a third photon reaching high-lying Rydberg levels n P or n F with
the electronic orbital momentum  = 1 or  = 3. For Doppler-free excitation
the wave-vector diagram of Fig. 2.38 has been used [2.65].
Three-photon excitation may also be used for a Raman-type process, depicted in Fig. 2.39b, which proceeds via two virtual levels. This Doppler-free
technique was demonstrated for the 3 2 S1/2 → 3 2 P1/2 transition of the Na
atom, where the photons with the momentum  k1 and k1 are absorbed while
the photon with the momentum k2 is emitted. The hyperfine structure of the
upper and lower states could readily be resolved [2.65].
Multiphoton absorption of visible photons may result in ionization of
atoms or molecules. At a given laser intensity the ion rate Nion (λL ) recorded
as a function of the laser intensity shows narrow maxima if one-, two-, or
three-photon resonances occur. If, for instance, the ionization potential (IP) is
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Fig. 2.39a,b. Level schemes for Doppler-free three-photon spectroscopy of the Na atom:
(a) stepwise excitation of Rydberg states; (b) Raman-type process shown for the example
of the 3S3P excitation of the Na atom. Laser 1 is tuned while L2 is kept 30 GHz below
the Na D1 line [2.65]

smaller than 3ω, resonances in the ionization yield are observed, either when
the laser frequency ω is in resonance with a two-photon transition between the
levels |i and | f , i.e. (E f − E i = 2ω), or when autoionizing Rydberg states
can be reached by three-photon transitions [2.66].
Multiphoton absorption has also been observed on transitions within the
electronic ground states of molecules, induced by infrared photons of a CO2
laser [2.67, 2.68]. At sufficient intensities this multiphoton excitation of high
vibrational–rotational states may lead to the dissociation of the molecule
[2.69].
If the first step of the multiphoton excitation can be chosen isotope selectively so that a wanted isotopomer has a larger absorption probability than
the other isotopomers of the molecular species, selective dissociation may be
achieved [2.69], which can be used for isotope separation by chemical reactions with the isotope-selective dissociation products (Sect. 10.2).

2.6 Special Techniques of Nonlinear Spectroscopy
In this section we will briefly discuss some variations of saturation, polarization, or multiphoton spectroscopy that either increase the sensitivity or are
adapted to the solution of special spectroscopic problems. They are often
based on combinations of several nonlinear techniques.
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2.6.1 Saturated Interference Spectroscopy
The higher sensitivity of polarization spectroscopy compared with conventional saturation spectroscopy results from the detection of phase differences rather than amplitude differences. This advantage is also used in
a method that monitors the interference between two probe beams where
one of the beams suffers saturation-induced phase shifts. This saturated interference spectroscopy was independently developed in different laboratories
[2.70, 2.71]. The basic principle can easily be understood from Fig. 2.40. We
follow here the presentation in [2.70].
The probe beam is split by the plane-parallel plate Pl1 into two beams.
One beam passes through that region of the absorbing sample that is saturated by the pump beam; the other passes through an unsaturated region of the
same sample cell. The two beams are recombined by a second plane-parallel
plate Pl2. The two carefully aligned parallel plates form a Jamin interferometer [2.72], which can be adjusted by a piezoelement in such a way that without
the saturating pump beam the two probe waves with intensities I1 and I2 interfere destructively.
If the saturation by the pump wave introduces a phase shift ϕ, the resulting
intensity at the detector becomes
"
I = I1 + I2 − 2 I1 I2 cos ϕ .

(2.77)

The intensities I1 and I2 of the two interfering probe waves can be made equal
by placing a polarizer P1 into one of the beams and a second polarizer P2 in
front of the detector. Due to a slight difference δ in the absorptions of the two
beams by the sample molecules, their intensities at the detector are related by
I1 = I2 (1 + δ) with δ  1 .

Fig. 2.40. Schematic arrangement of saturated interference spectroscopy
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For small phase shifts ϕ (ϕ  1 → cos ϕ ≈ 1 − 12 ϕ2 ), we can approximate
(2.77) by


1 2
2
δ + ϕ I2 ,
(2.78)
I≈
4
when we neglect the higher-order terms δϕ2 and δ2 ϕ2 . The amplitude difference δ and the phase shift ϕ are both caused by selective saturation of the
sample through the monochromatic pump wave, which travels in the opposite
direction. Analogous to the situation in polarization spectroscopy, we therefore obtain Lorentzian and dispersion profiles for the frequency dependence
of both quantities
δ(ω) =

δ0
,
1 + x2

x
1
ϕ(ω) = δ0
,
2 1 + x2

(2.79)

where δ0 = δ(ω0 ), x = 2(ω − ω0 )/γ , and γ is the homogeneous linewidth
(FWHM).
Inserting (2.79) into (2.78) yields, for the total intensity I at the minimum
of the interference patterns, the Lorentzian profile,
I=

1 I2 δ02
.
4 1 + x2

(2.80)

According to (2.79), the phase differences ϕ(ω) depends on the laser frequency ω. However, it can always be adjusted to zero while the laser frequency is scanned. This can be accomplished by a sine-wave voltage at the
piezoelement, which causes a modulation
ϕ(ω) = ϕ0 (ω) + a sin(2π f 1 t) .
When the detector signal is fed to a lock-in amplifier that is tuned to the modulation frequency f 1 , the lock-in output can drive a servo loop to bring the
phase difference ϕ0 back to zero. For ϕ(ω) ≡ 0, we obtain from (2.78, 2.79)
1
1 δ02 I2
I(ω) = δ(ω)2 I2 =
.
4
4 (1 + x 2 )2

(2.81)

√
The halfwidth of this signal is reduced from γ to ( 2 − 1)1/2 γ ≈ 0.64γ .
Contrary to the situation in polarization spectroscopy, where for slightly
uncrossed polarizers the line shape of the polarization signal is a superposition
of Lorentzian and dispersion profiles, with saturated interference spectroscopy
pure Lorentzian profiles are obtained because the phase shift is compensated
by the feedback control. Measuring the first derivative of the profiles, pure
dispersion-type signals appear. To achieve this, the output of the lock-in amplifier that controls the phase is fed into another lock-in that is tuned to
a frequency f 2 ( f 2  f 1 ) at which the saturating pump beam is chopped.
The method has been applied so far to the spectroscopy of Na2 [2.70] and
I2 [2.71]. Figure 2.41a shows saturated absorption signals in I2 obtained with
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Fig. 2.41a–c. Saturated interference spectra of I2 at λ = 600 nm: (a) saturated absorption
signal of the hfs components; (b) first-derivative spectrum of (a); (c) first derivative of
saturated dispersion signal [2.71]

conventional saturation spectroscopy using a dye laser at λ = 600 nm with
10-mW pump power and 1-mW probe power. Figure 2.41b displays the first
derivative of the spectrum in Fig. 2.41a and Fig. 2.41c the first derivative of
the saturated interference signal.
The sensitivity of the saturated interference technique is comparable to that
of polarization spectroscopy. While the latter can be applied only to transitions from levels with a rotational quantum number J ≥ 1, the former works
also for J = 0. An experimental drawback may be the critical alignment of
the Jamin interferometer and its stability during the measurements.

2.6.2 Doppler-Free Laser-Induced Dichroism and Birefringence
A slight modification of the experimental arrangement used for polarization
spectroscopy allows the simultaneous observation of saturated absorption and
dispersion [2.73]. While in the setup of Fig. 2.21 the probe beam had linear
polarization, here a circularly polarized probe and a linearly polarized pump
beam are used (Fig. 2.42). The probe beam can be composed of two components with linear polarization parallel and perpendicular to the pump beam
polarization. Due to anisotropic saturation by the pump, the absorption coefficients α and α⊥ and the refractive indices n  and n ⊥ experienced by the
probe beam are different for the parallel and the perpendicular polarizations.
This causes a change of the probe beam polarization, which is monitored
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Fig. 2.42. Experimental arrangement for observation of Doppler-free laser-induced dichroism and birefringence [2.73]

behind a linear analyzer rotated through the angle β from the reference direction π. Analogous to the derivation in Sect. 2.4.2, one can show that the
transmitted intensity of a circularly polarized probe wave with incident intensity I is for αL  1 and Δn(L/λ)  1


α + α⊥
L
ωL
I
1−
L − Δα cos 2β −
Δn sin 2β ,
(2.82)
It (β) =
2
2
2
c
with Δα = α − α⊥ and Δn = n  − n ⊥ .
The difference of the two transmitted intensities
Δ1 = It (β = 0◦ ) − It (β = 90◦ ) = ILΔα/2 ,

(2.83)

gives the pure dichroism signal (anisotropic saturated absorption), while the
difference
Δ2 = It (45◦ ) − It (−45◦ ) = I(ωL/c)Δn ,

(2.84)

yields the pure birefringence signal (saturated dispersion). A birefringent Wollaston prism behind the interaction region allows the spatial separation of
the two probe beam components with mutually orthogonal polarizations. The
two beams are monitored by two identical photodiodes. After a correct balance of the output signals, a differential amplifier records directly the desired
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differences Δ1 and Δ2 if the axes of the birefringent prism have suitable
orientations.
Figure 2.43 illustrates the advantages of this technique. The upper spectrum represents a Lamb peak in the intracavity saturation spectrum of the
neon line (1s → 2 p) at λ = 588.2 nm (Sect. 2.3.3). Due to the collisional redistribution of the atomic velocities, a broad and rather intense background
appears in addition to the narrow peak. This broad structure is not present in
the dichroism and birefringent curves (Fig. 2.43b,c). This improves the signalto-noise ratio and the spectral resolution.

Fig. 2.43a–c. Comparison of different techniques for measuring the neon transition 1s2 −
2p2 at λ = 588.2 nm: (a) intracavity saturation spectroscopy (Lamb peak of the laser
output IL (ω) with Doppler-broadened background); (b) laser-induced dichroism; and
(c) laser-induced birefringence [2.73]

2.6.3 Heterodyne Polarization Spectroscopy
In most detection schemes of saturation or polarization spectroscopy the intensity fluctuations of the probe laser represent the major contribution to
the noise. Generally, the noise power spectrum PNoise ( f ) shows a frequency-dependence, where the spectral power density decreases with increasing
frequency (e.g., 1/ f -noise). It is therefore advantageous for a high S/N ratio
to detect the signal S behind a lock-in amplifier at high frequencies f .
This is the basic idea of heterodyne polarization spectroscopy [2.74, 2.75],
where the pump wave at the frequency ωp passes through an acousto-optical
modulator, driven at the modulation frequency f , which generates sidebands
at ω = ωp ± 2π f (Fig. 2.44). The sideband at ωt = ωp + 2π f is sent as a pump
beam through the sample cell, while the probe beam at frequency ωp is split
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Fig. 2.44. (a) Experimental arrangement of heterodyne polarization spectroscopy; (b) section of the Na2 polarization spectrum showing the hyperfine splitting of the R(24)
rotational line of the spin-forbidden transition X 1 Σg → 3 Πu [2.75]

off the laser beam in front of the modulator. Otherwise the setup is similar to
that of Fig. 2.21.
The signal intensity transmitted by the analyzer P3 is described by (2.50).
However, the quantity x = 2(ω − ω0 − 2π f )/γ now differs from (2.48) by
the frequency shift f , and the amplitude of the polarization signal is modulated at the difference frequency f between pump and probe beam. The signal
can therefore be detected through a lock-in device tuned to this frequency,
which is chosen in the MHz range. No further chopping of the pump beam
is necessary.

2.6.4 Combination of Different Nonlinear Techniques
A combination of Doppler-free two-photon spectroscopy and polarization
spectroscopy was utilized by Grützmacher et al. [2.76] for the measurement
of the Lyman-λ line profile in a hydrogen plasma at low pressure.
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Fig. 2.45. Early experimental setup for measurements of the Lamb shift in the 1S state
and of the fine structure in the 2 P1/2 state of the H atom by combination of Doppler-free
two-photon and saturation spectroscopy [2.60]

A famous example of such a combination is the first precise measurement of the Lamb shift in the 1S ground state of the hydrogen atom by
Hänsch et al. [2.60]. Although new and more accurate techniques have been
developed by Hänsch and coworkers (Sect. 9.7), the “old” technique is quite
instructive and shall therefore be briefly discussed here.
The experimental arrangement is shown in Fig. 2.45. The output of a tunable dye laser at λ = 486 nm is frequency-doubled in a nonlinear crystal.
While the fundamental wave at 486 nm is used for Doppler-free saturation
spectroscopy [2.60] or polarization spectroscopy [2.77] of the Balmer transition 2S1/2 − 4P1/2 , the second harmonics of the laser at λ = 243 nm induce
the Doppler-free two-photon transition 1S1/2 → 2S1/2 . In the simple Bohr
model [2.78], both transitions should be induced at the same frequency since
in this model ν(1S − 2S) = 4ν(2S − 4P). The measured frequency difference
Δν = ν(1S − 2S) − 4ν(2S − 4P) yields the Lamb shift δνL (1S) = Δν − δνL (2S)
− Δνfs (4S1/2 − 4P1/2 ) − δνL (4S). The Lamb shift δνL (2S) is known and Δνfs
(4S1/2 − 4P1/2 ) can be calculated within the Dirac theory. The frequency
markers of the FPI allow the accurate determination of the hfs splitting of the
1S state and the isotope shift ΔνIs (1 H − 2 H) between the 1S − 2S transitions
of hydrogen 1 H and deuterium 2 H (Fig. 2.36).
The more recent version of this precision measurement of the 1S − 2S transition is shown in Fig. 2.46. The hydrogen atoms are formed in a microwave
discharge and effuse through a cold nozzle into the vacuum, forming a collimated beam. The laser beam is sent through the nozzle and is reflected back
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Fig. 2.46. Experimental setup for the precise determination of H(1S → 2S) frequency
[2.79]

anticollinear to the atomic beam axis. The metastable 2S atoms fly through
an electric field where the 2S state is mixed with the 2P state. The 2P atoms
emit Lyman-α fluorescence, which is detected by a solar blind photomultiplier. The achievable 1S − 2S linewidth is about 1 kHz, limited by transit-time
broadening. The uncertainty of determining the line center is below 30 Hz!

2.7 Conclusion
The few examples shown above illustrate that nonlinear spectroscopy represents an important branch of laser spectroscopy of atoms and molecules. Its
advantages are the Doppler-free spectral resolution if narrow-band lasers are
used and the possibilities to reach high-lying states by multiphoton absorption
with pulsed or cw lasers. Because of its relevance for molecular physics, numerous books and reviews cover this field. The references [2.2, 2.4, 2.80–2.88]
represent only a small selection.
In combination with double-resonance techniques, nonlinear spectroscopy
has contributed particularly to the assignment of complex spectra and has
therefore considerably increased our knowledge about molecular structure and
dynamics. This subject is covered in Chap. 5.
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Problems
2.1 (a) A collimated sodium beam is crossed by the focussed beam (focal area
A = 0.2 × 0.01 cm2 ) of a single-mode cw dye laser, tuned to the hyperfine
component (F = 2 ← F = 1) of the D2 transition 3 2 P3/2 ← 3 2 S1/2 of
Na. Calculate the saturation intensity Is if the mean velocity of sodium
atoms is v = 5 ×104 cm/s. The lifetime τ K of the upper level is τ K = 16 ns
and the residual Doppler width can be neglected.
(b) How large is Is in a sodium cell at PNa = 10−6 mbar with PAr = 10 mbar
additional argon pressure? The pressure broadening is 25 MHz/mbar for
Na − Ar collisions.
2.2 A pulsed dye laser with the pulse length ΔT = 10−8 s and with a peak
power of P = 1 kW at λ = 600 nm illuminates sample in a cell at p = 1 mbar
and T = 300 K. A rectangular intensity profile is assumed with a laser-beam
cross section of 1 cm2 . Which fraction of all Ni in the absorbing lower
level |i is excited when the laser is tuned to a weak absorbing transition |i → |k with the absorption cross section σik = 10−18 cm2 ? The laser
bandwidth is assumed to be 3 times the Doppler width.
2.3 In an experiment on polarization spectroscopy the circularly polarized
pump laser causes a change Δα = α+ − α− = 10−2 α0 of the absorption
coefficient. By which angle is the plane of polarization of the linearly polarized probe laser beam at λ = 600 μm tuned after passing through the pumped
region with length L, if the absorption without pump laser α0 L = 5 ×10−2 ?
2.4 Estimate the fluorescence detection rate (number of detected fluorescence photons/s) on the Na transition 5s → 3 p, obtained in the Doppler-free
free-photon experiment of Fig. 2.30, when a single-mode dye laser is tuned
to ν/2 of the transition 3s → 5s (ν = 1 ×1015 s−1 ) in a cell with a Na density
of n = 1012 cm−3 . The laser power is P = 100 mW, the beam is focused to
the beam waist w0 = 10−2 cm and a length L = 1 cm around the focus is imaged with a collection efficiency of 5% onto the fluorescence detector. The
absorption cross section is σ = a · I with a = 10−10 W−1 and the transition
probability of the 5s → 3 p transition is Aki = 0.2(Ak + Rcoll ).
2.5 The saturation spectrum of the Na D1 transition 3 2 S1/2 → 3 2 P1/2
shows the resolved hyperfine components. Estimate the relative magnitude of
the cross-over signal between the two transitions 3 2 S1/2 (F = 1) → 3 P1/2
(F = 1 and F = 2) sharing the same lower level, if the laser intensity is 2
times the saturation intensity Is for the transition to F = 1.
2.6 Which fraction of H atoms in the 1 2 S1/2 ground state that can be excited
by a Doppler-free two-photon transition into the 2 2 S1/2 state in a collimated H atomic beam with v = 103 m/s, when a laser with I = 103 W/cm2
and a rectangular beam cross section of 1 × 1 mm2 crosses the atomic beam
perpendicularly and the absorption probability is Pi f = (σ0 · I)2 /(γ · hν)2
where σ0 = 10−18 cm2 and γ is the linewidth.
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For many years Raman spectroscopy has been a powerful tool for the investigation of molecular vibrations and rotations. In the pre-laser era, however,
its main drawback was a lack of sufficiently intense radiation sources. The
introduction of lasers, therefore, has indeed revolutionized this classical field
of spectroscopy. Lasers have not only greatly enhanced the sensitivity of
spontaneous Raman spectroscopy but they have furthermore initiated new
spectroscopic techniques, based on the stimulated Raman effect, such as coherent anti-Stokes Raman scattering (CARS) or hyper-Raman spectroscopy.
The research activities in laser Raman spectroscopy have recently shown an
impressive expansion and a vast literature on this field is available. In this
chapter we summarize only briefly the basic background of the Raman effect and present some experimental techniques that have been developed for
Raman spectroscopy of gaseous media. For more thorough studies of this
interesting field the textbooks and reviews given in [3.1–3.12] and the conference proceedings [3.13, 3.14] are recommended. More information on Raman
spectroscopy of liquids and solids can be found in [3.11, 3.15–3.18].

3.1 Basic Considerations
Raman scattering may be regarded as an inelastic collision of an incident photon ωi with a molecule in the initial energy level E i (Fig. 3.1a). Following
the collision, a photon ωs with lower energy is detected and the molecule is
found in a higher-energy level E f

ωi + M(E i ) → M ∗ (E f ) + ωs , with (ωi − ωs ) = E f − E i > 0 . (3.1a)
The energy difference ΔE = E f − E i may appear as vibrational, rotational, or
electronic energy of the molecule.
If the photon ωi is scattered by a vibrationally excited molecule, it may
gain energy and the scattered photon has a higher frequency ωas (Fig. 3.1c),
where

ωas = ωi + E i − E f ,

with

Ei > Ef .

(3.1b)

This “superelastic” photon scattering is called anti-Stokes radiation.
In the energy level scheme (Fig. 3.1b), the intermediate state E v = E i + ωi
of the system “during” the scattering process is often formally described as
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Fig. 3.1a–c. Schematic level diagram of Raman scattering

a virtual level, which, however, is not necessarily a “real” stationary eigenstate of the molecule. If the virtual level coincides with one of the molecular
eigenstates, one speaks of the resonance Raman effect.
A classical description of the vibrational Raman effect (which was the
main process studied before the introduction of lasers) has been developed by
Placek [3.8]. It starts from the relation
p = μ0 + α̃E ,

(3.2)

between the electric field amplitude E = E0 cos ωt of the incident wave and
the dipole moment p of a molecule. The first term μ0 represents a possible
permanent dipole moment while α̃E is the induced dipole moment. The polarizability is generally expressed by the tensor (αij ) of rank two, which depends
on the molecular symmetry. Dipole moment and polarizability are functions of
the coordinates of the nuclei and electrons. However, as long as the frequency
of the incident radiation is far off resonance with electronic or vibrational
transitions, the nuclear displacements induced by the polarization of the electron cloud are sufficiently small. Since the electronic charge distribution is
determined by the nuclear positions and adjusts “instantaneously” to changes
in these positions, we can expand the dipole moment and polarizability into
Taylor series in the normal coordinates qn of the nuclear displacements
μ = μ(0) +


Q 

∂μ

qn + . . . ,
∂qn 0

Q 

∂αij
αij (q) = αij (0) +
qn + . . . ,
∂qn 0
n=1

(3.3)

n=1

where Q = 3N − 6 (or 3N − 5 for linear molecules) gives the number of
normal vibrational modes for a molecule with N nuclei, and μ(0) = μ0
and αij (0) are the dipole moment and the polarizability at the equilibrium
configuration qn = 0. For small vibrational amplitudes the normal coordinates qn (t) of the vibrating molecule can be approximated by
qn (t) = qn0 cos(ωn t) ,

(3.4)
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where qn0 gives the amplitude, and ωn the vibrational frequency of the nth
normal vibration. Inserting (3.4 and 3.3) into (3.2) yields the total dipole
moment

Q 

∂μ
qn0 cos(ωn t) + αij (0)E 0 cos(ωt)
p = μ0 +
∂qn 0
n=1

Q 
1  ∂αij
+ E0
qn0 [cos(ω + ωn )t + cos(ω − ωn )t] .
(3.5)
2
∂qn 0
n=1

The second term describes the infrared spectrum, the third term the Rayleigh
scattering, and the last term represents the Raman scattering. In Fig. 3.2 the
dependence of ∂μ/∂q and ∂α/∂q is shown for the three normal vibrations of
the CO2 molecule. This illustrates that ∂μ/∂q = 0 for the bending vibration ν2
and for the asymmetric stretch ν3 . These two vibrational modes are called “infrared active.” The polarizability change is ∂α/∂q = 0 only for the symmetric
stretch ν1 , which is therefore called “Raman active.”
Since an oscillating dipole moment is a source of new waves generated at each molecule, (3.5) shows that an elastically scattered wave at the
frequency ω of the incident wave is produced (Rayleigh scattering) as are inelastically scattered components with the frequencies ω − ωn (Stokes waves)
and superelastically scattered waves with the frequencies ω + ωn (anti-Stokes
components). The microscopic contributions from each molecule add up to
macroscopic waves with intensities that depend on the population N(E i ) of

Fig. 3.2. Dependence ∂μ/∂q of dipole moment and ∂α/∂q of polarizability on the normal
vibrations of the CO2 molecule
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the molecules in the initial level E i , on the intensity of the incident radiation,
and on the expression (∂αij /∂qn )qn , which describes the dependence of the
polarizability components on the nuclear displacements.
Although the classical theory correctly describes the frequencies ω ± ωn of
the Raman lines, it fails to give the correct intensities and a quantum mechanical treatment is demanded. The expectation value of the component αij of the
polarizability tensor is given by

, (3.6)
αij ab = u ∗b (q)αij u a (q) dq ,
where the functions u(q) represent the molecular eigenfunctions in the initial
level a and the final level b. The integration extends over all nuclear coordinates. This shows that a computation of the intensities of Raman lines
is based on the knowledge of the molecular wave functions of the initial and final states. In the case of vibrational–rotational Raman scattering
these are the rotational–vibrational eigenfunctions of the electronic ground
state.
For small displacements qn , the molecular potential can be approximated
by a harmonic potential, where the coupling between the different normal vibrational modes can be neglected. The functions u(q) are then separable into
a product
u(q) =

Q
.

wn (qn , vn ) ,

(3.7)

n=1

of vibrational eigenfunction of the nth normal mode with vn vibrational
quanta. Using the orthogonality relation

(3.8)
wn wm dq = δnm ,
of the functions wn (qn ), one obtains from (3.6 and 3.3)
 
Q 

, ∂αij
αij ab = (αij )0 +
wn (qn , va )qn wn (qn , vb ) dqn .
∂qn 0

(3.9)

n=1

The first term is a constant and is responsible for the Rayleigh scattering.
For nondegenerate vibrations the integrals in the second term vanish unless
va = vb ± 1. In these cases it has the value [ 12 (va + 1)]1/2 [3.18]. The basic intensity parameter of vibrational Raman spectroscopy is the derivative
(∂αij /∂q), which can be determined from the Raman spectra.
The intensity of a Raman line at the Stokes or anti-Stokes frequency
ωs = ω ± ωn is determined by the population density Ni (E i ) in the initial
level E i (v, J ), by the intensity IL of the incident pump laser, and by the
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Raman scattering cross section σR (i → f ) for the Raman transition E i → E f :
Is = Ni (E i )σR (i → f )IL .

(3.10)

At thermal equilibrium the population density Ni (E i ) follows the Boltzmann
distribution

N
Ni .
(3.11a)
Ni (E i , v, J ) = gi e−Ei /kT , with N =
Z
The statistical weight factors gi depend on the vibrational state v = (n 1 v1 ,
n 2 v2 , . . . ), the rotational state with the rotational quantum number J, the
projection K onto the symmetry axis in the case of a symmetric top, and
furthermore on the nuclear spins I of the N nuclei. The partition function

gi e−Ei /kT ,
(3.11b)
Z=
i


is a normalization factor, which makes
Ni (v, J ) = N, as can be verified by
inserting (3.11b) into (3.11a).
In case of Stokes radiation the initial state of the molecules may be
the vibrational ground state, while for the emission of anti-Stokes lines the
molecules must have initial excitation energy. Because of the lower population
density in these excited levels, the intensity of the anti-Stokes lines is lower
by a factor exp(−ωv /kT ).
Example 3.1.
ωv = 1000 cm−1 , T = 300 K → kT ∼ 250 cm−1 → exp(−E i /kT ) ≈ e−4 ≈
0.018. With comparable cross sections σR the intensity of anti-Stokes lines
is therefore lower by two orders of magnitude compared with those of
Stokes lines.
The scattering cross section depends on the matrix element (3.9) of the
polarizability tensor and furthermore contains the ω4 frequency dependence
derived from the classical theory of light scattering. One obtains [3.19] analogously to the two-photon cross section (Sect. 2.5)

2


4

αij êL α j f ês α ji êL α j f ês 
8πωs 
+
,
(3.12)
σR (i → f ) =
9c4 
ωij − ωL − iγ j ω j f − ωL − iγ j 
j

where êL and ês are unit vectors representing the polarization of the incident
laser beam and the scattered light. The sum extends over all molecular levels j
with homogeneous width γ j accessible by single-photon transitions from the
initial state i. We see from (3.12) that the initial and final states are connected
by two-photon transitions, which implies that both states have the same parity.
For example, the vibrational transitions in homonuclear diatomic molecules,
which are forbidden for single-photon infrared transitions, are accessible to
Raman transitions.
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The matrix elements αij  depend on the symmetry characteristics of
the molecular states. While the theoretical evaluation of the magnitude of
αij  demands a knowledge of the corresponding wave functions, the question whether αij  is zero or not depends on the symmetry properties of
the molecular wave functions for the states |i and | f  and can therefore
be answered by group theory without explicitly calculating the matrix elements (3.9).
According to (3.12), the Raman scattering cross section increases considerably if the laser frequency ωL matches a transition frequency ωij of the
molecule (resonance Raman effect) [3.20, 3.21]. With tunable dye lasers and
optical frequency doubling this resonance condition can often be realized. The
enhanced sensitivity of resonant Raman scattering can be utilized for measurements of micro-samples or of very small concentrations of molecules in
solutions, where the absorption of the pump wave is small in spite of resonance with a molecular transition.
If the frequency difference ωL − ωs corresponds to an electronic transition
of the molecule, we speak of electronic Raman scattering [3.22, 3.23], which
gives complementary information to electronic-absorption spectroscopy. This
is because the initial and final states must have the same parity, and therefore
a direct dipole-allowed electronic transition |i → | f  is not possible.
In paramagnetic molecules Raman transitions between different finestructure components (spin-flip Raman transitions) can occur [3.9]. If the
molecules are placed in a longitudinal magnetic field parallel to the laser
beam, the Raman light is circularly polarized and is measured as σ + light for
ΔM = +1 and as σ − for ΔM = −1 transitions.

3.2 Experimental Techniques
of Linear Laser Raman Spectroscopy
The scattering cross sections in spontaneous Raman spectroscopy are very
small, typically on the order of 10−30 cm2 . The experimental problems of detecting weak signals in the presence of intense background radiation are by no
means trivial. The achievable signal-to-noise ratio depends both on the pump
intensity and on the sensitivity of the detector. Recent years have brought
remarkable progress on the source as well as on the detector side [3.24].
The incident light intensity can be greatly enhanced by using multiple reflection cells, intracavity techniques (Sect. 1.2.2), or a combination of both.
Figure 3.3 depicts as an example of such advanced equipment a Raman spectrometer with a multiple-reflection Raman cell inside the resonator of an argon
laser. The laser can be tuned by the Brewster prism with reflecting backside
(LP + M) to the different laser lines [3.25]. A sophisticated system of mirrors CM collects the scattered light, which is further imaged by the lens L1
onto the entrance slit S of the spectrometer. A Dove prism DP [3.26] turns the
image of the line source by 90◦ to make it parallel to the entrance slit. Figure 3.4, which shows the pure rotational Raman spectrum of C2 N2 , illustrates
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Fig. 3.3. Experimental arrangement for intracavity Raman spectroscopy with an argon
laser: CM, multiple reflection four-mirror system for efficient collection of scattered light;
LM, laser-resonator mirror; DP, Dove prism, which turns the image of the horizontal
interaction plane by 90◦ in order to match it to the vertical entrance slit S of the spectrograph; FPE, Fabry–Perot etalon to enforce single-mode operation of the argon laser;
LP, Littrow prism for line selection [3.25]

the sensivity that can be obtained with this setup [3.25].
In earlier days of Raman spectroscopy the photographic plate was the
only detector used to record the Raman spectra. The introduction of sensitive
photomultipliers and, in particular, the development of image intensifiers and
optical multichannel analyzers with cooled photocathodes (Vol. 1, Sect. 4.5)
have greatly enhanced the detection sensitivity. Image intensifiers and instrumentation such as optical multichannel analyzers (OMAs) or CCD arrays
(Vol. 1, Sect. 4.5.3) allow simultaneous recording of extended spectral ranges
with sensitivities comparable to those of photomultipliers [3.26].
The third experimental component that has contributed to the further improvement of the quality of Raman spectra is the introduction of digital
computers to control the experimental procedure, to calibrate the Raman spec-

Fig. 3.4. Rotational Raman spectrum of C2 N2 excited with the 488-nm line of the argon laser in the experimental setup of Fig. 3.3 and recorded on a photographic plate with
10-min exposure time [3.25]
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tra, and to analyze the data. This has greatly reduced the time spent for
preparing the data for the interpretation of the results [3.27].
Because of the increased sensitivity of an intracavity arrangement, even
weak vibrational overtone bands with Δv > 1 can be recorded with rotational
resolution. For illustration, Fig. 3.5 shows the rotationally resolved Q-branch
of the D2 molecule for the transitions (v = 2 ← v = 0) [3.28]. The photon counting rate for the overtone transitions was about 5000 times smaller
than those for the fundamental (v = 1 ← v = 0) band. This overtone Raman
spectroscopy can also be applied to large molecules, as has been demonstrated for the overtone spectrum of the torsional vibration of CH3 CD3 and
C2 H6 , where the torsional splittings could be measured up to the 5th torsional
level [3.29].
Just as in absorption spectroscopy, the sensitivity may be enhanced by difference laser Raman spectroscopy, where the pump laser passes alternately
through a cell containing the sample molecules dissolved in some liquid and
through a cell containing only the liquid. The basic advantages of this difference technique are the cancellation of unwanted Raman bands of the solvent
in the spectrum of the solution and the accurate determination of small frequency shifts due to interactions with the solvent molecules.
In the case of strongly absorbing Raman samples, the heat production at
the focus of the incident laser may become so large that the molecules under investigation may thermally decompose. A solution to this problem is
the rotating sample technique [3.30], where the sample is rotated with an
angular velocity Ω. If the interaction point with the laser beam is R centimeters away from the axis, the time T spent by the molecules within the
focal region with diameter d [cm] is T = d/(RΩ). This technique which allows much higher input powers and therefore better signal-to-noise ratios,

Fig. 3.5. Rotationally resolved Q-branch in the (v = 2 ← v = 0) overtone spectrum of
the D2 molecule, measured with the sample inside the resonator of a 250-W argon laser
at λ = 488 nm [3.28]
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can be combined with the difference technique by mounting a cylindrical
cell onto the rotation axis. One half of the cell is filled with the liquid
Raman sample in solution, the other half is only filled with the solvent
(Fig. 3.6).
A larger increase of sensitivity in linear Raman spectroscopy of liquids
has been achieved with optical-fiber Raman spectroscopy. This technique uses
a capillary optical fiber with the refractive index n f , filled with a liquid with
refractive index n e > n f . If the incident laser beam is focused into the fiber,
the laser light as well as the Raman light is trapped in the core due to internal reflection and therefore travels inside the capillary. With sufficiently long
capillaries (1−30 m) and low losses, very high spontaneous Raman intensities can be achieved, which may exceed those of conventional techniques by
factors of 103 [3.31]. Figure 3.7 shows schematically the experimental arrangement where the fiber is wound on a drum. Because of the increased
sensitivity, this fiber technique also allows one to record second- and thirdorder Raman bands, which facilitates complete assignments of vibrational
spectra [3.32].
The sensitivity of Raman spectroscopy in the gas phase can be greatly
enhanced by combination with one of the detection techniques discussed

Fig. 3.6. Rotating sample cell used for difference Raman spectroscopy: 1, motor; 2, motor
block, 3, side parts; 4, motor axis; 5, set screw; 6, kinematic mount; 7, x–y precision
ball glider; 8, adjustment screw; 9, divided liquid cell for difference Raman spectroscopy;
10, axis for trigger wheel; 11, trigger wheel; 12, trigger hole; 13, bar; 14, optoelectronic
array consisting of a photodiode and transistor [3.30]
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in Chap. 1. For example, the vibrationally excited molecules produced by
Raman–Stokes scattering can be selectively detected by resonant two-photon
ionization with two visible lasers or by UV ionization with a laser frequency ωUV , which can ionize molecules in level E f but not in E i (Fig. 3.8).
The combination of Raman spectroscopy with Fourier-transform spectroscopy [3.33] allows the simultaneous detection of larger spectral ranges in
the Raman spectra.
The information obtained from linear Raman spectroscopy is derived from
the following experimental data:
• The linewidth of the scattered radiation, which represents for gaseous samples a convolution of the Doppler width, collisional broadening, spectral
profile of the exciting laser, and natural linewidth, depending on the lifetimes of molecular levels involved in the Raman transition.

Fig. 3.7a–c. Raman spectroscopy of liquid samples in a thin capillary fiber: (a) production
of the fiber; (b) incoupling of an argon laser beam with a microscope objective into the
fiber and imaging of the outcoupled radiation into a spectrometer; (c) fiber with liquid
[3.30]
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Fig. 3.8. Detection of Raman–Stokes scattering by
photoionization of the excited level E f either by
one UV photon (IP(E f ) < ωUV < IP(E i )) or by
resonant two-photon ionization

• The degree of polarization ρ of the scattered light, defined as
ρ=

I − I⊥
,
I + I⊥

(3.13)

where I and I⊥ are the intensities of the scattered light with a polarization parallel and perpendicular, respectively, to that of a linearly polarized
excitation laser. A more detailed calculation shows that for statistically oriented molecules the degree of polarization
ρ=

3β 2
,
45α2 + 4β 2

(3.14)

depends on the mean value α = (αxx + α yy + αzz )/3 of the diagonal components of the polarizibility tensor α̃ and on the anisotropy
β2 =

1
(αxx − α yy )2 + (α yy − αzz )2 + (αzz − αxx )2
2

+ 6(α2xy + α2xz + α2zx ) .

(3.15)

Measurements of ρ and β therefore allow the determination of the polarizability tensor [3.34].
It turns out that
)
1(
45α2 + 4β 2 ,
45
1
α2xy = α2xz = α2yz = β 2 .
15
α2xx = α2yy = α2zz =

(3.16)
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Fig. 3.9. Possible scattering geometry for measurements of the components αxx and αzx of the
polarizability tensor

With the experimental arrangement of Fig. 3.9, where the exciting laser
is polarized in the x-direction and the Raman light is observed in the ydirection without polarizer (μx + μz ), the measured intensity becomes
Ix,(x+z) =

)
ω4 · I0 ( 2
2
+
α
α
.
xx
zx
16π2 ε20 c4

(3.17)

• The intensity of the Raman lines is proportional to the product of the
Raman scattering cross section σR , which depends according to (3.12) on
the matrix elements αij  of the polarizability tensor and the density Ni of
molecules in the initial state. If the cross sections σR have been determined
elsewhere, the intensity of the Raman lines can be used for measurements
of the population densities N(v, J ). Assuming a Boltzmann distribution
(3.11a), the temperature T of the sample can be derived from measured
values of N(v, J ). This is frequently used for the determination of unknown temperature profiles in flames [3.35] or of unknown density profiles
in liquid or gaseous flows [3.36] at a known temperature (Sect. 3.5).
One example is intracavity Raman spectroscopy of molecules in a supersonic jet, demonstrated by van Helvoort et al. [3.37]. If the intracavity
beam waist of an argon-ion laser is shifted to different locations of the
molecular jet (Fig. 3.10), the vibrational and rotational temperatures of the
molecules (Sect. 4.2) and their local variations can be derived from the
Raman spectra.
More details of recent techniques in linear laser Raman spectroscopy can be
found in [3.11, 3.38].

Fig. 3.10. Intracavity Raman spectroscopy of
molecules in a cold jet with spatial resolution
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When the intensity of the incident light wave becomes sufficiently large, the
induced oscillation of the electron cloud surpasses the linear range assumed
in Sect. 3.1. This implies that the induced dipole moments p of the molecules
are no longer proportional to the electric field E and we have to generalize (3.2). The function p(E) can be expanded into a power series of E n
(n = 0, 1, 2, . . . ), which is generally written as
p(E) = μ + α̃E + β̃ E · E + γ̃ E · E · E ,

(3.18a)

where α̃ is the polarizability tensor, β̃ is named hyper-polarizability, and γ̃ is
called the second hyper-polarizability. The quantities α, β, and γ are tensors
of rank two, three, and four, respectively.
In component notation (i = x, y, z) (3.18a) can be written as


αik E k +
βik j E k E j
pi (E) = μi +
k

+


k

j

k

j

γik jl E k E j El .

(3.18b)

l

This gives for the polarization P = N p of a medium with N oriented dipoles
⎛
⎞


χik E k +
χik j E k E j + . . . ⎠ ,
(3.18c)
Pi (E) = 0 ⎝χi +
k

k, j

which corresponds to Vol. 1, (5.114) discussed in the section on nonlinear optics and frequency conversion, if we define the susceptibilities χi = Nμi /0 ,
χik = Nαik /0 , and so on.
For sufficiently small electric field amplitudes E the nonlinear terms in
(3.18a) can be neglected, and we then obtain (3.2) for the linear Raman
spectroscopy.
3.3.1 Stimulated Raman Scattering
If the incident laser intensity IL becomes very large, an appreciable fraction of
the molecules in the initial state E i is excited into the final state E f and the
intensity of the Raman-scattered light is correspondingly large. Under these
conditions we have to consider the simultaneous interaction of the molecules
with two EM waves: the laser wave at the frequency ωL and the Stokes wave
at the frequency ωS = ωL − ωV or the anti-Stokes wave at ωa = ωL + ωV . Both
waves are coupled by the molecules vibrating with the frequencies ωV . This
parametric interaction leads to an energy exchange between the pump wave
and the Stokes or anti-Stokes waves. This phenomenon of stimulated Raman
scattering, which was first observed by Woodbury et al. [3.39] and then explained by Woodbury and Eckhardt [3.40], can be described in classical terms
[3.41, 3.42].
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The Raman medium is taken as consisting of N harmonic oscillators per
unit volume, which are independent of each other. Because of the combined
action of the incident laser wave and the Stokes wave, the oscillators experience a driving force F that depends on the total field amplitude E
E(z, t) = EL ei(ωL t−kL z) + ES ei(ωS t−kS z) ,

(3.19)

where we have assumed plane waves traveling in the z-direction. The potential
energy Wpot of a molecule with induced dipole moment p = αE in an EM
field with amplitude E is, according to (3.2, 3.3) with μ = 0
Wpot = − p · E = −α(q)E 2 .

(3.20)

The force F = −grad Wpot acting on the molecule gives
 
∂α
∂
2
E 2 (z, t) .
F(z, t) = + {[α(q)]E } =
∂q
∂q 0

(3.21)

The equation of motion for the molecular oscillator with oscillation amplitude q, mass m, and vibrational eigenfrequency ωv is then
 
∂2q
∂q
∂α
2
− γ + ωv q =
E 2 /m ,
(3.22)
2
∂t
∂t
∂q 0
where γ is the damping constant that is responsible for the linewidth Δω = γ
of spontaneous Raman scattering. Inserting the complex ansatz
q=

)
1 ( iωt
qv e + qv∗ e−iωt ,
2

(3.23)

into (3.22) we get with the field amplitude (3.19)
 
1 ∂α
2
2
iωt
E L E S ei[(ωL −ωS )t−(kL −kS )z] .
(ωv − ω + iγω)qv e =
2m ∂q 0

(3.24)

Comparison of the time-dependent terms on both sides of (3.24) shows that
ω = ωL − ωS . The molecular vibrations are therefore driven at the difference
frequency ωv = ωL − ωS . Solving (3.24) for qv yields
qv =

(∂α/∂q)0 E L E S
e−i(kL −kS )z
2
2m[ωv − (ωL − ωS )2 + i(ωL − ωS )γ ]

.

(3.25)

The induced oscillating molecular dipoles p(ω, z, t) result in a macroscopic
polarization P = N p. According to (3.5), the polarization PS = P(ωS ) at the
Stokes frequency ωS , which is responsible for Raman scattering, is given by
 
∂α
1
qE .
(3.26)
PS = N
2
∂q 0
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Inserting q from (3.23, 3.25) and E from (3.19) yields the nonlinear polarization
PSNL (ωS ) = N

(∂α/∂q)20 E L2 E S
e−i(ωs t−ks z) .
4m[ω2v − (ωL − ωS )2 + iγ(ωL − ωS )]

(3.27)

This shows that a polarization wave travels through the medium with an amplitude proportional to the product E L2 · E S . It has the same wave vector kS as
the Stokes wave and can therefore amplify this wave. The amplification can
be derived from the wave equation
ΔE = μ0 σ

)
∂
∂2
∂2 (
E + μ0  2 E + μ0 2 PSNL ,
∂t
∂t
∂t

(3.28)

for waves in a medium with the conductivity σ, where PSNL acts as the driving
term.
For the one-dimensional problem (∂/∂y = ∂/∂x = 0) with the approximation d2 E/ dz 2  k dE/ dz and with (3.26), the equation for the Stokes wave
becomes
 
σ"
kS ∂α
dE S
=−
μ0 /E S + N
qv E L .
(3.29)
dz
2
2 ∂q 0
Substituting qv from (3.25) gives the final result for the case ωv = ωL − ωS

(∂α/∂q)20 E L2
σ"
dE S
= −
E S = (− f + g)E S .
μ0 / + N
(3.30)
dz
2
4miγ(ωL − ωS )
Integration of (3.30) yields
E S = E S (0) e(g− f )z .

(3.31a)

The Stokes wave is amplified if the gain g exceeds the losses f . The amplification factor g depends on the square of the laser amplitude E L and on
the term (∂α/∂q)20 . Stimulated Raman scattering is therefore observed only if
the incident laser intensity exceeds a threshold value that is determined by
the nonlinear term (∂αij /∂q)0 in the polarization tensor of the Raman-active
normal vibration and by the loss factor f = 12 σ(μ0 /)1/2 .
According to (3.31), the Stokes intensity increases exponentially with the
length z of the interaction zone. If, however, the pump wave is absorbed by
the medium, the pump intensity at the position z decreases to
IL (z) = IL (0) · e−α·z
and therefore the gain factor g in (3.30) is smaller. There is an effective length
z = L eff for the optimum intensity Is of the Stokes wave, which is given by
L eff = (1/αL )[1 − e−α·L ]
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and the amplitude of the Stokes wave becomes for a medium with length L
E s = E s (0) · e(g·L eff − f ·L) .

(3.31b)

While the intensity of anti-Stokes radiation is very small in spontaneous Raman scattering due to the low thermal population density in excited
molecular levels (Sect. 3.1), this is not necessarily true in stimulated Raman
scattering. Because of the strong incident pump wave, a large fraction of all
interacting molecules is excited into higher vibrational levels, and strong antiStokes radiation at frequencies ωL + ωv has been found.
According to (3.26), the driving term in the wave equation (3.28) for an
anti-Stokes wave at ωa = ωL + ωV is given by
 
∂α
1
NL
qv E L ei[(ωL +ωv )t−kL z] ,
(3.32)
Pωa = N
2
∂q 0
For small amplitudes E a  E L of the anti-Stokes waves, we can assume that
the molecular vibrations are independent of E a and can replace qv by its
solution (3.25). This yields an equation for the amplification of E a that is
analogous to (3.29) for E S
f
dE a
= − E a ei(ωa t−ka z)
dz
2 
√
 
ωa μ0 / ∂α 2
E L2 E S∗ ei(2kL −kS −ka )z ,
+ Nv
8m v
∂q 0

(3.33)

where Nv is the density of vibrationally excited molecules. This shows that,
analogously to sum- or difference-frequency generation (Vol. 1, Sect. 5.8),
a macroscopic wave can build up only if the phase-matching condition
ka = 2kL − kS ,

(3.34)

can be satisfied. In a medium with normal dispersion this condition cannot
be met for collinear waves. From a three-dimensional analysis, however, one
obtains the vector equation
2kL = kS + ka ,

(3.35)

which reveals that the anti-Stokes radiation is emitted into a cone whose axis
is parallel to the beam-propagation direction (Fig. 3.11). The apex angle β of
this cone is obtained by multiplying (3.35) with ka
2kL · ka = 2kL ka cos β = kS · ka cos α + ka2 .

(3.36a)

With k = n · ω/c this can be written as
cos β =

n(ωS )ωS cos α + n(ωa )ωa
.
2n(ωL )ωL

(3.36b)
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Fig. 3.11a–c. Generation of stimulated anti-Stokes radiation: (a) term diagram illustrating
energy conservation; (b) vector diagram of momentum conservation for the collinear and
noncollinear case; (c) radiation cone for different values of kS showing red, yellow, and
green rings of anti-Stokes radiation excited by a ruby laser at 694 nm

For n(ωS ) = n(ωa ) = n(ωL ) the collinear case can be realized (α = β = 0).
This is exactly what has been observed [3.39, 3.42].
Let us briefly summarized the differences between the linear (spontaneous)
and the nonlinear (induced) Raman effect:
• While the intensity of spontaneous Raman lines is proportional to the incident pump intensity, but lower by several orders of magnitude compared
with the pump intensity, the stimulated Stokes or anti-Stokes radiation depend in a nonlinear way on Ip but have intensities comparable to that of
the pump wave.
• The stimulated Raman effect is observed only above a threshold pump intensity, which depends on the gain of the Raman medium and the length
of the pump region.
• Most Raman-active substances show only one or two Stokes lines at the
frequencies ωS = ωL − ωV in stimulated emission. At higher pump intensities, however, lines at the frequencies ω = ωL − nωV (n = 1, 2, 3),
which do not correspond to overtones of vibrational frequencies, have
been observed besides these Stokes lines. Because of the anharmonicity
of molecular vibrations, the vibrational levels in an unharmonic potential
have energies E v = ωv (n + 12 ) − xk (n + 12 )2 and therefore the spontaneous Raman lines from vibrational overtones are shifted against ωL by
Δω = nωv − (n 2 + n)xk , where xk represent the anharmonicity constants.
In Fig. 3.12 is illustrated that these higher-order Stokes lines are generated
by consecutive Raman processes, induced by the pump wave, the Stokes
wave, etc.
• The linewidths of spontaneous and stimulated Raman lines depend on the
linewidth of the pump laser. For narrow linewidths, however, the width of
the stimulated Raman lines becomes smaller than that of the spontaneous
lines, which are Doppler-broadened by the thermal motion of the scattering molecules. A Stokes photon ωs , which is scattered into an angle φ
against the incident laser beam by a molecule moving with the velocity v,
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Fig. 3.12. Level diagram for the generation of higher-order Stokes sidebands, which differ
from the vibrational overtone frequencies

has a Doppler-shifted frequency
ωs = ωL − ωV − (kL − kS ) · v
= ωL − ωv − [1 − (kS /kL ) cos φ]kL · v .

(3.37)

In the case of spontaneous Raman scattering we have 0 ≤ φ ≤ 2π, and
the spontaneous Raman lines show a Doppler width that is (kS /kL ) =
(ωS /ωL ) times that of fluorescence lines at ωL . For induced Raman
scattering kS  kL → cos φ = 1, and the bracket in (3.37) has the value
(1 − kS /kL )  1, if ωV  ωL .
• The main merit of the stimulated Raman effect for molecular spectroscopy
may be seen in the much higher intensities of stimulated Raman lines.
During the same measuring time one therefore achieves a much better
signal-to-noise ratio than in linear Raman spectroscopy. The experimental realization of stimulated Raman spectroscopy is based on two different
techniques:
(a) Stimulated Raman gain spectroscopy (SRGS), where a strong pump laser
at ωL is used to produce sufficient gain for the Stokes radiation at ωS according to (3.31). This gain can be measured with a weak tunable probe
laser tuned to the Stokes wavelengths [3.43] (Fig. 3.13).
(b) Inverse Raman spectroscopy (IRS), where the attenuation of the weak
probe laser at ω1 is measured when the strong pump laser at ω2 is tuned
through Stokes or anti-Stokes transitions [3.44].
Several high-resolution stimulated Raman spectrometers have been built
[3.43–3.45] that are used for measurements of linewidths and Raman line
positions in order to gain information on molecular structure and dynamics.
A good compromise for obtaining a high resolution and a large signal-tonoise ratio is to use a pulsed pump laser and a single-mode cw probe laser
(quasi-cw spectrometer [3.45]). The narrow-band pulsed laser can be realized
by pulsed amplification of a single-mode cw laser (Vol. 1, Sect. 5.7). For illustration Fig. 3.13 shows a typical quasi-cw stimulated Raman spectrometer,
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Fig. 3.13. Schematic diagram of a stimulated Raman spectrometer with pulsed, amplified
cw pump laser and a single-mode cw probe laser [3.47]

where the wavelengths of the tunable dye laser are measured with a traveling
Michelson wavemeter (Vol. 1, Sect. 4.4)
There is another important application of stimulated Raman scattering in
the field of Raman lasers. With a tunable pump laser at the frequency ωL ,
intense coherent radiation sources at frequencies ωL ± nωV (n = 1, 2, 3, . . . )
can be realized that cover the UV and infrared spectral range if visible pump
lasers are used (Vol. 1, Sect. 5.8).
More details on the stimulated Raman effect and reference to experiments
in this field can be found in [3.11, 3.46–3.52].

3.3.2 Coherent Anti-Stokes Raman Spectroscopy
In Sect. 3.3.1 we discussed the observation that a sufficiently strong incident pump wave at the frequency ωL can generate an intense Stokes wave at
ωS = ωL − ωV . Under the combined action of both waves, the nonlinear polarization PNL of the medium is generated that contains contributions at the
frequencies ωV = ωL − ωS , ωS = ωL − ωV , and ωa = ωL + ωV . These contributions act as driving forces for the generation of new waves. Provided that the
phase-matching conditions 2kL = kS + ka can be satisfied, a strong anti-Stokes
wave E a cos(ωa t − ka · r) is observed in the direction of ka .
Despite the enormous intensities of stimulated Stokes and anti-Stokes
waves, stimulated Raman spectroscopy has been of little use in molecular
spectroscopy. The high threshold, which, according to (3.30), depends on the
molecular density N, the incident intensity I ∝ E L2 , and the square of the
small polarizability term (∂αij /∂q) in (3.27), limits stimulated emission to
only the strongest Raman lines in materials of high densities N.
The recently developed technique of coherent anti-Stokes Raman spectroscopy (CARS), however, combines the advantages of signal strength obtained in stimulated Raman spectroscopy with the general applicability of

160

3. Laser Raman Spectroscopy

Fig. 3.14. (a) Level diagram of CARS; (b) vector diagrams for phase matching in gases
with negligible dispersion and (c) in liquids or solids with noticeable dispersion; (d) generation of coherent Stokes radiation at ωS = 2ω2 − ω1

spontaneous Raman spectroscopy [3.46–3.57]. In this technique two lasers
are needed. The frequencies ω1 and ω2 of the two incident laser waves are
chosen such that their difference ω1 − ω2 = ωV coincides with a Raman-active vibration of the molecules under investigation. These two incident waves
correspond to the pump wave (ω1 = ωL ) and the Stokes wave (ω2 = ωS ) in
stimulated Raman scattering. The advantage is that the Stokes wave at ω2 is
already present and does not need to be generated in the medium. These two
waves are considered in (3.19).
Because of the nonlinear interaction discussed in Sect. 3.3.1, new Stokes
and anti-Stokes waves are generated (Fig. 3.14d). The waves ω1 and ω2
produce a large population density of vibrationally excited molecules by
stimulated Raman scattering. These excited molecules act as the nonlinear
medium for the generation of anti-Stokes radiation at ωa = 2ω1 − ω2 by the
incident wave with frequency ω1 . In a similar way, a Stokes wave with
frequency ωs = 2ω2 − ω1 is generated by the incident waves at ω1 and ω2
(Fig. 3.14d). Since four waves are involved in the generation of the anti-Stokes
wave, CARS is called a four-wave parametric mixing process (Fig. 3.15).
It can be derived from (3.33) that the power S of the CARS signal (which
is proportional to the square of the amplitude E a )
S ∝ N 2 I12 I2 ,

(3.38)

Fig. 3.15. CARS as a four-wave
mixing process
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increases with the square N 2 of the molecular density N and is proportional
to the product I1 (ω1 )2 I2 (ω2 ) of the pump laser intensities. It is therefore necessary to use either high densities N or large intensities I. If the two pump
beams are focused into the sample, most of the CARS signal is generated
within the local volume where the intensities are maximum. CARS spectroscopy therefore offers high spatial resolution.
If the incident waves are at optical frequencies, the difference frequency
ωR = ω1 − ω2 is small compared with ω1 in the case of rotational–vibrational
frequencies ωR . In gaseous Raman samples the dispersion is generally negligible over small ranges Δω = ω1 − ω2 and satisfactory phase matching is
obtained for collinear beams. The Stokes wave at ωS = 2ω2 − ω1 and the antiStokes wave at ωa = 2ω1 − ω2 are then generated in the same direction as
the incoming beams (Fig. 3.14b). In liquids, dispersion effects are more severe and the phase-matching condition can be satisfied over a sufficiently long
coherence length only, if the two incoming beams are crossed at the phasematching angle (Fig. 3.14c).
In the collinear arrangement the anti-Stokes wave at ωa = 2ω1 − ω2
(ωa > ω1 !) is detected through filters that reject both incident laser beams as
well as the fluorescence that may be generated in the sample. Figure 3.16
illustrates an early experimental setup used for rotational–vibrational spectroscopy of gases by CARS [3.58]. The two incident laser beams are provided
by a Q-switched ruby laser and a tunable dye laser that was pumped by this
ruby laser. Because the gain of the anti-Stokes wave depends quadratically
on the molecular density N (see (3.38)), megawatt-range power levels of the
incident beams are required for gaseous samples, while kilowatt powers are
sufficient for liquid samples [3.59].
The most common pump system for pulsed CARS experiments are two
dye lasers pumped by the same pump laser (N2 laser, excimer laser, or
frequency-doubled Nd:YAG laser). This system is very flexible because both
frequencies ω1 and ω2 can be varied over large spectral ranges. Since both the
frequency and intensity fluctuations of the dye lasers result in strong intensity

Fig. 3.16. Experimental setup of an early CARS experiment in gases using a ruby laser
and a dye laser pumped by the ruby laser [3.58]
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Fig. 3.17. Experimental setup for cw CARS in liquids [3.59]

fluctuations of the CARS signal, the stability of the dye lasers needs particular attention. With compact and stable systems the signal fluctuations can be
reduced below 10% [3.60].
In addition, many CARS experiments have been performed with cw dye
lasers with liquid samples as well as with gaseous ones. An experimental
setup for cw CARS of liquid nitrogen is shown in Fig. 3.17, where the two
incident collinear pump waves are provided by the 514.5-nm argon laser
line (ω1 ) and a cw dye laser (ω2 ) pumped by the same argon laser [3.59].
The advantage of cw CARS is its higher spectral resolution because the
bandwidth Δν of single-mode cw lasers is several orders of magnitude below
that of pulsed lasers. In order to obtain sufficiently high intensities, intracavity excitation has been used. A possible experimental realization (Fig. 3.18)
places the sample cell inside the ring resonator of an argon ion laser, where
the cw dye laser is coupled into the resonator by means of a prism [3.44].

Fig. 3.18. Schematic arrangement of a cw CARS spectrometer with intracavity excitation
of the sample [3.44]
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The CARS signal generated in the sample cell at the beam waist of the resonator is transmitted through the dichroic mirror M2 and is spectrally purified
by a filter or a prism and a monochromator before it reaches a photomultiplier.
High-resolution CARS can be also performed with injection-seeded pulsed
dye lasers [3.44, 3.61]. If the radiation of a single-mode cw dye laser with frequency ω is injected into the cavity of a pulsed dye laser that has been mode
matched to the Gaussian beam of the cw laser (Vol. 1, Sect. 5.8), the amplification of the gain medium is enhanced considerably at the frequency ω and the
pulsed laser oscillates on a single cavity mode at the frequency ω. Only some
milliwatts of the cw laser are needed for injection, while the output of the
single-mode pulsed laser reaches several kilowatts, which may be further amplified (Vol. 1, Sect. 5.5). Its bandwidth Δν for pulses of duration Δt is only
limited by the Fourier limit Δν = 1/(2πΔt).
3.3.3 Resonant CARS and BOX CARS
If the frequencies ω1 and ω2 of the two incident laser waves are chosen to
match a molecular transition, one or even two of the virtual levels in Fig. 3.14
coincide with a real molecular level. In this case of resonant CARS, the sensitivity may be increased by several orders of magnitude. Because of the larger
absorption of the incident waves, the absorption path length must be sufficiently short or the density of absorbing molecules must be correspondingly
small [3.62, 3.63].
A certain disadvantage of collinear CARS in gases is the spatial overlap
of the two parallel incident beams with the signal beam. This overlap must be
separated by spectral filters. This disadvantage can be overcome by the BOX
CARS technique [3.64], where the pump beam of laser L1 (k1 , ω1 ) is split
into two parallel beams that are focused by a lens into the sample (Fig. 3.19b),
where the directions of the three incoming beams match the vector diagram
of Fig. 3.19a. The CARS signal beam can now be separated by geometrical means (beam stop and apertures). For comparison the vector diagrams of
the phase-matching condition (3.35) are shown in Fig. 3.20 for the general
case (k1 = k2 ), the collinear CARS arrangement, and for BOX CARS, where
the vector diagram has the form of a box. From Fig. 3.19a with the relation
|k| = n · ω/c, the phase-matching conditions
n 2 ω2 sin θ = n 3 ω3 sin ϕ ,
n 2 ω2 cos θ + n 3 ω3 cos ϕ = 2n 1 ω1 cos α ,

(3.39)

can be derived, which yield for θ = α the relation
sin ϕ =

n 2 ω2
sin α ,
n 3 ω3

(3.40)

between the angle ϕ of the CARS signal beam ka = k3 against the z-direction
and the angle α of the incident beams.
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Fig. 3.19a,b. Wave vector diagram for BOX CARS (a) and experimental realization (b)

Fig. 3.20a–d. Comparison of phase-matching diagrams for CARS: (a) for the general case
k1  k2 ; (b) the collinear case k1  k2 ; (c) for BOX CARS; and (d) for folded BOX CARS

The CARS signal is generated within the common overlap volume of the
three incident beams. This BOX-CAR technique considerably increases the
spatial resolution, which may reach values below 1 mm.
In another beam configuration (folded BOX CARS), the pump beam
with ω2 is split into two parallel beams, which are directed by the focusing lens in such a way that the wave vectors k2 and k3 = kas are contained
in a plane orthogonal to that of the two k1 vectors (Fig. 3.20d). This has the
advantage that neither of the two pump beams overlaps the signal beam at
the detector [3.65]. If the Raman shifts are small, spectral filtering becomes
difficult and the advantage of this folded BOX CAR technique is obvious.
The advantages of CARS may be summarized as follows:
• The signal levels in CARS may exceed those obtained in spontaneous
Raman spectroscopy by a factor of 104 −105 .
• The higher frequency ω3 > ω1 , ω2 of the anti-Stokes waves allows one to
use filters that reject the incident light as well as fluorescence light.
• The small beam divergence allows one to place the detector far away
from the sample, which yields excellent spatial discrimination against
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fluorescence or thermal luminous background such as occurs in flames,
discharges, or chemiluminescent samples.
• The main contribution to the anti-Stokes generation comes from a small
volume around the focus of the two incident beams. Therefore very small
sample quantities (microliters for liquid samples or millibar pressures for
gaseous samples) are required. Furthermore, a high spatial resolution is
possible, which allows one to probe the spatial distribution of molecules in
definite rotational–vibrational levels. The measurements of local temperature variations in flames from the intensity of anti-Stokes lines in CARS
is an example where this advantage is utilized.
• The high spatial resolution is utilized in CARS microscopy, which is
mainly applied to the investigation of biological cells and their compositions (see Sect. 3.4.3).
• A high spectral resolution can be achieved without using a monochromator. The Doppler width ΔωD , which represents a principal limitation
in 90◦ spontaneous Raman scattering, is reduced to [(ω2 − ω1 )/ω1 ]ΔωD
for the collinear arrangement used in CARS. While a resolution of 0.3 to
0.03 cm−1 is readily obtained in CARS with pulsed lasers, even linewidths
down to 0.001 cm−1 have been achieved with single-mode lasers.
The main disadvantages of CARS are the expensive equipment and strong
fluctuations of the signals caused by instabilities of intensities and alignments
of the incident laser beams. The sensitivity of detecting low relative concentrations of specified sample molecules is mainly limited by interference with
the nonresonant background from the other molecules in the sample. This limitation can be overcome, however, by resonant CARS.
3.3.4 Hyper-Raman Effect
The higher-order terms β EE, γ EEE in the expansion (3.18a) of p(E) represent the hyper-Raman effect. Analogous to (3.3), we can expand β in a Taylor
series in the normal coordinates qn = qn0 cos(ωn t)

2Q 

∂β
β = β0 +
qn + . . . .
(3.41)
∂qn 0
n=1

Assume that two laser waves E 1 = E 01 cos (ω1 t − k1 z) and E 2 =
E 02 cos(ω2 t − k2 t) are incident on the Raman sample. From the third term in
(3.18a) we then obtain with (3.41) contributions to p(E) due to β0
2
β0 E 01
cos(2ω1 t) ,

2
and β0 E 02
cos(2ω2 t) ,

(3.42)

which give rise to hyper-Rayleigh scattering at frequencies 2ω1 , 2ω2 and
ω1 + ω2 (Fig. 3.21a). The term (∂β/∂qn )qn0 cos(ωn t) of (3.41) inserted into
(3.18a) yields contributions
 
∂β
HR
qn0 [cos(2ω1 ± ωn )t + cos(2ω2 ± ωn )t] ,
(3.43)
p ∝
∂q 0
which are responsible for hyper-Raman scattering (Fig. 3.21b,c) [3.66].
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Fig. 3.21a–c. Hyper-Rayleigh scattering (a), Stokes hyper-Raman (b), and anti-Stokes
hyper-Raman scattering (c)

Since the coefficients (∂β/∂q)0 are very small, one needs large incident intensities to observe hyper-Raman scattering. Similar to second-harmonic generation (Vol. 1, Sect. 5.8), hyper-Rayleigh scattering is forbidden for molecules
with a center of inversion. The hyper-Raman effect obeys selection rules that
differ from those of the linear Raman effect. It is therefore very attractive
to molecular spectroscopists since molecular vibrations can be observed in
the hyper-Raman spectrum that are forbidden for infrared as well as for linear Raman transitions. For example, spherical molecules such as CH4 have
no pure rotational Raman spectrum but a hyper-Raman spectrum, which
was found by Maker [3.67]. A general theory for rotational and rotational–
vibrational hyper-Raman scattering has been worked out by Altmann and
Strey [3.68].
The intensity of hyper-Raman lines can be considerably enhanced when
the molecules under investigation are adsorbed at a surface [3.69], because the
surface lowers the symmetry and increases the induced dipole moments.
Similar to the induced Raman effect, the hyper-Raman effect can also be
used to generate coherent radiation in spectral ranges where no intense lasers
exist. One example is the generation of tunable radiation around 16 μm by the
stimulated hyper-Raman effect in strontium vapor [3.70].

3.3.5 Summary of Nonlinear Raman Spectroscopy
In the previous subsections we briefly introduced some nonlinear techniques
of Raman spectroscopy. Besides stimulated Raman spectroscopy, Raman gain
spectroscopy, inverse Raman spectroscopy, and CARS, several other special
techniques such as the Raman-induced Kerr effect [3.71] or coherent Raman
ellipsometry [3.72] also offer attractive alternatives to conventional Raman
spectroscopy.
All these nonlinear techniques represent coherent third-order processes
analogous to saturation spectroscopy, polarization spectroscopy, or two-photon
absorption (Chap. 2), because the magnitude of the nonlinear signal is proportional to the third power of the involved field amplitudes (3.18).
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The advantages of these nonlinear Raman techniques are the greatly increased signal-to-noise ratio and thus the enhanced sensitivity, the higher
spectral and spatial resolution, and in the case of the hyper-Raman spectroscopy, the possibility of measuring higher-order contributions of molecules
in the gaseous, liquid, or solid state to the susceptibility.
Additionally, there are several good books and reviews on nonlinear
Raman spectroscopy. For more thorough information the reader is therefore
referred to [3.11, 3.38, 3.44, 3.48, 3.49, 3.55, 3.57, 3.73].

3.4 Special Techniques
In this section we briefly discuss some special techniques of linear and
nonlinear Raman spectroscopy that have particular advantages for different
applications. These are the resonance Raman effect, surface-enhanced Raman
signals, Raman microscopy, and time-resolved Raman spectroscopy.
3.4.1 Resonance Raman Effect
The Raman scattering cross section can be increased by several orders of
magnitude if the excitation wavelength matches an electronic transition of the
molecule, that is, when it coincides with or comes close to a line in an electronic absorption band. In this case, the denominator in (3.12) becomes very
small for the neighboring lines in this band, and several terms in the sum
(3.12) give large contributions to the signal.
The Raman lines appear predominantly at those downward transitions that
have the largest Franck–Condon factors, that is, the largest overlap of the vibrational wavefunctions in the upper and lower state (Fig. 3.22). Unlike the
nonresonant case, in spontaneous resonance Raman scattering a larger number of Raman lines may appear that are shifted against the excitation line by
several vibrational quanta. They correspond to Raman transitions terminating

Fig. 3.22. Resonance Raman effect
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on higher vibrational levels of the ground electronic state. This is quite similar
to laser-excited fluorescence and opens the possibility to determine the anharmonicity constants of the molecular potential curve or potential surface of the
lower electronic state.
In stimulated Raman scattering the strongest Raman transition will have
the largest gain and reaches threshold before the other transitions can develop.
Just above threshold we therefore expect only a single Raman line in the stimulated Raman spectum, while at higher pump powers more lines will appear.
Resonance Raman scattering is particularly advantageous for samples with
small densities, for example, for gases at low pressures, where the absorption
of the incident radiation is not severe and where nonresonant Raman spectroscopy might not be sufficiently sensitive.
If the excited state lies above the dissociation limit of the upper electronic
state, the scattered Raman light shows a continuous spectrum. The intensity
profile of this spectrum yields information on the repulsive part of the potential in the upper state.
3.4.2 Surface-Enhanced Raman Scattering
The intensity of Raman scattered light may be enhanced by several orders of
magnitude if the molecules are adsorbed on a surface [3.74]. There are several
mechanisms that contribute to this enhancement. Since the amplitude of the
scattered radiation is proportional to the induced dipole moment
pind = α · E ,
the increase of the polarizability α by the interaction of the molecule with the
surface is one of the causes for the enhancement. In the case of metal surfaces, the electric field E at the surface may also be much larger than that of
the incident radiation, which also leads to an increase of the induced dipole
moment. Both effects depend on the orientation of the molecule relative to
the surface normal, on its distance from the surface, and on the morphology,
in particular the roughness of the surface. Small metal clusters on the surface
increase the intensity of the molecular Raman lines. The frequency of the exciting light also has a large influence on the enhancement factor. In the case
of metal surfaces it becomes maximum if it is close to the plasma frequency
of the metal.
Because of these dependencies, surface-enhanced Raman spectroscopy has
been successfully applied for surface analysis and also for tracing small concentrations of adsorbed molecules [3.74].
3.4.3 Raman Microscopy
For the nondestructive investigation of very small samples, for example, parts
of living cells or inclusions in crystals, the combination of microscopy and
Raman spectroscopy turns out to be a very useful technique. The laser beam
is focused into the sample and the Raman spectrum that is emitted from the
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Fig. 3.23. Raman microscopy with suppression of scattered laser light by a triple
monochromator with three apertures Ai

small focal spot is monitored through the microscope with subsequent spectrometer. This also applies to measurements of phase transitions in molecular
crystals under high pressures. These pressures, which reach up to several gigapascals, can be realized with moderate efforts in a small volume between two
diamonds with area A that are pressed together by a force F producing a pressure p = F/A. For example, with F = 103 Pa and A = 10−6 cm2 , one obtains
a pressure of 109 Pa. The phase transitions lead to a frequency shift of molecular vibrations, which are detected by the corresponding shift of the Raman
lines [3.75].
One example of the application of this technique is the investigation of different phases of “fluid inclusions” in a quartz crystal found in the Swiss Alps.
Their Raman spectra permitted determination of CO2 as a gaseous inclusion
and water as a liquid inclusion, and they showed that the mineral thought to
be CaSO4 was in fact CaCO3 [3.76].
A typical experimental arrangement for Raman microscopy is shown in
Fig. 3.23. The output beam of an argon laser or a dye laser is focused
by a microscope objective into the microsample. The backscattered Raman
light is imaged onto the entrance slit of a double or triple monochromator,
which effectively supresses scattered laser light. A CCD camera at the exit
of the monochromator records the wanted spectral range of the Raman radiation [3.74, 3.77, 3.78].

3.4.4 Time-Resolved Raman Spectroscopy
Both linear and nonlinear Raman spectroscopy can be combined with timeresolved detection techniques when pumping with short laser pulses [3.79].
Since Raman spectroscopy allows the determination of molecular parameters from measurements of frequencies and populations of vibrational and
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rotational energy levels, time-resolved techniques give information on energy transfer between vibrational levels or on structural changes of short-lived
intermediate species in chemical reactions. One example is the vibrational
excitation of molecules in liquids and the collisional energy transfer from
the excited vibrational modes into other levels or into translational energy of
the collision partners. These processes proceed on picosecond to femtosecond
time scales [3.78, 3.80].
Time-resolved Raman spectroscopy has proved to be a very useful tool
to elucidate fast processes in biological molecules, for instance, to follow
the fast structural changes during the visual process where, after photoexcitation of rhodopsin molecules, a sequence of energy transfer processes
involving isomerization and proton transfer takes place. This subject is treated
in more detail in Chap. 6 in comparison with other time-resolved techniques.

3.5 Applications of Laser Raman Spectroscopy
The primary object of Raman spectroscopy is the determination of molecular
energy levels and transition probabilities connected with molecular transitions that are not accessible to infrared spectroscopy. Linear laser Raman
spectroscopy, CARS, and hyper-Raman scattering have very successfully
collected many spectroscopic data that could not have been obtained with
other techniques. Besides these basic applications to molecular spectroscopy
there are, however, a number of scientific and technical applications of
Raman spectroscopy to other fields, which have become feasible with the
new methods discussed in the previous sections. We can give only a few
examples.
Since the intensity of spontaneous Raman lines is proportional to the density N(vi , Ji ) of molecules in the initial state (vi , Ji ), Raman spectroscopy can
provide information on the population distribution N(vi , Ji ), its local variation, and on concentrations of molecular constituents in samples. This allows
one, for instance, to probe the temperature in flames or hot gases from the
rotational Raman spectra [3.81–3.84] and to detect deviations from thermal
equilibrium.
With CARS the spatial resolution is greatly increased, in particular if BOX
CARS is used. The focal volume from which the signal radiation is generated can be made smaller than 0.1 mm3 [3.54]. The local density profiles of
reaction products formed in flames or discharges can therefore be accurately
probed without disturbing the sample conditions. The intensity of the stimulated anti-Stokes radiation is proportional to N 2 (3.31). Figure 3.24 shows
for illustration the H2 distribution in a horizontal Bunsen flame, measured
from the CARS spectrum of the Q branch in H2 . The H2 molecules are
formed by the pyrolysis of hydrocarbon molecules [3.58]. Another example
is the measurement of CARS spectra of water vapor in flames, which allowed
one to probe the temperature in the postflame region of a premixed CH4 air
flame [3.82].
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Fig. 3.24a,b. Determination of density profiles of H2 molecules in a flame. R is the distance from the burner axis, z the distance along this axis. The profiles in (a) have been
obtained from the spatial variations of the Q line intensities and spectral profiles shown
in (b). The relative intensities of Q(J ) furthermore allow the determinations of the temperature profiles. The numbers with the horizontal lines give the expected signal heights
fot the labeled temperatures T in [K] [3.58]

With a detection sensitivity of 10 to 100 ppm, CARS is not as good as
some other techniques in monitoring pollutant gases at low concentrations
(Sect. 1.2), but its advantage is the capability to examine a large number
of species quickly by tuning the dye lasers. The good background rejection
allows the use of this technique under conditions of bright background ra-
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diation where other methods may fail [3.83]. Examples are temperature and
concentration measurements of molecular nitrogen, oxygen, and methane in
a high-temperature furnace up to 2000 K [3.84], where the thermal radiation
is much stronger than laser-induced fluorescence. Therefore CARS is the best
choice because the detector can be placed far from the furnace.
A further example of the scientific application of CARS is the investigation of cluster formation in supersonic beams (Sect. 4.3), where the decrease
in the rotational and vibrational temperatures during the adiabatic expansion
(Sect. 4.2) and the degree of cluster formation in dependence on the distance
from the nozzle can be determined [3.85].
CARS has been successfully used for the spectroscopy of chemical reactions (Sect. 8.4). The BOX CARS technique with pulsed lasers offers spectral,
spatial, and time-resolved investigations of collision processes and reactions,
not only in laboratory experiments but also in the tougher surroundings of
factories, in the reaction zone of car engines, and in atmospheric research
(Sect. 10.2 and [3.86, 3.87]).
The detection sensitivity of CARS ranges from 0.1−100 ppm (=
ˆ 10−7 −
−4
relative concentrations) depending on the Raman cross sections. Al10
though other spectroscopic techniques such as laser-induced fluorescence or
resonant two-photon ionization (Sect. 1.2) may reach higher sensitivities, there
are enough examples where CARS is the best or even the only choice, for instance, when the molecules under investigation are not infrared active or have
no electronic transitions within the spectral range of available lasers.
Further information on laser Raman spectroscopy can be found in
[3.88–3.91].

Problems
3.1 What is the minimum detectable concentration Ni of molecules with
a Raman scattering cross section σ = 10−30 cm2 , if the incident cw laser has
10 W output power at λ = 500 nm that is focused into a scattering volume
of 5 mm × 1 mm2 , which can be imaged with 10% collection efficiency onto
a photomultiplier with the quantum efficiency η = 25%? The multiplier dark
current is 10 photoelectrons per second and a signal-to-noise ratio of 3:1
should be achieved.
3.2 The bent water molecule H2 O has three normal vibrations. Which of these
are Raman active and which are infrared active? Are there also vibrations that
are both infrared as well as Raman active?
3.3 A small molecular sample of 1021 molecules in a volume of 5 mm ×
1 mm2 is illuminated by 10 W of argon laser radiation at λ = 488 nm. The
Raman cross section is σ = 10−29 cm2 and the Stokes radiation is shifted
by 1000 cm−1 . Calculate the heat energy dWH / dt generated per second in
the sample, if the molecules do not absorb the laser radiation or the the
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Stokes radiation. How much is dWH / dt increased if the laser wavelength is
close to resonance of an absorbing transition, causing an absorption coefficient
α = 10−1 cm−1 ?
3.4 Estimate the intensity of Raman radiation emerging out of the endface of
an optical fiber of 100-m length and 0.1 − mm ∅, filled with a Raman-active
medium with a molecular density Ni = 1021 cm−3 and a Raman scattering
cross section of φR = 10−30 cm2 , if the laser radiation (1 W) and the Raman
light are both kept inside the fiber by total internal reflection.
3.5 The two parallel incident laser beams with a Gaussian intensity profile
are focused by a lens with f = 5 cm in a BOX CARS arrangement into the
sample. Estimate the spatial resolution, defined by the halfwidth SA (z) of the
CARS signal, when the beam diameter of each beam at the lens is 3 mm and
their separation is 20 mm.

4. Laser Spectroscopy in Molecular Beams

For many years molecular beams were mainly employed for scattering experiments. The combination of new spectroscopic methods with molecular beam
techniques has brought about a wealth of new information on the structure of
atoms and molecules, on details of collision processes, and on fundamentals
of quantum optics and the interaction of light with matter.
There are several aspects of laser spectroscopy performed with molecular beams that have contributed to the success of these combined techniques.
First, the spectral resolution of absorption and fluorescence spectra can be increased by using collimated molecular beams with reduced transverse velocity
components (Sect. 4.1). Second, the internal cooling of molecules during the
adiabatic expansion of supersonic beams compresses their population distribution into the lowest vibrational–rotational levels. This greatly reduces the
number of absorbing levels and results in a drastic simplification of the absorption spectrum (Sect. 4.2).
The low translational temperature achieved in supersonic beams allows
the generation and observation of loosely bound van der Waals complexes
and clusters (Sect. 4.3). The collision-free conditions in molecular beams after
their expansion into a vacuum chamber facilitates saturation of absorbing
levels, since no collisions refill a level depleted by optical pumping. This
makes Doppler-free saturation spectroscopy feasible even at low cw laser intensities (Sect. 4.4).
New techniques of high-resolution laser spectroscopy in beams of positive or negative ions have been developed. These techniques are discussed in
Sects. 4.5 and 4.6.
Several examples illustrate the advantages of molecular beams for spectroscopic investigation. The wide, new field of laser spectroscopy of collision
processes in crossed molecular beams is discussed in Chap. 8.

4.1 Reduction of Doppler Width
Let us assume molecules effusing into a vacuum tank from a small hole A
in an oven that is filled with a gas or vapor at pressure p (Fig. 4.1). The molecular density behind A and the background pressure in the vacuum tank are
sufficiently low to assure a large mean free path of the effusing molecules,
such that collisions can be neglected. The number N(θ) of molecules that
travel into the cone θ ± dθ around the direction θ against the symmetry axis
(which we choose to be the z-axis) is proportional to cos θ. A slit B with
width b, at a distance d from the point source A, selects a small angular in-

176

4. Laser Spectroscopy in Molecular Beams

Fig. 4.1a–c. Laser excitation spectroscopy with reduced Doppler width in a collimated
molecular beam: (a) schematic experimental arrangement; (b) collimation ratio (c) density
profile n(x) in a collimated beam effusing from a point source A

terval − ≤ θ ≤ + around θ = 0 (Fig. 4.1). The molecules passing through
the slit B, which is parallel to the y-axis, form a molecular beam in the
z-direction, collimated with respect to the x-direction. The collimation ratio
is defined by (Fig. 4.1b)
b
vx
.
= tan  =
vz
2d

(4.1)

If the source diameter is small compared with the slit width b and if b  d
(which means   1), the flux density behind the slit B is approximately constant across the beam diameter, since cos θ  1 for θ  1. For this case, the
density profile of the molecular beam is illustrated in Fig. 4.1c.
The density n(v) dv of molecules with velocities v = |v| inside the interval v to v + dv in a molecular beam at thermal equilibrium, which effuses
with the most probable velocity vp = (2kT/m)1/2 into the z-direction, can be
described at the distance r = (z 2 + x 2 )1/2 from the source A as
cos θ 2 −(v/vp )2
nv e
dv ,
(4.2)
r2
√
where the normalization factor# C = (4/ π)vp−3 assures that the total density n of the molecules is n = n(v) dv.
#
Note: The mean flux density is N = nv = vn(v) dv.
n(v, r, θ) dv = C

If the collimated molecular beam is crossed perpendicularly with a monochromatic laser beam with frequency ω propagating into the x-direction,
the absorption probability for each molecule depends on its velocity component vx . In Vol. 1, Sect. 3.2 it was shown that the center frequency of
a molecular transition, which is ω0 in the rest frame of the moving molecule,
is Doppler shifted to a frequency ω0 according to
ω0 = ω0 − k · v = ω0 − kvx ,

k = |k| .

(4.3)
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Only those molecules with velocity components vx in the interval dvx =
δωn /k around vx = (ω − ω0 )/k essentially contribute to the absorption of the
monochromatic laser wave, because these molecules are shifted into resonance
with the laser frequency ω within the natural linewidth δωn of the absorbing
transition.
When the laser beam in the x–z-plane (y = 0) travels along the x-direction
through the molecular beam, its power decreases as
⎡ x
⎤
2
(4.4)
P(ω) = P0 exp ⎣− α(ω, x) dx ⎦ .
x1

The absorption within the distance Δx = x2 − x1 inside the molecular beam is
generally extremely small. Typical figures for ΔP(ω) = P0 − P(x2 , ω) range
from 10−4 to 10−15 of the incident power. We can therefore use the approximation e−x  1 − x and obtain with the absorption coefficient

α(ω, x) = n(vx , x)σ(ω, vx ) dvx ,
(4.5)
the spectral profile of the absorbed power
⎡
⎤
+∞ x2
⎣ n(vx , x)σ(ω, vx ) dx ⎦ dvx .
ΔP(ω) = P0
−∞

(4.6)

x1

With vx = (x/r)v → dvx = (x/r) dv and cos θ = z/r, we derive from (4.2) for
the molecular density


z
n(vx , x) dvx = Cn 3 v2x exp −(rvx /xvp )2 dvx .
(4.7)
x
The absorption cross section σ(ω, vx ) describes the absorption of a monochromatic wave of frequency ω by a molecule with a velocity component vx .
Its spectral profile is represented by a Lorentzian (Vol. 1, Sect. 3.6), namely
σ(ω, vx ) = σ0

(γ/2)2
= σ0 L(ω − ω0 , γ) .
(ω − ω0 − kvx )2 + (γ/2)2

(4.8)

Inserting (4.7) and (4.8) into (4.6) yields the absorption profile

 ⎤
⎡
(
)
+∞ x2
exp −c2 Δω20 1 + z 2 /x 2 /ω20 vp2
⎣ Δω20
ΔP(ω) = a1
dx ⎦ dΔω0 ,
(ω − ω0 − kvx )2 + (γ/2)2
−∞

x1

√
with a1 = P0 nσ0 γc3 z/( πvp3 ω30 ), and Δω0 = ω0 − ω0 = vx ω0 /c, where ω0 =
ω0 + kvx is the Doppler-shifted eigenfrequency ω0 . The integration over Δω0
extends from −∞ to +∞ since the velocities v are spread from 0 to ∞.
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The integration over x is analytically possible and yields with x1 =
−r sin , x2 = +r sin 
 
 
c(ω−ω0 ) 2
+∞


 exp − ω v sin 
cγ 2
0 p
ΔP(ω) = a2
dω0 , with a2 = a1
.
2zω0
(ω − ω0 )2 + (γ/2)2
−∞

(4.9)
This represents a Voigt profile, that is, a convolution product of a Lorentzian
function with halfwidth γ and a Doppler function. A comparison with Vol. 1,
(3.33) shows, however, that the Doppler width is reduced by the factor
sin  = vx /v = b/2d, which equals the collimation ratio of the beam. The collimation of the molecular beam therefore reduces the Doppler width Δω0 of
the absorption lines to the width
Δω∗D = ΔωD sin  ,

√
with ΔωD = 2ω0 (vp /c) ln 2 ,

(4.10)

where ΔωD is the corresponding Doppler width in a gas at thermal equilibrium.
Example 4.1.
Typical figures of b = 1 mm and d = 5 cm yield a collimation ratio
b/(2d) = 1/100. This brings the Doppler width Δν0 = Δω0 /2π ≈
∗ = Δω∗ /2π ≈ 15 MHz, which is of the same order
1500 MHz down to ΔνD
D
of magnitude as the natural linewidth γ of many molecular transitions.

Note: For larger diameters of the oven hole A, the density profile n(x) of the
molecular beam is no longer rectangular but decreases gradually beyond the
limiting angles θ = ±. For Δω∗D > γ , the absorption profile is then altered
compared to that in (4.9), while for Δω∗D  γ the difference is negligible because the Lorentzian profile is dominant in the latter case [4.1].
The technique of reducing the Doppler width by the collimation of molecular beams was employed before the invention of lasers to produce light
sources with narrow emission lines [4.2]. Atoms in a collimated beam were
excited by electron impact. The fluorescence lines emitted by the excited
atoms showed a reduced Doppler width if observed in a direction perpendicular to the atomic beam. However, the intensity of these atomic beam
light sources was very weak and only the application of intense monochromatic, tunable lasers has allowed one to take full advantage of this method of
Doppler-free spectroscopy.
A typical laser spectrometer for sub-Doppler excitation spectroscopy in
a collimated molecular beam is shown in Fig. 4.2. The laser wavelength λL
is controlled by a computer, which also records the laser-induced fluorescence
IFl (λL ). Spectral regions in the UV can be covered by frequency-doubling the
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Fig. 4.2. Laser spectrometer for sub-Doppler excitation spectroscopy in a collimated
molecular beam

Fig. 4.3. (a) Hyperfine structure of rotational lines in the A 1 Σu ← X 1 Σ+
g system of Na2 ,
caused by spin–orbit coupling between the A 1 Σu and a 3 Πu state [4.3]; and (b) enlarged
scan of the HF multiplet of the R(23) line
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visible laser frequency in a nonlinear optical crystal, such as LiIO3 . For effective collection of the fluorescence, the optical system of Fig. 1.21 can be
utilized. The transmission peaks of a long FPI give frequency marks separated
by the free spectral range δν = c/2d of the FPI (Sect. 4.3). The absolute laser
wavelength is measured by a wavemeter described in Sect. 4.4.
The achievable spectral resolution is demonstrated by Fig. 4.3, which
shows a small section of the Na2 spectrum of the A 1 Σu ← X 1 Σg system.
Because of spin–orbit coupling with a 3 Πu state, some rotational levels of
the A 1 Σu state are mixed with levels of the 3 Πu state and therefore show
hyperfine splittings [4.3].
Particularly for polyatomic molecules with their complex visible absorption spectra, the reduction of the Doppler width is essential for the resolution
of single lines [4.5]. This is illustrated by a section from the excitation spectrum of the SO2 molecule, excited with a single-mode frequency-doubled dye
laser tunable around λ = 304 nm (Fig. 4.4b). For comparison the same section
of the spectrum as obtained with Doppler-limited laser spectroscopy in an SO2
cell is shown in Fig. 4.4a [4.4].

Fig. 4.4a,b. Section of the excitation spectrum of SO2 : (a) taken in a SO2 cell at 0.1 mbar
with Doppler-limited resolution; (b) taken in a collimated SO2 beam [4.4]
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Fig. 4.5. Experimental setup for sub-Doppler spectroscopy in a collimated molecular
beam. Photomultiplier PM1 monitors the total undispersed fluorescence, while PM2 behind a monochromator measures the dispersed fluorescence spectrum. The mass-specific
absorption can be monitored by resonant two-color two-photon ionization in the ion
source of a mass spectrometer

The possibilities of molecular beam spectroscopy can be enhanced by allowing for spectrally resolved fluorescence detection or for resonant two-photon ionization in combination with a mass spectrometer. Such a molecular
beam apparatus is shown in Fig. 4.5. The photomultiplier PM1 monitors the
total fluorescence IFl (λL ) as a function of the laser wavelength λL (excitation
spectrum, Sect. 1.3). Photomultiplier PM2 records the dispersed fluorescence
spectrum excited at a fixed laser wavelength, where the laser is stabilized onto
a selected molecular absorption line. In a second crossing point of the molecular beam with two laser beams within the ion chamber of a quadrupole mass
spectrometer, the molecules are selectively excited by laser L1 and the excited
molecules are ionized by L2. The ions are extracted into the mass spectrometer and detected by an ion detector, such as a channeltron or an ion multiplier.
This allows the selection of spectra of specific molecules (for example, isotopomers) when several species are present in the molecular beam.
The excitation spectrum can be further simplified and its analysis facilitated by recording a filtered excitation spectrum (Fig. 4.6b). The monochromator is set to a selected vibrational band of the fluorescence spectrum while the
laser is tuned through the absorption spectrum. Then only transitions to those
upper levels appear in the excitation spectrum that emit fluorescence into the
selected band. These are levels with a certain symmetry, determined by the
selected fluorescence band.
The selective excitation of single upper levels, which is possible in molecular beams with sufficiently good collimation, results even in polyatomic
molecules in astonishingly simple fluorescence spectra. This is, for example,
demonstrated in Fig. 1.51 for the NO2 molecule, which is excited at a fixed
wavelength λL = 592 nm. The fluorescence spectrum consists of readily as-
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Fig. 4.6a,b. Section of the spectrum of NO2 excited at λex = 488 nm in a collimated
NO2 beam with a collimation ratio of sin  = 1/80: (a) Total fluorescence monitored; and
(b) filtered excitation spectrum, where instead of the total fluorescence only the fluorescence band at λ = 535.6 nm for the lower vibrational level (0,10) was monitored by PM2
behind a monochromator [4.6]

signed vibrational bands that are composed of three rotational lines (strong
P and R lines, and weak Q lines).
Instead of measuring the fluorescence intensity IFl (λL ), the excitation
spectrum can also be monitored via resonant two-photon ionization (RTPI).
This is illustrated by Fig. 4.7, which shows a RTPI spectrum of a band head
of the Cs2 molecule, excited by a tunable cw dye laser and ionized by a cw
argon laser [4.7] using the arrangement of Fig. 4.5.
Besides these three examples, a large number of atoms and molecules have
been studied in molecular beams with high spectral resolution. For atoms
mainly hyperfine structure splittings, isotope shifts, and Zeeman splittings
have been investigated by this technique, because these splittings are generally
so small that they may be completely masked in Doppler-limited spectroscopy
[4.6, 4.7]. An impressive illustration of the sensitivity of this technique is the
measurement of nuclear-charge radii and nuclear moments of stable and radioactive unstable isotopes through the resolution of optical hfs splittings and
isotope shifts performed by several groups [4.8, 4.9]. Even spurious concentrations of short-lived radioactive isotopes could be measured in combination
with an on-line mass separator. From the hfs-splittings the properties of the
radioactive nuclei, such as the charge radius, the nuclear spin and the spatial
neutron distribution can be deduced. E. Otten, H.J. Kluge and their groups
have performed precision measurements of several short lived isotopes. One
example, shown in Fig. 4.8 is the hfs of the radioactive isotopes 8 Li and
9 Li from which the spatial distribution of the additional neutrons can be inferred [4.10].
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Fig. 4.7. Absorption spectrum of the (0–0) band head of the C 1 Πu ← X 1 Σ+
g system
of Cs2 , monitored by resonant two-photon ionization spectroscopy in a cold collimated
Ar beam seeded with cesium

Fig. 4.8. Hyperfine structure of the radioactive lithium isotopes 8 Li and 9 Li [4.11]

For molecules the line densities are much higher, and often the rotational
structure can only be resolved by sub-Doppler spectroscopy. Limiting the collimation angle of the molecular beam below 2 ×10−3 rad, the residual Doppler
width can be reduced to values below 500 kHz. Such high-resolution spectra with linewidths of less than 150 kHz could be, for instance, achieved in
a molecular iodine beam since the residual Doppler width of the heavy I2
molecules, which is proportional to m −1/2 , is already below this value for a
collimation ratio  ≤ 4 ×10−4 [4.12]. At such small linewidths the transit-time
broadening from the finite interaction time of the molecules with a focused
laser beam is no longer negligible, since the spontaneous lifetime already exceeds the transit time.
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More examples of sub-Doppler spectroscopy in atomic or molecular beams
can be found in reviews on this field by Jacquinot [4.13], and Lange et al.
[4.14], in the two-volume edition on molecular beams by Scoles [4.15], as
well as in [4.16–4.19].

4.2 Adiabatic Cooling in Supersonic Beams
For effusive beams discussed in the previous section, the pressure in the
reservoir is so low that the mean free path Λ of the molecules is large compared with the diameter a of the hole A. This implies that collisions during
the expansion can be neglected. Now we will treat the case where Λ  a.
This means that the molecules suffer many collisions during their passage
through A and in the spatial region behind A. In this case the expanding gas
may be described by a hydrodynamic-flow model [4.20]: the expansion occurs
so rapidly that essentially no heat exchange occurs between the gas and the
walls, the expansion is adiabatic, and the enthalpy per mole of the expanding
gas is conserved.
The total energy E of a mole with mass M is the sum of the internal
energy U = Utrans + Urot + Uvib of a gas volume at rest in the reservoir, its potential energy pV , and the kinetic-flow energy 12 Mu 2 of the gas expanding
with the mean flow velocity u(z) in the z-direction into the vacuum. Energy
conservation demands for the total energy before and after the expansion
U0 + p0 V0 + 12 Mu 20 = U + pV + 12 Mu 2 .

(4.11)

If the mass flow dM/ dt through A is small compared to the total mass of
the gas in the reservoir, we can assume thermal equilibrium inside the reservoir, which implies u 0 = 0. Since the gas expands into the vacuum chamber,
the pressure after the expansion is small ( p  p0 ). Therefore we may approximate (4.11) by setting p = 0, which yields
U0 + p0 V0 = U + 12 Mu 2 .

(4.12)

This equation illustrates that a “cold beam” with small internal energy U is
obtained, if most of the initial energy U0 + p0 V0 is converted into kinetic-flow
energy 12 Mu 2 . The flow velocity u may exceed the local velocity of sound
c( p, T ). In this case a supersonic beam is produced. In the limiting case of
total conversion we would expect U = 0, which means T = 0. We will later
discuss several reasons why this ideal case cannot be reached in reality.
The decrease of the internal energy means also a decrease of the relative
velocities of the molecules. In a microscopic model this may be understood
as follows (Fig. 4.9): during the expansion the faster molecules collide with
slower ones flying ahead and transfer kinetic energy.
The energy transfer rate decreases with decreasing relative velocity and decreasing density and is therefore important only during the first stage of the
expansion. Head-on collisions with impact parameter zero narrow the velocity
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Fig. 4.9. Molecular model of adiabatic cooling by collisions during the expansion from
a reservoir with a Maxwellian velocity distribution into the directed molecular flow with
a narrow distribution around the flow velocity u [4.22]

distribution n(v ) of velocity components v = vz parallel to the flow velocity u in the z-direction. This results in a modified Maxwellian distribution


m(vz − u)2
,
(4.13)
n(vz ) = C1 exp −
2kT
around the flow velocity u. This distribution may be characterized by the
translational temperature T , which is a measure of the width of the distribution (4.13).
For collisions with nonzero impact parameter both collision partners are
deflected. If the deflection angle is larger than the collimation angle , these
molecules can no longer pass the collimating aperture B in Fig. 4.1. The aperture causes for effusive as well as for supersonic beams a reduction of the
transverse velocity components. Along the beam axis z the width of the distribution n(vx ) measured within a fixed spatial interval Δx, which can be set by
the optics for LIF detection, decreases proportionally to Δx/z. This is often
named geometrical cooling because the reduction of the width of n(vx ) is not
caused by collision but by a pure geometrical effect. The transverse velocity
distribution




mv2x
mv2 sin2 
= C2 exp −
,
(4.14)
n(vx ) = C2 exp −
2kT⊥
2kT⊥
is often characterized by a transverse temperature T⊥ , which is determined
by the velocity distribution n(v), the collimation ratio tan  = vx /vz = b/2d,
or sin  = vx /v and the distance z from the nozzle.
The reduction of the velocity distributions n(vx ) and n(vz ) can be measured with different spectroscopic techniques. The first method is based on
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Fig. 4.10. Determination of the velocity distributions n(v ) and n(v⊥ ) by measuring the
Doppler profile of absorption lines in a thermal, effusive NO2 beam [4.22]

measurements of the Doppler profiles of absorption lines (Fig. 4.10). The
beam of a single-mode dye laser is split into one beam that crosses the molecular beam perpendicularly, and another that is directed anticollinearly to the
molecular beam. The maximum ωm of the Doppler-shifted absorption profile
yields the most probable velocity vp = (ω0 − ωm )/k, while the absorption profiles of the two arrangements give the distribution n(v ) and n(v⊥ ) [4.21, 4.22].
The second method is based on a time-of-flight measurement. The laser
beam is again split, but now both partial beams cross the molecular beam
perpendicularly at different positions z 1 and z 2 (Fig. 4.11). When the laser is

Fig. 4.11. Quantum-state-specific determination of the velocity distribution n(i, v ) of
molecules in an absorbing level |i = (vi , Ji ) by time-of-flight measurements
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tuned to a molecular transition |i → |k the lower level |i = (vi , Ji ) is partly
depleted due to optical pumping. The second laser beam therefore experiences
a smaller absorption and produces a smaller fluorescence signal. In the case
of molecules even small intensities are sufficient to saturate a transition and
to completely deplete the lower level (Sect. 2.1).
If the first laser beam is interrupted at the time t0 for a time interval Δt
that is short compared to the transit time T = (z 2 − z 1 )/v (this can be realized by a Pockels cell or a fast mechanical chopper), a pulse of molecules
in level |i can pass the pump region without being depleted. Because of
their velocity distribution, the different molecules reach z 2 at different times
t = t0 + T . The time-resolved detection of the fluorescence intensity IFl (t)
induced by the second, noninterrupted laser beam yields the distribution
n(T ) = n(Δz/v), which can be converted by a Fourier transformation into the
velocity distribution n(v). Figure 4.12 shows as an example the velocity distribution of Na atoms and Na2 molecules in a sodium beam in the intermediate
range between effusive and supersonic conditions. If the molecules Na2 had
been formed in the reservoir before the expansion, one would expect the re-

Fig. 4.12. Time-of-flight distribution of Na atoms and Na2 molecules in two different
vibrational–rotational levels (v = 3, J = 43) and (v = 0, J = 28) [4.23]
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√
lation vp (Na) = 2vp (Na2 ) because the mass m(Na2 ) = 2m(Na). The result
of Fig. 4.12 proves that the Na2 molecules have a larger most probable velocity vp . This implies that most of the dimers are formed during the adiabatic
expansion [4.23].
The laser spectroscopic techniques provide much more detailed information about the state-dependent velocity distribution than measurements with
mechanical velocity selectors. Note that in Fig. 4.12 not only vp (Na2 ) >
vp (Na) but the velocity distribution of the Na2 molecules differs for different
vibration–rotation levels (v, J ). This is due to the fact that molecules are being formed by stabilizing collisions during the adiabatic expansion. Molecules
in lower states have suffered more collisions with atoms of the “cold bath.”
Their distribution n(v) becomes narrower and their most probable velocity vp
more closely approaches the flow velocity u.
The main advantage of cold molecular beams for molecular spectroscopy
is the decrease of rotational energy Urot and vibrational energy Uvib , which
results in a compression of the population distribution n(v, J ) into the lowest
vibrational and rotational levels. This energy transfer proceeds via collisions
during the adiabatic expansion (Fig. 4.13). Since the cross sections for collisional energy transfer Urot → Utrans are generally smaller than for elastic
collisions (Utrans → Utrans ), the rotational energy of the molecules before
the expansion cannot be completely transferred into flow energy during the
short time interval of the expansion, where collisions are important. This implies that after the expansion Urot > Utrans , which means that the translational
energy of the relative velocities (internal kinetic energy) has cooled faster
than the rotational energy. The rotational degrees of freedom are not completely in thermal equilibrium with the translation. However, for molecules
with sufficiently small rotational constants, the cross sections σrot–rot for collisional redistribution within the manifold of rotational levels may be larger
than σrot–trans . In these cases it is often possible to describe the rotational
population n(J ) approximately by a Boltzmann distribution


E rot
,
(4.15)
n(J ) = C2 (2J + 1) exp −
kTrot
where C2 = n v /Z is a constant, depending on the partition function Z and the
total population density n v in a vibrational level. This defines a rotational temperature Trot , which is higher than the translational temperature T defined by
(4.13).

Fig. 4.13. Energy transfer diagram for adiabatic cooling in supersonic molecular beams

4.2 Adiabatic Cooling in Supersonic Beams

189

The rotational temperature can be determined experimentally by measuring
relative intensities of the absorption lines
Iabs = C1 n i (vi , Ji )Bik ρ L ,

(4.16a)

for different rotational lines in the same vibrational band, starting from different rotational levels |Ji  in the lower state. If the laser intensity IL = ρL c
is sufficiently low, saturation can be neglected and the line intensities (monitored, for instance, by laser-induced fluorescence, LIF) are proportional to the
unsaturated population densities n 1 (vi Ji ).
For unperturbed transitions the relative transition propabilities of different
rotational lines in the same vibrational bands are given by the corresponding
Hönl–London factors [4.24] and can thus be readily calculated. In case of perturbed spectra this may be no longer true. Here the following alternatives can
be used:
• If the laser intensity is sufficiently large the molecular transitions are saturated. In the case of complete saturation (S  1, Sect. 2.1) every molecule
in the absorbing level |i passing through the laser beam will absorb
a photon. The intensity of the absorption line is then independent of
the transition probability Bik but only depends on the molecular flux
N(vi , Ji ) = u(vi , Ji ) × n(vi , Ji ). We then obtain instead of (4.16a)
Iabs = C2 u(vi , Ji )n(vi , Ji ) .

(4.16b)

• Another possibility for the determination of Trot in the case of perturbed
spectra is based on the following procedure: at first the relative intensities Ith (v, J ) are measured in an effusive thermal beam with a sufficiently
low pressure p0 in the reservoir. Here the population distribution n(v, J )
of the total density n can still be described by a Boltzmann distribution
n th (vi , Ji ) = (gi /Z ) · n exp(−E i /kT0 ) ,

with the partition function Z = i gi e−Ei /kT0 and the reservoir temperature T0 since cooling is negligible. Then the changes in the relative
intensities are observed while the pressure p0 is increased and adiabatic
cooling starts. This yields the dependence Trot ( p0 , T0 ) of rotational temperatures in the supersonic beam on the reservoir parameters p0 and T0 .
If the intensities in the supersonic beam are named Is (v, J ), we obtain
n s (vi , Ji )/n s (vk , Jk )
Is (vi , Ji )/Is (vk , Jk )
=
.
Ith (vi , Ji )/Ith (vk , Jk ) n th (vi , Ji )/n th (vk , Jk )

(4.17)

Since the relative Boltzmann distribution in the thermal beam is
n th (vi , Ji )
gi
= e−(Ei −Ek )/kT0 ,
n th (vk , Jk ) gk

(4.18)
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we can determine the rotational and vibrational temperatures Trot and Tvib
with (4.15)–(4.18) from the equation
n(vi Ji ) = (gi /Z ) · n e−Evib /kTvib e−Erot /kTrot ,

(4.19)

where gi = gvib grot is the statistical weight factor.
The cross sections σvib–trans or σvib–rot are generally much smaller than
σrot–trans . This implies that the cooling of vibrational energy is less effective
than that of E rot . Although the population distribution n(v) deviates more or
less from a Boltzmann distribution, it is often described by the vibrational
temperature Tvib . From the discussion above we can deduce the relation
Ttrans < Trot < Tvib .

(4.20)

The lowest translational temperatures T < 1 K can be reached with supersonic
beams of noble gas atoms. The reason for this fact is the following:
If two atoms A recombine during the expansion to form a dimer A2 , the
binding energy is transferred to a third collision partner. This results in heating
of the cold beam and prevents the translational temperature from reaching its
lowest possible value. Since the binding energy of noble gas atoms is very
small, this heating effect is generally negligible in beams of noble gas atoms.
In order to reach low values of Trot for molecules, it is advantageous to use
noble gas atomic beams that are “seeded” with a few percent of the wanted
molecules. The cold bath of the atoms acts as a heat sink for the transfer
of rotational energy of the molecules to translational energy of the atoms.
This effect is demonstrated by Fig. 4.14, which shows the rotational temperature Trot as a function of the pressure p0 in the reservoir for a pure NO2 beam
and an argon beam seeded with 5% NO2 molecules.

Fig. 4.14. Rotational temperature Trot of
NO2 molecules in a pure NO2 beam (a)
and in an argon beam seeded with 5%
NO2 (b) as a function of the pressure p0
in the reservoir
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Example 4.2.
In a molecular beam of 3% NO2 diluted in argon one measures at a total
pressure of p0 = 1 bar in the reservoir and a nozzle diameter a = 100 μm
Ttrans ≈ 1 K,

Trot ≈ 5−10 K,

Tvib ≈ 50−100 K .

Because of the small cross sections σvib–trans , vibrational cooling in seeded
noble gas beams is not as effective. Here a beam of cold inert molecules such

Fig. 4.15a–d. Section of the excitation spectrum of NO2 obtained under different experimental conditions: (a) in a vapor cell at T = 300 K, p(NO2 ) = 0.05 mbar; (b) in a pure
NO2 beam at Trot = 30 K; (c) in a supersonic argon beam seeded with 5% NO2 at
Trot = 3 K, where (a–c) were excited with a dye laser with 0.05-nm bandwidth [4.26];
(d) 0.01-nm section of (b) recorded with a single-mode dye laser (1-MHz bandwidth)
[4.27]
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as nitrogen N2 or SF6 seeded with the molecules M under investigation may
be better for cooling Tvib by vibrational–vibrational energy transfer [4.25].
The reduction of Trot and Tvib results in a drastic simplification of the
molecular absorption spectrum because only the lowest, still populated levels
contribute to the absorption. Transitions from low rotational levels become
stronger, those from higher rotational levels are nearly completely eliminated.
Even complex spectra, where several bands may overlap at room temperature, reduce at sufficiently low rotational temperatures in cold beams to
a few rotational lines for each band, which are grouped around the band
head. This greatly facilitates their assignments and allows one to determine
the band origins more reliably. For illustration, Fig. 4.15 depicts the same
section of the visible NO2 spectrum recorded under different experimental
conditions. While in the congested spectrum at room temperature no spectral
lines can be recognized, the spectrum at Trot = 3 K in a cold He jet seeded
with NO2 [4.26] clearly demonstrates the cooling effect and shows the wellseparated manifold of vibronic bands. The spectrum in Fig. 4.15d shows one
band recorded with sub-Doppler resolution at Trot = 80 K, where rotational
levels up to J = 12 are populated.
In addition, a large number of molecules has been investigated in cold
molecular beams. Even large biomolecules become accessible to laser spectroscopic techniques [4.26–4.31].
Rotational temperatures Trot < 1 K have been achieved with pulsed supersonic beams. A valve between the reservoir and nozzle opens for times
Δt ≈ 0.1−1 ms with repetition frequencies f adapted to that of the pulsed
lasers. Pressures p0 up to 100 bar are used, which demand only modest pumping speeds because of the small duty cycle Δt · f  1.

4.3 Formation and Spectroscopy of Clusters
and Van der Waals Molecules in Cold Molecular Beams
Because of their small relative velocities Δv (Fig. 4.9), atoms A or molecules M with mass m may recombine to bound systems An or Mn (n =
2, 3, 4, . . . ) if the small translational energy 12 mΔv2 of their relative motion
can be transferred to a third collision partner (which may be another atom or
molecule or the wall of the nozzle). This results in the formation of loosely
bound atomic or molecular complexes (e.g., NaHe, I2 He4 ) or clusters that are
bound systems of n equal atoms or molecules (e.g., Nan , Arn , (H2 O)n , where
n = 2, 3, . . . ).
In a thermodynamic model condensation takes place if the vapor pressure
of the condensating substance falls below the total local pressure. The vapor
pressure
ps = A e−B/T ,
in the expanding beam decreases exponentially with decreasing temperature T , while the total pressure pt decreases because of the decreasing density
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Fig. 4.16. Vapor pressure ps of
argon and local total pressure
ploc as a function of normalized
distance z ∗ = z/d from the nozzle in units of the nozzle diameter d for different stagnation
pressures p0 in the reservoir.
Condensation can take place in
the hatched areas. The numbers
of three-body collisions at the
points where ps = ploc are also
given [4.32]

in the expanding beam and the falling temperature (Fig. 4.16). If sufficient
three-body collisions occur in regions where ps ≤ pt recombination can take
place.
Clusters represent a transition regime between molecules and small liquid
drops or small solid particles, and they have therefore found increasing interest [4.33–4.36]. Laser spectroscopy has contributed in an outstanding way to
the investigation of cluster structures and dynamics. A typical experimental arrangement for the study of small metal clusters is shown in Fig. 4.5. The metal
vapor is produced in an oven and mixed with argon. The mixture expands
through a small nozzle (∼50-μm diameter) and cools to rotational temperatures of a few Kelvin. Resonant two-photon ionization with a tunable dye laser
and an argon-ion laser converts the clusters An (i) in a specified level |i into
ions, which are monitored behind a quadrupole mass spectrometer in order
to select the wanted cluster species An [4.37]. If the wavelength of the ionizing laser is chosen properly, fragmentation of the ionized clusters A+
n can
be avoided or at least minimized, and the measured mass distribution N(A+
n)
represents the distribution of the neutral clusters N(An ), which can be studied
as a function of the oven parameters ( p0 , T0 ), seed-gas concentration, and the
nozzle diameter [4.38]. This gives information about the nucleation process of
clusters during the expansion of a supersonic beam.
The unimolecular dissociation of cluster ions after photoexcitation can be
used to determine their binding energy as a function of cluster size [4.39] with
the apparatus shown schematically in Fig. 4.17. The clusters, formed during
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Fig. 4.17. Time-of-flight molecular beam apparatus for the measurement of cluster fragmentation

the adiabatic expansion through the nozzle, are photoionized by a pulsed UV
laser L1 in region 1. After acceleration the ions fly through a field-free region 2 and pass deflection plates at a time t that depends on their mass. When
the wanted cluster mass arrives at the deflection region the deflecting voltage is switched off, allowing this species to fly straight on. In region 3 the
related cluster ions are excited by a second tunable laser L2, which results
in their fragmentation. The fragments are detected by a time-of-flight mass
spectrometer.
Clusters are often floppy systems, which do not have a rigid molecular
geometry. Their spectroscopy therefore offers the possibility to study new behavior of quantum systems between regular, “well-behaved” molecules with
normal vibrations and classically chaotic systems with irregular movements
of the nuclei [4.40].
The most intensively studied clusters are alkali-metal clusters [4.41–4.44],
where the stability and the ionization energies have been measured as have
the electronic spectra and their transition from localized molecular orbitals to
delocalized band structure of solids [4.45, 4.46].
Molecular clusters are also formed during the adiabatic expansion of free
jets. Examples are the production of benzene clusters (C6 H6 )n and their analysis by two-photon ionization in a reflectron [4.47], or the determination of
the structure and ionization potential of benzene–argon complexes by twocolor resonance-enhanced two-photon ionization techniques [4.48].
The structure of molecular complexes in their electronic ground state can
be obtained from direct IR laser absorption spectroscopy in pulsed supersonicslit jet expansions [4.49]. This allows one to follow the formation rate of
clusters and complexes during the adiabatic expansion [4.51]. Selective photodissociation of van der Waals clusters by infrared lasers may be used for
isotope separation [4.52].
An interesting technique for the production of metal clusters has been developed by Smalley et al. [4.53]. A slowly rotating metal rod is irradiated by
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Fig. 4.18. Production of cold metal clusters by laser evaporation of metal vapors

pulses from a Nd:YAG laser (Fig. 4.18). The metal vapor produced by evaporation of material in the focal spot on the rod surface is mixed with a noble
gas, which is let into the evaporation chamber through a pulsed nozzle synchronized with the laser pulses. The resulting mixture of noble gas and metal
vapor expands through a narrow nozzle. In the resulting supersonic pulsed jet,
metal clusters are formed, which can be analyzed by their fluorescence induced by laser L1 or by two-photon ionization with L2. The mass distribution
can be measured with a time-of-flight spectrometer.
With this technique metal clusters of materials with high melting points
could be produced, which are more difficult to realize by evaporation in hot
furnaces. A famous example of carbon clusters formed by this technique for
the first time were the fullerenes C60 , C70 , etc. [4.54].
An elegant technique for studying van der Waals complexes at low temperatures was developed by Toennies and coworkers [4.55]. A beam of large
He clusters (104 −105 He atoms) passes through a region with a suffient vapor
pressure of atoms or molecules. The He droplets pick up a molecule which either sticks to the surface or diffuses into the central part of the droplet, where
it is cooled down to a low temperature of 100 mK up to a few Kelvin (see
Fig. 4.19). Since the interaction with the He atoms is very small, the spectrum of this trapped molecule does not differ much from that of a free cold
molecule. However, unlike cooling during the adiabatic expansion of a supersonic jet, where Tvib > Trot > Ttrans , in this case Trot = Tvib = THe [4.56–4.58].
This implies that all molecules are at their lowest vibration-rotational levels
and the absorption spectrum becomes considerably simplified.
At temperatures below 2 K, the inner part of the He droplet becomes
superfluid. In this case the molecules imbedded in the droplet can freely rotate, which shows up in their rotational absorption spectrum. For illustration,
Fig. 4.20 shows a section of the infrared spectrum of formic acid molecules
and their dimers [4.59]. High-resolution spectroscopy of small molecules such
as NO has been performed for He droplets, where the hyperfine structure
could be resolved [4.60].
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Fig. 4.19. Experimental setup for the production of He droplets, pick-up of molecules and
IR-spectroscopy of molecules in He droplets, using depletion spectroscopy [P. Toennies,
http://wwwuser.gwdg.de/mpisfto/]

Fig. 4.20. Section of the formic acid HCOOH and its dimer in cold He droplets with and
without an external electric field [4.59]
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Interesting studies of high-spin alkali clusters attached to He droplets have
been performed by several groups [4.61]. The cold He droplets pass through
an alkali vapor where they pick up alkali atoms. On the surfaces of the
droplets the atoms can diffuse and recombine into dimers, trimers and larger
clusters. If they recombine into their electronic ground state, the large binding
energy releases a correspondingly large recombination energy, which results
in the heating of the droplet and the evaporation of the alkali atoms. Therefore they can be attached to the surface only if they recombine into high-spin
states which have a much smaller binding energy.
This technique provides access to the spectroscopy of high-spin states
which are not readily formed in the gas phase, and furthermore it allows these
clusters with the helium droplets to be investigated by observing their level
shifts.
A similar technique, where alkali molecules and clusters in high spin
states are formed, was invented by Scoles and coworkers [4.63]. Here the
He-clusters pass through a region with high alkali vapor pressure. The alkali atoms condense at the surface of the He clusters. Alkali atoms meet and
recombine by migration along the surface. Since the singlet states of alkali
dimers have a large binding energy, which is transferred to the He cluster, this
leads to the evaporation of many He atoms and may completely destroy the
cluster. However, the formation of triplet states with a much smaller binding
energy will evaporate only a few He atoms. The alkali dimers and multimers
in high spin states rapidly adjust their temperature to that of the He cluster.
They can be studied by laser spectroscopy, thus giving access to states that
are difficult to produce in normal gas phase spectroscopy [4.64].
Van der Waals diatomics formed through the weak interaction between
a noble gas atom and an alkali atom have also been studied in noble gas
beams seeded with alkali vapor [4.65].

4.4 Nonlinear Spectroscopy in Molecular Beams
The residual Doppler width from the finite collimation ratio  of the molecular
beam can be completely eliminated when nonlinear Doppler-free techniques
are applied. Since collisions can generally be neglected at the crossing point
of the molecular and laser beam, the lower molecular level |i depleted by
absorption of laser photons can be only refilled by diffusion of new, unpumped molecules into the interaction zone and by the small fraction of the
fluorescence terminating on the initial level |i. The saturation intensity Is is
therefore lower in molecular beams than in gas cells (Example 2.3).
A possible arrangement for saturation spectroscopy in a molecular beam is
depicted in Fig. 4.21. The laser beam crosses the molecular beam perpendicularly and is reflected by the mirror M1. The incident and the reflected beam
can only be absorbed by the same molecules within the transverse velocity
group vx = 0 ± γk if the laser frequency ωL = ω0 ± γ matches the molecular
absorption frequency ω0 within the homogeneous linewidth γ . When tuning the laser frequency ωL one observes narrow Lamb dips (Fig. 4.22) with
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Fig. 4.21. Experimental setup for saturation spectroscopy in a collimated molecular beam

a saturation-broadened width γs at the center of broader profiles with a reduced Doppler-width ΔωD , from the collimation ratio   1 of the molecular
beam (Sect. 4.1).
It is essential that the two laser beams cross the molecular beam exactly
perpendicularly; otherwise, the opposite Doppler shifts ±δωD observed for the
two beams result in a broadening of the Lamb dips for 2δωD ≤ γ , while no
Lamb dips can be observed for 2δωD  γ !
Example 4.3.
In a supersonic beam with u = 103 m/s,  = 10−2 , the residual Doppler
width for a visible transition with ν = 6 ×1014 is ΔωD ∼ 2π · 20 MHz.
For a crossing angle of 89◦ the Doppler shift between the two beams is
2δωD = 2π · 60 MHz. In this case the Doppler shift 2δωD is larger than
the residual Doppler width, and even in the linear spectrum with reduced
Doppler width the lines would be doubled. No Lamb dips can be observed
with opposite laser beams.
If the width γs of the Lamb dips is very narrow, the demand for exactly
perpendicular crossing becomes very stringent. In this case, an arrangement
where the mirror M1 is removed and replaced by the retroreflectors M2, M3
in Fig. 4.21 is experimentally more convenient. The two laser beams intersect
the molecular beam at two closely spaced locations z 1 and z 2 . This arrangement eliminates the reflection of the laser beam back into the laser.
The Doppler-broadened background with the residual Doppler width from
the divergence of the molecular beam can completely be eliminated by
chopping the two laser beams at two different frequencies f 1 , f 2 , and moni-
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Fig. 4.22. (a) Lamb dips of hyperfine components of the rotational transition J = 1 ← J
= 0 in a collimated NO2 beam. The residual Doppler width is 15 MHz. (b) The insert
shows one component with suppression of the Doppler background by chopping the laser
beams and using lock-in techniques [4.66]

toring the signal at the sum frequency f 1 + f 2 (intermodulated fluorescence,
Sect. 2.3.1). This is demonstrated by the insert in Fig. 4.22. The linewidth of
the Lamb dips in Fig. 4.22 is below 1 MHz and is mainly limited by frequency
fluctuations of the cw single-mode dye laser [4.66].
Additionally, several experiments on saturation spectroscopy of molecules
and radicals in molecular beams have been reported [4.67–4.68] where finer
details of congested molecular spectra, such as hyperfine structure or Λdoubling can be resolved. Another alternative is Doppler-free two-photon
spectroscopy in molecular beams, where high-lying molecular levels with the
same parity as the absorbing ground state levels are accessible [4.69].
The improvements in the sensitivity of CARS (Sect. 3.3) have made this
nonlinear technique an attractive method for the investigation of molecular beams. Its spectral and spatial resolution allow the determination of the
internal-state distributions of molecules in effusive or in supersonic beams,
and their dependence on the location with respect to the nozzle (Sect. 3.5).
An analysis of rotationally-resolved CARS spectra and their variation with
increasing distance z from the nozzle allows the determination of rotational
and vibrational temperatures Trot (z), Tvib (z), from which the cooling rates can
be obtained [4.70]. With cw CARS realized with focused cw laser beams the
main contribution to the signal comes from the small focal volume, and a spatial resolution below 1 mm3 can be achieved [4.71].
Another example of the application of CARS is the investigation of cluster
formation in a supersonic beam. The formation rate of clusters can be inferred
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from the increasing intensity I(z) of characteristic cluster bands in the CARS
spectra.
The advantage of CARS compared to infrared absorption ion spectroscopy
is the higher sensitivity and the fact that nonpolar molecules, such as N2 ,
can also be studied [4.72]. With pulsed CARS short-lived transient species
produced by photo dissociation in molecular beams can also be investigated [4.73, 4.74].

4.5 Laser Spectroscopy in Fast Ion Beams
In the examples considered so far, the laser beam was crossed perpendicularly with the molecular beam, and the reduction of the Doppler width was
achieved through the limitation of the maximum transverse velocity components vx by geometrical apertures. One therefore often calls this reduction
of the transverse velocity components geometrical cooling. Kaufmann [4.75]
and Wing et al. [4.76] have independently proposed another arrangement,
where the laser beam travels collinearly with a fast ion or atom beam and
the narrowing of the longitudinal velocity distribution is achieved by an acceleration voltage (acceleration cooling). This fast-ion-beam laser spectroscopy
(FIBLAS) can be understood as follows:
Assume that two ions start from the ion source (Fig. 4.23) with different
thermal velocities v1 (0) and v2 (0). After being accelerated by the voltage U
their kinetic energies are
m 2
v =
2 1
m
E 2 = v22 =
2

E1 =

1 2
mv (0) + eU ,
2 1
1 2
mv (0) + eU .
2 2

Subtracting the first equation from the second yields
v22 − v12 = v22 (0) − v12 (0) ⇒ Δv = v1 − v2 =

v0
Δv0 ,
v

Fig. 4.23. Acceleration cooling
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with
1
v = (v1 + v2 ) ,
2

1
and v0 = [v1 (0) + v2 (0)] .
2

Since E th = (m/2)v02 and v = (2 eU/m)1/2 , we obtain for the final velocity
spread
"
(4.21)
Δv = Δv0 E th / eU .
For E th  eU ⇒ Δv  Δv0 .
Example 4.4.
ΔE th = 0.1 eV, eU = 10 keV → Δv = 3 ×10−3 Δv0 . This means that the
Doppler width of the ions in the ion source has been decreased by acceleration cooling by a factor of 300! If the laser crosses the ion beam
perpendicularly, the transverse velocity components for ions with v = 3 ×
105 m/s at a collimation ratio  = 10−2 are vx = v y ≤ 3 ×103 m/s. This
would result in a residual Doppler width of Δν ∼ 3 GHz, which illustrates
that for fast beams the longitudinal arrangement is superior to the transverse one.
This reduction of the velocity spread results from the fact that energies rather than velocities are added (Fig. 4.23). If the energy eU  E th , the
velocity change is mainly determined by U, but is hardly affected by the
fluctuations of the initial thermal velocity. This implies, however, that the acceleration voltage has to be extremely well stabilized to take advantage of this
acceleration cooling.
A voltage change ΔU results in a change Δv in the velocity v. From
(m/2)v2 = e · U we obtain
Δv = ( e/m · v)ΔU .
Since ν = ν0 (1 + v/c), the frequency change becomes

ν0 e
eU ΔU
ν0
ΔU = ν0
.
Δν = Δv =
c
c mv
2mc2 U

(4.22)

Example 4.5.
At the acceleration voltage U = 10 kV, which is stable within ±1 V,
an absorption line of neon ions (m = 21 AMU) at ν0 = 5 ×1014 suffers
Doppler broadening from the voltage instability according to (4.22) of
Δν ≈ 25 MHz.
A definite advantage of this coaxial arrangement of laser beam and ion beam
in Fig. 4.24 is the longer interaction zone between the two beams because the
laser-induced fluorescence can be collected by a lens from the path length Δz
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of several centimeters, compared to a few millimeters in the perpendicular
arrangement. This increases the sensitivity because of the longer absorption path. Furthermore, transit-time broadening for an interaction length L of
10 cm becomes δνtr ≈ 0.4 v/L ≈ 2 MHz, while for the perpendicular intersection of a laser beam with diameter 2w = 1 mm, the transit time broadening
δvtr = 400 MHz gives a nonnegligible contribution.

Fig. 4.24. Collinear laser spectroscopy in ion beams

A further advantage of collinear laser spectroscopy is the possibility of
“electric Doppler tuning”. The absorption spectrum of the ions can be scanned
across a fixed laser frequency ν0 simply by tuning the acceleration voltage U.
This allows one to use high-intensity, fixed-frequency lasers, such as the
argon-ion laser. Because of their high gain the interaction zone may even be
placed inside the laser cavity. Instead of tuning the acceleration voltage U
(which influences the beam collimation), the velocity of the ions in the interaction zone with the laser beam is tuned by retarding or accelerating potentials
U1 and U2 (Fig. 4.25).
Example 4.6.
A voltage shift of ΔU = 100 V at U = 10 kV causes for H+
2 ions a relative
frequency shift of Δν/ν ≈ 1.5 ×10−5 . At an absorption frequency of ν =
6 ×1014 s−1 this gives an absolute shift of Δν ≈ 10 GHz.

Fig. 4.25. Arrangement for “electric Doppler tuning” applied to the spectroscopy of fast
ionized or neutral species
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If the ion beam passes through a differentially pumped alkali-vapor cell the
ions can suffer charge-exchange collisions, where an electron is transferred
from an alkali atom to the ion. Because such charge-exchange collisions show
very large cross sections they occur mainly at large impact parameters, and
the transfer of energy and momentum is small. This means that the fast beam
of neutralized atoms has nearly the same narrow velocity distribution as the
ions before the collisions. The charge exchange produces neutral atoms or
molecules in highly excited states. This offers the possibility to investigate
electronically excited atoms or neutral molecules and to study their structure
and dynamics.
With this technique it is, for instance, possible to investigate atomic or
molecular Rydberg states and excimers (molecular dimers that are stable in
excited states but are unstable in their electronic ground state, see Vol. 1,
Sect. 5.7) in more detail. Examples are high-resolution studies of fine structure
and barrier tunneling in excited triplet states of He2 [4.77, 4.78].

4.6 Applications of FIBLAS
Some special techniques and possible applications of fast-ion-beam laser spectroscopy (FIBLAS) are illustrated by four different groups of experiments.
4.6.1 Spectroscopy of Radioactive Elements
The first group comprises high-resolution laser spectroscopy of short-lived
radioactive isotopes with lifetimes in the millisecond range. The ions are
produced by nuclear reactions induced by bombardment of a thin foil with
neutrons, protons, γ-quanta, or other particles inside the ion source of a mass
spectrometer. They are evaporated and enter after mass selection the interaction zone of the collinear laser [4.79].
Precision measurements of hyperfine structure and isotope shifts yield information on nuclear spins, quadrupole moments, and nuclear deformations.
The results of these experiments allow tests of nuclear models of the spatial distribution of protons and neutrons in highly deformed nuclei [4.80]. In
Fig. 4.26 the hyperfine spectra of different Na isotopes are depicted, which
had been produced by spallation of aluminum nuclei by proton bombardment
according to the reaction 27 Al(p,3p,xn) 25−x Na [4.81]. Such precision measurements have been performed in several laboratories for different families
of isotopes [4.79–4.82].
4.6.2 Photofragmentation Spectroscopy of Molecular Ions
Besides excitation spectroscopy of bound–bound transitions, photofragmentation spectroscopy has gained increasing interest. Here predissociating upper
levels of parent molecular ions M+ , which decay into neutral and ionized
fragments, are excited. The ionized fragments can be detected with a mass
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Fig. 4.26. Hyperfine structure and isotope shift of the D lines of radioactive Na isotopes
[4.81]

spectrometer, while the neutral fragments need to be ionized by laser photons
or by electron impact.
For illustration, Fig. 4.27 shows the number of O+ ions formed in the photodissociation reaction
+∗
+
O+
2 + hν → O2 → O + O ,

as a function of the absorption wavelength λ = c/ν [4.83].
With a properly selected polarization of the laser, the photofragments are
ejected into a direction perpendicular to the ion beam direction. Their trans-

Fig. 4.27. Dependance of the O+ photofragment signal on the absorption wavelength of
O+
2 , obtained by Doppler tuning at a fixed laser wavelength [4.83]
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Fig. 4.28. Schematic illustration of Coulomb-explosion technique [4.86]

verse energy distribution can be measured with a position-sensitive detector,
because their impact position x, y at the ion detector centered around the position x = y = 0 of the parent ion beam is given by x = (vx /vz )z, where z is
the distance between the excitation zone and the detector [4.84, 4.85].
A special version of ion spectroscopy is the Coulomb-explosion technique
(Fig. 4.28). A collimated beam of molecular ions with several MeV kinetic
energy pass through a thin foil where all valence electrons are stripped. By
Coulomb explosion the fragments are ejected and are detected by a positionsensitive detector. The geometry and structure of the original parent ion M+
in its electronic ground state can be inferred from the measured pattern. Excitation of the ions M+ by a laser just before they enter the foil allows the
determination of the molecular structure in excited states [4.86].
If the kinetic energy distribution of fragments produced by direct photodissociation of molecular ions is measured, the form of the repulsive potential
may be deduced. This can be realized with the apparatus shown in Fig. 4.29.
In the long interaction zone with the collinear laser beam, part of the parent
ions are photodissociated. Both the parent ions and the fragment ions are deflected by a quadrupole field. The fragments are separated and their energies
are measured by two 180◦ energy analyzers. The parent ions M+ are mass
and energy selected before they enter the interaction zone [4.87, 4.88].
Of particular interest is the multiphoton dissociation by infrared lasers,
which can be studied in more detail by such an arrangement. One example is
the dissociation of SO+
2 ions induced by multiphoton absorption of CO2 laser
photons. The relative probability for the two channels

→ SO+ + O ,
SO+
2 → S+ + O ,
2
depends on the wavelength and on the intensity of the CO2 laser [4.89].
The combination of fast ion beam photofragmentation with field-dissociation spectroscopy opens interesting new possibilities for studying longrange ion–atom interactions. This has been demonstrated by Bjerre and
Keiding [4.90], who measured the O+ −O potential in the internuclear distance range 1−2 nm from electric field-induced dissociation of selectively
laser-excited O+
2 ions in a fast beam.
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Fig. 4.29. Experimental setup for photofragmentation spectroscopy with energy and mass
selection of the parent ions and the fragment ions [4.87]

4.6.3 Laser Photodetachment Spectroscopy
Another group of experiments based on the coaxial arrangement deals with
photodetachment spectroscopy of the negative molecular ions [4.91]. Negative
molecular ions play an important role in the upper atmosphere and in many
chemical reactions. Although hundreds of bound molecular negative ions are
known, very few have been measured with rotational resolution.
Since the extra electron generally has a low binding energy, most negative ions can be ionized (photodetachment) by visible or infrared lasers.
The remaining ions are separated from the neutral molecules formed in the
photodetachment process by a deflecting electric field. An example of subDoppler photodetachment spectroscopy of C−
2 can be found in [4.92].
4.6.4 Saturation Spectroscopy in Fast Beams
For the elimination of the residual Doppler width, the FIBLAS technique
allows an elegant realization of saturation spectroscopy with a single fixed-
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Fig. 4.30. Saturation spectroscopy in fast ion beams

frequency laser (Fig. 4.30). The ions are accelerated by the voltage U, which
is tuned to a value where the laser radiation is absorbed in the first part of the
interaction zone on a transition |i ← |k at the fixed laser frequency
*
(4.23)
νL = ν0 1 + (2 eU )/(mc2 ) .
In the second part of the interaction zone an additional voltage ΔU is applied, which changes the velocity of the ions. If the laser-induced fluorescence
is monitored by PM2 as a function of ΔU, a Lamb dip will be observed at
ΔU = 0 because the absorbing level |i has already been partly depleted in
the first zone.
If several transitions are possible from level |i with frequencies ω within
the Doppler tuning range


"
(4.24)
Δν(ΔU ) = ν0 1 ± 1 + ΔU/U ,
a Lamb-dip spectrum of all transitions starting from the level |i is obtained
when U is kept constant and ΔU is tuned [4.93].
Fast ion and neutral beams are particularly useful for very accurate
measurements of lifetimes of highly excited ionic and neutral molecular
levels (Sect. 6.3).

4.7 Spectroscopy in Cold Ion Beams
Although the velocity spread of ions in fast beams is reduced by acceleration
cooling, their internal energy (E vib , E rot , E e ), which they acquired in the ion
source, is generally not decreased unless the ions can undergo radiative transitions to lower levels on their way from the ion source to the laser interaction
zone. Therefore, other techniques have been developed to produce “cold ions”
with low internal energies. Three of them are shown in Fig. 4.31.
In the first method (Fig. 4.31a), a low current discharge is maintained
through a glass nozzle between a thin tungsten wire acting as a cathode and
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Fig. 4.31a–c. Three possible arrangements for producing cold molecular ions

an anode ring on the vacuum side. The molecules are partly ionized or dissociate in the discharge during their adiabatic expansion into the vacuum [4.94].
If the expanding beam is crossed by a laser beam just behind the nozzle,
excitation spectroscopy of cold molecular ions or short-lived radicals can be
performed [4.95]. Erman et al. [4.96] developed a simple hollow-cathode supersonic beam arrangement, which allows sub-Doppler spectroscopy of cold
ions (Fig. 4.31b).
Instead of gas discharges, electrons emitted from hot cathodes can be
used for ionization (Fig. 4.31c). With several cathodes arranged cylindrically
around a cylindrical grid acting as an anode, a large electron current can be
focused into the cold molecular beam. Because of the low electron mass, electron impact ionization at electron energies closely above ionization threshold
does not much increase the rotational energy of the ionized molecules, and
rotationally cold molecular ions can be formed from cold neutral molecules.
Rotational temperatures of about 20 K have been reached, for instance, when
supersonically cooled neutral triacetylene molecules were ionized by 200-eV
electrons in a seeded free jet of helium [4.97]. The vibrational energy depends
on the Franck–Condon factors of the ionizing transitions. If the electron beam
is modulated, lock-in detection allows separation of the spectra of neutral and
ionized species [4.98]. When pulsed lasers are used, the electron gun can also
be pulsed in order to reach high peak currents.
Cold ions can also be formed by two-photon ionization directly behind the
nozzle of a supersonic neutral molecular beam [4.99]. These cold ions can
then be further investigated by one of the laser spectroscopic techniques discussed above. The combination of pulsed lasers and pulsed nozzles with time-
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of-flight spectrometers gives sufficiently large signals to study not only molecular excitation but also the different fragmentation processes [4.100–4.102].

4.8 Combination of Molecular Beam Laser Spectroscopy
and Mass Spectrometry
The combination of pulsed lasers, pulsed molecular beams, and time-of-flight
mass spectrometry represents a powerful technique for studying the selective
excitation, ionization, and fragmentation of wanted molecules out of a large
variety of different molecules or species in a molecular beam [4.100–4.107].
The technique, developed by Boesl et al. [4.100] is illustrated by Fig. 4.32:
rotationally and vibrationally cold neutral parent molecules M in a supersonic molecular beam pass through the ion source of a time-of-flight mass
spectrometer. A pulsed laser L1 forms molecular ions M+ by resonant enhanced multiphoton ionization. By selecting special intermediate states of M,
the molecular ion M+ can often be preferentially prepared in a selected vibrational level.
In the second step, after a time delay Δt that is long compared with typical
lifetimes of excited states of M+ but shorter than the time of flight out of the

Fig. 4.32a–c. Spectroscopy of fragmentation products produced by photoionization and
excitation of large molecules: (a) experimental setup; (b) level scheme; and (c) spectrum
of the fragment ion [4.100]
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excitation region, a pulsed tunable dye laser L2 excites the molecular ions M+
from their electronic ground state into selected electronic states of interest.
The detection of spectroscopic excitation is performed by photofragmentation of (M+ )∗ with a pulsed laser L3 according to the dissociation process
(M+ )∗ + hν3 →


i

Mi+ +



Mk

k

where ionized as well as neutral fragments can be formed. For selective excitation of the target species and discrimination against secondary fragment
ions F+ from unwanted molecular ions and other fragment ions produced
by laser L1, the laser L3 crosses the time-of-flight spectrometer (reflectron [4.104]) at the space focus in the field-free drift region, where ions of the
same mass (in the example of Fig. 4.32b this is M+
4 ) are compressed to ion
bunches, while ion clouds of different masses are already separated by several microseconds due to their different flight times. Choosing the correct time
delay of L3 allows the mass-selective excitation of M+
4 at the space focus.
If the wavelength λ3 of laser L3 is chosen properly, the ions M+
4 cannot
be fragmentated by L3 if they are in their electronic ground state. Therefore,
the excitation by L2 can be monitored by L3.
Behind the space focus, the whole assembly of molecular primary and secondary ions passes a field-free drift region and enters the ion mirror of the
reflectron. This mirror has two functions: by setting the potential of the mirror
end plate lower than the potential in the ion source where all primary ions are
formed, these primary ions hit the end plate and are eliminated. All secondary
fragment ions F+
i formed at the space focus have considerably less kintic energy (with the neutral fragments carrying away the residual kinetic energy).
They are reflected in the ion mirror and reach the ion detector. By choosing the right reflecting field strength, secondary fragment ions F+
i (within
the mass range of interest) are focused in time and appear in a narrow time
window (for example, Δt = 10 ns) at the detector. This allows an excellent
discrimination against most sources of noise, which may produce signals at
different times or in very wide time ranges.
The spectroscopic technique described above is applicable to most ionic
states, but is particularly useful for nonfluorescing or nonpredissociating
molecular ion states, such as those of many radical cations. Because of the
considerably lower energies of their first excited electronic states in comparison to their neutral parent molecules, internal conversion is enhanced, thus
suppressing fluorescence. Typical examples are the cations of all mono- and
of many di- and trihalogenated benzenes as well as of the benzene cation itself. For illustration, the UV/VIS spectrum of the monofluorobenzene cation
shown in Fig. 4.32c was measured by the method described above and revealed for the first time vibrational resolution for this molecular cation.
The whole experimental arrangement is very flexible due to an uncomplicated mechanical setup; it allows some more ion optical variations as well
as laser excitation schemes as presented above and thus several additional
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Fig. 4.33. Setup for studying the decomposition of mass-selected cluster ions

possibilities to perform spectroscopy and analysis of ionized and of neutral
molecules [4.100].
The detailed process of the decomposition of photoionized mass-selected
metastable alkali clusters has been investigated in a tandem time-of-flight
mass spectrometer [4.106]. It was found that the ion clusters dissociate
through the evaporation of either a single neutral atoms or a dimer. The neutral clusters formed during the adiabatic expansion from a nozzle into vacuum
are collimated by a skimmer, photoionized by laser 1 and pass with a selectable delay through the beam of the fragmentation laser 2. A pulsed mass
selector transmits only ions with the target mass (Fig. 4.33).
Further information on molecular multiphoton ionization and ion fragmentation spectroscopy can be found in [4.107].

Problems
4.1 A collimated effusive molecular beam with a rectangular density profile behind the collimating aperture has a thermal velocity distribution at
T = 500 K. Calculate the intensity profile α(ω) of an absorption line, centered
at ω0 for molecules at rest, if the beam of a weak tunable monochromatic laset
crosses the molecular beam under 45◦ against the molecular beam axis
(a) for negligible divergence of the molecular beam, and
(b) for a collimation angle of  = 5◦ .
4.2 A monochromatic laser beam (λ = 500 nm) in the x-direction crosses a supersonic divergent atomic beam perpendicularly to the beam axis at a distance
d = 10 cm away from the nozzle. Calculate the halfwidth Δx of the spatial fluorescence distribution I(x), if the laser frequency is tuned to the center of an
atomic transition with a homogeneous linewidth of Δνh = 10 MHz (saturation
effects shall be negligible).
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4.3 A laser beam from a tunable monochromatic laser is directed along
the z-axis against a collimated thermal molecular beam with a Maxwell–
Boltzmann velocity distribution. Calculate the spectral profiles of the absorption α(ω)
(a) for a weak laser (no saturation);
(b) for a strong laser (complete saturation s  1), where the saturated homogeneous linewidth is still small compared to the Doppier width.
4.4 The beam of a monochromatic cw laser is split into two beams that intersect an atomic beam perpendicularly at the positions z 1 and z 2 = z 1 + d.
The laser frequency is tuned to the center of the absorption transition |k ← |i
where the laser depletes the level |i. Calculate the time profile I(z 2 , t) of the
LIF signal measured at z 2 , if the first beam at z 1 is interrupted for a time interval Δt = 10−7 s, which is short compared to the mean transit t¯ = d/v with
d = 0.4 m for a supersonic beam
(a) with the velocity distribution N(v) = C · e− 2kT (v−u) ;
(b) with the approximate velocity distribution N(v) = a(u − 10|u − v|), u =
v = 103 m/s, 0.9u ≤ v ≤ 1.1u.
m

2

4.5 Calculate the population distribution N(v") and N(J") of vibrational and
rotational levels of Na2 molecules in a supersonic beam with Tvib = 100 K and
Trot = 10 K. Which fraction of all molecules is in the levels (v" = 0, J = 20)
and (v = 1, J = 20)? At which value of J is the maximum of N(J )?
The rotational constant is Be = 0.15 cm−1 , and the vibrational constant is
ωe = 150 cm−1 .

5. Optical Pumping
and Double-Resonance Techniques

Optical pumping means selective population or depletion of atomic or molecular levels by aborption of radiation, resulting in a population change ΔN in
these levels, which causes a noticeable deviation from the thermal equilibrium
population. With intense atomic resonance lines emitted from hollow-cathode
lamps or from microwave discharge lamps, optical pumping had successfully
been used for a long time in atomic spectroscopy, even before the invention
of the laser [5.1, 5.2]. However, the introduction of lasers as very powerful
pumping sources with narrow linewidths has substantially increased the application range of optical pumping. In particular, lasers have facilitated the
transfer of this well-developed technique to molecular spectroscopy. While
early experiments on optical pumping of molecules [5.3, 5.4] were restricted
to accidental coincidences between molecular absorption lines and atomic
resonance lines from incoherent sources, the possibility of tuning a laser to
the desired molecular transition provides a much more selective and effective pumping process. It allows, because of the larger intensity, a much larger
change ΔNi = Ni0 − Ni of the population density in the selected level |i from
its unsaturated value Ni0 at thermal equilibrium to a nonequilibrium value Ni .
This change ΔNi of the population density can be probed by a second EM
wave, which may be a radio frequency (RF) field, a microwave, or another
laser beam. If this “probe wave” is tuned into resonance with a molecular
transition sharing one of the two levels |i or |k with the pump transition,
the pump laser and the probe wave are simultaneously in resonance with the
coupled atomic or molecular transitions (Fig. 5.1). This situation is therefore
called optical–RF, optical–microwave or optical–optical double resonance.

Fig. 5.1a,b. Schematic level schemes of optical pumping and double-resonance transitions
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Even this double-resonance spectroscopy has already been applied to the
study of atomic transitions before lasers were available. In these pre-laser experiments incoherent atomic resonance lamps served as pump sources and
a radio frequency field provided probe transitions between Zeeman levels of
optically excited atomic states [5.5]. However, with tunable lasers as pump
sources, these techniques are no longer restricted to some special favorable
cases, and the achievable signal-to-noise ratio of the double-resonance signals
may be increased by several orders of magnitude [5.6].
In this chapter we shall treat the most important laser double-resonance
techniques by illustration with several examples. While the pump transition
is always induced by a pulsed or cw laser, the probe field may be provided
by any coherent source in the spectral range between the RF region and the
ultraviolet.

5.1 Optical Pumping
The effect of optical pumping on a molecular system depends on the characteristics of the pump laser, such as intensity, spectral bandwidth, and
polarization, and on the linewidth and the transition probability of the absorbing transition. If the bandwidth ΔωL of the pump laser is larger than
the linewidth Δω of the molecular transition, all molecules in the absorbing level |i can be pumped. In case of dominant Doppler broadening this
means that molecules within the total velocity range can simultaneously be
pumped into a higher level |k. If the laser bandwidth ΔωL is small compared
to the inhomogeneous width Δω of a molecular transition, only a subgroup of
molecules with a matching absorption frequency ω = ω0 − k· v = ωL ± ΔωL /2
is pumped (Sect. 2.2).
There are several different aspects of optical pumping that are related to
a number of spectroscopic techniques based on optical pumping. The first aspect concerns the increase or decrease of the population in selected levels.
At sufficiently high laser intensities the molecular transition can be saturated.
This means that a maximum change ΔN = Nis − Ni0 of the population densities can be achieved, where ΔN is negative for the lower level and positive for
the upper level of the transition (Sect. 2.1). In case of molecular transitions,
where only a small fraction of all excited molecules returns back into the initial level |i by fluorescence, this level may be depleted rather completely.
Since the fluorescent transitions must obey certain selection rules, it is
often possible to populate a selected level |m by fluorescence from the laserpumped upper level (Fig. 5.1b). Even with a weak pumping intensity large
population densities in the level |m may be achieved. In the pre-laser era,
the term “optical pumping” was used for this special case because this scheme
was the only way to achieve an appreciable population change with incoherent
pumping sources.
Excited molecular levels |k with E k  kT are barely populated at thermal
equilibrium. With lasers as pumping sources large population densities Nk can
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be achieved, which may become comparable to those of the absorbing ground
states. This opens several possibilities for new experimental techniques:
• The selectively excited molecular levels emit fluorescence spectra that are
much simpler than those emitted in gas discharges, where many upper
levels are populated. These laser-induced fluorescence spectra are therefore more readily assignable and allow the determination of molecular
constants for all levels in lower states into which fluorescence transitions
terminate (Sect. 1.8).
• A sufficiently large population of the upper state furthermore allows
the measurement of absorption spectra for transitions from this state to
still higher-lying levels (excited-state spectroscopy, stepwise excitation)
(Sect. 5.4). Since all absorbing transitions start from this selectively populated level, the absorption spectrum is again much simpler than in gas
discharges.
The selectivity of optical pumping depends on the laser bandwidth and on
the line density of the absorption spectrum. If several absorption lines overlap
within their Doppler width with the spectral profile of the laser, more than one
transition is simultaneously pumped, which means that more than one upper
level is populated (Fig. 5.2). In such cases of dense absorption spectra, optical
pumping with narrow-band lasers in collimated cold molecular beams can be
utilized to achieve the wanted selectivity for populating a single upper level
(Sects. 4.3, 5.5).
The situation is different when narrow-band lasers are used as pumping
sources:
If the beam of a single-mode laser with the frequency ω is sent in the zdirection through an absorption cell, only molecules within the velocity group
vz = (ω − ω0 ± γ)/k can absorb the laser photons ω (Sect. 2.2) on the transition |i → |k with E k − E i = ω0 and homogeneous linewidth γ . Therefore
only molecules within this velocity group are excited. This implies that the
absorption of a tunable narrow-band probe laser by these excited molecules
yields a Doppler-free double-resonance signal.

Fig. 5.2. Overlap of several Doppler-broadened absorption lines with the laser line profile
leads to simultaneous optical pumping of several levels
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A further important aspect of optical pumping with a polarized laser is the
selective population or depletion of degenerate M sublevels |J, M of a level
with angular momentum J. These sublevels differ by the projection M  of J
onto the quantization axis. Atoms or molecules with a nonuniform population
density N(J, M) of these sublevels are oriented because their angular momentum J has a preferential spatial distribution while under thermal equilibrium
conditions J points into all directions with equal probability, that is, the orientational distribution is uniform. The highest degree of orientation is reached
if only one of the (2J + 1) possible M sublevels is selectively populated.
By choosing the appropriate polarization of the pump laser, it is possible
to achieve equal population densities within the pairs of sublevels | ± M  with
the same value of |M| while levels with different |M| may have different populations. This situation is called alignment.
Note that orientation or alignment can be produced in both the upper state
of a pump transition due to a M-selective population as well as in the lower
state because of the corresponding M-selective depletion (Fig. 5.3).
Example 5.1.
Let us illustrate the above consideration by some specific examples: if
the pump beam propagating into the z-direction has σ + polarization (leftcircularly polarized light inducing transitions ΔM = +1), we choose the
direction of the k vector (i.e., the z-axis) as the quantization axis. The
photon spin σ = +k/k points into the propagation direction and absorption of these photons induces transitions with ΔM = +1. For a transition
J = 0 → J = 1 optical pumping with σ + light can only populate the
upper sublevel with M = +1. This generates orientation of the atoms
in the upper state since their angular momentum precesses around the
+z-direction with the projection + (Fig. 5.3a). Optical pumping with
σ + light on a P-transition J = 2 → J = 1 causes M-selective depletion
of the lower state and therefore orientation of molecules in the lower state
(Fig. 5.3c).

Fig. 5.3. (a) Orientation in the upper state produced by optical pumping with σ + light on
an R transition J = 0 → J = 1. (b) Classical model of orientation where J precesses
around the z-direction with a projection M , (c) orientation in the lower state caused by
partial depletion for the example of a P pump transition J = 2 → J = 1
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Example 5.2.
Optical pumping with linearly polarized light (π-polarization) propagating
into the z-direction can be regarded as a superposition of σ + and σ − light
(Sect. 2.4). This means that ΔM = ±1 transitions can simultaneously be
pumped with equal probability. The upper state becomes aligned because
both sublevels M = ±1 are equally populated (Fig. 5.4).
Note: If the direction of the E vector of the linearly polarized light is selected as the quantization axis (which we chose as the x-axis), the two
sublevels with Mz = ±1 now transform into the sublevel Mx = 0 (Fig. 5.4).
The linearly polarized pump induces transitions with ΔMx = 0 and again
produces alignment since only the component Mx = 0 is populated. Of
course, the selection of the quantization axis cannot change the physical
situation but only its description.
If the laser bandwidth is small enough to resolve the hyperfine structure,
a specific hfs component can be selectively populated. This can result in a nuclear spin orientation as illustrated in Fig. 5.5 for the Na atom with a nuclear
spin I = 3/2. The laser selectively populates the F = 2 component in the
upper 32 P1/2 state. The fluorescence from this state terminates at both the
F = 1 and F = 2 components in the 32 S1/2 state. The F = 1 component is
again excited into the 32 P1/2 state. After a few absorption–emission cycles,
the F = 1 component will be completely depleted and the F = 2 component
is selectively populated.
For a quantitative treatment of optical pumping we consider a pump transition between the levels |J1 M1  → |J2 M2 . Without an external magnetic field
all (2J + 1) sublevels |M are degenerate and their population densities at
thermal equilibrium are, without the pump laser
N 0 (J, M) =

N 0 (J )
,
2J + 1

with

N 0 (J ) =

+J


N 0 (M, J ) .

(5.1)

M=−J

Fig. 5.4a–c. Alignment in the upper level of a R transition J = 0 → J = 1 by a linearly
polarized pump wave: (a) direction of E and k; (b) level scheme with with z-quantization
axis; and (c) with x-quantization axis
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Fig. 5.5. Level scheme for nuclear spin
polarization by optical pumping of the
Na atom with nuclear spin I = 32

The decrease of N10 (J, M) by optical pumping P12 = P(|J1 M1  → |J2 M2 )
can be described by the rate equation


d
N1 (J1 , M1 ) =
P12 (N2 − N1 ) +
(Rk1 Nk − R1k N1 ) .
(5.2)
dt
M2

k

Included are the optical pumping (induced absorption and emission) and
all relaxation processes that refill level |1 from other levels |k or that
deplete |1. The optical pumping probability
P12 ∝ | J1 M1 | D · E |J2 M2  |2 ,

(5.3)

is proportional to the square of the transition matrix element (Sect. 2.7) and
depends on the scalar product D · E, of transition dipole moment D, and electric field vector E, that is, on the polarization of the pump laser. Molecules
that are oriented with their transition dipole moment parallel to the electric
field vector have the highest optical pumping probability.
When the laser intensity is sufficiently high, the population difference ΔN 0 decreases according to (2.10) to its saturated value
ΔN s =

ΔN 0
.
1+ S

Since the transition probability and therefore also the saturation parameter S
have a maximum value for molecules with D  E, the population density N
will decrease with increasing laser intensity for molecules with D  E more
than for those with D ⊥ E. This means that the degree of orientation decreases
with increasing saturation (Fig. 5.6).
The pump rate
P12 (N2 − N1 ) = σ12 Nph (N2 − N1 ) ,

(5.4)
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Fig. 5.6. (a) Decrease of molecular orientation with increasing pump intensity from saturation in the lower and upper state; (b) schematic level scheme monitored through the
polarization P0 of laser-induced fluorescence(c)

is proportional to the optical absorption cross section σ12 and the photon flux
rate Nph [number of photons/cm2 s]. The absorption cross section can be written as a product
σ(J1 M1 , J2 M2 ) = σ J1 J2 · C(J1 M1 , J2 M2 ) ,

(5.5)

of two factors. The cross section σ J1 J2 is independent of the molecular orientation and is essentially equal to the product of the electronic transition
probability times the Franck–Condon factor times the Hönl–London factor.
The second factor is the Clebsch–Gordan coefficient C(J1 M1 J2 M2 ), which
depends on the rotational quantum numbers and on the molecular orientation in both levels of the pump transition [5.7]. In the case of molecules the
orientation is partly canceled by rotation. The maximum achievable degree
of orientation obtained with optical pumping depends on the orientation of
the transition-dipole vector with respect to the molecular rotation axis and is
different for P, Q, or R transitions [5.8]. For molecules the maximum orientation is therefore generally smaller than in case of atoms.
The coupling of the molecular angular momentum J with a possible nuclear spin I leads to a precession of J around the total angular momentum
F = J + I, which further reduces the molecular orientation [5.9]. A careful
analysis of experiments on optical pumping of molecules gives detailed information on the various coupling mechanisms between the different angular
momenta in selected molecular levels [5.10].
Another aspect of optical pumping is related to the coherent excitation of
two or more molecular levels. This means that the optical excitation produces
definite phase relations between the wave functions of these levels. This leads
to interference effects, which influence the spatial distribution and the time
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dependence of the laser-induced fluorescence. This subject of coherent spectroscopy is covered in Chap. 7.
A thorough theoretical treatment of optical pumping can be found in the
review of Happer [5.11] and [5.12]. Specific aspects of optical pumping by
lasers with particular attention to problems arising from the spectral intensity distribution of the pump laser and from saturation effects were treated in
[5.13, 5.14]. Applications of optical pumping methods to the investigation of
small molecules were discussed in [5.4].

5.2 Optical–RF Double-Resonance Technique
The combination of laser-spectroscopic techniques with molecular beams and
RF spectroscopy has considerably enlarged the application range of optical–
RF double-resonance schemes. This optical–RF double-resonance method has
now become a very powerful technique for high-precision measurements of
electric or magnetic dipole moments, of Landé factors, and of fine or hyperfine splitting in atoms and molecules. It is therefore used in many laboratories.
5.2.1 Basic Considerations
Two different levels |i and |k that are connected by an optical transition may
be split into closely spaced sublevels |i n  and |km . A narrow-band laser that
is tuned to the transition |i n  → |km  between specific sublevels selectively depletes the level |i n  and increases the population of the level |km  (Fig. 5.7).
Examples of this situation are hyperfine components of two rotational–
vibrational levels in two different electronic states of a molecule or Zeeman
sublevels of atomic electronic states.
If the optically pumped sample is placed inside an RF field with the frequency ωrf tuned into resonance with the transition |i j  → |i n  between two
sublevels of the lower state, the level population N(i n ) that was depleted by
optical pumping will increase again. This leads to an increased absorption of
the optical pump beam, which may be monitored by the corresponding increase of the laser-induced fluorescence intensity. Measuring IFl (ωrf ) while
ωrf is tuned yields a double-resonance signal at ωrf = ωinj = [E(i n ) − E(i j )]/
(Fig. 5.7).
Each absorbed RF photon leads to an extra absorbed optical photon of the
pump beam. This optical–RF double resonance therefore yields an internal energy amplification factor V = ωopt /ωrf for the detection of an RF transition.
With ωopt = 3 ×1015 Hz and ωrf = 107 Hz, we obtain V = 3 ×108 ! Since optical photons can be detected with a much higher efficiency than RF quanta,
this inherent energy amplification results in a corresponding increase in the
detection sensitivity.
RF transitions between sublevels of the upper state result in a change of
the polarization and the spatial distribution of the laser-induced fluorescence.
They can therefore be monitored through polarizers in front of the photomul-
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Fig. 5.7. Optical–radio frequency double resonance for lower and upper level of the optical transition

tiplier. Since the RF transitions deplete the optically pumped upper level, the
RF double-resonance signal at ω2 = ωkm j = [E(k j ) − E(km )]/ has an opposite sign to that of the lower state at ω1 = ωin j (Fig. 5.7).
In case of Zeeman sublevels or hfs levels, the allowed RF transitions are
magnetic dipole transitions. Optimum conditions are then achieved if the sample is placed at the maximum of the magnetic field amplitude of the RF field.
This can be realized, for instance, inside a coil that is fed by an RF current.
For electric dipole transitions (for example, between Stark components in an
external dc electric field) the electric amplitude of the RF field should be maximum in the optical pumping region.
A typical experimental arrangement for measuring RF transitions between
Zeeman levels in the upper state of the optical transition is shown in Fig. 5.8.
A coil around the sample cell provides the RF field, while the dc magnetic
field is produced by a pair of Helmholtz coils. The fluorescence induced by

Fig. 5.8a–c. Experimental arrangement for optical–RF double-resonance spectroscopy (a),
level scheme (b) and double-resonance signal monitored through the LIF (c)

222

5. Optical Pumping and Double-Resonance Techniques

a polarized dye laser beam is monitored by a photomultiplier through a polarizer as a function of the radio frequency ωrf [5.10].
Instead of tuning ωrf one may also vary the dc magnetic or electric field at
a fixed value of ωrf thus tuning the Zeeman or Stark splittings into resonance
with the fixed radio frequency (Sect. 1.7). This has the experimental advantage
that the RF coil can be better impedance-matched to the RF generator.
The fundamental advantage of the optical–RF double-resonance technique
is its high spectral resolution, which is not limited by the optical Doppler
width. Although the optical excitation may occur on a Doppler-broadened
transition, the optical–RF double-resonance signal IFl (ωrf ) is measured at
a low radio frequency ωrf , and the Doppler width, which is according to
Vol. 1, (3.43) porportional to the frequency, is reduced by the factor (ωrf /ωopt ).
This makes the residual Doppler width of the double-resonance signal completely negligible compared with other broadening effects such as collisional
or saturation broadening. In the absence of these additional line-broadening
effects, the halfwidth of the double-resonance signal for the RF transition
|2 → |3
Δω23 = (ΔE 2 + ΔE 3 )/ ,

(5.6)

is essentially determined by the energy level widths ΔE i of the corresponding levels |2 and |3, which are related to their spontaneous lifetime τi by
ΔE i = /τi . For transitions between sublevels in the ground state, the radiative lifetimes may be extremely long and the linewidth is only limited by the
transit time of the molecules through the RF field. Sub-kilohertz resonances
have been observed in the RF-optical double resonance spectroscopy of rareearth ions [5.15].
With increasing RF intensity, however, saturation broadening is observed
(Vol. 1, Sect. 3.6) and the double-resonance signal may even exhibit a minimum at the center frequency ω23 (Fig. 5.9). This can readily be understood
from the semiclassical model of Vol. 1, Sect. 2.7: for large RF field ampli-

Fig. 5.9. Saturation broadening and Rabi splitting of double-resonance signals with increasing RF power P

5.2 Optical–RF Double-Resonance Technique

223

tudes E rf the Rabi flopping frequency Vol. 1, (2.90)
*
2 E 2 / ,
Ω = (ω23 − ωrf )2 + D23
rf
becomes comparable to the natural linewidth δωn of the RF transition. The resulting modulation of the time-dependent population densities N2 (t) and N3 (t)
causes a splitting of the line profile into two components with ω = ω23 ± Ω,
which can be observed for Ω > δωn (Fig. 5.9). If the halfwidth Δ23 of the
double-resonance signal is plotted against the RF power Prf , the extrapolation
toward Prf = 0 yields the linewidth γ = 1/τ of those levels of which the natural linewidth represents the dominant contribution to broadening; it allows one
to determine the natural lifetime τ.
The achievable accuracy is mainly determined by the signal-to-noise ratio
of the double-resonance signal, which limits the accuracy of the exact determination of the center frequency ω23 . However, the absolute accuracy in the
determination of the RF frequency ω23 is generally several orders of magnitude higher than in conventional optical spectroscopy, where the level splitting
ΔE = ω23 = h(ν31 − ν21 ) is indirectly deduced from a small difference Δλ
between two directly measured wavelengths λ31 = c/ν31 and λ21 = c/ν21 .
5.2.2 Laser–RF Double-Resonance Spectroscopy in Molecular Beams
The Rabi technique of radio frequency or microwave spectroscopy in atomic
or molecular beams [5.16–5.19] has made outstanding contributions to the
accurate determination of ground state parameters, such as the hfs splittings
in atoms and molecules, small Coriolis splitting in rotating and vibrating
molecules, or the narrow rotational structures of weakly bound van der Waals
complexes [5.20]. Its basic principle is illustrated in Fig. 5.10. A collimated
beam of molecules with a permanent dipole moment is deflected in a static
inhomogeneous magnetic field A but is deflected back onto the detector D in

Fig. 5.10a,b. Comparison between the conventional Rabi method (a) and its laser version (b)
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a second static field B with opposite field gradient. An RF field C is applied
between A and B; which induces transitions between the molecular levels |i n 
and |i j . Since the magnetic moment generally differs for the two levels, the
deflection in B will change after such an RF transition and the detector output S(ωrf ) will show a resonance signal for the resonance radio frequency
ωrf = [E(i n ) − E(i j )]/. For the measurement of Zeeman or Stark components an additional dc magnetic or electric field is applied in the RF region C.
A famous example of such a device is the cesium clock [5.21].
The technique is restricted to atoms or molecules with a sufficiently large
difference of the dipole moments in the two levels since the change of deflection in the inhomogeneous fields must be detectable. Furthermore, the
detection of neutral particles with a universal ionization detector is generally
not very sensitive except for those molecules (for example, alkali atoms or
dimers) that can be monitored with a Langmuir–Taylor detector.
The laser version of the Rabi method (Fig. 5.10b) overcomes both limitations. The two magnets A and B are replaced by the two partial beams
1 and 2 of a laser that cross the molecular beam perpendicularly at the positions A and B. If the laser frequency ωL is tuned to the molecular transition
|i n  → |kn , the lower level |i n  is partly depleted due to optical pumping in
the first crossing point A. Therefore the absorption of the second beam in
the crossing point B is decreased, which can be monitored through the laserinduced fluorescence. The RF transition |i j  → |i n  induced in C increases the
population density N(i n ) again and with it the fluorescence signal in B.
This laser version has the following advantages:
• It is not restricted to molecules with a permanent dipole moment but may
be applied to all molecules that can be excited by existing lasers.
• Even at moderate laser powers the optical transition may become saturated
(Sect. 2.1) and the lower level |i n  can be appreciably depleted. This considerably increases the population difference ΔN = N(i j ) − N(i n ) and thus
the absorption of the RF field on the transition |i j  → |i n , which is proportional to ΔN. In the conventional Rabi technique the population N(E)
follows a Boltzmann distribution, and for ΔE  kT the difference ΔN
becomes very small.
• The detection of the RF transitions through the change in the LIF intensity is much more sensitive than the universal ionization detector. Using
resonant two-photon ionization (Sect. 1.3), the sensitivity may further be
enhanced.
• In addition, the signal-to-noise ratio is higher because only molecules in
the level |i n  contribute to the RF–double-resonance signal, while for the
conventional Rabi technique the difference in deflection is generally so
small that molecules in other levels also reach the detector and the signal
represents a small difference of two large background currents.
These advantages allow the extension of the laser Rabi technique to
a large variety of different problems [5.22], which shall be illustrated by three
examples:
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Example 5.3. Measurements of the hfs in the 1 Σ+
g state of Na2
The small magnetic hfs in the 1 Σ state of a homonuclear diatomic molecule
is caused by the interaction of the nuclear spins I with the weak magnetic field produced by the rotation of the molecule. For the Na2 molecular
ground state the hyperfine splittings are smaller than the natural linewidth
of the optical transitions. They could nevertheless be measured by the laser
version of the Rabi technique [5.23]. A polarized argon laser beam at
λ = 476.5 nm crosses the sodium beam and excites the Na2 molecules on
1
the transition X 1 Σ+
g (v = 0, J = 28) → B Πu (v = 3, J = 27). The hfs
splittings are much smaller than the laser linewidth. Therefore all hfs components are pumped by the laser. However, the optical transition probability
depends on the hfs components of the lower and upper states. Therefore
the depletion of the lower levels |i n  differs for the different hfs components. The RF transitions change the population distribution and affect the
monitored LIF signal. The hfs constant for the level (v = 0, J = 28) was
determined to be 0.17 ± 0.03 kHz, while the quadrupole coupling constant
was found to be eQq = 463.7 ± 0.9 kHz.
With a tunable single-mode cw dye laser any wanted transition can
be selected and the hfs constants can be obtained for arbitrary rotational
levels [5.24]. The hyperfine splittings are very small compared to the natural linewidth of the optical transition X 1 Σg → B 1 Πu , which is about
20 MHz because of the short lifetime τ = 7 ns of the upper levels. At larger
laser intensities optical pumping of the overlapping hfs components generates a coherent superposition of the lower-state hfs components. This
results in a drastic change of line profiles and center frequencies of the RF
double-resonance signals with increasing laser intensity. One therefore has
to measure at different laser intensities IL and to extrapolate to IL → 0.
Example 5.4. Hyperfine structure of highly excited atomic levels
The combination of electron-impact excitation with the laser version of
the Rabi technique allows measurements of hfs splittings in higher excited
states. Penselin and coworkers [5.25, 5.27] have developed the atomic beam
RF resonance apparatus shown in Fig. 5.11. Metals with a high condensation temperature are evaporated from a source heated by an electron gun
and are further excited by electron impact into metastable states. Behind
a collimating aperture optical pumping with a single-mode dye laser in
a multiple-path arrangement results in a selective depletion of single hfs
sublevels of the metastable states, which are refilled by RF transitions. In
order to enhance the sensitivity, the laser beam is reflected by a prism
arrangement back and forth and crosses the atomic beam several times.
With difference and ratio recording the influence of fluctuations of the laser
intensity or of the atomic-beam intensity could be minimized. The high
sensitivity allowed a good signal-to-noise ratio even in cases where the
population density of the metastable levels was less than 1% of the groundstate population.
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Fig. 5.11. Atomic beam resonance apparatus with combined electron-impact and laser
pumping for the sensitive detection of optical–RF double resonance in highly excited
states [5.25]

An interesting application of optical-RF double resonance is the realization of sensitive magnetometers. Here a cell with rubidium vapor at room
temperature is placed in a magnetic field and the RF is tuned to transitions
between Zeeman components in the 2 S1/2 state. Since the Landé factors are
known, the magnetic field strength can be obtained by measuring the radiofrequency [5.26].

5.3 Optical–Microwave Double Resonance
Microwave spectroscopy has contributed in an outstanding way to the precise determination of molecular parameters, such as bond lengths and bond
angles, nuclear equilibrium configurations of polyatomic molecules, fine and
hyperfine splittings, or Coriolis interactions in rotating molecules. Its application was, however, restricted to transitions between thermally populated levels,
which generally means transitions within electronic ground states [5.29].
At room temperatures (T = 300 K → kT ∼ 250 cm−1 ) the ratio hν/kT is
very small for typical microwave frequencies ν ∼ 1010 Hz (=
ˆ 0.3 cm−1 ). For
the thermal population distribution
Nk /Ni = (gk /gi ) e−hνik /kT ,
the power of a microwave absorbed along the path length Δx through the
sample is
ΔP = −P0 σik [Ni − (gi /gk )Nk ]Δx ≈ −P0 Ni σik Δxhνik /kT .

(5.7)
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Since hν/kT  1, the absorbed power is small, because induced absorption
and emission nearly balance one another. Furthermore, the absorption coefficient σik , which scales with ν3 , is many orders of magnitude smaller than in
the optical region.
Optical–microwave double resonance (OMDR) can considerably improve
the situation and extends the advantages of microwave spectroscopy to excited
vibrational or electronic states, because selected levels in these states can be
populated by optical pumping. Generally dye lasers or tunable diode lasers
are used for optical pumping. However, even fixed frequency lasers can often
be used. Many lines of intense infrared lasers (for example, CO2 , N2 O, CO,
HF, and DF lasers) coincide with rotational–vibrational transitions of polyatomic molecules. Even for lines that are only close to molecular transitions
the molecular lines may be tuned into resonance by external magnetic or electric fields (Sect. 1.6). The advantages of this OMDR may be summarized as
follows:
• Optical pumping of a level |i increases the population difference ΔN =
Ni − Nk for a microwave transition by several orders of magnitude compared to the value Ni hν/kT of (5.7).
• The selective population or depletion of a single level simplifies the microwave spectrum considerably. The difference of the microwave spectra
with and without optical pumping yields directly those microwave transitions that start from one of the two levels connected by the pump
transition.
• The detection of the microwave transition does not rely on the small absorption of the microwave but can use the higher sensitivity of optical or
infrared detectors.
Some examples illustrate these advantages.
Example 5.5. Laser version of the cesium clock
The cesium clock provides our present time or frequency standard that
is based on the hfs transition 7 2 S1/2 (F = 3 → F = 4) in the electronic
ground state of Cs. The accuracy of the frequency standard depends on
the achievable signal-to-noise ratio and on the symmetry of the line profile of the microwave transition. With optical pumping and probing (see
Fig. 5.10b), the signal-to-noise ratio can be increased by more than one
order of magnitude. A further advantage is the absence of the two inhomogeneous magnetic fields, which may cause stray fields in the RF zone
[5.28].

Example 5.6.
Figure 5.12 illustrates the level scheme for the enhancement of microwave
signals on transitions between the inversion doublets of NH3 in rotational
levels of the vibrational ground state and of the excited state v2 = 1 by
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infrared pumping with an N2 O-laser line. This pumping causes selective
depletion of the upper inversion component of the (J = 8, K = 7) level
and an increased population of the lower inversion component in the upper vibrational level. The selective change ΔN of the populations is partly
transferred by collisions to neighboring levels (Sect. 8.2), resulting in secondary collision-induced double-resonance signals [5.30].

Fig. 5.12. Infrared–microwave double
resonance in NH3 . The microwave transitions between the inversion doublets
can start from the laser-pumped level
(signal S) or from levels where the
depletion has been transferred by collisions (secondary DR signals S , S )
[5.30]

Fig. 5.13. Infrared–microwave double resonance in the vibrationally excited v2 = 1 state
of DCCCOH. The solid arrows indicate the
microwave transitions, the wavy arrows secondary MW transitions [5.31]

Example 5.7.
Figure 5.13 gives an example of microwave spectroscopy in an excited
vibrational state, where the (NKa,Kc = 21,2 ) rotational level in the excited
vibrational state v2 = 1 of DCCCHO has been selectively populated by infrared pumping with a HeXe laser [5.31]. The solid arrows represent the
direct microwave transitions from the pumped level, while the wavy arrows correspond to “triple-resonance” transitions starting from levels that
have been populated either by the first microwave quantum or by collisioninduced transitions from the laser-pumped level.
Further examples and experimental details on infrared–microwave doubleresonance spectroscopy can be found in [5.32–5.35].
The electronically excited states of most molecules are far less thoroughly
investigated than their ground states. On the other hand, their level structure
is generally more complex because of interactions between electron and nuclear motions, which are more pronounced in excited states (breakdown of
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the Born–Oppenheimer approximation, perturbations). It is therefore most desirable to apply spectroscopic techniques that are sensitive and selective and
that facilitate assignment. This is just what the optical–microwave doubleresonance technique can provide.

Example 5.8.
One example of this technique is the excited-state spectroscopy of the
molecule BaO [5.36]. In the volume that is crossed by an atomic barium
beam and a molecular O2 beam, BaO molecules are formed in various rovibronic levels (v , J ) of their electronic X 1 Σg ground state by the reaction
Ba + O2 → BaO + O (Fig. 5.14). With a dye laser tuned to the transitions
A 1 Σ(v , J ) ← X 1 Σ(v , J ) different levels (v , J ) in the excited A state
are selectively populated. Their quantum numbers (v , J ) can be determined from the LIF spectrum (Sect. 1.7).
When the crossing volume is irradiated with a microwave produced by
a tunable clystron, transitions J → J ± 1 or J → J ± 1 between adjacent rotational levels in the X or the A state can be induced by tuning the
microwave to the corresponding frequencies.
Since optical pumping by the laser has decreased the population
N(v , J ) below its thermal equilibrium value, microwave transitions
J → J ± 1 increase N(v , J ), which result in a corresponding increase
of the total fluorescence intensity. The transitions J → J ± 1, on the other
hand, decrease the population N(v , J ) in the optically excited levels.
Therefore they decrease the fluorescence intensity emitted from (v , J ), but
generate new lines in the fluorescence spectrum originating from the levels
(J ± 1). They can be separated by a monochromator or by interference filters.

Fig. 5.14a,b. Level scheme (a) and experimental arrangement (b) for detection of
optical-microwave DR in BaO molecules [5.36]
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The use of OMDR spectroscopy allows very accurate measurements of rotational spacings in both the ground state and in electronically exited states
[5.37]. The sensitivity is sufficiently high to measure even very small concentrations of molecules or radicals that are formed as intermediate products in
chemical reactions. This has been proven, for example, for the case of NH2
radicals in a discharge flow system [5.38]
Example 5.9.
An impressive example of the OMDR version of the Rabi technique is the
measurement of the hyperfine splittings in the electronic ground state of
CaCl [5.39], where linewidths as small as 15 kHz could be achieved for the
OMDR signals. They were only limited by the transit time of the molecules
flying through the microwave zone. With an additional dc electric field in
the microwave region, the resulting Stark splittings of the OMDR signals
were observed and the eletric dipole moments could be accuracely determined [5.40, 5.41].
Besides the precise determination of rotational level spacings in excited
states, another application of OMDR is the investigation of atomic or molecular Rydberg states. If a state with principal quantum number n is excited by
one UV photon or two visible photons, microwave transitions to neighboring
Rydberg states are induced. Energy shifts of these levels by external fields
or by perturbations due to interactions between different Rydberg levels or
autoionization processes can be measured with high accuracy [5.42].

5.4 Optical–Optical Double Resonance
The optical–optical double-resonance (OODR) technique is based on the simultaneous interaction of a molecule with two optical waves that are tuned
to two molecular transitions sharing a common level. This may be the lower
or the upper level of the pump transition. The three possible level schemes of
OODR are depicted in Fig. 5.15.
The “V-type” double-resonance method of Fig. 5.15a (named after its
V-shaped appearance in the level diagram) may be regarded as the inversion of laser-induced fluorescence (Fig. 5.16). With the LIF technique one
excited level |2 is selectively populated. The resulting fluorescence spectrum
corresponds to all allowed optical transitions from this level into the lower
levels |m. The analysis of the LIF spectrum mainly yields information on the
lower state. With V-type OODR, on the other hand, a single lower level |i is
selectively depleted. The OODR transitions, monitored through the difference
in the absorption of the probe wave with and without the pump, start from the
lower level |1 and end in all upper levels |m, which can be reached by probe
transitions from |1. They give mainly information about these upper levels.
The second OODR scheme (Fig. 5.15b) represents stepwise excitation of
high-lying levels via a common intermediate level |2, which is the upper level
of the pump transition but the lower level of the probe transition. This scheme
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Fig. 5.15a–c. Different schemes for OODR: (a) V-type OODR; (b) stepwise excitation;
(c) Λ-type OODR

Fig. 5.16. V-type OODR compared with LIF

allows the investigation of higher levels (e.g., Rydberg states), where the absorption of the probe can be monitored by either LIF from these levels, or by
the ions produced by the absorption of a third photon.
The last scheme in Fig. 5.15c, named Λ-type OODR, represents a stimulated resonant Raman process where the molecules are coherently transferred
from level |1 to levels |m by absorption of the pump laser and stimulated
emission by the probe laser.
We will now discuss these three schemes in more detail.
5.4.1 Simplification of Complex Absorption Spectra
The V-type OODR scheme can be utilized for the simplification and analysis
of infrared, visible, or UV molecular spectra. This is particularly helpful if
the spectra are perturbed and might not show any regular pattern. Assume the
pump laser L1, with intensity I1 , which has been tuned to the transition |1 →
|2 is chopped at the frequency f 1 . The population densities N1 , N2 then show
a corresponding modulation
N1 (t) = N10 {1 − aI1 [1 + cos(2π f 1 t)]} ,
N2 (t) = N20 {1 + bI1 [1 + cos(2π f 1 t)]} ,

(5.8)
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Fig. 5.17. OODR signals with opposite phase for probe transitions starting from the lower
or the upper pump level, respectively

which has an opposite phase for the two levels. The modulation amplitudes a
and b depend on the transition probability of the pump transition and on
possible relaxation processes such as spontaneous emission, collisional relaxation, or diffusion of molecules into or out of the pump region (Sect. 2.1).
The LIF intensity IFl (λ2 ) induced by the tunable probe laser L2 will be
modulated at the frequency f 1 if the wavelength λ2 coincides with an absorbing transition |1 → |m from the optically pumped lower level |1 to an
upper level |m or with a downward transition |2 → |m from the upper pump
level |2 to a lower level |m. If the probe laser-induced fluorescence IFl (λ2 ) is
monitored through a lock-in amplifier at the frequency f 1 , one obtains negative OODR signals for all transitions |1 → |m and positive signals for the
transitions |2 → |m (Fig. 5.17). From the phase of the lock-in signal it is
therefore, in principle, possible to decide which of the two possible types of
probe transitions is detected. Since this double-resonance technique selectively
detects transitions that start from or terminate at levels labeled by the pump
lever, it is often called labeling spectroscopy.
In reality, the situation is generally more complex. If the OODR experiments are performed on molecules in a cell that have a thermal velocity
distribution and that may suffer collisions, double-resonance signals are also
observed for probe transitions starting from other levels than |1 or |2. This
is due to the following facts:
(a) Even with a narrow-band pump laser several absorbing transitions may
simultaneously be pumped if the absorption profiles overlap within their
Doppler width (Fig. 5.2).
(b) Collisions may transfer the modulation of the population density N1 to
neighboring levels if the collisional time is shorter than the chopping
period 1/ f 1 of the pump laser (Sect. 8.3). This causes additional doubleresonance signals, which may impede the analysis (Fig. 5.18). On the other
hand, they also can give much information on cross sections for collisional
population and energy transfer (Chap. 8).
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Fig. 5.18. Secondary OODR signals induced by collisions or by fluorescence
from the optically pumped levels

(c) The fluorescence from the level |2 into all accessible lower levels |m
is also modulated at f 1 and leads to a corresponding modulation of the
population densities Nm .
In order to avoid such secondary OODR signals, sub-Doppler excitation
under collision-free conditions has to be realized. This can be achieved in
a collimated molecular beam that is intersected by the two lasers L1 and L2
either at two different positions z 1 and z 2 (Fig. 5.19) or with two overlapping laser beams (Fig. 5.20). In the first arrangement the probe laser-induced
fluorescence IFl (λ2 ) can be imaged separately onto the detector, and chopping of the pump laser L1 with phase-sensitive detection of IFl (λ2 ) yields
the wanted OODR spectrum. In the second arrangement with superimposed
pump and probe beams, the detected fluorescence IFl = IFl (L1) + IFl (L2) is

Fig. 5.19. OODR spectroscopy in a molecular beam with spatially separated pump and
probe beams. The probe transition L2 can be monitored by ionizing the excited levels
m with L3
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Fig. 5.20. OODR spectroscopy in a collimated molecular beam with overlapping pump
and probe beams and detection at the sum frequency

the sum of pump and probe laser-induced fluorescence intensities, which are
both modulated at the chopping frequency f 1 . In order to eliminate the large
background of IFl (L1) one can use a double-modulation technique, where L1
is modulated at f 1 , L2 at f 2 , and the fluorescence is monitored at the sum frequency f 1 + f 2 . This selects the OODR signals from the background, as can
be seen from the following consideration.
The fluorescence intensity IFl (λ2 ) induced by the probe laser with intensity
I2 = I20 (1 + cos 2π f 2 t) on a transition starting from the lower level |i of the
pump transition is
IFl (λ2 ) ∝ Ni I2 = Ni0 {1 − aI10 [1 + cos(2π f 1 t)]}I20 [1 + cos(2π f 2 t)] . (5.9)
The nonlinear term
I10 I20 cos(2π f 1 t) cos(2π f 2 t)
=

1
2 I10 I20 [cos 2π( f 1 + f 2 )t + cos 2π( f 1 − f 2 )t] ,

(5.10)

which represents the OODR signal, is modulated at the frequencies ( f 1 + f 2 )
and ( f 1 − f 2 ) whereas the linear terms, representing the pump laser-induced
fluorescence or the fluorescence induced by the probe laser on transitions from
nonmodulated levels only contain the frequencies f 1 or f 2 .
The application of OODR in molecular beams to the analysis of complex perturbed spectra is illustrated by Fig. 5.21, which shows a section of
the visible NO2 spectrum around λ = 488 nm. In spite of the small residual
Doppler width of 15 MHz, not all lines are fully resolved and the analysis of
the spectrum turns out to be very difficult, because the upper state is heavily
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Fig. 5.21. Section of the linear excitation spectrum of NO2 around λ = 488 nm (lower
spectrum) and OODR signals obtained with the pump laser kept on transition 1 or 4,
respectively [5.43]

perturbed. If in the OODR experiment the pump laser L1 is kept on line 1,
one obtains the two OODR signals as shown in the upper left part of Fig. 5.21,
which proves that lines 1 and 4 in the lower spectrum share a common lower
level. The right part of Fig. 5.21 also shows that the lines 2 and 5 start from
a common lower level as well as the lines 3 and 6. The whole lower spectrum
consists of two rovibronic transitions J , K = 10, 5) → (J , K ) = (11, 5)
(each with three hfs components), which end in two closely spaced rotational
levels with equal quantum numbers (J , K ) that belong to two different vibronic states coupled by a mutual interaction [5.43].
This V-type OODR has been used in many laboratories. Further examples
can be found in [5.44–5.48].

5.4.2 Stepwise Excitation and Spectroscopy of Rydberg States
When the excited state |2 has been selectively populated by optical pumping
with laser L1, transitions to still higher levels |m can be induced by a second tunable laser L2 (Fig. 5.15b). This two-step excitation may be regarded
as the special resonance case of the more general two-photon excitation with
two different photons ω2 (Sect. 2.5). Because the upper levels |m must have
the same parity as the initial level |1, they cannot be reached by an allowed
one-photon transition. The one-step excitation by a frequency-doubled laser
with the photon energy 2ω = (ω1 + ω2 ) therefore excites, in the same energy range, levels of opposite symmetry compared to those levels reached by
the two-step excitation.
With two visible lasers, levels |m with excitation energies up to 6 eV can
be reached. Optical frequency doubling of both lasers allows even the popula-
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Table 5.1. Characteristic properties of Rydberg atoms
Property

n-dependence
H (n = 2)

Binding energy −R · n −2

4 eV

Numerical values for
H (n = 50)
Na (10d)
5.4 meV

0.14 eV
∧

0.2 meV = 2 cm−1 ≈ 1.5 meV

E(n + 1) − E n

R
n2

Mean radius

a0 n 2

4a0 ≈ 0.2 nm

132 nm

7 nm

Geometrical
cross section

πa02 n 4

≈ 1.2 ×10−16

5 ×10−10

≈ 10−12 [cm2 ]

Spontaneous
lifetime

∝ n3

5 ×10−9

1.5 ×10−4

≈ 10−6 [s]

Critical field

E c = π0 R2 e−3 n −4 5 ×109

5 ×103

3 ×106 [V/m]

Orbital period

Tn ∝ n 3

10−15

2 ×10−11

2 ×10−13 [s]

Polarizability

α ∝ n7

10−6

104

20 [s−1 V−2 m2 ]

R
− (n+1)
2 ∝

1
n3

5
36 R

≈ 2 eV

tion of levels up to 12 eV. This makes the Rydberg levels of most atoms and
molecules accessible to detailed investigations. The population of Rydberg
levels of species M can be monitored either by their fluorescence or by detecting the ions M+ or the electrons e− that are produced by photoionization,
field ionization, collisional ionization, or autoionization of the Rydberg levels.
Rydberg states have some remarkable characteristics (Table 5.1). Their
spectroscopic investigation allows one to study fundamental problems of
quantum optics (Sect. 9.5), nonlinear dynamics, and chaotic behavior of quantum systems (see below). Therefore detailed studies of atomic and molecular
Rydberg states have found increasing interest [5.49–5.62].
The term value Tn of a Rydberg level with principal quantum number n is
given by the Rydberg formula
Tn = IP −

R
(n − δ)

2

= IP −

R
,
n ∗2

(5.11)

where IP is the ionization potential, R the Rydberg constant, and δ(n, ) the
quantum defect that depends on n and on the angular momentum  of the
Rydberg electron. The quantum defect describes the deviation of the real
potential (from the nucleus, including its shielding by the core electrons)
from a pure Coulomb potential V = Z eff e2 /(4π0r). With the effective quantum number n ∗ = n − δ, (5.11) can be formally written as Rydberg levels in
a Coulomb potential.
The investigation of atomic Rydberg states started with alkali atoms since
they can be readily prepared in cells or atomic beams. Because of their relatively low ionization energy, their Rydberg states can be reached by stepwise
excitation with two dye lasers in the visible spectral region. The first step
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Fig. 5.22a,b. Level scheme for two-step excitation of Rydberg levels of alkali atoms (a)
and Rydberg series Na 3 2 P3/2 → n 2 S, n 2 D measured by field ionization of the Rydberg
states (b) [5.53]

generally uses the resonance transitions nS → n P to the first excited state,
which has a large transition probability and therefore can be already saturated
at laser intensities of I(L1) ≤ 0.1 W/cm2 ! The second step requires higher intensities I(L2) ≈ 1−100 W/cm2 (because the transition probability decreases
with n −3 [5.55]), which, however, can be readily realized with cw dye lasers.
For illustration, Fig. 5.22 exhibits the term diagram and measured Rydberg series 3 p2 P → nS, and 3 p2 P → n D of Na atoms excited via the 3 p2 P3/2 state.
Example 5.10.
From (5.11) one can calculate that the term energy of Na∗ (n = 40) is only
about 0.005 eV below the ionization limit, and Fig. 5.24 shows that an external field with E = 100 V/cm is sufficient to ionize this state.
The external field E [V/m] decreases the ionization threshold of a Rydberg
state down to the “appearance potential” A P of the ions (Fig. 5.23):
*
(5.12)
A P = IP − e3 E/π0 ,
which can be readily derived from the maximum energy of the superposition
of Coulomb potential and external potential Vext = Ex of the electric field in
the x-direction.
Example 5.11.
For E = 1000 V/cm the decrease ΔIP = IP − A P of the effective ioniza∧
tion potential is ΔIP = 20 meV = 194 cm−1 . Rydberg levels with n ∗ ≥ 24
are already field ionized.
The strong dependence of the field-ionization probability on the principal quantum number n can be utilized to detect atoms in specific Rydberg
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Fig. 5.23. Coulomb potential with external field

Fig. 5.24a,b. Field ionization of atomic Rydberg levels: (a) ionization rate of the Na
(31 2 S) level; (b) dependence of the threshold field E c on the effective principal quantum
number n ∗ for Na(n ∗ S) Rydberg levels [5.53]

states n. When the Rydberg atoms in an atomic beam initially fly through
a region with an electric field E 1 and then through a field with E 2 > E 1 , the
Rydberg atoms at all levels n > n 1 are field-ionized in the first field, while the
atoms in level n 1 − 1, which pass through the first field unaffected, are then
ionized in the second field if E 2 is properly chosen (Fig. 5.25).
Collisional deactivation of Rydberg levels under “field-free” conditions can
be studied in the thermionic heat pipe (Sect. 1.4.5) with shielding grids or

Fig. 5.25. Selective detection of Rydberg atoms
in specific Rydberg states
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wires [5.57]. Since the excitation occurs in a field-free region, the effects of
collisional broadening and shifts (Vol. 1, Sect. 3.3) can be separately investigated up to very high quantum numbers [5.56–5.58]. In addition, the influence
of the hyperfine energy of core electrons on the term values of Rydberg levels
of the Sr atom could be studied in a heat pipe up to n = 300 [5.59].
When Rydberg levels are selectively excited under collision-free conditions in an atomic beam, it is found that after a time, which is short compared
to the spontaneous lifetime, the population of neighboring Rydberg levels increases. The reason for this surprising result is the following: because of the
large dipole moment of Rydberg atoms, the weak thermal radiation emitted
by the walls of the apparatus is sufficient to induce transitions between the
optically pumped level |n,  and neighboring Rydberg levels |n + Δn,  ± 1
[5.60].
The interaction of the Rydberg atoms with the thermal radiation field results in a small shift of the Rydberg levels (Lamb shift), which only amounts
to Δν/ν ≈ 2 ×10−12 for rubidium. It has recently been measured with extremely well stabilized lasers [5.61]. In order to eliminate the influence of the
thermal radiation field one has to enclose the interaction zone of the laser and
atomic beam by walls cooled to a few degrees Kelvin.
On the other hand, the large dipole moment of Rydberg atoms offers the possibility to use them as sensitive detectors for microwave and
submillimeter-wave radiation [5.62]. For the detection of radiation with frequency ω, a Rydberg level |n is selectively excited by stepwise excitation
with lasers in an external electric dc field. The field strength is adjusted in
such a way that the energy E n of the Rydberg level |n is just below the
critical value E c for field ionization, but E n + ω is just above. Every absorbed microwave photon ω then produces an ion that can be detected with
100% efficiency (Fig. 5.26).

Fig. 5.26a,b. Sensitive detection of microwave radiation by microwave-photon ionization
of Rydberg levels
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There is another interesting aspect of Rydberg levels: the Coulomb energy
of a Rydberg electron in level |n from the electric field of the core decreases
with 1/n ∗2 . For sufficiently large principle quantum numbers n ∗ the Zeeman
energy in an external magnetic field B may become larger than the Coulomb
energy.
The Lorentz force F = q(v × B) causes the electron to precess around the
magnetic field direction B, and even if the total energy of the electron lies
above the field-free ionization limit, the electron cannot escape except into
the direction of B. This leads to relatively long lifetimes of such autoionizing
states. The corresponding classical trajectories of the electron in such states
are complicated and may even be chaotic. At present, investigations in several
laboratories are attempting to determine how the chaotic behavior of the classical model is related to the term structure of the quantum states [5.63]. The
question whether “quantum chaos” really exists is still matter of controversy
[5.65–5.68].
Example 5.12.
For n = 100 the Coulomb binding energy of the electron to the proton in
a hydrogen Rydberg atom is E coul = Ry/n 2 = 1.3 ×10−3 eV. The magnetic
energy of the electron with an average orbital angular momentum of 50
in a field of B = 1 T is E mag = μB = 2.8 ×10−3 eV, where μB = 5.6 ×
10−5 eV/T is the Bohr magneton.
Until now detailed experiments on Rydberg atoms in crossed electric and
magnetic fields have been performed on alkali atoms [5.64] and on Rydberg
states of the H atom [5.69], which are excited either by direct two-photon
transitions or by stepwise excitation via the 2 2 p state. Since the ionization energy of H is 13.6 eV, one needs photon energies above 6.7 eV (λ ≤ 190 nm),
which can be produced by frequency doubling of UV lasers in gases or metal
vapors [5.70, 5.71].
In the examples given so far only one single Rydberg electron was excited. Special laser excitation techniques allow the simultaneous excitation
of two electrons into high-lying Rydberg states [5.72]. The total energy of
this doubly excited system is far above the ionization energy. The correlation
between the two electrons causes an exchange of energy and results in autoionization (Fig. 5.27). The population of the doubly-excited Rydberg state is
achieved by two two-photon transitions: at first a one-electron Rydberg state
is excited by a two-photon transition induced by a visible laser. A successive two-photon transition with UV photons excites a second electron from the
core into a Rydberg state [5.73, 5.74]. Such doubly excited Rydberg atoms,
which are named planetary atoms [5.75], offer the unique possibility to study
the correlations between two electrons that are both in defined Rydberg orbits
(n 1 , 1 , S1 ) and (n 2 , 2 , S2 ) by measuring the autoionization time for different
sets of quantum numbers.
Molecular Rydberg series are by far more complex than those of atoms.
The reason is that many more electronic states exist in molecules, where fur-
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Fig. 5.27a,b. Double excited planetary atoms: (a) level diagram for two-step excitation of
two electrons in the Ba atom with subsequent autoionization to Ba++ ; (b) experimental
arrangement [5.70]

thermore each of these states has a manifold of vibrational–rotational levels.
Often vibronic levels of different electronic Rydberg states are coupled by
several interactions (vibronic, spin-orbit, Coriolis interaction, etc.). This interaction shifts their energy, and such perturbed Rydberg series often show an
irregular structure that is not easy to analyze [5.76].
Here, the stepwise excitation is, in particular, very helpful since only those
Rydberg levels are excited that are connected by allowed electric dipole transitions to the known intermediate level, populated by the pump. This shall be
illustrated by the example of a relatively simple molecule, the lithium dimer
Li2 [5.77, 5.78]. When the pump laser selectively populates a level (vk , Jk ) in
the B1 Πu state, all levels (v∗ , J ∗ = Jk ± 1 or J ∗ = Jk ) in the Rydberg states
ns 1 Σ with  = 0 and nd 1 Delta, nd 1 Π, or nd 1 Σ with  = 2 and λ = 2, 1,
0 are accessible by probe laser transitions with ΔJ = +1 (R-lines), ΔJ = 0
(Q-lines), or ΔJ = −1 (P-lines). This is shown in (Fig. 5.28), where all possible transitions from the two Λ components of the B1 Πu state with parity
−1 and +1 into the different Rydberg states are compiled.
The excitation of Rydberg levels below the ionization potential IP can be
monitored via the probe laser-induced fluorescence. There are, however, also
many Rydberg levels above IP where higher vibrational or rotational levels
are excited (Fig. 5.29). If the Rydberg electron can gain enough energy from
the vibration or rotation of the molecular core it can leave the core. This autoionization demands a coupling between the kinetic energy of the nuclei and
the energy of the Rydberg electron, which implies a breakdown of the adiabatic Born–Oppenheimer approximation [5.76]. This coupling is generally
weak and the autoionization is therefore much slower than that in doubly excited atoms caused by electron–electron correlation. The autoionizing states
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Fig. 5.28. Molecular Rydberg states of homonuclear alkali dimers, accessibly by onephoton transitions from the intermediate B 1 Πu state

Fig. 5.29. Autoionization of molecular Rydberg levels (n ∗ , v∗ , J ∗ ) above the energy of
the lowest level of the molecular ion M+

are therefore “long-living” states and the corresponding transitions remarkably narrow. Since the spontaneous lifetimes increase proportionally to n 3 ,
the autoionization may still be faster than the radiative decay of the levels.
The ions produced by autoionization can therefore be used for sensitive detection of transitions to Rydberg levels above the ionization limit of molecules.
When the wavelength λ (L2) of the second laser is tuned while L1 is kept
at a fixed wavelength λ1 , one observes sharp intense resonances in the ion
yield Nion (λ2 ) superimposed on a continuous background of direct photoionization (Fig. 5.30). The analysis of such spectra demands the application of
quantum defect theory [5.79–5.81].
A common experimental arrangement for the study of molecular Rydberg
states is depicted in Fig. 5.31. The output beams of two pulsed narrow-band
dye lasers, pumped by the same excimer laser, are superimposed and cross the
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Fig. 5.30a,b. Direct ionization and autoionization resonances just above the ionization
threshold observed through the ion yield Nion (λ2 ) in Li2 when the first laser excites the
∧
level |k = (v = 2, J = 7) in the B 1 Πu state: (a) with L1 off; (b) with L1 on

molecular beam perpendicularly. The fluorescence emitted from the intermediate level (v , J ) or from the Rydberg levels (v∗ , J ∗ ) can be monitored by
a photomultiplier. The ions produced by autoionization (or for levels slightly
below IP by field ionization) are extracted by an electric field and are accelerated onto an ion multiplier or channel plate. This allows the detection of
single ions. In order to avoid electric Stark shifts of the Rydberg levels dur-

Fig. 5.31. Experimental arrangement for
the
measurement
of
molecular
Rydberg levels with two-step excitation in a molecular beam [5.78]
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ing their excitation, the extraction field is switched on only after the end of
the laser pulse. Experimental details and more information on the structure
and analysis of molecular Rydberg spectra can be found in [5.78–5.82].
A powerful technique for studying molecular ion states and ionization potentials of molecules is the zero-kinetic energy (ZEKE) electron spectroscopy
where the photoelectrons with a very small kinetic energy, produced by laser
excitation of ionic states just at the ionization limit, are selectively detected
[5.84]. When the laser is tuned through the spectral range of interest, the
excitation threshold for a new state is marked by the appearance of ZEKE
electrons. Because of their very small kinetic energy, the electrons can be
extracted by a small electric field and collected onto a detector with high
efficiency. This ZEKE electron spectroscopy in combination with laser excitation and molecular beam techniques is a rapidly developing field of molecular
Rydberg state spectroscopy [5.83–5.87].
From the optically pumped atomic or molecular Rydberg levels neighboring levels can be reached by microwave transitions, as was mentioned
above. This “triple resonance” (two-step laser excitation plus microwave) is
a very accurate method to measure quantum defects, fine-structure splitting,
and Zeeman and Stark splitting in Rydberg states [5.88].
The Stark splitting and the field ionization of very high Rydberg levels
provide sensitive indicators for measuring weak electric fields. These few examples demonstrate the variety of information obtained from Rydberg state
spectroscopy. More examples can be found in Sect. 9.5 and in the literature
on laser spectroscopy of Rydberg states [5.89–5.93].

5.4.3 Stimulated Emission Pumping
In the Λ-type OODR scheme (Fig. 5.32) the probe laser induces downward
transitions from the upper level k = |2 of the pump transition to lower
levels f = |m. This process, which is called stimulated emission pumping
(SEP), may be regarded as a resonantly induced Raman-type transition. In
case of monochromatic pump and probe lasers tuned to the frequencies ω1
and ω2 , respectively, the resonance condition for a molecule moving with ve-

Fig. 5.32. Stimulated emission spectroscopy
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locity v is
ω1 − k1 · v − (ω2 − k2 · v) = (E m − E 1 )/ ± Γm1 ,

(5.13)

where ωi , ki are frequency and wave vector of laser i, and Γm1 = γ1 + γm is
the sum of the homogeneous widths of initial and final levels of the Raman
transition.
Note that the laser frequency ω1 does not necessarily coincide with ω12 =
(E 2 − E 1 )/ when a virtual level is reached by L1. In the case where ω1 =
ω12 we have resonance-enhanced Raman transitions.
In any case, the probe laser is in resonance if its frequency is
ω2 = ω1 + (k2 − k1 ) · v − (E m − E 1 )/ ± Γm1 .

(5.14)

For a collinear arrangement of the two laser beams k1  k2 the Doppler shift
becomes very small for |k1 | − |k2 |  |k1 |, and the width of the OODR signal S(ω2 ) is only determined by the sum of the level widths of the initial and
final levels, while the width of the upper level |2 does not enter into the signal width. If the two levels |1 and |m are, for example, vibrational–rotational
levels in the electronic ground state of a molecule, their spontaneous lifetimes
are very long (even infinite for homonuclear diatomics!) and the level widths
are only determined by the transit time of the molecule through the laser
beams. In such cases, the linewidth of the OODR signal may become smaller
than the natural linewidth of the optical transitions |1 → |2 (Sect. 9.4).
A more thorough consideration starts similar to the discussion of saturation
spectroscopy in Sect. 2.2 from the absorption coefficient of the probe wave
+∞
σ(vz , ω)ΔN(vz ) dvz ,
α(ω) =

(5.15)

−∞

with ΔN = (Nm − N2 ). The population density N2 (vz ) in the common upper
level |2 is altered through optical pumping with the laser L1 from its thermal
equilibrium value N20 (vz ) to
N2s (vz ) = N20 (vz ) +

[N1 (vz ) − N2 (vz )]γ2 S0
1
,
2 (ω − ω12 − k1 vz )2 + (Γ12 /2)2 (1 + S)

(5.16)

where S is the saturation parameter of the pump transition, see (2.7). Inserting
(5.16) into (5.15) and integrating over all velocity components vz yields [5.94]
γ1 ΔΓ
1 N20 − N10
k2 S
,
√
0
0
2 N2 − Nm k1 1 + S [Ω2 ± (k2 /k1 )Ω1 ]2 + (ΔΓ )2
(5.17)
√
with Ω1 = ω1 − ω2 , Ω2 = ω2m , and ΔΓ = Γ2m + (k2 /k1 )Γ12 1 + S.
This represents a Doppler profile α0 (ω) with a narrow dip at the frequency
α(ω) = α0 (ω) 1 −

ω2 = (k2 /k1 )(ω1 − ω12 ) + ω2m .

246

5. Optical Pumping and Double-Resonance Techniques

If the second term in the bracket of (5.17) becomes larger than 1, α(ω) becomes negative, that is, the probe wave is amplified instead of attenuated
(Raman gain, see Vol. 1, Sect. 5.7).
Chopping of the pump laser and detection of the probe laser Raman signal
behind a lock-in amplifier yields a narrow OODR signal with a linewidth
√
(5.18)
ΔΓ = γm + [(k2 /k1 )γ1 + (1 ∓ k2 /k1 )γ2 ] 1 + S ,
where the − sign in the bracket of (5.18) stands for collinear, and the + sign
for anticollinear propagation of the two laser beams. This shows that for the
collinear arrangement the level width γ2 of the common upper level only enters with the fraction (1 − k2 /k1 ), which becomes very small for k2 /k1 ∼ 1
[5.95].
This Λ-type OODR can be used to probe high-lying vibrational–rotational
levels close to the dissociaton limit of the electronic ground state. As an example, Fig. 5.33 shows the term diagram of the Cs2 molecule where a high-lying
vibrational level (v = 50, J = 48) in the D 1 Σu state is optically pumped at
the inner turning point of the vibrating molecule and the probe laser induces
downward transition with large Franck–Condon factors from the outer turning
point into levels (v3 , J3 ) closely below the dissociation energy of the X 1 Σ+
g
ground state. These levels show perturbations by hyperfine mixing with triplet
levels induced by indirect nuclear spin–nuclear spin interactions, which are
mediated by the electron spin. This OODR spectroscopic technique therefore

Fig. 5.33a,b. Λ-type OODR spectroscopy illustrated for the example of the Cs2 molecule: (a) term diagram; (b) two OODR signals of the same transition measured with
collinear and anticollinear propagation of pump and probe beams. For this example the
homogeneous width of the upper (predissociating) level is γ2 ∼ 100 MHz [5.101]
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can give very detailed information about the interaction of atoms at large internuclear distances, which are gaining increasing interest after the realization
of Bose–Einstein condensation of alkali atoms, where such interactions cause
spin-flips resulting in a loss of atoms from the condensate (see Sect. 9.1.9).
The linewidth of the OODR signal for collinear propagation is much
smaller than the level width of the predissociating upper level.
The downward transitions can be probed by the change in transmission
of the probe wave by OODR–polarization spectroscopy or by ion-dip spectroscopy (Sect. 5.5.1).
Often the super-high spectral resolution of the induced resonant Raman
transitions obtained with single-mode lasers is not neccessary if the levels |m
are separated by more than one Doppler width. Then pulsed lasers can be
used for stimulated emission pumping [5.96]. Many experiments on high vibrational levels in the electronic ground state of polyatomic molecules have
been performed so far by SEP with pulsed lasers. Compilations may be found
in [5.97–5.100].
The stimulated emission pumping technique allows one to selectively populate high vibrational levels of molecules that are going to collide with other
atoms or molecules. The investigation of the cross section for reactive collisions as a function of the excitation energy gives very valuable information on
the reaction mechanism and the intermolecular potential (Chap. 8). Therefore,
the SEP technique is a useful method for the selective population transfer into
high-lying levels that are not accessible by direct absorption from the ground
state.
Up to now we have only considered the population changes ΔNi under
SEP. There are, however, also coherent effects and an even more efficient
scheme for population transfer is provided by the coherent stimulated rapid
adiabatic passage (STIRAP) method, explained in Chap. 7.

5.5 Special Detection Schemes
of Double-Resonance Spectroscopy
Because of their great advantages for the analysis of molecular spectra, a large
variety of different detection schemes for double-resonance spectroscopy have
been developed. In this section we present four examples.
5.5.1 OODR-Polarization Spectroscopy
Similar to polarization spectroscopy with a single tunable laser (Sect. 2.4),
in OODR–polarization spectroscopy the sample cell is placed between two
crossed polarizers and the transmitted probe laser intensity IT (λ2 ) is measured
as a function of the probe laser wavelength λ2 .
The optical pumping of the molecules is now performed with a separate
laser beam, which is sent through the sample cell anticollinearly to the probe
beam for V-type OODR, but collinearly for Λ-type OODR (Fig. 5.34). In order to keep the pump transition on the wanted selected transition, at first
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Fig. 5.34. Experimental arrangement for OODR Λ-type double resonance

an ordinary Doppler-free polarization spectrum of the pump laser must be
recorded. Therefore, the pump laser beam is split into a pump and a probe
beam, and the spectrum is recorded while laser L2 is switched off. Now the
pump laser is stabilized onto the wanted transition and the second (weak)
probe laser L2 is simultaneously sent through the cell.
There are several experimental tricks to separate the two probe beams of
L1 and L2: for Λ-type OODR these two probe beams travel into opposite directions and can therefore be detected by two different detectors. In case of
V-type OODR the pump beam L1 and the probe beam L2 are anticollinear,
which means that the two probe beams are collinear. If their wavelengths differ sufficiently they can be separated by a prism behind the analyzer. Although
this is efficient for separating both probe beams, it has the disadvantage that
the refraction angle of the prism changes with wavelength and the detector
must be realigned when the probe wavelength is scanned over a larger spectral range. If the wavelengths λ1 , λ2 of the two probe beams differ sufficiently,
the two probe beams can be separated by a dichroic mirror (Fig. 5.34).
The sum-frequency method is easier with respect to the optical arrangement but with more electronics involved. The pump beam L1 and the probe
beam L2 are chopped at two different frequencies with the same chopper
(Fig. 5.20). Both probe beams are detected by the same detector. The output
signals are fed parallel into two lock-in detectors tuned to f 1 and f 1 + f 2 , respectively. While the lock-in at f 1 records the polarization spectrum of L1
if λ1 is tuned, the lock-in at ( f 1 + f 2 ) records the OODR spectrum induced
by both lasers L1 and L2 at a fixed wavelength λ1 while λ2 is tuned.
For illustration, Fig. 5.35 displays a section of the polarization spectrum of
Cs2 with V-type and Λ-type OODR signals of Cs2 transitions with a common
upper or lower level, respectively [5.101, 5.102].
OODR polarization spectroscopy is particularly useful for assigning complex spectra of larger molecules. Since many organic molecules such as
benzene or naphthalene have no absorption bands in the visible and only start
to absorb in the UV, the output frequencies of the two visible lasers used for
OODR have to be doubled. In order to achieve sufficiently high intensities for
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Fig. 5.35. Section of the polarization spectrum of Cs2 and OODR signals. The small lines
marked by crosses are collision-induced signals

the nonlinear spectroscopy, frequency doubling is required in external cavities.
In Fig. 5.36 the complete experimental setup for OODR polarization spectroscopy in the UV is shown [5.103], while Fig. 5.37 illustrates the advantage

Fig. 5.36. Experimental setup for optical-optical double resonance polarization spectroscopy in the UV [5.103]
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Fig. 5.37. Section of the OODR spectrum (upper trace) and the polarization spectrum
(lower trace) of naphthalene

of OODR. In the lower trace a small section of the dense Doppler-free polarization spectrum of the naphthalene molecule around 310 nm is shown. The
upper spectrum shows some OODR lines together with their level schemes
and assignments. The pump is stabilized onto the r P0 (58) transition while the
probe laser is tuned. Both V-type and Λ-type double resonance signals can
be identified. In principle, the signs of the V-type and Λ-type signals should
be opposite, but in this case the lock-in detector was set to quadrature and
the magnitude but not the sign of the signals was detected, because this gave
a better signal-to-noise ratio.

5.5.2 Polarization Labeling
Often it is advantageous to gain an overlook over a wider range of the
OODR spectra with lower resolution before Doppler-free scans over selected
sections of this range are performed. Here, the polarization labeling technique, first introduced by Schawlow and his group [5.104, 5.105], turns out
to be very useful. A polarized pump laser L1 orients molecules in a selected
lower level |i or an upper level |k and therefore labels those levels. Instead of a single-mode probe laser, a linearly polarized spectral continuum
is now sent through the sample between two crossed polarizers. Only those
wavelengths λim or λkm are affected in their polarization characteristics that
correspond to molecular transitions starting from the labeled levels |i or |k.
These wavelengths are transmitted through the crossed analyzer, are separated
by a spectrograph, and are simultaneously recorded by an optical multichan-
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Fig. 5.38a,b. Polarization labeling method: (a) term diagram; and (b) experimental arrangement

nel analyzer or a CCD camera (Sect. 4.5). The spectral resolution is limited
by the spectrograph and the spectral range by its dispersion and by the length
of the diode array of the OMA.
A typical experimental arrangement used in our lab for studying molecular Rydberg states is exhibited in Fig. 5.38. The pump laser is a single-mode
cw dye laser, which is amplified in two pulsed amplifier cells pumped by
a nitrogen or excimer laser. The spectral continuum is provided by the broad
fluorescence excited in a dye cell by part of the excimer laser beam. Since
this spectral continuum is only formed within the small pump region in the
dye cell, it can be transformed into a parallel beam by a lens and is sent antiparallel to the pump beam through a heat pipe containing lithium vapor. The
OMA system behind the spectrograph is gated in order to make the detector
sensitive only for the short time of the probe pulse.
Figure 5.39 illustrates a section of the polarization labeling spectrum
of Rydberg transitions in Li2 starting from the intermediate level
B 1 Πu (v = 1, J = 27), which is labeled by the pump laser [5.106]. In the
upper spectrum the pump laser was circularly polarized, enhancing P and R
transitions, while in the lower spectrum the pump laser was linearly polarized
with an angle of 45◦ between the electric vectors of pump and probe. The
Q-lines are now pronounced, while the P and R lines are weakened (Sect. 2.4).
This demonstrates the advantage of polarization labelling for the analysis of
the spectra.
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Fig. 5.39a,b. Section of polarization-labeling spectrum of Li2 Rydberg transitions:
(a) pump laser being circularly polarized;
and (b) linear polarization. Note the difference in intensities for Q and P, R-transitions
in both spectra

5.5.3 Microwave-Optical Double-Resonance Polarization Spectroscopy
A very sensitive and accurate double-resonance technique is microwave–
optical double-resonance polarization spectroscopy (MOPS), developed by
Ernst et al. [5.107]. This technique detects microwave transitions in a sample
between crossed polarizers through the change in transmission of a polarized
optical wave. The sensitivity of the method has been demonstrated by measurements of the hfs of rotational transitions in the electronic ground state of
CaCl molecules that were produced by the reaction 2Ca + Cl2 → 2CaCl in an
argon flow. In spite of the small concentrations of CaCl reaction products and
the short absorption pathlength in the reaction zone, a good signal-to-noise
ratio could be achieved at linewidths of 1−2 MHz [5.108]. A more recent example is the application of this technique to Na3 clusters in a cold molecular
beam, where the hfs in the electronic groundstate of Na3 has been measured [5.109].
5.5.4 Hole-Burning and Ion-Dip Double-Resonance Spectroscopy
Instead of keeping the pump laser at a fixed wavelength λ1 and tuning the
probe laser wavelength λ2 , one may also fix the probe transition |i → |k
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Fig. 5.40. Fluorescence-dip spectroscopy of C6 H6 molecules. The upper rotational level
J = 6, K = 6, l6 = −1 of the 61 v vibrational state has been selectively excited by L2
and the fluorescence is observed while the wavelength λ1 of the dump laser L1 is tuned
[5.110]

while the pump laser is scanned. The probe laser-induced fluorescence intensity IFl excited at λ2 then exhibits a dip when the tuned pump radiation
coincides with a transition that shares the common lower level |i or upper
level |k with the probe laser (V-type or Λ-type OODR) (Fig. 5.40). With
pulsed lasers, the time delay Δt between pump and probe laser pulses can
be varied in order to study the relaxation of the hole that was burned into the
population Ni by the pump or Nk by the dump laser [5.110].
If the absorption of the probe laser is monitored via one- or two-photon
ionization of the upper probe transition (Fig. 5.41b), the ion signal shows a dip
when the tunable pump beam burns a hole into the common lower level population Ni (ion-dip spectroscopy). This opens another way to detect stimulated
emission pumping. Now three lasers are employed (Fig. 5.41b). The first laser
L1 is kept on a transition |i → |k. The molecules in the excited level |k are
ionized by a second laser L2. In favorable cases photons from L1 may also
be used for ionization, thus making L2 unnecessary. A third tunable laser L3

Fig. 5.41a,b. Ion-dip spectroscopy. The ion dips are monitored by the depletion of the
lower level |i (a) on the upper level |k by stimulated emission pumping (b)
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induces downward transitions |k → |m, which cause a depletion of level |k.
A dip in the ion signal S(λ3 ) is observed any time the wavelength λ3 of the
stimulated emission laser coincides with a transition |k → |m [5.110, 5.111].
5.5.5 Triple-Resonance Spectroscopy
For some spectroscopic problems it is necessary to use three lasers in order
to populate molecular or atomic states that cannot be reached by two-step
excitation. One example is the investigation of high-lying vibrational levels
in excited electronic states, which give information about the interaction
potential between excited atoms at large internuclear separations. This potential V(R) may exhibit a barrier or hump, and the molecules in levels above
the true dissociation energy V(R = ∞) may tunnel through the potential barrier. Such a triple resonance scheme is illustrated in Fig. 5.42a for the Na2
molecule. A dye laser L1 excites the selected level (v , J ) in the A 1 Σu state.
If a sufficiently large population N(v , J ) can be achieved, population inversion with respect to high vibrational levels (v , J ) of the electronic ground
state is reached and laser oscillation starts (Na2 dimer laser), which populates
the lower level (v , J ). From this level a third laser induces transitions into
levels (v∗ , J ∗ ) close to the dissociation limit of the A 1 Σu state. These levels
could not have been populated from low vibrational levels (v , J ) of the
special state because the corresponding Franck–Condon factors are too small
[5.112]. With this technique the very last bound level in the X 1 Σ+
g ground
state of Na2 molecules could be measured [5.113]. These measurements yield
the scattering length [5.114] for Na–Na collisions, an important quantity for
the achievement of Bose–Einstein condensates (Sect. 9.1.9).
A second example, mentioned already, is microwave spectroscopy of
Rydberg levels that have been excited by resonant two-step absorption of two
dye lasers (Fig. 5.41b). The high accuracy of microwave spectroscopy allows
the precise determination of finer details, such as field-induced energy shifts

Fig. 5.42a,b. Triple-resonance spectroscopy: (a) population of high vibrational levels in
the ground state by stimulated emission pumping and absorption of a third laser radiation,
resulting in the population of levels just below and above the dissociation energy of the
excited A1 Σu state of Na2 [5.113]; (b) stepwise excitation of Rydberg levels by OODR
and microwave-induced transitions to neighboring levels
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of Rydberg levels, broadening of Rydberg transitions by blackbody radiation,
or other effects that might not be resolvable with optical spectroscopy.

5.5.6 Photoassociation Spectroscopy
The recently developed technique of photoassociation spectroscopy is a modification of stimulated emission spectroscopy (see Sect. 5.4.3) that is applied
to systems of cold colliding atoms. Its principle is illustrated in Fig. 5.43.
A pair of colliding cold atoms A + A or A + B approaching each other in
a cold gas (e.g., a Bose–Einstein condensate, see Sect. 9.1.9) are excited by
a narrow-band laser L1 into a stable electronic state of the dimer A2 or AB
at a distance R that corresponds to the outer turning point of a high vibration level |v  in the excited state. A second laser L2 induces transitions from
the inner turning point down into bound vibrational levels |v , J  of the
electronic ground state. By tuning the wavelength λ1 of L1 , the vibrational
levels in the upper electronic state can be selected within a wide range, thus
optimizing the Franck–Condon factors for downward transitions into wanted
vibrational levels |v  of the ground state. At very low temperatures, even
the highest vibration level |vmax  of the ground state will be stable. Precision
spectroscopy of the rotational and hyperfine structure of such levels closely

Fig. 5.43. Level scheme for photoassociation spectroscopy
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below the dissociation energy gives more insight into the complicated interactions between electrons and nuclei at large internuclear distances R, where
even retardation effects have to be taken into account and where rotational
spacings, hfs and fine structure are of the same order of magnitude. Taking
into account all of these effects enables the very accurate construction of the
potential curve E pot (R) at large values of R.
By exciting a pair of metastable He∗ atoms in the metastable state 23 S1
with a narrow-band laser at λ = 1083 nm, bound vibrational levels of the helium dimer He∗2 in the electronic O+ u state (23 S1 + 23 P0 ) could be populated
in a magnetic trap [5.115]. The inner turning point at R1 = 150a0 and the
outer turning point at 1150a0 = 57.5 nm show that these excited dimers are
indeed giant molecules in terms of their size.
More information can be found in [5.116–5.118].

Problems
5.1 A linearly polarized laser beam passes in z-direction through a sample
cell. Its wavelength is tuned to a transition |1 → |2 with J1 = 0, J2 = 1. With
the laser off, the upper level |2 is assumed to be empty. What is the relative
population N21 (M2 = ±1)/N20 (M2 = 0) of the M2 levels and the corresponding degree of alignment, if the excitation rate is 107 s−1 , the effective lifetime
is τ2 = 10−8 s, and the collision-induced mixing rate (M2 = ±1) ← M2 = 0 is
5 ×106 s−1 ?
5.2 Assume the absorption cross section σ = 10−13 cm2 for a linearly polarized laser with E  D and λ = 500 nm. What is the angular distribution N2 (α)
of excited atoms with the dipole transition moment D forming the angle α
against E on the transition J1 = 0 → J2 = 1 for the laser intensity I?
Calculate the saturation parameter S(α = 0) for I = 104 W/m2 and a spontaneous transition probabbility A21 = 5 ×106 s−1 .
5.3
(a) Molecules with a magnetic moment μ = 0.8μ B (μ B = 9.27 ×10−24 J/T)
pass with v = 500 m/s in the z-direction through an inhomogeneous magnetic field ( dB/ dx = 1 T/m, L B = 0.1 m) of a Rabi molecular beam
apparatus. Calculate the deflection angle of the molecules with mass
m = 50 AMU (1 AMU = 1.66 ×10−27 kg).
(b) If the molecules enter the magnetic field in a nearly parallel beam with
a divergence angle  = 1◦ and a uniform density N0 (x), they arrive at the
detector 50-cm downstream of the end of the magnetic field with a transverse density distribution N(x). What is the approximate profile of N(x)?
(c) Assume 60% of all molecules to be in level |1 with μ1 = 0.8μB and
40% in level |2 with μ2 = 0.9μB . What is the profile N(x) with N = N1 +
N2 ? How does N(x) change, if an RF transition before the inhomogeneous
magnet equalizes the population N1 and N2 ?
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5.4 In an optical–microwave double-resonance experiment the decrease of
the population Ni caused by excitation from level |i into level |k by a cw
laser is 20%. The lifetime of the upper level is τk = 10−8 s and its collisional
deactivation rate is 5 ×107 s−1 . The collisional refilling rate of level |i is
5 ×107 s−1 . Compare the magnitude of the microwave signals |k → |m between rotational levels in the upper electronic state with that on the transitions
|i → |n in the ground state, if without optical pumping a thermal groundstate population distribution is assumed and the cross section σkm and σin for
the microwave transitions are equal.
5.5 In a V-type OODR scheme molecules in a sample cell are excited by
a chopped pump laser at λ = 500 nm on the transition |i → |k with the absorption cross section σik = 10−14 cm2 . What pump intensity is required in
order to achieve a modulation of 50% of the lower-level population Ni , if the
relaxation rate into the level |i is 107 · (N10 − N1 ) s−1 ?
5.6 A potassium atom is excited into a Rydberg level (n = 50,  = 0) with the
quantum defect δ = 2.18.
(a) Calculate the ionization energy of this level.
(b) What is the minimum electric field required for field ionization (the tunnel
effect is neglected)?
(c) What frequency ωRF is required for resonant RF transitions between levels
(n = 50,  = 0) → (n = 50,  = 1, δ = 1.71)?
5.7 In a Λ-type OODR scheme a transition is induced between the groundstate levels |1 and |3 of the Cs2 molecule. The radiative lifetime of these
levels is τ1 = τ3 = ∞. The upper level |2 has a lifetime of τ2 = 10 ns. Calculate the linewidth of the OODR signal
(a) for collinear, and
(b) for anticollinear propagation of pump and probe beams,
if the laser linewidth is δνL ≤ 1 MHz, the transit time of the molecules through
the focused laser beam is 30 ns, and the wavelengths are λpump = 580 nm,
λprobe = 680 nm.

6. Time-Resolved Laser Spectroscopy

The investigation of fast processes, such as electron motions in atoms or
molecules, radiative or collision-induced decays of excited levels, isomerization of excited molecules, or the relaxation of an optically pumped system
toward thermal equilibrium, opens the way to study in detail the dynamic
properties of excited atoms and molecules. A thorough knowledge of dynamical processes is of fundamental importance for many branches of physics,
chemistry, or biology. Examples are predissociation rates of excited molecules,
femtosecond chemistry, or the understanding of the visual process and its different steps from the photoexcitation of rhodopsin molecules in the retina cells
to the arrival of electrical nerve pulses in the brain.
In order to study these processes experimentally, one needs a sufficiently
good time resolution, which means that the resolvable minimum time interval Δt must still be shorter than the time scale T of the process under
investigation. While the previous chapters emphasized the high spectral resolution, this chapter concentrates on experimental techniques that allow high
time resolution.
The development of ultrashort laser pulses and of new detection techniques
that allow a very high time resolution has brought about impressive progress
in the study of fast processes. The achievable time resolution has been pushed
recently into the attosecond range (1 as = 10−18 s). Spectroscopists can now
quantitatively follow up ultrafast processes, which could not be resolved ten
years ago.
The spectral resolution Δν of most time-resolved techniques is, in principle, confined by the Fourier limit Δν = a/ΔT , where ΔT is the duration of
the short light pulse and the factor a  1 depends on the profile I(t) of the
pulse. The spectral bandwidth Δν of such Fourier-limited pulses is still much
narrower than that of light pulses from incoherent light sources, such as flashlamps or sparks. Some time-resolved coherent methods based on regular trains
of short pulses even circumvent the Fourier limit Δν of a single pulse and
simultaneously reach extremely high spectral and time resolutions (Sect. 7.4).
We will at first discuss techniques for the generation and detection of
short laser pulses before their importance for different applications is demonstrated by some examples. Methods for measuring lifetimes of excited atoms
or molecules and of fast relaxation phenomena are presented. These applications illustrate the relevance of pico- and femtosecond molecular physics
and chemistry for our understanding of fundamental dynamical processes in
molecules.
The special aspects of time-resolved coherent spectroscopy are covered in Sects. 7.2, 7.4. For a more extensive representation of the fas-
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cinating field of time-resolved spectroscopy some monographs [6.1–6.4],
reviews [6.5–6.8], and conference proceedings [6.9–6.11] should be mentioned.

6.1 Generation of Short Laser Pulses
For incoherent, pulsed light sources (for example, flashlamps or spark discharges) the duration of the light pulse is essentially determined by that of the
electric discharge. For a long time, microsecond pulses represented the shortest available pulses. Only recently could the nanosecond range be reached by
using special discharge circuits with low inductance and with pulse-forming
networks [6.12, 6.13].
For laser pulses, on the other hand, the time duration of the pulse is not
necessarily limited by the duration of the pump pulse, but may be much
shorter. Before we present different techniques to achieve ultrashort laser
pulses, we will discuss the relations between the relevant parameters of a laser
that determine the time profile of a laser pulse.
6.1.1 Time Profiles of Pulsed Lasers
In active laser media pumped by pulsed sources (for example, flashlamps,
electron pulses, or pulsed lasers), the population inversion necessary for oscillation threshold can be maintained only over a time interval ΔT that depends
on the duration and power of the pump pulse. A schematic time diagram
of a pump pulse, the population inversion, and the laser output is shown in
Fig. 6.1. As soon as threshold is reached, laser emission starts. If the pump
power is still increasing, the gain becomes high and the laser power rises
faster than the inversion, until the increasingly induced emission reduces the
inversion to the threshold value.
The time profile of the laser pulse is not only determined by the amplification per round trip G(t) (Vol. 1, Sect. 5.2) but also by the relaxation times τi ,
τk of the upper and lower laser levels. If these times are short compared to
the rise time of the pump pulse, quasi-stationary laser emission is reached,
where the inversion ΔN(t) and the output power PL (t) have a smooth time
profile, determined by the balance between pump power Pp (t), which creates
the inversion, and laser output power PL (t), which decreases it. Such a time
behavior, which is depicted in Fig. 6.1a, can be found, for instance, in many
pulsed gas lasers such as the excimer lasers (Vol. 1, Sect. 5.7).
In some pulsed lasers (for example, the N2 laser) the lower laser level has
a longer effective lifetime than the upper level [6.14]. The increasing laser
power PL (t) decreases the population inversion by stimulated emission. Since
the lower level is not sufficiently quickly depopulated, it forms a bottleneck
for maintaining threshold inversion. The laser pulse itself limits its duration
and it ends before the pump pulse ceases (self-terminating laser, Fig. 6.1b).
If the relaxation times τi , τk are long compared to the rise time of the
pump pulse, a large inversion ΔN may build up before the induced emission
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Fig. 6.1a,b. Time profiles of the pump power Pp (t), the inversion density ΔN(t), and laser
output power PL (t): (a) for sufficiently short lifetime τi of the lower laser level; and
(b) for a self-terminating laser with τieff > τkeff

is strong enough to deplete the upper level. The corresponding high gain leads
to a large amplification of induced emission and the laser power PL may become so high that it depletes the upper laser level faster than the pump can
refill it. The inversion ΔN drops below threshold and the laser oscillation
stops long before the pump pulse ends. When the pump has again built up
a sufficiently large inversion, laser oscillations starts again. In this case, which
is, for instance, realized in the flashlamp-pumped ruby laser, the laser output
consists of a more or less irregular sequence of “spikes” (Fig. 6.2) with a duration of ΔT  1 μs for each spike, which is much shorter than the pump–pulse
duration T  100 μs to 1 ms [6.15, 6.16].
For time-resolved laser spectroscopy, pulsed dye lasers are of particular
relevance due to their continuously tunable wavelength. They can be pumped
by flashlamps (T  1 μs to 1 ms), by other pulsed lasers, for example, by
copper-vapor lasers (T  50 ns), excimer lasers (T  15 ns), nitrogen lasers
(T = 2−10 ns), or frequency-doubled Nd:YAG lasers (T = 5−15 ns). Because
of the short relaxation times τi , τk ( 10−11 s), no spiking occurs and the situation of Fig. 6.1a is realized (Vol. 1, Sect. 5.7). The dye laser pulses have
durations between 1 ns to 500 μs, depending on the pump pulses; typical peak
powers range from 1 kW to 10 MW and pulse repetition rates from 1 Hz to
15 kHz [6.17].

Fig. 6.2. Schematic representation of
spikes in the emission of a flashlamppumped solid-state laser with long relaxation times τi , τk
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6.1.2 Q-Switched Lasers
In order to obtain a single, powerful pulse of a flashlamp-pumped laser instead
of the irregular sequence of many spikes, the technique of Q-switching was
developed. Q-switching is based on the following principle:
Until a selected time t0 after the start of the pump pulse at t = 0, the cavity
losses of a laser are kept so high by a closed “optical switch” inside the laser
resonator that the oscillation threshold cannot be reached. Therefore a large
inversion ΔN is built up by the pump (Fig. 6.3). If the switch is opened at
t = t0 the losses are suddenly lowered (that is, the quality factor or Q-value
of the cavity (Vol. 1, Sect. 5.1) jumps from a low to a high value). Because of
the large amplification G ∝ Bik ρΔN for induced emission, a quickly rising
intense laser pulse develops, which depletes in a very short time the whole
inversion that had been built up during the time interval t0 . This converts the
energy stored in the active medium into a giant light pulse [6.16, 6.18, 6.19].
The time profile of the pulse depends on the rise time of Q-switching. Typical
durations of these giant pulses are 1−20 ns and peak powers up to 109 W are
reached, which can be further increased by subsequent amplification stages.
Such an optical switch can be realized, for instance, if one of the resonator mirrors is mounted on a rapidly spinning motor shaft (Fig. 6.4). Only
at that time t0 where the surface normal of the mirror coincides with the resonator axis is the incident light reflected back into the resonator, giving a high
Q-value of the laser cavity [6.20]. The optimum time t0 can be selected by
imaging the beam of a light-emitting diode (LED) after reflection at the spinning mirror onto the detector D, which provides the trigger signal for the
flashlamp of the Q-switched laser. This technique, however, has some disad-

Fig. 6.3. Pump power Pp (t), resonator
losses γ(t), inversion density ΔN(t),
and laser output power PL (t) for a Qswitched laser

Fig. 6.4. Experimental realization of
Q-switching by a rapidly spinning
cavity mirror M1
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vantages: the spinning mirror is not very stable and the switching time is not
sufficiently short. Therefore other Q-switching methods have been developed
that are based on electro-optical or acousto-optical modulators [6.21].
One example is given in Fig. 6.5, where a Pockels cell between two
crossed polarizers acts as a Q-switch [6.22]. The Pockels cell consists of an
optically anisotropic crystal that turns the plane of polarization of a transmitted, linearly polarized wave by an angle θ ∝ |E| when an external electric
field E is applied. Since the transmittance of the system is T = T0 (1 − cos2 θ),
it can be changed by the voltage U applied to the electrodes of the Pockels
cell. If for times t < t0 the voltage is U = 0, the crossed polarizers have the
transmittance T = 0 for θ = 0. When at t = t0 a fast voltage pulse U(t) is applied to the Pockels cell, which causes a rotation of the polarization plane
by θ = 90◦ , the transmittance rises to its maximum value T0 . The linearly
polarized lightwave can pass the switch, is reflected back and forth between
the resonator mirrors M1 and M2, and is amplified until the inversion ΔN is
depleted below threshold. The experimental arrangement shown in Fig. 6.5d
works differently and needs only one polarizer P1, which is used as polarizing beam splitter. For t < t0 a voltage U is kept at the Pockels cell, which
causes circular polarization of the transmitted light. After reflection at M1 the
light again passes the Pockels cell, reaches P1 as linearly polarized light with
the plane of polarization turned by θ = 90◦ , and is totally reflected by P1 and
therefore lost for further amplification. For t > t0 U is switched off, P1 now
transmits, and the laser output is coupled out through M2.
The optimum choice of t0 depends on the duration T of the pump
pulse Pp (t) and on the effective lifetime τk of the upper laser level. If
τk  T ≈ t0 , only a small fraction of the energy stored in the upper laser

Fig. 6.5a–d. Q-switching with a Pockels cell inside the laser resonator: (a) Pockel’s cell
between two crossed polarizers, (b) transmission T(θ) ∝ U; (c),(d) possible experimental
arrangements
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level is lost by relaxation and the giant pulse can extract nearly the whole
energy. For example, with the ruby laser (τk ≈ 3 ms) the switching time t0
can be chosen close to the end of the pump pulse (t0 = 0.1−1 ms), while for
Nd:YAG-lasers (τk ≈ 0.2 ms) the optimum switching time t0 lies before the
end of the pump pulse. Therefore only part of the pump energy can be converted into the giant pulse [6.16, 6.19, 6.23].

6.1.3 Cavity Dumping
The principle of Q-switching can also be applied to cw lasers. Here, however, an inverse technique, called cavity dumping, is used. The laser cavity
consists of highly reflecting mirrors in order to keep the losses low and the
Q-value high. The intracavity cw power is therefore high because nearly no
power leaks out of the resonator. At t = t0 an optical switch is activated that
couples a large fraction of this stored power out of the resonator. This may
again be performed with a Pockels cell (Fig. 6.5d), where now M1 and M2
are highly reflecting, and P1 has a large transmittance for t < t0 , but reflects
the light out of the cavity for a short time Δt at t = t0 .
Often an acousto-optic switch is used, for example, for argon lasers and
cw dye lasers [6.24]. Its basic principle is explained in Fig. 6.6. A short ultrasonic pulse with acoustic frequency f s and pulse duration T  1/ f s is sent
at t = t0 through a fused quartz plate inside the laser resonator. The acoustic
wave produces a time-dependent spatially periodic modulation of the refractive index n(t, z), which acts as a Bragg grating with the grating constant
Λ = cs / f s , equal to the acoustic wavelength Λ where cs is the sound velocity.
When an optical wave E 0 cos(ωt − k· r) with the wavelength λ = 2π/k passes
through the Bragg plate, the fraction η of the incident intensity I0 is diffracted

Fig. 6.6. Cavity dumping of a cw argon laser by a pulsed acoustic wave. The insert shows
the Bragg reflection of an optical wave at a running ultrasonic wave with wavelength Λs
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by an angle θ determined by the Bragg relation:
2Λ sin θ = λ/n .

(6.1)

The fraction η depends on the modulation amplitude of the refractive index
and thus on the power of the ultrasonic wave.
When the optical wave is reflected at an acoustic wave front moving with
the velocity vs , its frequency ω suffers a Doppler shift, which is, according
to (6.1) with c = λ · ω/2π and vs = ΛΩ/2π
ΛΩ
nvs
ω sin θ = 2n
ω sin θ = Ω ,
(6.2)
c
λω
and turns out to be equal to the acoustic
frequency Ω = 2π f s . The amplitude
√
=
ηE
cos(ω + Ω)t, that of the unaffected
of the deflected fraction
is
E
1
0
√
transmitted
wave
E
=
1
−
ηE
cos
ωt.
After
reflection
2
0
√
√ at the mirror M3 the
fraction 1 − ηE 1 is transmitted and the fraction ηE 2 is deflected by the
Bragg plate into the direction of the outcoupled beam. This time, however,
the reflection occurs at receding acoustic wavefronts and the Doppler shift is
−Ω instead of +Ω. The total amplitude of the extracted wave is therefore
√ "
(6.3)
E c = η 1 − ηE 0 [cos(ω + Ω)t + cos(ω − Ω)t]
"
= 2 η(1 − η)E 0 cos Ωt cos ωt .
Δω = 2

The average output power Pc ∝ E c2 of the light pulse is then with ω  Ω and
cos2 ωt = 0.5:
Pc (t) = η(t)[1 − η(t)]P0 cos2 Ωt ,

(6.4)

where the time-dependent efficiency η(t) is determined by the time profile
of the ultrasonic pulse (Fig. 6.7) and P0 is the intracavity power. During the
ultrasonic pulse the fraction 2η(1 − η) of the optical power 12 0 E 02 , stored
within the laser resonator, can be extracted in a short light pulse, which is
still modulated at twice the acoustic frequency Ω. With η = 0.3 one obtains
an extraction efficiency of 2η(1 − η) = 0.42.

Fig. 6.7. Intensity profile of a cavity-dumped laser pulse, showing the intensity modulation
at twice the ultrasonic frequency Ω
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The repetition rate f of the extracted pulses can be varied within wide limits by choosing the appropriate repetition rate of the ultrasonic pulses. Above
a critical frequency f c , which varies for the different laser types, the peak
power of the extracted pulses decreases if the time between two successive
pulses is not sufficiently long to recover the inversion and to reach sufficient
intracavity power.
The technique of cavity dumping is mainly applied to gas lasers and cw
dye lasers. One achieves pulse durations ΔT = 10−100 ns, pulse-repetition
rates of 0−4 MHz, and peak powers that may be 10−100 times higher than
for normal cw operation with optimized transmission of the output coupler. The average power depends on the repetition rate f . Typical values for
f = 104 −4 ×106 Hz are 0.1−40% of the cw output power. The disadvantage
of the acoustic cavity dumper compared to the Pockels cell of Fig. 6.5 is the
intensity modulation of the pulse at the frequency 2Ω.
Example 6.1.
With an argon laser, which delivers 3-W cw power at λ = 514.5 nm, the
cavity dumping yields a pulse duration ΔT = 10 ns. At a repetition rate
f = 1 MHz peak powers of 60 W are possible. The on/off ratio is then
f ΔT = 10−2 and the average power P ≈ 0.6 W is 20% of the cw power.

6.1.4 Mode Locking of Lasers
Without frequency-selective elements inside the laser resonator, the laser generally oscillates simultaneously on many resonator modes within the spectral
gain profile of the active medium (Vol. 1, Sect. 5.3). In this “multimode operation” no definite phase relations exist 
between the different oscillating modes,
and the laser output equals the sum k Ik of the intensities Ik of all oscillating modes, which are more or less randomly fluctuating in time (Vol. 1,
Sect. 5.3.4).
If coupling between the phases of these simultaneously oscillating modes
can be established, a coherent superposition of the mode amplitudes may be
reached, which leads to the generation of short output pulses in the picosecond range. This mode coupling or mode locking has been realized by optical
modulators inside the laser resonator (active mode locking) or by saturable
absorbers (passive mode locking) or by a combined action of both locking
techniques [6.16, 6.25–6.29].
a) Active Mode Locking

When the intensity of a monochromatic lightwave
E = A0 cos(ω0 t − kx) ,
is modulated at the frequency f = Ω/2π (for example, by a Pockels cell or
an acousto-optic modulator), the frequency spectrum of the optical wave con-
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Fig. 6.8a–c. Active mode locking: (a) sideband generation; (b) experimental arrangement
with a standing ultrasonic wave inside the laser resonator; (c) idealized output pulses

tains, besides the carrier at ω = ω0 , sidebands at ω = ω0 ± Ω (that is, ν =
ν0 ± f ) (Fig. 6.8).
If the modulator is placed inside the laser resonator with the mirror separation d and the mode frequencies νm = ν0 ± m · c/2d (m = 0, 1, 2, . . . ), the
sidebands coincide with resonator mode frequencies if the modulation frequency f equals the mode separation Δν = c/2d. The sidebands can then
reach the oscillation threshold and participate in the laser oscillation. Since
they pass the intracavity modulator they are also modulated and new sidebands ν = ν0 ± 2 f are generated. This continues until all modes inside the
gain profile participate in the laser oscillation. There is, however, an important difference from normal multimode operation: the modes do not oscillate
independently, but are phase-coupled by the modulator. At a certain time t0 ,
the amplitudes of all modes have their maximum at the location of the modulator and this situation is repeated after each cavity round-trip time T = 2d/c
(Fig. 6.8c). We will discuss this in more detail:
The modulator has the time-dependent transmission
T = T0 [1 − δ(1 − cos Ωt)] = T0 [1 − 2δ sin2 (Ω/2)t] ,

(6.5)

with the modulation frequency f = Ω/2π and the modulation amplitude
2δ ≤ 1. Behind the modulator the field amplitude Ak of the kth mode becomes
Ak (t) = TAk0 cos ωk t = T0 Ak0 [1 − 2δ sin2 (Ω/2)t] cos ωk t .

(6.6)

This can be written with sin2 x/2 = 12 (1 − cos x) as
&
'
Ak (t) = T0 Ak0 (1 − δ) cos ωk t + 12 δ[cos(ωk + Ω)t + cos(ωk − Ω)t] . (6.7)
For Ω = πc/d, the sideband ωk + Ω corresponds to the next resonator mode
and generates the amplitude
Ak+1 = 12 A0 T0 δ cos ωk+1 ,
which is further amplified by stimulated emission, as long as ωk+1 lies within
the gain profile above threshold. Since the amplitudes of all three modes
in (6.7) achieve their maxima at times t = q2d/c (q = 0, 1, 2, . . . ), their
phases are coupled by the modulation. A corresponding consideration applies
to all other sidebands generated by modulation of the sidebands in (6.7).
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Within the spectral width δν of the gain profile
d
δν
= 2δν ,
Δν
c
oscillating resonator modes with the mode separation Δν = c/2d can be
locked together. The superposition of these N phase-locked modes results in
the total amplitude
N=

A(t) =

+m


Ak cos(ω0 + kΩ)t ,

with

N = 2m + 1 .

(6.8)

k=−m

For equal mode amplitudes Ak = A0 , (6.8) gives the total time-dependent intensity
I(t) ∝ A20

sin2 ( 12 NΩt)
sin2 ( 12 Ωt)

cos2 ω0 t .

(6.9)

If the amplitude A0 is time independent (cw laser), this represents a sequence
of equidistant pulses with the separation
1
2d
=
,
(6.10)
c
Δν
which equals the round-trip time through the laser resonator. The pulse width
T=

ΔT =

2π
2π
1
=
=
,
(2m + 1)Ω
NΩ δν

(6.11)

is determined by the number N of phase-locked modes and is inversely proportional to the spectral bandwidth δν of the gain profile above threshold
(Fig. 6.9).

Fig. 6.9a,b. Schematic profile of the output
of a mode-locked laser: (a) with 5 modes
locked; (b) with 15 modes locked
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The peak power of the pulses, which can be derived from the intensity
maxima in (6.9) at times t = 2πq/Ω = q(2d/c) (q = 0, 1, 2, . . . ), is proportional to N 2 . The pulse energy is therefore proportional to N 2 ΔT ∝ N. In
between the main pulses (N − 2) small maxima appear, which decrease in
intensity as N increases.
Note: For equal amplitudes Ak = A0 the time-dependent intensity I(t) in (6.9)
corresponds exactly to the spatial intensity distribution I(x) of light diffracted
by a grating with N grooves that are illuminated by a plane wave. One has to
replace Ωt by the phase difference φ between neighboring interfering partial
waves, see (4.28) in Vol. 1, Sect. 4.1.3 and compare Figs. Vol. 1, 4.21 and 6.9.
In real mode-locked lasers the amplitudes Ak are generally not equal. Their
amplitude distribution Ak depends on the form of the spectral gain profile.
This modifies (6.9) and gives slightly different time profiles of the modelocked pulses, but does not change the principle considerations.
For pulsed mode-locked lasers the envelope of the pulse heights follows
the time profile ΔN(t) of the inversion, which is determined by the pump
power Pp (t). Instead of a continuous sequence of equal pulses one obtains
a finite train of pulses (Fig. 6.10).
For many applications a single laser pulse instead of a train of pulses is
required. This can be realized with a synchronously triggered Pockels cell outside the laser resonator, which transmits only one selected pulse out of the
pulse train. It is triggered by a mode-locked pulse just before the maximum
of the train envelope, then it opens for a time Δt < 2d/c and transmits only
the next pulse following the trigger pulse [6.30]. Another method of singlepulse selection is cavity dumping of a mode-locked laser [6.31]. Here the
trigger signal for the intracavity Pockels cell (Fig. 6.5) is synchronized by the
mode-locked pulses and couples just one mode-locked pulse out of the cavity
(Fig. 6.10b).

Fig. 6.10. (a) Pulse train of a mode-locked pulsed Nd:YAG laser; and (b) single
pulse selected by a Pockel’s cell. Note the different time scales in (a) (2 ns/div) and
(b) (500 ps/div) [6.30]
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Example 6.2.
(a) The Doppler-broadened gain profile of the HeNe laser at λ = 633 nm
has the spectral bandwidth δν ≈ 1.5 GHz. Therefore, mode-locked
pulses with durations down to ΔT ≈ 500 ps can be generated.
(b) Because of the higher temperature in the discharge of an argon-ion laser
the bandwidth at λ = 514.5 nm is about δν = 5−7 GHz and one would
expect pulses down to 150 ps. Experimentally, 200-ps pulses have been
achieved. The apparently longer pulse width in Fig. 6.11 is limited by
the time resolution of the detectors.
(c) The actively mode-locked Nd:glass laser [6.27, 6.28] delivers pulses
at λ = 1.06 μm with durations down to 5 ps with high peak power
(≥ 1010 W), which can be frequency doubled or tripled in nonlinear optical crystals with high conversion efficiency. This yields powerful short
light pulses in the green or ultraviolet region.
(d) Because of the large bandwidth δν of their spectral gain profile, dye
lasers, Ti:sapphire, and color-center lasers (Sect. 5.7) are the best candidates for generating ultrashort light pulses. With δν = 3 ×1013 Hz
(this corresponds to δλ ∼ 30 nm at λ = 600 nm), pulse widths down to
ΔT = 3 ×10−14 s should be possible. This can, indeed, be realized with
special techniques (Sect. 6.1.5). With active mode locking, however, one
only reaches ΔT ≥ 10−50 ps [6.29]. This corresponds to the transit time
of a light pulse through the modulator, which imposes a lower limit,
unless new techniques are used.

Fig. 6.11a,b. Measured pulses of a mode-locked argon laser at λ = 488 nm: (a) monitored
with a fast photodiode and a sampling oscilloscope (500 ps/div). The small oscillations
after the pulse are cable reflections. (b) The attenuated scattered laser light was detected
by a photomultiplier (single-photon counting) and stored in a multichannel analyzer. The
time resolution is limited by the pulse rise times of the photodiode and photomultiplier,
respectively [6.32]
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b) Passive Mode Locking

Passive mode locking is a technique that demands less experimental effort
than active mode-locking; it can be applied to pulsed as well as to cw lasers.
Pulse widths below 1 ps have been realized. Its basic principles can be understood as follows:
Instead of the active modulator, a saturable absorber is put inside the laser
resonator, close to one of the end mirrors (Fig. 6.12). The absorbing transition |k ← |i takes place between the levels |i and |k with short relaxation
times τi , τk . In order to reach oscillation threshold in spite of the absorption
losses the gain of the active medium must be correspondingly high. In the
case of a pulsed pump source, the emission of the active laser medium at
a time shortly before threshold is reached consists of fluorescence photons,
which are amplified by induced emission. The peak power of the resulting
photon avalanches (Vol. 1, Sect. 5.2) fluctuates more or less randomly. Because of nonlinear saturation in the absorber (Sect. 2.1), the most intense
photon avalanche suffers the lowest absorption losses and thus experiences
the largest net gain. It therefore grows faster than other competing weaker
avalanches, saturates the absorber more, and increases its net gain even more.
After a few resonator round trips this photon pulse has become so powerful

Fig. 6.12a–d. Passive mode locking of a cw dye laser: (a) experimental arrangement;
(b) level scheme of absorber; (c) time profile; and (d) spectral profile of a mode-locked
pulse [6.28]
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that it depletes the inversion of the active laser medium nearly completely and
therefore suppresses all other avalanches.
This nonlinear interaction of photons with the absorbing and the amplifying media leads under favorable conditions to mode-locked laser operation
starting from a statistically fluctuating, unstable threshold situation. After this
short unstable transient state the laser emission consists of a stable, regular
train of short pulses with the time separation T = 2d/c, as long as the pump
power remains above threshold (which is now lower than at the beginning
because the absorption is saturated).
This more qualitative representation illustrates that the time profile and the
width ΔT of the pulses is determined by the relaxation times of absorber
and amplifier. In order to suppress the weaker photon avalanches reliably, the
relaxation times of the absorber must be short compared with the resonator
round-trip time. Otherwise, weak pulses, which pass the absorber shortly
after the stronger saturating pulse, would take advantage of the saturation
and would experience smaller losses. The recovery time of the amplifying
transition in the active laser medium, on the other hand, should be comparable to the round-trip time in order to give maximum amplification of the
strongest pulse, but minimum gain for pulses in between. A more thorough
analysis of the conditions for stable passive mode locking can be found in
[6.16, 6.33, 6.34].
The Fourier analysis of the regular pulse train yields again the mode spectrum of all resonator modes participating in the laser oscillation. The coupling
of the modes is achieved at the fixed times t = t0 + q2d/c when the saturating pulse passes the absorber. This explains the term passive mode locking.
Different dyes can be employed as saturable absorbers. The optimum choice
depends on the wavelength. Examples are methylene blue, diethyloxadicarbocyanine iodide DODCI, or polymethinpyrylin [6.35], which have relaxation
times of 10−9 −10−11 s.
Passive mode locking can also be realized in cw lasers. However, the
smaller amplification restricts stable operation to a smaller range of values for
the ratio of absorption to amplification, and the optimum conditions are more
critical than in pulsed operation [6.36, 6.37]. With passively mode-locked cw
dye lasers pulse widths down to 0.5 ps have been achieved [6.38].
More detailed representations of active and passive mode locking can be
found in [6.16, 6.39, 6.40].
c) Synchronous Pumping with Mode-Locked Lasers

For synchronous pumping the mode-locked pump laser L1, which delivers
short pulses with the time separation T = 2d1 /c, is employed to pump another
laser L2 (for example, a cw dye laser or a color-center laser). This laser L2
then operates in a pulsed mode with the repetition frequency f = 1/T . An
example, illustrated by Fig. 6.13, is a cw dye laser pumped by an acoustooptically mode-locked argon laser.
The optimum gain for the dye-laser pulses is achieved if they arrive in the
active medium (dye jet) at the time of maximum inversion ΔN(t) (Fig. 6.14).
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Fig. 6.13. Synchronously pumped cw dye laser

Fig. 6.14. Schematic time profiles of
argon laser pump pulse Pp (t), inversion
ΔN(t) in the dye jet, and dye laser pulse
PL (t) in a synchronously pumped cw dye
laser

If the optical cavity length d2 of the dye laser is properly matched to the
length d1 of the pump laser resonator, the round-trip times of the pulses in
both lasers become equal and the arrival times of the two pulses in the amplifying dye jet are synchronized. Because of saturation effects, the dye-laser
pulses become much shorter than the pump pulses, and pulse widths below
1 ps have been achieved [6.41–6.43]. For the experimental realization of accurate synchronization one end mirror of the dye-laser cavity is placed on
a micrometer carriage in order to adjust the length d2 . The achievable pulse
width ΔT depends on the accuracy Δd = d1 − d2 of the optical cavity length
matching. A mismatch of Δd = 1 μm increases the pulsewidth from 0.5 to
1 ps [6.44].
For many applications the pulse repetition rate f = c/2d (which is
f = 150 MHz for d = 1 m) is too high. In such cases the combination of syn-
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Fig. 6.15a,b. Cavity-dumped synchronously pumped dye laser system with synchronization electronics [Courtesy Spectra-Physics]: (a) experimental setup; (b) correct synchronization time of a mode-locked pulse with the time of maximum output coupling of the
cavity dumping pulse

chronous pumping and cavity dumping (Sect. 6.1.2) is helpful, where only
every kth pulse (k ≥ 10) is extracted due to Bragg reflection by an ultrasonic pulsed wave in the cavity dumper. The ultrasonic pulse now has to be
synchronized with the mode-locked optical pulses in order to assure that the
ultrasonic pulse is applied just at the time when the mode-locked pulse passes
the cavity dumper (Fig. 6.15b).
The technical realization of this synchronized system is shown in
Fig. 6.15a. The frequency νs = Ω/2π of the ultrasonic wave is chosen as an
integer multiple νs = q · c/2d of the mode-locking frequency. A fast photodi-
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Table 6.1. Summary of different mode-locking techniques. With active mode locking of
cw lasers an average power of 1 W can be achieved
Technique

Mode locker

Laser

Typical
pulse duration

Typical
pulse energy

Active
mode locking

Acousto-optic
modulator
Pockels cell

Argon, cw
HeNe, cw
Nd:YAG, pulsed

300 ps
500 ps
100 ps

10 nJ
0.1 nJ
10 μJ

Passive
mode locking

Saturable
absorber

Dye, cw
Nd:YAG

1 ps
1−10 ps

1 nJ
1 nJ

Synchronous
pumping

Mode-locked pump
laser and matching
of resonator length

Dye, cw
Color center

1 ps
1 ps

10 nJ
10 nJ

colliding pulse Passive mode locking Ring dye
mode locking and eventual synchro- laser
CPM
nous pumping

< 100 fs

≈ 1 nJ

Kerr lens
mode locking

< 10 fs

≈ 1−10 nJ

optical Kerr
effect

Ti:sapphire

ode, which detects the mode-locked optical pulses, provides the trigger signal
for the RF generator for the ultrasonic wave. This allows the adjustment of
the phase of the ultrasonic wave in such a way that the arrival time of the
mode-locked pulse in the cavity dumper coincides with its maximum extraction efficiency. During the ultrasonic pulse only one mode-locked pulse is
extracted. The extraction repetition frequency νe = (c/2d)/k can be chosen between 1 Hz to 4 MHz by selecting the repetition rate of the ultrasonic pulses
[6.45].
There are several versions of the experimental realizations of mode-locked
or synchronously pumped lasers. Table 6.1 gives a short summary of typical
operation parameters of the different techniques. More detailed representations of this subject can be found in [6.39–6.46].
6.1.5 Generation of Femtosecond Pulses
In the last sections it was shown that passive mode locking or synchronous
pumping allows the generation of light pulses with a pulse width below 1 ps.
Recently some new techniques have been developed that generate still shorter
pulses. The shortest light pulses reported up to now are only 5-fs long [6.120].
At λ = 600 nm this corresponds to less than 3 oscillation periods of visible
light! Generation of higher harmonics of such short pulses produces even
shorter pulses in the VUV with pulsewidths of around 100 attoseconds (0.1 fs).
We will now discuss some of these new techniques.
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a) The Colliding Pulse Mode-Locked Laser

A cw ring dye laser pumped by an argon laser can be passively mode
locked by an absorber inside the ring resonator. The mode-locked dye laser
pulses travel into both directions in the ring, clockwise and counterclockwise
(Fig. 6.16). If the absorber, realized by a thin dye jet, is placed at a location
where the path length A1–A2 between the amplifying jet and the absorbing
jet is just one-quarter of the total ring length L, the net gain per round-trip
is maximum when the counterpropagating pulses collide within the absorber.
This can be seen as follows:
For this situation the time separation Δt = T/2 between the passage of
successive pulses (one clockwise and the next counter-clockwise) through the
amplifier achieves the maximum value of one-half of the round-trip time T .
This means that the amplifying medium has a maximum time to recover its
inversion after it was depleted by the previous pulse.
The total pulse intensity in the absorber where the two pulses collide is
twice that of a single pulse. This means larger saturation and less absorption. Both effects lead to a maximum net gain if the two pulses collide in the
absorber jet.
At a proper choice of the amplifying gain and the absorption losses, this
situation will automatically be realized in the passively mode-locked ring dye
laser. It leads to an energetically favorable stable operation, which is called
colliding-pulse mode (CPM) locking, and the whole system is termed a CPM
laser. This mode of operation results in particularly short pulses down to
50 fs. There are several reasons for this pulse shortening:
(i) The transit time of the light pulses through the thin absorber jet
(d < 100 μm) is only about 400 fs. During their superposition in the absorber
the two colliding light pulses form, for a short time, a standing wave, which
generates, because of saturation effects, a spatial modulation Ni (z) of the absorber density Ni and a corresponding refractive index grating with a period
of λ/2 (Fig. 6.17). This grating causes a partial reflection of the two inci-

Fig. 6.16. CPM ring dye laser. The distance A1–A2 is one-quarter the total round-trip
length L
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Fig. 6.17a,b. Density grating generated in the absorber jet by the colliding optical pulses
at two different times: (a) partial overlap at time t0 − Δt; (b) complete overlap at t = t0

dent light pulses. The reflected part of one pulse superimposes and interferes
with the oppositely traveling pulse, resulting in a coupling of the two pulses.
At t = t0 the constructive interference is maximized (additive-pulse mode
locking)
(ii) The absorption of both pulses has a minimum when the two pulse
maxima just overlap. At this time the grating is most pronounced and the coupling is maximized. The pulses are therefore shortened for each successive
round-trip until the shortening is compensated by other phenomena, which
cause a broadening of the pulses. One of these effects is the dispersion due
to the dielectric layers on the resonator mirrors, which causes a different
round-trip time for the different wavelengths contained in the short pulse. The
shorter the pulses the broader their spectral profile I(λ) becomes and the more
serious are dispersion effects.
The mirror dispersion can be compensated up to the first order by inserting
into the ring resonator (Fig. 6.18) dispersive prisms, which introduce different
optical path lengths dp n(λ) [6.48]. This dispersion compensation can be optimized by shifting the prisms perpendicularly to the pulse propagation, thus
adjusting the optical path length dp n(λ) of the pulses through the prisms.
In principle, the lower limit ΔTmin of the pulse width is given by the
Fourier limit ΔTmin = a/δν, where a ∼ 1 is a constant that depends on the
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Fig. 6.18. Compensation of mirror dispersion by prisms within the cavity

time profile of the pulse (Sect. 6.2.2). The larger the spectral width δν of the
gain profile is, the smaller ΔTmin becomes. In reality, however, the dispersion
effects, which increase with δν, become more and more important and prevent reaching the principal lower limit of ΔTmin . In Fig. 6.19 the achievable
limit ΔTmin is plotted against the spectral bandwidth for different dispersions
[fs/cm], where the dashed curve gives the dispersion-free Fourier limit of the
pulse width ΔT [6.48, 6.49].
Pulse widths below 100 fs can be reached with this CMP technique
[6.50, 6.51]. If the CPM ring dye laser is synchronously pumped by a modelocked argon laser stable operation over many hours can be realized [6.52].
Using a novel combination of saturable absorber dyes and a frequencydoubled mode-locked Nd:YAG laser as a pump, pulse widths down to 39 ps
at λ = 815 nm have been reported [6.53].

Fig. 6.19. Theoretical lower limit of pulse width ΔT as a function of the spectral bandwidth Δν of a mode-locked laser for different values of the dispersion parameter D
[fs/THz] [6.120]

b) Kerr Lens Mode Locking

For a long time dye solutions were the favorite gain medium for the generation of femtosecond pulses because of their broad spectral gain region.
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Meanwhile, different solid state gain materials have been found with very
broad fluorescence bandwidths, which allow, in combination with new nonlinear phenomena, the realization of light pulses down to 5 fs.
For solid-state lasers typical lifetimes of the upper laser level range from
10−6 s to 10−3 s. This is much longer than the time between successive pulses
in a mode-locked pulse train, which is about 10−20 ns. Therefore the saturation of the amplifying medium cannot recover within the time between two
pulses and the amplifying medium therefore cannot contribute to the mode
locking by dynamic saturation as in the case of CPM mode locking discussed
before. One needs a fast saturable absorber, where the saturation can follow
the short pulse profile of the mode-locked pulses. Such passively mode-locked
solid-state lasers might not be completely stable with regard to pulse stability
and pulse intensities and they generally do not deliver pulses below 1 ps.
The crucial breakthrough for the realization of ultrafast pulses below 100 fs
was the discovery of a fast pulse-forming mechanism in 1991, called Kerr lens
mode locking (KLM), which can be understood as follows:
For large incident intensities I the refractive index n of a medium depends
on the intensity. One can write
n(ω, I ) = n 0 (ω) + n 2 (ω)I .
This intensity-dependent change of the refractive index is caused by the nonlinear polarization of the electron shell induced by the electric field of the
optical wave and is therefore called the optical Kerr effect.
Because of the radial intensity variation of a Gaussian laser beam, the
refractive index of the medium under the influence of a laser beam shows a radial gradient with the maximum value of n at the central axis. This acts as
a focusing lens and leads to focusing of the incident laser beam, where the
focal length depends on the intensity. Since the central part of the pulse time-

Fig. 6.20. Kerr lens mode locking
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profile has the largest intensiy, it is also focused more strongly than the outer
parts, where the intensity is lower. A circular aperture at the right place inside the laser resonator transmits only this central part, that is, it cuts away
the leading and trailing edges and the transmitted pulse is therefore shorter
than the incident pulse (Fig. 6.20).
Example 6.3.
For sapphire Al2 O3 n 2 = 3 ×10−16 cm2 /W. At the intensity of 1014 W/cm2
the refractive index changes by Δn = 3 ×10−2 n 0 . For a wave with λ =
1000 nm this leads to a phase shift of ΔΦ = (2π/λ)Δn = 300 · 2π after
a pathlength of 1 cm, which results in a radius of curvature of the phasefront R = 4 cm with the corresponding focal length of the Kerr lens.
Often the laser medium itself acts as Kerr medium and forms an additional
lens inside the laser resonator. This is shown schematically in Fig. 6.21, where
the lenses with focal lengths f 1 and f 2 are in practice curved mirrors [6.54].
Without the Kerr lens the resonator is stable if the distance between the two
lenses is f 1 + f 2 . With the Kerr lens this distance has to be modified to
f 1 + f 2 + δ, where the quantity δ depends on the focal length of the Kerr lens,
and therefore on the pulse intensity. If the distance between the two lenses is
f 1 + f 2 + δ the resonator is only stable for values of δ within the limits
0 < δ < δ1 ,

or δ2 < δ < δ1 + δ2 ,

where
δ1 =

f 22
,
d2 − f 2

δ2 =

f 12
d1 − f 1

(6.12)

Choosing the right value of δ makes the resonator stable only for the time
interval around the pulse maximum.
In Fig. 6.22 the experimental setup for a femtosecond Ti:sapphire laser
with Kerr lens mode locking is shown, where the amplifying laser medium
acts simultaneously as a Kerr lens. The folded resonator is designed in such

Fig. 6.21. Schematic illustration of Kerr lens mode locking inside the laser resonator
[6.54]
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Fig. 6.22. Schematic diagram of the MDC Ti:sapphire oscillator used for soft-aperture and
hard-aperture mode locking [6.54]

a way that only the most intense part of the pulse is sufficiently focused by the
Kerr lens to always pass for every round-trip through the spatially confined
active region pumped by the argon-ion laser. Here the active gain medium
defined by the pump focus acts as spatial “soft aperture.” A mechanical aperture A in front of mirror M4 in Fig. 6.22 realizes “hard aperture” Kerr lens
mode locking. Output pulses with pulsewidths below 10 fs have been demonstrated with this design.
A Kerr-lens mode-locked Ti:Sapphire laser with a threshold that is ten
times less than in conventional Kerr-lens lasers has been reported by Fujimoto
and his group [6.54]. The schematic diagram of this design with an astigmatically compensated folded cavity is shown in Fig. 6.23. The dispersion of the
cavity is compensated by a prism pair and the output coupler has a transmission of 1%. The low threshold permits the use of low-power inexpensive
pump lasers.
An alternative method for the realization of KLM uses the birefringent
properties of the Kerr medium, which turns the plane of polarization of the
light wave passing through the Kerr medium. This is illustrated in Fig. 6.24.
The incident wave passes through a linear polarizer and is then elliptically
polarized by a λ/4-plate. The Kerr medium causes a time dependent nonlin-

Fig. 6.23. Schematic diagram of the ultralow-threshold Ti:Al2 O3 laser with Kerr-lens
mode-locking [6.55]
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Fig. 6.24. Polarization-additive pulse mode-locking [6.56]

ear polarization rotation. A λ/2-plate and a linear polarizer behind the Kerr
medium can be arranged in such a way that the pulse transmission reaches its
maximum at the peak of the incident pulse, thus shortening the pulse width
[6.56]. This device acts similarly to a passive saturable absorber and is particularly useful for fiber lasers with ultrashort pulses.
6.1.6 Optical Pulse Compression
Since the principle lower limit ΔTmin = 1/δν of the optical pulse is given
by the spectral bandwidth δν of the gain medium, it is desirable to make δν
as large as possible. The idea of spectral broadening of optical pulses by
self-phase modulation in optical fibers with subsequent pulse compression
represented a breakthrough for achieving pulsewidths of only a few femtoseconds. The method is based on the following principle:
When an optical pulse with the spectral amplitude distribution E(ω) propagates through a medium with refractive index n(ω), its time profile will
change because the group velocity
vg =

dvph
d
dω
=
(vph k) = vph + k
,
dk
dk
dk

(6.13)

which gives the velocity of the pulse maximum, shows a dispersion
dvg
dvg  dω
1 d2 ω
=
=
.
dω
dk
dk
vg dk2

(6.14)

For d2 ω/ dk2 = 0, the velocity differs for the different frequency components of the pulse, which means that the shape of the pulse will change
during its propagation through the medium (GVD = group velocity dispersion) (Fig. 6.25a). For negative dispersion ( dn/ dλ < 0), for example, the red
wavelengths have a larger velocity than the blue ones, that is, the pulse becomes spatially broader.
If the optical pulse of a mode-locked laser is focused into an optical fiber,
the intensity I becomes very high. The amplitude of the forced oscillations
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Fig. 6.25a,b. Spatial and spectral broadening of a pulse in a medium with normal linear (a) and nonlinear (b) refractive index

of the electrons in the fiber material under the influence of the optical field
increases with the field amplitude and the refractive index becomes intensity
dependent:
n(ω, I ) = n 0 (ω) + n 2 I(t) ,

(6.15)

where n 0 (ω) describes the linear dispersion (see Sect. 6.1.5). The phase φ =
ωt − kz of the optical wave E = E 0 cos(ωt − kz) with k = nω/c

z
z
z
(6.16)
φ = ωt − ωn = ω t − n 0 − AI(t) , with A = n 2 ω ,
c
c
c
now depends on the intensity

I(t) = c0 |E 0 (ω, t)|2 cos2 (ωt − kz) dω .

(6.17)

Since the momentary optical frequency
ω=

dφ
dI
= ω0 − A
,
dt
dt

(6.18)

is a function of the time derivative dI/ dt, (6.18) illustrates that the frequency
decreases at the leading edge of the pulse ( dI/ dt > 0), while at the trailing
edge ( dI/ dt < 0) ω increases (self-phase modulation). The leading edge is red
shifted, the trailing edge blue shifted. This frequency shift during the pulse
time τ is called “chirp”. The spectral profile of the pulse becomes broader
(Fig. 6.25b).
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The linear dispersion n0 (λ) causes a spatial broadening, the intensitydependent refractive index n2 I(t) a spectral broadening. The spatial broadening of the pulse (which corresponds to a broadening of its time profile) is
proportional to the length of the fiber and depends on the spectral width Δω
of the pulse and on its intensity.
A quantitative description starts from the wave equation for the pulse envelope [6.57, 6.58]
1 ∂E
i ∂vg ∂ 2 E
∂E
+
+ 2
=0,
∂z vg ∂t
2vg ∂ω ∂t 2

(6.19)

which can be derived from the general wave equation with the slowly varying
envelope approximation (λ∂ 2 E/∂z 2  ∂E/∂z) [6.16].
For a pulse of initial width τ, which propagates with the group velocity vg
through a medium of length L, the solution of (6.19) yields the pulse width
[6.59]

*
8L ∂vg
.
(6.20)
τ = τ 1 + (τc /τ)4 , with τc =
·
v2g ∂ω
√
For τ = τc , the initial pulse width τ increases by a factor 2. Pulses that are
shorter than the critical pulse width τc become broader. After the length

3 (τ · vg /2)2
,
(6.21)
L=
2 ∂vg /∂ω
the pulse width has doubled. The relative pulse broadening sharply increases
with decreasing width τ of the incident pulse.
The compression of this spectrally and spatially broadened pulse can now
be achieved by a grating pair with the separation D that has a larger pathlength for red wavelengths than for blue ones and therefore delays the leading
red edge of the pulse compared to its blue trailing edge. This can be seen
as follows [6.60]: the optical pathlength S(λ) between two phase-fronts of
a plane wave before and after the grating is, according to Fig. 6.26
S(λ) = S1 + S2 =

D
(1 + sin γ) ,
cos β

with γ = 90◦ − (α + β).

(6.22)

This transforms with cos(α + β) = cos α cos β − sin α sin β into


1
+ cos α − sin α tan β .
S(λ) = D
cos β
With the grating equation d(sin α − sin β) = λ of a grating with groove separation d and its dispersion dβ/ dλ = 1/(d cos β) for a given angle of incidence α
(Sect. 4.1.3), we obtain the spatial dispersion
−Dλ
dS dβ
−Dλ
dS
= 2
=
= 2
.
3
dλ
dβ dλ d cos β d [1 − (λ/d − sin α)2 ]3/2

(6.23)
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Fig. 6.26. Pulse compression
by a grating pair

Fig. 6.27. Experimental arrangement for the generation of femtosecond pulses by selfphase-modulation with subsequent pulse compression by a grating pair [6.61]

This shows that the dispersion is proportional to the grating separation D and
increases with λ. By choosing the correct value of D one can just compensate
the chirp of the pulse generated in the optical fiber and obtain a compressed
pulse.
A typical experimental arrangement is depicted in Fig. 6.27 [6.61]. The optical pulse from the mode-locked laser is spatially and spectrally broadened in
the optical fiber and then compressed by the grating pair. The dispersion of
the grating pair can be doubled if the pulse is reflected by the mirror M and
passes the grating pair again. Pulse widths of 16 fs have been obtained with
such a system [6.62].
With a combination of prisms and gratings (Fig. 6.28) not only the
quadratic but also the cubic term in the phase dispersion
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can be compensated [6.63]. This allows one to reach pulsewidths of 6 fs.
More information and a detailed discussion of the different compression
techniques can be found in [6.64].
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Fig. 6.28. Sequence of grating pairs and prism pairs for the compensation of quadratic
and cubic phase dispersion. LL and MM are two phase-fronts. The solid line represents
a reference path and the dashed line illustrates the paths for the wave of wavelength λ,
which is diffracted by an angle β at the first grating and refracted by an angle α against
the reference path in a prism [6.63]

6.1.7 Sub 10-fs Pulses with Chirped Laser Mirrors
The development of broadband saturable semiconductor absorber mirrors and
of dispersion-engineered chirped multilayer dielectric mirrors has allowed the
realization of self-starting ultrashort laser pulses, which routinely reach sub10-fs pulsewidths and peak powers above the megawatt level.
Femtosecond pulse generation relies on a net negative intracavity groupdelay dispersion (GDD). Since solid-state gain media introduce a frequencydependent positive dispersion, this must be overcompensated by media inside
the laser cavity that have a correspondingly large negative dispersion. We saw
in Sect. 6.1.5 that intracavity prisms can be used as such compensators. However, here the GDD shows a large wavelength dependence and for very short
pulses (with a corresponding broad spectral range) this results in asymmetric pulse shapes with broad pedestals in the time domain. The invention of
chirped dielectric low-loss laser mirrors has brought a substantial improvement [6.65].
A chirped mirror is a dielectric mirror with many alternate layers with low
and high indices of refraction. The reflectivity r at each boundary is r = (n r −
n l )/(n r + n l ). If the optical thicknesses of these layers are always the same,
we have the Bragg reflector shown in Fig. 6.29a. Such a mirror will, however,
not generate a chirp in the reflected pulse. To achieve such a chirp the thicknesses of the layers must slowly vary from the first to the last layer, as shown
in Fig. 6.29b. Two different wavelengths within the spectral bandwidth of the
pulse now penetrate different path lengths into the stack and therefore suffer
a different delay (positive group delay dispersion). When they are superimposed again after reflection, the reflected pulse has become broader because of
the chirp. Proper engineering of the chirped mirror allows good compensation
of the negative group dispersion of the laser cavity. In the mirror in Fig. 6.29a
only the Bragg wavelength is linearly chirped. For the double-chirped mirror in Fig. 6.29b, the spectral width for which dispersion compensation can
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Fig. 6.29a–c. Chirped mirrors: (a) Bragg mirror with no chirp; (b) simple chirped mirror
for one wavelength; (c) double-chirped mirror with matching sections to avoid residual
reflections [6.68]

be reached is greatly increased. This also means that very short pulses can be
properly chirped. In order to avoid undesired reflections from the front surface
or from sections inside the mirror that cause oscillations in the group dispersion, an antireflection coating and matching sections between the Bragg layers
are necessary [6.68].
Instead of varying the thicknesses of the layers, one can also produce
chirped mirrors by smoothly altering the indices of refraction and the difference between them (n r − n l ) (Fig. 6.30).
These mirrors may be regarded as one-dimensional holograms that are
generated when a chirped and an unchirped laser pulse from opposite directions are superimposed in a medium where they generate a refractive index
pattern proportional to their total intensity [6.66]. When a chirped pulse is reflected by such a hologram, it becomes compressed, similar to the situation
with phase-conjugated mirrors.
In practice, such mirrors are produced by evaporation techniques controlled by a corresponding computer program. In Fig. 6.30 the variation of
the refractive index for the different dielectric layers is shown for a mirror
with negative GDD, and in Fig. 6.31 the reflectivity and the group delay is
plotted as a function of wavelength for mirrors with negatively and positively
chirped graded-index profiles. In combination with Kerr lens mode locking
such chirped mirrors allow the generation of femosecond pulses down to 4 fs
[6.54].

288

6. Time-Resolved Laser Spectroscopy

Fig. 6.30. Refractive index profile of a discrete-valued chirped dielectric mirror

Fig. 6.31. Reflectivity R, realized GDD and wanted GDD as a function of λ for a chirped
mirror [6.66b]

Another alternative for the generation of ultrafast pulses is the passive
mode locking by fast semiconductor saturable absorbers in front of chirped
mirrors (Fig. 6.31) in combination with Kerr lens mode locking [6.67]. The recovery time of the saturable absorber must be generally faster then the laser
pulse width. This is provided by KLM, which may be regarded as artificial
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Fig. 6.32. Semiconductor Bragg mirror with a 15-nm saturable absorber layer of GaAs
[6.67]

saturable absorber that is as fast as the Kerr nonlinearity following the laser
intensity. Since the recovery time in a semiconductor material is given by the
relaxation of the excited electrons into the initial state in the valence band,
these materials represent fast saturable absorbers in the sub-picosecond range,
but do not reach the 10-fs limit. Nevertheless, soliton-like pulses down to 13 fs
have been achieved.

Fig. 6.33. Setup of the double-Z cavity for an ultrashort pulse Ti:sapphire laser. The
two prisms P1 and P2 and eight bounces on double-chirped mirrors M2 –M6 provide flat
dispersion. A second focus in a BK7-plate (P) leads to enhanced SPM, and the laser
generates significantly wider spectra [6.68]
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A combination of saturable semiconductor media in front of a chirped
mirror and KLM techniques can be used for reliable operation of sub-10-fs
pulses.
A possible setup for generating the shortest pulses without pulse compression is shown in Fig. 6.33. It consists of five chirped mirrors M2 –M6 and two
prisms P1 , P2 . This setup provides a flat dispersion by the mirrors and dispersion compensation by the prisms. The curved mirrors focus the pump beam
into the laser crystal X. The glass plate P in the second focus causes selfphase modulation which results in a significantly wider spectrum of the laser
emission and thus a shorter pulse [6.68].

6.1.8 Fiber Lasers and Optical Solitons
In the Sect. 6.1.7 we discussed the self-phase modulation of an optical pulse
in a fiber because of the intensity-dependent refractive index n = n 0 + n 2 I(t).
While the resultant spectral broadening of the pulse leads in a medium with
normal negative dispersion ( dn 0 / dλ < 0) to a spatial broadening of the pulse,
an anomalous linear dispersion ( dn 0 / dλ > 0) would result in a pulse compression. Such anomalous dispersion can be found in fused quartz fibers for
λ > 1.3 μm [6.69, 6.70]. For a suitable choice of the pulse intensity the dispersion effects caused by n 0 (λ) and by n 2 I(t) may cancel, which means that the
pulse propagates through the medium without changing its time profile. Such
a pulse is named a fundamental soliton [6.71, 6.72].
Introducing the refractive index n = n 0 + n 2 I into the wave equation (6.19)
yields stable solutions that are called solitons of order N. While the fundamental soliton (N = 1) has a constant time profile I(t), the higher-order
solitons show an oscillatory change of their time profile I(t): the pulsewidth
decreases at first and then increases again. After a path length z 0 , which depends on the refractive index of the fiber and on the pulse intensity, the soliton
recovers its initial form I(t) [6.73, 6.74].
Optical solitons in fused quartz fibers can be utilized to achieve stable femtosecond pulses in broadband infrared lasers, such as the color-center laser or
the Ti:sapphire laser. Such a system is called a soliton laser [6.75–6.82]. Its
experimental realization is shown in Fig. 6.34.
A KCl:T1◦ color-center laser with end mirrors M0 and M1 is synchronously pumped by a mode-locked Nd:YAG laser. The output pulses of
the color-center laser at λ = 1.5 nm pass the beam splitter S. A fraction of
the intensity is reflected by S and is focused into an optical fiber where the
pulses propagate as solitons, because the dispersion of the fiber at 1.5 μm is
dn/ dλ > 0. The pulses are compressed, are reflected by M5, pass the fiber
again, and are coupled back into the laser resonator. If the length of the fiber
is adjusted properly, the transit time along the path M0 –S–M5 –S–M0 just
equals the round-trip time T = 2d/c through the laser resonator M0 –M1 –M0 .
In this case compressed pulses are always injected into the laser resonator
at the proper times t = t0 + q2d/c (q = 1, 2, . . . ) to superimpose the pulses
circulating inside the laser cavity. This injection of shortened pulses leads to
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Fig. 6.34. Soliton laser [6.82]

a decrease of the laser pulse width until other broadening mechanisms, which
increase with decreasing pulse width, compensate the pulse shortening.
In order to match the phase of the reflected fiber light pulse to that of the
cavity internal pulse, the two resonator path lengths have to be equal within
a small fraction of a wavelength. The output power, transmitted through S to
the detector, critically depends on the proper matching of both cavity lengths
and can therefore be used as feedback control for stabilizing the length of the
laser resonator, which is controlled by the position of M4 mounted on a piezo
cylinder. It turns out that the best stabilization can be achieved with solitons
of order N ≥ 2 [6.76].
With such a KCl:T1◦ color-center soliton laser, stable operation with pulse
widths of 19 fs was demonstrated [6.81]. This corresponds at λ = 1.5 μm to
only four oscillation periods of the infrared wave. More about soliton lasers
can be found in [6.75–6.83].
The fabrication of rare-earth-doped optical fibers with a wide bandwidth
gain have pushed the development of optical fiber amplifiers. This large
bandwidth together with the low pump power requirements facilitated the realization of passively mode-locked femtosecond fiber lasers. The advantages
of such fiber lasers are their compact setup with highly integrated optical
components, their reliability, and their prealignment, which makes their daily
operation more convenient [6.78].
The basic principle of a fiber ring laser is schematically shown in Fig. 6.35.
The pump laser is coupled into the fiber ring laser through a fiber splice and
the output power is extracted through a second splice. The fiber ring consists
of negative (−β2 ) and positive (+β2 ) dispersion parts with an erbium amplifying medium where the dispersion can be controlled by small concentrations
of dopants. The isolator enforces unidirectional operation and fiber loops pre-
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Fig. 6.35. (a) Basic principle of fiber ring laser with positive and negative dispersion parts
of the fiber; (b) linear fiber laser (FR, Faraday rotator; FRM, Faraday rotator minor;
SA, saturable absorber); (c) fully integrated passively mode-locked Nd-fiber laser (CFBG,
chirped fiber Bragg grating for dispersion compensation; SAM, saturable absorber minor)
[6.78]

serve the polarization state. Instead of ring fiber lasers, linear fiber lasers have
also been realized, as shown in Fig. 6.35b. The saturable absorber in front of
the end mirror allows passive mode locking and results in femtosecond operation. An example of a fully integrated fiber femtosecond laser is given in
Fig. 6.35c, where the saturable absorber is butted directly to a fiber end, and
a chirped fiber Bragg grating (CFBG) is used for dispersion compensation.
Output pulses with about 70-μJ pulse energy and pulse widths below
100 fs have been generated with such fiber lasers [6.79].
Soliton ring fiber lasers can be also realized with active mode locking by
polarization modulation [6.80], or by additive-pulse mode locking (APM). In
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the latter technique the pulse is split into the two arms of an interferometer
and the coherent superposition of the self-phase modulated pulses results in
pulse shortening [6.56].
The tuning range of an erbium soliton laser could be greatly enlarged
by Raman shifting [6.84]. Such a system, which delivers 170 fs bandwidthlimited pulses with pulse energies of 24 pJ, could be tuned from 1000 nm to
1070 nm. After amplification in an erbium fiber amplifier, output pulses with
74 fs width and 8 nJ could be obtained. Frequency-doubling in a periodically
poled lithium-niobate crystal shifts the infrared soliton laser wavelength into
the visible range [6.85].

6.1.9 Wavelength-Tunable Ultrashort Pulses
Up to now we have only discussed femtosecond lasers that can deliver short
pulses with a fixed wavelength. For time-resolved spectroscopy the tunability
of the wavelength provides many advantages, and so much effort has been expended in the development of sources of ultrashort pulses with a wide tuning
range. There are several ways to realize them.
Similar to cw lasers, active media with a broad spectral gain profile can
be used for pulsed lasers. With wavelength-selective optical elements inside
the laser resonator, the laser wavelength can be tuned across the whole gain
profile. However, the drawback is the widening of the pulse length ΔT with
decreasing spectral width Δν due to the principal Fourier limit ΔT > 2π/Δν.

Fig. 6.36a,b. Schematic diagram of parametric oscillator (a) and (b) noncollinear optical
parametric amplifier NOPA
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Therefore, a new principle was developed for the generation of ultrashort
tunable pulses which is based on parametric oscillators and amplifiers (see
Vol. 1, Sect. 5.8.8).
In the parametric oscillator (Fig. 6.36a), a pump photon ωp is split in
a nonlinear optical crystal into a signal photon ωs and an idler photon ωi ,
such that energy and momentum are conserved:
ωp = ωs + ωi

(6.25a)

kp = ks + ki .

(6.25b)

In the parametric amplifier two laser beams are focused into the nonlinear optical crystal: the seed laser beam with frequency ωs and a strong pump beam
with ωp . Due to the parametric process in the nonlinear crystal, a new wave
is generated with a difference frequency ωi = ωp − ωs (Fig. 6.36b). Most of
the pump photons split up into a signal and an idler photon where the signal
photons superimpose the seed photons and amplify the weak seed beam.
There are important differences with the amplification in media with inverted populations, where the gain depends on the time interval in which the
inversion can be maintained. For conventional laser pulse amplification, the
width of the amplified pulse therefore depends on the width of the pump pulse
(see Fig. 6.1), although the time profile of the amplified pulse does not necessarily follow that of the pump pulse. For parametric amplification, on the
other hand, there is no population inversion in the gain medium. The amplification is due to the nonlinear interaction between pump and seed pulses, and
the time profile of the amplified seed pulse is the convolution of the seed pulse
and pump pulse profiles.
In order to ensure that this superposition is always in phase, the phase
velocities of the interacting waves have to be matched. This corresponds exactly to the phase-matching condition for the frequency doubling in nonlinear
crystals and is equivalent to momentum conservation (6.25b) for the interacting photons. This condition can be realized in birefringent crystals. However,
there is an additional condition: if the three short pulses are to have maximum
overlap during their passage through the crystal and therefore an optimum interaction, their group velocities must also be matched. This cannot generally
be achieved for the collinear propagation of seed and pump beams in birefringent crystals. With a group velocity mismatch, the amplified signal pulse
becomes broader and the amplification factor decreases from its optimum
value. The noncollinear arrangement shown in Fig. 6.37, called NOPA (noncollinear optical parametric amplifier), solves this problem. With the angle ψ
between the pump and seed beams, momentum conservation (6.25b) gives for
the angle Ω between signal and idler beams the relation
Ω = ψ(1 + λi /λs ) .

(6.26)
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Fig. 6.37. Group-velocity matching in
a noncollinear optical parametric amplifier (NOPA)

For a properly chosen value of ψ, the group velocities
signal

vgidler = cos Ω · vg

signal

= cos(ψ + ψλi /λs )vg

(6.27)

of idler and signal waves in the selected direction become equal. The phasematching condition for the phase velocities can be fulfilled by choosing the
proper angle with respect to the optical axis of the nonlinear crystal.
Wavelength tuning over a larger spectral range can be achieved in the following way (Fig. 6.38).
A small part of the pump beam at λp is focused into a CaF2 plate, where
it generates a spectral continuum in the focus. Most of the pump beam is
frequency doubled in a nonlinear crystal. The continuum emission from this
small bright spot in the CaF2 plate is collected by a parabolic mirror and im-

Fig. 6.38. Tunable optical parametric amplifier with a white light source and a blue pump
laser [6.85]
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Fig. 6.39. Principle design of a NOPA [6.93]

aged into a nonlinear BBO crystal, where it represents the seed beam which
overlaps with the frequency-doubled beam of the pump laser at λp /2. The
angle between the optical axis and the seed beam allows phase-matching
for sum or difference frequency generation only for a specific wavelength of
the seed beam. For this orientation of the crystal, the phase and group velocities of the interacting waves must be equal. Changing this angle allows
continuous tuning of the output wavelength [6.85]. For a pump wavelength
λp /2 = 387 nm and a seed continuum between 500 nm and 800 nm, the output
wavelength can be tuned across the whole visible range [6.87].
Such a widely tunable NOPA consists essentially of three parts (Fig. 6.39):
(a) The generation of a spectral continuum for the seed beam
(b) The parametric amplifier, which is the nonlinear optical crystal where
pump beam and seed beam overlap and the amplified output beam is generated at the sum or difference frequency due to parametric interaction
(c) The pulse compressor, which may consist of a prism or grating arrangement (see the next section).
With such a system, pulses with widths of less than 20 fs could be generated
with wavelengths that are continuously tunable in the visible between 470 nm
and 750 nm and in the near infrared between 865 nm and 1600 nm [6.88].
The real experimental setup is somewhat more complicated, because of the
many lenses, mirrors, beam-splitters and apertures that improve the quality
of the beam. This is illustrated by Fig. 6.40, which shows a NOPA built in
Freiburg [6.89].
For many spectroscopic experiments, more than one laser is necessary
[6.90, 6.91]. Here a design which offers three independently tunable phasecoherent sources is very helpful [6.92]. Its principle is illustrated in Fig. 6.41.
A small fraction of the pump beam generates a broad spectral continuum
in a sapphire plate. The larger fraction is frequency doubled and sent by beam
splitters into three BBO crystals for parametric amplification. The seed beam
collimated from the focal spot in the sapphire plate is also imaged into the
three BBO crystals, where they are superimposed on the frequency-doubled
pump beams. The three parametric amplifiers can be independently tuned by
changing the orientations of the crystals. The total tuning range is only limited
by the spectral bandwidth of the seed beam continuum.
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Fig. 6.40. More detailed drawing of a NOPA [6.89]

Fig. 6.41. (a) Three
phase-locked NOPAs:
dashed, 775 nm pump
beam; dotted, 387 nm
pump beam; solid,
continuum; Sa, sapphire; BK7, glass
substrate; BS, broadband beam [6.92]
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Fig. 6.42a,b. Wavelength-ranges available with NOPAs pumped by a Ti:sapphire regenerative amplifier based on second harmonic frequency generation SHG of the NOPA
output (a) and sum-frequency generation SFG (b) [6.85]

The wavelength ranges available with the second harmonic and the sumfrequency generation based on parametric device schemes are illustrated by
the schematic design in Fig. 6.42 [6.93].
6.1.10 Shaping of Ultrashort Light Pulses
For many applications a specific time profile of short laser pulses is desired.
One example is the coherent control of chemical reactions (see Sect. 10.2) Recently, some techniques have been developed that allow such pulse shaping
and that work as follows:
The output pulses of a femtosecond laser are reflected by an optical
diffraction grating. Because of the large spectral bandwidth of the pulse, the
different wavelengths are diffracted into different directions (Fig. 6.43). The
divergent beam is made parallel by a lens and is sent through a liquid crystal display (LCD), which is formed by a two-dimensional thin array of liquid
crystal pixels with transparent electrodes. The different wavelengths are now
spatially separated. If a voltage is applied to a pixel, the liquid crystal changes
its refractive index and with it the phase of the transmitted partial wave.
Therefore the phase front of the transmitted pulse differs from that of the
incident pulse, depending on the individual voltages applied to the different
pixels. A second lens recombines the dispersed partial waves, and reflection
by a second grating again overlaps the different wavelengths. This results in
a light pulse with a time profile that depends on the phase differences between
its spectral components, which in turn can be controlled by the LCD, driven
by a special computer program (Fig. 6.44) [6.94, 6.95]. A self-learning algorithm can be incorporated into the closed loop, which compares the output
pulse form with the wanted one and tries to vary the voltage at the different
pixels in such a way that the wanted pulse form is approximated [6.96]. More
details can be found in [6.97]

6.1 Generation of Short Laser Pulses

299

Fig. 6.43. Schematic experimental setup for pulse shaping of femtosecond pulses [6.96]

Fig. 6.44. Optimization control loop of laser
pulse shaping by a learning algorithm with
feedback [6.96]

6.1.11 Generation of High-Power Ultrashort Pulses
The peak powers of ultrashort light pulses, which are generated by the techniques discussed in the previous section, are for many applications not high
enough. Examples where higher powers are required are nonlinear optics and
the generation of VUV ultrashort pulses, multiphoton ionization and excitation of multiply charged ions, the generation of high-temperature plasmas
for optical pumping of X-ray lasers, or industrial applications in short-time
material processing. Therefore, methods must be developed that increase the
energy and peak power of ultrashort pulses. One solution of this problem is
the amplification of the pulses in dye cells that are pumped by pulsed, powerful lasers, such as excimer, Nd:YAG, or Nd:glass lasers (Fig. 6.45). The
dispersion of the amplifying cells leads to a broadening of the pulse, which

300

6. Time-Resolved Laser Spectroscopy

Fig. 6.45. Amplification of ultrashort light pulses through a chain of amplifier dye cells
G1–G4, pumped by a frequency-doubled pulsed Nd:YAG laser. Saturable absorbers SA1–
SA3 are placed between the amplifier cells in order to prevent feedback by reflection and
to suppress amplified spontaneous emission

can, however, be compensated by pulse compression with a grating pair. In
order to suppress optical feedback by reflection from cell windows and amplification of spontaneous emission, saturable absorber cells are placed between
the amplifying states, which are saturated by the wanted high-power pulses
but suppress the weaker fluorescence [6.98–6.102].
If a laser beam with intensity I0 passes through an amplifier cell of
length L and with a gain coefficient −α (α < 0), the output intensity becomes
Iout = I0 e−αL .

(6.28)

With increasing intensity, saturation starts and the gain coefficient decreases
to
α(I) = α0 /(1 + S) = α0 /(1 + I/Is )

(6.29)

where α0 = α(I = 0) is the small signal gain for I → 0 and Is the saturation
intensity for which S = 1 (see Sect. 2.1). Equations (6.28) and (6.29) yield for
the amplification
dI/ dz = I(z)α0 /(I(z)/Is ) .

(6.30)

Integration yields
∫(1/I + 1/IS ) dI = α0 ∫ dz


Iout
Iout − I0
ln
+
= α0 L = ln G 0 .
I0
Is

(6.31)
(6.32)

This gives with I0 = Iin for the amplification factor
G = G 0 exp[−(Iout − Iin /Is )]

(6.33)
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which results in the output intensity
Iout = I0 + ln(G 0 /G) .

(6.34)

The amplified intensity therefore depends on the incident intensity Iin , the
small signal gain G 0 , the saturated gain G and the saturation intensity Is . If
the amplifying medium is completely saturated, the gain drops to G = 1 and
Iout is limited to the maximum value
max
= Iin + Is ln G 0
Iout

(6.35)

which can be reformed into
Iout = Iin ln(G 0 /G).

(6.36)

In order to achieve a larger amplification, several amplifier stages are necessary.
A serious limitation is the low repetition rate of most pump lasers used
for the amplifier chain. Although the input pulse rate of the pico- or femtosecond pulses from mode-locked lasers may be many megahertz, most
solid-state lasers used for pumping only allow repetition rates below 1 kHz.
Copper-vapor lasers can be operated up to 20 kHz. Recently, a multi-kilohertz
Ti:Al2 O3 amplifier for high-power femtosecond pulses at λ = 764 nm has
been reported [6.103].
Over the past ten years new concepts have been developed that have
increased the peak power of short pulses by more than four orders of magnitude, reaching the terawatt (1012 W) or even the petawatt (1015 W) regime

Fig. 6.46. Schematic diagram of chirped pulse amplification (CPA) [6.114]
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[6.102, 6.103–6.114]. One of these methods is based on chirped pulse amplification, which works as follows (Fig. 6.46):
The femtosecond output pulse from the laser oscillator is stretched in time
by a large factor, for example, 104 . This means that a 100-fs pulse becomes
1-ns long and its peak power decreases by the same factor. This long pulse is
now amplified by a factor up to 1010 , which increases its energy, but, because
of the pulse stretching, the peak power is far smaller than for the case where
the initial short pulse had been amplified accordingly. This prevents destruction of the optics by peak powers that exceed the damage threshold. Finally,
the amplified pulse is again compressed before it is sent to the target.
We will now discuss the different components of this process in more
detail. The oscillator consists of one of the femtosecond devices discussed
previously. They deliver chirped pulses where the frequency of the light wave
varies during the pulse width Δt. Such a chirped pulse can be stretched by
a grating pair, where the two gratings, however, are not parallel as for pulse
compression, but are tilted against each other (Fig. 6.47). This increases the
path difference between the blue and the red components in the pulse and
stretches the pulse length. Another design of an aberration-free pulse stretcher
with two curved mirrors and a grating is described in [6.102] and is depicted
in Fig. 6.48.
The amplification is performed in a multipass amplifier system. Here the
stretched laser pulse is sent many times through a gain medium, which is
pumped by a nanosecond pump pulse from a Nd:YAG laser (regenerative
amplifier, Fig. 6.48). For amplification of Ti:sapphire pulses a highly doped
Ti:sapphire crystal serves as the gain medium. After each transit of the
stretched pulse through the gain medium, which depletes the inversion, the
pump pulse regenerates it again. Often the system is designed in such a way
that the different transits pass at slightly different locations through the amplifying medium. The number of transits depends on the geometrical mirror
arrangement and is limited by the duration of the pump pulse.

Fig. 6.47. Design for stretching femtosecond pulses and generation of a frequency chirp
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Fig. 6.48. Regenerative amplifier for short light pulses

Fig. 6.49. Schematic diagram of the oscillator–amplifier system of a 3-TW 10-Hz
Ti:sapphire CPA laser [6.102]
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A second amplifier stage can be used for higher amplification. The different stages are separated by an optical diode, which prevents back reflections
into the previous stage. A Pockels cell (PC) selects the amplified pulses with
a repetition rate of a few kilohertz (limited by the pump laser) from the
many more nonamplified pulses of the oscillator (at a repetition rate of about
80 MHz). The upper pulse energy that can be extracted from the amplifying
medium is given by the saturation fluence, which depends on the emission
cross section of the medium. For Ti:sapphire, for example, the highest achievable intensity is about 100 TW/cm2 . Figure 6.49 shows the total setup for
pulse stretching, amplification and compression.
During the multipass transits the spatial mode quality of the pulse might
be deteriorated, which means that the pulse cannot be tightly focused into the
target. If the multipass design forms a true resonant cavity and the incoming
pulses of the pump laser and the oscillator are both carefully mode-matched
to the fundamental Gaussian mode of this cavity, the resonator will only
support the TEM00 modes and the system acts as a spatial filter, because
all other transverse modes will not be amplified. Such a regenerative amplifier preserves the spatial Gaussian pulse profile, which allows one to achieve
diffraction-limited tight focusing and correspondingly high intensities in the
focal plane. After amplification the pulse with energy W is compressed again,
thus producing pulses with a duration τ = 20−100 fs and very high peak powers P = W/τ up to several terawatts.
Example 6.4.
Assume the laser oscillator emits pulses with Δt = 20 fs and a pulse energy of 1 nJ. The peak power of these pulses is then 50 kW. At a repetition
rate of 100 MHz the average power is 0.1 W. Stretching the pulse width by
a factor of 104 increases the pulse width to 200 ps and reduces the peak
power to 5 W. For a mirror separation of 10 cm in the regenerative amplifier, the round trip time for the pulses is T = 0.7 ns. If the width of
the pump pulse is 7 ns, 10 roundtrips can be amplified; i.e., the amplified
pulse makes 20 transits through the amplifying medium during the pump
pulse. With an amplification factor of 104 , the peak power of the amplified pulses becomes 50 kW. In a second amplification stage with G = 103 ,
the peak power increases to 50 MW and the pulse energy to 10 mJ. Compressing the pulse again by a factor of 104 gives a pulse peak power of
5 ×1011 W = 0.5 terawatts.
Most of the experiments on femtosecond pulses performed up to now
have used dye lasers, Ti:sapphire lasers, or color-center lasers. The spectral
ranges were restricted to the regions of optimum gain of the active medium.
New spectral ranges can be covered by optical mixing techniques (Sect. 5.8).
One example is the generation of 400-fs pulses in the mid-infrared around
λ = 5 μm by mixing the output pulses from a CPM dye laser at 620 nm with
pulses of 700 nm in a LiIO3 crystal [6.106]. The pulses from the CPM laser
are amplified in a six-pass dye amplifier pumped at a repetition rate of 8 kHz
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by a copper-vapor laser. Part of the amplified beam is focused into a travelingwave dye cell [6.107], where an intense femtosecond pulse at λ = 700 nm
is generated. Both laser beams are then focused into the nonlinear LiIO3
mixing crystal, which delivers output pulses with 10-mJ energy and 400-fs
pulsewidth.
A second method is based on parametric amplification. Instead of a gain
medium with population inversion, here the parametric interaction between
a pump wave and a signal wave in a nonlinear optical crystal is used to amplify optical pulses (see Sect. 6.1.9). The advantage of using this technique is
the higher gain that results. It is possible to reach a higher amplification after
just a single amplifier stage than achieved in a regenerative amplifier, where
the gain is limited by saturation effects.
The nonlinear medium, however, cannot store energy as is done in the
usual gain media with an inverted population. The pump, signal and idler
waves must obey the phase-matching condition, but they also should overlap in time during their passage through the interaction zone in the nonlinear
medium. Therefore they should have the same pulse width. A picosecond
pump laser can be used for the amplification of femtosecond pulses. The femtosecond signal pulse is stretched before the parametric amplification in order
to match the width of the pump pulse (Fig. 6.50), and it is then compressed
after the amplification stage [6.108].

Fig. 6.50. Experimental setup for parametric amplification of ultrashort pulses, including
a pulse stretcher before and a pulse compressor after amplification [6.108]
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Another method uses nanosecond pump pulses. The femtosecond signal
pulse is again stretched into the subnanosecond range and sent through several
amplification stages. The pump pulses for these stages are delayed for each
stage by a specific time interval to achieve optimum overlap with the signal
pulse [6.109]. Instead of several nonlinear crystals, the signal pulses can be
sent through the same crystal several times in an arrangement similar to that
of a regenerative amplifier. However, the difference here is that parametric interaction is used instead of the gain medium with population inversion. Since
the amplification is higher, fewer amplification stages are required, and it was
shown that just a single stage of such a “regenerative parametric stage” can
yield peak powers in the terawatt range [6.110].

6.1.12 Reaching the Attosecond Range
There are a lot of processes in nature that occur at timescales below 1 fs.
Examples include the movement of electrons in atoms or molecules, the excitation of electrons from inner shells of atoms, and the subsequent decay of
electrons from higher energy states into this hole in the core which results in
X-ray emission or Auger processes. This decay may proceed within 10−16 s.
Many more electronic processes proceed on an attosecond timescale, such as
the rearrangement of the electron shell after optical excitation. Even shorter
decay times can be found for excited atomic nuclei. If such processes need to
be investigated with high time resolution, the probe must be faster than the
investigated process [6.111]. Therefore, new techniques have been developed
over the past few years that allow time resolutions in the attosecond range
(1 attosecond= 10−18 s) [6.112, 6.113].

Fig. 6.51. Historical development of the progress in generating ultrashort pulses

6.1 Generation of Short Laser Pulses

307

Fig. 6.52. Spectral intensity distribution of the higher harmonics produced by focussing
a femtosecond terrawatt laser at λ = 720 nm into a neon jet [6.118]

One of these techniques is based on the generation of high harmonics of
a powerful femtosecond laser pulse [6.115].
If the output pulse of a powerful femtosecond laser is focused into a gas
jet of noble gas atoms, high harmonics of the fundamental laser wavelength
are generated due to the nonlinear interaction of the laser field with the electrons of the atoms. The strong laser field, which can surpass the Coulomb
field within the atom by several orders of magnitude, leads to extreme enharmonic movement of the electrons, which are accelerated back and forth
with the optical frequency of the laser field. Since accelerated charges radiate, the periodically changing acceleration of the electron results in emission
at frequencies ωn = nω where the integer n can have values of up to 350!!
For a fundamental wavelength λ = 700 nm, the harmonic nω with n = 350
has a wavelength λ = 2 nm in the X-ray region. This corresponds to a photon
energy of 500 eV. The intensity distribution of the higher harmonics, as generated by a 5 fs pulse at λ = 720 nm with an output peak power of 0.2 terawatt,
is shown in Fig. 6.52 on a logarithmic scale. One can see that the harmonic
intensity at nω decreases with increasing n up to n = 80 (225 eV), while for
higher harmonics it stays approximately constant. Because the power of the
n-th harmonic at ωn = nω is proportional to I(ω)n , the pulse width of the harmonic is much narrower than that of the pulse at ω. Only the central part of
the pulse I(ω) around the peak intensity essentially contributes to the higher
harmonics generation.
Another way of producing attosecond pulses with high-energy photons is
based on plasma generation when a high-intensity laser beam is focused onto
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the surface of a solid material. If a 5 fs pulse at λ = 780 nm with an intensity
I = 1021 W/cm2 is focused onto a solid target, the free electrons in the resulting plasma emit attosecond pulses with photon energies of 20−70 eV [6.116].
To illustrate atomic dynamics, which require subfemtosecond resolution,
Fig. 6.53 shows the time-resolved field ionization of neon atoms in the optical
field of a 5-fs laser pulse which consists of only three optical cycles within the
pulse half width [6.119]. The whole process proceeds within about 6 fs, but
one can clearly see peaks in the ionization probability at times of maxima in
the optical field, which means that the time resolution is below 1 fs.
Such femto- to attosecond X-ray pulses can be used for the generation of
Laue diagrams of vibrational or electronical excited molecules. The exposure
time must be short compared to the vibration period in order to elucidate the
structures of molecules in specific excited states excited by optical or UV femtosecond pulses. If the time delay between the two pulses is varied, structural

Fig. 6.53. Real-time observation of the optical field ionization of neon atoms with attosecond time resolution [6.117]
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Fig. 6.54. Measuring the absolute phase of an optical field by photoelectron spectroscopy
[6.118]

changes in the excited molecule during its vibrations or after the rearrangement of its electron shell following excitation can be tracked.
An interesting application is shown in Fig. 6.54, where the absolute phase
of an optical field can be measured. The few-cycle optical pulses produce
photoelectrons by ionizing atoms in a collimated atomic beam (see [6.113]
and [6.118]). The photoelectrons are detected on both sides of the atomic
beam perpendicular to the laser and atomic beams in the direction of the alternating electric field vector of the optical wave. Since the photoelectrons are
generated by multiphoton absorption (for hν = 1.8 eV, ten photons must be
absorbed to ionize the neon atoms) and the number of photoelectrons depends
strongly on the electric field strength. Therefore, nearly all photoelectrons are
generated close to the maximum of the periodically changing field E(t). In
a few-cycle pulse, E(t) depends on the phase of the optical field relative to the
envelope of the pulse. The largest value of E(t) is achieved if the maximum
of E coincides with the maximum of the pulse envelope.
There are many more applications of attosecond pulses; these can be
found, for example, in the publications of the groups of P. Corkum at the NRC
in Ottawa [6.121] and F. Krausz at the MPI for Quantum Optics in Garching,
who have pioneered this field [6.122].
For more experimental details and special experimental setups for the generation of femtosecond and attosecond pulses, the reader is referred to the
literature [6.118–6.123].
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Fig. 6.55. The progress in achievable peak powers with the invention of different techniques for laser pulse generation [6.114]

6.1.13 Summary of Short Pulse Generation
There are several ways of generating short pulses. One is based on modelocking lasers which have gain media with a broad spectral range. While the
first experiments relied on dye lasers or Nd:YAG-lasers, the Ti:Sapphire laser
has now become the most attractive choice. Some of the most commonly used
materials are listed in Table 6.1 and [6.124]. Laser pulses down to 4 fs have
been demonstrated using Kerr lens mode-locking and chirped mirrors.
Another method uses optical pulse compression in optical fibers, where the
intensity-dependent part of the refractive index causes a frequency chirp and
increases the spectral profile and the time duration of the pulse. Subsequent
pulse compression, achieved with a pair of optical gratings or by using prisms,
leads to a drastic shortening of the pulse.
A third way of generating short pulses is based on the parametric interaction of a signal pulse with a short pump pulse in a nonlinear crystal. This
method allows the generation of short pulses with a wide tuning range of
their center wavelength if the signal pulse comes from a point-like white light
source which is generated by focusing a high-power laser pulse into a glass
or CaF−
2 disk.
The path to the shorter and shorter pulses and higher peak powers achieved
over the last few decades is illustrated on a logarithmic scale in Figs. 6.51
and 6.55.
Note: the extrapolation into the future may be erroneous [6.120].
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6.2 Measurement of Ultrashort Pulses
During recent years the development of fast photodetectors has made impressive progress. For example, PIN photodiodes (Sect. 4.5) are available with
a rise time of 20 ps [6.128]. The easiest and cheapest way to achieve measurements of pulses with ΔT > 10−10 s is through detection by photodiodes, CCD
detectors or photomultipliers, as discussed in Sect. 4.5. However, until now the
only detector that reaches a time resolution slightly below 1 ps is the streak
camera [6.129]. Femtosecond pulses can be measured with optical correlation
techniques, even if the detector itself is much slower. Since such correlation
methods represent the standard technique for measuring of ultrashort pulses,
we will discuss them in more detail.
6.2.1 Streak Camera
The basic principle of a streak camera is schematically depicted in Fig. 6.56.
The optical pulse with the time profile I(t) is focused onto a photocathode,
where it produces a pulse of photoelectrons NPE (t) ∝ I(t). The photoelectrons
are extracted into the z-direction by a plane grid at the high voltage U. They
are further accelerated and imaged onto a luminescent screen at z = z s . A pair
of deflection plates can deflect the electrons into the y-direction. If a linear
voltage ramp U y (t) = U0 · (t − t0 ) is applied to the deflection plates, the focal
point of the electron pulse (ys (t), z s ) at the screen in the plane z = z s depends
on the time t when the electrons enter the deflecting electric field. The spatial
distribution NPE (ys ) therefore reflects the time profile I(t) of the incident light
pulse (Fig. 6.56b).
When the incident light is imaged onto a slit parallel to the x-direction
the electron optics transfer the slit image to the luminescent screen S. This
allows the visualization of an intensity–time profile I(x, t), which might depend on the x-direction. For example, if the optical pulse is at first sent
through a spectrograph with a dispersion dλ/ dx, the intensity profile I(x, t)
reflects for different values of x the time profiles I(λ, t) of the different spectral components of the pulse. The distribution NPE (xs , ys ) on the screen S
then yields the time profiles I(λ, t) of the spectral components (Fig. 6.56c).
The screen S is generally a luminescent screen (like the oscilloscope screen),
which can be viewed by a video camera either directly or after amplification
through an image intensifier. Often microchannel plates are used instead of
the screen.
The start time t0 for the voltage ramp U y = (t − t0 )U0 is triggered by the
optical pulse. Since the electronic device that generates the ramp has a finite
start and rise time, the optical pulse must be delayed before it reaches the
cathode of the streak camera. This assures that the photoelectrons pass the deflecting field during the linear part of the voltage ramp. The optical delay can
be realized by an extra optical path length such as a spectrograph (Sect. 6.4.1).
In commercial streak cameras the deflection speed can be selected between 1 cm/100 ps to 1 cm/10 ns. With a spatial resolution of 0.1 nm, a time
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Fig. 6.56a–c. Streak camera. (a) Design and (b) schematic diagram of the relation
between the time profile I(t) and the spatial distribution S(y) at the output plane; (c) spectrally resolved time profiles I(λ, t)

resolution of 1 ps is achieved. A femtosecond streak camera has been developed [6.129] that has a time resolution selectable between 400 fs to 8 ps
over a spectral range 200−850 nm. Figure 6.57 illustrates this impressive
resolution by showing the streak camera screen picture of two femtosecond pulses which are separated by 4 ps. More details can be found in
[6.128–6.131].

Fig. 6.57. Streak image of two subpicosecond
pulses separately by 4 ps, measured with the
femtosecond streak camera [6.129]
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6.2.2 Optical Correlator for Measuring Ultrashort Pulses
For measurements of optical pulse widths below 1 ps the best choice is a correlation technique that is based on the following principle: the optical pulse
with the intensity profile I(t) = c0 |E(t)|2 and the halfwidth ΔT is split into
two pulses I1 (t) and I2 (t), which travel different path lengths s1 and s2 before
they are again superimposed (Fig. 6.58). For a path difference Δs = s1 − s2 the
pulses are separated by the time interval τ = Δs/c and the coherent superposition of their amplitudes E i (t) yields the total intensity at the measuring
time t
I(t, τ) = c0 [E 1 (t) + E 2 (t − τ)]2

(6.37)

= I1 (t) + I2 (t − τ) + 2c0 E 1 (t) · E 2 (t − τ) .
A linear detector has the output signal SL (t) = aI(t). If the time constant T
of the detector is large compared to the pulse length ΔT , the output signal is
a
SL (τ) = aI(t, τ) =
T

+T/2


I(t, τ) dt .

(6.38)

−T/2

For strictly monochromatic cw light (E 0 (t) = const) and E 1 = E 2 = E 0 cos ωωt,
the integration yields
⎧
⎫
+T/2
⎪
⎪

⎨
⎬
c0
(6.39)
E 02 cos ωt cos ω(t − τ) dt
SL (τ) = 2a I0  +
⎪
⎪
T
⎩
⎭
−T/2

and the signal becomes for T → ∞
SL (τ) = 2aI0 (1 + cos ωτ)

(6.40)

which represents on oscillatory function of the delay time τ with the oscillation period Δτ = π/ω = λ/2c (two-beam interference, see Vol. 1, Sect. 4.2).

Fig. 6.58. Optical correlator with translation-retroreflecting prism and second-harmonic
generation
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Mode-locked pulses of duration ΔT and spectral width Δω ≈ 1/ΔT are
composed of many modes with different frequencies ω. The oscillations of
these modes have different periods Δτ(ω) = π/ω  ΔT , and after a time
t ≥ τc their phases differ by more than π and their amplitudes cancel. In other
words, the coherence time is τc ≤ ΔT and interference structure can only be
observed for delay times τ ≤ ΔT .
The signal output of the linear detector is now
⎧
⎫
ω0 +Δω/2
+T/2
⎪
⎪


⎨
⎬
c0
2
E (t) cos ωt cos ω(t − τ) dt dω .
SL = 2a I0  +
⎪
⎪
Δω T
⎩
⎭
ω0 −Δω/2

−T/2

(6.41)
For T > ΔT = 1/Δω the integral vanishes and the signal does not depend
on τ.
A linear detector with a time constant T  τ would therefore give an output signal that is independent of τ and that yields no information on the time
profile I(t)! This is obvious, because the detector measures only the integral
over I1 (t) + I2 (t + τ); that is, the sum of the energies of the two pulses, which
is independent of the delay time τ as long as T > τ. Therefore linear detectors
with time resolution T cannot be used for the measurement of time profiles
of ultrashort pulses with ΔT < T .
If, however, the two noncollinear pulses are focused into a nonlinear optical crystal which doubles the optical frequency, the intensity of the second
harmonic I(2ω) ∝ (I1 + I2 )2 is proportional to the square of the incident
intensity (Sect. 5.7), and the measured averaged signal S(2ω, τ) ∝ I(2ω, τ) becomes
1
SNL (2ω, τ) ∝
T

+T/2



2


[E 1 (t) + E 2 (t − τ)]2  dt .

(6.42)

−T/2

With
E 1 = E(t) ei[ωt+φ(t)] ; E 2 = E(t − τ) ei[ω(t−τ)+φ(t−τ)]
where E(t) is the slowly varying (compared to the inverse optical frequency)
envelope of the pulse, ω is its center frequency and φ(t) is the slowly varying
phase (e.g., for a chirped pulse), we obtain for the detector signal after the
frequency doubling crystal
SNL (2ω, τ)
 7
82 2

i[ωt+φ(t)]
i[ω(t−τ)+φ(t−τ)] 

= C ·  E(t) e
+ E(t − τ) e
 dt

7
8
7
8
= C · A1 + 4A2 (τ) + 4A3 (τ) Re ei(ωτ+Δφ) + 2A4 (τ) Re e2i(ωτ+Δφ)
=∼ A1 + 4A2 + 4A3 cos Δφ cos ωτ + 2A4 cos(2Δφ) cos(2ωτ) .

(6.43)
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With Δφ = φ(t + τ) − φ(t) and
A1 =

+∞


E 4 (t) + E 4 (t − τ) dt

(constant background)

−∞
+∞

A2 (τ) =
−∞
+∞

A3 (τ) =

E 2 (t) · E 2 (t − τ) dt

(pulse envelope)



E(t) · E(t − τ) · E 2 (t) + E 2 (t − τ) dt

Interference term at ω

−∞
+∞

A4 (τ) =

E 2 (t) · E 2 (t − τ) dt

Interference term at 2ω .

−∞

If the detector only monitors the intensity, not the phases, and if its time
constant T is large compared to the pulse width ΔT (T  ΔT), the terms
4A3 cos Δφ · cos ωτ and 2A4 cos(2Δφ) · cos(2ωτ) in (6.43) average to zero and
(6.43) reduces to
SNL (2ω, τ) ≈ 2 ∫ I 2 (t) dt + 4 ∫ I(t) · I(t − τ) dt .

(6.44)

The first integral is independent of τ and gives a constant background when
the delay time τ is varied. The second integral, however, does depend on τ.
It gives information on the intensity profile I(t) of the pulse because it represents the convolution of the intensity profile I(t) with the time-delayed profile
I(t + τ) of the same pulse (intensity autocorrelation).
Note the difference between linear detection (6.38) and nonlinear detection
(6.44). With linear detection the sum I1 (t) + I2 (t − τ) is measured, which is
independent of τ as long as τ < T . The nonlinear detector measures the signal S(2ω, τ) that contains the product I1 (t)I2 (t − τ), which does depend on τ
as long as τ is smaller than the maximum width of the pulses.
Note: Shifting the time from t to t + τ changes the product I(t) · I(t − τ) into
I(t + τ) · I(t) = I(t) · I(t + τ).
All these devices, which are called optical correlators, measure the correlation between the field amplitude E(t) or the intensity I(t) at the time t
and its values E(t + τ) or I(t + τ) at a later time. These correlations are
mathematically expressed by normalized correlation functions of order k. The
normalized first order correlation function
# +∞
E(t) · E(t + τ) dt
E(t) · E(t + τ)
(1)
,
(6.45)
=
G (τ) = −∞# +∞
2
E 2 (t)
−∞ E (t) dt
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describes the correlation between the field amplitudes at times t and t + τ.
From (6.45) we obtain G (1) (0) = 1, and for pulses with a finite pulse duration ΔT (6.45) yields G (1) (∞) = 0.
The normalized second-order correlation function
#
I(t) · I(t + τ) dt
I(t) · I(t + τ)
(2)
#
,
(6.46)
=
G (τ) =
2
I 2 (t)
I (t) · dt
describes the intensity correlation, where again G (2) (0) = 1. The correlation
signal (6.42) after the optical frequency doubler can be written in normalized
form in terms of G (2) (τ) for I1 = I2 = I as
SNL (2ω, τ) ∝ 2A[G (2) (0) + 2G (2) (τ)] = [1 + 2G (2) (τ)] .

(6.47)

Note: SNL (2ω, τ) is symmetric, i.e., S(τ) = S(−τ). This implies that a possible
asymmetry of the pulse time profile does not show up in the signal SNL .
There are two different techniques that are used to measure the time
profiles and optical oscillations of ultrashort pulses: noncollinear intensity correlation and interferometric autocorrelation. While the former measures the
envelope of the pulse, the latter can even measure the optical oscillations
within the pulse envelope. Combined with the spectral resolution, the time
profiles of the different spectral components within the optical pulse spectrum
can be simultaneously measured by the FROG technique. The relative phases
of these spectral components are observable using the SPIDER technique.
a) Noncollinear Intensity Correlation

The intensity profile I(t) of the pulses is measured using the intensity correlation method. For a collinear geometry, the intensity correlation (6.47) yields
the normalized signal S(2ω, τ = 0) = 3 for completely overlapping pulses
(τ = 0) and the background signal S(2ω, τ = ∞) = 1 for completely separated
pulses (τ  ΔT ). The signal-to-background ratio is therefore 3:1.
The τ-independent background in (6.42) can be suppressed when the two
beams are focused into the doubling crystal under different angles ±β/2
against the z-direction (Fig. 6.59) where the signal S(2ω) is detected. If
the phase-matching conditions for the doubling crystal (Sect. 5.7) are chosen in such a way that for two photons out of the same beam no phase
matching occurs, but only for one photon out of each beam, such that the
term A1 in (6.43) does not contribute to the signal (background-free detection)
[6.132, 6.133]. In another method of background-free pulse measurement the
polarization plane of one of the two beams in Fig. 6.59 is turned in such a way
that a properly oriented doubling crystal (generally, a KDP crystal) fulfills the
phase-matching condition only if the two photons each come from a different beam [6.134]. In this noncollinear scheme no interference occurs (A3 and
A4 = 0) and the measured signal equals the envelope of the pulse profile in
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Fig. 6.59. Background-free measurement of the second-order correlation function G (2) (τ)
by choosing the phase-matching condition properly (SF, spectral filter neglecting scattered light of the fundamental wave at ω; KDP, potassium-dihydrogen-phosphate crystal
for frequency doubling)

Fig. 6.64. For methods with background suppression no signal is obtained for
τ  ΔT .
In the methods discussed above, one of the retroreflectors is mounted on
a translational stage moved via micrometer screws by a step motor while the
signal S(2ω, τ) is recorded. Since τ must be larger than ΔT , the translational
move should be at least ΔS = 12 cτ ≥ 12 cΔT . For pulses of 10 ps this means
ΔS ≥ 1.5 mm. With a rotating correlator (Fig. 6.60) the signal S(2ω, τ) can
be directly viewed on a scope, which is very useful when optimizing the
pulse width. Two retroreflecting prisms are mounted on a rotating disc. During
a certain fraction ΔTrot of the rotation period Trot the reflected beams reach
the mirrors M1 and M2 and are focused into the KDP crystal. The viewing oscilloscope is triggered by a pulse obtained by reflecting the light of
a LED onto the photodetector PD. A compact autocorrelator for measuring

Fig. 6.60. Rotating autocorrelator
allowing direct observations of
the correlation signal S(2ω, τ)
on a scope that is triggered by
the output signal of the photodiode PD
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Fig. 6.61. Compact autocorrelator for measuring femtosecond pulses [6.136]

the intensity profile of femtosecond pulses from tunable sources is shown in
Fig. 6.61. This device allows online measurements of pulses with 100 Hz to
10 kHz repetition rates in the wavelength range 420−1460 nm. The time delay
is controlled by a piezo translator [6.136].
Instead of using optical frequency doubling other nonlinear effects can also
be used, such as two-photon absorption in liquids or solids, which can be
monitored by the emitted fluorescence. If the optical pulse is again split into
two pulses traveling in the opposite ±z-directions through the sample cell
(Fig. 6.62), the spatial intensity profile IFL (z) ∝ I 2 (ω, τ) can be imaged by
magnifying optics onto a vidicon or an image intensifier. Since a pulse width
ΔT = 1 ps corresponds to a path length of 0.3 mm, this technique, which is

Fig. 6.62. Measurement of short pulses via
two-photon induced fluorescence
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based on the spatial resolution of the fluorescence intensity, is limited to pulse
widths ΔT ≥ 0.3 ps. For shorter pulses the delay time τ between the pulses
has to be varied and the total fluorescence

(6.48)
IFL (τ) = I(z, τ) dz ,
has to be measured as a function of τ [6.135, 6.137].
b) Interferometric Autocorrelation

In interferometric autocorrelation the coherent superposition of the two
collinear partial beams is realized. The basic principle is shown in Fig. 6.58.
The incoming laser pulse is split by the beamsplitter BS1 into two parts,
which travel through two different pathlengths and are then collinearly superimposed at BS2. When they are focused by the lens L into a nonlinear
optical crystal, the output signal (6.42) is generated at 2ω. Instead of the delay line arrangement in Fig. 6.58 a Michelson interferometer in Fig. 6.63 can
also be used. The second harmonics are detected by a photomultiplier, while
the fundamental wavelength is rejected by a filter.
The nonlinear crystal can be omitted, if the detector itself has a nonlinear response. This is, for instance, the case for a semiconductor detector with
a band gap ΔE > hν, where only two-photon absorption contributes to the
signal.
In interferometric autocorrelation, averaging is not complete (unlike in intensity correlation), and the phases of the electric fields have to be taken into
account. Here all of the terms A1 –A4 in (6.43) can contribute to the signal.
If a filter which rejects the fundamental frequency ω and transmits only the
doubled frequency 2ω is inserted behind the frequency-doubling crystal, the
third term in (6.43) with A3 is suppressed.
A typical signal as a function of the delay time τ is shown in Fig. 6.64.
The upper envelope of this interference pattern is obtained if the phase ω0 τ
is replaced by the constant phase 2π, the lower envelope for ω0 τ = π. The
max (2ω, τ) = 8, while the backmaximum signal is, according to (6.43), SN
ground S(2ω, ∞) = 1. The signal-to-background ratio of 8:1 is therefore
larger than that for intensity correlation. For ω0 τ = π, the minimum value is
min (2ω, τ) = 0 (Fig. 6.64).
SN

Fig. 6.63. Michelson interferometer for interferometric autocorrelation
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Fig. 6.64. Interferometric autocorrelation trace of a 7.5-fs pulse with upper
and lower envelopes [6.127]

Fig. 6.65a,b. A femtosecond pulse with time duration ΔT = 12.2 fs: (a) measured with
intensity correlation; (b) measured with interferometric autocorrelation [6.138]

For illustration, Fig. 6.65 shows a 12-fs pulse measured with intensity correlation (a) and interferometric autocorrelation (b).
It is important to note that the profile S(τ) of the correlation signal depends on the time profile I(t) of the light pulse. It gives the correct pulse
width ΔT only if an assumption is made about the pulse profile. For illustraTable 6.2. Ratios Δτ/ΔT of the width Δτ of the autocorrelation profile and ΔT of the
pulse I(t), and products Δν · ΔT of spectral width Δν and duration ΔT of pulses with
different profiles I(t)
Δτ/ΔT

Δν · ΔT

1

0.886

I0 exp[−t 2 /(0.36ΔT 2 )]

√
2

0.441

2

Sech

sech (t/0.57ΔT )

1.55

0.315

Lorentzian

[1 + (2t/ΔT )2 ]−1

2

0.221

Pulse profile

Mathematical
expression for I(t)


Rectangular

I0 for 0 ≤ t ≤ ΔT ,

0 elsewhere
Gaussian

2
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Fig. 6.66a–d. Autocorrelation signal S ∝ G (2) (τ) for different pulse profiles without
background suppression (upper part) and with background suppression (lower part):
(a) Fourier-limited Gaussian pulse; (b) rectangular pulse; (c) single noise pulse; and
(d) continuous noise

tion, Fig. 6.66a depicts the signal S(2ω, τ) of Fourier-limited pulses with the
Gaussian profile I(t) = I0 exp(−t 2 /0.36ΔT 2 ) with and without background
suppression. From the halfwidth Δτ of the signal the halfwidth ΔT of the
pulses can only be derived if the pulse profile I(t) is known. In Table 6.2
the ratio Δτ/ΔT and the products ΔT · Δν are compiled for different pulse
profiles I(t), while Fig. 6.66a–c illustrates the corresponding profiles and contrasts of G (2) (τ). Even noise pulses and continuous random noise result in
a maximum of the correlation function G (2) (τ) at τ = 0 (Fig. 6.66d), and the
contrast becomes G (2) (0)/G (1) (∞) = 2 [6.132, 6.140]. For the determination
of the real pulse profile one has to measure the function G (2) (τ) over a wider
range of delay times τ. Generally, a model profile is assumed and the calculated functions G (2) (τ) and even G (3) (τ) are compared with the measured
ones [6.141].

Fig. 6.67a,b. Femtosecond laser pulse. (a) Optical power spectrum; (b) interferometric
autocorrelation of the same pulse [6.183]
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Fig. 6.68. (a) Interferometric autocorrelation of a pulse with ΔT = 10 fs and a chirp of
a = 2 (dashed line). The solid line shows the pulse profile obtained by intensity correlation. (b) Upper and lower envelopes of a chirped Gaussian pulse [6.50] for various chirp
parameters a [6.142]

In Fig. 6.67 the power density spectrum and the interferometric autocorrelation signal of a femtosecond laser pulse is compared.
In Fig. 6.68 a chirped hyperbolic secant pulse
(1−ia)

2
,
(6.49)
E(t) = [sech(t/ΔT )](1−ia) =
et/ΔT + e−t/ΔT
is shown for a = 2 and ΔT = 10 fs. Chirped pulses result in a more complex
autocorrelation signal.
With interferometric autocorrelation the chirp of a pulse and the resulting
change in its time profile can be determined. This is illustrated by the example
of a chirped pulse with a Gaussian profile


(6.50)
E(t = E 0 exp −(1 + ia)(t/ΔT)2
where ΔT is the width of the unchirped pulse (a = 0). The interferometric
autocorrelation gives for such a pulse:
−(τ/ΔT)2

G 2 (τ) = 1 + 2 e

+ 2 e−(1+a



2
2
− 3+a
4 (τ/ΔT)

+4e

2 )(τ/ΔT)2

· cos 2ωτ .

· cos

a  τ 2
· cos ωτ
2 ΔT
(6.51)

In Fig. 6.68b, the upper and lower envelopes of the autocorrelation signal are
plotted as a function of the normalized delay time τ/ΔT for different values
of the chirp parameter a in (6.50) [6.142].
The drawback of the techniques discussed so far is their lack of phase
measurements for the different spectral components within the pulse spectral
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profile. This can be overcome by the frequency-resolved optical gating technique (FROG) [6.143].
6.2.3 FROG Technique
We have seen that the second-order autocorrelations are symmetric and therefore do not provide any information on possible pulse asymmetries. Here the
FROG technique is useful, since it allows measurements of the third-order
autocorrelation. Its basic features are depicted in Fig. 6.69: as in the other
autocorrelation techniques the incoming pulse is split by a polarizing beamsplitter into two partial beams with amplitudes E 1 and E 2 . The probe pulse
with amplitude E 1 (t) passes through a shutter (Kerr cell), which is opened by
the delayed fraction E 2 (t − τ) of the same pulse. The signal transmitted by the
Kerr gate is then
Es (t, τ) ∝ E(t) · g(t − τ) ,

(6.52)

where g is the gate function g(t − τ) ∝ I2 (t − τ) ∝ E 22 (t − τ).
If the transmitted pulse is sent through a spectrometer, where it is spectrally dispersed, a CCD camera will record the time dependence of the
spectral components, which gives the two-dimensional function
 +∞





iΩt 

(6.53)
E(t) · g(t − τ) e  .
It (Ω, τ) = 


−∞

In Fig. 6.70 this two-dimensional function is illustrated for a Gaussian pulse
profile without frequency chirp and for a chirped pulse.
The integration of (6.52) over the delay time, which can be experimentally
achieved by opening the gate for a time larger than all relevant delay times,
yields the time profile of the pulse
+∞
E(t) =

Es (t, τ) dτ .

−∞

Fig. 6.69. Schematic experimental setup for FROG

(6.54)
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Fig. 6.70a–c. Information drawn from FROG: (a) plot of measured light frequencies versus delay time τ in units of pulse length ΔT ; (b) frequency spectrum of (a); (c) frequency
chirp [6.144]

The two functions E s (t, Ω) and E s (t, τ) form a Fourier pair, related to each
other by
1
Es (t, Ωτ ) =
2π

+∞

Es (t, τ) e−iΩτ ·τ dτ .

(6.55)

−∞

The measured spectrogram S E (Ω, τ) can be expressed by
 +∞ +∞
2
 



−iΩt+iΩτ ·τ

Es (t, Ωτ ) e
dΩτ dt  .
I E (Ω, τ) = 


−∞ −∞

(6.56)
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The unknown signal E(t, Ω) can be extracted by a two-dimensional (the
two dimensions are t and τ) phase retrieval. The reconstruction of the pulse
E(t, Ω) yields the instantaneous frequency as a function of time and the pulse
spectrum, shown in Fig. 6.70b [6.145].
For more information on the FROG technique and the recent literature on
this subject, see [6.145].
6.2.4 SPIDER Technique
The FROG method provides information on the time-dependent frequency
spectrum of a short pulse but cannot measure the phases of these spectral components. A newly developed technique is helpful in this case; this
method is called SPIDER (Spectral Phase Interferometry for Direct Field
Reconstruction). It uses the interference structure generated when two spatially separated pulses are superimposed [6.146]. Similar to the autocorrelation
method, the two pulses are generated from the input pulse that is to be measured, using a beam splitter and a delay line which changes the time delay
between the two pulses. The second pulse is therefore a copy of the first pulse
with a time delay τ. The electric field amplitude
"
E(x) = I(x) eiφ(x)
of the first pulse interferes with the field
"
E(x + Δx) = I(x + Δx) eiφ(x+Δx)
of the second pulse. The detector measures the square of the total amplitude
and delivers the signal
"
"
S(x, Δx) = I(x) + I(x + Δx) + 2 I(x) I(x + Δx) cos{φ(x) − φ(x + Δx)} .
The intensity measurement at the location x is therefore related to the phase
difference Δφ = φ(x) − φ(x + Δx) between the phases of the wavefront at the
locations x and x + Δx.
These two pulses are superimposed in a nonlinear crystal with a third pulse
with a large frequency chirp where the sum frequencies ω1 + ω3 and ω2 + ω3
are generated (Fig. 6.71). This third pulse, which is generated from the input
pulse by beam-splitting, is sent through a dispersive medium where a frequency chirp is produced which makes the pulse much broader than the two
other pulses. Because of the chirp, the superposition of the third pulse with the
first pulse gives another sum frequency ω1 + ω3 , and than ω2 + ω3 with the
second delayed pulse. When the frequency ω3 of the chirped pulse changes
during the delay time Δt by Δω = Ω, the detector receives the signal
S(ω) = I(ω + ω3 ) + I(ω + ω3 + Ω)
"
"
+ 2 I(ω + ω3 ) I(ω + ω3 + Ω) cos{φ(ω + ω3 ) − φ(ω + ω3 + Ω)} .
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Fig. 6.71. Schematic representation of the SPIDER technique [6.147]

This signal is measured behind a spectrograph as a function of the delay Δt
between pulses 1 and 2. The measured frequency shift Ω = φΔt of the sum
frequency gives the phase φ(t) of the unknown input pulse and its time profile I(t). Figure 6.72 illustrates the principle of the SPIDER technique using
a schematic diagram.
One drawback of the FROG and SPIDER techniques is the fact that
the pulse measurement does not take place at the location of the sample
where the short pulse is used to investigate time-dependent processes in
atoms or molecules. This is where the pulse profile and its phases actually
need to be determined. In order to remove this drawback, E. Riedle and his
group [6.147] extended the SPIDER technique into the ZAP-SPIDER method
(Zero Additional Phase SPIDER), which is illustrated in Fig. 6.73. Here the
unknown pulse is sent directly into the nonlinear crystal, where it is superimposed by two chirped pulses from slightly different directions and which have
a delay Δt. The pulses at the sum frequency generated in the nonlinear crystal
have different frequencies ωs and ωs + Ω, and are emitted in different directions because of the phase-matching condition for sum frequency generation.
One of these sum frequency pulses is sent through a variable delay line and
is then superimposed onto the other pulse. This gives rise to an interference
pattern, which depends on the relative phase between the two pulses and contains all of the information on the time profiles and phases of the unknown
pulse. The spectrum of the two pulses can be measured using a spectrograph.
The experimental setup is shown in Fig. 6.74: the chirp is produced by sending part of the pulse from a femtosecond laser through a dispersive SF57 glass
block which also stretches the pulsewidth to 2 ps. The pulse delay can be controlled with a retroreflector on a translational stage. This pulse is again split
by the beam splitter BS into two pulses which can be separately delayed and
are then sent into the BBO nonlinear crystal, where they are superimposed
onto the unknown pulse and the sum frequency is generated.
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Fig. 6.72. (a) Principle of SPIDER; (b) pulse sequence, profiles and measured signal
[6.139]

Fig. 6.73. Schematic principle of ZAP-SPIDER [6.147]
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Fig. 6.74. Experimental setup for the ZAP-SPIDER technique [6.147]

Measurements of lifetimes of excited atomic or molecular levels are of great
interest for many problems in atomic, molecular, or astrophysics, as can be
seen from the following three examples:
(i) From the measured lifetimes τk = 1/Ak of levels |k, which may decay
by fluorescence
into the lower levels |m, the absolute transition probability

Ak = m Akm can be determined (Sect. 2.7). Knowing the lifetime of level |k
the relative intensities Ikm of transitions |k → |m allow the determination of
the absolute transition probabilities Akm . This yields the transition dipole matrix elements k|r|m (Sect. 2.7.4). The values of these matrix elements are
sensitively dependent on the wave functions of the upper and lower states.
Lifetime measurements therefore represent crucial tests for the quality of computed wave functions and can be used to optimize models of the electron
distribution in complex atoms or molecules.
(ii) The intensity decrease I(ω, z) = I0 e−α(ω)z of light passing through absorbing samples depends on the product α(ω)z = Ni σik (ω)z of the absorber
density Ni and the absorption cross section σik . Since σik is proportional to
the transition probability Aik (2.22, 2.44), it can be determined from lifetime
measurements (see item (i)). Together with measurements of the absorption
coefficient α(ω) the density Ni of the absorbers can be determined. This problem is very important for testing of models of stellar atmospheres [6.148].
A well-known example is the measurement of absorption profiles of Fraunhofer lines in the solar spectrum. They yield density and temperature profiles
and the abundance of the elements in the sun’s atmosphere (photosphere and
chromosphere). The knowledge of transition probabilities allows absolute values of these quantities to be determined.
(iii) Lifetime measurements are not only important to gain information on the
dynamics of excited states but also for the determination of absolute cross
sections for quenching collisions. The probability Rkn per second for the
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collision-induced transition |k → |n in an excited atom or molecule A
Rkn

1
=
v

∞

, coll , coll NB (v)σkn (v)v dv = NB σkn
· v ≈ NB σkn
·v ,

(6.57)

0

depends on the density NB of the collision partners B, the collision cross
coll , and the mean relative velocity v. The total deactivation probsection σkn
ability
Pk of an excited level |k is the sum of radiative probability Ak =

rad and the collisional deactivation probability R . Since the
A
k
m km = 1/τ
measured effective lifetime is τkeff = 1/Pk , we obtain the equation
1
τkeff

=

1

+ Rk ,
rad

τk

with

Rk =



Rkn .

(6.58)

n

where the summation extends over all levels |n that can be populated by
collisional transitions |k → |n.
In a gas cell at the temperature T the mean relative velocity between collision partners A and B with masses MA , MB is
"
MA M B
v = 8kT/πμ , with μ =
.
(6.59)
MA + MB
Using the thermodynamic equation of state p = N · kT , we can replace the
density NB in (6.57) by the pressure p and obtain the Stern–Vollmer equation:
1
τkeff

=

1
τkrad

+ bσk p ,

with b = (8/πμkT )1/2 .

(6.60)

It represents a straight line when 1/τ eff is plotted versus p (Fig. 6.75). The
slope tan α = bσk yields the total quenching cross section σk and the intersect
with the axis p = 0 gives the radiative lifetime τkrad = τkeff ( p = 0).

Fig. 6.75. Collisional depopulation of the excited level (vk , Jk ) of a molecule and example of a Stern–Vollmer plot for the NaK level D1 Πu (v = 7, J = 13) depopulated by
collisions with argon atoms at the density NB
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In the following subsections we will discuss some experimental methods
of lifetime measurements [6.149, 6.150]. Nowadays lasers are generally used
for the selective population of excited levels. In this case, the induced emission, which contributes to the depletion of the excited level, has to be taken
into account if the exciting laser is not switched off during the fluorescence
detection. The rate equation for the time-dependent population density of the
level |k, which gives the effective lifetime τkeff , is then
dNk
= +Ni Bik ρL − Nk (Ak + Rk + Bki ρL ) ,
(6.61)
dt
where ρL is the spectral energy density of the exciting laser, which is tuned to
the transition |i → |k. The solution Nk (t) ∝ IFl (t) of (6.61) depends on the
time profile IL (t) = cρL (t) of the excitation laser.
6.3.1 Phase-Shift Method
If the laser is tuned to the center frequency ωik of an absorbing transition |i → |k, the detected fluorescence intensity IFL monitored on the
transition |k → |m is proportional to the laser intensity IL as long as saturation can be neglected. In the phase-shift method the laser intensity is
modulated at the frequency f = Ω/2π (Fig. 6.76a) according to
IL (t) =

1
I0 (1 + a sin Ωt) cos2 ωik t
2

with

|a| ≤ 1 .

(6.62)

Fig. 6.76a,b. Phase-shift method for the measurement of excited-state lifetimes: (a) experimental arrangement; and (b) equivalent electric network
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Inserting (6.62) with IL (t) = cρL (t) into (6.61) yields the time-dependent population density Nk (t) of the upper level, and therefore also the fluorescence
power PFL (t) = Nk (t)Akm emitted on the transition |k → |m. The result is


a sin(Ωt + φ)
cos2 ωkm t ,
PFL (t) = b 1 +
(6.63)
[1 + (Ωτeff )2 ]1/2
where the constant b ∝ Ni σik IL V depends on the density Ni of the absorbing molecules, the absorption cross section σik , the laser intensity IL , and
the excitation volume V seen by the fluorescence detector. Since the detector averages over the optical oscillations ωkm we obtain cos2 ωkm  = 1/2, and
(6.63) gives similarly to (6.62) a sinewave-modulated function with a reduced
amplitude and the phase shift φ against the exciting intensity IL (t). This phase
shift depends on the modulation frequency Ω and the effective lifetime τeff .
The evaluation yields
tan φ = Ωτeff .

(6.64)

According to (6.58–6.61) the effective lifetime is determined by the inverse
sum of all deactivation processes of the excited level |k. In order to obtain
the spontaneous lifetime τspont = 1/Ak one has to measure τeff ( p, IL ) at different pressures p and different laser intensities IL , and extrapolate the results
towards p → 0 and IL → 0. The influence of induced emission is a definite
drawback of the phase-shift method. It can be eliminated if φ is measured at
different intensities IL with the extrapolation φ(IL → 0).
Note: This problem of exciting atoms with sine wave-modulated light and
determining the mean lifetime of their exponential decay from measurements of the phase shift φ is mathematically completely equivalent to the
well-known problem of charging a capacitor C from an ac source with the
voltage U0 (t) = U1 sin Ωt through the resistor R1 with simultaneous discharging through a resistor R2 (Fig. 6.76b). The equation corresponding to (6.61)
is here
U0 − U
dU
U
=
C
−
,
dt
R1
R2

(6.65)

which has the solution
U = U2 sin(Ωt − φ) ,

with

tan φ = Ω

R1 R2 C
,
R1 + R2

(6.66)

where
U2 = U0

[(R1 + R2

R2
2
) + (ΩC R

2 1/2
1 R2 ) ]

.

A comparison with (6.63) shows that the mean lifetime τ corresponds to the
time constant τ = RC with R = R1 R2 /(R1 + R2 ) and the laser intensity to the
charging current I(t) = (U0 − U)/R1 .
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Equation (6.64) anticipates a pure exponential decay. This is justified if
a single upper level |k is selectively populated. If several levels are simultaneously excited the fluorescence power PFL (t) represents a superposition
of decay functions with different decay times τk . In such cases the phase
shifts φ(Ω) and the amplitudes a/(1 + Ω 2 τ 2 )1/2 have to be measured for different modulation frequencies Ω. The mathematical analysis of the results
allows one to separate the contributions of the simultaneously excited levels
to the decay curve and to determine the different lifetimes of these levels
[6.151]. A better solution is, however, if the fluorescence is dispersed by
a monochromator and the detector selectively monitors a single transition
from each of the different excited levels |kn  separately.
6.3.2 Single-Pulse Excitation
The molecules are excited by a short laser pulse. The trailing edge of this
pulse should be short compared with the decay time of the excited level,
which is directly monitored after the end of the excitation pulse (Fig. 6.77).
Either the time-resolved LIF on transitions |k → |m to lower levels |m is
detected or the time-dependent absorption of a second laser, which is tuned
to the transition |k → | j, to higher levels | j.
The time-dependent fluorescence can be viewed either with an oscilloscope
or may be recorded by a transient recorder. Another method is based on a boxcar integrator, which transmits the signal through a gate that opens only during
a selected time interval Δt (Sect. 4.5.6). After each successive excitation pulse
the delay ΔT of the gate is increased by T/m. After m excitation cycles the
whole time window T has been covered (Fig. 6.78). The direct observation of
the decay curve on an oscilloscope has the advantage that nonexponential de-

Fig. 6.77. Lifetime measurement after pulse excitation
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Fig. 6.78. Lifetime measurements with a gated boxcar system with successively increasing
gate delay time

cays can be recognized immediately. For sufficiently intense fluorescence one
needs only a single excitation pulse, although generally averaging over many
excitation cycles will improve the signal-to noise ratio.
This technique of single-pulse excitation is useful for low repetition rates.
Examples are the excitation with pulsed dye lasers pumped by Nd:YAG or
excimer lasers [6.149, 6.152].
6.3.3 Delayed-Coincidence Technique
As in the previous method the delayed-coincidence technique also uses short
laser pulses for the excitation of selected levels. However, here the pulse energy is kept so low that the detection probability PD of a fluorescence photon
per laser excitation pulse remains small (PD ≤ 0.1). If PD (t) dt is the probability of detecting a fluorescence photon in the time interval t to t + dt after
the excitation then the mean number n Fl (t) of fluorescence photons detected
within this time interval for N excitation cycles (N  1) is
n Fl (t) dt = N PD (t) dt .

(6.67)

The experimental realization is shown schematically in Fig. 6.79. Part of the
laser pulse is send to a fast photodiode. The output pulse of this diode at
t = t0 starts a time-amplitude converter (TAC), which generates a fast-rising
voltage ramp U(t) = (t − t0 )U0 . A photomultiplier with a large amplification
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Fig. 6.79. Basic principle of lifetime measurements with the delayed-coincidence singlephoton counting technique

factor generates for each detected fluorescence photon an output pulse that
triggers a fast discriminator. The normalized output pulse of the discriminator stops the TAC at time t. The amplitude U(t) of the TAC output pulse is
proportional to the delay time t − t0 between the excitation pulse and the fluorescence photon emission. These pulses are stored in a multichannel analyzer.
The number of events per channel gives the number of fluorescence photons
emitted at the corresponding delay time.
The repetition rate f of the excitation pulses is chosen as high as possible
since the measuring time for a given signal-to-noise-ratio is proportional to
1/ f . An upper limit for f is determined by the fact that the time T = 1/ f
between two successive laser pulses should be at least three times the lifetime τk of the measured level |k. This technique is therefore ideally suited
for excitation with mode-locked or cavity-dumped lasers. There is, however,
an electronic bottleneck: the input pulse rate of a TAC is limited by its dead
time τD and should be smaller than 1/τD . It is therefore advantageous to invert
the functions of the start and stop pulses. The fluorescence pulses (which have
a much smaller rate than the excitation pulses) now act as start pulses and the
next laser pulse stops the TAC. This means that the time (T − t) is measured
instead of t. Since the time T between successive pulses of a mode-locked
laser is very stable and can be accurately determined from the mode-locking
frequency f = 1/T , the time interval between successive pulses can be used
for time calibration of the detection system [6.32]. In Fig. 6.80 the whole detection system is shown together with a decay curve of an excited level of the
Na2 molecule, measured over a period of 10 min. More information about the
delayed-coincidence method can be found in [6.153].
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Fig. 6.80. Experimental arrangement for lifetime measurements with the delayedcoincidence single-photon counting technique and decay curve of the Na2 (B1 Πu v = 6,
J = 27) level [6.32]

6.3.4 Lifetime Measurements in Fast Beams
The most accurate method for lifetime measurements in the range of
10−7 −10−9 s is based on a modern version of an old technique that was used
by W. Wien 70 years ago [6.154]. Here a time measurement is reduced to
measurements of a pathlength and a velocity.
The atomic or molecular ions produced in an ion source are accelerated
by the voltage U and focused to form an ion beam. The different masses are
separated by a magnet (Fig. 6.81) and the wanted ions are excited at the position x = 0 by a cw laser beam. The LIF is monitored as a function of the
variable distance x between the excitation region and the position of a special
photon detector mounted on a precision translational drive. Since the velocity v = (2eU/m)1/2 is known from the measured acceleration voltage U, the
time t = x/v is determined from the measured positions x.
The excitation intensity can be increased if the excitation region is placed
inside the resonator of a cw dye laser that is tuned to the selected transition.
Before they reach the laser beam, the ions can be preexcited into highly excited long-living levels by gas collisions in a differentially pumped gas cell
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Fig. 6.81. Lifetime measurements of highly excited levels of ions or neutral atoms and
molecules in a fast beam

Fig. 6.82a–c. Cascade-free lifetime measurements despite the simultaneous excitation of
many levels: (a) preexcitation by collisions in a gas cell with subsequent laser excitation; (b) decay of level |k without cascading (curve a), its feeding by cascades (curve
b), and resulting population Nk (t) with cascading and decaying (curve c). (c) The fluorescence I(x, λ) is measured alternately with and without selective laser excitation

(Fig. 6.82a). This opens new transitions for the laser excitation and allows lifetime measurements of high-lying ionic states even with visible lasers [6.155].
The ions can be neutralized by charge-exchange collisions in differentially
pumped alkali-vapor cells. Since charge exchange occurs with large collision
cross sections at large impact parameters (grazing collisions), the momentum
transfer is very small and the velocity of the neutrals is nearly the same as
that of the ions. With this technique lifetimes of highly excited neutral atoms
or molecules can be measured with high accuracy.
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Collisional preexcitation has the drawback that several levels are simultaneously excited, which may feed by cascading fluorescence transitions the
level |k whose lifetime is to be measured. These cascades alter the time profile IFL (t) of the level |k and falsify the real lifetime τk (Fig. 6.82b). This
problem can be solved by a special measurement cycle: for each position x
the fluorescence is measured alternately with and without laser excitation
(Fig. 6.82c). The difference of both counting rates yields the LIF without cascade contributions. In order to eliminate fluctuations of the laser intensity or
the ion beam intensity a second detector is installed at the fixed position x0
(Fig. 6.83). The normalized ratios S(x)/S(x0 ), which are independent of these
fluctuations, are then fed into a computer that fits them to a theoretical decay
curve [6.156].
The time resolution Δt of the detectors is determined by their spatial resolution Δx and the velocity v of the ions or neutrals. In order to reach a good
time resolution, which is independent of the position x of the detector, one
has to take care that the detector collects the fluorescence only from a small
path interval Δx, but still sees the whole cross section of the slightly divergent ion beam. This can be realized by specially designed bundles of optical
fibers, which are arranged in a conical circle around the beam axis (Fig. 6.83),
while the outcoupling end of the fiber bundle has a rectangular form which is
matched to the entrance slit of a spectrograph.

Fig. 6.83. Experimental arrangement for cascade-free lifetime measurements in fast beams
of ions or neutrals with fluorescence collection by conically shaped optical-fiber bundles
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Fig. 6.84. Laser ablation from surfaces
and laser excitation of the plasma plume
with fluorescence detection

Lifetimes of atoms and ions have been measured very accurately with this
technique. More experimental details and different versions of this laser beam
method can be found in the extensive literature [6.155–6.159].
Example 6.5.
Ne ions (23 atomic mass units, AMU) accelerated by U = 150 kV have
a velocity v = 106 m/s. In order to reach a time resolution of 1 ns the spatial resolution of the detector must be Δx = 1 mm.
High-lying excited states of atoms and ions, which are of interest in astrophysics, can be produced by laser ablation from surfaces. The expanding
plasma cloud, which consists of hot atoms and ions, is irradiated by a second
laser, and the time-resolved fluorescence of the excited states is monitored.
Since many of these states can only be reached by VUV lasers, the excitation
must be performed in a vacuum chamber and VUV-sensitive detectors (for instance solar blind multipliers) must be used [6.160]. A typical experimental
setup is shown in Fig. 6.84. The excitation laser can be time-delayed with respect to the ablation laser by a electronic delay unit which allows delay times
of Δτ > 1 ns.

6.4 Spectroscopy in the Pico-to-Attosecond Range
For measurements of very fast relaxation processes that demand a time resolution below 10−10 s most detectors (except the streak camera) are not fast
enough. Here the pump-and-probe technique is the best choice. It is based on
the following principle shown in Fig. 6.85.
The molecules under investigation are excited by a fast laser pulse on the
transition |0 → |1. A probe pulse with a variable time delay τ against the
pump pulse probes the time evolution of the population density N1 (t). The
time resolution is only limited by the pulse width ΔT of the two pulses, but
not by the time constants of the detectors!
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Fig. 6.85. Pump-and-probe technique

In early experiments of this kind a fixed-frequency mode-locked Nd:glass
or Nd:YAG laser was used. Both pulses came from the same laser and fortuitious coincidences of molecular transitions with the laser wavelength were
utilized [6.161]. The time delay of the probe pulse is realized, as shown in
Fig. 6.86, by beam splitting and a variable path-length difference. Since the
pump and probe pulses coincide with the same transition |i → |k, the absorption of the probe pulse measured as a function of the delay time τ, in
fact, monitors the time evolution of the population difference [Nk (t) − Ni (t)].
A larger variety of molecular transitions becomes accessible if the Nd:YAG
laser wavelength is Raman shifted (Sect. 5.9) into spectral regions of interest
[6.162].

Fig. 6.86. Pump-and-probe technique for the measurements of ultrafast relaxation processes
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A broader application range is opened by a system of two independently
tunable mode-locked dye lasers, which have to be pumped by the same pump
laser in order to synchronize the pump and probe pulses [6.163]. For studies
of vibrational levels in the electronic ground states of molecules the difference
frequency generation of these two dye lasers can be used as a tunable infrared
source for direct excitation of selected levels on infrared-active transitions.
Raman-active vibrations can be excited by spontaneous or stimulated Raman
transitions (Chap. 3). Another useful short-pulse source for these experiments
is a three-wavelength Ti:sapphire laser, where two of the wavelengths can be
indepently tuned [6.166].
In addition, short-pulse tunable optical parametric oscillators have been
realized, where the pump wavelength and the signal or idler waves can be
used for pump-and-probe experiments [6.164]. The wide tuning range allows
more detailled investigations compared to the restricted use of fixed frequency lasers [6.165]. Here the different femtosecond NOPAs (see Sect. 6.1.9)
in combination with frequency doubling or sum-frequency generation provide the spectroscopist with widely tunable ultrafast intense radiation sources
which can be tuned across the infrared and visible to the UV region. These
open the door to studies of fast dynamical processes in chemistry and biology
(see Sect. 10.3).
Recently it has become possible to phase-lock two different femtosecond
lasers. This opens many possibilities for spectroscopic applications. One example is the use of an infrared femtosecond pulse to excite nuclear vibrations
of molecules and a second UV femtosecond pulse for electronic excitation.
This allows one to study the influence of fast changes of the electron cloud
on the nuclear oscillation period [6.167].
These developments widen the range of applications considerably. We will
now give some examples of applications of the pump-and-probe technique.
6.4.1 Pump-and-Probe Spectroscopy
of Collisional Relaxation in Liquids
Because of the high molecular density in liquids, the average time τc between two successive collisions of a selectively excited molecule A with other
molecules A of the same kind or with different molecules B is very short
(10−12 −10−11 s). If A has been excited by absorption of a laser photon its
excitation energy may be rapidly redistributed among other levels of A by collisions, or it may be transferred into internal energy of B or into translational
energy of A and B (temperature rise of the sample). With the pump-and-probe
technique this energy transfer can be studied by measurements of the timedependent population densities Nm (t) of the relevant levels of A or B. The
collisions not only change the population densities but also the phases of the
wave functions of the coherently excited levels (Sect. 2.9). These phase relaxation times are generally shorter than the population relaxation times.
Besides excitation and probing with infrared laser pulses, the CARS technique (Sect. 3.5) is a promising technique to study these relaxation processes.
An example is the measurement of the dephasing process of the OD stretch-
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ing vibration in heavy water D2 O by CARS [6.168]. The pump at ω = ωL is
provided by an amplified 80-fs dye laser pulse from a CPM ring dye laser.
The Stokes pulse at ωs is generated by a synchronized tunable picosecond dye
laser. The CARS signal at ωas = 2ωL − ωs is detected as a function of the time
delay between the pump and probe pulses.
Another example is the deactivation of high vibrational levels in the
S0 and S1 singlet states of dye molecules in organic liquids pumped by
a pulsed laser (Fig. 6.87). The laser populates many vibrational levels in
the excited S1 singlet state, which are accessible by optical pumping on
transitions starting from thermally populated levels in the electronic ground
state S0 . These excited levels |v  rapidly relax by inelastic collisions into the
lowest vibrational level |v = 0 of S1 , which represents the upper level of the
dye laser transition. This relaxation process can be followed up by measuring
the time-dependent absorption of a weak probe laser pulse on transitions from
these levels into higher excited singlet states.
Fluorescence and stimulated emission on transitions (v = 0 → v > 0)
lead to a fast rise of the population densities N(v ) of high vibrational levels
in the S0 state. This would result in a self-termination of the laser oscillation if these levels were not depopulated quickly enough by collisions. The
relaxation of N(v ) toward the thermal equilibrium population N0 (v ) can
again be probed by a weak visible probe laser. Polarization spectroscopy
(Sect. 2.4) with femtosecond pulses allows one to separately determine the
decay times τvib of population redistribution and the dephasing times [6.169].
Of particular importance for dye laser physics is the intersystem crossing
of dye molecules from the excited S1 state into levels of the triplet state T1 .
Because the population of these long-living triplet levels represents a severe
loss for the dye laser radiation because of absorption on electronic transitions
to higher triplet states, the time-dependent triplet concentration and possible
quenching processes by triplet-quenching additives have been investigated in
detail [6.170]. Furthermore, spin-exchange and transitions by collisions between excited S1 dye molecules and triplet O2 molecules or between T1 dye
molecules and excited O2 (1 Δ) molecules play a crucial role in photodynamical processes in cancer cells (Sect. 10.5).

Fig. 6.87. Measurements of fast relaxation processes in excited and ground
states
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6.4.2 Electronic Relaxation in Semiconductors
A very interesting problem is concerned with the physical limitations of the
ultimate speed of electronic computers. Since any bit corresponds to a transition from a nonconducting to a conducting state of a semiconductor, or vice
versa, the relaxation time of electrons in the conduction band and the recombination time certainly impose a lower limit for the minimum switching time.
This electronic relaxation can be measured with the pump-and-probe technique. The electrons are excited by a femtosecond laser pulse from the upper
edge of the valence band into levels with energies E = ω − ΔE (ΔE: band
gap) in the conduction band, from where they relax into the lower edge of the
conduction band before they recombine with holes in the valence band. Since
the optical reflectivity of the semiconductor sample depends on the energy distribution N(E) of the free conduction electrons, the reflection of a weak probe
laser pulse can be used to monitor the distribution N(E) [6.171]. Because
of their fast relaxaton semiconductors can be used as saturable absorbers for
passive mode locking in femtosecond lasers [6.67]. In this case, a thin semiconductor sheet is placed in front of a resonator mirror (see Sect. 6.1.11. The
characteristic time scales for interband and intraband electron relaxation are
again measured with the pump-and probe technique [6.172]. Of particular
interest for the magnetic storage of information is the timescale of magnetization or demagnetization of thin magnetic films. It turns out that femtosecond
laser pulses focused onto the film can demagnetize a small local area within
about 100 fs [6.173].
6.4.3 Femtosecond Transition State Dynamics
The pump-and-probe technique has proved to be very well suited for studying short-lived transient states of molecular systems that had been excited by
a short laser pulse before they dissociate:
AB + hν −→ [AB]∗ −→ A∗ + B .
An illustrative example is the photodissociation of excited NaI molecules,
which has been studied in detail by Zewail et al. [6.174].
The adiabatic potential diagram of NaI (Fig. 6.88) is characterized by an
avoided crossing between the repulsive potential of the two interacting neutral atoms Na + I and the Coulomb potential of the ions Na+ + I− , which
is mainly responsible for the strong binding of NaI at small internuclear distances R. If NaI is excited into the repulsive state by a short laser pulse at the
wavelength λ1 , the excited molecules start to move toward larger values of R
with a velocity v(R) = [(2/μ)(E − E pot (R)]1/2 .
Example 6.6.
For E − E pot = 1000 cm−1 and μ = m 1 m 2 /(m 1 + m 2 ) = 19.5 AMU → v ≈
103 m/s. The time ΔT = ΔR/v of passing through an interval of ΔR =
0.1 nm is then ΔT = 10−13 s = 100 fs.
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Fig. 6.88. (a) Potential diagram of NaI with the pump transition at λ1 and the tunable probe pulse at λ2 (R). (b) Fluorescence intensity IFl (Δt) as a function of the delay
time Δt between pump and probe pulses: (curve a) with λ2 tuned to the atomic Na∗ transition and (curve b) λ2 tuned to λ2 (R) with R < Rc [6.174]

When the excited system [NaI]∗ reaches the avoided crossing at R = Rc it
may either stay on the potential V1 (R) and oscillate back and forth between
R1 and R2 , or it may tunnel to the potential curve V0 (R), where it separates
into Na + I.
The time behavior of the system can be probed by a probe pulse with the
wavelength λ2 tuned to the transition from V1 (R) into the excited state V2 (R)
that dissociates into Na∗ + I. At the fixed wavelength λ2 = 2πc/ω2 the dissociating system absorbs the probe pulse only at that distance R where V1 (R) −
V2 (R) = ω2 . If λ2 is tuned to the sodium resonance line 3s → 3 p, absorption
occurs for R = ∞.
Since the dissociation time is very short compared to the lifetime of the
excited sodium atom Na∗ (3 p), the dissociating (NaI)∗ emits nearly exclusively at the atomic resonance fluorescence. The atomic fluorescence intensity
IFl (Na∗ , Δt), monitored in dependence on the delay time Δt between the
pump-and-probe pulse, gives the probability for finding the excited system
[NaI]∗ at a certain internuclear separation R, where V1 (R) − V2 (R) = ω2
(Fig. 6.88b).
The experimental results [6.175] shown in Fig. 6.88b reflect the oscillatory
movement of Na∗ I(R) on the potential V1 (R) between R1 and R2 , which had
been excited at the inner turning point R1 by the pump pulse at t = 0. This
corresponds to a periodic change between the covalent and ionic potential.
The damping is due to the leakage into the lower-state potential around the
avoided crossing at R = Rc . If λ2 is tuned to the atomic resonance line, the
accumulation of Na∗ (3 p) atoms can be measured when the delay between the
pump-and-probe pulse is increased.
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6.4.4 Real-Time Observations of Molecular Vibrations
The time scale of molecular vibrations is on the order of 10−13 −10−15 s.
The vibrational frequency of the H2 molecule, for example, is νvib = 1.3 ×
1014 s−1 → Tvib = 7.6 ×10−15 s, that of the Na2 molecule is νvib = 4.5 ×
1012 s−1 → Tvib = 2 ×10−13 s, and even the heavy I2 molecule still has
Tvib = 5 ×10−13 s. With conventional techniques one always measures a time
average over many vibrational periods.
With femtosecond pump-and-probe experiments “fast motion pictures” of
a vibrating molecule may be obtained, and the time behavior of the wave
packets of coherently excited and superimposed molecular vibrations can be
mapped. This is illustrated by the following examples dealing with the dynamics of molecular multiphoton ionization and fragmentation of Na2 , and
its dependence on the phase of the vibrational wave packet in the inter-

Fig. 6.89a,b. Femtosecond spectroscopy of Na2 : (a) potential curve diagram illustrating
the preparation of a vibrational wave packet in the 21 Πg state of Na2 due to coherent simultaneous two-photon excitation of vibrational levels (v = 11−18). Further excitation by
+
∗
a third photon results in production of Na∗∗
2 → Na + Na from the outer turning point of
the wave packet. (b) One-photon excitation of a vibrational wave packet in the A1 Σu state
with subsequent two-photon ionization from the inner turning point [6.177]
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mediate state [6.176]. There are two pathways for photoionization of cold
Na2 molecules in a supersonic beam (Fig. 6.89):
(i) One-photon absorption of a femtosecond pulse (λ = 672 nm, ΔT = 50 fs,
I = 50 GW/cm2 ) leads to simultaneous coherent excitation of vibrational
levels v = 11−15 in the A1 Σu state of Na2 at the inner part of the potential V1 (R). This generates a vibrational wave packet, which oscillates at
a frequency of 3 ×1012 s−1 back and forth between the inner and outer turning
point. Resonant enhanced two-photon ionization of the excited molecules by
the probe pulse has a larger probability at the inner turning point than at the
outer turning point, because of favorable Franck–Condon factors for transitions from the A1 Σu state to the near-resonant intermediate state 21 Πg , which
enhances ionizing two-photon transitions at small values of the internuclear
distance R (Fig. 6.89b). The ionization rate N(Na+
2 , Δt) monitored as a function of the delay time Δt between the weak pump pulse and the stronger
probe pulse, yields the upper oscillatory function of Fig. 6.90 with a period
that matches the vibrational wave-packet period in the A1 Σu state.
(ii) The second possible competing process is the two-photon excitation of
wavepackets of the v = 11−18 vibrational levels in the 21 Πg state of Na2 by
the pump pulse, with subsequent one-photon excitation into a doubly excited
state of Na∗∗
2 , which autoionizes according to
+
−
+
∗
−
Na∗∗
2 −→ Na2 + e −→ Na + Na + e ,

and results in the generation of Na+ ions. The number N(Na+ , Δt) of atomic
ions Na+ , measured as a function of the delay time Δt between pump and
probe pulses, shows again an oscillatory structure (Fig. 6.90, lower trace), but
with a time shift of half a vibrational period against the upper trace. In this
case, the ionization starts from the outer turning point of the 21 Πg levels and

+
Fig. 6.90. Observed ion rates N(Na+
2 ) (upper trace) and N(Na ) (lower trace) as a function of the delay time Δt between the pump and probe pulses [6.177]
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the oscillatory structure shows a 180◦ shift and slightly different oscillation
period, which corresponds to the vibrational period in the 21 Πg state.
The photoelectrons and ions and their kinetic energies can be measured
with two time-of-flight mass spectrometers arranged into opposite directions
perpendicular to the molecular and the laser beams [6.178, 6.179].

6.4.5 Attosecond Spectroscopy of Atomic Inner Shell Processes
For inner-shell spectroscopy, where the energy separation of atomic states
ranges from several hundred eV up to keV, the higher harmonics generated
by high-intensity femtosecond pulses can be used [6.180]. Unfortunately these
high harmonic pulses with pulse widths in the attosecond range appear as
pulse trains with a repetition frequency twice that of the optical frequency of
the generating pulse, i.e., a time separation of about 2.3 fs. The interpretation
of results from time-resolved spectroscopy obtained through atomic excitation
by such pulse trains is not unambiguous. Therefore, it is desirable to generate
single pulses instead of pulse trains. This is possible if a pulse of less than
5 fs is used for the generation of higher harmonics. Using phase control of
such a pulse, one maximum of the field amplitude E(t) can be shifted into
the maximum of the pulse envelope. The initial and the following maximum
then have a lower amplitude (Fig. 6.91). Since the intensity of the n-th harmonic scales with the 2n-th power E 2n (t) of the optical electric field in the

Fig. 6.91. Electric field amplitude in a few-cycle femtosecond pulse
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femtosecond pulse, only this largest field maximum E 0 essentially contributes
to the generation of higher harmonics. With n = 15, for example, the generation of XUV by the adjacent field extrema E −1 and E +1 in Fig. 6.91, which
reach only 60% of the central maximum, has a probability of 10−7 compared
to that for the central maximum.

Fig. 6.92. Schematic illustration of inner shell excitation by a VUV pulse (a) and relaxation (b) into the vacancy, resulting in the emission of an Auger electron (c) or the
excitation into a higher state (a ) [6.181]
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Using such short attosecond XUV pulses, the temporal evolution of the
Auger process after inner shell excitation can be followed with the pump-andprobe technique.
An XUV pulse excites an electron from the inner shell E i of an atom
(Fig. 6.92), producing an inner shell vacancy which is rapidly filled by
an electron from a higher shell with energy E k . The energy difference
ΔE = E k − E i is either carried away by an XUV photon or it is transferred
to another electron in an outer shell E m with IP−E m < ΔE (Auger electron).
The delay time of this Auger electron with respect to the excitation pulse corresponds exactly to the lifetime of the inner shell vacancy. The emitted Auger
electron leaves a vacancy in the outer shell which can be detected by the corresponding decrease in the photoionization with visible light. The delay time
can be measured with attosecond time resolution by using a fraction of the
visible femtosecond pulse with variable delay with respect to the excitation
pulse, in the same approach as used for photoionization with femtosecond
pulses, as discussed in Sect. 6.1.12 [6.181].

6.4.6 Transient Grating Techniques
If two light pulses of different propagation directions overlap in an absorbing sample, they produce an interference pattern because of the intensitydependent saturation of the population density (Fig. 6.93). When a probe pulse
is sent through the overlap region in the sample, this interference pattern
shows up as periodic change of the sample transmission and therefore acts as
a grating that produces diffraction orders of the probe beam. The grating vector is kG = k2 − k1 , and the grating period depends on the angle Θ between
the two pump beams. The grating amplitude can be inferred from the relative
intensity of the different diffraction orders. This gives information on the saturation intensities. The grating will fade away if the delay times τ1 and τ2 are
larger than the relaxation time of the sample molecules. Therefore this technique of transient gratings gives information on the dynamics of the sample
[6.182].
Most experiments have been performed in solid or liquid samples where
the relaxation times are in the range of femto- to picoseconds [6.179].
There are numerous other examples where pico- and femtosecond spectroscopy have been applied to problems in atomic and molecular physics.
Some of them are discussed in Sects. 7.6 and 10.2.
In particular the high peak powers now available by the invention of new
techniques (Fig. 6.55) allow a new class of experiments in nonlinear physics.
Examples are the generation of high harmonics up to the 60th overtone, which
generates XUV frequencies with λ = 13 nm from the fundamental wave with
λ = 800 nm, or multiphoton ionization to produce highly charged ions from
neutral atoms. The electric fields of such high power laser pulses exceed the
inner-atomic field strength resulting in field ionization. The behavior of atoms
and molecules in such strong electric ac fields have brought some surprises

Problems
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Fig. 6.93. Schematic diagram of a transient grating experiment

and many theoreticians are working on adequate models to describe such extreme situations.
For more information on femtosecond lasers and spectroscopy see
[6.2, 6.183].

Problems
6.1 A Pockels cell inside a laser resonator is used as a Q-switch. It has a maximum transmission of 95% for the applied voltage U = 0. What voltage U is
required to prevent lasing before the gain G α = exp(αL) of the active medium
exceeds the value G α = 10, when the “half-wave voltage” of the Pockels cell
is 2 kV? What is the effective amplification factor G eff immediately after the
opening of the Pockels cell if the total cavity losses are 30◦ per round trip?
6.2 What is the actual time profile of mode-locked pulses from a cw argon
laser if the gain profile is Gaussian with a halfwidth of 8 GHz (FWHM)?
6.3 An optical pulse with the Gaussian intensity profile I(t), center wavelength λ0 = 600 nm, and initial halfwidth τ = 500 fs propagates through an
optical fiber with refractive index n = 1.5.
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(a) How large is its initial spatial extension?
(b) How long is the propagation length z 1 after which the spatial width of the
pulse has increased by a factor of 2 from linear dispersion with dn/ dλ =
103 per cm?
(c) How large is its spectral broadening at z 1 if its peak intensity is
Ip = 1013 W/m2 and the nonlinear part of the refractive index is n 2 =
10−20 m2 /W?
6.4 Calculate the separation D of a grating pair that just compensates a spatial
dispersion dS/ dλ = 105 for a center wavelength of 600 nm, a groove spacing
of d = 1 μm and angle of incidence α = 30◦ .
6.5 Calculate the pressure p of the argon buffer gas at T = 500 K that decreases the radiative lifetime τ = 16 ns of an excited Na2 level to 8 ns, if the
total quenching cross section is σ = 10−14 cm2 .

7. Coherent Spectroscopy

This chapter provides an introduction to different spectroscopic techniques
that are based either on the coherent excitation of atoms and molecules or on
the coherent superposition of light scattered by molecules and small particles.
The coherent excitation establishes definite phase relations between the amplitudes of the atomic or molecular wave functions; this, in turn, determines
the total amplitudes of the emitted, scattered, or absorbed radiation.
Either two or more molecular levels of a molecule are excited coherently
by a spectrally broad, short laser pulse (level-crossing and quantum-beat spectroscopy) or a whole ensemble of many atoms or molecules is coherently
excited simultaneously into identical levels (photon-echo spectroscopy). This
coherent excitation alters the spatial distribution or the time dependence of the
total, emitted, or absorbed radiation amplitude, when compared with incoherent excitation. Whereas methods of incoherent spectroscopy measure only the
total intensity, which is proportional to the population density and therefore to
the square |ψ|2 of the wave function ψ, the coherent techniques, on the other
hand, yield additional information on the amplitudes and phases of ψ.
Within the density-matrix formalism (Vol. 1, Sect. 2.9) the coherent techniques measure the off-diagonal elements ρab of the density matrix, called
the coherences, while incoherent spectroscopy only yields information about
the diagonal elements, representing the time-dependent population densities.
The off-diagonal elements describe the atomic dipoles induced by the radiation field, which oscillate at the field frequency ω and which represent
radiation sources with the field amplitude Ak (r, t). Under coherent excitation
the dipoles oscillate with definite phase relations, and the phase-sensitive superposition of the radiation amplitudes Ak results in measurable interference
phenomena (quantum beats, photon echoes, free induction decay, etc.).
After switching off the excitation sources, the phase relations between the
different oscillating atomic dipoles are altered by different relaxation processes, which perturb the atomic dipoles. We may classify these processes
into two categories:
• Population-changing processes: the decay of the population density in the
excited level |2
N2 (t) = N2 (0) e−t/τeff ,
by spontaneous emission or by inelastic collisions decreases the intensity
of the radiation with the time constant T1 = τeff , often called the longitudinal relaxation time.
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• Phase-perturbing collisions (Vol. 1, Sect. 3.3), or the different Doppler
shifts of the frequencies of emitting atoms with their individual velocity vk
result in a change of the relative phases of the atomic dipoles, which also
affects the total amplitudes of the superimposed, emitted partial waves.
The time constant T2 of this phase decay is called the transverse relaxation time. Generally, the phase decay is faster than the population decay
and therefore T2 < T1 . While phase-perturbing collisions result in a homogeneous line broadening γ2hom = 1/T2hom , the velocity distribution, which
gives rise to Doppler broadening, adds the inhomogeneous contribution
γ2inhom = 1/T2inhom to the line profile, which has the total spectral width
Δω = 1/T1 + 1/T2hom + 1/T2inhom .

(7.1)

The techniques of coherent spectroscopy that are discussed below allow
the elimination of the inhomogeneous contribution and therefore represent
methods of “Doppler-free” spectroscopy, although the coherent excitation
may use spectrally broad radiation. This is an advantage compared with the
nonlinear Doppler-free techniques discussed in Chap. 2, where narrow-band
single-mode lasers are required.
The combination of ultrafast light pulses with coherent spectroscopy allows, for the first time, the direct measurements of wave packets of coherently
excited molecular vibrations and their decay (Sect. 7.4–7.7).
A rapidly expanding area of coherent spectroscopy is heterodyne and correlation spectroscopy, based on the interference between two coherent light
waves. These two light waves may be generated by two stabilized lasers, or
by one laser and the Doppler-shifted laser light scattered by a moving particle (atom, molecule, dust particle, microbes, living cells, etc). The observed
frequency distribution of the beat spectrum allows a spectral resolution down
into the millihertz range (Sect. 7.7).
Correlation fluorescence spectroscopy in combination with confocal microscopy has proved to be a very versatile tool for detection and temporal
investigations of biomolecules in living cells and in the interaction of different
molecules.
In the following section the most important techniques of coherent spectroscopy are discussed in order to illustrate more quantitatively the foregoing
statements.

7.1 Level-Crossing Spectroscopy
Level-crossing spectroscopy is based on the measured change in the spatial
intensity distribution or the polarization characteristics of fluorescence that is
emitted from coherently excited levels when these levels cross under the influence of external magnetic or electric fields. Examples are fine or hyperfine
levels with different Zeeman shifts, which may cross at a certain value Bc
of the magnetic field B (Fig. 7.1). A special case of level crossing is the
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Fig. 7.1a,b. Schematic diagram of level crossing: (a) general case and (b) Hanle effect

zero-field level crossing (Fig. 7.1b) that occurs for a degenerate level with total angular momentum J > 0. For B = 0, the (2J + 1) Zeeman components
split, which changes the polarization characteristics of the emitted fluorescence. This phenomenon was observed as early as 1923 by W. Hanle [7.1]
and is therefore called the Hanle effect.

7.1.1 Classical Model of the Hanle Effect
A typical experimental arrangement for level-crossing spectroscopy is depicted in Fig. 7.2. Atoms or molecules in a homogeneous magnetic field
B = {0, 0, Bz } are excited by the polarized optical wave E = E y cos(ωt − kx)
and tuned to the transition |1 → |2. The fluorescence IFl (B) emitted from
the excited level |2 into the y-direction is observed behind a polarizer as
a function of the magnetic field B.

Fig. 7.2a–c. Level-crossing spectroscopy: (a) experimental arrangement; (b) level scheme;
and (c) Hanle signal
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Fig. 7.3a,b. Spatial intensity distribution of the radiation emitted by a classical oscillating
dipole: (a) stationary case for B = 0; and (b) time sequence of intensity distributions of
a dipole with decay constant γ , precessing in a magnetic field B = {0, 0, Bz }

In a classical, vivid description, the excited atom is represented by
a damped oscillator that oscillates in the y-direction with a spatial emission
charactistics I(ϑ) ∝ sin2 ϑ, depending on the angle ϑ between observation direction and dipole axis (Fig. 7.3a). If the atom with an excited-state lifetime
τ2 = 1/γ2 is excited at t = t0 by a short laser pulse, the amplitude of the emitted radiation is for B = 0:
E(t) = E0 e−(iω+γ/2)(t−t0 ) .

(7.2)

With the angular momentum J in level |2, the atomic dipole with the magnetic dipole moment μ = g J μ0 (g J : Landé factor; μ0 : Bohr’s magneton) will
precess for B = 0 around the z-axis with the precession frequency
Ωp = g J μ0 B/ .

(7.3)

Together with the dipole axis the direction of maximum emission, which is
perpendicular to the dipole axis, also precesses with Ωp around the z-axis
while the amplitude of the dipole oscillation decreases as exp[−(γ/2)t]
(Fig. 7.3b). If the fluorescence is observed in the y-direction (Fig. 7.2a) behind
a polarizer with the transmission axis tilted by the angle α against the x-axis,
the measured intensity IFl (t) becomes
IFl (B, α, t) = I0 e−γ(t−t0 ) sin2 [Ωp (t − t0 )] cos2 α .

(7.4)

This intensity can either be monitored in a time-resolved fashion after pulsed
excitation in the constant magnetic field B (quantum beats, Sect. 7.2), or the
time-integrated fluorescence intensity is measured as a function of B (level
crossing), where the excitation may be pulsed or cw.
In the case of cw excitation the fluorescence intensity I(t) at any time t is
the result of all atoms excited within the time interval between t0 = −∞ and
t0 = t. It can therefore be written as
 t
e−γ(t−t0 ) sin2 [Ωp (t − t0 )] dt0 .
(7.5)
I(t, B, α) = CI0 cos2 α
t0 =−∞
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The transformation (t − t0 ) → t of the variable t0 shifts the integration
limits to the interval from t = ∞ to t = 0, which shows that the integral is
independent of t. It can be solved with the substitution 2 sin2 x = 1 − cos 2x,
which yields the Hanle signal, observed by the detector D1 in Fig. 7.4a:
I(B, α) = C

γ2
I0 cos2 α
1− 2
2γ
γ + 4Ωp2

.

(7.6a)

Inserting (7.3) we obtain for α = 0
I0
I(B, α = 0) = C
2γ


1−

1
1 + (2gμ0 B/γ)2


.

(7.7)

This intensity gives, as a function of the applied magnetic field, a Lorentziantype signal (Fig. 7.2c) with the halfwidth (FWHM)
ΔB1/2 =

γ

=
,
gμ0
gμ0 τeff

with τeff = 1/γ .

(7.8)

From the measured halfwidth ΔB1/2 the product g J τeff of Landé factor g J
of the excited level |2 times its effective lifetime τeff can be derived. For
atomic states the Landé factor g J is generally known, and the measured value
of ΔB1/2 determines the lifetime τeff . Measurements of τeff ( p) as a function
of pressure in the sample cell then yield by extrapolation p → 0 the radiative
lifetime τn (Sect. 6.3). The Hanle effect therefore offers, like other Dopplerfree techniques, an alternative method for the measurement of atomic lifetimes
from the width ΔB1/2 of the signal [7.2].
In case of excited molecules the angular momentum coupling scheme
is often not known, in particular if hyperfine structure or perturbations between different electronic states affect the coupling of the various angular
momenta. The total angular momentum F = N + S + L + I is composed
of the molecular-rotation angular momentum N, the total electron spin S,
the electronic orbital momentum L, and the nuclear spin I. The measured
width ΔB1/2 can then be used to determine the Landé factor g and thus the
coupling scheme, if the lifetime τ is already known from other independent
measurements, for example, those discussed in Sect. 6.3 [7.3].
Note that the total intensity of the fluorescence is independent of the mangnetic field, although this field does change the spatial distribution and the
polarization characteristics of the fluorescence. It is therefore advantageous,
to use the experimental setup in Fig. 7.4a, where two detectors monitor the
fluorescence emitted into the x- and y-direction respectively. The fluorescence intensity detected in the x-direction through a polarizer with an angle β
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Fig. 7.4a,b. Hanle signal of the fluorescence IFl (B) from laser-excited Na∗2 (B1Πu , v = 10,
J = 12) molecules: (a) schematic experimental setup for difference and ratio recording;
and (b) measured polarization P(B) [7.5]

against the y-direction is
I2 (B, β) = C · I0 cos2 β
=C

I0 cos2 β
2γ



+t
t0 =−∞

1+

e−γ(t−t0 ) cos2 [Ωp (t − t0 )] dt0

γ2
γ 2 + 4Ωp2

.

(7.6b)

With α = β = 0 the difference signal becomes
I2 − I1 =

CI0 γ
2
γ + 4Ωp2

and gives twice the signal magnitude without the constant background. The
sum of the two measured signals
I1 + I2 = C

I0
γ

is independent of B and gives just twice the background term. The ratio
R = (I1 − I2 )/(I1 + I2 ) =

1
1 + (2Ωp /γ)2

is furthermore independent of the incident intensity and therefore does not
suffer from intensity fluctuations. It has a better signal-to noise ratio compared
to the measurement in only one direction.
For illustration, a molecular Hanle signal is depicted in Fig. 7.4 that was
obtained when Na2 molecules were excited in a magnetic field B into the up-
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per level |2 = B1 Πu (v = 10, J = 12) by an argon laser at λ = 475 nm [7.5].
For this Na2 level with S = 0 Hund’s coupling case aα applies, and the Landé
factor
gF =

F(F + 1) + J(J + 1) − I(I + 1)
2J(J + 1)F(F + 1)

(7.9)

decreases strongly with increasing rotational quantum number J [7.6]. For
larger values of J one therefore needs much larger magnetic fields than for
atomic-level crossings.
7.1.2 Quantum-Mechanical Models
The quantum-mechanical treatment of level-crossing spectroscopy [7.4, 7.7]
starts with the Breit formula
IFl (2 → 3) = C |1| μ12 · E1 |2| 2 |2| μ23 · E2 |3| 2 ,

(7.10)

for the fluorescence intensity excited on the transition |1 → |2 by a polarized light wave with the electric field vector E1 and observed on the transition
|2 → |3 behind a polarizer with its axis parallel to E2 [7.8]. The spatial
intensity distribution and the polarization characteristics of the fluorescence
depend on the orientation of the molecular transition dipoles μ12 and μ23
relative to the electric vectors E1 and E2 of absorbed and emitted radiation.
The level |2 with the total angular momentum J has (2J + 1) Zeeman
components with the magnetic quantum number M, which are degenerate at
B = 0. The wave function of |2

ck ψk e−iωk t ,
(7.11)
ψ2 =
k

is a linear combination of the wave functions ψk exp(−iωk t) of all coherently
excited Zeeman components. The products of matrix elements in (7.10) contain the interference terms c Mi c Mk ψi ψk exp[i(ωk − ωi )t].
For B = 0 all frequencies ωk are equal. The interference terms become
time independent and describe together with the other constant terms in (7.10)
the spatial distribution of IFl . However, for B = 0 the phase factors exp[i(ωk −
ωi )t] are time dependent. Even when all levels (J, M) for a given J have been
excited coherently at time t = 0 and their wave functions ψk (t = 0) all have
the same phase ψ(0) = 0, the phases of ψk develop differently in time because of the different frequencies ωk . The magnitudes and the signs of the
interference terms change in time, and for (ωi − ωk )  1/τ (which is equivalent to g J μ0 B/  γ ) the interference terms average to zero and the observed
time-averaged intensity distribution becomes isotropic.
Note: Although the magnetic field alters the spatial distribution and the polarization characteristics of the fluorescence, it does not change the total
fluorescence intensity!
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Example 7.1.
The quantum-mechanical description may be illustrated by a specific example, taken from [7.9], where optical pumping on the transition (J, M ) →
(J , M ) is achieved by linearly polarized light with a polarization vector in the x–y-plane, perpendicular to the field direction along the z-axis
(Fig. 7.5). The linearly polarized light may be regarded as a superposition
of left- and right-hand circularly polarized components σ + and σ − . The
excited-state wave function for the excitation by light polarized in the xdirection is
√
|2 x = (−1/ 2)(a M+1 |M + 1 + a M−1 |M − 1) ,
(7.12)
and for excitation with y-polarization
√
|2 y = (−i 2)(a M+1 |M + 1 − a M−1 |M − 1) .

(7.13)

The coefficients a M are proportional to the matrix element of the transition
(J, M) → (J , M ). The optical pumping process generates a coherent superposition of the eigenstates (M = M ± 1) as long as the spectral width
of the pump radiation is broader than the level splitting.
The time development of the excited-state wave function is described by
the time-dependent Schrödinger equation
−

 ∂ψ2
= Hψ2 ,
i ∂t

(7.14)

where the operator H has the eigenvalues E M = E 0 + μ0 gMB. Including
the spontaneous emission in a semiclassical way by the decay constant γ

Fig. 7.5. Level scheme for optical pumping of Zeeman levels by light linearly polarized
in the y-direction. Each of the two excited Zeeman levels can decay in three final-state
sublevels. Superposition of the two different routes (J , M ) → (J f , M f ) generates interference effects [7.9]
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(Sect. 2.7.5), we may write the solution of (7.14)
ψ2 (t) = e−(γ/2)t exp(−iHt/)ψ2 (0) ,

(7.15)

where the operator exp(−iHt) is defined by its power-series expansion.
From (7.12)–(7.15) we find for excitation with y-polarization
−i
ψ2 (t) = √ e−(γ/2)t exp(−iHt/)[a M+1 |M + 1 − a M−1 |M − 1] ,
2
−i
= √ e−(γ/2)t e−i(E 0 +μ0 gMB)t/
2


× a M+1 e−iμ0 gBt/ |M + 1 − a M−1 e(iμ0 gB)t/ |M − 1 ,
= e−(γ/2)t e−i(E 0 +μ0 gMB)t/
&
'
× |ψ2  x sin(μ0 gBt/) + |ψ2  y cos(μ0 gBt/) .

(7.16)

This shows that the excited wave function under the influence of the magnetic field B changes continuously from |ψ2 x to |ψ2  y , and back. If the
fluorescence is detected through a polarizer with the transmission axis parallel to the x axis, only light from the |ψ2 x component is detected. The
intensity of this light is
I(E x , t) = C |ψ2 x(t)| 2 = C e−γt sin2 (μ0 gBt/) ,

(7.17)

which gives, after integration over all time intervals from t = −∞ to the
time t0 of observation, the Lorentzian intensity profile (7.7) with γ = 1/τ
observed in the y-direction behind a polarizer in the x-direction (Fig. 7.2)
I y (E x ) =

CτI0 (2μ0 gτB/)2
,
2 1 + (2μ0 gτB/)2

(7.18)

which turns out to be identical with the classical result (7.7).

7.1.3 Experimental Arrangements
Level-crossing spectroscopy was used in atomic physics even before the
invention of lasers [7.1, 7.10–7.12]. These investigations were, however, restricted to atomic resonance transitions that could be excited with intense
hollow-cathode or microwave atomic-resonance lamps. Only a very few
molecules have been studied, where accidental coincidences between atomic
resonance lines and molecular transitions were utilized [7.6].
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Optical pumping with tunable lasers or even with one of the various lines
of fixed-frequency lasers has largely increased the application possibilities
of level-crossing spectroscopy to the investigation of molecules and complex
atoms. Because of the higher laser intensity the population density in the excited state is much larger, and therefore the signal-to-noise ratio is higher. In
combination with two-step excitation (Sect. 5.4), Landé factors and lifetimes
of high-lying Rydberg levels can be studied with this technique. Furthermore,
lasers have introduced new versions of this technique such as stimulated levelcrossing spectroscopy [7.13].
Level-crossing spectroscopy with lasers has some definite experimental
advantages. Compared with other Doppler-free techniques it demands a relatively simple experimental arrangement. Neither single-mode lasers and
frequency-stabilization techniques nor collimated molecular beams are required. The experiments can be performed in simple vapor cells, and the
experimental expenditure is modest. In many cases no monochromator is
needed since sufficient selectivity in the excitation process can be achieved
to avoid simultaneous excitation of different molecular levels with a resulting
overlap of several level-crossing signals.
There are, of course, also some disadvantages. One major problem is the
change of the absorption profile with the magnetic field. The laser bandwidth
must be sufficiently large in order to assure that all Zeeman components can
absorb the radiation independent of the field strength B. On the other hand,
the laser bandwidth should not be too large, to avoid simultaneous excitation of different, closely-spaced transitions. This problem arises particularly
in molecular level-crossing spectroscopy, where several molecular lines often overlap within their Doppler widths. In such cases a compromise has to
be found for an intermediate laser bandwidth, and the fluorescence may have
to be monitored through a monochromator in order to discriminate against
other transitions. Because of the high magnetic fields required for Hanle signals from short-lived molecular levels with high rotational quantum numbers
and therefore with small Landé factors, careful magnetic shielding of the photomultiplier is essential to avoid a variation of the muliplier gain factor with
the magnetic field strength.
The level-crossing signal may only be a few percent of the fieldindependent background intensity. In order to improve the signal-to-noise
ratio, either the field is modulated or the polarizer in front of the detector is
made to rotate and the signal is recovered by lock-in detection.
Since the total fluorescence intensity is independent of the magnetic field,
ratio recording can be used to eliminate possible field-dependent absorption effects. If the signals of the two detectors D1 and D2 in Fig. 7.4 are
S1 = I (B) · f(B); S2 = I⊥ (B) · f(B), the ratio
R=

I − I⊥
S1 − S2
=
,
S1 + S2
I + I⊥

no longer depends on the field-dependent absorption f(B) [7.5].
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7.1.4 Examples
A large number of atoms and molecules have been investigated by levelcrossing spectroscopy using laser excitation. A compilation of the measurements up to 1975 can be found in the review of Walther [7.14], up to 1990
in [7.15], and up to 1997 in [7.16].
The iodine molecule has been very thoroughly studied with electric and
magnetic level-crossing spectroscopy. The hyperfine structure of the rotational
levels affects the profile of the level-crossing curves [7.17]. A computer fit
to the non-Lorentzian superposition of all Hanle curves from the different
hfs levels allows simultaneous determination of the Landé factor g and the
lifetime τ [7.18]. Because of different predissociation rates the effective lifetimes of different hfs levels differ considerably.
In larger molecules the phase-coherence time of excited levels may be
shorter than the population lifetime because of perturbations between closely
spaced levels of different electronic states, which cause a dephasing of the
excited-level wave functions. One example is the NO2 molecule, where the
width of the Hanle signal turns out to be more than one order of magnitude
larger than expected from independent measurements of population lifetime
and Landé factors [7.19, 7.20]. This discrepancy is explained by a short
intramolecular decay time (dephasing time), but a much larger radiative lifetime [7.21].
The energy levels E k (B), split by a magnetic field, can be made to recross
again at B = 0 by an additional electric field. Such Zeeman–Stark recrossings allow the determination of magnetic and electric moments of selectively
excited rotational levels. In the case of perturbed levels these moments are
altered, and the g-values may vary strongly from level to level even if the
level-energy separation is small [7.22].
An external electric field may also prevent level crossings caused by the
magnetic field. Such anti-crossing effects in Rydberg states of Li atoms in the
presence of parallel magnetic and electric fields have been studied in the region where the Stark and Zeeman components of adjacent principal quantum
numbers n overlap. The experimental results give information on core effects
and interelectronic coupling [7.23, 7.24].
By stepwise excitation with two or three lasers, highly excited states and
Rydberg levels of atoms and molecules can be investigated. These techniques
allow measurement of the natural linewidth, the fine structure, and hfs parameters of high-lying Rydberg states. Most experiments have been performed
on alkali atoms. For example, Li atoms in an atomic beam were excited by
a frequency-doubled pulsed dye laser and level-crossing signals of the excited
Rydberg atoms were detected by field ionization [7.25].
An example of a more recent experiment is the study of hyperfine structure
of highly excited levels of neutral copper atoms, which yielded the magneticdipole and electric-quadrupole interaction constants. The experimental results
allowed a comparison with theoretical calculations based on multiconfiguration Hartree–Fock methods [7.26]. Measurements of lifetimes [7.27] and of
state multipoles using level-crossing techniques can be found in [7.28].
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7.1.5 Stimulated Level-Crossing Spectroscopy
So far we have considered level crossing monitored through spontaneous
emission. A level-crossing resonance can also manifest itself as a change in
absorption of an intense monochromatic wave tuned to the molecular transition when the absorbing levels cross under the influence of external fields.
The physical origin of this stimulated level-crossing spectroscopy is based on
saturation effects and may be illustrated by a simple example [7.13].
Consider a molecular transition between the two levels |a and |b with the
angular momenta J = 0 and J = 1 (Fig. 7.6). We denote the center frequencies of the ΔM = +1, 0, −1 transitions by ω+ , ω0 , and ω− and the corresponding matrix elements by μ+ , μ0 , and μ− , respectively. Without an external field the M sublevels are degenerate and ω+ = ω− = ω0 . The monochromatic wave E = E0 cos(ωt − kx), linearly polarized in the y-direction, induces
transitions with ΔM = 0 without an external field. The saturated absorption of
the laser beam is then, according to (2.30),
α0 (ω0 ) −[(ω−ω0 )/ΔωD ]2
e
,
αs (ω) = √
1 + S0

(7.19)

where α0 = (Na − Nb )|μ|2 ω/(γ 2 ) is the unsaturated absorption coefficient,
and S0 = E 02 |μ|2 /(2 γs ) is the saturation parameter at the line center
(Sect. 3.6). If an external electric or magnetic field is applied in the z-direction,
the degenerate levels split and the laser beam, polarized in the y-direction,
induces transitions ΔM = ±1 because it can be composed of σ + + σ − contributions (see previous section). If the level splitting (ω+ − ω− )  γ , the

Fig. 7.6a,b. Stimulated level-crossing spectroscopy with a common lower level: (a) level
scheme; and (b) saturation holes in the Doppler-broadened population distribution with
and without magnetic field
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absorption coefficient is now the sum of two contributions:
α0+
α0−
2
−[(ω−ω+ )/ΔωD ]2
e
+
e−[(ω−ω− )/ΔωD ] .
αs (ω) = (
(
+ )1/2
− )1/2
1 + S0
1 + S0
(7.20)
For a J = 1 → 0 transition |μ+ |2 = |μ− |2 = 12 |μ0 |2 . Neglecting the difference
in the absorption coefficients α(ω+ ) and α(ω− ) for ω+ − ω−  ΔωD , we may
approximate (7.20) for (ω+ − ω− )  γ by
α00
2
e−[(ω−ω0 )/ΔωD ] ,
αs (ω) = (
)
1/2
1 + 12 S0
1
with S0+ ≈ S0− = S0 , and α00 = α0+ + α0− ,
2

(7.21)

which differs from (7.19) by the factor 12 in the denominator. The difference
of the absorption coefficient with and without a field (that is, for ω+ = ω−
and ω+ − ω− > γ ) is
⎛
⎞
1
1
2
⎠.
(7.22)
Δα(ω) = α00 e−[(ω−ω0 )/ΔωD ] ⎝ *
−√
1 + S2
1 + 12 S2
For S  1, this becomes
1
2
(7.23)
Δα(ω) ≈ S2 α00 e−[(ω−ω0 )/ΔωD ] ,
4
where the saturation parameter S(ω) has a Lorentzian profile and width γ (see
Sect. 3.6).
This demonstrates that the effect of level splitting on the absorption
appears only in the saturated absorption and disappears for S → 0. The absorption frequency is changed by altering the magnetic field. The absorption
coefficient αs (ω0 , B), measured as a function of the magnetic field B while
the laser is kept at ω0 , has a maximum at B = 0, and the transmitted laser intensity It (B) shows a corresponding “Lamb dip.” Although saturation effects
may influence the line shape of the level-crossing signal, for small saturation it may still be essentially Lorentzian. The advantage of stimulated versus
spontaneous level crossing is the larger signal-to-noise ratio and the fact that
level crossings in the ground state can also be detected.
Most experiments on stimulated level crossing are based on intracavity absorption techniques because of their increased sensitivity (Sect. 1.2.2). Luntz
and Brewer [7.29] demonstrated that even such small Zeeman splittings as
in the molecular 1 Σ ground state can be precisely measured. They used
a single-mode HeNe laser oscillating on the 3.39 μm line, which coincides
with a vibration–rotation transition in the 1 Σ ground state of CH4 . Level
crossings were detected as resonances in the laser output when the CH4 transition was tuned by an external magnetic field. The rotational magnetic moment
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of the 1 Σ state of CH4 was measured as 0.36 ± 0.07μN . In addition, Starktuned level-crossing resonances in the excited vibrational level of CH4 have
been detected with this method [7.30].
A number of stimulated level-crossing experiments have been performed
on the active medium of gas lasers, where the gain of the laser transition is
changed when sublevels of the upper or lower laser level cross each other.
The whole gain tube is, for instance, placed in a longitudinal magnetic field,
and the laser output is observed as a function of the magnetic field. Examples are the observation of stimulated hyperfine level crossings in a Xe laser
[7.31], where accurate hyperfine splittings could be determined, or the measurement of Landé factors of atomic laser levels with high precision, as the
determination of g(2 P4 ) = 1.3005 ± 0.1% in neon by Hermann et al. [7.32].
Two-photon induced level crossing [7.33], which relies on the OODR
scheme of Raman-type transitions (Fig. 7.7), has been performed with the two
neon transitions at λ1 = 632.8 nm and λ2 = 3.39 μm, which have the common upper 3s2 level. Here the Paschen notation of neon levels is used [7.34].
A HeNe laser in an external magnetic field B is simultaneously oscillating on
both transitions. Each level splits into (2J + 1) Zeeman components, where
J is the quantum number of the total angular momentum, which is the sum
of the angular momenta of the core and the excited electron. The Hanle signal S(B) is monitored via the fluorescence from the 3p4 level at λ = 667.8 nm.
There is one important point to note. The width ΔB1/2 of the levelcrossing signal reflects the average width γ = 12 (γ1 + γ2 ) of the two crossing
levels. If these levels have a smaller width than the other level of the optical
transition, level-crossing spectroscopy allows a higher spectral resolution than,
for example, saturation spectroscopy, where the limiting linewidth γ = γa +
γb is given by the sum of upper and lower level widths. Examples are all
cw laser transitions, where the upper level always has a longer spontaneous
lifetime than the lower level (otherwise inversion could not be maintained).
Level-crossing spectroscopy of the upper level then yields a higher spectral
resolution than the natural linewidth of the fluorescence between both levels.
This is, in particular, true for level-crossing spectroscopy in electronic ground
states, where the spontaneous lifetimes are infinite and other broadening ef-

Fig. 7.7. Level scheme for two-photon stimulated Hanle effect. Only the sublevels M =
±1 of the lower state |1 are pumped by Raman-type transitions
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fects, such as transit-time broadening or the finite linewidth of the laser, limit
the resolution [7.35].

7.2 Quantum-Beat Spectroscopy
Quantum-beat spectroscopy represents not only a beautiful demonstration
of the fundamental principles of quantum mechanics, but this Doppler-free
technique has also gained increasing importance in atomic and molecular
spectroscopy. Whereas commonly used spectroscopy in the frequency domain
yields information on the stationary states |k of atoms and molecules, which
are eigenstates of the total Hamiltonian
Hψk = E k ψk ,

(7.24a)

time-resolved spectroscopy with sufficiently short laser pulses characterizes
nonstationary states

|ψ(t) =
ck |ψk  e−iEk t/ ,
(7.24b)
which can be described as a coherent time-dependent superposition of stationary eigenstates. Because of the different energies E k this superposition
is no longer independent of time. With time-resolved spectroscopy the timedependence of |ψ(t) can be measured in the form of a signal S(t). The
Fourier transformation of this time-dependent signal S(t) yields the spectral
information on the spectral components ck |ψk  and their energies E k . This is
illustrated by the following subsections.
7.2.1 Basic Principles
If two closely spaced levels |1 and |2 are simultaneously excited from
a common lower level |i at time t = 0 by a short laser pulse with the pulse
width Δt < /(E 2 − E 1 ) (Fig. 7.8a), the wave function of the “coherent superposition state |1 + |2” at t = 0

ck ψk (0) = c1 ψ1 (0) + c2 ψ2 (0) ,
(7.25a)
ψ(t = 0) =
k

is represented by a linear combination of the wave functions ψk (k = 1, 2) of
the “unperturbed” levels |k. The probability for the population of the level |k
at t = 0 is given by |ck |2 . If the population Nk decays with the decay constant γk = 1/τk into a lower level |m, the time-dependent wave function of
the coherent superposition state becomes

ck ψk (0) e−(iωkm +γk /2)t , with ωkm = (E k − E m )/ . (7.25b)
ψ(t) =
k
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Fig. 7.8. (a) Level scheme illustrating the coherent excitation of levels |1 and |2 by
a short pulse. (b) Quantum beats observed in the fluorescence decay of two coherently
excited levels. Insert: Fourier spectrum I(ω) of (b) with ω12 = ΔE/

If the detector measures the total fluorescence emitted from both levels |k,
the time-dependent signal S(t) is
S(t) ∝ I(t) = C |ψm |  · μ |ψ(t)| 2 .

(7.26)

C is a constant factor depending on the experimental arrangement, μ = e · r is
the dipole operator, and  gives the polarization direction of the emitted light.
Inserting (7.25a) into (7.26) yields for equal decay constants γ1 = γ2 = γ of
both levels
I(t) = C e−γt (A + B cos ω21 t) ,

(7.27a)

with
A = c21 |ψm |  · μ |ψ1 | 2 + c22 |ψm |  · μ |ψ2 | 2 ,
B = 2c1 c2 |ψm |  · μ |ψ1 | · |ψm |  · μ |ψ2 | .

(7.27b)

This represents an exponential decay exp(−γt) superimposed by a modulation
with the frequency ω21 = (E 2 − E 1 )/, which depends on the energy separation ΔE 21 of the two coherently excited levels (Fig. 7.8b). This modulation
is called quantum beats, because it is caused by the interference of the timedependent wave functions of the two coherently excited levels.
The physical interpretation of the quantum beats is based on the following
fact. When the molecule has reemitted a photon, there is no way to distinguish
between the transitions 1 → m or 2 → m if the total fluorescence is monitored.
As a general rule, in quantum mechanics the total probability amplitude of
two indistinguishable processes is the sum of the two corresponding amplitudes and the observed signal is the square of this sum. This quantum-beat
interference effect is analogous to Young’s double-slit interference experiment. The quantum beats disappear if the fluorescence from only one of the
upper levels is selectively detected.
The Fourier analysis of the time-dependent signal (7.27) yields a Dopplerfree spectrum I(ω), from which the energy spacing ΔE as well as the width γ
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of the two levels |k can be determined, even if ΔE is smaller than the
Doppler width of the detected fluorescence (Fig. 7.8c). Quantum-beat spectroscopy therefore allows Doppler-free resolution [7.36].
7.2.2 Experimental Techniques
The experimental realization generally uses short-pulse lasers, such as pulsed
dye lasers (Sect. 5.7), or mode-locked lasers (Sect. 6.1). The time response of
the detection system has to be fast enough to resolve the time intervals Δt <
/(E 2 − E 1 ). Fast transient digitizers or boxcar detection systems (Sect. 4.5)
meet this requirement.
When atoms, ions, or molecules in a fast beam are excited and the fluorescence intensity is monitored as a function of the distance z downstream of the
excitation point, the time resolution Δt = Δz/v is determined by the particle
velocity v and the resolvable spatial interval Δz from which the fluorescence
is collected [7.37]. In this case, detection systems can be used that integrate
over the intensity and measure the quantity

 ∞
I(t, z) dt Δz .
I(z)Δz =
t=0

The excitation can even be performed with cw lasers since the bandwidth
necessary for coherent excitation of the two levels is assured by the short interaction time Δt = d/v of a molecule with velocity v passing through a laser
beam with the diameter d.
Example 7.2.
With d = 0.1 cm and v = 108 cm/s → t → 10−9 s. This allows coherent
excitation of two levels with a separation up to 1000 MHz.
Figure 7.9 illustrates as an example quantum beats measured by Andrä
et al. [7.37] in the fluorescence of 137 Ba+ ions following the excitation of
three hfs levels in the 6 p2 P3/2 level. Either a tunable dye laser beam crossed
perpendicularly with the ion beam or the beam of a fixed-frequency laser
crossed under the tilting angle θ with the ion beam can be used for excitation.
In the latter case, Doppler tuning of the ion transitions is achieved by tuning
the ion velocity (Sect. 4.5) or the tilting angle θ, since the absorption frequency is ω = ωL − |k  v| cos θ. The lower spectra in Fig. 7.9 are the Fourier
transforms of the quantum beats, which yield the hfs transitions depicted in
the energy level diagrams.
By choosing the correct angle θi either the excitation 6s 2 S1/2 (F = 1) →
2
6 p P3/2 (F = 0, 1, 2) can be selected (upper part in Fig. 7.9) or the excitation
F = 2 → F = 1, 2, 3 (lower part).
Because of sub-Doppler resolution, quantum-beat spectroscopy has been
used to measure fine or hyperfine structure and Lamb shifts of excited states
of neutral atoms and ions [7.38].
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Fig. 7.9. Observed quantum beats in the fluorescence of 137 Ba+ ions following an
excitation of different sublevel groups at λ = 455.4 nm in a fast ion beam, and the corresponding Fourier transform spectra. The level schemes represent the hfs of the emitting
upper level 6 p2 P3/2 with the measured beat frequencies [7.37]

If the Zeeman sublevels |J, M = ±1 of an atomic level with J = 1 are
coherently excited by a pulsed laser, the fluorescence amplitudes are equal
for the transitions (J = 1, M = +1 → J = 0) and (J = 1, M = −1 → J = 0).
One therefore observes Zeeman quantum beats with a 100% modulation of
the fluorescence decay (Fig. 7.10).
Quantum beats can be observed not only in emission but also in the transmitted intensity of a laser beam passing through a coherently prepared absorbing sample. This has first been demonstrated by Lange et al. [7.40, 7.41].
The method is based on time-resolved polarization spectroscopy (Sect. 2.4)
and uses the pump-and-probe technique discussed in Sect. 6.4. A polarized
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Fig. 7.10. Zeeman quantum beats observed in the fluorescence of Yb atoms in a magnetic
field after pulsed excitation at λ = 555.6 nm [7.39]

pump pulse orientates atoms in a cell placed between two crossed polarizers (Fig. 7.11) and generates a coherent superposition of levels involved in the
pump transition. This results in an oscillatory time dependence of the transition dipole moment with an oscillation period ΔT = 1/Δν that is determined
by the splitting Δν of the sublevels. When a probe pulse with variable de-

Fig. 7.11a,b. Quantum-beat spectroscopy of atomic or molecular ground states measured
by time-resolved polarization spectroscopy: (a) experimental arrangement; and (b) Zeeman quantum beat signal of the Na 32 S1/2 ground state recorded by a transient digitizer
with a time resolution of 100 ns. (Single pump pulse, time scale 1 μs/div, magnetic field
B = 1.63 ×10−4 T) [7.40]
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lay Δt propagates through the sample, its transmittance IT (Δt) through the
crossed analyzer shows this oscillation.
This time-resolved polarization spectroscopy has, quite similar to its cw
counterpart, the advantage of a zero-background method, avoiding the problem of finding a small signal against a large background. In contrast to cw
polarization spectroscopy, no narrow-band single-frequency lasers are required
and a broadband laser source can be utilized, which facilitates the experimental setup considerably. The time resolution of the pump-and-probe technique
is not limited by that of the detector (Sect. 6.4). With a mode-locked cw dye
laser a time resolution in the picosecond range can be achieved [7.42].
The spectral resolution of the Fourier-transformed spectrum is not limited by the bandwidth of the lasers or the Doppler width of the absorbing
transition, but only by the homogeneous width of the levels involved. The amplitude of the quantum-beat signal is damped by collisions and by diffusion of
the oriented atoms out of the interaction zone. If the diffusion time represents
the limiting factor, the damping may be decreased by adding a noble gas,
which slows down the diffusion. This decreases the spectral linewidth in the
Fourier spectrum until collisional broadening becomes dominant. The decay
time of the quantum-beat signal yields the phase relaxation time T2 [7.43].
The basic difference of stimulated quantum beats in emission or absorption
is illustrated by Fig. 7.12. The V-type scheme of Fig. 7.12a creates coherences
in the excited state that can be observed by stimulated emission. The Λ-type
scheme of Fig. 7.12b, on the other hand, describes coherence in the ground
state, which can be monitored by absorption [7.41].
The time development of these coherences corresponds to a time-dependent susceptibility χ(t) of the sample, which affects the polarization characteristics of the probe pulse and appears as quantum beats of the transmitted
probe pulse intensity.
An interesting technique for measuring hyperfine splittings of excited
atomic levels by quantum-beat spectroscopy has been reported by Leuchs
et al. [7.44]. The pump laser creates a coherent superposition of HFS sublevels in the excited state that are photoionized by a second laser pulse with
variable delay. The angular distribution of photoelectrons, measured as a function of the delay time, exhibits a periodic variation because of quantum beats,
reflecting the hfs splitting in the intermediate state.

Fig. 7.12a,b. Preparation of coherences: (a) in
the excited state; and (b) in the ground state of
an atomic system
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7.2.3 Molecular Quantum-Beat Spectroscopy
Because quantum-beat spectroscopy offers Doppler-free spectral resolution, it
has gained increasing importance in molecular physics for measurements of
Zeeman and Stark splittings or of hyperfine structures and perturbations in
excited molecules. The time-resolved measured signals yield not only information on the dynamics and the phase development in excited states but allow
the determination of magnetic and electric dipole moments and of Landé
g-factors.

Fig. 7.13a,b. Complex quantum-beat decay of at least seven coherently excited levels of
propynal (a) with the corresponding Fourier transform spectrum (b) [7.45]
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One example is the measurement of hyperfine quantum beats in the polyatomic molecule propynal HC≡CCHO by Huber and coworkers [7.45]. In
order to simplify the absorption spectrum and to reduce the overlap of absorbing transitions from different lower levels, the molecules were cooled by
a supersonic expansion (Sect. 4.2). The Fourier analysis of the complex beat
pattern (Fig. 7.13) showed that several upper levels had been excited coherently. Excitation with linear and circular polarization with and without an
external magnetic field, allowed the analysis of this complex pattern, which
is due to singlet–triplet mixing of the excited levels [7.45, 7.46].
Many other molecules, such as SO2 [7.48], NO2 [7.49], or CS2 [7.50],
have been investigated. A fine example of the capabilities of molecular
quantum-beat spectroscopy is the determination of the magnitude and orientation of excited-state electric dipole moments in the vibrationless S1 state of
planar propynal [7.51].
More examples and experimental details as well as theoretical aspects
of quantum-beat spectroscopy can be found in several reviews [7.36, 7.46,
7.52], papers [7.39–7.53, 7.55], and a book [7.54].

7.3 STIRAP Technique
The acronym STIRAP stands for STImulated Raman Adiabatic Passage [7.56].
Its principle is illustrated in Fig. 7.14. The molecules under investigation are
irradiated by two laser pulses: a pump laser L1 and a Stokes laser L2, which
generate a stimulated Raman process which transfers the molecule from level
|1 into level |3 (Fig. 7.14a). The frequency ν1 of the pump laser is slightly
detuned from resonance with the transition |1 → |2; the difference frequency
ν1 − ν2 is, however, exactly matched to the energy difference E 3 − E 1 . The
time sequence of the two pulses is counterintuitive and differs from normal
double resonance: the Stokes laser pulse is applied first, and then the pump
laser. What is the advantage of this arrangement?
The Stokes laser generates a coherent superposition of the wavefunctions
of levels |2 and |3. The states |2 and |3 are, however, not occupied before the pump pulse arrives. The wavefunction oscillates between levels |2
and |3 with the Rabi frequency which depends on the intensity of the Stokes
pulse. Now the pump pulse comes with a time delay Δt with respect to the
Stokes pulse, where Δt is smaller than the width of the Stokes pulse, which
means that the two pulses still overlap (Fig. 7.14b). This places the molecule
at a coherent superposition of levels |2 and |3. If the delay Δt, the detuning
Δν and the intensities of the two lasers are correctly chosen, the population in
level |1 can be completely transferred into level |3 without creating a population in level |2 (Fig. 7.14c).
With stimulated emission pumping with the time sequence pump pulse–
Stokes pulse, a maximum of 50% of the population N1 can be transferred to
|3 (because a maximum population difference N2 − N1 = 0 → N2 = N1 (0)/2
and N3 − N2 = 0 → N3 = N2 = N1 (0)/2 can be reached), while 100% transfer
can be achieved with the SIRAP technique. The population N3 can be mon-
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Fig. 7.14a–e. STIRAP: (a) Λ-level scheme; (b) coherent excitation of high-lying levels;
(c) spatial overlay of pump and Stokes pulses; (d) populations (N(t)) of the three levels;
(e) experimental arrangement [7.56]
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itored through the laser-induced fluorescence induced by a weak third laser
(probe laser in Fig. 7.14e).
The transfer efficiency was checked for several molecules [7.57]. The technique is very useful for generating molecules in definite quantum states. If
these molecules are reactants for reactive collisions, the initial conditions for
the reaction are known. Changing the populated state then gives information
on the dependence of the reaction probability on the initial states of the reactants (see Sect. 8.4).

7.4 Excitation and Detection of Wave Packets
in Atoms and Molecules
In the previous section we saw that the coherent excitation of several eigenstates by a short laser pulse leads to an excited nonstationary state
|ψ(t) =



ck |ψk  exp(−iE k t/) ,

which is described by a linear combination of stationary wave functions |ψk .
Such a superposition is called a wave packet. Whereas quantum-beat spectroscopy gives information on the time development of this wave packet, it
does not tell about the spatial localization of the system characterized by the
wave packet |ψ(x, t). This localization aspect is discussed in the present section.
We shall start with wave packets in atomic Rydberg states [7.58]: if a short
laser pulse of duration τ brings free atoms from a common lower state into
high Rydberg states (Sect. 5.4), all accessible levels within the energy interval
ΔE = /τ can be excited simultaneously. The total wave function describing
the coherent superposition of excited Rydberg levels is the linear combination
ψ(x, t) =



an,,m Rn, (r)Y,m (θ) exp(−iE n t/) ,

(7.28)

n,,m

of stationary Rydberg state hydrogen-like functions with the principal quantum number n, angular momentum quantum number , and magnetic quantum
number m. This superposition (7.28) represents a localized, nonstationary
wave packet.
Depending on the kind of preparation, different types of Rydberg wave
packets can be formed:
Radial wave packets are localized only with respect to the radial electronic
coordinate r. They consist of a superposition, (7.28), with several different
values of n but only a few values of  or m.
Angular Rydberg wave packets, on the other hand, are formed by a superposition, (7.28), with many different values of  and m but only a single fixed
value of n.
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Fig. 7.15. (a) Excitation of a radial Rydberg wave packet by a short pump pulse from
the ground state |i into a Rydberg state at its inner turning point; and (b) its detection
by a delayed photoionizing probe pulse [7.58]

When the Rydberg levels |nm are excited by a short laser pulse with the
duration τ from the ground state |i, where the electron is localized within
a few Bohr radii around the nucleus, the excitation process is fast compared to the oscillation period of a radial Rydberg wave packet, provided that
τ  /(E n − E n−1 ). This fast excitation corresponds to a vertical transition
in the potential diagram of Fig. 7.15a. A delayed probe pulse transfers the
Rydberg electron into the ionization continuum (Fig. 7.15b). The probability
of photoionization depends strongly on the radial coordinate r. Only in the
near-core region (small r) can the Rydberg electron absorb a photon because
the coupling to the nucleus can take the recoil and helps to satisfy energy
and angular momentum conservation. For large values of r the electron moves
like a free particle, which has a very small probability of absorbing a visible
photon. Therefore the number of photoelectrons detected as a function of the
delay time Δt between the pump and probe pulses will exhibit maxima each
time the Rydberg electron is close to the nucleus, that is, if Δt is a multiple
of the mean classical orbit time. Experiments performed on sodium Rydberg
atoms confirm this oscillatory photoionization yield NPE (Δt) [7.59].
A second example, which was discussed in Sect. 6.4.4, concerns wave
packets of molecular vibrations studied with femtosecond time resolution
[6.177]. While stationary spectroscopy with narrow-band lasers excites the
molecule into vibrational eigenstates corresponding to a time average over
many vibrational periods, the excitation by short pulses produces nonstationary wave packets composed of all vibrational eigenfunctions within the energy
range ΔE = h/τ. For high vibrational levels these wave packets represent
the classical motion of the vibrating nuclei. As outlined in Sect. 6.4.4, the
pump-and-probe technique with femtosecond resolution allows the real-time
observation of the motion of vibrational wave packets. This is illustrated by
Fig. 7.16, which shows schematically the level diagram of the I2 molecule.
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Fig. 7.16a–c. Vibrational motion of the I2 molecule: (a) potential curve of the ground
state, the excited 3 Πou state reached by the pump laser, and a higher excited state of I2
populated by the probe laser. The probe laser-induced fluorescence is used to monitor the
vibrational motion of the I2 molecule in the B3Πou state depicted by the probability P (R)
in a superpositional vibrational level v . (b) Probe-laser induced fluorescence intensity as
a function of the delay time between probe pulse and pump pulse, showing the oscillation
of the wave packet. The short period gives the mean vibrational period in the two states,
the long one represents the recurrence time. (c) Fourier spectrum of (b) [7.62]

A short pump pulse (ΔT ≈ 70 fs) at λ1 = 620 nm excites at least two vibrational levels v in the B3 Πou state simultaneously (coherently) from the v = 0
vibrational level of the X-ground state. The probe pulse at λ2 = 310 nm excites the molecules further into a higher Rydberg state, where the excitation
probability has a maximum at the inner turning point, since the Franck–
Condon factor has here its maximum. The fluorescence from this state is
monitored as a function of the delay time Δt between pump and probe
pulse. The measured signal IFl (Δt) shows fast oscillations with a frequency
ν = (ν1 + ν2 )/2, which equals the mean vibrational frequency of the coherently excited vibrational levels in the B3 Πou state. Due to anharmonicity
of the 3 Πou potential, the two vibrational frequencies ν1 and ν2 differ. The
slowly varying envelope of the signal in Fig. 7.16 reflects the difference ν1 −
ν2 . After the recurrence time ΔT = 1/(ν1 − ν2 ), the two coherently excited
vibrations are again “in phase.” The Fourier transform of this beat signal
gives the absolute vibrational energy E vib and the separation ΔE vib of the two
coherently excited levels (Fig. 7.16c). This demonstrates that the “real time”
vibrational motion of the molecule can be viewed with such a “stroboscopic”
method. More examples can be found in [7.60–7.64].
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Let us consider atoms with optical transitions between a single level |i and
a state |k that is split into two sublevels |k1  and |k2  (Fig. 7.8). If the atoms
are irradiated by a short laser pulse of duration τ < /ΔE = /(E k1 − E k2 )
and mean optical frequency ω = (E i − E k )/, an induced dipole moment is
produced, which oscillates at the frequency ω. The envelope of the damped
oscillation shows a modulation with the beat frequency Δω = ΔE/ (quantum beats, Sect. 7.2).
If the sample is now exposed not to a single pulse but to a regular train
of pulses with the repetition frequency f such that Δω = q · 2π f (q ∈ N),
the laser pulses always arrive “in phase” with the oscillating dipole moments.
With this synchronization the contributions of subsequent pulses in the regular pulse train add up coherently in phase and a macroscopic oscillating dipole
moment is produced in the sample, where the damping between successive
pulses is always compensated by the next pulse [7.65].
The regular pulse train of a mode-locked laser with the pulse-repetition
frequency f corresponds in the frequency domain to a spectrum consisting of the carrier frequency ν0 = ω/2π and sidebands at ν0 ± q · f (q ∈ N)
(Sect. 6.1.4). If a molecular sample with a level scheme depicted in Fig. 7.12b
and a sublevel splitting Δν = 2q f in the lower state is irradiated by such
a pulse train, where the frequeny ν0 is chosen as ν0 = (ν1 + ν2 )/2, the two
frequencies ν1,2 = ν0 ± q f are absorbed on the two molecular transitions
ν1 , ν2 . This may be regarded as the superposition of two Raman processes
(|1 → |2 → |3: Stokes process) and (|3 → |2 → |1: anti-Stokes process),
where the population of the two sublevels |1 and |3 oscillates periodically
with the frequency Δν = ΔE/h. The level splitting ΔE can be obtained much
more accurately from this oscillation frequency than from the difference of the
two optical frequencies ν1 , ν2 .
The experimental arrangement, which is similar to that of time-resolved
polarization spectroscopy (Fig. 7.11), is depicted in Fig. 7.17. The pulse train
is provided by a synchronously pumped, mode-locked cw dye laser. A fraction
of each pulse is split by the beam splitter BS and passes through an optical
delay line. Pump and probe pulses propagate either in the same direction or in
opposite ones through the sample cell, which is placed between two crossed
polarizers. Either the transmitted probe-pulse intensity or the laser-induced
fluorescence is monitored as a function of pulse-repetition frequency f and
delay time Δt. For the resonance case f = Δν/q, the signal S( f ) becomes
maximum (Fig. 7.17b). The halfwidth of S( f ) is determined by the homogeneous level widths of the levels |1 and |3 in Fig. 7.12b. If these are, for
example, hfs levels in the electronic ground state, their spontaneous lifetime is
very long (Problem 3.2b) and the halfwidth of S( f ) is mainly limited by collisional broadening and by the interaction time of the atoms with the laser. The
latter can be increased by adding noble gases as buffer gas, which increases
the time for diffusion of the pumped atoms out of the laser beam. As can be
seen from Fig. 7.17d, linewidths down to a few hertz can be achieved. The
center frequency of these signals S( f ) can be measured within uncertainties
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Fig. 7.17a–d. Measurements of the hfs splittings in the 72 S1/2 ground state of Cs atoms
with the pulse-train interference method. Excitation occurs on the D2 line at λ = 852.1 nm
with a repetition rate f = Δν/q with q = 110. (a) Experimental arrangement; (b) transmission of the probe pulse as a function of f ; (c) fluorescene intensity IFl ( f ) as
a function of f with a modulated small external magnetic field; and (d) as a function
of the delay time Δt at a fixed repetition frequency f [7.66]
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below 1 Hz, because the repetition frequency can be determined very precisely
by digital counters [7.66]. The accuracy is mainly limited by the achievable
signal-to-noise ratio and by asymmetries of the line profile S( f ).
This method allows the measurement of atomic level splittings by electronic counting of the pulse-repetition frequency! If the delay time Δt of the
probe pulse is continuously varied at a fixed repetition frequency f , the oscillating atomic dipole moment becomes apparent through the time-dependent
probe-pulse transmission IT (Δt), as shown in Fig. 7.17c for the Cs atom. The
fast oscillation corresponds to the hfs splitting of the 72 S1/2 ground state, the
slowly damped oscillation to that of the excited state (quantum beats in transmission, Sect. 7.2.2). The Fourier transform of the quantum-beat signal yields
the Doppler-free absorption spectrum of the D2 line with the hfs splittings in
the upper and lower states, and the decay time of the 2 P3/2 state.

7.6 Photon Echoes
Assume that N atoms have simultaneously been excited by a short laser pulse
from a lower level |1 into an upper level |2. The total fluorescence intensity
emitted on the transition |2 → |1 is given by (Sect. 2.7.4)

2


ω4 g1 

D

ωA21 =
(7.29)
IFl =

21  ,

3π0 c3 g2 
N

N

where D21 is the dipole matrix element of the transition |2 → |1, and g1 , g2
are the weight factors of levels |1, |2, respectively, see (2.50) and Table 2.2.
The sum extends over all N atoms.
If the atoms are excited incoherently, no definite phase relations exist between the wave functions of the N excited atoms. The cross terms in the
square of the sum (7.29) average to zero, and we obtain in the case of identical atoms
2






incoh
D12  =
|D12 | 2 = N |D12 | 2 → IFl
= N ωA21 . (7.30)



N

N

The situation is drastically changed, however, under coherent excitation,
where definite phase relations are established between the N excited atoms
at the time t = 0 of excitation. If all N excited atomic states are in phase we
obtain

2
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.
(7.31)

12  = |N D12 | → IFl = N |D12 | = N · IFl


N

This implies that the fluorescence intensity IFl (t) at times t ≤ Tc , where all
excited atoms oscillate still in phase, is N times larger than in the incoherent
case (Dicke super-radiance) [7.67].
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This phenomenon of super-radiance is used in the photon-echo technique for high-resolution spectroscopy to measure population and phase decay times, expressed by the longitudinal and transverse relaxation times T1
and T2 , see (7.1). This technique is analogous to the spin-echo method in nuclear magnetic resonance (NMR) [7.68]. Its basic principle may be understood
in a simple model, transferred from NMR to the optical region [7.69].
Corresponding to the magnetization vector M = {Mx , M y , Mz } in NMR
spectroscopy, we introduce for our optical two-level system the pseudopolarization vector
P = {Px , Py , P3 } ,

with

P3 = D12 ΔN ,

(7.32)

with the two components Px , Py of the atomic polarization, but a third component P3 representing the product of the transition dipole moment D12 and the
population density difference ΔN = N1 − N2 . Instead of the Bloch equation
in NMR
dM
= M×Ω ,
dt

(7.33a)

for the time variation of the magnetization M under the influence of a magnetic RF field with frequency Ω, one obtains from (2.80–2.85) the optical
Bloch equation
dP
= P × Ω − {Px /T2 ; Py /T2 ; P3 /T1 } ,
dt

(7.33b)

for the pseudopolarization vector under the influence of the optical field. The
bracket contains the damping terms from phase relaxation and population relaxation that were neglected in (7.33a). The vector
Ω = {(D12 /2), A0 , Δω} ,

(7.34)

is named the optical nutation. Its components represent the transition dipole
D12 , the amplitude A0 of the optical wave, and the frequency difference
Δω = ω12 − ω between the atomic resonance frequency ω12 = (E 2 − E 1 /)
and the optical field frequency ω. The time development of P describes
the time-dependent polarization of the atomic system. This is illustrated by
Fig. 7.18, which shows P in a {x, y, 3} coordinate system, where the axis 3
represents the population difference ΔN = N1 − N2 . For times t ≤ 0 all atoms
are in their ground state where they are randomly oriented. This implies
Px = Py = 0 and ΔN = N1 . At t = 0 an optical pulse is applied that excites
the atoms into level |2. For a proper choice of pulse intensity and pulse
duration τ it is possible to achieve, at the end of the pump pulse (t = τ),
equal populations N1 = N2 → ΔN(t = τ) = 0. This means the probabilities
|ai |2 to find the system in level |i change from |a1 |2 = 1, |a2 |2 = 0 before the
pulse to |a1 |2 = |a2 |2 = 1/2 after the pulse. This implies P3 (t = 0) = 0, which
means that the pseudopolarization vector now lies in the x–y-plane. Since
such a pulse changes the phase of the probability amplitudes ai (t) by π/2,
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Fig. 7.18a–f. Time development of the pseudopolarization vector and generation of a photon echo observed at t = 2τ after applying a π/2-pulse at t = 0 and a π-pulse at t = τ
(see text)

it is called a π/2-pulse (Sect. 2.7.6). At t = τ all induced atomic dipoles oscillate in phase, resulting in the macroscopic polarization P, which we have
assumed to point into the y-direction (Fig. 7.18b).
Because of the finite linewidth Δω of the transition |1 → |2 (for example, the Doppler width in a gaseous sample), the frequencies ω12 =
(E 1 − E 2 )/ of the atomic transitions of our N dipoles are distributed within
the interval Δω. This causes the phases of the N oscillating dipoles to develop
in time at different rates after the end of the π/2-pulse at t > τ. After a time
t > T2 , which is large compared to the phase relaxation time T2 , the phases
are again randomly distributed (Fig. 7.18c,d).
If a second laser pulse that has the proper intensity and duration to invert the phase of the induced polarization (π-pulse) is applied to the sample
at a time t3 = T < T1 , it causes a reversal of the phase development for each
dipole (Fig. 7.18d–f). This means that after a time t4 = 2T all dipoles are
again in phase (Fig. 7.18f). As discussed above, while these excited atoms
are in phase they emit a superradiant signal at the time t = 2T that is called
photon echo (Fig. 7.19).
In the ideal case the magnitude of the photon echo is N2 (2T ) times larger
than the incoherent fluorescence (which is emitted at all times t > 0), where
N2 (2T ) is the number density of excited atoms at t = 2T .
There are, however, two relaxation processes that prevent the original state,
as prepared just after the first π/2-pulse at t = 0, from being completely
reestablished at the echo time t = 2T . Because of spontaneous or collisioninduced decay, the population of the upper state decreases to
N2 (2T ) = N2 (0) e−2T/T1 .

(7.35)
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Fig. 7.19. Oscilloscope trace of π/2and π-pulses and a photon echo
observed from SF6 molecules that
were excited by two CO2 laser
pulses [7.71]

This means that the echo amplitude decreases because of population decay
with the longitudinal relaxation constant T1 .
A second, generally more rapid relaxation is caused by phase-perturbing
collisions (Sect. 3.3), which change the phase development of the atoms and
therefore prevent all atoms from being again in phase at t = 2T . Because
such phase-perturbing collisions give rise to homogeneous line broadening
(Sect. 3.5), the phase relaxation time due to these collisions is called T2hom in
contrast to the inhomogeneous phase relaxation caused, for instance, by the
different Doppler shifts of moving atoms in a gas (Doppler broadening).
The important point is that the inhomogeneous phase relaxation, which
occurs between t = 0 and t = 2T because of the random Doppler-shifted
frequencies of atoms with different velocities, does not prevent a complete
restoration of the initial phases by the π-pulse. If the velocity of a single atom
does not change within the time 2T , the different phase development of each
atom between t = 0 and t = T is exactly reversed by the π-pulse. This means
that even in the presence of inhomogeneous line broadening, the homogeneous relaxation processes (that is, the homogeneous part of the broadening)
can be measured with the photon-echo method. This technique therefore allows Doppler-free spectroscopy.
The production of the coherent state by the first pulse must, of course, be
faster than these homogeneous relaxation processes. This implies that the laser
pulse has to be sufficiently intense. From (2.93) we obtain the condition


(7.36)
D12 E 0 > π 1/T1 + 1/T2hom ,
for the product of laser field amplitude E 0 and transition matrix element D12 .
With typical relaxation times of 10−6 to 10−9 s the condition (7.36) requires
power densities in the range kW/cm2 to MW/cm2 , which can be readily
achieved with pulsed or mode-locked lasers. With increasing delay time T
between the first π/2-pulse and the second π-pulse the echo intensity Ie decreases exponentially as




Ie (2T ) = Ie (0) exp −2T hom , with 1/T hom = 1/T1 + 1/T2hom .
(7.37)
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From the slope of a logarithmic plot of Ie (2T ) versus the delay time T the
homogeneous relaxation times can be obtained.
The qualitative presentation of photon echoes, discussed above, may be
put on a more quantitative base by using time-dependent perturbation theory.
We outline briefly the basic considerations, which can be understood from the
treatment in Sect. 2.9. For a more detailed discussion see [7.69].
A two-level system can be represented by the time-dependent wave function (2.58)
ψ(t) =

2


an (t)u n e−En t/ .

(7.38)

n=1

Before the first light pulse is applied, the system is in the lower level |1,
which means |a1 | = 1 and |a2 | = 0. The harmonic perturbation (2.46)
V = −D12 E 0 cos ωt ,

with ω , = E 2 − E 1

produces a linear superposition




D12 E 0
D12 E 0
ψ(t) = cos
t u i e−iE1 t/ + sin
t u 2 e−iE2 t/ .
2
2

(7.39)

(7.40)

If this perturbation consists of a short intense light pulse of duration τ such
that
(D12 E 0 /)τ = π/2 ,

(7.41)
√
the total wave function becomes, with cos(π/4) = sin(π/4) = 1/ 2,

1 
(7.42)
ψ(t) = √ u 1 e−iE1 t/ + u 2 e−iE2 t/ .
2
After the time T , the phases have developed to E n T/. If now a second πpulse with |(D12 E 0 /)|τ = π is applied, the wave functions of the upper and
lower states are just interchanged, so that for time t = T
e−iE1 T/ u 1 → e−iE1 T/ u 2 e−iE2 (t−T )/ ,
e−iE2 T/ u 2 → e−iE2 T/ u 1 e−iE1 (t−T )/ .
The total wave function therefore becomes

1 
ψ(t, T ) = √ u 2 e−iωk (t−2T )/2 − u 1 e+iωk (t−2T )/2 ,
2
and the dipole moment for each atom is
,
,
D12 = ψ ∗ | er| ψ = − u ∗2 | er| u 1 e−iωk (t−2T ) .

(7.43)

(7.44)

(7.45)

If the different atoms have slightly different absorption frequencies ω = (E 2 −
E 1 )/ (for example, because of the different velocities in a gas), the phase
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factors for different atoms are different for t = 2T , and the macroscopic fluorescence intensity is the incoherent superposition (7.30) from all atomic
contributions. However, for t = 2T the phase factor is zero for all atoms,
which implies that all atomic dipole moments are in phase, and super-radiance
is observed.
Photon echoes were first observed in ruby crystals using two ruby laser
pulses with variable delay [7.70]. The application of this technique to gases
started with CO2 laser pulses incident on a SF6 sample. The collision-induced
homogeneous relaxation time T2hom has been measured from the time decay
of the echo amplitude. Figure 7.19 is an oscilloscope trace of the π/2- and
π-pulses, which shows the echo obtained from a SF6 cell at the pressure of
0.01 mb [7.71] as the small third pulse.
For sufficiently large transition-dipole matrix elements D12 , photon echoes
can be also observed with cw lasers if the molecules are tuned for a short time
interval into resonance with the laser frequency. There are two possible experimental realizations: the first uses an electro-optical pulsed modulator inside
the laser cavity, which shifts the laser frequency ω = ω12 for short time intervals τ into resonance (ω = ω12 ) with the molecules. The second method shifts
the absorption frequency ω12 of the molecules by a pulsed electric field (Stark
shifting) into resonance with the fixed laser frequency ωL . Figure 7.20 shows
an example of an experimental arrangement [7.72] where a stable, tunable cw
dye laser is used, and frequency switching is achieved with an ammonium
dihydrogen phosphate (ADP) crystal driven by a sequence of low-voltage
pulses. It produces a variation of the refractive index n and therefore a shift
of the laser wavelength λ = c/(2nd) in a resonator with mirror separation d.
Figure 7.21 illustrates the Stark switching technique, which can be applied
to all those molecules that show a sufficiently large Stark shift [7.72]. In the
case of Doppler-broadened absorption lines the laser of fixed frequency initially excited molecules of velocity vz . A Stark pulse, which abruptly shifts
the molecular absorption profile from the solid to the dashed curve, causes the

Fig. 7.20. Schematic of the laser-frequency switching apparatus for observing photon
echoes and coherent optical transients. The intracavity ADP crystal is oriented in such
a way that it changes the refractive index n and therefore the laser frequency without
altering the polarization characteristics of the laser beam when a voltage is applied
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Fig. 7.21. (a) Stark switching technique for the case of a Doppler-broadened molecular transition. (b) Infrared photon echo for a 13 CH3 F vibration–rotation transition. The
molecules are switched twice into resonance with a cw CO2 laser by the two Stark pulses
shown in the lower trace. The third pulse is the photon echo [7.72]

velocity group vz to come into resonance with the laser frequencies Ω. We
have assumed that the Stark shift of the molecular eigenfrequencies is larger
than the homogeneous linewidth, but smaller than the Doppler width. With
two Stark pulses the group vz emits an echo. This is shown in Fig. 7.21b,
where the CH3 F molecules are switched twice into resonance with a cw
CO2 laser by 60-V/cm Stark pulses [7.73]. A more detailed discussion of
photon echoes can be found in [7.69, 7.74–7.76].

7.7 Optical Nutation and Free-Induction Decay
If the laser pulse applied to the sample molecules is sufficiently long and
intense, a molecule (represented by a two-level system) will be driven back
and forth between the two levels at the Rabi flopping frequency (2.96). The
time-dependent probability amplitudes a1 (t) and a2 (t) are now periodic functions of time and we have the situation depicted in Fig. 2.23. Since the laser
beam is alternately absorbed (induced absorption E 1 → E 2 ) and amplified (induced emission E 2 → E 1 ), the intensity of the transmitted beam displays an
oscillation. Because of relaxation effects this oscillation is damped and the
transmitted intensity reaches a steady state determined by the ratio of induced
to relaxation transitions. According to (2.96) the flopping frequency depends
on the laser intensity and on the detuning (ω12 − ω) of the molecular eigenfrequency ω12 from the laser frequency ω. This detuning can be performed
either by tuning of the laser frequency ω (Fig. 7.20) or by Stark tuning of the
molecular eigenfrequencies ω12 (Fig. 7.21).
We consider the case of a gaseous sample with Doppler-broadened transitions [7.76], where the molecular levels are shifted by a pulsed electric field.
The Stark shift of the molecular eigenfrequencies is larger than the homoge-
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neous linewidth but smaller than the Doppler width (Fig. 7.21a). During the
steady-state absorption preceding the Stark pulse, the single-mode cw laser
excites only a narrow velocity group of molecules around the velocity component vz1 within the Doppler line shape. Sudden application of a Stark field
shifts the transition frequency ω12 of this subgroup out of resonance with the
laser field and another velocity subgroup around vz2 is shifted into resonance.
At the end of the Stark pulse the first group of molecules is again switched
into resonance. We can now realize two different situations:
(a) The two Stark pulses act for the optical excitation as π/2 and π-pulses.
This generates a photon echo (Fig. 7.21b).
(b) The pulses are longer than the Rabi oscillation period. Then the molecules
of each subgroup start their damped oscillation with the Rabi frequency
Ω = D12 E 0 / at the beginning of the excitation, giving the optical nutation patterns in Fig. 7.22. When the Stark pulse terminates at t = τ, the
initial velocity group is switched back into resonance and generates the
second nutation pattern in Fig. 7.22a.
The amplitude A(t) of this delayed nutation depends on the population of
the first subgroup vz1 at the time τ where the Stark pulse ends. This population had partially been saturated before t = 0, but collisions during the time τ

Fig. 7.22. (a) Optical nutation in 13 CH3 F observed with CO2 laser excitation at
λ = 9.7 μm. The Rabi oscillations appear because the Stark pulse (lower trace) is longer
than in Fig. 7.21. (b) Optical free-induction decay in I2 vapor following resonant excitation with a cw dye laser at λ = 589.6 nm. At the time t = 0 the laser is frequency-shifted
with the arrangement depicted in Fig. 7.20 by Δω = 54 MHz out of resonance with the
I2 transition. The slowly varying envelope is caused by a superposition with the optical
nutation of molecules in the velocity group vz = (ω − ω0 )/k, which are now in resonance
with the laser frequency ω. Note the difference in time scales of (a) and (b) [6.74]
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try to refill it. Berman et al. [7.77] have shown that
A(τ) ∝ N1 (τ) − N2 (τ) = ΔN0 + [ΔN0 − ΔN(0)] e−τ/T1 ,

(7.46)

where ΔN0 is the unsaturated population difference in the absence of radiation, and ΔN(0), ΔN(τ) are the saturated population difference at t = 0 or the
partially refilled difference at t = τ. The dependence of A(τ) on the length τ
of the Stark pulse therefore allows measurement of the relaxation time T1 for
refilling the lower level and depopulating the upper one.
After the end of the laser pulse the induced dipole moment of the coherently prepared molecular system performs a damped oscillation at the
frequency ω12 , where the damping is determined by the sum of all relaxation
processes (spontaneous emission, collisions, etc.) that affect the phase of the
oscillating dipole.
This optical induction free decay can be measured with a beat technique: at time t = 0 the frequency ω of a cw laser is switched from ω = ω12
to ω = ω12 out of resonance with the molecules. The superposition of the
damped wave at ω12 emitted by the coherently prepared molecules with the
wave at ω gives a beat signal at the difference frequency Δω = ω12 − ω ,
which is detected [7.73]. If Δω is smaller than the Doppler width, the laser at
ω interacts with another velocity subgroup of molecules and produces optical
nutation, which superimposes the free-induction decay and which is responsible for the slowly varying envelope in Fig. 7.22b.
These experiments give information on the polarizability of excited
molecules (from the amplitude of the oscillation), on the transverse phase relaxation times T2 (which depend on the cross sections of phase-perturbing
collisions, Sect. 3.3), and on the population decay time T1 . For more details
see [7.75, 7.77].

7.8 Heterodyne Spectroscopy
Heterodyne spectroscopy uses two cw lasers with the frequencies ω1 and ω2
(Δω = ω1 − ω2  ω1 , ω2 ), which are stabilized onto two molecular transitions
sharing a common level (Fig. 7.23). Measurements of the difference frequency
of the two lasers then immediately yields the level splitting ΔE = E 1 − E 2 =
Δω of the molecular levels |1 and |2.
For sufficiently low difference frequencies (Δν = Δω/2π ≤ 109 Hz) fast
photodiodes or photomultipliers can be used for detecting Δω. The two laser
beams are superimposed onto the active area of the detector. The output signal S of the photodetector is proportional to the incident intensity, averaged
over the time constant τ of the detector. For Δω  2π/τ  ω = (ω1 + ω2 )/2
we obtain the time-averaged output signal
:


9
S ∝ (E 1 cos ω1 t + E 2 cos ω2 t)2 = 12 E 12 + E 22 + E 1 E 2 cos(ω1 − ω2 )t ,
(7.47)
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Fig. 7.23. Heterodyne spectroscopy with two lasers, stabilized onto two molecular transitions. The difference frequency, generated in a nonlinear crystal, is either measured or
a second downconversion is used by mixing with a microwave

which contains, besides the constant term (E 12 + E 22 )/2, an ac term with the
difference frequency Δω. Fast electronic counters can directly count frequencies up to Δν  109 Hz. For higher frequencies a mixing technique can be
used. The superimposed two laser beams are focused onto a nonlinear crystal, which generates the difference frequency Δω = ω1 − ω2 (Sect. 5.8). The
output of the crystal is then mixed with a microwave ωMW in a Schottky
diode or a point-contact MIM diode (Sects. 4.5.2c and 5.8.5). For a proper
choice of ωMW the difference frequency Δω − ωMW falls into a frequency
range < 109 Hz and thus can be counted directly. Often the output of the two
lasers and the microwave can be mixed in the same device [7.78].
The accuracy of stabilizing the two lasers onto molecular transitions
increases with decreasing linewidth. Therefore, the narrow Lamb dips of
Doppler-broadened molecular transitions measured with saturation spectroscopy (Sect. 2.2) are well suited [7.79]. This was proved by Bridges and
Chang [7.80] who stabilized two CO2 lasers onto the Lamb dips of different
rotational lines within the vibrational transitions (00◦ 1) → (10◦ 0) at 10.4 μm
and (00◦ 1) → (02◦ 0) at 9.4 μm. The superimposed beams of the two lasers
were focused into a GaAs crystal, where the difference frequency was generated.
Ezekiel and coworkers [7.81] used the reduction of the Doppler width in
a collimated molecular beam (Sect. 4.1) for accurate heterodyne spectroscopy.
The beams of two argon lasers intersect the collimated beam of I2 molecules
perpendicularly. The laser-induced fluorescence is utilized to stabilize the laser
onto the centers of two hfs components of a visible rotational transition. The
difference frequency of the two lasers then yields the hfs splittings.
Instead of two different lasers, a single laser can be employed when its
output is amplitude-modulated at the variable frequency f . Besides the carrier
frequency ν0 two tunable sidebands ν0 ± f appear. If the carrier frequency ν0
is stabilized onto a selected molecular line, the sidebands can be tuned across
other molecular transitions (sideband spectroscopy) [7.82, 7.83]. The experimental expenditure is smaller since only one laser has to be stabilized. The
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sideband tuning can be achieved with acousto-optical modulators at relatively
small RF powers. The difference frequency Δω is, however, restricted to
achievable modulation frequencies (Δω ≤ 2π f max ).
Using this technique, molecular ions and short-lived radicals have been
successfully investigated [7.84–7.85].
Since the radiation of even a stabilized single-mode laser is not strictly
represented by a monochromatic wave but actually has a finite line width due
to frequency and phase fluctuations (see Vol. 1, Sect. 5.6), the different frequency components within the laser bandwidth can interfere and produce beat
signals S(ν − ν0 ), which can be monitored with a spectrum analyzer. This allows the determination of the laser line profile with high accuracy [7.86].

7.9 Correlation Spectroscopy
Correlation spectroscopy is based on the correlation between the measured
frequency spectrum S(ω) of the photodetector output and the frequency spectrum I(ω) of the incident light intensity. This light may be the direct radiation
of a laser or the light scattered by moving particles, such as molecules, dust
particles, or microbes (homodyne spectroscopy). In many cases the direct
laser light and the scattered light are superimposed on the photodetector, and
the beat spectrum of the coherent superposition is detected (heterodyne spectroscopy) [7.87, 7.88].
Correlations in the fluorescence of molecules excited by pulsed or cw
lasers are often measured, since these provide information on the dynamics
of molecular processes. This branch of fluorescence correlation spectroscopy
has undergone rapid development [7.89] because of its many advantages compared to conventional spectroscopy; for instance its wide dynamic range,
covering rates from μs−1 to s−1 . This will be discussed in Sect. 7.9.4.
7.9.1 Basic Considerations
We assume that the incident light wave has the amplitude E(r, t), which does
not vary over the area of the photocathode. The probability for the emission
of one photoelectron per unit time
P (1) (t) = c · 0 ηE ∗ (t)E(t) = ηI(t) ,

(7.48)

where η(λ) is the quantum efficiency of the photocathode, and I(t) =
c0 E ∗ (t)E(t) is the incident intensity. The measured photocurrent i(t) at the
detector output generated by n(t) photoelectrons per second is then
i(t) = ean(t) = eaP (1) (t) = eaηI(t) ,

(7.49)

where a is the amplification factor of the detector, which is a = 1 for a vacuum photocell, but a  106 −108 for a photomultiplier.
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The joint probability per unit time that one photoelectron is emitted at
time t and also another electron at time t + τ is described by the product
P (2) (t, t + τ) = P (1) (t) · P (1) (t + τ) = η2 I(t) · I(t + τ) .

(7.50)

Most experimental arrangements generally detect the time-averaged photocurrent. For the description of the measured signals, therefore, the normalized
correlation functions
G (1) (τ) =

E ∗ (t) · E(t + τ)
,
E ∗ (t) · E(t)

(7.51)

G (2) (τ) =

E ∗ (t) · E(t) · E ∗ (t + τ) · E(t + τ) I(t) · I(t + τ)
=
,
[E ∗ (t) · E(t)]2
I2

(7.52)

of first and second order are introduced to describe the correlation between the
field amplitudes and the intensities, respectively, at the times t and t + τ. The
first-order correlation function G (1) (t) is identical to the normalized mutual
coherence function, defined by (2.119).
The Fourier transform of G (1) (τ)
1
F(ω) =
2π

∞

G (1) (τ) eiωτ dτ ,

(7.53)

−∞

can be calculated by inserting (7.51) into (7.53). This yields, as was first
shown by Wiener [7.90]
F(ω) =

I(ω)
E ∗ (ω) · E(ω)
=
.
∗
E · E
I

(7.54)

The Fourier transform of the first-order correlation function G (1) (τ) represents the normalized frequency spectrum of the incident light-wave intensity
I(ω) (Wiener–Khintchine theorem) [7.88, 7.90].
Example 7.3.
For completely uncorrelated light we have G (1) (τ) = δ(0 − τ), where δ is
the Kronnecker symbol, that is, δ(x) = 1 for x = 0, and 0 elsewhere. For
a strictly monochromatic light wave E = E 0 cos ωt, the first-order correlation function G (1) (τ) = cos(ωt) becomes a periodic function of time τ
oscillating with the period Δτ = 2π/ω between the values +1 and −1
(Sect. 2.8.4).
The second-order correlation function is a constant G (2) (τ) = 1 for cases
of both completely uncorrelated light and strictly monochromatic light.
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Inserting G (1) (τ) = δ(0 − τ) into (7.53) yields F(ω) = 1 and therefore
a constant intensity I(ω) = I (white noise) for completely uncorrelated
light, while G (1) (τ) = cos(ωτ) gives F(ω) = cos2 ωt + 12 , and therefore
I(ω) = I(cos2 ωt + 12 ).
We must now discuss how the measured frequency spectrum i(ω) of the
photocurrent i is related to the wanted frequency spectrum I(ω) of the incident
light wave.
Note that the photocurrent i = n · e = e · η · I is proportional to the incident intensity I, where n is the rate of photoelectrons and η the quantum efficiency
of the photocathode.
Similar to (7.51) we define the correlation function
C(τ) =

i(t) · i(t + τ)
,
i 2 

(7.55)

of the time-resolved photocurrent i(t). The Fourier transform of (7.55) yields,
analogously to (7.53), the power spectrum P(ω) of the measured photocurrent
 ∞
1
P(ω) =
C(τ) eiωτ dτ .
(7.56)
2π −∞
The correlation function (7.55) of the photocurrent is determined by the two
contributions
(a) The statistical process of emission of photoelectrons from the photocathode, resulting in a statistical fluctuation of the photocurrent, even when the
incident light wave would consist of a completely regular and noise-free
photon flux.
(b) The amplitude fluctuations of the incident light wave that are caused by
the characteristics of the photon source or by the objects that scatter light
onto the detector.
Let us consider these contributions for two different cases:
1) for a constant light intensity I described by the probability function
P (I ) = δ(I − I) ,

(7.57)

where the mean photoelectron number per unit time is n. Then the probability P (n, dt) of detecting n photoelectrons per second is given by the Poisson
distribution
1
(7.58)
P (n) = n n e−n ,
n!
with the mean square fluctuation
9
:
(Δn)2 = n ,
(7.59)
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of the rate n = i ph /e of the photoelectron emission [7.91, 7.92]. Here, the fluctuations arise solely from the statistical nature of photoelectron emission, not
from fluctuations of the incident light.
2) The light intensity scattered by statistically fluctuating particles can generally be described by a Gaussian intensity distribution [7.93]
P (I ) dI =

1 −I/I
e
dI .
I

(7.60)

If a quasi-monochromatic light wave I(ω) with a statistically fluctuating intensity distribution (7.60) falls onto the photocathode, the probability of detecting
n photoelectrons within the time interval dt is not described by (7.58) but by
the Bose–Einstein distribution
P (n) =

1
,
1 + n(1 + 1/n)n

(7.61)

which leads to a mean-square deviation of the photoelectron rate of (Δn)2  =
n2 instead of (7.59).
Including both contributions a) and b), the mean-square deviation of the
photoelectron rate becomes [7.87]
:
9
(7.62)
(Δn)2 = n + n 2 ,
and the correlation function n for the photoelectron emission
C(τ) = e n δ(0 − τ) + e · n 2 = i δ(0 − τ) + i(t) · i(t + τ)
= i δ(0 − τ) + i 2 G (2) (τ)
= eηIδ(0 − τ) + e2 η2 I 2 G (2) (τ) .

(7.63)

This shows that the autocorrelation function C(τ) of the photoelectron current is directly related to the second-order correlation function G (2) (τ) of the
light field.
As proved by Siegert [7.94] for optical fields with a Gaussian intensity
distribution (7.60), the second-order correlation function G (2) (τ) is related to
G (1) (τ) by the Siegert relation








G (2) (τ) = [G (2) (0)]2 + G (1) (τ) 2 = 1 + G (1) (τ) 2 .
(7.64)
The procedure to obtain information on the spectral distribution of the light
incident onto the detector is then as follows: from the time-resolved measured
photocurrent i(t) the correlation function C(τ) can be derived (7.63), which
yields G (2) (τ) and with (7.64) G (1) (τ). The Fourier transform of G (1) (τ) then
gives the wanted intensity spectrum I(ω) according to (7.53) and (7.54).
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Example 7.4.
A time-dependent optical field with the amplitude
A(t) = A0 e−iω0 t−(γ/2)t ,

(7.65)

has, according to (7.51), the first-order autocorrelation function
G (1) (τ) = e−iω0 τ e−(γ/2)τ .

(7.66)

The Fourier transformation (7.53), (7.54) yields the spectral distribution

Iγ/2π
I +∞ i(ω−ω0 )τ−(γ/2)τ
e
dτ =
,
(7.67)
I(ω) =
2π −∞
(ω − ω0 )2 + (γ/2)2
of the Lorentzian line profile (Sect. 3.1). Inserting (7.66) into (7.63) yields
the correlation function C(τ) of the photoelectron current which is, according to (7.56), related to the power spectrum Pi (ω) of the photocurrent
Pi (ω ≥ 0) =

e
γ/2π
i + 2 i2 δ(ω) + 2 i2 2
.
π
ω + (γ/2)2

(7.68)

Equation (7.68) reveals that the power spectrum has a peak at ω = 0
[δ(ω = 0) = 1], giving the dc part 2i2 . The first term (e/π)i represents
the shot-noise term, and the third term describes a Lorentzian frequency
distribution peaked at ω = 0 with the total power (2/πγ)i2 . This represents the light-beating spectrum, which gives information on the intensity
profile I(ω) of the incident light wave.
For more examples see [7.87, 7.88].
The correlation function C(τ) = i(t)(t + τ)/i2 can be directly measured with a digital correlator, which measures the photoelectron statistics.
A simple version of several possible realizations is depicted in Fig. 7.24. The
time is divided into equal sections Δt by an internal clock. If the number

Fig. 7.24. Measurement of photoelectron statistics with a digital clipping correlator [7.95]
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N · Δti of photoelectrons measured within the ith time interval Δti exceeds
a given number Nm , the correlator gives a normalized output pulse, counted
as “one.” For NΔti < Nm , the output gives “zero.” The output pulses are
transferred to a “shift register” and to “AND gates,” which open for “one”
and close for “zero”, and are finally stored in counters (Malvern correlator
[7.96, 7.97]).
7.9.2 Homodyne Spectroscopy
We will illustrate homodyne spectroscopy (self-beating spectroscopy) with
some examples.
1) The output of a laser does not represent a strictly monochromatic wave
(even if the laser frequency is stabilized) because of frequency and phase fluctuations (Sect. 5.6). Its intensity profile I(ω) with the linewidth Δω can be
detected by homodyne spectroscopy. The different frequency contributions inside the line profile I(ω) interfere, giving rise to beat signals at many different
frequencies ωi − ωk < Δω [7.87]. If a photodetector is irradiated by the attenuated laser beam, the frequency distribution of the photocurrent (7.68) can be
measured with an electronic spectrum analyzer. This yields, according to the
discussion above, the spectral profile of the incident light. In the case of narrow spectral linewidths this correlation technique represents the most accurate
measurement for line profiles [7.95].
2) The light scattered elastically by small particles contains information on the
size, structure, and movement of the particles. The most simple case that can
be treated theoretically is the model of homogeneous spherical particles.
We will distinguish three different situations:
(a) Randomly distributed static scatterers. In this case the correlation function is time independent, and one obtains for the normalized correlation
function
E(t)E(t + τ)
=1.
G (1) =
|E(t)|2
The intensity spectrum of the elastically scattered radiation from N scatterers is
I(ω) = N |E| 2 δ(ω − ω0 )
where ω0 is the frequency of the laser radiation.
(b) Spherical scatterers with constant velocity v
G (1) (τ) = eiq·vτ ,
where q = k0 − ks is the wave vector difference between incident and scattered light. The intensity of the scattered light is
I(ω) = N |E| 2 δ(ω − ω0 + q · v)
where q · v represents the Doppler shift of the light scattered by moving
particles (Fig. 7.25).
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Fig. 7.25. Doppler shift of light scattered by a moving particle

(c) Spherical scatterers with translational diffusion
G (1) (τ) = eiDT q
I(ω) = N |E| 2

2 |τ|

,

Dτ q 2 /π
,
(ω − ω0 )2 + (DT q 2 )2

where DT is the diffusion coefficient (see also Vol. 1, Sect. 5.6).
When monochromatic light is scattered by moving particles that show thermal motion, the field amplitudes E(ω) show a Gaussian distribution. The
experimental arrangement for measuring the homodyne spectrum is shown
in Fig. 7.26. The power spectrum P(ω) of the photocurrent (7.68), which is
related to the spectral distribution I(ω), is measured either directly by an electronic spectrum analyzer, or with a correlator, which determines the Fourier
transform of the autocorrelation function C(τ) ∝ i(t)i(t + τ). According to
(7.63), C(τ) is related to the intensity correlation function G (2) (τ), which
yields G (1) (τ) (7.64), and I(ω).

Fig. 7.26. Schematic experimental setup for measuring the autocorrelation function of
scattered light (homodyne spectroscopy), with a correlator as an alternative to an electronic spectrum analyzer
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Fig. 7.27. Intensity distribution of the light intensity scattered by a mixture of two kinds
of homogeneous small latex balls with diameters d = 22.8 nm and d = 5.7 nm (squares),
compared with the size distribution of the balls measured by electron microscopy (solid
line) [7.98]

3) Another example of an application of homodyne spectroscopy is the measurement of the size distribution of small particles in the nanometer range that
are dispersed in liquids or gases and fly through a laser beam. The intensity Is
of the scattered light depends in a nonlinear way on the size and the refractive index of the particles. For small homogeneous spheres with diameters d,
which are small compared to the wavelength (d  λ), the relation Is ∝ d 6
holds because the amplitude is a coherent superposition of the contributions
from all atoms and is therefore proportional to d 3 . In Fig. 7.27 the measured
intensity distribution of laser light scattered by a mixture of latex spheres
with d = 22.8 nm and d = 5.7 nm (small squares) is compared with the size
distribution obtained from electron microscopy, which can be used for calibration [7.98].
4) A further example is the light scattering by a liquid sample when the
temperature is changed around the critical temperature and the sample undergoes a phase transition [7.99]. At such a phase transition long-range and
short-range order generally change. This affects the correlation between the
molecules.

Fig. 7.28. (a) Basic principle of the Hanbury Brown–Twiss intensity-correlation interferometer in astronomy; (b) its application to measurements of spectral characteristics and
statistics of laser radiation
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A famous example for the application of intensity-correlation interferometry in astronomy is the Hanbury Brown–Twiss interferometer sketched in
Fig. 7.28. In its original form it was intended to measure the degree of spatial
coherence of starlight (Sect. 2.8) [7.100] from which diameters of stars could
be determined. In its modern version it measures the degree of coherence and
the photon statistics of laser radiation in the vicinity of the laser threshold
[7.101].
7.9.3 Heterodyne Correlation Spectroscopy
For heterodyne correlation spectroscopy the scattered light that is to be analyzed is superimposed on the photocathode by part of the direct laser beam
(Fig. 7.29). Assume the scattered light has the amplitude E s at the detector and a frequency distribution around ωs , whereas the direct laser radiation
E L = E 0 exp(−iω0 t) acts as monochromatic local oscillator with constant amplitude E 0 . The total amplitude is then
E(t) = E 0 exp(−iω0 t) + E s (t) .

(7.69)

The autocorrelation function of the photocurrent is, according to (7.55), (7.63)
,
C(τ) = e · ηδ(0 − τ) E ∗ (t) · E(t) + e2 η2 E ∗ (t)E(t)E ∗ (t + τ)E(t + τ) .
(7.70a)
Inserting (7.69) into (7.70a), one obtains 16 terms, where three are timeindependent. We note, however, that for E s  E 0 the terms with E s2 can be
neglected. Furthermore, the time average E L E s  is zero. Therefore (7.70a)
reduces to


(7.70b)
C(τ) = eηIL δ(0 − τ) + e2 η2 IL2 + e2 η2 IL IS  eiω0 τ G (1) + c.c. .

Fig. 7.29. Schematic setup for heterodyne correlation spectroscopy
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The power spectrum of the photocurrent i is then obtained from (7.56) as
 −∞


e
iL
i s 
i L + i L2 δ(0 − ω) +
eiωτ eiω0 τ G (1)
Pi (ω) =
s (τ) + c.c. dτ .
2π
2π
+∞
(7.71)
The first term represents the shot noise, the second is the dc term, and the
third term gives the heterodyne beat spectrum with the difference (ω − ω0 )
and sum (ω + ω0 ) frequencies. The detector is not fast enough to detect the
sum frequency. The output signal of the third term therefore contains only the
difference frequency (ω − ω0 ). If this difference frequency lies in an inconvenient frequency range, the local oscillator can be shifted with an acousto-optic
modulator to the frequency ωL ± Δω in order to bring the difference frequency ωL ± Δω − ωs into an easily accessible range [7.102].
Example 7.5.
When we assume the correlation function
−(iωs +γ)τ
,
G (1)
s (τ) = e

for the scattered light, the power spectrum of (7.71) becomes
Pi (ω) =

ei L
(γ/π)i s 
+ i L2 δ(0 − ω) +
.
π
(ωs − ωL )2 + γ 2

(7.72)

The heterodyne spectrum is a Lorentzian like the homodyne spectrum
(7.67), but its maximum is shifted from ωL to ω = (ωs − ωL ).

7.9.4 Fluorescence Correlation Spectroscopy
and Single Molecule Detection
The combination of confocal microscopy, laser excitation, and time-resolved
fluorescence measurements allows the detection of single molecules or microparticles and the investigation of their movements in gases or liquids
[7.103] (see Sect. 10.1.2). The exciting laser is focused by a microscope into
the sample. If the focal diameter is smaller than the average distance between the molecules diluted in a liquid or a gas, a single molecule is excited
(see Fig. 10.7). The laser-induced fluorescence or the light scattered by the
microparticle is collected by the same microscope and imaged onto a small
aperture in front of the detector. This aperture defines the volume from which
light can be detected (Fig. 7.30). The lifetime of the excited state is generally
much smaller than the diffusion time of the molecule through the laser focus. In the case of microparticles the scattered light has no time delay against
the excitation light. In this case the number of scattered photons depends on
the transit time of the particle through the laser focus. Each particle moving through the excitation region gives a small burst pulse of scattered light.
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Fig. 7.30. Correlation spectroscopy of
single-particle detection with a confocal
arrangement

The random time sequence of these pulses yields information on the diffusion
time, the transport coefficients, and the correlation between the movement
of different particles. Measuring the fluorescence intensity signal F(t) and
F(t + τ) allows the determination of the first-order correlation function.
Assume the laser beam in the z-direction is focused into a sample of N
diffusing particles in the observation volume Vo = w2 Δz, where w is the laser
beam waist and Δz the Rayleigh length of the focal region. In this case, the
intensity correlation function
G(τ) = I(t) · I(t + τ)/I 2
becomes

;
<
τD
1
<
=
G(τ) =
N(τ + τD ) 1 + τw2 2
τD Δz

with a diffusion time
τD = w2 /4D ,
where D is the diffusion constant. The experimental conditions are chosen
such that N  1, which implies that the probability P of finding more than
one particle during the observation time within the observation volume is
P  1. For these small numbers, a Poisson distribution Pp (N) is valid.
Example 7.6.
The probability of finding one particle is P(1) = (P/1) e−1 and two particles is (P 2 /2) e−2 ; with P = 10−2 we obtain P(1) = 3.7 ×10−3 and
P(2) = 6.8 ×10−6 .
For every 550 measurements where only one particle is present, there is one
with two particles.
Figure 7.31a shows a typical record of the detected photons scattered from
single rhodamine 6G molecules diffusing through the observation volume

400

7. Coherent Spectroscopy

Fig. 7.31. (a) Fluorescence signals of single Rhodamin 6G molecules diffusing through
the lase beam in the observation volume; (b) autocorrelation function of (a) [7.104]

[7.104]. The small signals are dark current pulses. The different magnitudes of
the real signals are due to the fact that the molecules diffuse through different
spots of the radial Gaussian laser beam profile. The corresponding autocorrelation function, depicted in Fig. 7.31b, gives a value of N = 5 ×10−3 and
a diffusion time of τD = 40 μs.
This chapter can only give a brief survey of some aspects of coherent
spectroscopy. For more details, the reader is referred to the literature. Good
representations of the fundamentals of coherent spectroscopy and its various
applications can be found in several textbooks [7.88,7.105–7.107] and conference proceedings [7.109].
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Problems
7.1 The Zeeman components of an excited atomic level with the quantum numbers (J = 1, S = 0, L = 1, I = 0) and a radiative lifetime τ = 15 ns
cross at zero magnetic field. Calculate the Landé g-factor and the halfwidth
ΔB1/2 (HWHM) of the Hanle signal. Compare this with the halfwidth measured for a molecular level with (J = 20, Λ = 1, F = 21, S = 0, I = 0, τ =
15 ns).
7.2 What is the width ΔB1/2 of the Hanle signal from the crossing of the
two Zeeman components of one of the hyperfine levels F = 3 or F = 2 in the
ground state 52 S1/2 of the rubidium atom 85
37 Rb with a nuclear spin I = 5/2, if
the mean transit time of the atoms in a buffer gas through the excitation region
is T = 0.1 s? Explain why this method allows the realization of a sensitive
magnetometer (see also [7.35]).
7.3 The two Zeeman components of an atomic level (L = 1, S = 1/2, J =
1/2) are coherently excited by a short laser pulse. Calculate the quantum-beat
period of the emitted fluorescence in a magnetic field of 10−2 Tesla.
7.4 In a femtosecond pump-and-probe experiment the pump pulse excites the
vibrational levels v = 10−12 in the A1 Σu state of Na2 coherently. The vibrational spacings are 109 cm−1 and 108 cm−1 . The probe laser pulse excites
the molecules only from the inner turning point into a higher Rydberg state.
If the fluorescence IFl (Δt) from this state is observed as function of the delay time Δt between the pump and probe pulses, calculate the period ΔT1 of
the oscillating signal and the period ΔT2 of its modulated envelope.
7.5 Two lasers are stabilized onto the Lamb dips of two molecular transitions.
The width Δν of the Lamb dip is 10 MHz and the rms fluctuations of the two
laser frequencies is δν = 0.5 MHz. How accurately measured is the separation
ν1 − ν2 of the two transitions, if the signal-to-noise ratio of the heterodyne
signal of the two superimposed laser beams is 50?
"
7.6 Particles in a liquid show a random velocity distribution with v2  =
1 mm/s. What is the spectral line profile of the beat signal, if the direct beam
of a HeNe laser at λ = 630 nm and the laser light scattered by the moving
particles is superimposed on the photocathode of the detector?

8. Laser Spectroscopy of Collision Processes

The two main sources of information about atomic and molecular structure
and interatomic interactions are provided by spectroscopic measurements and
by the investigation of elastic, inelastic, or reactive collision processes. For
a long time these two branches of experimental research developed along
separate lines without a strong mutual interaction. The main contributions
of classical spectroscopy to the study of collision processes have been the
investigations of collision-induced spectral line broadening and line shifts
(Sect. 3.3).
The situation has changed considerably since lasers were introduced to
this field. In fact, laser spectroscopy has already become a powerful tool for
studying various kinds of collision processes in more detail. The different
spectroscopic techniques presented in this chapter illustrate the wide range
of laser applications in collision physics. They provide a better knowledge of
the interaction potentials and of the different channels for energy transfer in
atomic and molecular collisions, and they give information that often cannot
be adequately obtained from classical scattering experiments without lasers.
The high spectral resolution of various Doppler-free techniques discussed
in Chaps. 2–4 has opened a new dimension in the measurement of collisional
line broadening. While in Doppler-limited spectroscopy small line-broadening
effects at low pressures are completely masked by the much larger Doppler
width, Doppler-free spectroscopy is well suited to measure line-broadening
effects and line shifts in the kilohertz range. This allows detection of soft
collisions at large impact parameters of the collision partners that probe the
interaction potential at large internuclear separations and that contribute only
a small line broadening.
Some techniques of laser spectroscopy, such as the method of separated fields (optical Ramsey fringes, Sect. 9.4), coherent transient spectroscopy
(Sect. 7.5), or polarization spectroscopy (Sect. 2.4) allow one to distinguish between phase-changing, velocity-changing, or orientation-changing collisions.
The high time resolution that is achievable with pulsed or mode-locked
lasers (Chap. 6) opens the possibility for studying the dynamics of collision
processes and relaxation phenomena. The interesting questions of how and
how fast the excitation energy that is selectively pumped into a polyatomic
molecule by absorption of laser photons, is redistributed among the various
degrees of freedom by intermolecular or intramolecular energy transfer can
be addressed by femtosecond laser spectroscopy.
One of the attractive goals of laser spectroscopy of reactive collision processes is the basic understanding of chemical reactions. The fundamental
question in laser chemistry of how the excitation energy of the reactants influ-
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ences the reaction probability and the internal state distribution of the reaction
products can, at least partly, be answered by detailed laser-spectroscopic investigations. Section 8.4 treats some experimental techniques in this field.
The most detailed information on the collision process can be obtained
from laser spectroscopy of crossed-beam experiments, where the initial quantum states of the collision partners before the collision are marked, and the
scattering angle as well as the internal energy of the reactants is measured.
In such an “ideal scattering experiment” all relevant parameters are known
(Sect. 8.5).
The new and interesting field of light-assisted collisions (often called optical collisions), where absorption of laser photons by a collision pair results
in an effective excitation of one of the collision partners, is briefly treated in
the last section of this chapter. For further studies of the subject covered in
this chapter, the reader is referred to books [8.1–8.3], reviews [8.4–8.10], and
conference proceedings [8.11–8.14].

8.1 High-Resolution Laser Spectroscopy
of Collisional Line Broadening and Line Shifts
In Sect. 3.3. we discussed how elastic and inelastic collisions contribute to the
broadening and shifts of spectral lines. In a semiclassical model of a collision
between partners A and B, the particle B travels along a definite path r(t)
in a coordinate system with its origin at the location of A. The path r(t) is
completely determined by the initial conditions r(0) and (dr/ dt)0 and by the

Fig. 8.1. Interaction potential V(r) and semiclassical model for soft collisions with impact
parameter b  r0 and hard collisions (b < r0 )
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interaction potential V(r, E A , E B ), which may depend on the internal energies
E A and E B of the collision partners. In most models a spherically symmetric
potential V(r) is assumed, which may have a minimum at r = r0 (Fig. 8.1). If
the impact parameter b is large compared to r0 the collision is classified as
a soft collision, while for b ≤ r0 hard collisions occur.
For soft collisions B passes only through the long-range part of the potential and the scattering angle θ is small. The shift ΔE of the energy levels
of A or B during the collision is accordingly small. If one of the collision
partners absorbs or emits radiation during a soft collision, its frequency distribution will be only slightly changed by the interaction between A and B.
Soft collisions therefore contribute to the kernel of a collision-broadened line,
that is, the spectral range around the line center.
For hard collisions, on the other hand, the collision partners pass through
the short-range part of their interaction potential, and the level shift ΔE during the collision is correspondingly larger. Hard collisions therefore contribute
to the line wings (Fig. 3.1).

8.1.1 Sub-Doppler Spectroscopy of Collision Processes
In Doppler-limited spectroscopy the effect of collisions on the line kernel is
generally completely masked by the much larger Doppler width. Any information on the collision can therefore be extracted only from the line wings of the
Voigt profile (Sect. 3.2), by a deconvolution of the Doppler-broadened Gaussian profile and the Lorentzian profile of collisional broadening [8.15]. Since
the collisional linewidth increases proportionally to the pressure, reliable measurements are only possible at higher pressures where collisional broadening
becomes comparable to the Doppler width. At such high pressures, however,
many-body collisions may no longer be negligible, since the probability that
N atoms are found simultaneously within a volume V ≈ r 3 increases with the
Nth power of the density. This implies that not only two-body collisions between A and B but also many-body collisions A + N · B may contribute to
line profile and line shift of transitions in A. In such cases the line profile no
longer yields unambiguous information on the interaction potential V(A, B)
[8.16].
With techniques of sub-Doppler spectroscopy, even small collisional
broadening effects can be investigated with high accuracy. One example is
the measurement of pressure broadening and shifts of narrow Lamb dips
(Sect. 2.2) of atomic and molecular transitions, which is possible with an
accuracy of a few kilohertz if stable lasers are used. The most accurate
measurements have been performed with stabilized HeNe lasers on the transitions at 633 nm [8.17] and 3.39 μm [8.18]. When the laser frequency ω is
tuned across the absorption profiles of the absorbing sample inside the laser
resonator, the output power of the laser PL (ω) exhibits sharp Lamb peaks (inverse Lamb dips) at the line centers of the absorbing transitions (Sect. 2.3).
The line profiles of these peaks are determined by the pressure in the absorption cell, by saturation broadening, and by transit-time broadening (Sect. 3.4).
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Fig. 8.2. Linewidth of the Lamb
peak in the output power of a HeNe
laser at λ = 3.39 μm with an intracavity CH4 absorption cell and
different beam waists of the expanded laser beam, causing a different transit-time broadening [8.18]

Center frequency ω0 , linewidth Δω, and line profile PL (ω) are measured as
a function of the pressure p (Fig. 8.2). The slope of the straight line Δω( p)
yields the line-broadening coefficient [8.19], while the measurement of ω0 ( p)
gives the collision-induced line shift.
A more detailed consideration of collisional broadening of Lamb dips or
peaks must also take into account velocity-changing collisions. In Sect. 2.2 it
was pointed out that only molecules with the velocity components vz = 0 ±
γ/k can contribute to the simultaneous absorption of the two counterpropagating waves. The velocity vectors v of these molecules are confined to a small
cone within the angles β ≤ ± around the plane vz = 0 (Fig. 8.3a), where
sin β = vz /|v| ⇒ sin ε ≤ γ/(k · v) , with v = |v| .

(8.1)

During a collision a molecule is deflected by the angle θ = β − β (Fig. 8.3c).
If v · sin θ < γ/k, the molecule after the collision is still in resonance with
the standing light wave inside the laser resonator. Such soft collisions with
deflection angles θ <  therefore do not appreciably change the absorption
probability of a molecule. Because of their statistical phase jumps (Sect. 3.3)
they do, however, contribute to the linewidth. The line profile of the Lamb dip
broadened by soft collisions remains Lorentzian.
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Fig. 8.3. Only molecules with velocity vectors within the angular range β ≤  around the
plane z = 0 contribute to the line profile of the Lamb dip. Velocity-changing collisions
that increase β to values β >  push the molecules out of resonance with the laser field

Fig. 8.4a–c. Line profiles of Lamb peaks of a HeNe laser at λ = 3.39 μm with intracavity CH4 absorption cell: (a) pure CH4 at 1.4 mbar; (b) addition of 30 mbar He; and
(c) 79 mbar He [8.20]

Collisions with θ >  may shift the absorption frequency of the molecule
out of resonance with the laser field. After a hard collision the molecule,
therefore, can only contribute to the absorption in the line wings.
The combined effect of both kinds of collisions gives a line profile with
a kernel that can be described by a Lorentzian profile slightly broadened
by soft collisions. The wings, however, form a broad background caused by
velocity-changing collisions. The whole profile cannot be described by a single Lorentzian function. In Fig. 8.4 such a line profile is shown for the Lamb
peak in the laser output PL (ω) at λ = 3.39 μm with a methane cell inside the
laser resonator for different pressures of CH4 and He [8.20].
8.1.2 Combination of Different Techniques
Often the collisional broadening of the Lamb dip and of the Doppler profile
can be measured simultaneously. A comparison of both broadenings allows
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the separate determination of the different contributions to line broadening.
For phase-changing collisions there is no difference between the broadenings
of the two different line profiles. However, velocity-changing collisions do affect the Lamb-dip profile (see above), but barely affect the Doppler profile
because they mainly cause a redistribution of the velocities but do not change
the temperature.
Since the homogeneous width γ of the Lamb-dip profile increases with
pressure p, the maximum allowed deflection angle  in (8.1) also increases
with p. A comparison of pressure-induced effects on the kernel and on the
background profile of the Lamb dips and on the Doppler profile therefore
yields more detailed information on the collision processes. Velocity-selective
optical pumping allows the measurement of the shape of velocity-changing
collisional line kernels over the full thermal range of velocity changes [8.21].
Collisions may also change the orientation of atoms and molecules
(Sect. 5.1), which means that the orientational quantum number M of an
optically pumped molecule is altered. This can be monitored by polarization spectroscopy (Sect. 2.4). The orientation of molecules within the velocity
interval Δvz = (ωp ± γ)/k induced by the polarized pump radiation with frequency ωp determines the polarization characteristics of the transmitted probe
laser wave at frequency ω and therefore the detected signal S(ω). Any collision that alters the orientation, the population density Ni of molecules in
the absorbing level |i, or the velocity v of absorbing molecules affects the
line profile S(ω) of the polarization signal. The velocity-changing collisions
have the same effect on S(ω) as on the Lamb-dip profiles in saturation
spectroscopy. The orientation-changing collisions decrease the magnitude of
the signal S(ω), while inelastic collisions result in the appearance of new
satellite polarization signals in neighboring molecular transitions (Sect. 8.2).
Orientation-changing collisions may also be detected with OODR saturation
spectroscopy (Sect. 5.4) if the Lamb-dip profile is measured in dependence
on the pressure for different angles α between the polarization planes of the
linearly polarized pump and probe waves.
A commonly used technique for the investigation of depolarizing collisions
in excited states is based on the orientation of atoms or molecules by optical
pumping with a polarized laser and the measurement of the degree of polarization P = (I − I⊥ )/(I + I⊥ ) of the fluorescence emitted from the optically
pumped or the collisionally populated levels (Sect. 8.2).
Because of the large mean radius rn  ∝ n 2 of the Rydberg electron, Rydberg atoms or molecules have very large collision cross sections. Therefore
optical transitions to Rydberg states show large collisional broadening, which
can be studied with Doppler-free two-photon spectroscopy or with two-step
excitation (Sect. 5.4). For illustration, Fig. 8.5 illustrates pressure broadening
and shifts of a rotational transition to a Rydberg level of the Li2 molecule
measured with Doppler-free OODR polarization spectroscopy (Sect. 5.5) in
a lithium/argon heat pipe [8.22], where the intermediate level B(v , J ) was
pumped optically by a circularly polarized pump laser. For the chosen temperature and pressure conditions the argon is confined to the cooled outer
parts of the heat pipe, and the center of the heat pipe contains pure lithium
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Fig. 8.5. Pressure broadening (left scale) and shift (right scale) of a Doppler-free rotational line in the Rydberg system B 1 Σu → 6dδ 1 Δg of the Li2 molecule in a heat pipe
for Li∗2 + Li collisions at p < 0.4 mbar and for Li∗2 + Ar collisions for p > 0.4 mbar [8.23]

vapor (98% Li atoms and 2% Li2 molecules) with a total vapor pressure
p(Li ) = p(Ar) up to argon pressures of 0.7 mbar. The observed pressure
broadening and shift in this range p < 0.7 mbar are therefore caused by Li∗2 +
Li collisions.
For p(Ar) > 0.7 mbar (0.5 torr) the argon begins to diffuse into the central
part, if the temperature and thus the lithium vapor pressure remains constant while p(Ar) increases. The slope of the curve Δω( p) yields for p >
0.7 mbar the cross section for Li∗2 + Ar collisions. For the example depicted
in Fig. 8.5 the cross sections for line broadening are σ(Li∗2 + Li) = 60 nm2 and
σ(Li∗2 + Ar) = 41 nm2 , whereas the line shifts are ∂ν/∂ p = −26 MHz/mbar for
Li∗2 + Ar collisions [8.23]. Similar measurements have been performed on Sr
Rydberg atoms [8.24], where the pressure shift and broadenings of Rydberg
levels R(n) for the principle quantum numbers n in the range 8 ≤ n ≤ 35 were
observed.

8.2 Measurements of Inelastic Collision Cross Sections
of Excited Atoms and Molecules
Inelastic collisions transfer the internal energy of an atom or molecule A either into internal energy of the collision partner B or into relative kinetic
energy of both partners. In the case of atoms, either electronic internal energy can be transferred to the collision partner or the magnetic energy of
spin-orbit interaction. In the first case this leads to collision-induced transitions between different electronic states, and in the second case to transitions
between atomic fine-structure components [8.24]. For molecules many more
possibilities for energy transfer by inelastic collisions exist, such as rotational–
vibrational or electronic energy transfer, and collision-induced dissociation.

410

8. Laser Spectroscopy of Collision Processes

A large variety of different spectroscopic techniques has been developed
for the detailed investigation of these various inelastic collisions. They are
illustrated in the following sections.
8.2.1 Measurements of Absolute Quenching Cross Sections
In Sect. 6.3 we saw that the effective lifetime τkeff (NB ) of an excited level |k
of an atom or molecule A depends on the density NB of the collision partners B. From the slope of the Stern–Volmer plot
1/τkeff = 1/τkrad + σktotal vNB ,

(8.2)

the total deactivation cross section σktotal can be obtained, see (6.60). Since the
collisional deactivation diminishes the fluorescence intensity emitted by |k,
the inelastic collisions are called quenching collisions and σktotal is named the
quenching cross section.
Several possible decay channels contribute to the depopulation of level |k,
and the quenching cross section can be written as the sum

σkm = σkrot + σkvib + σkel ,
(8.3)
σktotal =
m

over all collision-induced transitions |k → |m into other levels |m, which
might be rotational, vibrational, or electronic transitions (Fig. 8.6).
While measurements of the effective lifetime τkeff (NB ) yield absolute values of the total quenching cross section σktotal , the different contributions in
(8.3) have to be determined by other techniques, such as LIF spectroscopy.
Even if only their relative magnitudes can be measured, this is sufficient to
obtain, together with the absolute value of σ total , their absolute magnitudes.

Fig. 8.6. Schematic term diagram for illustration of different possible inelastic collisional
transitions of an optically pumped level |k = (vk , Jk ) of a molecule M∗
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8.2.2 Collision-Induced Rovibronic Transitions in Excited States
When the level |k = |v , Jk  of an excited molecule M∗ has been selectively
populated by optical pumping, inelastic collisions M∗ + B, which occur during
the lifetime τk , will transfer M∗ (k) into other levels |m = |vk + Δv, Jk + ΔJ
of the same or of another electronic state:
M∗ (vk , Jk ) + B → M∗ (vk + Δv, Jk + ΔJ ) + B∗ + ΔE kin .

(8.4)

The difference ΔE = E k − E m of the internal energies before and after the
inelastic collision is transferred either into internal energy of B or into translation energy of the collisions partners.
Molecules in the collisionally populated levels |m can decay by the emission of fluorescence or by further collisions. In the LIF spectrum new lines
then appear besides the parent lines, which are emitted from the optically
pumped level (Fig. 8.7). These new lines, called collision-induced satellites
contain the complete information on the collision process that has generated them. Their wavelength λ allows the assignment of the upper level
|m = (vk + Δv, Jk + ΔJ ), their intensities yield the collisional cross sections σkm , and their degree of polarization compared with that of the parent

Fig. 8.7. Collision-induced satellite lines Q(ΔJ ), R(ΔJ ), and P(ΔJ ) in the LIF spectrum of Na2 under excitation of the rotational level B1 Πu (v = 6, J = 43). The parent
line is recorded with one-twentieth the sensitivity. The high satellite lines are related to
Δv = 0 transitions and partly superimpose the weaker satellites from Δv = ±1 collisioninduced transitions [8.29]
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line gives the cross section for depolarizing, that is, orientation-changing collisions. This can be seen as follows:
Assume the upper level |k is optically pumped on the transition |i → |k
(Fig. 8.6) with a pump rate Ni Pik and collisions induce transitions |k → |m.
The rate equation for the population densities Nk , Nm can be written as
dNk
= Ni Pik − Nk
dt
dNm
= Nk Rkm − Nm
dt

Ak +



Rkm +



m

Am +

Nn Rnk ,

(8.5a)

n



Rmn +

m



Nn Rnm ,

(8.5b)

n

where the last two terms describe the collisional depopulation |m → |n and
the repopulation |n → |k or |n → |m from other levels |n.
Under stationary conditions (optical pumping with a cw laser) ( dNk / dt)=
( dNm / dt) = 0. If the thermal population Nn is small (that is, E n  kT )
the last terms in (8.5) demand at least two successive collisional transitions
|k → |n → |k or |k → |n → |m, respectively, during the lifetime τ, which
means a high collision rate. At sufficiently low pressures they can therefore be
neglected.
From (8.5) the stationary population densities Nk , Nm are then obtained as
Ni Pik

,
Ak + Rkm

Nk Rkm + Nn Rnm
Rkm

Nm =
 Nk
.
Am + Rmn
Am
Nk =

(8.6)

The ratio of the fluorescence intensities of satellite line |m → | j to parent
line |k → |i
Im j
Am j νm j
Nm Am j hνm j
=
= Rkm
,
Iki
Nk Aki hνki
Am Aki νki

(8.7)

directly yields the probability Rkm for collision-induced transitions |k → |m,
if the relative radiative transition probabilities Am j /Am and Aki /Ak are
known. Measurements of the spontaneous lifetime τk and τm (Sect. 6.3) allow
the determination of Ak = 1/τk and Am = 1/τm . The absolute values of Am j
and Aki can then be obtained by measuring the relative intensities of all fluorescence lines emitted by |m and |k under collision-free conditions.
The probability Rkm is related to the collision cross section σkm by

Rkm = (NB /v)

σkm (vrel )vrel dv ,

(8.8)
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where NB is the density of collision partners B, and vrel the relative velocity
between M and B.
When the experiments are performed in a cell at temperature T , the velocities follow a Maxwellian distribution, and (8.8) becomes


8kT −1/2
σkm  ,
(8.9)
Rkm = NB
πμ
where μ = m M m B /(m M + m B ) is the reduced mass, and σkm  means the
average of σkm (v) over the velocity distribution. The cross sections σkm
obtained in this way represent integral cross sections, integrated over all scattering angles θ.
Such determinations of rotationally inelastic integral cross sections σkm
for collision-induced transitions in excited molecules obtained from measurements of satellite lines in the fluorescence spectrum have been reported for a large variety of different molecules, such as I2 [8.25, 8.26],
Li2 [8.27, 8.28], Na2 [8.29], or NaK [8.30]. For illustration, the cross section σ(ΔJ ) for the transition J → J + ΔJ in excited Na∗2 molecules induced by collisions Na∗2 + He are plotted in Fig. 8.8. They rapidly decrease from a value σ(ΔJ = ±1) ≈ 0.3 nm2 to σ(ΔJ = ±8) ≈ 0.02 nm2 .
This decrease is essentially due to energy and momentum conservation,
since the energy difference ΔE = E(J ± ΔJ ) − E(J ) has to be transferred
into the kinetic energy of the collision partners. The probability for this
energy transfer is proportional to the Boltzmann factor exp[−ΔE/(kT )]
[8.31].
For interaction potentials V(R) of the collision pair M + B with spherical
symmetry, which only depend on the internuclear distance R, no internal angular momentum of M can be transferred. The absolute values of the cross
sections σ(ΔJ ) are therefore a measure for the nonspherical part of the

Fig. 8.8. Absolute integral cross sections σ(ΔJ ) for collision-induced rotational transitions when Na∗2 (B 1 Πu , v = 6, J = 43) collides with He-atoms at T = 500 K [8.29]
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Fig. 8.9. (a) Illustration of the variables R, θ, and ϕ in the interaction potential V(R, θ, ϕ).
(b) Schematic electron cloud distribution for excited homonuclear diatomic molecules in
a Π state. Also shown are the two directions of ϕ for a Σ-type and a Π-type interaction
potential

potential V(M, B). This potential can be represented by the expansion

V(R, θ, φ) = V0 (R) +
a mYm (φ) ,
(8.10)
,m

where the Ym denote the spherical surface functions. A homonuclear diatomic
molecule M in a Σ state has a cylindrically symmetric electron cloud. Its interaction potential must be independent of φ and furthermore has a symmetry
plane perpendicular to the internuclear axis. For such symmetric states (8.10)
reduces to
V(R, θ) = a0 V0 (R) + a2 P2 (cos θ) + ... ,

(8.11)

where the coefficient a2 of the Legendre polynomical P2 (cos θ) can be determined from σ(ΔJ ), while a0 is related to the value of the elastic cross section
[8.32, 8.33].
In a Π state, however, the electron cloud possesses an electronic angular momentum and the charge distribution no longer has cylindrical symmetry
(Fig. 8.9b). The interaction potential V(R, θ, φ) depends on all three variables.
Since the two Λ components of a rotational level in a Π state (Λ = 1) correspond to different charge distributions, different magnitudes of the cross
sections σ(J, ±ΔJ ) for collision-induced rotational transitions are expected
for the two Λ components of the same rotational level |J  [8.34, 8.35]. Such
an asymmetry, which can be recognized in Fig. 8.7 (transitions with ΔJ =
even reach other Λ components than those with ΔJ = odd), has indeed been
observed [8.28, 8.34, 8.36].
In addition to LIF resonant two-photon ionization (Sect. 1.4) can also be
used for the sensitive detection of collision-induced rotational transitions.
This method represents an efficient alternative to LIF for those electronic
states that do not emit detectable fluorescence because there are no allowed
optical transitions into lower states. An illustrative example is the detailed
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Fig. 8.10a,b. Term diagram for selective excitation of the level (v = 2, J = 7) in the
a1 Πg state of N2 with the detection of collisional transitions by resonant two-photon
ionization [8.37]

investigation of inelastic collisions between excited N2 molecules and different collision partners [8.37]. A vibration–rotation level (v , J ) in the a 1 Πg
state of N2 is selectively populated by two-photon absorption (Fig. 8.10).
The collision-induced transitions to other levels (v + Δv, j + ΔJ) are monitored by resonant two-photon ionization (REMPI, Sect. 1.2) with a pulsed dye
laser. The achievable good signal-to-noise ratio is demonstrated by the collisional satellite spectrum in Fig. 8.10b, where the optically pumped level was
(v = 2, J = 7). This level is ionized by the P(7) parent line in the spectrum,
which has the signal height 7.25 on the scale of Fig. 8.10b.
If the parent level |k = (vk , Jk ) of the optically pumped molecule has been
oriented by polarized light, this orientation is partly transferred by collisions
to the levels (vk + Δv, Jk + ΔJ). This can be monitored by measuring the polarization ratio Rp = (I − I⊥ )/(I + I⊥ ) of the collisional satellite lines in the
fluorescence [8.38].
The cross sections for collision-induced vibrational transitions are generally much smaller than those for rotational transitions. This is due to energy
conservation (if ΔE vib  kT ) and also to dynamical reasons (the collision has
to be sufficiently nonadiabatic, that is, the collision time should be comparable or shorter than the vibrational period) [8.33]. The spectroscopic detection
is completely analogous to that for rotational transitions. In the LIF spectrum
new collision-induced bands (vk + Δk ) → (vm ) appear (Fig. 8.7), with a rotational distribution that reflects the probabilities of collision-induced transitions
(vk , Jk ) → (vk + Δv , Jk + ΔJ ) [8.27, 8.29, 8.39, 8.40].
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Vibrational transitions within the electronic ground state can be studied by time-resolved infrared spectroscopy or by pump–probe measurements
(Sect. 8.3.1).
8.2.3 Collisional Transfer of Electronic Energy
Collisions may also transfer electronic energy. For instance, the electronic energy of an excited atom A∗ or molecule M∗ can be converted in a collision
with a partner B into translational energy E kin or, with higher probability, into
internal energy of B [8.8].
For collisions at thermal energies the collision time Tcoll = d/v is long
compared to the time for an electronic transition. The interaction V(A∗ , B)
or V(M∗ , B) can then be described by a potential. Assume that the two potential curves V(Ai , B) and V(Ak , B) cross at the energy E(Rc ) (Fig. 8.11). If the
relative kinetic energy of the collision partners is sufficiently high to reach the
crossing point, the collision pair may jump over to the other potential curve
[8.41]. In Fig. 8.11, for instance, a collision Ai + B can lead to electronic excitation |i → |k if E kin > E 2 , while for a collisional deexcitation |k → |i
only the kinetic energy E kin > E 1 is required.
The cross sections of electronic energy transfer A∗ + B → A + B∗ +
ΔE kin are particularly large in cases of energy resonance, which means
ΔE(A∗ − A)  ΔE(B∗ − B) → ΔE kin ≤ kT . A well-known example is the
collisional excitation of Ne atoms by metastable He∗ atoms, which represents
the main excitation mechanism in the HeNe laser.
The experimental proof for such electronic energy transfer (E → E transfer) is based on the selective excitation of A by a laser and the spectrally
resolved detection of the fluorescence from B∗ [8.42, 8.43].
In collisions between excited atoms and molecules either the atom A∗ or
the molecule M∗ may be electronically excited. Although the two cases
M(vi , Ji ) + A∗ → M∗ (v , J ) + A ,

(8.12a)

and
M∗ (vk , Jk ) + A → M(v , J ) + A∗ ,

(8.12b)

Fig. 8.11. Potential diagram for collisioninduced transitions between the two electronic states |i and |k that can occur
at the crossing point at R = Rc of the
two potential curves Ei R = Mi + B and
E k R = Mk + B
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represent inverse processes, their collision cross sections may differ considerably. This was demonstrated by the example M= Na2 , A= Na. Either the Na
atoms were selectively excited into the 3P state and the fluorescence of Na∗2
was measured with spectral and time resolutions [8.44], or Na2 was excited
into a definite level (vk , Jk ) in the 1 AΣu state and the energy transfer was
monitored by time-resolved measurements of the shortened lifetime τk (vk , Jk )
and the population N3 p (t) of the Na∗ (3P) level detected through the atomic
fluorescence [8.45]. There are two distinct processes that lead to the formation
of Na∗ :
(a) direct energy transfer according to (8.12b), or
(b) collision-induced dissociation Na∗2 + Na → Na∗ + Na + Na.
This collision-induced dissociation of electronically excited molecules plays
an important role in chemical reactions and has therefore been studied for
many molecules [8.46–8.48]. The collision cross sections for this process may
be sufficiently large to generate inversion between atomic levels. Laser action based on dissociation pumping has been demonstrated. Examples are the
powerful iodine laser [8.49] and the Cs laser [8.50].
The transfer of electronic energy into rovibronic energy has much larger
cross sections than the electronic to translational energy (E → T ) transfer
[8.51]. These processes are of crucial importance in photochemical reactions of larger molecules and detailed studies with time-resolved laser spectroscopy have brought much more insight into many biochemical processes
[8.52–8.54].
One example of a state-selective experimental technique well suited for
studies of electronic to vibrational (E → V ) transfer processes is based on
CARS (Sect. 4.4). This has been demonstrated by Hering et al. [8.55], who
studied the reactions
Na∗ (3P) + H2 (v = 0) → Na(3S) + H2 (v = 1, 2, 3) ,

(8.13)

where Na∗ was excited by a dye laser and the internal state distribution of
H2 (v , J ) was measured with CARS.
An interesting phenomenon based on collisions between excited atoms
and ground-state atoms is the macroscopic diffusion of optically pumped
atoms realized in the optical piston [8.56]. It is caused by the difference in
cross sections for velocity-changing collisions involving excited atoms A∗ or
ground-state atoms A, respectively, and results in a spatial separation between
optically pumped and unpumped atoms, which can be therefore used for isotope separation [8.57].
8.2.4 Energy Pooling in Collisions Between Excited Atoms
Optical pumping with lasers may bring an appreciable fraction of all atoms
within the volume of a laser beam passing through a vapor cell into an excited electronic state. This allows the observation of collisions between two
excited atoms, which lead to many possible excitation channels where the
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Fig. 8.12. Level diagram of the Na atom with schematic illustration of the different excitation channels in collisions Na∗ (3P) + Na∗ (3P) [8.60]

sum of the excitation energies is accumulated in one of the collision partners. Such energy-pooling processes have been demonstrated for Na∗ + Na∗ ,
where reactions
Na∗ (3P) + Na∗ (3P) → Na∗∗ (n L) + Na(3S) ,

(8.14)

have been observed [8.58], leading to the excitation of high-lying levels |n, L
(Fig. 8.12).
Measurements of the fluorescence intensity IFl (n, L) emitted by the levels
Na∗∗ (n, L = 4D or 5S) yields the collision rate
kn,L = N 2 (Na∗ 3 p) · σn,L v

[1/s cm3 ] ,

of optically pumped Na atoms, which increases with the square N 2 of the density of excited Na∗ atoms. This density cannot be determined directly from
the measured Na∗ (3P) fluorescence because radiation trapping falsifies the results [8.59]. The attenuation of the transmitted laser beam is a better measure
because every absorbed photon produces one excited Na∗ (3P) atom.
Since the sum of the excitation energies of the two colliding Na∗ (3P)
atoms is higher than the ionization limit of the Na2 molecule, associative ionization
−
Na∗ (3P) + Na∗ (3P) → Na+
2 +e ,
kNa+
2

(8.15)
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Na+
2

can be observed. The measurement of
ions gives the reaction rate k(Na+
2)
for this process [8.60].
A further experimental step that widens the application range is the excitation of two different species A1 and A2 with two dye lasers. An example
is the simultaneous excitation of Na∗ (3P) and K∗ (4P) in a cell containing
a mixture of sodium and potassium vapors. Energy pooling can lead to the
excitation of high-lying Na∗∗ or K∗∗ states, which can be monitored by their
fluorescence [8.61]. When both lasers are chopped at two different frequencies f 1 and f 2 (where 1/ f is long compared to the collisional transfer time),
lock-in detection of the fluorescence emitted from the highly excited levels
at f 1 , f 2 or f 1 + f 2 allows the distinction between the energy pooling processes Na∗ + Na∗ , K∗ + K∗ , and Na∗ + K∗ leading to the excitation of the
levels |n, L of Na∗∗ or K∗∗ . For further examples see [8.62, 8.63].
8.2.5 Spectroscopy of Spin-Flip Transitions
Collision-induced transitions between fine-structure components where the
relative orientation of the electron spin with respect to the orbital angular
momentum is changed have been studied in detail by laser-spectroscopic techniques [8.64]. One of the methods often used is sensitized fluorescence, where
one of the fine-structure components is selectively excited and the fluorescence of the other component is observed as a function of pressure [8.65].
Either pulsed excitation and time-resolved detection is used [8.66] or the
intensity ratio of the two fine-structure components is measured under cw excitation [8.67].
Of particular interest is the question into which of the fine-structure components of the atoms a diatomic molecule dissociates after excitation into
predissociating states. The investigation of this question gives information on
the recoupling of angular momenta in molecules at large intermolecular distances and about crossings of potential curves [8.68]. Early measurements of
these processes in cells often gave wrong answers because collision-induced
fine-structure transitions and also radiation trapping had changed the original fine-structure population generated by the dissociation process. Therefore,
laser excitation in molecular beams has to be used to measure the initial population of a certain fine-structure component [8.69].
Collision-induced spin-flip transitions in molecules transfer the optically
excited molecule from a singlet into a triplet state, which may drastically
change its chemical reactivity [8.70]. Such processes are important in dye
lasers and have therefore been intensively studied [8.71]. Because of the long
lifetime of the lowest triplet state T0 , its population N(t) can be determined
by time-resolved measurements of the absorption of a dye laser tuned to the
transition T0 → T1 .
A laser-spectroscopic technique for investigations of spin-flip transitions
under electron impact excitation of Na atoms [8.72] is shown in Fig. 8.13. Optical pumping with σ + light on the 3S1/2 → 3P1/2 transition in an external
weak magnetic field orients the Na atoms into the 3S1/2 (m s = +1/2) level.
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Fig. 8.13. The relative populations of Zeeman levels |M j  in the 3 2 P3/2 state of Na
are probed by laser excitation of the 5 2 S1/2 state, which is monitored via the cascade
fluorescence into the 3 S1/2 state [8.72]

Starting from this level the Zeeman components 3P3/2 (M J ) are populated by
electron impact. The population N M is probed by a cw dye laser tuned to
the transitions 32 P3/2 (M J ) → 52 S1/2 (Ms = ±1/2), which can be monitored
by the cascade fluorescence 5S1/2 → 4P → 3S1/2 .

Fig. 8.14. Schematic diagram of all possible collision-induced transitions from a molecular level (vk , Jk ) in an excited electronic state selectively populated by optical pumping
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Figure 8.14 summarizes all possible collision-induced transitions from
a selectively excited molecular level |vk , Jk  to other molecular or atomic
levels.

8.3 Spectroscopic Techniques for Measuring
Collision-Induced Transitions
in the Electronic Ground State of Molecules
In the electronic ground states of molecules collision-induced transitions represent, for most experimental situations, the dominant mechanism for the
redistribution of energy, because the radiative processes are generally too
slow. In cases where a nonequilibrium distribution has been produced (for example, by chemical reactions or by optical pumping), these collisions try to
restore thermal equilibrium. The relaxation time of the system is determined
by the absolute values of collision cross sections.
For most infrared molecular lasers, such as the CO2 and the CO laser, or
for chemical lasers, such as the HF or HCl lasers, collisional energy transfer
between vibrational–rotational levels of the lasing molecules plays a crucial
role for the generation and maintenance of inversion and gain. These lasers are
therefore called energy-transfer lasers [8.73]. Also in many visible molecular
lasers, which oscillate on transitions between optically pumped levels (v , J )
of the excited electronic state and high vibrational levels of the electronic
ground state, collisional deactivation of the lower laser level is essential because the radiative decay is generally too slow. Examples are dye lasers [8.74]
or dimer lasers, such as the Na2 laser or the I2 laser [8.75].
The internal energy E i = E vib + E rot of a molecule M(vi , Ji ) in its electronic ground state may be transferred during a collision with another
molecule AB
M(E i ) + AB(E m ) → M(E i − ΔE 1 ) + AB∗ (E m + ΔE 2 ) + ΔE kin ,

(8.16)

into vibrational energy of AB∗ (V → V transfer), rotational energy (V → R
transfer), electronic energy (V → E transfer), or translational energy (V → T
transfer). In collisions of M with an atom A only the last two processes are
possible.
The experiments show that the cross sections are much larger for V → V
or V → R transfer than for V → T transfer. This is particularly true when
the vibrational energies of the two collision partners are near resonant.
A well-known example of such a near-resonant V → V transfer is the collisional excitation of CO2 molecules by N2 molecules
CO2 (0, 0, 0) + N2 (v = 1) → CO2 (0, 0, 1) + N2 (v = 0) ,

(8.17)

which represents the main excitation mechanism of the upper laser level in
the CO2 laser (Fig. 8.15) [8.76].
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Fig. 8.15. Vibrational energy transfer
from N2 (v = 1) to the upper vibrational
level (v1 = 0, v2 = 0, lvib = 0, v3 = 1) of
the CO2 laser transitions

The experimental techniques for the investigation of inelastic collisions
involving molecules in their electronic ground state generally differ from
those discussed in Sect. 8.2. The reasons are the long spontaneous lifetimes
of ground-state levels and the lower detection sensitivity for infrared radiation
compared to those for the visible or UV spectrum. Although infrared fluorescence detection has been used, most of the methods are based on absorption
measurements and double-resonance techniques.

8.3.1 Time-Resolved Infrared Fluorescence Detection
The energy transfer described by (8.16) can be monitored if M∗ is excited
by a short infrared laser pulse and the fluorescence of AB∗ is detected by
a fast cooled infrared detector (Sect. 4.5) with sufficient time resolution. Such
measurements have been performed in many laboratories [8.6]. For illustration, an experiment carried out by Green and Hancock [8.77] is explained
by Fig. 8.16a: a pulsed HF laser excites hydrogen fluoride molecules into the
vibrational level v = 1. Collisions with other molecules AB (AB = CO, N2 )

Fig. 8.16a,b. Fluorescence detection of vibrational energy transfer from an optically
pumped molecular level: (a) intermolecular transfer HF∗ → CO, N2 . The mean numbers
of collisions are given for the different collision-induced transitions. (b) Intramolecular
transfer CH∗4 (ν3 ) → CH∗4 (ν2 ) + ΔE kin [8.77]
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transfer the energy to excited vibrational levels of AB∗ . The infrared fluorescence emitted by AB∗ and HF∗ has to be separated by spectral filters. If two
detectors are used, the decrease of the density N(HF∗ ) of vibrationally excited HF molecules and the build-up and decay of N(AB∗ ) can be monitored
simultaneously.
For larger molecules M two different collisional relaxation processes have
to be distinguished: collisions M∗ + AB may transfer the internal energy
of M∗ to AB∗ (intermolecular energy transfer), or may redistribute the energy among the different vibrational modes of M∗ (intramolecular transfer)
(Fig. 8.16b). One example is the molecule M = C2 H4 O, which can be excited on the C–H stretching vibration by a pulsed parametric oscillator at
3000 cm−1 [8.78]. The fluorescence emitted from other vibrational levels
which are populated by collision-induced transitions is detected through spectral filters. Further examples can be found in several reviews [8.79–8.81].

8.3.2 Time-Resolved Absorption and Double-Resonance Methods
While collision-induced transitions in excited electronic states can be monitored through the satellite lines in the fluorescence spectrum (Sect. 8.2.2),
inelastic collisional transfer in electronic ground states of molecules can be
studied by changes in the absorption spectrum. This technique is particularly advantageous if the radiative lifetimes of the investigated rotational–
vibrational levels are so long that fluorescence detection fails because of
intensity problems.
A successful technique for studying collision-induced transitions in electronic ground states is based on time-resolved double resonance [8.82]. The
method is explained by Fig. 8.17. A pulsed laser L1 tuned to an infrared or optical transition |i → |k depletes the lower level |1 = (vi , Ji ). The depleted
level is refilled by collisional transitions from other levels. A second weak
probe laser L2 is tuned to another transition |1 → |3 = (v j , J j ) starting from
the depleted lower level |i. If the pump and probe laser beams overlap within
a path length Δz in the absorbing sample, the absorption of the probe laser
radiation can be measured by monitoring the transmitted probe laser intensity
I(Δz, t) = I0 e−αΔz ≈ I0 [1 − Ni (t)σijabs Δz] .

(8.18)

The time-resolved measurement of I(Δz, t) yields the time dependence of
the population density Ni (t). Using a cw probe laser the absorption can
be measured by the transmitted intensity I(Δz, t), or by the time-dependent
fluorescence induced by the probe laser, which is proportional to N j (t) ∝
Ni (t) · P(L 2 ). If a pulsed probe laser is used, the time delay Δt between pump
and probe is varied and the measured values of α(Δt) yield the refilling time
of level |1.
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Fig. 8.17. (a) Level diagram for the
determination of the refilling rate of
a lower level (vi , Ji ) depleted by
a pump laser pulse via measurements
of the time-dependent probe laser absorption; (b) time dependence of pump
pulses and level population Ni (t) monitored via the probe laser-induced fluorescence

Without optical pumping the population densities are time independent at
thermal equilibrium. From the rate equation


dNi0
= 0 = −Ni0
Rim +
Nm0 Rmi ,
dt
m
m
we obtain the condition of detailed balance


Rim =
Nm0 Rmi ,
Ni0
m

(8.19)

(8.20)

m

where Rim are the relaxation probabilities for transitions |i → |m. If the population Ni0 is depleted to the saturated value Nis < Ni0 by optical pumping
at t = 0, the right side of (8.20) becomes larger than the left side and collisioninduced transitions |m → |i from neighboring levels |m refill Ni (t). The
time dependence Ni (t) after the end of the pump pulse is obtained from

dNi 
=
Nm Rmi − Ni (t)
Rim .
dt
m
m

(8.21a)
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If we assume that optical pumping of level |i does not essentially affect the
population densities Nm (m = i), we obtain from (8.20), (8.21a)



dNi
= [Ni0 − Ni (t)]
Rim = Ni0 − Ni (t) K i ,
(8.21b)
dt
m
with the relaxation rate
Ki =


m

Rim = NB vσitotal = NB



8kT 9 total :
σ
,
πμ i

(8.22)

where NB is the density ofcollision partners, μ = MA · MB /(MA + MB ) the
reduced mass and σitotal = m σim the total collision cross section.
total
 The relaxation constant K i depends on the total cross section σi  =
m σim  averaged over the thermal velocity distribution and on the temperature T . Integration of (8.21) gives


(8.23)
Ni (t) = Ni0 + Nis (0) − Ni0 e−K i t .
This shows that after the end of the pump pulse at t = 0 the population density Ni (t) returns exponentially from its saturated valued Nis (0) back to its
equilibrium value Ni0 with the time constant

9
: −1
τ = (K i )−1 = vrel σitotal NB
,

(8.24)

which depends on the averaged total refilling cross section σitotal  and on the
number density NB of collision partners.
One example of this pump-and-probe technique is the investigation of
collision-induced vibrational–rotational transitions in the different isotopes
HDCO and D2 CO of formaldehyde by an infrared–UV double resonance
[8.83]. A CO2 laser pumpes the ν6 vibration of the molecule (Fig. 8.18). The
collisional transfer into other vibrational modes is monitored by the fluorescence intensity induced by a tunable UV dye laser with variable time delay.

Fig. 8.18. Term diagram of IR–UV double
resonance for measurements of collision-induced intramolecular vibrational transitions in
the D2 CO molecule [8.83]
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The time resolution of the pump-and-probe technique is not limited by the
rise time of the detectors. It can therefore be used in the pico- and femtosecond range (Sect. 6.4) and is particularly advantageous for the investigation
of ultrafast relaxation phenomena, such as collisional relaxation in liquids and
solids [8.84, 8.85]. It is also useful for the detailed real-time study of the
formation and dissociation of molecules where the collision partners are observed during the short time interval when forming or breaking a chemical
bond [8.86].

8.3.3 Collision Spectroscopy with Continuous-Wave Lasers
State-selective measurements of the different contributions Rim in (8.3, 8.22)
total =
can
 be performed without time resolution if the absolute value of σi
σim is known from time resolved investigations, discussed in the previous
section. The pump laser may be a cw dye laser that is tuned to the wanted
transition |i → |k (Fig. 8.19) and is chopped at a frequency f  1/τi = K i .
This always guarantees quasi-stationary population densities Nis during the on
phase and Ni0 during the off phase of the pump laser.
In this case the deviation Nis − Ni0 from thermal equilibrium during the on
phase does affect via collisional transfer the population densities Nm of neighboring levels |m (8.21a). Under stationary conditions we obtain in analogy to
(8.19, 8.21) for the on-phase of the pump laser

dNm
=0=
(N j R jm − Nm Rm j ) − (Nm − Nm0 )K m ,
dt

(8.25a)

j

Fig. 8.19. Experimental arrangement and term diagram for measurements of individual
collision-induced transitions in molecular electronic ground states with cw lasers
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and for the off-phase

dNm0
=
N 0j R jm − Nm0 Rm j = 0 ,
dt

427

(8.25b)

j

where the right side of (8.25) represents the relaxation of Nm toward the
equilibrium population Nm0 . Inserting the deviations ΔN = N − N 0 into (8.25)
yields with (8.19)


ΔN j R jm
(ΔN j R jm − ΔNm Rm j ) − ΔNm K m ⇒ ΔNm = 
.
0=
Rm j + K m
j

(8.26)
This equation relates the population change ΔNm with that of all other
levels | j, where the sum over j also includes the optically pumped level |i.
For j = i the quantities ΔN j and R jm are proportional to the density NB
of the collision partners. At sufficiently low pressures we can neglect all
terms ΔN j · R jm for j = i in (8.26) and obtain for the limiting case p → 0
the relation
Rim
ΔNm
=
.
(8.27)
ΔNi
j Rm j + K m
The relaxation constant K m can be obtained from a time-resolved measurement (Sect. 8.3.2). The signals from the chopped cw laser experiments give
the following information: the ratio ΔNm /ΔNi is directly related to the ratio
of the ac absorption signals of the probe laser tuned to the transition |i → | p
and |m → | p, respectively, when the lock-in detector is tuned to the chopping frequency f of the pump laser. This means that the ratio
ac
Bm p ΔNm
Sm
=
,
ac
Si
Bi p ΔNi

(8.28)

of the ac signals is proportional to the ratio of the population changes and
depends furthermore on the Einstein coefficients Bm p and Bi p .
If the time-averaged dc part of the probe laser signal
(Nms + Nm0
,
(8.29)
2
for a square-wave modulation of the pump laser is also monitored, the relative
changes ΔNm /Nm of the population densities Nm can be obtained from the
relations
dc
= C Bm p
Sm

ΔNm /Nm0
Smac Sidc
=
.
Smdc Siac
ΔNi /Ni0

(8.30)

With Ni0 /Nm0 = (gi /gm ) exp(−ΔE/kT ), the absolute values of ΔNm can be
determined from (8.30).
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8.3.4 Collisions Involving Molecules in High Vibrational States
Molecules in high vibrational levels |v of the electronic ground state generally show much larger collision cross sections. If the kinetic energy E kin
of the collision partners exceeds the energy difference (E D − E v ) between
the dissociation energy E D and the vibrational energy E v , dissociation can
take place (Fig. 8.20a). Since the resulting fragments often have a larger reactivity than the molecules, the probability for the initiation of chemical
reactions generally increases with increasing vibrational energy. The investigation of collisions involving vibrationally excited molecules is therefore of
fundamental interest. Several spectroscopic methods have been developed for
achieving a sufficient population of high vibrational levels: optical pumping
with infrared lasers with one- or multiple-photon absorption is a possibility
for infrared-active vibrational transitions [8.87]. For homonuclear diatomics or
for infrared-inactive modes, this method is not applicable.
Here, stimulated emission pumping is a powerful technique to achieve
a large population in selected vibrational levels [8.88, 8.89]. While the pump
laser is kept on the transition |i → |k, the probe laser is tuned to the downward transition |k → |v (Fig. 8.20b). Proper selection of the upper level |k
allows one to reach sufficiently large Franck–Condon factors for the transition
|k → |v. With pulsed lasers a considerable fraction of the initial population Ni in the level |i can be transferred into the final level |v.
With a coherent stimulated Raman process (STIRAP) (see Sect. 7.3),
nearly the whole initial population Ni may be transferred into the final
level |v [8.90]. Here no exact resonance with the intermediate excited
level |k is wanted in order to avoid transfer losses by spontaneous emission
from level |k. The population transfer can be explained by an adiabatic passage between dressed states (that is, states of the molecule plus the radiation
field) [8.91, 8.92].

Fig. 8.20a,b. Collision-induced dissociation of high vibrational levels populated either by
multiple IR-photon absorption (a) or by stimulated emission pumping (b)
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Investigations of collision processes with molecules in these selectively
populated levels |v yields the dependence of collision cross sections on the
vibrational energy for collision-induced dissociation as well as for energy
transfer into other bound levels of the molecule. Since the knowledge of this
dependence is essential for a detailed understanding of the collision dynamics, a large number of theoretical and experimental papers on this subject have
been published. For more information the reader is referred to some review
articles and the literature given therein [8.81, 8.87, 8.93–8.95].

8.4 Spectroscopy of Reactive Collisions
A detailed understanding of reactive collisions is the basis for optimization of
chemical reactions that is not dependent on “trial-and-error methods.” Laserspectroscopic techniques have opened a large variety of possible strategies to
reach this goal [8.96]. Two aspects of spectroscopic investigations for reactive
collisions shall be emphasized:
(a) By selective excitation of a reactant the dependence of the reaction probability on the internal energy of the reactants can be determined much more
accurately than by measuring the temperature dependence of the reaction.
This is because, in the latter case, internal energy and translational energy
both change with temperature.
(b) The spectroscopic assignment of the reaction products and measurements
of their internal energy distributions allow the identification of the different reaction pathways and their relative probabilities under definite initial
conditions for the reactants.
The experimental conditions for the spectroscopy of reactive collisions are
quite similar to those for the study of inelastic collisions. They range from
a determination of the velocity-averaged reaction rates under selective excitation of reactants in cell experiments to a detailed state-to-state spectroscopy
of reactive collisions in crossed molecular beams (Sect. 8.5). Some examples
shall illustrate the state of the art:
The first experiments on state-selective reactive collisions were performed
for the experimentally accessible reactions
Ba + HF(v = 0, 1) → BaF(v = 0−12) + H ,
Ba + CO2 → BaO + CO ,
Ba + O2 → BaO + O ,

(8.31)

where the internal state distribution N(v , J ) of the reaction products was
measured by LIF in dependence on the vibrational energy of the halogen
molecule [8.97, 8.98].
The development of new infrared lasers and of sensitive infrared detectors
has allowed investigations of reactions where the reaction-product molecules
have known infrared spectra but do not absorb in the visible. An example is
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Fig. 8.21. Term diagram
HBr + CH2 F [8.99]

of

the

endothermic

reaction

Br + CH3 F∗ (ν3 ) →

the endothermic reaction
Br + CH3 F(ν3 ) → HBr + CH2 F ,

(8.32)

where the CF stretching vibration ν3 of CH3 F is excited by a CO2 laser [8.99].
The reaction probability increases strongly with increasing internal energy of
CH3 F. If a sufficiently large concentration of excited CH3 F(ν3 ) molecules is
reached, energy-pooling collisions
CH3 F∗ (ν3 ) + CH3 F∗ (ν3 ) → CH3 F∗∗ (2ν3 ) + CH3 F ,

(8.33)

result in an increase of E vib in one of the collision partners. The term diagram
relevant for (8.32) is shown in Fig. 8.21. If the sum of internal plus kinetic energy is larger than the reaction barrier, excited product molecules may appear
that can be monitored by their infrared fluorescence.
A typical experimental arrangement for such investigations is depicted in
Fig. 8.22. In a flow system, where the reactive collisions take place, the levels
(v, J ) of the reactant molecules are selectively excited by a pulsed infrared
laser. The time-dependent population of excited levels in the reactants or the
product molecules are monitored through their fluorescence, detected by fast,
cooled infrared detectors (Sect. 4.5).
A longstanding controversy existed on the detailed reaction mechanism of
the elementary exchange reaction of hydrogen
Ha + Hb Hc → Ha Hb + Hc ,

(8.34a)

where accurate ab initio calculations of the H3 potential surface have been
performed. The experimental test of theoretical predictions is, however, very
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Fig. 8.22. Experimental arrangement for studies of infrared LIF in chemical reactions with
spectral and time resolution

demanding. First, isotope substution has to be performed in order to distinguish between elastic and reactive scattering. Instead of (8.34a), the reaction
H + D2 → HD + D ,

(8.34b)

is investigated. Second, all electronic transitions fall into the VUV range. The
excitation of H or D2 and the detection of HD or D require VUV lasers. Third,
hydrogen atoms have to be produced since they are not available in bottles.
The first experiments were carried out in 1983 [8.100, 8.101]. The H atoms
were produced by photodissociation of HJ molecules in an effusive beam
using the fourth harmonics of Nd:YAG lasers. Since the dissociated iodine
atom is found in the two fine-structure levels I(P1/2 ) and I(P3/2 ), two groups
of H atoms with translational energies E kin = 0.55 eV or 1.3 eV in the centerof-mass system H + D2 are produced. If the slower H atoms collide with
D2 they can reach vibrational–rotational excitation energies in the product
molecule up to (v = 1, J = 3), while the faster group of H atoms can populate
levels of HD up to (v = 3, J = 8). The internal-state distribution of the HD
molecules can be monitored either by CARS (Sect. 3.3) or by resonant multiphoton ionization [8.100]. Because of their fundamental importance, these
measurements have been repeated by several groups with other spectroscopic
techniques that have improved signal-to-noise ratios [8.102].
An infrared laser-based method for investigating the nascent state distribution of the reaction products HF from the reaction F + H2 → HF + H in
crossed molecular beams under single collision conditions has been presented
by the group of D.J. Nesbit [8.103]. The experimental setup (Fig. 8.23) consisted of a pulsed supersonic discharge source of F atoms, which collide with
H2 molecules in a second pulsed jet source. The product HF(v, J) is probed
in the intersection region by the absorption of a single-mode tunable IR laser,
where full vibration–rotation resolution can be achieved (Fig. 8.24).
Ion–molecule reactions, which play an important role in interstellar clouds
and in many chemical and biological processes, have increasingly caught the
attention of spectroscopists. As a recently investigated example, the chargeexchange reaction
N+ + CO → CO+ + N ,
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Fig. 8.23. Schematic diagram of the crossed-jet direct-absorption reactive scattering experiment. Fluorine atoms produced in a discharge pulsed jet expansion are intersected
at 90◦ 4.5 cm downstream with a pulse of supersonically cooled H2 . Tunable single-mode
IR laser light is multipassed perpendicular to the collision plane and probes HF(v, J)
products by direct absorption [8.103]

Fig. 8.24. Rotational distribution of HF(v = 3) reaction products from the reaction F +
H2 → HF + H [8.103]

is mentioned, where the rotational distribution N(v, J ) of CO+ for different
vibrational levels v has been measured by infrared fluorescence (Fig. 8.25) in
dependence on the kinetic energy of the N+ ions [8.104].
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Fig. 8.25. LIF spectrum of the R21 band heads of CO+ (v = 0, 1, 2) formed by the chargeexchange reaction N+ + CO → N + CO+ [8.104]

Photochemical reactions are often initiated by direct photodissociation or
by collision-induced dissociation of a laser-excited molecule, where radicals
are formed as intermediate products, which further react by collisions. The dynamics of photodissociation after excitation of the parent molecule by a UV
laser has therefore been studied thoroughly [8.105]. While the first experiments were restricted to measurements of the internal-state distribution of the
dissociation products, later more refined arrangements also allowed the determination of the angular distribution and of the orientation of the products
for different polarizations of the photodissociating laser [8.106–8.108]. The
technique is illustrated by the example
hν

ICN → CN + I
248 nm

which was investigated with the apparatus depicted in Fig. 8.26. The ICN
molecules are dissociated by the circularly polarized radiation of a KrF laser
at λ = 248 nm. The orientation of the CN fragments is monitored through
the fluorescence induced by a polarized dye laser. The dye laser is tuned
through the B 2 Σ ← X 2 Σ+ systen of CN. This circular polarization is periodically switched between σ + and σ − by a photoelastic polarization modulator
(PEM). The corresponding change in the fluorescence intensity is a measure
of the orientation of the CN fragments [8.109].
A famous example is the photodissociation of H2 O leading to a preferentially populated Λ component of the OH fragment, which forms the basis
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Fig. 8.26. Schematic experimental arrangement for measurements of the fragment orientation after photodissociation of the parent molecule [8.109]

of the astromonical OH maser observed in interstellar clouds [8.110]. There
are many more examples of laser spectroscopy of chemical reactions, some of
which can be found in [8.111–8.115].

8.5 Spectroscopic Determination of Differential Collision
Cross Sections in Crossed Molecular Beams
The techniques discussed in Sects. 8.2–8.4 allowed the measurement of absolute rate constants of selected collision-induced transitions, which represent
integral inelastic cross sections integrated over the angular distribution and averaged over the thermal velocity distribution of the collision partners. Much
more detailed information on the interaction potential can be extracted from
measured differential cross sections, obtained in crossed molecular beam experiments [8.1, 8.116, 8.117].
Assume that atoms or molecules A in a collimated beam collide with
atoms or molecules B within the interaction volume V formed by the overlap
of the two beams (Fig. 8.27). The number of particles A scattered per second
by the angle θ into the solid angle dΩ covered by the detector D is given by
dσ(θ)
dNA (θ)
dΩ = n A vr n B V
dΩ ,
dt
dΩ

(8.35)

where n A is the density of the incident particles A, n B the density of particles B, vr is the relative velocity, and ( dσ(θ)/ dΩ) the differential scattering
cross section. The scattering angle ϑ is related to the impact parameter b
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Fig. 8.27. Schematic diagram for the measurement of differential cross sections in crossed
molecular beams

and the interaction potential. It can be calculated for a given potential V(r)
[8.118]. Differential cross sections probe definite local parts of the potential,
while integral cross sections only reflect the global effect of the potential on
the deflected particles, averaged over all impact parameters. We will discuss
which techniques can be used to measure differential cross sections for elastic,
inelastic, and reactive collisions.
With classical techniques, the energy loss of the particle A during an
inelastic collision is determined by measuring its velocity before and after
the collision with velocity selectors or by time-of-flight measurements [8.33].
Since the velocity resolution Δv/v and therefore the minimum detectable
energy loss ΔE kin is restricted by technical limitations, this method can be
applied to only a limited number of real problems.
For polar molecules with an electric dipole moment, Rabi spectrometers
with electrostatic quadrupole deflection fields offer the possibility to detect rotationally inelastic collisions since the focusing and deflecting properties of
the quadrupole field depend on the quantum state |J, M  of a polar molecule.
This technique is, however, restricted to molecules with a large electric dipole
moment and to small values of the rotational quantum number J [8.118].
Applications of laser-spectroscopic techniques can overcome many of the
above-mentioned limitations. The energy resolution is higher by several orders of magnitude than that for time-of-flight measurements. In principle,
molecules in arbitrary levels |v, J can be investigated, as long as they have
absorption transitions within the spectral range of available lasers. The essential progress of laser spectroscopy is, however, due to the fact that besides the
scattering angle θ, the initial and final quantum states of the scattered particle A can also be determined. In this respect, laser spectroscopy of collisions
in crossed beams represents the ideal complete scattering experiment in which
all the relevant parameters are measured.
The technique is illustrated by Fig. 8.28. A collimated supersonic beam of
argon, which contains Na atoms and Na2 molecules, is crossed perpendicularly with a noble gas beam [8.119]. Molecules of Na2 in the level |vm Jm  that
have been scattered by the angle ϑ are monitored by a quantum-state-specific
detector. It consists of a cw dye laser focused into a spot behind the aperture A and tuned to the transition |vm , Jm  → |v j , J j , and an optical system
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Fig. 8.28. (a) Experimental arrangement for the spectroscopic determination of state-tostate differential cross sections [8.120]. (b) Level scheme for pump-probe experiment

of a mirror and lens, which collects the LIF through an optical fiber bundle
onto a photomultiplier. The entire detector can be turned around the scattering
center.
We define θ as the scattering angle in the center-of-mass system (while ϑ
is that in the laboratory system). The detected intensity of the LIF is a measure of the scattering rate [ dN(vm , Jm , θ)/ dt] dΩ which has two contributions:
(a) The elastically scattered molecules (vm , Jm ) → (vm , Jm , θ), and
(b) the sum of all inelasticallyscattered molecules which have suffered
collision-induced transitions n [(vn , Jn ) → (vm , Jm )].
In order to select molecules with definite initial and final states, an OODR
method is used (Sect. 5.4). Shortly before they reach the scattering volume,
the molecules pass through the beam of a pump laser that induces transitions
(vi , Ji ) → (vk , Jk ) and depletes the lower level (vi , Ji ) by optical pumping
(Fig. 8.29). If the scattering rate is measured by the detector alternately with
the pump laser on and off, the difference of the two signals just gives the
contribution of those molecules with initial state (vi , Ji ), final state (vm , Jm ),
and scattering angle θ [8.120].
Since the scattering angle θ is related to the impact parameter b, the
experiment indicates which impact parameters contribute preferentially to
collision-induced vibrational or rotational transitions, and how the transferred
angular momentum ΔJ depends on impact parameters, initial state (vi , Ji ),
and collision partner B [8.121]. In Fig. 8.30 some differential cross sections σ(θ) for inelastic Na2 + Ne collisions are plotted versus the scattering
angle θ. Note that angular momentum transfer of up to ΔJ = 55 has been
observed. The analysis of the measured data yields very accurate interaction
potentials.
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Fig. 8.29. (a) Level diagram of Na2 for optical depletion of the levels (v , J ) = (0, 28)
and optical probing of collisionally populated levels (v , J + ΔJ ). (b) The measured
spectrum in the right part gives the experimental proof that a level (v , J ) can be
completely depleted by optical pumping. The lower spectrum shows the pump laserinduced fluorescence IFl (L1) when the laser L1 is tuned, the upper trace the probe
laser-induced fluorescence, where the probe laser was stabilized onto the transition
X(v = 0, J = 28) → B(v = 6, J = 27). When the pump laser is tuned over the transition starting from X(v = 0, J = 28) the probe laser-induced fluorescence drops nearly
to zero. The lower spectrum has been shifted by 2 mm to the right [8.121]

Fig. 8.30. Differential cross sections for collision-induced rotational transitions [Ji = 5 →
Jf = Ji + ΔJ ] in Na2 + Ne collisions for different values of Jf versus the scattering
angle ϑ in the laboratory system [8.121]
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Fig. 8.31a,b. Selective pumping of a high vibrational level (v, J ) by stimulated emission
pumping in Na2 with a Na2 dimer laser: (a) level scheme; (b) experimental realization
[8.123]

Of particular interest is the dependence of collision cross sections on the
vibrational state, since the probability of inelastic and reactive collisions increases with increasing vibrational excitation [8.122]. Stimulated emission
pumping or STIRAP (see Sect. 7.3) before the scattering center allows a large
population transfer into selected, high vibrational levels of the electronic
ground state. For some molecules, such as Na2 or I2 , an elegant realization of
this technique is based on a molecular beam dimer laser [8.123], which uses
the molecules in the primary beam as an active medium pumped by an argon
laser or a dye laser (Fig. 8.31). Threshold pump powers below 1 mW (!) could
indeed be achieved.
Optical pumping also allows measurements of differential cross sections
for collisions where one of the partners is electronically excited. The interaction potential V(A∗ , B) could be determined in this way for alkali–noble gas
partners, which represent exciplexes since they are bound in an excited state
but dissociate in the unstable ground state. One example is the investigation
of K + Ar collision partners [8.124]. In the crossing volume of a potassium
beam and an argon beam, the potassium atoms are excited by a cw dye laser
into the 4 P3/2 state. The scattering rate for K atoms is measured versus the
scattering angle θ with the pump laser on and off. The signal difference yields
the contribution of the excited atoms to the elastic scattering if the fraction of
excited atoms can be determined, which demands a consideration of the hyperfine structure. In order to reach the maximum concentration of excited K
atoms, either a single-mode circularly polarized dye laser must be used, which
is tuned to the transition F = 2 → F = 3 between selected hfs components,
or a broad-band laser, which pumps all allowed hfs transitions simultaneously.
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An example of measurements of inelastic collisions between excited
atoms A∗ and molecules M in crossed beams is the experiment by Hertel et
al. [8.125], where laser-excited Na∗ (3P) atoms collide with molecules such as
N2 or CO and the energy transfer
A∗ M(v = 0) → A + M(v > 0) + ΔE kin ,

(8.36)

is studied. If the scattering angle θ and the velocity of the scattered Na
atoms are measured, kinematic considerations (energy and momentum conservation) allow the determination of the fraction of the excitation energy
that is converted into internal energy of M and that is transferred into kinetic energy ΔE kin . The experimental results represent a crucial test of
ab initio potential surfaces V(r, θ, φ) for the interaction potential Na∗ − N2
(v = 1, 2, 3, ...) [8.126].
Scattering of electrons, fast atoms, or ions with laser-excited atoms A∗ can
result in elastic, inelastic, or superelastic collisions. In the latter case, the excitation energy of A∗ is partly converted into kinetic energy of the scattered
particles. Orientation of the excited atoms by optical pumping with polarized
lasers allows investigations of the influence of the atomic orientation on the
differential cross sections for A∗ + B collisions, which differs for collisions
with electrons or ions from the case of neutral atoms [8.127]. An example
of the measurement of differential cross sections of the reactive collisions
Na∗ + HF is given in [8.128].
Measurements of differential cross-sections for reactive collisions allow
the determination of reaction rates and the internal state distributions of reaction products as well as their dependence on scattering angle and internuclear
distances during the reaction. This gives a much more detailed insight into the
time sequence of the reaction during the approach of the reactants. Therefore,
many experiments have been performed where the quantum states of the reactants have been selected by laser excitation, the product state distribution by
LIF and the scattering angle by using crossed beam arrangements and angular
resolved detection. One example is the observation of resonances in the crosssection for the reaction F + HD → FH + D or FD + H, where a virtual level of
the transition state opens up the specific reaction channel for the formation of
HF(v = 3) in a specific quantum state [8.129].
From the measured angular distribution of the reaction products IF formed
in the reaction F + C2 H5 I → IF + C2 H5 , it can be concluded that the transition
complex during this reaction has a lifetime of at least 2 – 3 rotational periods
[8.130].

8.6 Photon-Assisted Collisional Energy Transfer
If two collision partners A and M absorb a photon hν at a relative distance Rc ,
one of the partners may remain in an excited state after the collision:
A + M + hν → A∗ + M .

(8.37)
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This reaction can be regarded as the three step process:
A + M → (AM) ,
(AM) → hν → (AM)∗ ,
(AM)∗ → A∗ + M .

(8.38)
(8.39)
(8.40)

The two collision partners form a collision complex that is excited by absorption of the photon hν at a relative distance Rc , where the energy difference
ΔE = E(AM)∗ − E(AM) between the two potential curves just equals the
photon energy h · ν (Fig. 8.32a) and the Franck–Condon factor has a maximum
value [8.131]. This complex decays after a short time into A∗ + M.
If the potential is not monotonic, there are generally two trajectories with
different impact parameters that lead to the same deflection angle θ in the
center of mass system (Fig. 8.32b).
In a similar way collisions with excited atoms can be studied. The energy
transfer by inelastic collisions between excited atoms A∗ and ground-state
atoms B
A∗ + B → B∗ + A + ΔE kin ,

(8.41)

is governed by the conservation of energy and momentum. The energy difference ΔE int = E(A∗ ) − E(B∗ ) is transferred into kinetic energy ΔE kin of the
collision partners. For ΔE kin  KT , the cross section σ for the reaction (8.41)
becomes very small, while for near-resonant collisions (ΔE kin  KT ), σ may
exceed the gas kinetic cross section by several orders of magnitude.
If such a reaction (8.41) proceeds inside the intense radiation field of
a laser, a photon may be absorbed or emitted during the collision, which may
help to satisfy energy conservation for small ΔE kin even if ΔE int is large.

Fig. 8.32a,b. Schematic diagram of “optical collisions”: (a) potential curves of ground
and excited state of the collision complex; (b) classical trajectories in the center-of-mass
system for two different impact parameters b1 , b2

8.6 Photon-Assisted Collisional Energy Transfer

441

Instead of (8.41), the reaction is now
A∗ + B ± ω → B∗ + A + ΔE kin .

(8.42)

For a suitable choice of the photon energy ω, the cross section for a nonresonant reaction (8.41) can be increased by many orders of magnitude through
the help of the photon, which makes the process near resonant. Such photonassisted collisions will be discussed in this section.
In the molecular model of Fig. 8.33a the potential curves V(R) are considered for the collision pairs A∗ + B and A + B∗ . At the critical distance Rc
the energy difference ΔE = V(AB∗ ) − V(A∗ B) may be equal to ω. Resonant absorption of a photon by the collision pair A∗ + B at the distance Rc
results in a transition into the upper potential curve V(AB∗ ), which separates into A + B∗ . The whole process (8.42) then leads to an energy transfer
from A∗ to B∗ , where the initial and final kinetic energy of the collision partners depends on the slope dV/ dR of the potential curves and the internuclear
distance Rc where photon absorption takes place.
If we start with A + B∗ the inverse process of stimulating photon emission
will result in a transition from the upper into the lower potential, which means
an energy transfer from B∗ to A∗ for the separated atoms.
For the experimental realization of such photon-assisted collisional energy
transfer one needs two lasers: the pump laser L1 excites the atoms A into the
excited state A∗ and the transfer laser L2 induces the transition between the
two potential curves V(A∗ B) → V(AB∗ ).
In the atomic model (Fig. 8.33b, often called the dressed-atom model)
[8.132] the excited atom A∗ absorbes a photon ω of the transfer laser, which
excites A∗ further into a virtual state A∗ + ω that is near resonant with the
excited state of B∗ . The collisional energy transfer A∗ + ω → B∗ + ΔE kin

Fig. 8.33a,b. Photon-assisted collisional energy transfer: (a) molecular model; (b) dressedatom model
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with ΔE kin  ω then proceeds with a much higher probability than the offresonance process without photon absorption [8.133].
The first experimental demonstration of photon-assisted collisional energy transfer was reported by Harris and coworkers [8.134], who studied the
process
Sr∗ (5 1 P) + Ca(4 1 S) + ω → Sr(5 1 S) + Ca(51 D) ,
→ Sr(5 1 S) + Ca(4 p2 1 S) .
The corresponding term diagram is depicted in Fig. 8.34. The strontium atoms
are excited by a pulsed pump laser at λ = 460.7 nm into the level 5s5 p1 P01 .
During the collision with a Ca atom in its ground state the collision pair
Sr(5 1 P01 )–Ca(4 1 S) absorbs a photon ω of the transfer laser at λ = 497.9 nm.
After the collision the excited Ca∗ (4 p2 1 S) atoms are monitored through their
fluorescence at λ = 551.3 nm.
It is remarkable that the transitions 4s2 1 S1 → 4 p2 1 S and 4s2 1 S →
2
4 p 1 D of the Ca atom do not represent allowed dipole transitions and are
therefore forbidden for the isolated atom. Regarding the photon-absorption
probability, the absorption by a collision pair with subsequent energy transfer
to the atom is therefore called collision-induced absorption or collision-aided
radiative excitation [8.135], where a dipole-allowed transition of the molecular collision pair A∗ B or AB∗ takes place. The molecular transition has
a dipole transition moment μ(R) that depends on the internuclear separation
R(A∗ B) and that approaches zero for R → ∞ [8.136]. It is caused by the
induced dipole–dipole interaction from the polarizability of the collision partners.

Fig. 8.34. Term diagram for photon-assisted collisional energy transfer from Sr∗ (1 P0 ) to
Ca(4 p2 1 S) [8.134]
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Such collision-induced absorption of radiation is important not only for the
initiation of chemical reactions (Sect. 10.2), but also plays an important role
in the absorption of infrared radiation in planetary atmospheres and interstellar molecular clouds. By the formation of H2 –H2 collision pairs, for instance,
vibration–rotational transitions within the electronic ground state of H2 become allowed although they are forbidden in the isolated homonuclear H2
molecule [8.137, 8.138].
An interesting aspect of collision-aided radiative excitation is its potential
for optical cooling of vapors. Since the change in kinetic energy of the collision partners per absorbed photon can be much larger than that transferred
by photon recoil (Sect. 9.1), only a few collisions are necessary for cooling to
low temperatures compared with a few thousand for recoil cooling [8.135].
Detailed investigations of the transfer cross section and its dependence
on the wavelength λ2 of the transfer laser L2 have been performed by
Toschek and coworkers [8.139], who studied the reaction Sr(5s5 p) + Li(2s) +
ω → Sr(5s2 ) + Li(4d). The experimental setup is shown in Fig. 8.35. A mixture of strontium and lithium vapors is produced in a heat pipe [8.22]. The
beams of two dye lasers pumped by the same N2 laser are superimposed and
focused into the center of the heat pipe. The first laser L1 at λ1 = 407 nm
excites the Sr atoms. The pulse of the second laser L2 is delayed by a variable time interval Δt and its wavelength λ2 is tuned around λ1 = 700 nm.
The intensity IFl (λ2 , Δt) of the fluorescence emitted by the excited Li∗ atoms
is monitored in the transition Li(d 2 D → 2 p 2 P) at λ = 610 nm as a function
of the wavelength λ2 and the delay time Δt. For the resonance case λres
2
(that is, ΔE kin = 0 in (8.42)) energy transfer cross sections up to σT > 2 ×
10−13 I · cm2 (where I is measured in MW/cm2 ) have been determined.

Fig. 8.35. Experimental setup for studies of photon-assisted collisional energy transfer [8.139]
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For sufficiently high intensities I of the transfer laser, the photon-assisted
collisional transfer cross sections σT exceed the gas-kinetic cross sections
σ ≈ 10−15 cm2 by 2−3 orders of magnitude.
From the angular distribution of K(2 P) atoms formed in the optical collision
K((4s)2 2 P) + Ar + hν → K((4 p)2 2 P) + Ar,
the repulsive potential curves of the unstable molecule KAr(X 2 Σ) and
KAr(B2 Σ) could be obtained with an accuracy of about 1% [8.140].
Example 8.1.
For saturation of the pump transition even moderate intensities (Ip <
103 kW/cm2 ) are sufficient (Sect. 2.1). Assume an output power of 50 kW
of the transfer laser L2 and a beam diameter of 1 mm in the focal
plane, which yields Itransf = 6.7 MW/cm2 , energy transfer cross sections of
σT ≈ 1.3 ×10−12 cm2 , which is about 1000 times larger than the gas-kinetic
cross section. The energy transfer RT = σnvhνT , where n is the density
of collision partners, colliding with the excited atoms. With n = 1016 cm3 ,
v = 105 cm/s and hνT = 2 eV, we obtain RT = 109 eV/s.
Further information on this interesting field and its various potential application can be found in [8.141, 8.142]. A compendium of data on Atomic
Collisions up to 1994 is compiled in [8.143]. A chronicle of fifty years on
the dynamics of molecular processes is given in [8.144].

Problems
8.1 Assume an inelastic cross section of σ inel = 10−15 cm2 for collisions between excited atoms A∗ and partners B, and a velocity-changing cross section
σv (Δv) = σ0 exp(−Δv2 /v2 ) for velocity changes Δv of atom A. Discuss for
σ0 = 10−14 cm2 the line profile of the Lamb dip in the transition A → A∗ if
the radiative lifetime is τrad = 10−8 s, the pressure of partners B is 1 mbar, the
temperature T = 300 K, the saturation parameter S = 1, and the reduced mass
μ(AB) = 40 AMU.
8.2 The effective lifetime of an excited molecular level is τeff ( p = 5 mbar) =
8 ×10−9 s and τeff ( p = 1 mbar) = 12 ×10−9 s for molecules with the mass
M = 43 AMU in a gas cell with argon buffer gas at T = 500 K. Calculate the
radiative lifetime, the collision-quenching cross section, and the homogeneous
linewidth Δν( p).
8.3 A single-mode laser beam with a Gaussian profile (w = 1 mm) and
a power of 10 mW, tuned to the center ω0 of the sodium line (3 2 S1/2 →
3 2 P1/2 ) passes through a cell containing sodium vapor at p = 10−3 mbar
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at a temperature of 450 K. The absorption cross section is σabs = 5 ×
10−11 cm2 , the natural linewidth is δνn = 10 MHz, the collision cross section
σcol = 10−12 cm2 and the Doppler width δνD = 1 GHz. Calculate the saturation parameter S, the absorption coefficient αs (ω0 ), and the mean density of
ground-state and excited atoms that collide in an energy-pooling collision with
σep = 3 ×10−14 cm2 . Which Rydberg levels are accessible by energy-pooling
collisions Na∗ (3P) + Na∗ (3P) if the relative kinetic energy is E kin ≤ 0.1 eV?
8.4 A square-wave chopped cw laser depopulates the level (vi , Ji ) in the
electronic ground state of the molecule M with m = 40 AMU. What is the
minimum chopping period T to guarantee quasi-stationary conditions for
level |i and its neighboring levels |Ji ± ΔJ, if the total refilling cross section of level |i is σ = 10−14 cm2 and the individual cross sections σik = (3 ×
10−16 Δ J) cm2 for transitions between neighboring levels |J and |J ± ΔJ of
the same vibrational level at a pressure of 1 mbar and a temperature of 300 K?

9. New Developments in Laser Spectroscopy

During the last few years several new ideas have been born and new spectroscopic techniques have been developed that not only improve the spectral
resolution and increase the sensitivity for investigating single atoms but that
also allow several interesting experiments for testing fundamental concepts of
physics. In the historical development of science, experimental progress in the
accuracy of measurements has often brought about a refinement of theoretical models or even the introduction of new concepts [9.1]. Examples include
A. Einstein’s theory of special relativity based on the interferometric experiments of Michelson and Morley [9.2], M. Planck’s introduction of quantum
physics for the correct explanation of the measured spectral distribution of
blackbody radiation, the introduction of the concept of electron spin after the
spectroscopic discovery of the fine structure in atomic spectra [9.3], the test of
quantum electrodynamics by precision measurements of the Lamb shift [9.4]
or the still unresolved problem of a possible time dependence of physical fundamental constants, which might be solved by performing extremely accurate
optical frequency measurements. In this chapter some of these new and exciting developments are presented.

9.1 Optical Cooling and Trapping of Atoms
In order to improve the accuracy of spectroscopic measurements of atomic
energy levels, all perturbing effects leading to broadening or shifts of these
levels must be either eliminated or should be sufficiently well understood to
introduce appropriate corrections. One of the largest perturbing effects is the
thermal motion of atoms. In Chap. 4 we saw that in collimated atomic beams
the velocity components vx and v y , which are perpendicular to the beam
axes, can be drastically reduced by collimating apertures (geometrical cooling). The component vz can be compressed by adiabatic cooling into a small
interval vz = u ± Δvz around the flow velocity u. If this reduction of the velocity distribution is described by a translational temperature Ttrans , values
of Ttrans < 1 K can be reached. However, the molecules still have a nearly
uniform but large velocity u, and broadening effects such as transit-time
broadening or shifts caused by the second-order Doppler effect (see below)
are not eliminated.
In this section we discuss the new technique of optical cooling, which decreases the velocity of atoms to a small interval around v = 0. Optical cooling
down to “temperatures” of a few microKelvin has been achieved; by combining optical and evaporative cooling even the nanoKelvin range was reached.
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This brought the discovery of quite new phenomena, such as Bose–Einstein
condensation or atom–lasers, and atomic fountains. [9.5–9.7].

9.1.1 Photon Recoil
Let us consider an atom with rest mass M in the energy level E i that moves
with the velocity v. If this atom absorbs a photon of energy ωik  E k − E i
and momentum k, it is excited into the level E k . Its momentum changes from
pi = Mvi before the absorption to
pk = pi + k ,

(9.1)

after the absorption (the recoil effect, Fig. 9.1).
The relativistic energy conservation demands

ωik =

*

p2k c2 + (M0 c2 + E k )2 −

*

pi2 c2 + (M0 c2 + E i )2 .

(9.2)

When we extract (M0 c2 + E k ) from the first root and (M0 c2 + E i ) from the
second, we obtain by a Taylor expansion the power series for the resonant
absorption frequency
ωik = ω0 + k · vi − ω0

ω20
vi2
+
+ ... .
2c2 2Mc2

(9.3)

The first term represents the absorption frequency ω0 = (E k − E i ) of an atom
at rest if the recoil of the absorbing atom is neglected. The second term
describes the linear Doppler shift (first-order Doppler effect) caused by the
motion of the atom at the time of absorption. The third term expresses the
quadratic Doppler effect (second-order Doppler effect). Note that this term is
independent of the direction of the velocity v. It is therefore not eliminated by
the “Doppler-free” techniques described in Chaps. 2–5, which only overcome
the linear Doppler effect.

Fig. 9.1. Atomic recoil for absorption and emission of a photon
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Example 9.1.
A parallel beam of Ne ions accelerated by 10 keV moves with the velocity
vz = 3 ×105 m/s. When the beam is crossed perpendicularly by a singlemode laser beam tuned to a transition with λ = 500 nm, even ions with
vx = v y = 0 show a quadratic relativistic Doppler shift of Δν/ν = 5 ×10−7 ,
which yields an absolute shift of Δν = 250 MHz. This should be compared
with the linear Doppler shift of 600 GHz, which appears when the laser
beam is parallel to the ion beam (Example 4.6).
The last term in (9.3) represents the recoil energy of the atom from momentum conservation. The energy ω of the absorbed photon has to be larger
than that for recoil-free absorption by the amount

2 ω20
1 ω
ΔE
=
⇒
.
(9.4)
2
2Mc
ω
2 Mc2
When the excited atom in the state E k with the momentum pk = Mvk emits
a photon, its momentum changes to
ΔE =

pi = pk − k
after the emission. The emission frequency becomes analogous to (9.3)
ω0 vk2
ω20
−
.
(9.5)
2c2
2Mc2
The difference between the resonant absorption and emission frequencies is
ωik = ω0 + kvk −

abs
Δω = ωik
− ωem
ki =

ω20 ω0 2
ω20
2
+
(v
−
v
)
≈
,
k
i
Mc2 2c2
Mc2

(9.6)

since the second term can be written as (ω0 /Mc2 ) · (E kkin − E ikin ) and ΔE kin 
ω. It can be therefore neglected for atoms with thermal velocities.
The relative frequency shift between absorbed and emitted photons because
of recoil

ω0
Δω
=
,
ω
Mc2

(9.7)

equals the ratio of photon energy to rest-mass energy of the atom.
For γ -quanta in the MeV range this ratio may be sufficiently large that Δω
becomes larger than the linewidth of the absorbing transition. This means
that a γ -photon emitted from a free nucleus cannot be absorbed by another
identical nucleus at rest. The recoil can be greatly reduced if the atoms are
embedded in a rigid crystal structure below the Debye temperature. This
recoil-free absorption and emission of γ -quanta is called the Mössbauer effect
[9.8].

450

9. New Developments in Laser Spectroscopy

In the optical region the recoil shift Δω is extremely small and well below the natural linewidth of most optical transitions. Nevertheless, it has been
measured for selected narrow transitions [9.9, 9.10].

9.1.2 Measurement of Recoil Shift
When the absorbing molecules with the resonant absorption frequency ω0 are
placed inside the laser resonator, the standing laser wave of frequency ω = ω0
burns two Bennet holes into the population distribution Ni (vz ) (Fig. 9.2b and
Sect. 2.2), which, according to (9.3), appear at the velocity components
vzi = ±[ω − ω20 /(2Mc2 )]/k ,

with ω = ω − ω0 (1 − v2 /2c2 ) .

(9.8)

The corresponding peaks in the population distribution Nk (vz ) of molecules
in the upper level |k are shifted due to photon recoil (Fig. 9.2a). They show
up, according to (9.5), at the velocity components
vzk = ±[ω + ω20 /(2Mc2 )]/k .

(9.9)

Fig. 9.2a–c. Generation of the recoil doublet of Lamb dips: (a) population peaks
in the upper-state population for ω = ω0 ;
(b) Bennet holes in the lower-state population; (c)recoil doublet in the output
power PL (ω) of the laser
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For the example, illustrated by Fig. 9.2, we have chosen
ω < ω0 ⇒ ω < 0 .
The two holes in the ground-state population coincide for vzi = 0, which gives
ω = ω20 /2Mc2 . This happens, according to (9.8), for the laser frequency
ω = ω1 = ω0 [(1 − v2 /c2 ) + ω0 /(2Mc2 )] ,

(9.10a)

while the two peaks in the upper level population coincide for another laser
frequency
ω = ω2 = ω0 [(1 − v2 /c2 ) − ω0 /(2Mc2 )] .

(9.10b)

The absorption of the laser is proportional to the population difference
ΔN = Ni − Nk . This difference has two maxima at ω1 and ω2 . The laser output therefore exhibits two Lamb peaks (inverse Lamb dips) (Fig. 9.2c) at the
laser frequencies ω1 and ω2 , which are separated by twice the recoil energy
Δω = ω1 − ω2 = ω2 /Mc2 .

(9.11)

Example 9.2.
(a) For the transition at λ = 3.39 μm in the CH4 molecule (M = 16 AMU)
the recoil splitting amounts to Δω = 2π · 2.16 kHz, which is still larger
than the natural linewidth of this transition [9.10, 9.11].
(b) For the calcium intercombination line 1 S0 → 3 P1 at λ = 657 nm we obtain with M = 40 AMU the splitting Δω = 2π · 23.1 kHz [9.12].
(c) For a rotation–vibration transition in SF6 at λ = 10 μm the frequency ω
is one-third that of CH4 but the mass 10 times larger than for CH4 .
The recoil splitting therefore amounts only to about 0.02 kHz and is not
measurable [9.14]
Since such small splittings can only be observed if the width of the Lamb
peaks is smaller than the recoil shift, all possible broadening effects, such
as pressure broadening and transit-time broadening, must be carefully minimized. This can be achieved in experiments at low pressures and with
expanded laser beam diameters [9.13]. An experimental example is displayed
in Fig. 9.3.
The velocities of very cold atoms are very small, i.e., the linear and the
quadratic Doppler effects both become small and the recoil term becomes significant. It turns out that for cold Ca atoms at T = 10 μK, the recoil effect
leads to large asymmetries in the Lamb dips of absorption spectra taken with
short pulses [9.15]. These are not found in experiments performed at room
temperature, where the broad Doppler background masks these asymmetries,
and they are based on the fundamental asymmetry between absorption and
stimulated emission with short pulses.
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Fig. 9.3. Schematic experimental arrangement for measuring the recoil splitting and the
measured signal of the recoil doublet of the hyperfine component 8 → 7 of the (P(7), ν3 )
transition at λ = 3.39 μm in methane [9.11]

The transit-time broadening can greatly be reduced by the optical Ramsey
method of separated fields. The best resolution of the recoil splittings has indeed been achieved with this technique (Sect. 9.4). The transit time can also
be increased if only molecules with small transverse velocity components contribute to the Lamb dip. If the laser intensity is kept so small that saturation
of the molecular transition is reached only for molecules that stay within the
laser beam for a sufficiently long time, that is, molecules with small components vx , v y , the transit-time broadening is greatly reduced [9.11].
9.1.3 Optical Cooling by Photon Recoil
Although the recoil effect is very small when a single photon is absorbed, it
can be used effectively for optical cooling of atoms by the cumulative effect
of many absorbed photons. This can be seen as follows:
When atom A stays for the time T in a laser field that is in resonance with
the transition |i → |k, the atom may absorb and emit a photon ω many
times, provided the optical pumping cycle is short compared to T and the
atom behaves like a true two-level system. This means that the emission of
fluorescence photons ω by the excited atom in level |k brings the atom back
only to the initial state |i, but never to other levels. With the saturation parameter S = Bik ρ(ωik )/Aik , the fraction of excited atoms becomes
S
Nk
=
.
N
1 + 2S
The fluorescence rate is Nk Ak = Nk /τk . Since Nk can never exceed the saturated value Nk = (Ni + Nk )/2 = N/2, the minimum recycling time for the
saturation parameter S → ∞ (Sect. 3.6) is ΔT = 2τk .
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Example 9.3.
When an atom passes with a thermal velocity v = 500 m/s through a laser
beam with 2-mm diameter, the transit time is T = 4 μs. For a spontaneous
lifetime τk = 10−8 s the atom can undergo q ≤ (T/2)/τk = 400 absorption–
emission cycles during its transit time.
When a laser beam is sent through a sample of absorbing atoms, the LIF
is generally isotropic, that is, the spontaneously emitted photons are randomly
distributed over all spatial directions. Although each emitted photon transfers
the momentum k to the emitting atoms, the time-averaged momentum transfer tends to zero for sufficiently large values of q = T/2τk .
The absorbed photons, however, all come from the same direction. Therefore, the momentum transfer for q absorptions adds up to a total recoil
momentum p = q k (Fig. 9.4). This changes the velocity v of an atom which
flies against the beam propagation by the amount Δv = k/M per absorption.
For q absorption–emission cycles we get

k
ω
=q
.
(9.12a)
M
Mc
Atoms in a collimated atomic beam can therefore be slowed down by a laser
beam propagating anticollinearly to the atomic beam [9.16]. This can be expressed by the “cooling force”
Δv = q

F=M

k S
Δv
=
.
ΔT
τk 1 + 2S

(9.12b)

Note that the recoil energy transferred to the atom

2 ω2
,
2Mc2
is still very small.
ΔE recoil = q

(9.13)

Fig. 9.4. Recoil momentum of an atom for a fixed direction of the absorbed photons but
different directions of the emitted fluorescence photons
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Example 9.4.
(a) For Na atoms with M = 23 AMU, which absorb photons ω  2 eV on
the transition 3 2 S1/2 → 3 2 P3/2 , (9.12) gives Δv = 3 cm/s per photon
absorption. In order to reduce the initial thermal velocity of v = 600 m/s
at T = 500 K to 20 m/s (this would correspond to a temperature T =
0.6 K for a thermal distribution with v = 20 m/s),this demands q = 2 ×
104 absorption–emission cycles. At the spontaneous lifetime τk = 16 ns
a minimum cooling time of T = 2 ×104 · 2 · 16 ×10−9 s  600 μs is required. This gives a negative acceleration of a = −106 m/s2 , which is
105 times the gravity acceleration on earth g = 9.81 m/s2 ! During the
time T the atom has traveled the distance Δz = v0 T − 12 aT 2  18 cm.
During this deceleration path length it always has to remain within the
laser beam. The total energy transferred by recoil to the atom is only
− 2 ×10−2 eV. It corresponds to the kinetic energy 12 Mv2 of the atom
and is very small compared to ω = 2 eV.
(b) For Mg atoms with M = 24 AMU, which absorb on the singlet resonance transition at λ = 285.2 nm, the situation is more favorable because of the higher photon energy ω  3.7 eV and the shorter lifetime
τk = 2 ns of the upper level. One obtains: Δv = −6 cm/s per absorbed
photon; q = 1.3 ×104 . The minimum cooling time becomes T = 3 ×
10−5 s and the deceleration path length Δz  1 cm.
(c) In [9.17] a list of other atoms can be found that were regarded as possible candidates for optical cooling. Some of them have since been
successfully tried.

The following remarks may be useful:
(a) Without additional tricks, this optical-cooling method is restricted to true
two-level systems. Therefore, molecules cannot be cooled with this technique, because after their excitation into level |k they return by emission
of fluorescence into many lower vibrational–rotational levels and only
a small fraction goes back into the initial level |i. Thus, only one optical pumping cycle is possible. There have been, however, other cooling
mechanisms for molecules proposed and partly realized (see Sect. 9.1.5).
(b) The sodium transition 3S − 3P, which represents the standard example
for optical cooling, is in fact a multi level system because of its hyperfine structure (Fig. 9.5). However, after optical pumping with circularly
polarized light on the hfs transition 3 2 S1/2 (F = 2) → 3 2 P3/2 (F = 3), the
fluorescence can only reach the initial lower level F = 2. A true two-level
system would be realized if any overlap of the pump transition with other
hfs components could be avoided (see below).
(c) Increasing the intensity of the pump laser decreases the time ΔT for an
absorption–emission cycle. However, for saturation parameters S > 1 this
decrease is small and ΔT soon reaches its limit 2τk . On the other hand,
the induced emission increases at the expense of spontaneous emission.
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Fig. 9.5. Level diagram of the Na 3 2 S1/2 → 3 2 P3/2 transition with hyperfine splittings.
Optical pumping on the hfs component F = 2 → F = 3 represents a true two-level system, provided any overlap between the hfs components can be avoided. The additional
pump laser L2 is necessary in order to pump atoms tranferred into level F = 1 by
spectral overlap between the components 2 → 3 and 2 → 2 back into level F = 2

Since the emitted induced photon has the same k-vector as the absorbed
induced photon, the net momentum transfer is zero. The total deceleration
rate therefore has a maximum at the optimum saturation parameter S  1.

9.1.4 Experimental Arrangements
For the experimental realization of optical cooling, which uses a collimated
beam of atoms and a counterpropagating cw laser (dye laser or diode laser,
Fig. 9.6) the following difficulties have to be overcome: during the decelera-

Fig. 9.6. Simplified experimental realization for the deceleration of atoms in a collimated
beam by photon recoil
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tion time the Doppler-shifted absorption frequency ω(t) = ω0 + k· v(t) changes
with the decreasing velocity v, and the atoms would come out of resonance
with the monochromatic laser. Three solutions have been successfully tried:
either the laser frequency
ω(t) = ω0 + k · v(t) ± γ ,

(9.14)

is synchronously tuned with the changing velocity v(t) in order to stay
within the linewidth γ of the atomic transition [9.18, 9.19], or the absorption frequency of the atom is appropriately altered along the deceleration path
[9.20, 9.21]. A third alternative uses a broadband laser for cooling. We will
discuss these methods briefly:
When the laser frequency ω for a counterpropagating beam k antiparallel
to v is kept in resonance with the constant atomic frequency ω0 , it must have
the time dependence


dω
ω0 dv
v(t)
⇒
=−
.
(9.15)
ω(t) = ω0 1 −
c
dt
c dt
The velocity change per second for the optimum deceleration with a pump
cycle period T = 2τ is, according to (9.12)

ω0
dv
=
.
(9.16)
dt
2Mcτ
Inserting this into (9.15) yields for the necessary time dependence of the laser
frequency
ω0
1.
(9.17)
2Mc2 τ
This means that the pump laser should have a linear frequency chirp.
ωL (t) = ω(0)(1 + αt) ,

with α =

Example 9.5.
For Na atoms with v(0) = 1000 m/s, insertion of the relevant numbers into
(9.17) yields dω/ dt = 2π · 1.7 GHz/ms, which means that fast frequency
tuning in a controlled way is required in order to fulfill (9.17).
An experimental realization of the controlled frequency chirp uses amplitude modulation of the laser with the modulation frequency Ω1 . The sideband
at ωL − Ω1 is tuned to the atomic transition and can be matched to the timedependent Doppler shift by changing Ω1 (t) in time. In order to compensate
for optical pumping into other levels than F = 2 by overlap of the laser
with other hfs components, the transition F = 1 → F = 2 is simultaneously
pumped (Fig. 9.5). This can be achieved if the pump laser is additionally modulated at the second frequency Ω2 , where the sideband ωL + Ω2 matches the
transition F = 1 → F = 2 [9.19, 9.22].
For the second method, where the laser frequency ωL is kept constant, the
atomic absorption frequency must be altered during the deceleration of the
atoms. This can be realized by Zeeman tuning (Fig. 9.7). In order to match the
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Fig. 9.7. Level diagram for laser cooling by Zeeman tuning

Zeeman shift to the changing Doppler shift Δω(z), the longitudinal magnetic
field must have the z-dependence
*
(9.18)
B = B0 1 − 2az/v02 ,
for atoms that enter the field at z = 0 with the velocity v0 and experience
the negative acceleration a [m/s2 ] by photon recoil [9.21]. This field dependence B(z) can be realized by a proper choice of the windings NW (z) per
centimeters of the magnetic field coil (Fig. 9.8)
Most optical cooling experiments have been performed up to now on
alkali atoms, such as Na or Rb, using a single-mode cw dye laser. The velocity decrease of the atoms is monitored with the tunable probe laser L2,
which is sufficiently weak that it does not affect the velocity distribution.
The probe-laser-induced fluorescence IFl (ω2 ) is measured as a function of the
Doppler shift. Experiments have shown that the atoms could be completely
stopped and their velocity could even be reversed [9.18]. An example of the
compression of the thermal velocity distribution into a narrow range around
v = 200 m/s is illustrated in Fig. 9.9 for Na atoms.
A favorable alternative to dye lasers is a GaAs diode laser, which can cool
rubidium or cesium atoms [9.23–9.25] and also metastable noble gas atoms,
such as He∗ or Ar∗ [9.26]. The experimental expenditures are greatly reduced
since the GaAs laser is much less expensive than an argon laser plus dye-laser
combination. Furthermore, the frequency modulation is more readily realized
with a diode laser than with a dye laser.
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Fig. 9.8. Laser cooling of atoms in a collimated beam with a fixed laser frequency and
Zeeman tuning of the atomic absorption frequency [9.21]

Fig. 9.9. Velocity distribution before (dashed) and after (solid) Zeeman cooling. The arrow indicates the highest velocity resonant with the slowing laser. (The extra bump at
1700 m/s is from F = 1 atoms, which are optically pumped into F = 2 during the cooling
process) [W. Phillips, Nobel Lecture 1995]
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Fig. 9.10. Cooling of all atoms with a counterpropagating modeless laser. A cooling stop
at a selectable velocity vf can be realized with a second copropagating single-mode laser
[9.29]

A very interesting alternative laser for optical cooling of atoms in a collimated beam is the modeless laser [9.27], which has a broad spectral emission
(without mode structure, when averaged over a time of T > 10 ns, with an adjustable bandwidth and a tunable center frequency). Such a laser can cool all
atoms regardless of their velocity if its spectral width ΔωL is larger than the
Doppler shift ΔωD = v0 k [9.28].
With the following experimental trick it is possible to compress the velocity distribution N(vz ) of atoms in a beam into a small interval Δvz around
a wanted final velocity vf . The beam from the modeless laser propagates anticollinearly to the atomic beam and cools the atoms (Fig. 9.10). A second
single-mode laser intersects the atomic beam under a small angle α against
the beam axis. If it is tuned to the frequency
ω2 = ω0 + kvf cos α ,
it accelerates the atoms as soon as they have reached the velocity vf . This
second laser therefore acts as a barrier for the lower velocity limit of cooled
atoms [9.29].
The photon recoil can be used not only for the deceleration of collimated
atomic beams but also for the deflection of the atoms, if the laser beam
crosses the atomic beam perpendicularly [9.30–9.32]. In order to increase the
transferred photon momentum, and with it the deflection angle, an experimental arrangement is chosen where the laser beam crosses the atomic beam many
times in the same direction (Fig. 9.11). The deflection angle δ per absorbed
photon, which is given by tan δ = k/(mvz ), increases with decreasing atomic
velocity vz . Optically cooled atoms can therefore be deflected by large angles. Since the atomic absorption frequency differs for different isotopes, this
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Fig. 9.11. Deflection of atoms in a collimated
atomic beam using a multiple-path geometry. The molecular beam travels into the zdirection: (a) view into the z-direction; (b) view
into the y-direction. On the dashed return paths
the laser beam does not intersect the atomic
beam

deflection can be used for spatial isotope separation [9.33] if other methods
cannot be applied (Sect. 10.1.6).
An interesting application of atomic deflection by photon recoil is the
collimation and focusing of atomic beams with lasers [9.34]. Assume atoms
with the velocity v = {vx  vz , 0, vz } pass through a laser resonator, where
an intense standing optical wave in the ±x-direction is present. If the laser
frequency ωL is kept slightly below the atomic resonance frequency ω0
(γ > ω0 − ωL > 0), atoms with transverse velocity components vx are always
pushed back to the z-axis by photon recoil because that part of the laser wave
with the k-vector antiparallel to vx always has a larger absorption probabil-

Fig. 9.12. Standing optical wave acting as a lens for a divergent atomic beam

9.1 Optical Cooling and Trapping of Atoms

461

Fig. 9.13. Cooling, deflection and compression of atoms by photon recoil. The electrooptic modulators (EOM) and the acousto-optic modulator (AOM) serve for sideband
generation and frequency tuning of the cooling laser sideband [9.32]

ity than the component with k parallel to vx . The velocity component vx is
therefore reduced and the atomic beam is collimated.
If the atoms have been optically cooled before they pass the standing laser
wave, they experience a large collimation in the maximum of the standing
wave, but are not affected in the nodes. The laser wave acts like a transmission grating that “channels” the transmitted atoms and focuses the different
channels (Fig. 9.12) [9.35].
A schematic diagram of an apparatus for optical cooling of atoms, deflection of the slowed-down atoms, and focusing is depicted in Fig. 9.13.

9.1.5 Threedimensional Cooling of Atoms; Optical Mollasses
Up to now we have only considered the cooling of atoms that all move into
one direction. Therefore only one velocity component has been reduced by
photon recoil. For cooling of atoms in a thermal gas where all three velocity
components ±vx , ±v y , ±vz have to be reduced, six laser beams propagating
into the ±x-, ±y-, ±z-directions are required [9.36]. All six beams are generated by splitting a single laser beam (Fig. 9.14). If the laser frequency is tuned
to the red side of the atomic resonance (Δω = ω − ω0 < 0), a repulsive force is
always acting on the atoms, because for atoms moving toward the laser wave
(k · v < 0) the Doppler-shifted absorption frequency is shifted toward the resonance frequency ω0 , whereas for the counterpropagating wave (k · v > 0) it
is shifted away from resonance (Fig. 9.15). For a quantitative description we
denote the absorption rate R ∝ σ(ω) of an atom with k · v > 0 by R+ (v), and
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Fig. 9.14. Optical molasses with
six pairwise counterpropagating
laser beams

for k · v < 0 by R− (v). The net recoil force component Fi (i = x, y, z) is then
Fi = [R+ (vi ) − R− (vi )] · k .

(9.19)

For a Lorentzian absorption profile with FHWM γ , the frequency dependence
of the absorption rate is (Fig. 9.15)
R± (v) =



R0

ωL − ω0 ∓ kv
1+
γ/2

2 .

(9.20)

Fig. 9.15. For ω < ω0 , the absorption probability is larger for k · v < 0 than for k · v > 0

9.1 Optical Cooling and Trapping of Atoms

463

Fig. 9.16. Frictional force in an optical molasses (solid curve) for a red detuning δ = −γ .
The dotted curve shows the absorption profiles by a single atom moving with vx = ±γ/k
for a single laser beam propagating into the x-direction

Inserting (9.20) into (9.19) yields for k · v  ωL − ω0 = δ the net force
(Fig. 9.16)
Fi = −a · vi ,

with a = R0

16δk2

&
'2 .
γ 2 1 + (2δ/γ)2

(9.21)

An atom moving within the overlap region of the six running laser waves
therefore experiences a force Fi (vi ) = −avi (i = x, y, z) that damps its velocity. From the relation dv/ dt = F/m ⇒ dv/v = −a/m dt we obtain the
time-dependent velocity
v = v0 e−(a/m)t .

(9.22)

The velocity decreases exponentially with a damping time tD = m/a.
Example 9.6.
(a) For rubidium atoms (m = 85 AMU) the wavenumber is k = 8 ×106 m−1 .
At a detuning δ = γ and an absorption rate R0 = γ/2 we obtain: a = 4 ×
10−21 Ns/m. This gives a damping time t = 35 μs.
(b) For Na atoms with δ = 2γ one obtains a = 1 ×10−20 Ns/m and tD =
2.3 μs. The atoms move in this light trap like particles in viscous molasses and therefore this atomic trapping arrangement is often called
optical molasses.
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Note: These optical trapping methods reduce the velocity components (vx ,
v y , vz ) to a small interval around v = 0. However, they do not compress
the atoms into a spatial volume, except if the dispersion force for the field
gradients ∇ I = 0 is sufficiently strong. This can be achieved by electric or
magnetic field gradients, as discussed in Sect. 9.1.7.

9.1.6 Cooling of Molecules
The optical cooling techniques discussed so far are restricted to true two-level
systems because the cooling cycle of induced absorption and spontaneous
emission has to be performed many times before the atoms come to rest.
In molecules the fluorescence from the upper excited level generally ends in
many rotational–vibrational levels in the electronic ground state that differ
from the initial level. Therefore most of the molecules cannot be excited again
with the same laser. They are lost for further cooling cycles.
Cold molecules are very interesting for several scientific and technical
applications. One example is chemical reactions initiated by collisions between cold molecules where the collision time is very long and the reaction
probability might become larger by several orders of magnitude. In addition,
interactions of cold molecules with surfaces where the sticking coefficient
will be 100% open up new insights into molecule–surface interactions and
reactions between cold adsorbed molecules. Finally, the possibility to reach
Bose–Einstein condensation of molecular gases opens new fascinating aspects
of collective molecular quantum phenomena.
There have been several proposals how molecules might be cooled in spite
of the above-mentioned difficulties [9.37–9.39]. An optical version of these
proposals is based on a frequency comb laser, which oscillates on many frequencies, matching the relevant frequencies of the transitions from the upper
to the lower levels with the highest transition probabilities [9.39]. In this case,
the molecules can be repumped into the upper level from many lower levels,
thus allowing at least several pumping cycles.
A very interesting optical cooling technique starts with the selective excitation of a collision pair of cold atoms into a bound level in an upper electronic
state (Fig. 9.17). While this excitation occurs at the outer turning point of the
upper-state potential, a second laser dumps the excited molecule down into
a low vibrational level of the electronic ground state by stimulated emission
pumping (photo-induced association). In favorable cases the level v = 0 can be
reached. If the colliding atoms are sufficiently cold, the angular momentum of
their relative movement is zero (S-wave scattering). Therefore the final ground
state has the rotational quantum number J = 0 if the two lasers transfer no angular momentum to the molecule (either two transitions with ΔJ = 0 or the
absorbing and emission transition as R-transitions with ΔJ = +1 in absorption and −1 in emission) [9.40]. The kinetic energy of the molecule formed
by photoassociation is always smaller than that of the colliding atoms because
of momentum conservation [5.116].
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Fig. 9.17. Formation of cold
molecules by photoassociation
of a collision pair A+B

A promising nonoptical technique relies on cooling of molecules by collisions with cold atoms. If the gas mixture of atoms and molecules can be
trapped in a sufficiently small volume long enough to achieve thermal equilibrium between atoms and molecules, the optically cooled atoms act as a heat
sink for the molecules, which will approach the same temperature as the
atoms (sympathetic cooling) [9.41].
An interesting proposal that could be realized uses a cold supersonic
molecular beam with flow velocity u, which expands through a rotating nozzle (Fig. 9.18). We saw in Chap. 4 that in supersonic beams the velocity spread
around the flow velocity u may become very small. The translational temperature in the frame moving with the velocity u can be as small as 0.1 K. If
the nozzle moves with the speed −v, the molecules have the velocity u − v
in the laboratory frame. Tuning the angular velocity ω of the nozzle rotating
on a circle with radius R makes it possible to reach any molecular velocity
vm = u − ωR between u and 0 in the laboratory frame. Since the beam must
be collimated in order to reduce the other velocity components, there is only
a small time interval per rotation period where the nozzle is in line with the
collimating apertures. The cold molecules therefore appear as pulses behind
the apertures.
An elegant technique has been developed in several laboratories, where
cold helium clusters moving through a gas cell of atoms or molecules pick up
these molecules, which then can diffuse into the interior of the helium cluster. The molecules then aquire the low temperature of the cluster. The binding
energy is taken away by evaporation of He atoms from the cluster surface
[9.42, 9.43].
At sufficiently low temperatures, the He droplet becomes superfluid [9.42].
The molecules inside the droplet can then freely rotate. Because the superfluid
He droplet represents a quantum fluid with discrete excitation energies, the
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Fig. 9.18. Rotating nozzle for producing a beam of slow molecules

energy transfer between the molecule and its superfluid surroundings is limited and the molecular spectra show sharp lines. At the critical temperature
between normal fluidity and superfluidity, the lines start to become broader.
Laser spectroscopy of these molecules therefore gives direct information on
the interaction of molecules and surroundings under different conditions from
measured differences between the rotational spectrum of a free molecule and
that for a molecule inside a cold He droplet. This has been verified for instance by M. Havenith and her group [9.42, 9.43].
Injecting different molecules into the He droplet gives the possibility to
study chemical reactions between very cold molecules.

9.1.7 Optical Trapping of Atoms
The effectiveness of the optical molasses for cooling atoms anticipates that
the atoms are trapped within the overlap region of the six laser beams for
a sufficiently long time. This demands that the potential energy of the atoms
shows a sufficiently deep minimum at the center of the trapping volume, that
is, restoring forces must be present that will bring escaping atoms back to the
center of the trapping volume.
We will briefly discuss the two most commonly used trapping arrangements. The first is based on induced electric dipole forces in inhomogeneous electric fields and the second on magnetic dipole forces in magnetic
quadrupole fields. Letokhov proposed [9.46, 9.47] to use the potential minima
of a three-dimensional standing optical field composed by the superposition
of three perpendicular standing waves for spatial trapping of cooled atoms. It
turns out that atoms can be indeed trapped this way, but only after they have
been cooled down to very low temperatures. However, Ashkin and Gordon
calculated [9.48] that the dispersion forces in focused Gaussian beams could
be employed for trapping atoms.
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a) Induced Dipole Forces in a Radiation Field

When an atom with the polarizability α is brought into an inhomogeneous
electric field E, a dipole moment p = αE is induced and the force
F = −( p · grad)E = −α(E · ∇)E = −α[(∇ 12 E 2 ) − E × (∇ × E)] ,

(9.23)

acts onto the induced dipole. The same relation holds for an atom in an optical
field. However, when averaging over a cycle of the optical oscillation the last
term in (9.23) vanishes, and we obtain for the mean dipole force [9.49]
1
FD  = − α∇(E 2 ) .
2

(9.24)

The polarizability α(ω) depends on the frequency ω of the optical field. It
is related to the refractive index n(ω) of a gas with the atomic density N
(Sect. 3.1.3) by α ≈ 0 ( − 1)/N. With ( − 1) = n 2 − 1 ≈ 2(n − 1) we obtain
α(ω) =

20 [n(ω) − 1]
.
N

(9.25)

Inserting (3.37b) for n(ω), the polarizability α(ω) becomes
α(ω) =

e2
Δω
,
2
2m e ω0 Δω + (γs /2)2

(9.26)

where m e is the electron mass, Δω = ω − (ω0 + k · v) is the detuning of the
field frequency ω against
the Doppler-shifted eigenfrequency ω0 + kv of the
√
atom, and γs = δωn 1 + S is the saturation-broadened linewidth characterized
by the saturation parameter S (Sect. 3.6).
For Δω  γs the polarizability α(ω) increases nearly linearly with the detuning Δω. From (9.24) and (9.26) it follows that in an intense laser beam
(S  1) with the intensity I = 0 cE 2 the force FD on an induced atomic
dipole is
FD = −aΔω∇ I ,

with a =

e2
.
m0 cγ 2 ω0 S

(9.27)

This reveals that in a homogeneous field (for example, an extended plane
wave) ∇ I = 0 and the dipole force becomes zero. For a Gaussian beam with
the beam waist w propagating in the z-direction, the intensity I(r) in the x–
y-plane is, according to (5.32)
I(r) = I0 e−2r

2 /w2

,

with r 2 = x 2 + y2 .

The intensity gradient ∇ I = −(4r/w2 )I(r)r̂ points into the radial direction and
the dipole force FD is then directed toward the axis r = 0 for Δω < 0 and
radially outwards for Δω > 0.
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For Δω < 0 the z-axis of an intense Gaussian laser beam with I(r = 0) =
T0 represents a minimum of the potential energy
∞
E pot =

FD dr = +aΔωI0 ,

(9.28)

0

where atoms with sufficiently low radial kinetic energy may be trapped. In the
focus of a Gaussian beam we have an intensity gradient in the r-direction as
well as in the z-direction. If the two forces are sufficiently strong, atoms can
be trapped in the focal region.
Besides this dipole force in the r- and z-directions the recoil force in the
+z-direction acts onto the atom (Fig. 9.19). In a standing wave in ±z-direction
the radial force and the recoil force may be sufficiently strong to trap atoms
in all directions. For more details see [9.50–9.52].
Example 9.7.
In the focal plane of a Gaussian laser beam with PL = 200 mW focused
down to a beam waist of w = 10 μm (I0 = 1.2 ×109 W/m2 ), the radial
2
2
intensity gradient is ∂I/∂r = 2r/w2 I0 e−2r /w , which gives for r = w :
(∂I/∂r)r=w = 2I0 /w · e2 . With the number above one obtains:(∂I/∂r)r=w =
2.4 ×1013 W/m3 and the radial dipole force acting on a Na atom is for
Δω = −|γ | = −2π · 107 s−1 , S = 0, and r = w
FD = +aΔω

4r
I0r̂ 0 = 1.5 ×10−16 N ,
w2

The axial intensity gradient is for a focusing lens with f = 5 cm and
a beam diameter ∂I/∂z = 4.5 ×105 W/m3 . This gives an axial dipole force
of FD (z) = 3 ×10−24 N, while the recoil force is about
Frecoil = 3.4 ×10−20 N .
In the axial direction the recoil force is many orders of magnitude larger
than the axial dipole force. The potential minimum with respect to the radial dipole force is E pot  −5 ×10−7 eV. In order to trap atoms in this
minimum their radial kinetic energy must be smaller than 5 ×10−7 eV,
which corresponds to the “temperature” T  5 ×10−3 K.

Fig. 9.19. Longitudinal and transverse forces on
an atom in the focus of a Gaussian beam
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Example 9.8.
Assume a standing laser wave with λ = 600 nm, an average intensity
I = 10 W/cm2 , and a detuning of Δω = γ = 60 MHz. The maximum force
acting on an atom because of the intensity gradient ∇ I = 6 ×1011 W/m3
between maxima and nodes of the field becomes, according to (9.27), with
a saturation parameter S = 10: FD = 10−17 N. The trapping energy is then
ˆ = 0.15 K.
1.5 ×10−5 eV≈T
Example 9.8 demonstrates that the negative potential energy in the potential minima (the nodes of the standing wave for Δω > 0) is very small. The
atoms must be cooled to temperatures below 1 K before they can be trapped.
Another method of trapping cooled atoms is based on the net recoil force
in a three-dimensional light trap, which can be realized in the overlap region
of six laser beams propagating into the six directions ±x, ±y, ±z.
b) Magneto-Optical Trap

A very elegant experimental realization for cooling and trapping of atoms is
the magneto-optical trap (MOT), which is based on a combination of optical molasses and an inhomogeneous magnetic quadrupole field (Fig. 9.21). Its
principle can be understood as follows:
In a magnetic field the atomic energy levels E i experience Zeeman shifts
ΔE i = −μi · B = −μB · g F · m F · B ,

(9.29)

which depend on the Lande g-factor g F , Bohr’s magneton μB , the quantum
number m F of the projection of the total angular momentum F onto the field
direction, and on the magnetic field B.

Fig. 9.20a,b. Magnetic field of the MOT: (a) magnetic field lines; (b) equipotential lines
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In the MOT the inhomogeneous field is produced by two equal electric
currents flowing into opposite directions through two coils with radius R and
distance D = R (anti-Helmholtz arrangement) (Fig. 9.20). If we choose the
z-direction as the symmetry axis through the center of the coils, the magnetic
field around z = 0 in the middle of the arrangement can be described by the
linear dependence
B = bz .

(9.30)

where the constant b depends on the current through the coil and the size of
the anti-Helmholtz coils. The Zeeman splittings of the transition from F = 0
to F = 1 are shown in Fig. 9.21b. Atoms in the center of this MOT are exposed to the six red-tuned laserbeams of the optical molasses (Fig. 9.21e). Let
us at first only consider the two beams in the ±z-direction, where the laserbeam in +z-direction is σ + polarized. Then the reflected beam in the −z
direction is σ − polarized. For an atom at z = 0 where the magnetic field is
zero, the absorption rates are equal for both laser beams, which means that
the average momentum transferred to the atom is zero. For an atom at z > 0,
however, the σ − -beam is preferentially absorbed because here the frequency

Fig. 9.21a–e. Magneto-optical trap. (a) Optical molasses inside the center of an inhomogeneous magnetic field; (b) preparation of one of the three laser beams; (c) level
scheme illustrating the principle of the MOT; (d) potential of the MOT; (e) schematic
experimental setup
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difference ωL − ω0 is smaller than for the σ + -beam. This means that the atom
experiences a net momentum transfer into the −z-direction, back to the center.
In a similar way an atom at z < 0 shows a preferential absorption of σ + light and gets a net momentum in the +z-direction. This shows that the atoms
in the MOT are compressed toward the trap center.
We will now discuss this spatially dependent restoring force more quantitatively.
From the above discussion the net force
F(z) = Rσ + (z)kσ + + Rσ − (z)kσ − ,

(9.31)

is determined by the difference of the absorption rates Rσ + , Rσ − (note that
the wave vectors are antiparallel). For a Lorentzian absorption profile with
halfwidth γ , the absorption rates become
Rσ ± =

R0
.
ωL − ω0 ± μbz/
1+
γ/2


(9.32)

Around z = 0 (μbz  γ ) this expression can be expanded as a power series
of μbz/γ .
Taking only the linear term into account yields with δ = ωL − ω0 :
Fz = −D · z ,

with

D = R0 μ · b

γ2

16k · δ

(

1 + (2δ/γ)2

)2 .

(9.33)

We therefore obtain a restoring force that increases linearly increasing with z.
The potential around the center of the MOT can be then described (because
of Fz = −∂V/∂z) as the harmonic potential
V(z) =

1 2
Dz .
2

(9.34)

The atoms oscillate like harmonic oscillators around z = 0 and are spatially
stabilized.
Note: There is a second force
Fμ = −μ · grad B ,
which acts on atoms with a magnetic moment in an inhomogeneous magnetic
field.
Inserting the numbers for sodium atoms, it turns out that this force is negligibly small compared to the recoil force at laser powers in the milliwatt range.
At very low temperatures, however, this force is essential to trap the atoms
after the laser beams have been shut off (see Sect. 9.1.9)
In the discussion above we have neglected the velocity-dependent force in the
optical molasses (Sect. 9.1.5).

472

9. New Developments in Laser Spectroscopy

The total force acting on an atom in the MOT
Fz = −Dz − av ,
results in a damped oscillation around the center with an oscillation frequency
"
(9.35)
Ω0 = D/m ,
and a damping constant
β = a/m .
So far we have only considered the movement in the z-direction. The antiHelmholtz coils produce a magnetic quadrupole field with three components.
From Maxwell’s equation div B = 0 and the condition ∂Bx /∂x = ∂B y /∂y,
which follows from the rotational symmetry of the arrangement, we obtain the
relations
∂B y
1 ∂Bz
∂Bx
=
=−
.
∂x
∂y
2 ∂z
The restoring forces in the x- and y-directions are therefore half of the forces
in z-directions. The trapped thermal cloud of atoms fills an ellipsoidal volume.
Instead of using counter-propagating laser beams with σ + and σ − polarization, one can also cool the atoms if the two beams have the same
polarization but slightly different frequencies ω+ = ω0 + Δω and ω− = ω0 −
Δω, which guarantees that the atoms moving out of the trap are pushed
back. These frequencies can be produced as the two sidebands generated by
acousto-optic modulation of the incident laser beam tuned to the center frequency ω0 of the atomic transition.
Example 9.9.
With a magnetic field gradient of 0.04 T/m a sodium atom at z = 0 in
a light trap with two counterpropagating σ + -polarized laser beams L + , L −
in the ±z-direction with I+ = 0.8Isat , ω+ = ω0 − γ/2 and I− = 0.15Isat ,
ω− = ω0 + γ/10, the negative acceleration of a Na atom moving away from
z = 0 reaches a value of a = −3 ×104 m/s2 (=
ˆ 3 ×103 g!), driving the atom
back to z = 0.
Generally, the MOT is filled by slowing down atoms in an atomic beam (see
Sect. 9.1.3). Spin-polarized cold atoms can also be produced by optical pumping in a normal vapor cell and trapped in a magneto-optic trap. This was
demonstrated by Wieman and coworkers [9.54b], who captured and cooled
107 Cs atoms in a low-pressure vapor cell by six orthogonal intersecting laser
beams. A weak magnetic field gradient regulates the light pressure in conjunction with the detuned laser frequency to produce a damped harmonic motion
of the atoms around the potential minimum. This arrangement is far sim-
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pler than an atomic beam. Effective kinetic temperatures of 1 μK have been
achieved for Cs atoms. For more details on MOT and their experimental realizations see [9.6, 9.7] and [9.56].
9.1.8 Optical Cooling Limits
The lowest achievable temperatures of the trapped atoms can be estimated as
follows: because of the recoil effect during the absorption and emission of
photons, each atom performs a statistical movement comparable to the Brownian motion. If the laser frequency ωL is tuned to the resonance frequency ω0
of the atomic transition, the net damping force becomes zero. Although the
time average v of the atomic velocity approaches zero, the mean value of
v2  increases, analogous to the random-walk problem [9.58, 9.59]. The optical cooling for ω − ω0 < 0 must compensate this “statistical heating” caused
by the statistical photon scattering. If the velocity of the atoms has decreased
to v < γ/k, the detuning ω − ω0 of the laser frequency must be smaller than
the homogeneous linewidth of the atomic transition γ in order to stay in resonance. This yields a lower limit of Δω < kB Tmin , or with Δω = γ/2
Tmin = TD = γ/2kB = /(2τ · kB ) (Doppler limit) ,

(9.36)

if the recoil energy E r = ω2 (2Mc2 )−1 is smaller than the uncertainty γ of
the homogeneous linewidth.
Example 9.10.
(a) For Mg+ ions with τ = 2 ns → γ/2π = 80 MHz (9.36) yields TD =
2 mK.
(b) For Na atoms with γ/2π = 10 MHz → TD = 240 μK.
(c) For Rb atoms with γ/2π = 5.6 MHz ⇒ TD = 140 μK.
(d) For Cs atoms with γ/2π = 5.0 MHz ⇒ TD = 125 μK.
(e) For Ca atoms cooled on the narrow intercombination line at λ = 657 nm
with γ/2π = 20 kHz the Doppler limit TD = 480 nK is calculated from
(9.36).
Meanwhile, experiments have shown that, in fact, temperatures lower than this
calculated Doppler limit can be reached [9.60–9.62]. How is this possible?
The experimental results can be explained by the following model of polarization gradient cooling [9.61–9.63]. If two orthogonally polarized light
waves travel anticollinearly in ±z-directions through the atoms of the optical
molasses in a magnetic field, the total field amplitude acting on the atoms is
E(z, t) = E1 êx cos(ωt − kz) + E 2 ê y cos(ωt + kz) .

(9.37)

This field shows a z-dependent elliptical polarization: for z = 0 it has linear polarization along the direction ê1 = (êx + ê y ) (assuming E 1 = E 2 ), for
z = λ/8 it has elliptical σ − polarization, for z = λ/4 again linear polar-
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Fig. 9.22a–c. Schematic diagram of polarization gradient (Sisyphus) cooling: (a) two
counterpropagating linearly polarized waves with orthogonal polarization create a standing wave with z-dependent polarization. (b) Atomic level scheme and Clebsch–Gordan
coefficients for a Jg = 1/2 ↔ Je = 3/2 transition. (c) Atomic Sisyphus effect in the lin
⊥ lin configuration [9.61]

ization along ê2 = (eˆx − ê y ), for z = 3λ/8 elliptical σ + polarization, etc.
(Fig. 9.22a).
For an atom at rest with the level scheme of Fig. 9.22b, the energies and
the populations of the two ground-state sublevels g−1/2 , g+1/2 depend on the
location z. For example, for z = λ/8 the atom rests in a σ − light field and is
therefore optically pumped into the g−1/2 level, giving the stationary population probabilities |(g−1/2 )|2 = 1 and |(g+1/2 )|2 = 0, while for z = (3/8)λ the
atom is pumped by σ + light into the g+1/2 -level.
The electric field E(z, t) of the standing light wave causes a shift and
broadening of the atomic Zeeman levels (ac Stark shift) that depends on the
saturation parameter, which in turn depends on the transition probability, the
polarization of E, and the frequency detuning ωL − ω0 . It differs for the different Zeeman transitions. Since the σ − transition starting from g−1/2 is three
times as intense as that from g+1/2 (Fig. 9.22b), the light shift Δ− of g−1/2
is three times the shift Δ+ of g+1/2 . If the atom is moved to z = (3/8)λ, the
situation is reversed, since now pumping occurs on a σ + transition.
The z-dependent energy shift of the ground-state sublevel therefore follows
the curve of Fig. 9.22c. For those z values where a linearly polarized light
field is present, the transition probabilities and light shifts are equal for the
two sublevels.
The cooling now proceeds as follows: the important point is that the optical pumping between the sublevels takes a certain time τp , depending on the
absorption probability and the spontaneous lifetime of the upper level. Suppose the atom starts at z = λ/8 and moves to the right with such a velocity
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that it travels a distance of λ/4 during the time τp . Then it always climbs up
−
(g−1/2 ). When the optical pumping takes place at t = 3λ/8
the potential E pot
(which is the maximum transition probability for σ + -light!), it is transferred
+
(g+1/2 ) of the g+1/2 potential and can again climb up
to the minimum E pot
the potential. During the optical pumping cycle it absorbs less photon energy
than it emits, and the energy difference must be supplied by its kinetic energy. This means that its velocity decreases. The process is reminiscent of the
Greek myth of Sisyphus, the king of Corinth, who was punished by the gods
to roll a heavy rock uphill. Just before he reached the top, the rock slipped
from his grasp and he had to begin again. Sisyphus was condemned to repeat this exhausting task for eternity. Therefore polarization gradient cooling
is also called Sisyphus cooling [9.64].
Because the population density (indicated by the magnitude of the dots
in Fig. 9.22c) is larger in the minimum than in the maxima of the potentials
E pot (z), on the average the atom climbs uphill more than downhill. It transfers
part of its kinetic energy to photon energy and is therefore cooled.
Depending on the polarization of the two counterpropagating laser beams
the lin⊥lin configuration can be used with two orthogonal linear polarizations
or the σ + –σ − configuration with a circularly polarized σ + wave, superimposed by the reflected σ − wave. With Sisyphus cooling temperatures as low
as 5−10 μK can be achieved.
The lower limit for the achieved temperature is given by the recoil
energy that each atom acquires when it emits or absorbs a photon. This recoil limit is reached when the thermal energy kT equals the recoil energy
p2 /2M = 2 k2 /2M
kB Trecoil = 2 k2 /2M = h 2 /(λ2 · 2M),

(9.38)

where M is the mass of the atom and k the momentum of the photon.
Example 9.11.
For Na atoms m = 23 AMU, λ = 589 nm → Trecoil = 1.1 μK. This is 220
times lower than the Doppler limit.
The recoil limit can be overcome by a recently discovered cooling scheme
called Raman cooling (Fig. 9.23). Here a stimulated Raman scattering process
is used, which traverses from level 1 via a virtual level down to level 3. If
the levels 1 and 3 are hyperfine components of the electronic groundstate,
the energy difference between 1 and 3 is very small compared to hν. Since
the energies of the exciting photon and Raman photon are nearly equal, the
absorption and emission recoils cancel each other out because both photons
travel in the same direction. Since the Stokes photon has a slightly smaller
momentum than the incident photon, this small difference results in a cooling of the translational energy of the atom. Because no fluorescence photon is
emitted, the statistically varying recoil present for Sysiphos cooling is missing
here, so the cooling limit can be pushed further down.
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Fig. 9.23. Level scheme for Raman cooling

Review articles about laser cooling can be found in [9.65–9.67].
9.1.9 Bose–Einstein Condensation
At sufficiently low temperatures where the de Broglie wavelength
λDB =

h
,
m ·v

(9.39)

becomes larger than the mean distance d = n −1/3 between the atoms in the
cold gas with density n, a phase transition takes place for bosonic particles
with integer total spin. More and more particles occupy the lowest possible
energy state in the trap potential and are then indistinguishable, which means
that all these atoms in the same energy state are described by the same wave
function (note that for bosons the Pauli exclusion principle does not apply).
Such a situation of a macroscopic state occupied by many indistinguishable
particles is called a Bose–Einstein condensate (BEC, Nobel prize in physics
2001 for E. Cornell, W. Ketterle, and C. Wiemann).
More detailed calculations show that BEC is reached if
n · λ3DB > 2.612 .

(9.40)

With v2 = 3kB T/m we obtain the de Broglie wavelength
h
,
λDB = √
3m K B T
and the condition (9.41) for the critical density becomes
n > 13.57(m · kB T)3/2 /h 3 .

(9.41)
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The minimum density for BEC depends on the atomic mass and on the temperature and decreases with T 3/2 [9.6, 9.68].
Example 9.12.
For Na atoms at a temperature of 10 μK the critical density would be
n = 6 ×1014 /cm3 , which is at present not achievable. For experimentally
realized densities of 1012 cm−3 the atoms have to be cooled below 100 nK
in order to reach BEC.
For rubidium atoms BEC was observed at T = 170 nK and a density of
3 ×1012 cm−3 .
9.1.10 Evaporative Cooling
The temperatures reached with the optical cooling methods discussed so far
are not sufficiently low to obtain Bose–Einstein condensation. Here the very
old and well-known technique of evaporation cooling leads to the desired
goal. The principle of this method is as follows [9.69]:

Fig. 9.24. Schematic experimental setup for optical cooling in the MOT; atom transport
is achieved in the magnetic trap by switching off laser beam 1
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The optically cooled atoms are transferred from the MOT to a purely magnetic trap (Fig. 9.24), where the restoring force
F = μgrad B ,
keeps the cold atoms in a cloud around the minimum of the potential energy
W = −μ · B at the center of the magnetic trap. The total energy of the atoms
is W = Wpot + Wkin . The atoms with the highest kinetic energy occupy the
highest energy levels of the trap. Now the particles with the highest energy
are removed from the trap, thus perturbing the equilibrium velocity distribution. This is achieved by a radio-frequency field that induces spin flips and
thus reverses the sign of the force, changing it from a restoring to a repellent force. This is shown in Fig. 9.25b in a potential diagram. If the remaining
atoms suffer sufficient mutual collisions, a new equilibrium state is reached

Fig. 9.25a–f. Evaporative cooling of a cold atom cloud in a magnetic field. (a) Optical
molasses; (b) trap potential; (c) magnetic field B(z); (d) Boltzmann distribution before
evaporative cooling; (e) HF transitions; (f) N(v) after evaporation cooling

9.1 Optical Cooling and Trapping of Atoms

479

Fig. 9.26. Radial density profile for cooled atoms in a magnetic trap above and below the
critical phase transition temperature Tc

with a lower temperature. Again, the upper part of the Maxwellian velocity
distribution is thrown out of the trap. Lowering the radio frequency continuously always results in a loss of the atoms with the highest kinetic energy,
which reach the largest distance from the trap center and therefore have the
largest Zeeman splittings.
The cooling process must be slow enough to maintain thermal equilibrium,
but should be sufficiently fast in order not to lose particles from the trap by
collision-induced spin flips.
The phase transition to BEC manifests itself by the sudden increase of the
atomic density (Fig. 9.26), which can be monitored by measuring the absorption of an expanded probe laser beam (Fig. 9.27).
The BEC can be kept only for a limited time. There are several loss mechanisms that result in a decay of the trapped particle density. These are spin-flip

Fig. 9.27. (a) Measurement of spatial extension and radial density profile of the cold
atomic cloud through the absorption of an enlarged weak laser beam. (b) Radial density
profiles above and below the critical phase transition temperature Tc
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collisions, three-body recombination where molecules are formed, collisions
with excited atoms where the excitation energy may be converted into kinetic
energy, and collisions with rest gas atoms or molecules. The background pressure therefore has to be as low as possible (typical pressures are 10−10 to
10−11 mbar)
The scattering length a of the atoms in the BEC determines the elastic
cross section σel = 8πa2 . The value of a is positive for a repulsive mean potential of the condensate. For negative scattering lengths the condensate will
finally collapse.
It is interesting to note that the value of the scattering length a for atoms A
can be obtained from laser spectroscopy by measuring the energy and the vibrational wave function of the last bound vibrational level in the ground-state
potential of the molecule A2 [9.70].
9.1.11 BEC of Molecules
Recently the Bose–Einstein condensation of diatomic molecules has even
been reported [9.71]. At first sight this appears astonishing, because molecules
do not represent two-level systems and therefore cannot be optically cooled
like atoms. One must therefore look for other cooling schemes. We will discuss some of them here.
A promising way to produce cold molecules is the photoassociation of
cold atoms in a Bose–Einstein condensate, which was discussed in Sect. 5.5.6.
Here cold molecules in stable higher vibrational levels of the electronic
ground state can be produced with very low translational energy.
Another method is based on the sympathetic cooling of molecules in a cold
atomic gas which does not react with the molecules but cools their translational energy down to the atomic temperature.
A very elegant method that was finally successfully used to generate
molecular BECs uses the difference in the potential energy of atoms with electron spin and molecules in a magnetic field [9.71]. In Fig. 9.28, the energy of
a collision pair Cs + Cs with parallel electron spins and that of the molecule
Cs2 is plotted as a function of the magnetic field strength B. The field dependence E(B) is stronger for the collision pair with the atoms in hyperfine
levels with the quantum numbers F = 3; MF = 3; L = 0 and the magnetic moment μ = 1.5μB than for the molecule in the 4g hyperfine level with F = 4
and μ = 0.93μB . At a critical field strength Bc the two lines cross each other.
This means that a molecular level exists which has the same energy as the collision pair (Feshbach resonance; see the inset in Fig. 9.28). On the left side of
the Feshbach resonance, the molecular state has a lower energy and thus stable molecules can be formed. If the magnetic field is slowly (adiabatically)
scanned from higher field strengths across the Feshbach resonance to lower
values, stable molecules can be produced. This is monitored by the corresponding decrease in the atomic density in the BEC. When the field strength is
again increased to higher values above Bc , the atomic density increases again,
which means that the molecules dissociate.
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Fig. 9.28. Potential energy of the collision pair Cs(F = 3, MF = 3) + Cs(F = 3, MF = 3)
and the molecule Cs2 as a function of an external magnetic field [9.73]

Since the dimer Cs2 has an integer total spin, it is a boson and can form
a Bose–Einstein condensate [9.72]. Spectroscopy of these dimers, which represent huge molecules with an internuclear separation of about 100 nm (!)
gives information on the energy of the last bound molecular levels directly
below the dissociation energy. Often such levels are only stabilized by the
centrifugal barrier for states with rotational quantum numbers J > 0. The
binding energies of these states allow more detailed analysis of the different
contributions to the long-range forces of weakly bound systems [9.73].
Feshbach-like resonances in a molecular cesium BEC indicate that even
molecular dimers (Cs2 )2 can be formed from the atomic dimers Cs2 when the
magnetic field is tuned over molecular resonances [9.74a].
9.1.12 Applications of Cooled Atoms and Molecules
Optical cooling and deflection of atoms open new areas of atomic and molecular physics. Collisions at very small relative velocities, where the deBroglie
wavelength λDB = h/(mv) is large, can now be studied. They give information
about the long-range part of the interaction potential, where new phenomena
arise, such as retardation effects and magnetic interactions from electron or
nuclear spins [9.74b,c]. One example is the study of collisions between Na
atoms in their 3 2 S1/2 ground state. The interaction energy depends on the relative orientation of the two electron spins S = 12 . The atoms with parallel spins
form a Na2 molecule in a 3 Σu state, while atoms with antiparallel spins form
a Na2 (1 Σ+
g ) molecule. At large internuclear distances (r > 1.5 nm) the energy
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differences between the 3 Σu and 1 Σg potentials become comparable to the hyperfine splitting of the Na(3 2 S1/2 ) atoms [9.75]. The interaction between the
nuclear spins and the electron spins leads to a mixing of the 3 Σu and 1 Σu
states, which corresponds in the atomic model of colliding atoms to spin-flip
collisions (Fig. 9.29).
Collisions between cold atoms in a trap can be studied experimentally
by measuring the loss rate of trapped atoms under various trap conditions
(temperature, magnetic-field gradients, light intensity, etc.). It turns out that
the density of excited atoms cannot be neglected compared with the density
of ground-state atoms, and the interaction between excited- and ground-state
atoms plays an essential role. For collisions at very low temperatures the absorption and emission of photons during the collisions is important, because
the collision time τc = Rc /v becomes very long at low relative atomic velocities v. The two dominant energy-transfer processes are collision-induced
fine-structure transitions in the excited state and radiative redistribution, where
a photon is absorbed by an atom at the position r 1 in the trap potential V(r)
and another photon with a slightly different energy is reemitted after the atom
has moved to another position r 2 .
Another application is the deflection of atoms by photon recoil. For sufficiently good beam collimation, the deflection from single photons can be
detected. The distribution of the transverse-velocity components contains information about the statistics of photon absorption [9.76]. Such experiments
have successfully demonstrated the antibunching characteristics of photon ab-

Fig. 9.29a,b. Interaction between two Na atoms at large internuclear distances R for different spin orientations: (a) without hyperfine structure and (b) including the nuclear spins
I = (3/2) , which gives three dissociation limits
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sorption [9.77]. The photon statistic is directly manifest in the momentum
distribution of the deflected atoms [9.78]. Optical collimation by radial recoil can considerably decrease the divergence of atomic beams and thus the
beam intensity. This allows experiments in crossed beams that could not be
performed before because of a lack of intensity.
A very interesting application of cold trapped atoms is their use for an optical frequency standard [9.79]. They offer two major advantages: reduction of
the Doppler effect and prolonged interaction times on the order of 1 s or more.
Optical frequency standards may be realized either by atoms in optical traps
or by atomic fountains [9.80].
For the realization of an atomic fountain, cold atoms are released in the
vertical direction out of an atomic trap. They are decelerated by the gravitational field and return back after having passed the culmination point with
vz = 0.
Example 9.13.
Assume the atoms start with v0z = 5 m/s. Their upward flight time is then
t = v0z /g = 0.5 s, their path length is z = v0 t − gt 2 /2 = 1.25 m, and their
total flight time is 1 s. Their transit time through a laser beam with the
diameter d = 1 cm close to the culmination point is Ttr = 90 ms, and the
maximum transverse velocity is v ≤ 0.45 m/s. The transit-time broadening
is then less than 10 Hz.
There are many possible applications of cold trapped molecules.
One example is the spectroscopy of highly forbidden transitions, which becomes possible because of the long interaction time. Another aspect is a closer
look at the chemistry of cold trapped molecules, where the reaction rates and
the molecular dynamics are dominated by tunneling and a manipulation of
molecular trajectories seems possible. Experiments on testing time-reversal
symmetry via a search for a possible electric dipole moment of the proton or the electron [9.81] are more sensitive when cold molecules are used
[9.82, 9.83].

9.2 Spectroscopy of Single Ions
During recent years it has become possible to perform detailed spectroscopic
investigations of single ions that are stored in electromagnetic (EM) traps
and cooled by special laser arrangements. This allows tests of fundamental
problems of quantum mechanics and electrodynamics and, furthermore, opens
possibilities for precise frequency standards.
9.2.1 Trapping of Ions
Since ions show stronger interactions with EM fields than neutral atoms,
which experience only a weak force because of their polarizability, they
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Fig. 9.30. Paul trap: field lines and extension of the ion cloud for two opposite phases of
the electric RF field

can be stored more effectively in EM traps. Therefore trapping of ions was
achieved long before neutral particles were trapped [9.84, 9.85]. Two different techniques have been developed to store ions within a small volume: in
the radio frequency (RF) quadrupole trap [9.85, 9.86, 9.111] the ions are confined within a hyperbolic electric dc field superimposed by a RF field, while
in the Penning trap [9.89] a dc magnetic field with a superimposed electric
field of hyperbolic geometry is used to trap the ions.
The EM quadrupole trap (the Paul trap, which won the Nobel prize for
Wolfgang Paul in 1989) is formed by a ring electrode with a hyperbolic surface and a ring radius of r0 as one pole, and two hyperbolic caps as the
second pole (Fig. 9.30). The whole system has cylindrical symmetry around
the z-axis. The distance 2z 0 between
√ the two pole caps (which are at equal
potential) is adjusted to be 2z 0 = r0 2.
With the voltage U between the caps and the ring electrode, the electric
potential φ(r, z) is for points within the trap, [9.86]
φ=

U 2
(r − 2z 2 ) ,
2r02

with r 2 = x 2 + y2 .

(9.42)

The applied voltage U = U0 + V0 cos(ωRF t) is a superposition of the dc voltage U0 and the RF voltage V0 cos(ωRF t). In Fig. 9.30 the electric field lines
and the extension of the trapped ion cloud are shown for two opposite phases
of the voltage U. The equation of motion
m r̈ = −q · grad φ ,

(9.43)
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for an ion with charge q inside the trap can be derived from (9.42). One obtains
⎛ ⎞
⎛
⎞
x
x
2
2
ω
d ⎝ ⎠
y + RF (a + b cos ωRF t) ⎝ y ⎠ = 0 .
(9.44)
dt 2
4
z
−2z
The two parameters
a=

4qU0
,
mr02 ω2RF

b=

4qV0
,
mr02 ω2RF

(9.45)

are determined by the dc voltage U0 , the RF amplitude V0 , and the angular
frequency ωRF of the RF voltage, respectively. Because of the cylindrical symmetry, the same equation holds for the x- and y-components, while for the
movement in z-direction −2z appears in (9.44) because r02 = 2z 20 .
The equation of motion (9.44) is known as Mathieu’s differential equation.
It has stable solutions only for certain values of the parameters a and b [9.90].
Charged particles that enter the trap from outside cannot be trapped. Therefore, the ions have to be produced inside the trap. This is generally achieved
by electron-impact ionization of neutral atoms.
The stable solutions of (9.44) can be described as a superposition of
two components: A periodic “micromovement” of the ions with the RF ωRF
around a “guiding center” that itself performs slower harmonic oscillations
with the frequency Ω in the x–y-plane and with the frequency ωz = 2Ω in
the z-direction (secular motion) [9.86]. The x- and z-components of the ion
motion are
x(t) = x0 [1 + (b/4) cos(ωRF t)] cos Ωt ,
"
z(t) = z 0 [1 + 2(ωz /ωRF ) cos(ωRF t)] cos(2Ωt) .

(9.46a)
(9.46b)

The Fourier analysis of x(t) and z(t) yields the frequency spectrum of the ion
movement, which contains the fundamental frequency ωRF and its harmonics nωRF , as well as the sidebands at nωRF ± mΩ.
Unlike the rf fields of the Paul trap, the Penning trap uses only dc fields:
a dc electric field between a ring electrode and the pole caps (Fig. 9.31a)
and a dc magnetic field in the z-direction. Two different designs are shown
in Fig. 9.31a and b. The ionic motion is complex. It consists of three components. There is cyclotron resonance motion in circles around a point that
moves with the motion of the magnetron in a circle around the magnetic
field lines (Fig. 9.31c). Superimposed on this is an axial oscillation in the zdirection. The superposition of all three components leads to the ion path
depicted in Fig. 9.31d.
The RF quadrupole trap and the Penning trap can be used not only to
trap ions but also to perform very precise measurements of their masses
[9.88]. Unlike other mass spectrometers, the signal is not obtained from massselected particles impinging on the detector, but from an induction voltage
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Fig. 9.31a–d. Penning trap. (a) Electric field lines, magnetic field and forces on an ion;
(b) experimental realization; (c) simplified path of an ion in the Penning trap; (d) real
path of an ion [G. Werth, Mainz]
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picked up by external electrodes from the ion motion. Fourier analysis of this
signal gives the frequencies of the three components. Since the cyclotron resonance frequency
ωc = q · B/m
depends on the mass of the ion, the measured frequency ωc yields the ion
mass m directly if the magnetic field B is known.
The trapped ions can be monitored either by laser-induced fluorescence
[9.91, 9.92] or by the RF voltage that is induced in an outer RF circuit by
the motion of the ions [9.86]. The LIF detection is very sensitive for a true
two-level system, where the fluorescence photon rate R of a single ion with a
spontaneous upper-level lifetime τk may reach R = (2τk )−1 [s−1 ] (Sect. 9.1.4).
Even for a three-level system, this can be achieved if a second laser is used
that refills the ground-state level, depleted by optical pumping (Fig. 9.5). For
τk = 10−8 s, this implies that for sufficiently large laser intensities a single
ion emits up to 5 ×107 fluorescence photons per second, which allows the
detection of a single stored ion [9.94, 9.95].
9.2.2 Optical Sideband Cooling
Assume that an ion in the Paul trap (absorption frequency ω0 for v = 0)
performing a harmonic motion in the x-direction with the velocity vx =
v0 cos ωv t, is irradiated by a monochromatic wave propagating in the xdirection. In the frame of the oscillating ion, the laser frequency is modulated at the oscillation frequency due to the oscillating Doppler shift. If the
linewidth γ of the absorbing transition is smaller than ωv , the absorption
spectrum of the oscillating ion consists of discrete lines at the frequencies
ωm = ω0 ± mωv . The relative line intensities are given by the mth-order Bessel
function Jm (v0 ω0 /cωm ) [9.96, 9.97], which depend on the velocity amplitude v0 of the ion (Fig. 9.32).
If the laser is tuned to the frequency ωL = ω0 − mωv of a lower sideband,
the atom can only absorb during that phase of the oscillation when the atom
moves toward the laser wave (k · v < 0). If its spontaneous lifetime is large
compared to the oscillation period T = 2π/ωv , the fluorescence is uniformly
averaged over all phases of the oscillation and its frequency distribution is
symmetric to ω0 . On the average, the atom therefore loses more energy by
emission than it gains by absorption. This energy difference is taken from its
kinetic energy, resulting in an average decrease of its oscillation energy by
m ωv per absorption–emission cycle. As depicted in Fig. 9.32, the absorption
spectrum narrows down to an interval around ω0 . This has the unwanted effect that the efficiency of sideband cooling at ωL = ω0 − mωv decreases with
decreasing oscillation energy.
In a quantum-mechanical model, the ion confined to the trap can be
described by a nearly harmonic oscillator with vibrational energy levels determined by the trap potential. Optical cooling corresponds to a compression
of the population probability into the lowest levels.
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Fig. 9.32. Sideband spectrum of an oscillating ion as a function of the oscillating amplitude

Optical sideband cooling is quite analogous to the Doppler cooling by photon recoil discussed in Sect. 9.1. The only difference is that the confinement
of the ion within the trap leads to discrete energy levels of the oscillating ion,
whereas the translational energy of a free atom corresponds to a continuous
absorption spectrum within the Doppler width.
Optical sideband cooling was demonstrated for Mg+ ions in a Penning
trap [9.96, 9.97] and for Ba+ ions in an RF quadrupole trap [9.98]. The
Mg+ ions were cooled below 0.5 K on the 3s2 S1/2 − 3 p2 P3/2 transition by
a frequency-doubled dye laser at λ = 560.2 nm. The vibrational amplitude of
the oscillating ions decreased to a few microns. With decreasing temperature
the ions are therefore confined to a smaller and smaller volume around the
trap center.
The cooling can be monitored with a weak probe laser that is tuned over
the absorption profile. Its intensity must be sufficiently small to avoid heating
of the ions for frequencies ωprobe > ω0 .
Recently, single Ba+ ions could be trapped in a Paul trap, cooled down
to the milliKelvin range, and observed with a microscope by their LIF. Since
Ba+ represents a three-level system (Fig. 9.33), two lasers have to be used
that are tuned to the transitions 6 p2 S1/2 → 6 p2 P1/2 (pump transition for
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Fig. 9.33. (a) The Ba+ ion as a three-level system. The second laser at λ = 649.7 nm
pumps the 5d 2 D3/2 atoms back into the 6p 2 P1/2 level. (b) Experimental arrangement
for trapping and cooling of Ba+ ions in a Paul trap [9.92]

cooling) and 5d 2 D3/2 → 6 p2 P1/2 (repumping to avoid optical pumping into the 5d 2 D3/2 level).
Any change in the number N of trapped ions (from a change in electron
impact ionization, or from collisions with residual gas molecules, which may
throw an ion out of the trap) appears as a step in the LIF signal (Fig. 9.34).
Imaging of the spatial distribution of the LIF source by a microscope
in combination with an image intensifier (Sect. 4.5) allows the measurement
of the average spatial probability of a single ion as a function of its “temperature” [9.92]. The spectrum of single ions in a trap has recently been
observed [9.93].

Fig. 9.34. Steps in the fluorescence intensity of a few trapped ions when the
number of ions changes by 1. When the
red repumping laser is switched off, the
ions are transferred by optical pumping
into the metastable 5D3/2 level and the
pump laser-induced fluorescence vanishes [9.94]
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9.2.3 Direct Observations of Quantum Jumps
In quantum mechanics the probability P1 (t) of finding an atomic system at the
time t in the quantum state |1 is described by time-dependent wave functions.
If one wants to find out whether a system is with certainty [P1 (t) = 1] in
a well-defined quantum state |1 one has to perform a measurement that, however, changes this state of the system. Many controversial opinions have been
published on whether it is possible to perform experiments with a single atom
in such a way that its initial state and a possible transition to a well-defined
final state can be unambiguously determined.
Laser-spectroscopic experiments with single ions confined in a trap have
proved that such information can be obtained. The original idea was proposed by Dehmelt [9.99] and has since been realized by several groups
[9.100–9.102]. It is based on the coupling of an intense allowed transition
with a weak dipole-forbidden transition via a common level. For the example of the Ba+ ion (Fig. 9.35) the metastable 52 D5/2 level with a spontaneous
lifetime of τ = (32 ± 5) s can serve as a “shelf state.” Assume that the Ba+
ion is cooled by the pump laser at λ = 493.4 nm and the population leaking by
fluorescence into the 52 D3/2 level is pumped back into the 62 P1/2 level by the
second laser at λ = 649.7 nm. If the pump transition is saturated, the fluorescence rate is about 108 photons per second with the lifetime τ(62 P1/2 ) = 8 ns.
If the metastable 52 D5/2 level is populated (this can be reached, for example,
by exciting the 62 P3/2 level with a weak laser at λ = 455 nm, which decays
by fluorescence into the 52 D5/2 level, or even without any further laser by
a nonresonant Raman transition induced by the cooling laser), the ion is, on
the average, for τ(52 D5/2 ) = 32 s not in its ground state 62 S1/2 and therefore
cannot absorb the pump radiation at λ = 493 nm. The fluorescence rate becomes zero but jumps to its value of 108 photons/s as soon as the 52 D5/2 level
returns by emission of a photon at λ = 1.762 μm back into the 62 S1/2 level.
The allowed transition 62 S1/2 − 62 P1/2 serves as an amplifying detector for
a single quantum jump on the dipole-forbidden transition 52 D5/2 → 62 S1/2
[9.101]. In Fig. 9.36 the statistically occurring quantum jumps can be seen
by the in-and-out phases of the fluorescence. The effective lifetime of the
52 D5/2 level can be shortened by irradiating the Ba+ ion with a third laser at
λ = 614.2 nm, which induces the transitions 52 D5/2 → 62 P3/2 where the upper
level decays into the 62 S1/2 ground state.

Fig. 9.35. More detailed level scheme of
Ba+ including the fine-structure splitting.
The “dark level” 5 2 D5/2 can be populated by off-resonance Raman transitions
6 2 S1/2 → 6 2 P3/2 → 5 2 P5/2 induced by
the cooling laser
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Fig. 9.36. Experimental demonstration of quantum jumps of a single ion [9.101]

Fig. 9.37. Distribution P(m) of m quantum jumps per second measured over a period of
150 s (black bars) and 600 s (open bars). The curves are fits of Poisson distributions with
two adapted parameters [9.101]

Similar observations of quantum jumps have been made for Hg+ ions confined in a Penning trap [9.102].
Of fundamental interest are measurements of the photon statistics in
a three-level system, which can be performed by observing the statistics of
quantum jumps. While the durations Δti of the “on-phases” or the “offphases” show an exponential distribution, the probability P(m) of m quantum
jumps per second exhibits a Poisson distribution (Fig. 9.37). In a two-level
system the situation is different. Here, a second fluorescence photon can be
emitted after a first emission only, when the upper state has been reexcited
by absorption of a photon. The distribution P(ΔT ) of the time intervals ΔT
between successive emission of fluorescence photons shows a sub-Poisson
distribution that tends to zero for ΔT → 0 (photon antibunching), because at
least half of a Rabi period has to pass after the emission of a photon before
a second photon can be emitted [9.103].

9.2.4 Formation of Wigner Crystals in Ion Traps
If several ions are trapped in an ion trap and are cooled by optical sideband cooling, a “phase transition” may occur at the temperature Tc where the
ions arrange into a stable, spatially symmetric configuration like in a crystal
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Fig. 9.38. (a) Fluorescence intensity as a function of laser frequency detuning. (b) Hysteresis curve around the phase transition from the ion cloud to the ordered Wigner
crystal [9.104]

[9.104–9.107]. The distances between the ions in this Wigner crystal are about
103 −104 times larger than those in an ordinary ion crystal such as NaCl.
Wigner crystals of electrons, where the electrons are located at certain regular
positions in an external field, were first proposed by E. Wigner in 1934.
This phase transition from the statistically distributed ions in a “gaseous”
cloud to an ordered Wigner crystal can be monitored by the change in the
fluorescence intensity. This is observed as a function of the detuning Δω of
the cooling laser. With decreasing red detuning the temperature of the ions is
lowered until the phase transition occurs at the critical temperature Tc . The
distribution IFl (Δω) has a completely different shape for the ordered state of
the Wigner crystal than for the disordered ion cloud (Fig. 9.38a). For very
small detunings the cooling rate becomes smaller then the heating rate and
the crystal “melts” again.
When the detuning Δω of the cooling laser or its intensity is changed, one
observes a typical hysteresis (Fig. 9.38b). At about 160-μW laser power and
a fixed detuning of −120 MHz the fluorescence intensity increases by a factor
of 4, indicating a phase transition to the ordered Wigner crystal. With further
increases of the laser power, the system suddenly jumps back at PL  400 μW
into the disordered state. Similar hysteresis curves can be found when the amplitude b of the trap’s RF voltage is changed [9.107]. Using a microscope in
combination with a sensitive image intensifier the location of the ions can be
made visible on a screen (Fig. 9.39) and the transition from the disordered
state of the ion cloud to the ordered Wigner crystal can be directly observed
[9.104, 9.106].
Similar to the situation for a coupled pendulum, normal vibrations can be
excited in a Wigner crystal. For example, the two-ion crystal has two nor-
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Fig. 9.39. Photograph of a Wigner crystal of
seven trapped ions, taken with a microscope and
an image intensifier. The distance between the
ions is about 20 μm [9.105]

mal vibrations where the two ions oscillate in the ion trap potential either
in phase or with opposite phases. For the in-phase oscillations, the Coulomb
repulsion between the ions does not influence the oscillation frequency because the distance between the ions does not change. The restoring force is
solely due to the trap potential. One obtains two degenerate oscillations in
the x- and y-directions with the frequencies Ωx = Ω y , (9.46a), and an oscillation in the z-direction with Ωz = Ωx . For the oscillation with opposite
phases the vibrational frequency is additionally determined
√ by the Coulomb
=
3Ω1x = Ω2y and
repulsion.
One
obtains
for
the
three
components
Ω
2x
√
Ω2z = 3Ω1z [9.108].
These vibrational modes can be excited if an additional ac voltage with
the proper frequency is applied to the trap electrodes. The excitation leads to
heating of the Wigner crystal, which causes a decrease in the laser-induced
fluorescence. By choosing the proper intensity and the detuning Δω of the
cooling laser, this heating can be kept stable. Such measurements allow the
study of many-particle effects with samples of a selected small number of
ions. They may give very useful information on solid-state problems [9.109].
Since the ions in a Wigner crystal form a regular lattice, Bragg reflection
of incident radiation can be observed. In contrast to solid crystals where the
distance between neighboring atoms is a few Angstroms and Bragg reflection
is only possible with X-rays, here the distances are of the order of the wavelength of visible light, and Bragg diffraction and reflection with visible laser
light can even be observed for Wigner crystals that only consist of a small
number of ions. Long-range order has been observed in spherical ion clouds
consisting of up to 5 ×104 ions, while bulk behavior was found for a larger
number 2.7 ×105 ions [9.110].
9.2.5 Laser Spectroscopy of Ions in Storage Rings
In recent years, increasing efforts have been made to apply laser-spectroscopic
techniques to high-energy ions in storage rings (Fig. 9.40) [9.111]. Laser cooling of these ions has become an effective alternative to electron cooling or
stochastic cooling [9.112]. Unlike optical cooling of neutral atom beams,
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Fig. 9.40. Experimental setup for laser spectroscopy in the ion test storage ring TSR in
Heidelberg [9.115]

where the atoms can be stopped completely, in this case the velocity distribution of the ions around the mean velocity vm is compressed. The “cooled”
ions then all move with the same velocity vm (see Sect. 4.2). Laser cooling
can reduce the transitional temperature of the relative velocities from 300 K
down to below 5 K. Beam cooling in storage rings not only results in a much
better beam quality, but may also lead to a condensation of ion beams resulting in one-dimensional Wigner crystals [9.113a]. Possible candidates for such
cooling experiments are metastable Li+ ions, where the cooling transition
1s2s3 S1 → 1s2 p3 P1 with λ = 548.5 nm lies conveniently within the tuning
range of cw dye lasers. At 100-keV kinetic energy excited Li+ ions in the
2 p3 P1 level with a spontaneous lifetime of τ = 43 ns travel about 8 cm. This
allows 100 absorption–emission cycles per ion round-trip over the interaction
length of 8 m between laser beam and ion beam.
In spite of large efforts, one-dimensional Wigner crystals in high-energy
storage rings have not yet been realized. However, phase transitions and ordered structures of laser-cooled Mg+ ions stored in a small RF quadrupole
storage ring with a diameter of 115 mm have been observed recently [9.113b].
Cooling of the ions results in a linear or a helical structure of ions aligned
along the center line of the quadrupole field.
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There are, however, other interesting experiments that were successful. For instance, in the electron cooler ions and atoms move with nearly
equal velocities and form an unusual kind of a plasma. Here laser spectroscopy may help to better understand the physics of highly ionized plasmas
[9.114].
An interesting aspect is the spontaneous radiative recombination of electrons and ions, which can be enhanced by irradiation with resonant laser
light. This has been demonstrated in the test storage ring in Heidelberg
[9.115]. A proton beam of E k = 21 MeV is superimposed by a cold electron beam. If a pulsed, tunable dye laser beam propagates antiparallel to the
ion beam through a linear section of the storage ring, the laser wavelength
of 450.5 nm is Doppler shifted into resonance with the downward transition
H+ + e− → H(2s) from the ionization limit to the 2s state. The enhancement
factor G, which represents the ratio of induced-to-spontaneous recombinations, depends on the laser wavelength and reaches values of G  50 for the
resonance wavelength λ = 450.5 nm.
Further experiments of fundamental interest are precision measurements
of transition frequencies of very fast moving ions, allowing tests of special
relativity.

9.3 Optical Ramsey Fringes
In the previous sections we discussed how the interaction time of atoms or
ions with laser fields can be greatly increased by cooling and trapping. Optical cooling cannot be applied to molecules, which do not represent two-level
systems. Here another technique has been developed that increases the interaction time of atoms or molecules with EM fields by increasing the spatial
interaction zone and thus decreasing the transit-time broadening of absorption
lines (Sect. 3.4).
9.3.1 Basic Considerations
The problem of transit-time broadening was recognized many years ago in
electric or magnetic resonance spectroscopy in molecular beams [9.116]. In
these Rabi experiments [9.117], the natural linewidth of the radio frequency
or microwave transitions is extremely small because the spontaneous transition probability is, according to (2.22), proportional to ω3 . The spectral widths
of the microwave or RF lines are therefore determined mainly by the transit
time ΔT = d/v of molecules with the mean velocity v through the interaction
zone in the C field (Fig. 5.10a) with length d.
A considerable reduction of the time-of-flight broadening could be achieved
by the realization of Ramsey’s ingenious idea of separated fields [9.118].
The molecules in the beam pass two phase-coherent fields that are spatially separated by the distance L  d, which is large compared with the
extension d of each field (Fig. 9.41). The interaction of the molecules with
the first field creates a dipole moment of each molecular oscillator with
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Fig. 9.41. Rabi molecular beam apparatus with Ramsey’s separated fields

a phase that is dependent on the interaction time τ = d/v and the detuning
Ω = ω0 − ω of the radiofrequency ω from the center frequency ω0 of the
molecular transition (Sect. 2.8). After passing the first interaction zone, the
molecular dipole precesses in the field-free region at its eigenfrequency ω0 .
When it enters the second field, it therefore has accumulated the phase angle
Δϕ = ω0 T = ω0 L/v. During the same time T the field phase has changed
by ωT . The relative phase between the dipole and the field has therefore
changed by (ω0 − ω)T during the flight time T through the field-free region.
The interaction between the dipole and the second field with the amplitude E 2 = E 0 cos ωt depends on their relative phases. The observed signal is
related to the power absorbed by the molecular dipoles in the second field
and is therefore proportional to E 22 cos[(ω − ω0 )T ]. When we assume that all
N molecules passing the field per second have the same velocity v, we obtain
the signal
S(ω) = aNE 22 cos[(ω0 − ω)L/v] ,

(9.47)

where the constant a depends on the geometry of the beam and the field.
Measured as a function of the field frequency ω, this signal exhibits an
oscillatory pattern called Ramsey fringes (Fig. 9.42). The full halfwidth of the
central fringe, which is δω = π(v/L), decreases with increasing separation L
between the fields.
This interference phenomenon is quite similar to the well-known Young’s
interference experiment (Sect. 2.8.2), where two slits are illuminated by co-

Fig. 9.42. Signal power absorbed by
the molecules in the second field as
a function of detuning Ω = ω − ω0
(Ramsey fringes) for a narrow velocity distribution N(v)
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herent light and the superposition of light from both slits is observed as
a function of the optical path difference Δs. The number of maxima observed
in the two-slit interference pattern depends on the coherence length c of the
incident light and on the slit separation. The fringes can be seen if Δs ≤ c .
A similar situation is observed for the Ramsey fringes. Since the velocities
of the molecules in the molecular beam are not equal but follow a Maxwellian
distribution, the phase differences (ω0 − ω)L/v show a corresponding distribution. The interference pattern is obtained by integrating the contributions to
the signal from all molecules N(v) with the velocity v

(9.48)
S = C N(v)E 2 cos[(ω0 − ω)L/v] dv .
Similar to Young’s interference with partially coherent light, the velocity distribution will smear out the interference pattern for the higher-order fringes,
that is, large (ω0 − ω), but will essentially leave the central fringe narrow
for small (ω0 − ω). With a halfwidth Δv of the velocity distribution N(v),
this restricts the maximum field separation to about L ≤ v2 /(ω0 Δv), since for
larger L the higher interference orders for fast molecules overlap with the
first order of slow molecules. Using supersonic beams with a narrow velocity
distribution (Sect. 4.1), larger separations L are allowed. In general, however,
only the zeroth order of the Ramsey interference is utilized in high-resolution
spectroscopy and the “velocity averaging” of the higher orders has the advantage that it avoids the overlap of different orders for two closely spaced
molecular lines.
The extension of Ramsey’s idea to the optical region seems quite obvious
if the RF fields in Fig. 9.41 are replaced by two phase-coherent laser fields.
However, the transfer from the RF region, where the wavelength λ is larger
than the field extension d, to the optical range where λ  d, causes some
difficulties [9.119]. Molecules with slightly inclined path directions traverse
the standing optical fields at different phases (Fig. 9.43). Consider molecules
starting from a point x = 0, z = 0 at the beginning of the first field. Only

Fig. 9.43a,b. Molecules starting from the same point with different values of vx (a) or
from different points x1 , x2 in the first zone (b) experience different phase differences in
the second field
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those molecules with flight directions within a narrow angular cone δθ ≤ λ/2d
around the z-axis experience phases at the end of the first field differing by
less than π. These molecules, however, traverse the second field at a distance L downstream within the extension Δx = Lδθ ≤ Lλ/2d, where the
phase ϕ of the optical field has a spatial variation up to Δϕ ≤ Lπ/d. If the
method of separated fields is to increase the spectral resolution, L has to be
large compared to d, which implies that Δϕ  π. Although these molecules
have experienced nearly the same phase in the first field, they do not generate observable Ramsey fringes when interacting with the second field because
their interaction phases are all different, and the total signal is obtained by
summing over all molecules present at the time t in the second field. This
implies averaging over their different phases, which means that the Ramsey
fringes are washed out. The same is true for molecules starting from different
points (x1 , z = 0) in the first interaction zone that arrive at the same point (x2 ,
z = L) in the second zone (Fig. 9.43b). The phases of these molecules may
differ by Δϕ  π, and for all molecules starting at different x1 the phases are
randomly distributed and therefore no macroscopic polarization is observed at
(x2 , L).
Note: The requirement δθ < λ/2d for molecules that experience nearly the
same phase in the first zone is equivalent to the condition that the residual
Doppler width δωD of the absorption profile for a laser transverse to the beam
axis does not exceed the transit-time broadening δωt = πv/d. This can be
seen immediately from the relations vx = vz δθ and δωD = ωvx /c = ωδθvz /c =
δθvz 2π/λ. For
δθ < λ/2d

⇒

δωD < πvz /d = δωt .

(9.49)

The phase difference Δϕ(vx ) of a molecular dipole starting from the point
(x1 , 0) in the first zone can be plotted as a function of the transverse velocity vx , as indicated in Fig. 9.44. Although Δϕ(vx , z 1 = d) shows a flat
distribution at the end of the first laser beam, it exhibits a modulation with the
period Δvx = λ/2T = λvz /2L in the second zone. However, this modulation

Fig. 9.44a,b. Relative phase Δϕ(vx ) between the oscillating dipole molecule and the EM
field: (a) at the end of the first zone z = d; (b) in the second zone at z = L  d
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cannot be detected because it is washed out by integrating over all contributions from molecules with different starting points x1 arriving at the point
(x2 , L) with different transverse velocities vx .
Fortunately, several methods have been developed that overcome these difficulties and that allow ultranarrow Ramsey resonances to be obtained. One of
these methods is based on Doppler-free two-photon spectroscopy, while another technique uses saturation spectroscopy but introduces a third interaction
zone at the distance z = 2L downstream from the first zone to recover the
Ramsey fringes [9.120–9.122]. We briefly discuss both methods.

9.3.2 Two-Photon Ramsey Resonance
In Sect. 2.4 we saw that the first-order Doppler effect can be exactly canceled
for a two-photon transition if the two photons ω1 = ω2 have opposite wave
vectors, i.e., k1 = −k2 . A combination of Doppler-free two-photon absorption and the Ramsey method therefore avoids the phase dependence ϕ(vx ) on
the transverse velocity component. In the first interaction zone the molecular dipoles are excited with the transition amplitude a1 and precess with their
eigenfrequency ω12 = (E 2 − E 1 )/. If the two photons come from oppositely
traveling waves with frequency ω, the detuning
Ω = ω + kvx + ω − kvx − ω12 = 2ω − ω12 ,

(9.50)

of the molecular eigenfrequency ω12 from 2ω is independent of vx . The phase
factor cos(ΩT ), which appears after the transit time T = L/vz at the entrance
of the molecular dipoles into the second field, can be composed as cos(ϕ2− +
ϕ2+ − ϕ1− − ϕ1+ ), where each ϕ comes from one of the four fields (two oppositely traveling waves in each zone). If we denote the two-photon transition
amplitudes in the first and second field zone by c1 and c2 , respectively, we
obtain the total transition probability as
P12 = |c1 |2 + |c2 |2 + 2|c1 ||c2 | cos ΩT .

(9.51)

The first two terms describe the conventional two-photon transitions in the
first and second zones, while the third term represents the interference leading
to the Ramsey resonance. Due to the longitudinal thermal velocity distribution f(vz ), only the central maximum of the Ramsey resonance is observed
with a theoretical halfwidth (for negligible natural width) of
ΔΩ = (2/3)π/T = 2πv/3L
1
, with T = L/v .
⇒ Δν =
3T
The higher interference orders are washed out.

(9.52)
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Example 9.14.
With a field separation of L = 2.5 mm and a mean velocity v = 270 m/s
at 400 K, we obtain a halfwidth (FWHM) of Δν = 1/3T = 36 kHz for the
central Ramsey fringe if the other contributions to the linewidth are negligible.
The experimental arrangement is depicted in Fig. 9.45. Rubidium atoms are
collimated in an atomic beam that traverses the two laser beams. The two
counterpropagating waves in both fields are generated from a single laser
beam by reflection from the resonator mirrors M1, M2, M3. The radiative
lifetimes of the excited atomic levels must be longer than the transit time
T = L/v. Otherwise, the phase information obtained in the first zone would be
lost at the second zone. Therefore the method is applied to long-living states,
such as Rydberg states or vibrational levels of the electronic ground state. The
excited Rydberg atoms are detected by field ionization. The Helmholtz coils
allow the investigation of Zeeman splittings of Rydberg transitions.
The achievable spectral resolution is demonstrated by Fig. 9.46, which
shows a two-photon Ramsey resonance for a hyperfine component of the
two-photon Rydberg transition 32 2 S ← 5 2 S of rubidium atoms 86 Rb [9.123,
9.124], measured with the arrangment of Fig. 9.45. The length of the Ramsey resonator must always be kept in resonance with the laser frequency.
This is achieved by piezo-tuning elements and a feedback control system
(Sect. 5.4.5). The halfwidth of the central Ramsey maximum was measured
as Δν = 37 kHz for a field separation of 2.5 mm and comes close to the theoretical limit. With L = 4.5 mm an even narrower signal with Δν = 18 kHz
could be achieved, whereas the two-photon resonance width in a single zone

Fig. 9.45. Experimental arrangement for the observation of two-photon Ramsey fringes
[9.124]
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Fig. 9.46. Two-photon optical Ramsey resonance of the transition 32 2 S ← 5 2 S, F = 3
in 86 Rb for a field separation of L = 2.5 mm
[9.124]

with a beam waist of ω0 = 150 μm was limited by transit-time broadening to
about 600 kHz [9.124].
The quantitative description of the two-photon Ramsey resonance [9.125]
starts from the transition amplitude per second
ci f (t) =

Di f I
( e−iΔωt − 1) ,
42 Δω

(9.53)

for a two-photon transition |i → | f  at the detuning Δω = 2ω − (ωik + ωk f )
= 2ω − ωi f and the laser intensity I. The two-photon transition dipole element
is
 Ri kRk f
,
(9.54)
Di f =
ω − ωki
k

where Rik , Rkf are the one-photon matrix elements (2.67).
After a molecule has passed the first interaction zone with the transit time
τ = d/v, the amplitude for the transition |i → | f  is
ci f (1) · τ =

Di f I1 τ −iΔωτ
− 1) .
(e
42 Δω

(9.55)

After the transit time T = L/v through the field-free region and a passage
through the second interaction zone, the transition amplitude becomes
ci f (2) = ci f (1) +

Di f I2 τ −iΔω(T +τ)
− e−iΔωT ) ,
(e
42 Δω

(9.56)

which yields the transition probability
2
2
Pi(2)
f (2) = |ci f (1)| + |ci f (2)| + 2ci f (1)ci f (2) cos ΔωT ,

=

|Di f |2 τ 2 2
[I1 + I22 + 2I1 I2 cos(ΔωT )] ,
2

(9.57)

which is identical to (9.51). The signal is proportional to the power S(Ω) absorbed in the second zone (Fig. 9.47).
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Fig. 9.47. Illustration of twophoton resonance [9.124]

When the upper level | f  has the spontaneous lifetime τ f = 1/γ f , part of
the excited molecules decay before they reach the second zone, and the transition amplitude becomes
ci f (2) = ci f (1)( e−γ f T + e−iΔωT ) ,

(9.58)

which yields with I1 = I2 = I the smaller signal
S(Δω) ∝ P (2) (2) =


|Di f |2 I 2 τ 2 
−2γ f T
−γ f T
1
+
e
+
2
e
cos
ΔωT
. (9.59)
2

9.3.3 Nonlinear Ramsey Fringes Using Three Separated Fields
Another solution to restore the Ramsey fringes, which are generally washed
out in the second field, is based on the introduction of a third field at the distance 2L downstream from the first field. The idea of this arrangement was
first pointed out by Chebotayev and coworkers [9.120]. The basic idea may be
understood as follows: In Sect. 2.2 it was discussed in detail that the nonlinear absorption of a molecule in a monochromatic standing wave field leads to
the formation of a narrow Lamb dip at the center ω0 of a Doppler-broadened
absorption line (Fig. 2.7). The Lamb-dip formation may be regarded as a twostep process: the depletion of a small subgroup of molecules with velocity
components vx = 0 ± Δvx by the pump wave (hole burning), and the successive probing of this depletion by a second wave. In the standing light wave
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Fig. 9.48. (a) Straight path of a molecule through three separated fields at z = 0, z = L,
and z = 2L. (b) Modulation of the population density N(vx ) after the interaction with the
second field [9.120]

of the second zone, the nonlinear saturation depends on the relative phase between the molecular dipoles and the field. This phase is determined by the
starting point (x1 , z = 0) in the first zone and by the transverse velocity component vx . Figure 9.48a depicts the collision-free straight path of a molecule
with transverse velocity component vx , starting from a point (x1 , z = 0) in
the first zone, traversing the second field at x2 = x1 + vx T = x1 + vx L/vz , and
arriving at the third field at x3 = x1 + 2vx T . The relative phase between the
molecule and the field at the entrance (L, x2 ) into the second field is
Δϕ = ϕ1 (x1 ) + Δω · T − ϕ2 (x2 ) ,

with Δω = ω12 − ω .

The macroscopic polarization at (L, x2 ), which equals the vector sum of all
induced atomic dipoles, averages to zero because molecules with different velocity components vx arrive at x2 from different points (0, x1 ). Note, however,
that the population depletion ΔNa in the second field depends on the relative phase Δϕ and therefore on vx . If the phases ϕ(x1 ) and ϕ(x2 ) of the
two fields are made equal for x1 = x2 , the phase difference ϕ(x1 ) − ϕ(x2 ) =
ϕ(x1 − x2 ) = ϕ(vx T ) between the two fields at the intersection points depends
only on vx and not on x1 . After the nonlinear interaction with the second
field the number n(vx ) of molecular dipoles shows a characteristic modulation
(Fig. 9.48b). This modulation cannot be detected in the second field because
it appears in vx but not in x. For the interaction of all molecules with the
probe wave at z = z 2 , which has a spatially varying phase ϕ(x2 ), this modulation is completely washed out. That is, however, not true in the third field.
Since the intersection points x1 , x2 , and x3 are related to each other by the
transverse velocity vx , the modulation N(vx ) in the second beam results in
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a nonvanishing macroscopic polarization in the third beam, given by
⎧
⎫
 +τ
⎨ x0 2T
⎬
P(Δω) = 2 Re E 3
[P 0 (z, t) cos(kx + ϕ3 ) eiωt ] dx dt .
⎩
⎭

(9.60)

x=0 t=2T

The detailed calculation, using third-order perturbation theory [9.120, 9.126],
demonstrates that the power absorbed in the third field zone leads to the signal
S(Δω) =

ω
|G 1 G 22 G 3 |τ 2 cos2 (ΔωT ) cos(2ϕ2 − ϕ1 − ϕ3 ) ,
2

(9.61)

where G n = iD21 E n / (n = 1, 2, 3) and ϕ1 , ϕ2 , ϕ3 are the spatial phases of
the three fields
E n (x, z, t) = 2E n (z) cos(kn + ϕn ) cos ωt .

(9.62)

Adjusting the phases ϕn properly, such that 2ϕ2 = ϕ1 + ϕ3 , allows optimization of the signal in the third zone. A detailed calculation of nonlinear Ramsey
resonances, based on the density matrix formalism, has been performed by
Bordé [9.127].
The capability of this combination of saturation spectroscopy with optical Ramsey fringes has been demonstrated by Bergquist et al. [9.128] for
the example of the neon transition 1s5 → 2 p2 at λ = 588.2 nm (Fig. 9.49).

Fig. 9.49a–d. Lamb dip of nonlinear Ramsey resonance for the neon transition 1s5 → 2 p2
at λ = 588.2 nm, measured in a fast beam of metastable neon atoms: (a) reduced Doppler
profile in the collimated beam with the Lamb dip obtained with three laser beams; (b)–
(d) expanded section of the Lamb dip for three different beam geometries: the atom
interacts only with two standing waves (b), three equally spaced interaction zones (c),
and four zones (d) [9.128]
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A linewidth of 4.3 MHz for the Lamb dip has been achieved with the distance
L = 0.5 cm between the interaction zones. This corresponds to the natural
linewidth of the neon transition.
With four interaction zones the contrast of the Ramsey resonances can still
be increased [9.129]. This was also demonstrated by Bordé and coworkers
[9.130], who used four traveling waves instead of three standing waves, which
crossed a supersonic molecular beam of SF6 perpendicularly. The Ramsey signal for vibration–rotation transitions in SF6 around λ = 10 μm was monitored
with improved contrast by an optothermal detector (Sect. 1.3.3).
For transitions with small natural linewidths the Ramsey resonances can
be extremely narrow. For instance, the nonlinear Ramsey technique applied to
the resolution of rotational–vibrational transitions in CH4 in a methane cell
at 2-mbar pressure yielded a resonance width of 35 kHz for the separation
L = 7 mm of the laser beams. With the distance L = 3.5 cm the resonance
width decreased to 2.5 kHz, and the Ramsey resonances of the well-resolved
hyperfine components of the CH4 transition at λ = 3.39 μm could be measured [9.126].
It is also possible to observe the Ramsey resonances at z = 2L without the
third laser beam. If two standing waves at z = 0 and z = L resonantly interact with the molecules, we have a situation similar to that for photon echoes.
The molecules that are coherently excited during the transit time τ through
the first field suffer a phase jump at t = T in the second zone, because of
their nonlinear interaction with the second laser beam, which reverses the time
development of the phases of the oscillating dipoles. At t = 2T the dipoles
are again in phase and emit coherent radiation with increased intensity for
ω = ωi k (photon echo) [9.121, 9.126].
9.3.4 Observation of Recoil Doublets
and Suppression of One Recoil Component
The increased spectral resolution obtained with the Ramsey technique because of the increased interaction time allows the direct observation of recoil
doublets in atomic or molecular transitions (Sect. 9.1.1). An example is the
Ramsey spectroscopy of the intercombination line 1 S0 − 3 P1 in calcium at
λ = 657 nm [9.131], where a linewidth of 3 kHz was obtained for the central
Ramsey maximum and the recoil doublet with a separartion of 23 kHz could
be clearly resolved (Fig. 9.50).
Although transit-time broadening is greatly reduced by the Ramsey technique, the quadratic Doppler effect is still present and may prevent the
complete resolution of the recoil components. This may cause asymmetric line
profiles where the central frequency cannot be determined with the desired
accuracy. As was shown by Helmcke et al. [9.132, 9.133], one of the recoil
components can be eliminated if the upper level 3 P1 of the Ca transition is
depopulated by optical pumping with a second laser. In Fig. 9.51 the relevant level scheme, the experimental setup, and the measured central Ramsey
maximum of the remaining recoil component are shown.
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Fig. 9.50a,b. Ramsey resonances of the
calcium intercombination line at λ =
657 nm, measured in a collimated Ca
atomic beam: (a) Doppler profile with
a reduced Doppler width and a central Lamb dip, if only one interaction
zone is used; (b) expanded section of
the Lamb dip with the two recoil components observed with three interaction
zones with separations L = 3.5 cm and
L = 1.7 cm. The dashed curves show
results with partial suppression of one
recoil component [9.131]

Fig. 9.51a–c. Suppression of one recoil component by optical pumping with a second
laser: (a) experimental setup; (b) level scheme; and (c) Ramsey resonance of the remaining recoil component [9.132]
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9.4 Atom Interferometry
Atomic particles moving with the momentum p can be characterized by their
de Broglie wavelength λ = h/ p. If beams of such particles can be split into
coherent partial beams, which are recombined after traveling different path
lengths, matter-wave interferometry becomes possible. This has been demonstrated extensively for electrons and neutrons, and recently also for neutral
atoms [9.134, 9.135].
9.4.1 Mach–Zehnder Atom Interferometer
A beam of neutral atoms may be split into coherent partial beams by diffraction from two slits [9.136] or from microfabricated gratings [9.137], but also
by photon recoil in laser beams. While the two former methods are analogous to the optical phenomena (Young’s two-slit experiment) although with
a much smaller wavelength λ, the latter technique has no counterpart in optical interferometers. Therefore, we will briefly discuss this method, which
uses a four-zone Ramsey excitation as an atomic interferometer. It was proposed by Bordé [9.138], and experimentally realized by several groups. The
explanation, which follows that of Helmcke and coworkers [9.139], is as follows: atoms in a collimated beam pass through the four interaction zones of
the Ramsey arrangement, exhibited in Figs. 9.51 and 9.52. Atoms in state |a
that absorb a laser photon in the interaction zone 1 are excited into state |b
and suffer a recoil momentum k, which deflects them from their straight
path. If these excited atoms undergo an induced emission in the second zone,
they return to the state |a and fly parallel to the atoms that have not absorbed a photon in both zones 1 and 2. In Fig. 9.52 the atoms in the different
zones are characterized by their internal state, |a or |b, and the integer m of
their transverse momentum m k. The figure illustrates that in the fourth zone
there are two pairs of exit ports where the two components of each pair pass
through the same location and can therefore interfere. The phase difference of
the corresponding matter waves depends on the path difference and on the internal state of the atoms. The excited atoms in state |b arriving at the fourth
zone can be detected through their fluorescence. These atoms differ in the two
interference ports by their transverse momentum ±k, and their transition frequencies are therefore split by recoil splitting (Sect. 4.1.1). The signals in the
exit ports in zone 4 depend critically on the difference Ω = ωL − ω0 between
the laser frequency ωL and the atomic resonance frequency ω0 . The two trapezoidal areas in Fig. 9.52, which are each enclosed by the two interfering paths,
may be regarded as two separate Mach–Zehnder interferometers (Sect. 4.2) for
the two recoil components.
Matter-wave interferometry has found wide applications for testing basic
laws of physics. One advantage of interferometry with massive particles, for
instance, is the possibility of studying gravitational effects. Compared to the
neutron interferometer, atomic interferometry can provide atomic fluxes that
are many orders of magnitude higher than thermalized neutron fluxes from
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Fig. 9.52. Optical Ramsey scheme of an atomic beam passing through four traveling laser
fields, interpreted as matter-wave interferometer. Solid lines represent the high-frequency
recoil components, dotted lines the low-frequency components (only those traces leading
to Ramsey resonances in the fourth zone are drawn) [9.139]

reactors. Furthermore, the detection sensitivity by laser-induced fluorescence
is much higher than for neutrons. The sensitivity is therefore higher and the
costs are much lower.
One example of an application is the measurement of the gravitational acceleration g on earth with an accuracy of 3 ×10−8 g with a light-pulse atomic

Fig. 9.53. (a) Paths of the atom in a Mach–Zehnder-type atomic interferometer; (b) momentum transfer by stimulated Raman transitions applied to rubidium atoms in an atomic
fountain where the atoms move parallel to the laser beams [9.140]; (c) level scheme for
Raman transitions
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interferometer [9.140]. Laser-cooled wave packets of sodium atoms in an
atomic fountain (Sect. 9.1.8) are irradiated by a sequence of three light pulses
with properly chosen intensities. The first pulse is chosen as π/2-pulse, which
creates a superposition of two atomic states |1 and |2 and results in a splitting of the atomic fountain beam at position 1 in Fig. 9.53 into two beams
because of photon recoil. The second pulse is a π-pulse, which deflects the
two partial beams into opposite directions; the third pulse finally is again
a π/2-pulse, which recombines the two partial beams and causes the wave
packets to interfere. This interference can, for example, be detected by the
fluorescence of atoms in the upper state |2.
For momentum transfer stimulated Raman transitions between the two
hyperfine levels |1 and |2 of the Na(3 2 S1/2 ) state are used, which are induced by two laser pulses with light frequencies ω1 and ω2 (ω1 − ω2 = ωHFS )
traveling into opposite directions (Fig. 9.53b). Each transition transfers the
momentum Δ p  2k. The gravitational field causes a deceleration of the upwards moving atoms in the fountain. This changes their velocity, which can be
detected as a Doppler shift of the Raman transitions. Because the Raman resonance ω1 − ω2 = ωHFS has an extremely narrow width (Sect. 9.6), even small
Doppler shifts can be accurately measured.
9.4.2 Atom Laser
Atoms in a Bose–Einstein condensate are coherent because they are all described by the same wavefunction. If these atoms are released out of the trap
(for instance, by a radio-frequency field (Fig. 9.54), or by switching off the
magnetic field, which forms the trap potential) the atoms fall under the influence of gravity down as a parallel beam in the −z-direction, where all atoms
are in the same coherent state. Since this is in analogy to the coherent beam of
photons in a laser, this coherent beam of atoms is called an “atom laser.” The
first realization was a pulsed atom laser, where part of the BEC atoms were re-

Fig. 9.54. Generation of an atom laser
by extracting atoms out of a BEC
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leased by an RF pulse [9.141]. In addition, quasi-continuous atom lasers have
also been realized [9.142]. Using a weak radio frequency field as output coupler with a small coupling strength, atoms could be continuously extracted
from the BEC over a period of up to 100 ms. The duration was limited by
the finite number of atoms in the BEC. There have been attempts to continuously load the BEC and continuously extract the atoms, which would give a
true cw atom laser.
The divergence of this atom laser beam is very small and the brightness of
such a very cold atomic beam source is larger by several orders of magnitude
than that achievable with Zeeman slower (see Sect. 9.1.4). The brightness of
the atom laser beam, defined as the integrated flux of atoms per source area
divided by the velocity spread ΔvxΔvyΔvz is about 2 ×1024 atoms (s2 m−5 )
[9.143].
Very well collimated atomic beams with such a high brightness can be
used for the investigation of scattering, chemical reactions at very low relative
velocities and for surface scattering experiments.

9.5 The One-Atom Maser
In Sect. 9.3 we discussed techniques to store and observe single ions in traps.
We will now present some recently performed experiments that allow investigations of single atoms and their interaction with weak radiation fields
in a microwave resonator [9.144]. The results of these experiments provide
crucial tests of basic problems in quantum mechanics and quantum electrodynamics (often labeled “cavity QED”). Most of these experiments were
performed with alkali atoms. The experimental setup is shown in Figs. 9.55
and 9.56.
Alkali atoms in a velocity-selected collimated beam are excited into
Rydberg levels with large principal quantum numbers n either by stepwise excitation with two diode lasers, or by a single frequency-doubled dye laser. The
spontaneous lifetime τ(n) increases with n 3 and is, for sufficiently large val-

Fig. 9.55. Schematic experimental setup for the “one-atom maser” with resonance cavity
and state-selective detection of the Rydberg atoms [9.144]
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ues of n, longer than the transit time of the atoms from the excitation point
to the detection point. When the excited atoms pass through a microwave
resonator that is tuned into resonance with a Rydberg transition frequency
ν = (E n − E n−1 )/h, a fluorescence photon emitted by a Rydberg atom during
its passage through the resonator may excite a cavity mode [9.145].
If the cavity resonator is cooled down to temperatures of a few Kelvin,
the cavity walls become superconducting and its losses decrease drastically.
Cavity Q-values of larger than 5 ×1010 can be achieved, which corresponds
to a decay time of an excited mode of TR > 1 s at a resonance frequency of
ν = 21 GHz. This decay time is much longer than the transit time of the atom
through the cavity. If the density of atoms in the beam is decreased, one can
reach the condition that only a single atom is present in the cavity resonator
during the transit time T = d/c  100 μs. This allows investigations of the interaction of a single atom with the EM field in the cavity (Fig. 9.57). The
resonance frequency of the cavity can be tuned continuously within certain
limits by mechanical deformation of the cavity walls [9.146].
Because of its large transition dipole moment Dn,n−1 ∝ n 2 (!) the atom
that emitted a fluorescence photon exciting the cavity mode may again absorb
a photon from the EM field of the cavity and return to its initial state |n. This
can be detected when the Rydberg atom passes behind the cavity through two
static electric fields (Fig. 9.55). The field strength in the first field is adjusted
to field-ionize Rydberg atoms in level |n but not in |n − 1, while the second,
slightly stronger field also ionizes atoms in level |n − 1. This allows one to
decide in which of the two levels the Rydberg atoms have left the microwave
resonator.

Fig. 9.56. Experimental setup for experiments with the one-atom maser with three excitation lasers, cavity resonance microwave generation and a state-selective detection system
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Fig. 9.57. (a) Level diagram of the maser transition in rubidium. The transition frequencies are given in MHz. (b) Measured (points) and calculated (solid curve) Rabi
oscillations of an atom in the cavity field at T = 0 K and at T = 3 K, damped by the statistical influence of the thermal radiation field. The experimental points were measured
with a velocity selector that allowed transit times of 30−140 μs [9.147, 9.149]

It turns out that the spontaneous lifetime τn of the Rydberg levels is shortened if the cavity is tuned into resonance with the frequency ω0 of the atomic
transition |n → |n − 1. It is prolonged if no cavity mode matches ω0 [9.147].
This effect, which had been predicted by quantum electrodynamics, can intuitively be understood as follows: in the resonant case, that part of the thermal
radiation field that is in the resonant cavity mode can contribute to stimulated emission in the transition |n → |n − 1, resulting in a shortening of the
lifetime (Sect. 6.3). For the detuned cavity the fluorescence photon does not
“fit” into the resonator. The boundary conditions impede the emission of the
photon. If the rate dN/ dt of atoms in the level |n behind the resonator is
measured as a function of the cavity resonance frequency ω, a minimum rate
is measured for the resonance case ω = ω0 (Fig. 9.57).
Without a thermal radiation field in the resonantly tuned cavity, the populations N(n, T ) and N(n − 1, T ) of the Rydberg levels should be a periodic
function of the transit time T = d/v, with a period TR that corresponds to
the Rabi oscillation period. The incoherent thermal radiation field causes induced emission and absorption with statistically distributed phases. This leads
to a damping of the Rabi oscillation (Fig. 9.57b). This effect can be proved
experimentally if the atoms pass a velocity selector before they enter the resonator, which allows a continuous variation of the velocity and therefore of
the transit time T = d/v. In Fig. 9.58 the schematic drawing of the experimental setup with microwave resonator, atom source and detector is shown.
The one-atom maser can be used to investigate the statistical properties
of nonclassical light [9.148, 9.149]. If the cavity resonator is cooled down
to T ≤ 0.5 K, the number of thermal photons becomes very small and can be
neglected. The number of photons induced by the atomic fluorescence can be
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Fig. 9.58. Schematic drawing of
the cooled cavity with atom
source and field ionization detector

Fig. 9.59. Photon number distributions for various trapping states (nq) for two different
numbers Nex of photons in the resonator, where n gives the number of photons interacting
with the atom and q the number of Rabi-oscillation periods [S.St. Brattke; PhD thesis,
LMU Munich 2000]
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measured via the fluctuations in the number of atoms leaving the cavity in the
lower level |n − 1. It turns out that the statistical distribution does not follow
Poisson statistics, as in the output of a laser with many photons per mode, but
shows a sub-Poisson distribution with photon number fluctuations 70% below the vacuum-state limit [9.150]. In cavities with low losses, pure photon
number states of the radiation field (Fock states) can be observed (Fig. 9.59)
[9.151], with photon lifetimes as high as 0.2 s! At very low temperatures of
the cavity (T < 0.2 K) the number of thermal photons is negligibly small.
Under three these conditions trapped states can be realized where an atom undergoes an integer number of Rabi oscillation periods and leaves the cavity in
the same state as it has entered it.
Another interesting effect that is now accessible to measurements is the
quantum electrodynamic energy shift of atomic levels when the atoms pass
between two parallel metal plates (Casimir–Polder effect) [9.152].

9.6 Spectral Resolution Within the Natural Linewidth
Assume that all other line-broadening effects except the natural linewidth have
been eliminated by one of the methods discussed in the previous chapters.
The question that arises is whether the natural linewidth represents an insurmountable natural limit to spectral resolution. At first, it might seem that
Heisenberg’s uncertainty relation does not allow outwit the natural linewidth
(Sect. 3.1). In order to demonstrate that this is not true, in this section we give
some examples of techniques that do allow observation of structures within
the natural linewidth. It is, however, not obvious that all of these methods may
really increase the amount of information about the molecular structure, since
the inevitable loss in intensity may outweigh the gain in resolution. We discuss under what conditions spectroscopy within the natural linewidth may be
a tool that really helps to improve the quality of spectral information.
9.6.1 Time-Gated Coherent Spectroscopy
The first of these techniques is based on the selective detection of those
excited atoms or molecules that have survived in the excited state for
times t  τ, which are long compared to the natural lifetime τ.
If molecules are excited into an upper level with the spontaneous lifetime
τ = 1/γ by a light pulse ending at t = 0, the time-resolved fluorescence amplitude is given by
A(t) = A(0) e−(γ/2)t cos ω0 t .

(9.63)

If the observation time extends from t = 0 to t = ∞, a Fourier transformation of the measured intensity I(t) ∝ A2 (t) yields, for the line profile of the
fluorescence emitted by atoms at rest, the Lorentzian profile (Sect. 3.1)

γ
I0
I(ω) dω .
(9.64)
, with I0 =
I(ω) =
2π
(ω − ω0 )2 + (γ/2)2
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If the detection probability for I(t) is not constant, but follows the time dependence f(t), the detected intensity Ig (t) is determined by the gate function f(t)
Ig (t) = I(t) f(t) .
The Fourier transform of Ig (t) now depends on the form of f(t) and may no
longer be a Lorentzian. Assume the detection is gated by a step function
$
%
0 for t < T
f(t) =
,
1 for t ≥ T
which may simply be realized by a shutter in front of the detector that opens
only for times t ≥ T (Fig. 9.60).
The Fourier transform of the amplitude A(t) in (9.63) is now
∞
A(ω) =

A(0) e−γ/2t cos(ω0 t) e−iωt dt ,

T

which yields in the approximation Ω = |ω − ω0 |  ω0 , with exp(−iωt) =
cos(ωt) − i sin(ωt), the cosine and sine Fourier transforms:

A0 e−(γ/2)T  γ
cos(ΩT
)
−
Ω
sin(ΩT
)
,
Ac (ω) =
2 Ω 2 + (γ/2)2 2

A0 e−(γ/2)T  γ
sin(ΩT
)
+
Ω
cos(ΩT
)
.
(9.65)
As (ω) =
2 Ω 2 + (γ/2)2 2
If only the incoherent fluorescence intensity is observed without obtaining any
information on the phases of the wave function of the excited state, we observe the intensity
I(ω) ∝ | Ac (ω) − iAs (ω)|2 = A2c + A2s =

A20
e−γT
.
2 Ω 2 + (γ/2)2

(9.66)

This is again a Lorentzian with a halfwidth (FWHM) of γ = 1/τ, which is independent of the gate time T ! Because of the delayed detection one loses the
factor exp(−T/τ) in intensity, since all fluorescence events occurring for times
t < T are missing. This shows that with incoherent techniques no narrowing of
the natural linewidth can be achieved, even if only fluorescence photons from
selected long-living atoms with t > T  τ are selected [9.153].
The situation changes, however, if instead of the intensity (9.66), the
amplitude (9.63) or an intensity representing a coherent superposition of amplitudes can be measured, where the phase information and its development in
time is preserved. Such measurements are possible with one of the coherent
techniques discussed in Chap. 7.
One example is the quantum-beat technique. According to (7.27a) the fluorescence signal at the time t after the coherent excitation at t = 0 of two
closely spaced levels separated by Δω, with equal decay times τ = 1/γ , is
I(t) = I(0) e−γt (1 + a cos Δωt) .

(9.67)
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Fig. 9.60a,b. Gated detection of exponentional fluorescence decay with a gate function f(t): (a) schematic scheme; (b) experimental realization

The term cos(Δω · t) contains the wanted information on the phase difference
Δϕ(t) = Δω · t = (E i − E k )t/ ,
between the wave functions ψn (t) = ψn (0) e−iEn t/ (n = i, k) of the two
levels |i and |k.
If the detector is gated to receive fluorescence only for t > T , the Fourier
transform of (9.67) becomes
∞
I(ω) =

I(0) · e−γt (1 + a cos Δωt) e−iωt dt ,

(9.68)

T

where ω  Δω is the mean light frequency of the fluorescence. The evaluation of the integral yields the cosine Fourier transform
Ic (ω) =

e−γT
I0
[γ cos(Δω − ω)T − (Δω − ω) sin(Δω − ω)T ] .
2 (Δω − ω)2 + γ 2
(9.69)

For T > 0 the intensity Ic (ω) exhibits an oscillatory structure (Fig. 9.61) with
a central maximum at ω  Δω (because of the last two terms in (9.69) the
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Fig. 9.61. Oscillatory structure of the cosine Fourier transform with narrowed central maximum for increasing values of the gate delay time T = 0, τ, and 2τ. The peak intensity
has been normalized

center is not exactly at ω = Δω) and the halfwidth
2γ
Δω12 = "
.
1 + γ 2T 2

(9.70)

For T = 0 the width of the quantum beat signal is the sum of the level widths
of the two coherently excited levels, contributing to the beat signal.
Example 9.15.
For T = 5τ = 5/γ the halfwidth of the central peak has decreased from γ
to 0.4γ . The peak intensity, however, has drastically decreased by the factor
exp(−γT ) = exp(−5)  10−2 to less than 1% of its value for T = 0.
The decrease of the peak intensity results in a severe decrease of the
signal-to-noise ratio. This may, in turn, lead to a larger uncertainty in determining the line center.
The oscillatory structure can be avoided if the gate function f(t) is not
a step function but a Gaussian f(t) = exp[−(t − T )2 /b2 ] with b = (2T/γ)1/2
[9.154].
Another coherent technique that can be combined with gated detection is
level-crossing spectroscopy (Sect. 7.1). If the upper atomic levels are excited
by a pulsed laser and the fluorescence intensity IFl (B, t ≥ τ) as a function
of the magnetic field is observed with increasing delay times Δt = T for
the opening of the detector gate, the central maximum of the Hanle signal becomes narrower with increasing Δt. This is illustrated by Fig. 9.62,
which shows a comparison of measured and calculated line profiles for different gate-delay times Δt for Hanle measurements of the Ba(6s6 p 1 P1 ) level
[9.155]. Similar measurements have been performed for the Na(3P) level
[9.156].
It should be emphasized that line narrowing is only observed if the time
development of the phase of the upper-state wave function can be measured.
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Fig. 9.62a,b. Comparison of calculated (a) and measured (b) line profiles of level-crossing
signals under observation with different gate-delay times (in ns). The different curves
have been renormalized to equal centered peak intensities [9.156]

This is the case for all methods that utilize interference effects caused by the
superposition of different spectral components of the fluorescence. Therefore,
an interferometer with a spectral resolution better than the natural linewidth
can be used, too. However, a narrowing of the observed fluorescence linewidth
with increasing gate-delay time T is only observed if the gating device is
placed between the interferometer and the detector; it is not observed if the
gate is placed between the emitting source and the interferometer [9.153].
Instead of a gated switch in the fluorescence detector for pulsed excitation, one may also use excitation by a cw laser that is phase-modulated with
a modulation amplitude of π (Fig. 9.63). The fluorescence generated under
sub-Doppler excitation in a collimated atomic beam is observed during a short
time interval Δt, which is shifted by the variable delay T against the time t0
of the phase jump. If the fluorescence intensity IFl (ω, T ) is monitored as
a function of the laser frequency ω, a narrowing of the line profile is found
with increasing T [9.157].

9.6 Spectral Resolution Within the Natural Linewidth

519

Fig. 9.63a,b. Laser phase modulation and gating time sequence for obtaining subnatural
linewidths under cw excitation [9.157]

9.6.2 Coherence and Transit Narrowing
For transitions between two atomic levels |a and |b with the lifetimes
τa  τb , a combination of level-crossing spectroscopy with saturation effects allows a spectral resolution that corresponds to the width γb  γa of
the longer-living level |b, although the natural linewidth of the transition
should be γab = (γa + γb ). The method was demonstrated by Bertucelli et al.
[9.158] for the example of the Ca(3 P1 − 3 S1 ) transition. Calcium atoms in
the metastable 3 P1 level in a collimated atomic beam pass through the expanded laser beam in a homogeneous magnetic field B. The electric vector E
of the laser beam is perpendicular to B. Therefore transitions with ΔM = ±1
are induced. For B = 0 all M-sublevels are degenerate and the 
saturation of
the optical transition is determined by the square of the sum
D Ma Mb of
the transition matrix elements D Ma Mb between the allowed Zeeman components |a, Ma  and |b, Mb . If the Zeeman splitting for B = 0 becomes larger
than the natural linewidth of the metastable levels in the 3 P state, the different
Zeeman
components saturate
 separately, and the saturation is proportional to

|D Ma Mb |2 instead of | D Ma Mb |2 for the degenerate case. Measuring the
intensity of the laser-induced fluorescence IFl (B) as a function of the magnetic
field B, one obtains a Hanle signal that depends
√ nonlinearly on the laser intensity and that has a halfwidth γB (IL ) = γB × 1 + S, where S = IL /IS is the
saturation parameter (Sect. 2.2).
Another technique of subnatural linewidth spectroscopy is based on transient effects during the interaction of a two-level system with the monochromatic wave of a cw laser. Assume that the system is irradiated by the cw
monochromatic wave E = E 0 cos ωt, which can be tuned into resonance with
the energy separation [ωab = (E a − E b )/] of the two levels |a and |b with
decay constants γa , γb (Fig. 9.64).
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Fig. 9.64. Level scheme for transient
line narrowing [9.159]

If the level |b is populated at the time t = 0 by a short laser pulse one can
calculate the probability Pa (Δ, t) to find the system at time t in the level |a as
a function of the detuning Δ = ω − ωab of the cw laser. Using time-dependent
perturbation theory one gets [9.159, 9.160]:


Dab E 0 2 e−γa t + e−γb t − 2 cos(t · Δ) e−γab t
P (Δ, t) =
,
(9.71)

Δ2 + (δab /2)2
where the Lorentzian factor contains the difference δab = (γa − γb )/2 of the
level widths instead of the sum γab = (γa + γb ).
If the fluorescence emitted from |a is observed only for times t ≥ T , one
has to integrate (9.71). This yields the signal
∞
P (Δ, t) dt =

S(Δ, T ) ∼ γa
$

T

γa (Dab E 0 /)2
Δ2 + (δab /2)2

%
e−γb
2 e−γab T
e−γa T
×
+
+ 2
[Δ sin(Δ · T ) − γab cos(Δ · T )] ,
γa
γb
Δ + (γab /2)2
(9.72)
which represents an oscillatory structure with a narrowed central peak. For
T → 0 this again becomes a Lorentzian
S(Δ, T = 0) =

γab (Dab E 0 /)2
.
γb Δ2 + (γab /2)2

(9.73)

9.6.3 Raman Spectroscopy with Subnatural Linewidth
A very interesting method for achieving subnatural linewidths of optical transitions is based on induced resonant Raman spectroscopy, which may be
regarded as a special case of optical–optical double resonance (Sect. 5.4). The
pump laser L1 is kept on the molecular transition |1 → |2 (Fig. 9.65), while
the tunable probe laser L2 induces downward transitions. A double-resonance
signal is obtained if the frequency ωs of the probe laser matches the transition
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Fig. 9.65a,b. Stimulated resonant Raman transition spectroscopy with subnatural linewidth
resolution: (a) level scheme; (b) experimental arrangement

|2 → |3. This signal can be detected by monitoring the change in absorption
or polarization of the transmitted probe laser.
When both laser waves with the wave vectors kp and ks are sent collinearly
through the sample, energy conservation for the absorption of a photon ωp
and emission of a photon ωs by a molecule moving with the velocity v demands
(ωp − kp · v) − (ωs − ks · v) = (ω12 − ω23 ) ± (γ1 + γ3 ) ,

(9.74)

where γi is the homogeneous width of level |i. The quadratic Doppler effect
and the photon recoil have been neglected in (9.74). Their inclusion would,
however, not change the argument.
Integration over the velocity distribution N(vz ) of the absorbing molecules
yields with (9.74) the width γs of the double-resonance signal [9.161]
γs = γ3 + γ1 (ωs /ωp ) + γ2 (1 ∓ ωs /ωp ) ,

(9.75)

where the minus sign holds for copropagating, the plus sign for counterpropagating laser beams. If |1 and |3 denote vibrational–rotational levels
in the electronic ground state of homonuclear diatomic molecules, their radiative lifetimes are very small and γ1 , γ2 are mainly limited at higher
pressures by collision broadening and at low pressures by transit-time broadening (Sect. 3.4). For ωs  ωp the contribution of the level width γ2 to γs
becomes very small for copropagating beams and the halfwidth γs of the signal may become much smaller than the natural linewidths of the transitions
|1 → |2 or |2 → |3.
Of course, one cannot get accurate information on the level width γ2 from
(9.75) unless all other contributions to γs are sufficiently well known. The
width γs is comparable to the width of the direct transition |1 → |3. However, if |1 → |2 and |2 → |3 are allowed electric dipole transitions, the
direct transition |1 → |3 is dipole-forbidden.
Figure 9.65 exhibits the experimental arrangement used by Ezekiel et al.
[9.162] to measure subnatural linewidths in I2 vapor. An intensity-modulated
pump beam and a continuous dye laser probe pass the iodine cell three times.
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The transmitted probe beam yields the forward scattering signal (detector D1)
and the reflected beam the backward scattering (detector D2). A lock-in amplifier monitors the change in transmission from the pump beam, which yields
the probe signal with width γs . Ezekiel et al. achieved a linewidth as narrow as 80 kHz on a transition with the natural linewidth γn = 141 kHz. The
theoretical limit of γs = 16.5 kHz could not be reached because of dye laser
frequency jitter. This extremely high resolution can be used to measure collision broadening at low pressures caused by long-distance collisions (Sect. 8.1)
and to determine the collisional relaxation rates of the levels involved.
The small signal width of the OODR signal γs becomes essential if
the levels |3 are high-lying rotation–vibration levels of heavy molecules
just below the dissociation limit, where the level density may become very
high. As an example, Fig. 9.66 shows such an OODR signal of a rotation–
vibration transition D 1 Σu (v = 50, J = 48) → X 2 Σg (v = 125, J = 49) in
the Cs2 molecule. A comparison with a Doppler-free polarization signal on
a transition |1 → |2 to the upper predissociating level |2 = D 1 Σu (v = 50,
J = 48), which has an effective lifetime of τeff  800 ps because of predissociation, shows that the OODR signal is not influenced by γ2 [9.163].

Fig. 9.66. (a) Potential diagram of the Cs2 molecule with the stimulated resonance Raman
transitions to high-lying vibration–rotation levels of the X 1 Σ+
g ground state. (b) Comparison of linewidths of a Doppler-free transition |1 → |2 to a predissociating upper
level |2 with an effective lifetime τeff  800 ps and the much narrower linewidths of the
Raman signal S(ωs ) [9.163]
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9.7 Absolute Optical Frequency Measurement
and Optical Frequency Standards
In general, frequencies can be measured more accurately than wavelengths
because of the deviation of light waves from the ideal plane wave caused
by diffraction and local inhomogenities of the refractive index. This leads
to local deviations of the phase fronts from ideal planes and therefore to
uncertainties in measurements of the wavelength λ, which is defined as the
distance between two phase fronts differing by 2π. While the wavelength
λ = c/ν = c0 /(nν) of an EM wave depends on the refractive index n, the frequency ν is independent of n.
In order to achieve the utmost accuracy for the determination of physical quantities that are related to the wavelength λ or frequency ν of atomic
transitions, it is desirable to measure the optical frequency ν instead of the
wavelength λ. From the relation λ0 = c0 /ν the vacuum wavelength λ0 can
then be derived, since the speed of light in vacuum
c0

= 229,792,458 m/s ,
Def

is now defined as a fixed value, taken from a weighted average of the most accurate measurements [9.164, 9.165]. In this section we will learn about some
experimental techniques to measure frequencies of EM waves in the infrared
and visible range.
9.7.1 Microwave–Optical Frequency Chains
With fast electronic counters, frequencies up to a few gigahertz can be measured directly and compared with a calibrated frequency standard, derived
from the cesium clock, which is still the primary frequency standard [9.166].
For higher frequencies a heterodyne technique is used, where the unknown
frequency νx is mixed with an appropriate multiple mνR of the reference frequency νR (m = 1, 2, 3, ...). The integer m is chosen such that the difference
frequency Δν = νx − mνR at the output of the mixer lies in a frequency range
that can be directly counted.
This frequency mixing in suitable nonlinear mixing elements is the basis
for building up a frequency chain from the Cs atomic beam frequency standard to the optical frequency of visible lasers. The optimum choice for the
mixer depends on the spectral range covered by the mixed frequencies. When
the output beams of two infrared lasers with known frequencies ν1 and ν2
are focused together with the superimposed radiation from the unknown frequency νx of another laser, the frequency spectrum of the detector output
contains the frequencies
ν = ±νx ± mν1 ± nν2

(m, n : integers) ,

(9.76)

which can be measured with an electronic spectrum analyser if they are within
its frequency range.
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Fig. 9.67. Optical frequency chain that connects the frequency of stabilized optical lasers
with the Cs frequency standard [9.167]

In the National Institute of Standards and Technology, NIST (the former
National Bureau of Standards, NBS) the frequency chain, shown in Fig. 9.67,
has been built [9.167], which starts at the frequency of the hyperfine transition in cesium at ν = 9.192 631 770 0 GHz, currently accepted now as the
primary frequency standard. A klystron is frequency-offset locked (Sect. 2.3.4)
to the Cs clock and stabilized with the accuracy of this clock at the frequency ν0 = 10.600 363 690 GHz. The seventh harmonic of ν0 is mixed with
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Fig. 9.68a,b. Optical frequency division. (a) Schematic setup. (b) Coupling to transition
frequencies in the H atom [9.172c]

the frequency ν1 of another clystron in a nonlinear diode, and ν1 is again
frequency-offset locked to the frequency ν1 = 7ν0 + ν1B , where ν1B is provided by a RF generator and can be directly counted. The 12th harmonic of ν1
is then mixed with the radiation of a HCN laser at ν = 890 GHz (λ = 337 μm).
The 12th overtone of this radiation is mixed with the radiation of the H2 O
laser at 10.7 THz (λ = 28 μm), etc. The frequency chain goes up to the frequencies of visible HeNe lasers stabilized to HFS components of a visible
transition in the I2 molecule (Chap. 5). MIM (metal–insulator–metal) mixing
diodes (Fig. 5.134) consisting of a thin tungsten wire with a sharp-edged tip,
which contacts a nickel surface coated by a thin oxyde layer [9.168], allow the
mixing of frequencies above 1 THz [9.169]. Also, Schottky diodes have successfully been used for mixing optical frequencies with difference frequencies
up to 900 GHz [9.170]. The physical processes relevant in such fast Schottky
diodes have been understood only recently [9.171].
In addition, other frequency chains have been developed that start from stabilized CO2 lasers locked to the cesium frequency standard in a similar way,
but then use infrared color-center lasers to bridge the gap to the I2 -stabilized
HeNe laser [9.172a].
A very interesting proposal for a frequency chain based on transition frequencies of the hydrogen atom has been made by Hänsch [9.172b]. The basic
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idea is illustrated in Fig. 9.68. Two lasers are stabilized onto two transitions of
the hydrogen atoms at the frequencies f 1 and f 2 . Their output beams are superimposed and focused into a nonlinear crystal, forming the sum frequency
f 1 + f 2 . The second harmonics of a laser oscillating at the frequency f 3
are phase-locked to the frequency f 1 + f 2 . This stabilizes the frequency f 3
by a servo loop to the value ( f 2 + f 1 )/2. The original frequency difference
f 1 − f 2 is therefore halved to f 1 − f 3 = ( f 1 − f 2 )/2. By connecting several
such stages in cascade until the frequency difference becomes measurable
by a counter, the difference f 1 − f 2 can be directly connected to the cesium
clock. If a laser frequency f and its second harmonic are used as the starting
frequencies, the beat signal at f/2n can be observed after n stages. In order
to link the 2s − 4s hydrogen transition at λ = 486 nm to the 9-GHz cesium
frequency standard by this method, 16 stages would be required [9.172c].
9.7.2 Optical Frequency Combs
The optical frequency chains discussed in the previous section are difficult to
build. Many lasers and optical harmonic generators have to be phase-locked
and frequency-stabilized, and the whole setup can easily fill a large laboratory.
Furthermore, each of these chains is restricted to a single optical frequency,
which is linked to the cesium clock, just like the present frequency standard.
Recently, a new technique has been developed [9.173] that allows the
direct comparison of widely different reference frequencies and thus considerably simplifies the frequency chain from the cesium clock to optical
frequencies by reducing it to a single step. Its basic principle can be understood as follows (Fig. 9.69):
The frequency spectrum of a mode-locked continuous laser emitting a regular train of short pulses consists of a comb of equally spaced frequency
components (the modes of the laser resonator). The spectral width of this
comb spectrum depends on the temporal width of the laser pulses (Fourier
theorem). Using femtosecond pulses from a Ti:sapphire Kerr lens modelocked laser, the comb spectrum extends over more than 30 THz. The spectral
width can be further increased by focusing the laser pulses into an optical
fiber, where by self-phase modulation the spectrum is considerably broadened
and extends over one decade (e.g., from 1064 nm to 532 nm). This corresponds to a frequency span of 300 THz [9.175]!
It turns out that the spectral modes of the comb are precisely equidistant,
even in the far wings of the comb [9.174]. This is also true when the spectrum is broadened by self-phase modulation. These strictly regular frequency
spacings are essential for optical frequency measurements [9.174]. The optical
frequency ωn can be expressed as
ωn = n · ωr + ωoffs

(9.77)

where n is a large integer (e.g., n = 105 ), and ωr = 2π/T is the mode spacing of the laser resonator, which can be exactly determined from the repetition
time T of the mode-locked femtosecond laser pulses and equals the roundtrip
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Fig. 9.69. Novel frequency chain for the measurement of the hydrogen 1S–2S interval.
The frequency comb of a mode-locked laser is used to measure two large optical frequency differences [9.175]

time T = c/L through the laser resonator roundtrip length L. The offset frequency ωoffs takes into account the fact that ωn may not exactly coincide with
one of the mode frequencies of the frequency comb. Its value lies between 0
and ωr . Equation (9.77) links two radiofrequencies ωr and ωoffs to the optical
frequency ωn to be measured.
The electric field of the femtosecond pulses is shown in Fig. 9.70. If there
were no phase shifts, each pulse would be an exact replica of the previous
pulse, i.e. E(t) = E(t − T). However, due to intracavity dispersion in the laser
resonator, the group velocity and the phase velocity may be different. This
causes a phase shift Δφ = T · ωoffs of the carrier wave E(t) with respect to
the pulse envelope.
The Fourier transformation of E(t) gives the frequency spectrum E(ω),
shown in the lower part of Fig. 9.70.
If the frequency comb extends over more than one octave, the offset frequency can be determined directly. This is illustrated in Fig. 9.71. A laser is
stabilized onto a comb mode with frequency ω1 = n 1 ωr + ωoffs at the red frequency side of the comb. Its frequency ω1 is doubled in a nonlinear crystal to
2ω1 and compared with a frequency ω2 = n 2 ωr + ωoffs at the blue end of the
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Fig. 9.70. (a) Electric field amplitude of regularly spaced femtosecond pulses and its
phase shift against the maximum of the envelope; (b) Frequency spectrum E(ω) as the
Fourier-transform of E(t) [9.174]

Fig. 9.71. Self-referencing of optical frequencies [9.174]

9.8 Squeezing

529

comb. The lowest beat frequency
Δω = 2ω1 − ω2 = (2n 1 − n 2 )ωr + ωoffs = ωoffs

(9.78)

appears for 2n 1 = n 2 . In this case the beat frequency Δω gives the offset frequency ωoffs directly.
The measurement of the absolute optical frequency ωL of an unknown
laser can now be performed as follows.
Since ωL may not necessarily coincide with one of the modes of the frequency comb, a beat frequency ωb is generated and ωL can be expressed as
ωL = nωr + ωoffs + ωb .

(9.79)

The integer number n can be determined by a coarse measurement of ωL with
a wavemeter (Vol. 1, Sect. 4.4), or by performing repeated measurements of
beat frequencies with different values of ωr (changing the length L of the laser
resonator) [9.175].
A possible direct link between the UV frequency of the two-photon
1S → 2S transition in the H atom and the Cs clock in the microwave range is
illustrated in Fig. 9.69.
The mode spacing Δνm is locked to the cesium clock frequency νCs in
such a way that νCs = m · Δνm . Therefore the frequency difference N · Δνm
between N comb modes is precisely known. The fourth harmonics of a stabilized HeNe laser at λ = 3.39 μm is now compared with the frequency of
a mode of the frequency comb. The beat frequency f c1 between 4 f HeNe and
the mode frequency f 1 is measured by a frequency counter. A dye laser at
486 nm is frequency doubled and excites the two-photon transition 1S–2S
of the hydrogen atom. Its frequency is locked to the doubled frequency of
a diode laser, which is in turn locked to a mode of the frequency comb. The
dye laser frequency is not exactly 7 times the HeNe laser frequency f , but differs from 7 f by −2Δ f . A frequency divider chain (see Fig. 9.68) generates
from f and 7 f − 2Δ f the frequency 4 f − Δ f , which is just half of the sum
f + 7 f − 2Δ f . This frequency, which corresponds to a wavelength of 851 nm,
is compared with that of a mode of the frequency comb. The difference frequency f c2 is measured by a counter.
The final frequency of the hydrogen transition at 28 f − 8Δ f can now be
determined by the two radiofrequencies f c1 , f c2 and the number of modes between the two selected modes onto which the HeNe laser and the diode laser
are stabilized. This yields the relation
f 1S−2S = −8 f c1 − 64 f c2 + 2466.06384 THz ,
where the last term gives the frequency difference between the two selected
modes.
With this technique a relative uncertainty of the absolute frequency determination of less than 10−13 is possible. This means an accuracy of the 1S − S
transition frequency at 2.4 ×1015 s−1 of better than 300 Hz!
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9.8 Squeezing
For very low light intensities the quantum structure of light becomes evident
by statistical fluctuations of the number of detected photons, which lead to
corresponding fluctuations of the measured
√ photoelectron rate (Sect. 7.7). This
photon noise, which is proportional to N at a measured rate of N photoelectrons per second, imposes a principal detection limit for experiments with
low-level light detection [9.176]. Additionally, the frequency stabilization of
lasers on the millihertz scale is limited by photon noise of the detector that
activates the electronic feedback loop [9.177].
It is therefore desirable to further decrease the photon-noise limit. At first,
this seems to be impossible because the limit is of principal nature. However,
it has been shown that under certain conditions the photon-noise limit can
be overcome without violating general physical laws. We will discuss this in
some more detail, partly following the representation given in [9.178, 9.179].
Example 9.16.
The shot-noise limit of an optical detector with the quantum efficiency
η < 1 irradiated by N photons per second leads to a minimum relative
fluctuation ΔS/S of the detector signal S, which is for a detection bandwidth Δ f given by

√
NηΔ f
Δf
ΔS
=
=
.
(9.80)
S
Nη
ηN
For a radiation power of 100 mW at λ = 600 μm → N = 3 ×1017 s−1 . With
a bandwidth of Δ f = 100 Hz (time constant  10 ms) and η = 0.2, the minimum fluctuation is ΔS/S ≥ 4 ×10−8 .

9.8.1 Amplitude and Phase Fluctuations of a Light Wave
The electric field of a single-mode laser wave can be represented by
E L (t) = E 0 (t) cos[ωL t + kLr + φ(t)]
= E 1 (t) cos(ωL t + kLr) + E 2 (t) sin(ωL t + kLr) ,

(9.81)

with tan φ = E 2 /E 1 .
Even a well-stabilized laser, where all “technical noise” has been eliminated (Sect. 5.6) still shows small fluctuations ΔE 0 of its amplitude and Δφ of
its phase, because of quantum fluctuations (Sect. 5.6). While technical fluctuations may be at least partly eliminated by difference detection (Fig. 5.46), this
is not possible with classical means for photon noise caused by uncorrelated
quantum fluctuations.
These fluctuations are illustrated in Fig. 9.72 in two different ways: the
time-dependent electric field E(t) and its mean fluctuations of the amplitude E 0 and phase φ are shown in an E(t) diagram and in a polar phase
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Fig. 9.72a,b. Amplitude and phase uncertainties of a laser wave shown in an amplitude–
time diagram (a) and in a polar phase diagram (b)

diagram with the axes E 1 and E 2 . In the latter, amplitude fluctuations cause an
uncertainty of the radius r = |E 0 |, whereas phase fluctuations cause an uncertainty of the phase angle φ (Fig. 9.72b). Because of Heisenberg’s uncertainty
relation it is not possible that both uncertainties of amplitude and phase become simultaneously zero.
In order to gain a deeper insight into the nature of these quantum fluctuations, let us regard them from a different point of view: the EM field
of a well-stabilized single-mode laser can be described by a coherent state
(called a Glauber state [9.180])
αk | = exp(−|αk |2 /2)

∞

αN
√ k |Nk  ,
N!
N=0

(9.82)

which is a linear combination of states with photon occupation numbers Nk .
The probability of finding Nk photons in this state is given by a Poisson distribution
around the mean value N = Nk  = αk2 with the width
√
ΔNk  = Nk  = |αk |.
Although the laser field is concentrated into a single mode, all other modes
of the vacuum with different frequencies ω and wave vectors k still have
an average occupation number of N = 1/2, corresponding to the zero-point
energy ω/2 of a harmonic oscillator. When the laser radiation falls onto
a photodetector, all these other modes are also present (vacuum zero-field fluctuations) and beat signals are generated at the difference frequencies by the
superposition of the laser wave with these vacuum fluctuations. The magnitudes of these beat signals are proportional to the product of the amplitudes
of the two√interfering waves. Since the amplitude √
of the laser mode is propormodes
to
1/2, the magnitude of the
tional to N, and that of the vacuum
√
beat signals is proportional to N/2. Adding up all beat signals in the frequency interval Δ f of the detector bandwidth gives the shot noise treated in
Example 9.15. In this model the shot noise is regarded as the beat signal between the occupied laser mode and all other vacuum modes. This view will be
important for the understanding of interferometric devices used for squeezing
experiments.
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If the field amplitude E in (9.81) is normalized in such a way that
9 : 9 : 9 :
ω
,
(9.83)
E 2 = E 12 + E 22 =
20 V
where V is the mode volume, and 0 the dielectric constant, the uncertainty
relation can be written as [9.176, 9.180]
ΔE 1 · ΔE 2 ≥ 1 .

(9.84a)

For coherent states (9.82) of the radiation field, and also for a thermalequilibrium radiation field one obtains the symmetric relations
ΔE 1 = ΔE 2 = 1 ,

(9.84b)

and therefore the minimum possible value of the product ΔE 1 · ΔE 2 . In the
phase diagram displayed in Fig. 9.72b the relation (9.84b) yields a circle as
the uncertainty area.
Coherent light shows phase-independent noise. This can be demonstrated
by a two-beam interferometer, such as the Mach–Zehnder interferometer
shown in Fig. 9.73. The monochromatic laser beam with the mean intensity I0
is split by the beam splitter BS1 into two partial beams b1 and b2 with amplitudes E 1 and E 2 , which are superimposed again by BS2 . The beam b2 passes
a movable optical wedge, causing a variable phase shift φ between the two
partial beams. The detectors PD1 and PD2 receive the intensities
9 : 9 :

1
I = c · 0 E 12 + E 22 ± 2E 1 E 2 cos φ ,
(9.85)
2
averaged over many cycles of the optical field with frequency ω. The different
signs in (9.85) for the two detectors are caused by the phase shifts of the wave
after reflections by the beam splitters, where both beams undergo one reflection for PD1, while for PD2 the beam b1 undergoes one reflection and beam
b2 three reflections. For equal amplitudes E 1 = E 2 , the detected intensities are
I1  = I0  cos2 φ/2 ,

I2  = I0  · sin2 φ/2 ⇒ I1  + I2  = I0  .

A variation of the phase φ by the wedge in one arm of the interferometer
corresponds to a rotation of the vector E in the phase diagram of Fig. 9.72b.
The two detectors in Fig. 9.73a measure the two projections of E onto the
axes, E 1 and E 2 . The arrangement of Fig. 9.73a therefore allows the separate
determination of the fluctuations δE 1  and δE 2  by a proper choice of the
phase φ.
If the frequency spectrum I( f ) of the detector signals is measured with
a spectrum analyzer at sufficiently high frequencies f , where the technical
noise is negligible, one obtains a noise power spectrum ρn ( f ), which is essentially independent of the phase φ (dotted line in Fig. 9.73b), but depends
only
√ on the number of photons entering the interferometer. It is proportional
to N. It is surprising that the noise power density ρn ( f ) of each detector
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Fig. 9.73. (a) Mach–Zehnder interferometer with variable phase delay φ realized by an
optical wedge. (b) Detected mean intensity I measured at f = 0, and phase-independent
photon noise power density, measured at f = 10 MHz with and without input intensity I0

is independent of the phase φ. This can be understood as follows: because of
the statistical emission of photons the intensity fluctuations are uncorrelated
in the two partial beams. Although the mean intensities I1  and
√ I2  depend
on φ, their fluctuations√
do not! The detected noise power ρn ∝ N shows the
same noise level ρn ∝ I0 for the minimum of I(φ) as for the maximum.
If the incident laser beam in Fig. 9.73a is blocked, the mean intensity I
becomes zero. However, the measured noise power density ρn ( f ) does not
go to zero but approaches a lower limit ρ0 that is attributed to the zero-point
fluctuations of the vacuum field, which is also present in a dark room. The interferometer in Fig. 9.73a has two inputs: the coherent light field and a second
field, which, for a dark input part, is the vacuum field. Because the fluctua-

Fig. 9.74. Uncertainty areas for different squeezing conditions: (a) E 1  = 0, ΔE 2 is
squeezed but Δφ is larger than in the nonsqueezed case; (b) general case of squeezing
of ΔE at the expense of increasing Δφ; (c) uncertainty area of zero-point fluctuations
with E 1  = E 2  = 0; (d) minimized Δφ at the expense of larger ΔE
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tions of these two inputs are uncorrelated, their noise powers add. Increasing
the input intensity I0 will increase the signal-to-noise-ratio
N
S
∝√
,
ρn
N + ρ0 /hν

(9.86)

where the fundamental limitation is set by the quantum
√ noise ρ0 .
In the phase diagram of Fig. 9.74 the radius r = ρ0 of the circular uncertainty area around E 1 = E 2 = 0 corresponds to the vacuum fluctuation noise
power density ρ0 .
The preparation of squeezed states tries to minimize the uncertainty of one
of the two quantities ΔE or Δφ at the expense of the uncertainty of the other.
Although the uncertainty area in Fig. 9.74, which is squeezed into an ellipse,
does increase compared to the symmetric case (9.84b), one may still gain in
signal-to-noise ratio if the minimized quantity determines the noise level of
the detected signal. This will be illustrated by some examples.
9.8.2 Experimental Realization of Squeezing
A typical layout of a squeezing experiment based on a Mach–Zehnder interferometer (Sect. 4.2.4) is shown in Fig. 9.75. The output of a well-stabilized
laser is split into two beams, a pump beam b1 and a reference beam b2 . The
pump beam with the frequency ωL generates by nonlinear interaction with
a medium (e.g., four-wave mixing or parametric interaction) new waves at frequencies ωL ± f . After superposition with the reference beam, which acts as
a local oscillator, the resulting beat spectrum at the frequency f is detected
by the photodetectors D1 and D2 as a function of the phase difference Δφ,
which can be controlled by a wedge in one of the interferometer arms. The
difference between the two detector output signals is monitored as a function

Fig. 9.75a,b. Schematic diagram of squeezing experiments with a nonlinear medium in
a Mach–Zehnder interferometer: (a) experimental arrangement; (b) noise power density ρ(φ) and quantum-noise limit ρ0 , which is independent of the phase φ
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of the phase difference Δφ. Contrary to the situation in Fig. 9.73, the spectral noise power density ρn ( f, φ) (= PNEP per frequency interval d f = 1 s−1 )
shows a periodic variation with φ. This is due to the nonlinear interaction
of one of the beams with the nonlinear medium, which preserves phase relations. At certain values of φ the noise power density ρn ( f, φ) drops below
the photon noise limit ρ0 = (n · hν/ηΔ f )1/2 that is measured without squeezing, when n photons fall onto the detector with bandwidth Δ f and quantum
efficienty η. This yields a signal-to-noise ratio
SNRsq = SNR0

ρ0
,
ρn

(9.87)

which is larger than that without squeezing SNR0 .
The degree of squeezing Vsq is defined as
Vsq =

ρ0 − ρmin ( f )
.
ρ0

(9.88)

The first successful experimental realization of squeezing was reported by
Slusher and coworkers [9.181], who used the four-wave mixing in a Naatomic beam as nonlinear process (Fig. 9.76). The Na atoms are pumped by
a dye laser at the frequency ωL = ω0 + δ, which is slightly detuned from the
resonance frequency ω0 . In order to increase the pump power, the Na beam
is placed inside an optical resonator tuned to the pump frequency ωL . Because of parametric processes (Sect. 5.8.8) of the two pump waves (ωL , ±kL )
inside the resonator, new waves at ωL ± δ are generated at this four-wave mixing process (signal and idler wave). Conservation of energy and momentum

Fig. 9.76. Generation of squeezed states by four-wave mixing in an atomic Na beam. Both
the pumped wave and signal and idler waves are resonantly enhanced by two optical
resonators [9.181]
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demands
2ωL → ωL + δ + ωL − δ ,

(9.89a)

kL + ki = kL + ks .

(9.89b)

A second resonator with a properly chosen length, such that the mode spacing
is Δν = δ, enhances the signal as well as the idler wave.
The essential point is that there are definite phase relations between pump,
signal and idler waves, and this fact establishes a correlation between amplitude and phase of the signal wave. This correlation is illustrated in Fig. 9.77:
The four-wave mixing generates new sidebands. If the input contains the
frequencies ωL and ωL + δ, the output has the additional sideband ωL − δ.
Thus, the amplitude of one sideband is increased at the cost of the other
sideband until both sidebands have equal amplitudes. This maximizes the amplitude modulation of the output. Since the phases of the two sidebands are
opposite, this transfer minimizes the phase modulation. As was shown in detail in [9.179], this correlation results in a phase-dependent noise that is, for
certain phase ranges, below the quantum noise power ρ0 . In these experiments
a squeezing degree of 0.1 was obtained, which means that ρmin = 0.9ρ0 .

Fig. 9.77. (a) Schematic diagram of four-wave mixing; (b) amplitude transfer resulting in
increased amplitude modulation; (c) phase transfer causing decreased phase modulation;
(d) schematic phase diagram
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Fig. 9.78. (a) Experimental setup for the generation of bright squeezed light by secondharmonic generation in a monolithic resonator; (b) spectral power density of photocurrent
fluctuations for squeezed light input to a balanced homodyne detector. The upper
curve φ− gives the shot-noise level [9.183]

The best squeezing results with a noise suppression of 60% (≈ −4 dB)
below the quantum noise limit ρ0 were obtained by Kimbel and coworkers
[9.182] with an optical parametric oscillator, where the parametric interaction
in a MgO:LiNbO3 crystal was used for squeezing.
Another example, where a beam of squeezed light was realized with
3.2 mW and 52% noise reduction, is the second-harmonic generation with
a cw Nd:YAG laser in a monolithic resonator [9.183]. The experimental setup
is shown in Fig. 9.78a.
The output of the cw Nd:YAG laser is frequency doubled in a MgO:LiNbO3
nonlinear crystal. The endfaces of the crystal form the resonator mirrors and
by a special modulation technique the resonator is kept in resonance both for
the fundamental and for the second harmonic wave. A balanced homodyne
interferometric detection of the fundamental wave yields the intensity noise
of the light beam (I+ detected by D1) and the shot-noise level (I− detected
by D2) as a reference (Fig. 9.78b).

9.8.3 Application of Squeezing to Gravitational Wave Detectors
Nowadays, it is believed that the most sensitive method for detecting gravitational waves is based on optical interferometry, where the change in length
of an interferometer arm by gravitational waves can be monitored. Although
until now no gravitational waves have been detected, there are great efforts in
many laboratories to increase the sensitivity of laser gravitational wave detectors in order to discover those waves, even from very distant supernovae or
rotating heavy binary neutron stars [9.185–9.187].
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Fig. 9.79a,b. Gravitational wave detector based on a Michelson interferometer: (a) basic
arrangement using optical resonators; (b) multiple path arrangement for increasing the
sensitivity

The basic part of such a detector (Fig. 9.79) is a Michelson interferometer with long arms (several kilometers) and an extremely well stabilized
laser. If a gravitational wave causes a length difference ΔL between the
two arms of the interferometer, a phase difference Δφ = (4π/λ)ΔL appears
between the two partial waves at the exit of the interferometer. Typical expected relative changes are about ΔL/L = 10−21 . In order to give a feeling
for the magnitude of ΔL, note that for L = 2 km for a gravitational wave
emitted from a stellar supernova explosion in a neighboring galaxy, the difference ΔL will be smaller than 10−17 m. This is less than 1% of the diameter
of a proton! In order to increase the sensitivity, the length of the interferometer arms must be multiplied by a large factor by using multiple reflection
arrangements (Fig. 9.79b) or Fabry–Perot interferometers in both arms of the
Michelson interferometer. Such arrangements are expected to achieve a limit
of ΔL ≤ 10−11 λLaser .
The minimum detectable phase change Δφ is limited by the phase
noise δφn . If the laser delivers N photons hν per second, the two detectors
with quantum efficiencies of η measure the intensities
I1 (φ) = 12 Nhνη[1 + cos(φ + Δφ)] ,

(9.90a)

I2 (φ) = 12 Nhνη[1 − cos(φ + Δφ)] .

(9.90b)
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This gives for φ = π/2 a difference signal
S = ΔI ≈ NhνηΔφ .

(9.91)

The noise power of both detectors adds quadratically. The signal-to-noise ratio
for a detection bandwidth Δ f


Nhν 1/2
NhνΔφ
=
Δφ ,
(9.92)
SNR = √
Δf
NhνΔ f
√
becomes larger than unity for Δφ > Δ f/(N · hν). The minimum detectable
phase change is therefore limited by the maximum available photon flux N.
Therefore, high-power ultrastable solid-state lasers are used.
In Sect. 9.8.1 it was shown that the noise limit without squeezing is caused
by the zero-point field coupled into the second input part of the interferometer. If a beam of squeezed light is fed into this input part, the noise level can
be decreased and the detectable length change ΔL can be further decreased
[9.185].
For a more detailed representation of squeezing and the most recent experiments on the realization of squeezing, or for further applications of this
interesting technique, the reader is referred to the literature [9.188–9.194].

Problems
9.1 What is the probability that a photon, emitted from a Ca atom at the centre of a spherical cloud with radius R = 1 cm on the intercombination line
3 P → 1 S at λ = 657 nm with the natural line-width Δν = 3 kHz is reab1
0
sorbed by another Ca atom, when the absorption cross section σ(ω0 ) at the
line centre is σ(ω0 ) = 10−17 cm2 , the density of Ca atoms is n = 1017 cm−3
and the collision cross section σcoll = 10−16 cm2 ? How large is the recoil splitting?
9.2 Derive (9.12b).
9.3 Which fraction of photons of a monochromatic laser tuned to the Natransition F = 2 → F = 3 in Fig. 9.5 is absorbed on the transition F = 2 →
F = 2 when the lifetime of the upper level is τ = 16 ns and the saturation
parameter S = 1?
9.4 Na atoms in an atomic beam traversing a magnetic field are slowed down
by counter propagating photons from a fixed frequency laser at λ = 589 nm.
What is the field dependence B(z) at the optimum deceleration?
9.5 Calculate the Doppler-limit of the minimum cooling temperature for Liatoms (τ(3P3/2 ) = 27 ns) and for K-atoms (τ(5P3/2 ) = 137 ns).
9.6 What is the critical density for Cs atoms to achieve BEC at T = 1 μK?
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9.7 Assume that the comb separation Δν = 100 MHz of an optical frequency
comb can be determined with a relative accuracy of 10−16 . One of the
comb frequencies coincides with the 6 ×104 th multiple of the caesium clock
frequency. How accurate can the frequency of a molecular transition at
λ = 750 nm be measured?
9.8 Calculate the potential depth of the inhomogeneous magnetic field B =
B0r 2 necessary for trapping Na atoms with a magnetic moment of μ = 2μB
in their 32 S1/2 ground state within a volume of 1 cm3 at a temperature of T =
10 μK.

10. Applications of Laser Spectroscopy

The relevance of laser spectroscopy for numerous applications in physics,
chemistry, biology, and medicine, or to environmental studies and technical
problems has rapidly gained enormous significance. This is manifested by
an increasing number of books and reviews. This chapter can only discuss
some examples that are selected in order to demonstrate how many fascinating applications already exist and how much research and development is still
needed. For a detailed representation of more examples, the reader is referred
to the references given in the sections that follow as well as to some monographs and reviews [10.1–10.7].

10.1 Applications in Chemistry
For many fields of chemistry, lasers have become indispensable tools
[10.8–10.13]. They are employed in analytical chemistry for the ultrasensitive
detection of small concentrations of pollutants, trace elements, or short-lived
intermediate species in chemical reactions. Important analytical applications
are represented by measurements of the internal-state distribution of reaction
products with LIF (Sect. 1.3) and spectroscopic investigations of collisioninduced energy-transfer processes (Sects. 8.3–8.6). These techniques allow
a deeper insight into reaction paths of inelastic or reactive collisions, and their
dependence on the interaction potential and the initial energy of the reactants.
Time-resolved spectroscopy with ultrashort laser pulses gives, for the first
time, access to a direct view of the short time interval in which molecules
are formed or fall apart during a collision. This femtosecond chemistry is discussed in Sect. 10.1.3.
The possibility of controlling chemical reactions by selective excitation of
the reactants and by coherent control of the excited state wavefunction (as illustrated in Sect. 10.1.4) may open a new fascinating field of laser-induced
chemistry.
10.1.1 Laser Spectroscopy in Analytical Chemistry
The first aspect of laser applications in analytical chemistry is the sensitive
detection of small concentrations of impurity atoms or molecules. With the
laser-spectroscopic techniques discussed in Chap. 1, detection limits down into
the parts-per-billion (ppb) range can be achieved for molecules, which corresponds to a relative concentration of 10−9 . Atomic species and some favorable
molecules can even be traced in concentrations within the parts-per-trillion
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Fig. 10.1. Multipass cell of an optoacoustic spectrometer. All laser beams pass through
regions in the acoustic resonator where the radial acoustic resonance has maximum amplitude. Measurementss are in millimeter

(ppt) (=
ˆ 10−12 ) range. Recently “single molecule detection” in solids, solutions, and gases has become possible.
A very sensitive detection scheme is the photoacoustic method in combination with a multipass optical resonator, illustrated in Fig. 10.1. With this
apparatus absorption coefficients down to α = 10−10 cm−1 can be measured.
Example 10.1.
With a diode laser spectrometer and a multipass absorption cell (Fig. 10.1)
NO2 concentrations down to the 50-ppt level in air were detected on
a vibrational–rotational transition at 1900 cm−1 , NO concentrations down
to 300 ppt, while for SO2 at 1335 cm−1 a sensitivity limit of 1 ppb was
reached [10.14].
If the spectroscopic detection of atoms can be performed on transitions
that represent a true two-level system (Sect. 9.1.5), atoms with the radiative
lifetime τ may undergo up to T/2τ absorption–emission cycles during their
transit time T through the laser beam (photon burst). If the atoms are detected
in carrier gases at higher pressures, the mean free path Λ becomes small
(Λ  d) and T is only limited by the diffusion time. Although quenching
collisions may decrease the fluorescence (Sect. 6.3), the ratio T/2τ becomes
larger and the magnitude of the photon bursts may still increase inspite the
decreasing quantum yield.
Example 10.2.
For gases at low pressures where the mean free path Λ is larger than the
diameter d of the laser beam, we obtain the typical value T = d/v = 10 μs
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for d = 5 mm and v = 5 ×102 m/s. For an upper-state lifetime of τ = 10 ns
the atom emits 500 fluorescence photons (photon burst), allowing the detection of single atoms. With noble gas pressures of 1 mbar the mean-free
path is ≈ 0.03 mm and the diffusion time through the laser beam may become 100 times longer. Although the lifetime is quenched to 5 ns, which
means a fluorescence quantum yield of 0.5, this increases the photon burst
to 5 ×104 photons.
Although molecules do not represent two-level systems, because the
fluorescence from the excited upper level terminates at many vibrational–
rotational levels in the electronic ground state, one can obtain many fluorescence photons for a single molecule in a liquid solution. Through collisions
with the solution molecules, the terminating levels will rapidly be transferred
to neighboring levels and in particular the depleted initial level will be repopulated by collisional transfer, which restores thermal equilibrium rapidly
within pico- to nanoseconds (Fig. 10.2). For a transit time T of the molecules
through the laser beam and an upper-state lifetime τ, the maximum number
Nphot of fluorescence photons from a single molecule is Nphot = T/2τ if the
laser intensity is sufficiently high to reach saturation.
Another very sensitive detection scheme is based on resonant two- or
three-photon ionization of atoms and molecules in the gas phase (Sect. 1.3).
With this technique even liquid or solid samples can be monitored if they can
be vaporized in a furnace or on a hot wire. If, for instance, a heated wire or
plate in a vacuum system is covered by the sample, the atoms or molecules
are evaporated during the pulsed heating period and fly through the superimposed laser beams L1+L2 (+L3) in front of the heated surface (Fig. 10.3).
The laser L1 is tuned to the resonance transition |i → |k of the wanted atom
or molecule while L2 further excites the transition |k → | f . Ions are formed
if E f is above the ionization potential IP. The ions are accelerated toward an
ion multiplier. If L2 has sufficient intensity, all excited particles in the level |k
can be ionized and all atoms in the level |i flying through the laser beam dur-

Fig. 10.2. Single-molecule detection
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Fig. 10.3. Resonant multiphoton ionization (REMPI) as a sensitive detection technique for
small quantities of atoms or molecules evaporated from a heated surface

ing the laser pulse can be detected (single-atom detection) [10.15–10.17]. If
E f < IP a third photon provided by L1 and L2 can ionize the species since
there is no resonance condition for the ionizing step.
The selective detection sensitivity for spurious species with absorption
spectra overlapping those of more abundant molecules or atoms can be
enhanced further by a combination of mass spectrometer and resonant twophoton ionization (Fig. 10.4). This is, for instance, important for the detection
of rare isotopic components in the presence of other more abundant isotopes
[10.17, 10.18].

Fig. 10.4. Selective excitation of a wanted isotope by a pulsed, amplified single-mode dye
laser with subsequent ionization by an excimer laser and mass-selective detection behind
a time-of-flight spectrometer
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10.1.2 Single-Molecule Detection
The combination of illuminating the sample with a strongly focused laser
beam and observing the laser-induced fluorescence or the non-resonant scattered laser light with confocal microscopy allows the detection of single
molecules and their diffusion through a liquid medium. Each molecule can
emit N = T/2τ photons (see Fig. 10.2) where T is the diffusion time through
the laser beam and τ the upper state lifetime.
Example 10.3.
T = 1 ms, τ = 10 ns ⇒ N = 5 ×104 .
The experimental setup is illustrated in Fig. 10.5. The light scattered by
molecules in a diluted solution with concentrations in the nanomole range,
which diffuse into the laser focus, is imaged onto a small pinhole in front
of the detector. The spatial resolution in the x–y-plane perpendicular to the
incident laser beam can reach 500 nm. Using two-photon excitation the spatial resolution can be even improved to about 200 nm. The resolution in the
z-direction (axial resolution) depends on the Rayleigh length of the focused
laser beam. Typical values are 10−30 μm, where two-photon excitation also
decreases this value below 1000 nm. This gives the extremely small detection
volume of less than 10−15 . The fluorescence is detected by a high quantum
efficiency avalanche photodiode [10.19]. Small concentrations with extinction coefficients of 10−4 are still detectable. If stimulated emission pumping
is used too, the radial spatial resolution can be increased still further (see
Sect. 10.4.4) [10.20].
With time-resolved detection the temporal behavior of a single molecule
can be followed. One example is the measurement of the relaxation time constant of intersystem crossing from the excited singlet state into the triplet state
of a dye molecule during the diffusion time through the detection volume
[10.23].
Molecular impurities in solids can now be detected down to the singlemolecule level [10.24]. These molecules and their interaction with their surroundings can be probed by high-resolution laser spectroscopy. The relevance

Fig. 10.5. Confocal microscopy for single-molecule detection
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Fig. 10.6. Green fluorescence protein

of such techniques in biology is obvious [10.25]. The development of singlemolecule detection for the in vitro and in vivo quantification of biomolecular
dynamics is essential for the understanding of biomolecular reactions and for
the realization of evolutionary biotechnology [10.26]. One important biological molecule is the green fluorescent protein (Fig. 10.6), which is excited by
blue laser light and emits fluorescence in the green with a high quantum efficiency. It can be attached to bacteria or a specific virus, and when combined
with the technique of single-molecule detection it permits real-time observations of such bacteria and allows their paths through cell membranes or inside
a cell to be followed in vivo [10.21, 10.22].
More examples of lasers in analytical chemistry can be found in
[10.27–10.29].

10.1.3 Laser-Induced Chemical Reactions
The basic principle of laser-induced chemical reactions is schematically illustrated in Fig. 10.7. The reaction is initiated by one- or multiphoton excitation
of one or more of the reactants. The excitation can be performed before the
reactants collide (Fig. 10.7a) or during the collision (Fig. 10.7b and Sect. 8.6).
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Fig. 10.7a,b. Schematic diagram of laser-induced chemical reactions with state-selective
detection of the reaction products: (a) by excitation of the reactants; (b) by excitation of
the collision pair (ABC)

For the selective enhancement of the wanted reaction channel by laser excitation of the reactants, the time span Δt between photon absorption and
completion of the reaction is of fundamental importance. The excitation energy n · ω (n = 1, 2, ...) pumped by photon absorption into a selected excited
molecular level may be redistributed into other levels by unwanted relaxation
processes before the system ends in the wanted reaction channel. It can, for
instance, be radiated by spontaneous emission, or it may be redistributed by
intramolecular radiationless transitions due to vibrational or spin-orbit couplings onto many other nearly degenerate molecular levels. However, these
levels may not lead to the wanted reaction channel. At higher pressures
collision-induced intra- or intermolecular energy transfer may also play an
important role in enhancing or suppressing a specific reaction channel.
We distinguish between three different time regimes:
(a) The excitation by the pump laser and the laser-induced reaction proceeds
within a very short time Δt (femtosecond to picosecond range), which is
shorter than the relaxation time for energy redistribution by fluorescence
or inelastic nonreactive collisions. In this case, the above-mentioned loss
mechanisms cannot play an important role, and the selectivity of driving
the system into a wanted reaction channel by optical absorption is possible.
(b) Within an intermediate time range (nanosecond to microsecond range),
depending on the pressure in the reaction cell, the reaction may happen before the initial excitation energy is completely redistributed by collisions.
If the excited reagent is a large molecule, the intramolecular energy trans-
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fer within the many accessible degrees of freedom is, however, fast enough
to redistribute the excitation energy onto many excited levels. The excited
molecule may still react with a larger probability than in the ground state,
but the selectivity of reaction control is partly lost.
(c) For still longer time scales (microsecond to continuous wave excitation)
the excitation energy is distributed by collisions statistically over all accessible levels and is finally converted into translational, vibrational, and
rotational energy at thermal equilibrium. This raises the temperature of the
sample, and the effect of laser excitation with respect to the wanted reaction channel does not differ much from that for thermal heating of the
sample.
(d) Recently, the new technique of coherent control of chemical reactions has
been developed, where definitely shaped femtosecond pulses are used (see
Sect. 6.1) to prepare a coherent wavefunction in the excited state of a reactant molecule. The phase and amplitude of this wavefunction are chosen
in a way that favors the decay of the molecule into the wanted reaction
channel.
For the first time range, ultrashort laser pulses generated by mode-locked
lasers in the femto- to picosecond range (Chap. 6) are needed, whereas for
the second class of experiments pulsed lasers in the nanosecond to microsecond range (Q-switched CO2 lasers, excimers, or dye lasers) can be
employed. Most experiments performed until now have used pulsed CO2
lasers, chemical lasers, or excimer lasers. For femtosecond pulses Kerr-lens
mode-locked Ti:sapphire lasers with subsequent amplifier stages are available
(see Sect. 6.1).
Let us consider some specific examples: the first example is the laserinduced bimolecular reaction
HCl(v = 1, 2) + (O3 P) → OH + Cl ,

(10.1)

which proceeds after vibrational excitation of HCl with a HCl laser [10.30].
The internal-state distribution of the OH radicals is monitored by LIF, induced
by a frequency-doubled dye laser, which is tuned to a specific rotational line
of the (v = 0 ← v = 0) band in the 2 Π ← 2 Σ system of OH at λ = 308 nm
or the (1 ← 1) band at 318 nm.
The second example is the spatially and temporally resolved observation of the explosion of an O2 /O3 mixture in a cylindrical cell, initiated by
a TEA CO2 laser [10.31]. The progress of the reaction is monitored through
the decrease of the O3 concentration, which is detected by a time-resolved
measurement of the UV absorption in the Hartley continuum of O3 . If the UV
probe beam is split into several spatially separated beams with separate detectors (Fig. 10.8), the spatial progression of the explosion front in time can be
monitored.
The high output power of pulsed CO2 lasers allows excitation of high vibrational levels by multiphoton absorption, which eventually may lead to the
dissociation of the excited molecule. In favorable cases the excited molecules
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Fig. 10.8. Experimental setup for the CO2 laser-initiated explosion of O3 . The expansion
of the explosion front is monitored through the time-resolved O3 absorption of several
spatially separated UV probe laser beams. The piezo pressure detector allows a timeresolved measurement of the pressure [10.31]

or the dissociation fragments react selectively with other added components
[10.32]. Such selectively initiated chemical reactions induced by CO2 lasers
are particularly advantageous due to the large efficiency of these lasers, which
makes the CO2 photons cheap. As an example, let us consider the synthesis
of SF5 NF2 by multiphoton absorption of CO2 photons in a mixture of S2 F10
and N2 F4 , which proceeds according to the following scheme:
S2 F10 + nhν → 2SF5 ,
N2 F4 + nhν → 2NF2 ,
SF5 + NF2 → SF5 NF2 .

(10.2)

While conventional synthesis without a laser takes about 10−20 hours at
a temperature of 425 K and demands high pressures of S2 F10 , the laser-driven
reaction proceeds much more quickly, even at the lower temperature of 350 K
[10.33, 10.34].
Another example of CO2 laser-initiated reactions is the gas-phase telomerization of methyl-iodide CF3 I with C2 F4 , which represents an exothermic
radical chain reaction
CF3 I + nhν → (CF3 I)∗
(CF3 I)∗ + nC2 F4 → CF3 (C2 F4 )n I ,

(n = 1, 2, 3) ,

(10.3)

producing CF3 (C2 F4 )n I with low values of n. The CO2 laser is in near resonance with the ν2 + ν3 band of CF3 I. The quantum yield for the reaction
(10.3) increases with increasing pressure in the irradiated reaction cell [10.35].
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In many cases, electronic excitation by UV lasers is necessary for laserinitiated reactions. An example is the photolysis of vinyl chloride
C2 H3 Cl + hν → C2 H3 + Cl ,
→ C2 H2 + HCl ,

(10.4a)
(10.4b)

induced by a XeCl excimer laser (Vol. 1, Sect. 5.7). In spite of the small absorption cross section (σ = 10−24 cm2 at λ = 308 nm) the yield ratio of the
two reaction branches (10.4a, 10.4b) and its dependence on temperature could
be accurately measured [10.36].
As another example, let us mention the chain reaction of organic bromides
with olefins induced by a KrF excimer laser [10.37], which proceeds as follows:
RBr + hν → R + Br
Rn + C2 H4 → Rn+2
Rn + RBr → Rn Br + R
Br + Br → Br2

(initiation) ,
(propagation) ,
(chain transfer) ,
(termination) ,

(10.5)

where Rn denotes any radical with n carbon atoms.
Many chemical reactions can be enhanced by catalytic effects at solid surfaces. The prospect of increasing these catalytic enhancements further by laser
irradiation of the surface has initiated intense research activity [10.38, 10.39].
The laser may either excite atoms or molecules adsorbed at the surface, or
it may excite desorbed molecules just above the surface. In both cases the
desorption or adsorption process is altered because excited molecules have
a different interaction potential between the molecule M∗ and the surface than
the ground-state molecules. Furthermore, the laser may evaporate surface material, which can react with the molecules.
10.1.4 Coherent Control of Chemical Reactions
Coherent control means the coherent preparation of a molecular wavefunction
through the absorption of coherent radiation. The dream of chemists is the
controlled selection of wanted reaction channels and the suppression of unwanted channels in a photoinduced reaction. This is illustrated by Fig. 10.9,
where the excitation of the triatomic molecule ABC can induce either of the
reactions AB + C or AC + B, depending on the wavefunction in the excited
state of ABC, which is controlled by the form of the excitation pulse.
Controlled coherent excitation can be achieved in different ways. One
method is based on interference effects, which become essential when an excited state can be populated on two ore more excitation paths. The population
rates then depend on the phase relations between the optical waves that are inducing these excitations. Coherent control has to be performed on a very short
time scale in order to win over dephasing processes. Therefore femtosecond
lasers are generally demanded [10.42].
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Fig. 10.9. Selection of the reaction channel by the controlled coherent excitation of
a molecule

Two different schemes have been proposed [10.43, 10.44]. In the first
scheme (Fig. 10.10), proposed by P. Brummer and M. Shapiro, two coupled
levels |a and |b are simultaneously populated on two different excitation
paths. Depending on the relative phase between the field amplitudes of the
optical waves, there can be constructive interference, leading to maximum
population of the mixed state |a + |b, or destructive interference, minimizing
the population. An instructive example is the optical excitation of autoionizing states above the ionization limit, which interact with the ionization
continuum (Fig. 10.10b). While the phase of the wavefunction of the discrete
level changes rapidly when the optical frequency is tuned over the absorption
profile, that of the continuum is only slightly affected. Therefore the phase
difference of the two excitation paths depends on the optical frequency and
changes in such a way that constructive interference occurs (maximum absorption) or destructive interference occurs, where the absorption is nearly
zero. The resulting asymmetric absorption profile is called the Fano profile.

Fig. 10.10. (a) Coherent control of the population of the coupled levels |a and |b by
interference between two different excitation paths; (b) excitation of autoionizing level;
(c) Fano profile of absorption line
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The produced ion rate can be therefore controlled by slight changes of the
excitation frequency.
The second scheme of coherent control, proposed by D.J. Tanner and
A. Rice, utilizes the time difference between two femtosecond laser pulses interacting with a molecule on two different transitions sharing a common level,
which was illustrated in Sect. 6.4.4 by the example of the Na2 molecule. Here
the phase of the wave packet produced by the first pulse in the excited state
develops in time, and the controlled time lag between the first and the second pulse selects a favorable phase for further excitation or deexcitation of
the molecule by the second pulse.
In the first scheme it is not necessary to use two different lasers if a femtosecond pulse with a broad spectral range is used for excitation. The different
spectral components in the pulse give rise to many different excitation paths.
In order to achieve optimum population in the excited state, the relative
phases of these different spectral components have to be optimized. This can
be realized by the pulse-shaping techniques discussed in Sect. 6.1.10 where
a feedback loop with a learning algorithm is used to maximize or minimize
the wanted decay channel of the excited state [10.45, 10.46].
One example is the dissociation of laser-excited iron pentacarbonyl
Fe(CO)5 , where the ratio Fe(CO)5 /Fe can be varied between 0.06 to 4.8
by coherent control [10.47]. Another example is the photodissociation of
C5 H5 Fe(CO)2 Cl into selected fragments. Optimum shaped femtosecond pulses
can alter the ratio C5 H5 COCl/FeCl from 1 to 5 [10.48], or the selected bond
dissociation of acetone (CH3 )2 CO or acetophenone C6 H5 COCH3 [10.49].
The experimental arrangement for the coherent control of chemical reactions

Fig. 10.11. Experimental setup for the coherent control of reactions in the gas and liquid
phase [10.40]
[Prof. Gerber, homepage http://wep1101.physik.uni-wuerzburg.de]
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in the gas and liquid phase is shown in Fig. 10.11 [10.50]. The femtosecond
pulse is shaped by the pulse shaper on the right hand side of Fig. 10.11. The
shaped pulses are sent into a molecular beam or into the liquid sample. The
reaction products in the gas phase are detected by a mass spectrometer, and
its output signal is fed into a learning algorithm which optimizes the pulse
shape with regard to the optimum signal of the wanted reaction product. In
the liquid phase, the laser pulse is divided into two parts which are sent into
two identical sample cells. The fluorescence from the reaction products A
and B is selected by filters, and the ratio I(A)/I(B) of the fluorescence intensities is monitored and used as the input for the learning algorithm. For
molecules which demand UV excitation, the shaped femtosecond pulse can
be frequency-doubled and the UV intensity is monitored to allow for normalization of the fluorescence signals.
The curve on the computer screen illustrates the evolution (optimization) of the wanted reaction as a function of the number of learning cycles.
More examples and a detailed description of the technique can be found in
[10.45–10.52].
10.1.5 Laser Femtosecond Chemistry
Chemical reactions are based on atomic or molecular collisions. These collisions, which may bring about chemical-bond formation or bond breaking,
occur on a time scale of 10−11 to 10−13 s. In the past, the events that happened in the transition state between reagents and reaction products could not
be time resolved. Only the stages “before” or “after” the reaction could be
investigated [10.54].
The study of chemical dynamics concerned with the ultrashort time interval when a chemical bond is formed or broken may be called real-time
femtochemistry [10.55]. It relies on ultrafast laser techniques with femtosecond time resolution [10.56].
Example 10.4.
Assume a dissociating molecule with a fragment velocity of 103 m/s.
Within 0.1 ps the fragment separation changes by
Δx = (103 · 10−13 = 10−10 )m = 0.1 nm .
With a time resolution of 10 fs, the accuracy with which Δx can be measured is 0.01 nm = 10 pm!
Let us regard the photodissociation process
ABC + hν → [ABC]∗ → A + BC ,

(10.6)

which represents an unimolecular reaction. The real-time spectroscopy of
bond breaking is explained by the potential diagram of Fig. 10.12.
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Fig. 10.12. (a) Potential energy curves for a bound molecule (V0 ) and the first and second
dissociative curves V1 , V2 ; (b) the expected femtosecond transient signals S(λ2 , t) versus
the delay time t for λ2 (R = ∞) and (c) for λ2 (R∗ ) [10.55]

The molecule ABC is excited by a pump photon hν1 into the dissociating
state with a potential curve V1 (R). A second probe laser pulse with a tunable
wavelength λ2 is applied with the time delay Δt. If λ2 is tuned to a value
that matches the potential energy difference hν = V2 (R) − V1 (R) at a selected
distance R between A and the center of BC, the probe radiation absorption
α(λ2 , Δt) shows a time dependence, as schematically depicted in Fig. 10.12b.
When λ2 is tuned to the transition BC → (BC)∗ = V2 (R = ∞) − V1 (R = ∞)
of the completely separated fragment BC, the curve in Fig. 10.26c is expected.
These signals yield the velocity v(R) of the dissociation products from which
the energy difference V2 (R) − V1 (R) can be derived.
The experimental arrangement for such femtosecond experiments is exhibited in Fig. 10.13. The output pulses from a femtosecond pulse laser
(Sect. 6.1.5) are focused by the same lens into the molecular beam. The probe
pulses are sent through a variable optical-delay line and the absorption α(Δt)
of the probe pulse as a function of the delay time Δt is monitored via the
laser-induced fluorescence. Cutoff filters suppress scattered laser light.
Another example is the real-time observation of ultrafast ionization and
fragmentation of mercury clusters (Hg)n (n ≤ 110) with femtosecond laser
pulses. In pump–probe experiments short-time oscillatory modulations of the
++
transient Hg+
n and Hgn signals indicate an intermediate-state dynamics common to all cluster sizes [10.57].
Photoinduced reactions in the liquid phase are influenced much more by
collisions than those in the gas phase. In order to study such reactions on
a time scale below the mean collision time, femtosecond spectroscopy is
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Fig. 10.13. Experimental arrangement for femtosecond spectrosopy in a molecular beam

needed. One example is the exploration of transition-state dynamics and rotational dynamics of the fragments in the photolysis of mercuric iodide HgI2
in ethanol solution [10.58, 10.59].
Another example is the detailed investigation of the femtosecond dynamics of ironcarbonyl Fe(CO)5 [10.60], where the photodissociation after
excitation with 267-nm pulses was studied by transient ionization. Five consecutive processes with time constants 21, 15, 30, 47, and 3300 fs were found.
The first four short-time processes represent ionization from different excited
configurations, which are reached by a pathway from the initially excited
Franck–Condon region to other configurations through a chain of Jahn–Tellerinduced conical intersections. The experiments also showed that intersystem
crossing to the triplet ground states of Fe(CO)4 and Fe(CO)3 takes more than
500 ps. More detailed information on experiments on laser femtosecond chemistry can be found in [10.61, 10.62].

10.1.6 Isotope Separation with Lasers
The classical methods of isotope separation on a large technical scale, such as
the thermal diffusion or the gas-centrifuge techniques, are expensive because
they require costly equipment or consume much energy [10.65]. Although
the largest impetus for the development of efficient new methods for isotope
separation was provided by the need for uranium 235 U separation, increasing demands exist for the use of isotopes in medicine, biology, geology,
and hydrology. Independent of the future of nuclear reactors, it is therefore
worthwhile to think about new, efficient techniques of isotope separation on
a medium scale. Some of the novel techniques, which are based on a combination of isotope-selective excitation by lasers with subsequent photochemical
reactions, represent low-cost processes that have already been proved feasi-
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Fig. 10.14a,b. Different possible ways of isotope separation following selective excitation
of the wanted isotope: (a) photoionization; and (b) dissociation or excitation of predissociating molecular states

ble in laboratory experiments. Their extension to an industrial scale, however,
demands still more efforts and improvements [10.66–10.71].
Most methods of laser isotope separation are based on the selective excitation of the desired atomic or molecular isotope in the gas phase. Some
possible ways for separating the excited species are depicted schematically in
Fig. 10.14, where A and B may be atoms or molecules, such as radicals. If the
selectively excited isotope A1 is irradiated by a second photon during the lifetime of the excited state, photoionization or photodissociation may take place
if
E 0 + hν1 + hν2 > E(A+ ) ,

or

> E Diss .

(10.7)

The ions can be separated from the neutrals by electric fields, which collect
them into a Faraday cup. This technique has been used, for example, for the
separation of 235 U atoms in the gas phase by resonant two-photon ionization with copper-vapor laser-pumped dye lasers at high repetition frequencies
[10.72]. Since the line density in the visible absorption spectrum of 235 U
is very high, the lasers are crossed perpendicularly with a cold collimated
beam of uranium atoms in order to reduce the line density and the absorption
linewidth.
In the case of molecular isotopes, the absorption of the second photon may
also lead to photodissociation. The fragments R are often more reactive than
the parent molecules and may react with properly added scavenger reactants S
to form new compounds RS, which can be separated by chemical means.
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In favorable cases no second photon is necessary if reactants can be found
that react with the excited isotopes M∗ with a much larger probability than
with the ground-state molecules M. An example of such a chemical separation
of laser-excited isotopes is the reaction
I37 Cl + hν → (I37 Cl∗ ) ,
(I37 Cl)∗ + C6 H5 Br → 37 ClC6 H5 Br + I ,
37

ClC6 H5 Br → C6 H5 37 Cl + Br .

(10.8)

The isotope I37 Cl can be selectively excited at λ = 605 nm by a cw dye laser.
The excited molecules react in collisions with bromine benzene and form the
unstable radical 37 ClC6 H5 Br, which dissociates rapidly into C6 H5 37 Cl + Br.
In a laboratory experiment, several milligrams of C6 H5 Cl were produced during a two hour exposure. Enrichment factors K = 37 Cl/35 Cl of K = 6 have
been achieved [10.69].
Radioactive isotopes and isotopes with nuclear spin I = 0 play an important role in medical diagnostics. The radioactive technetium isotope Tc, for
example, is now used instead of iodine 137 I for thyroid gland diagnostics and
treatment because it has a shorter decay time and therefore the diagnosis can
be performed with a smaller dose. The carbon isotope 13 C is employed, in
addition to hydrogen 1 H, in NMR tomography for monitoring the brain, or
to follow up the metabolism and its possible anomalies. The isotope 13 C can
be separated by isotope-selective excitation of formaldehyde 13 CH2 O by an
UV laser into predissociating states [10.73], or by multiphoton dissociation of
Freon
CF2 HCl + n · hν → CF2 + HCl ,

(10.9)

with a CO2 laser, which leads to an enrichment of 13 CF2 [10.74]. The efficiency of the process (10.9) has been improved by enhancing collisions
between the fragments
13

CF2 + 13 CF2 → 13 C2 F4 ,

13

C2 F4 HCL → 13 CF2 HCl + 13 CF2 ,

which restores the parent molecule, now isotopically enriched (Fig. 10.15).
This allows a continuous repetition of the enrichment cycle [10.75].
Even multiphoton dissociation of larger molecules such as SF6 by CO2
lasers may be isotope selective [10.67]. For the heavier molecule UF6 the necessary selectivity of the first step, excited at λ = 16 μm, can only be reached
in a collimated cold UF6 beam. The vibrationally excited UF6 isotope can
then be ionized by a XeCl excimer laser at λ = 308 nm [10.70a]. The absolute
amount of isotopes separated in this way is, however, very small [10.70b].
The last examples illustrate that the most effective method of isotope separation is a combination of isotope-selective excitation with selective chemical
reactions. The laser plays the role of an isotope-selective initiator of the chemical reactions [10.76].
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Fig. 10.15. Isotope enrichment of 13 CF2 by a cyclic process following isotope-enhanced
multiphoton dissociation of Freon CF2 HCl [10.75]

10.1.7 Summary of Laser Chemistry
The main advantages of laser applications in chemistry may be summarized
as follows:
• Laser spectroscopy offers different techniques of increased sensitivity for
the detection of tiny concentrations of impurities, pollutant gases, or rare
isotopes down to the ultimate level of single-molecule detection.
• The combination of spectral and time resolutions allows detailed investigations of transition states and intermediate reaction transients. Femtosecond
spectroscopy gives direct “real-time” information on the formation or
breaking of chemical bonds during the collision process.
• Selective excitation of reaction products results (in favorable cases) in an
enhancement of wanted reaction channels. It often turns out to be superior to temperature-enhanced nonselective reaction rates, particularly when
coherent control techniques are used [10.76].
• The preparation of reagents in selected states and the study of the internalstate distribution of the reaction products by LIF or REMPI brings complete information on the “state-to-state” molecular dynamics [10.54].
More aspects of laser chemistry and many more examples of applications
of laser spectroscopy in chemistry can be found in [10.1–10.9, 10.76–10.89].

10.2 Environmental Research with Lasers
A detailed understanding of our environment, such as the earth’s atmosphere,
the water resources, and the soil, is of fundamental importance for mankind.
Since in densely populated industrial areas air and water pollution has become
a serious problem, the study of pollutants and their reactions with natural
components of our environment is urgently needed [10.90]. Various techniques of laser spectroscopy have been successfully employed in atmospheric
and environmental research: direct absorption measurements, laser-induced
fluorescence techniques, photoacoustic detection, spontaneous Raman scattering and CARS (Chap. 3), resonant two-photon ionization, and many more of
the sensitive detection techniques discussed in Chap. 1 can be applied to var-
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ious environmental problems. This section illustrates the potential of laser
spectroscopy in this field by some examples.
10.2.1 Absorption Measurements
The concentration Ni of atomic or molecular pollutants in the lower part of
our atmosphere just above the ground can be determined by measurements of
the direct absorption of a laser beam propagating through the atmosphere. The
detector receives, at a distance L from the source, the fraction
P(L)/P0 = e−a(ω)L ,

(10.10)

of the emitted laser power P0 . The attenuation coefficient

a(ω) = α(ω) + S = Ni σi (ω, p, T ) +
Nk σkscat ,

(10.11)

k

is represented by the sum of the absorption coefficient α(ω) = Ni σiabs (which
the
equals the product of density Ni of absorbing molecules in level |i
 and scat
Nk σk
absorption cross section σiabs ) and the scattering coefficient S =
(which is due to light scattering by all particles present in the atmosphere).
The dominant contribution to scattering is the Mie scattering [10.91] by small
particles (dust, water droplets), and only a minor part is due to Rayleigh scattering by atoms and molecules.
The absorption coefficient α(ω) assumes nonnegligible values only within
the small spectral ranges Δω of absorption lines (a few gigahertz around the
center frequencies ω0 ). On the other hand, the scattering cross section, which
is proportional to ω4 for Rayleigh scattering, does not vary appreciably over
these small ranges Δω. Therefore, measurements of the laser beam attenuation at the two different frequencies ω1 and ω2 inside and just outside an
absorption profile yields the ratio
P(ω1 , L)
= e−[a(ω1 )−a(ω2 )]L  e−Ni [σi (ω1 )−σi (ω2 )]L ,
P(ω2 , L)

(10.12)

of two transmitted laser powers, from which the wanted concentration Ni of
the absorbers can be derived if the absorption cross sections σi are known.
A possible experimental realization is illustrated in Fig. 10.16. The laser beam,
enlarged by a telescope, reaches a cats-eye reflector at the distance L/2, which
reflects the beam exactly back into itself. The reflected beam is sent to the detector by the beam splitter BS. For larger distances L, beam deviations from
spatially inhomogeneous fluctuations of the refractive index of the air impose
a severe problem. It may be partly solved by several measures: the switching
cycle from ω1 to ω2 is performed in a statistical sequence, the switching frequency is chosen as high as possible, and the areas of the retroreflector and
the detector are made so large that the detector still receives the full beam in
spite of small beam deviations [10.92].
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For such absorption measurements infrared lasers can be used which coincide with vibrational-rotational transitions of the investigated molecules
(CO2 laser, CO laser, HF or DF lasers, etc.). Particularly useful are tunable infrared lasers (diode lasers, color-center lasers, or optical parametric
oscillators, Vol. 1, Sect. 5.7), which may be tuned to selected transitions. The
usefulness of diode lasers has been demonstrated by many examples [10.93].
For instance, with a recently-developed automated diode laser spectrometer,
which is tuned by computer control through the spectral intervals of interest,
up to five atmospheric trace gases can be monitored in unattended operation.
Sensitivities down to 50 ppt for NO2 and 300 ppt for NO have been reported
[10.14].
The infrared lasers have the advantage that the contribution of scattering
losses to the total beam attenuation is much smaller than in the visible range.
For measurements of very low concentrations, on the other hand, visible dye
lasers may be more advantageous because of the larger absorption cross sections for electronic transitions and the higher detector sensitivity.
Often a broadband laser (for example, a pulsed dye laser without etalons),
or a multiline laser (for example, a CO2 or CO laser without grating) may
simultaneously cover several absorption lines of different molecules. In such
cases the reflected beam is sent to a polychromator with a diode array or
an optical multichannel analyzer (OMA, Vol. 1, Sect. 4.5). If a fraction of the
laser power P0 (ω) is imaged onto the upper part of the OMA detector and
the transmitted power onto the lower part (insert in Fig. 10.16), electronic
difference and ratio recording allows the simultaneous determination of the
concentrations Ni of all absorbing species. A retroreflector arrangement is
feasible for measurements at low altitudes above ground, where buildings or
chimneys can support the construction. Examples are measurements of fluorine concentrations in an aluminum plant [10.94], or the detection of different

Fig. 10.16. Schematic diagram of an experimental setup for measuring the density of
absorbing species integrated over the path length L. The polychromator with optical
multichannel analyzer allows the simultaneous determination of several absorbing components
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constituents in the chimney emission of power plants, such as NOx and SOx
components [10.95]. Often, ammonia is added to the exhaust of power stations
in order to reduce the amount of NOx emission. In such cases, the optimum
concentration of NH3 has to be controlled in situ. A recently developed detection system for these purposes has demonstrated its sensitivity and reliability
[10.96].
In many cases samples of the air with its spurious pollutant molecules are
taken and measured in an absorption cell. Here tunable diode lasers, which
can be tuned over the vibrational bands of the molecules, have proved to be
very useful. A review on recent work in this field can be found in [10.97].
For measurements over larger distances or in higher altitudes of the atmosphere, this absorption measurement with a retroreflector cannot be used. Here
the LIDAR system, which is discussed in Sect. 10.2.2, has proven to be the
best choice.

10.2.2 Atmospheric Measurements with LIDAR
The principle of LIDAR (light detection and ranging) is illustrated by
Fig. 10.17. A short laser pulse P0 (λ) is sent at time t = 0 through an expanding telescope into the atmosphere. A small fraction of P0 (λ) is scattered back
into the telescope due to Mie scattering by droplets and dust particles, and
Rayleigh scattering by the atmosopheric molecules. This backscattered light
yields a photomultiplier signal S(λ, t), which is measured with spectral and
time resolution. The signal at time t1 = 2R/c depends on the scattering by
particles at the distance R. If the detector is gated during the time interval

Fig. 10.17. Schematic diagram
of a LIDAR system
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t1 ± 12 Δt, the time-integrated measured signal
t1 +Δt/2


S(λ, t1 ) =

S(λ, t) dt ,

t1 −Δt/2

is proportional to the light power scattered by particles within a distance R ±
1
1
1
2 ΔR = 2 c(t1 ± 2 Δt). The magnitude of the received signal S(λ, t) depends
on the attenuation of the emitted power P0 (λ) on its way back and forth, on
the solid angle dΩ = D2 /R2 covered by the telescope with the diameter D,
and on the concentration N and the backscattering cross section σ scatt of the
scattering particles:
S(λ, t) = P0 (λ) e−2a(λ)R Nσ scatt (λ)D2 /R2 .

(10.13)

The quantity of interest is the factor exp[−2a(λ)R], where a is the sum of
absorption and scattering coefficients, which gives with (10.11) the necessary
information on the concentration of absorbing species. Similar to the method
described in the previous section, the laser wavelength λ is tuned alternately
to an absorption line at λ1 and to a wavelength λ2 where absorption by the
wanted molecules is negligible. For sufficiently small values of Δλ = λ1 − λ2
the variation of the scattering cross section can be neglected. The ratio
⎧ R
⎫

⎨
⎬
S(λ1 , t)
Q(t) =
= exp 2 [α(λ2 ) − α(λ1 )] dR ,
⎩
⎭
S(λ2 , t)
0
⎧ R
⎫
⎨ 
⎬
 exp 2 Ni (R)σ(λ1 ) dR ,
(10.14)
⎩
⎭
0

yields the concentration Ni (R) integrated over the total absorption path length.
The dependence Ni (R) on the distance R can be measured with a differential
technique: the sequence of the quantities S(λ1 , t), S(λ2 , t) S(λ1 , t + Δt), and
S(λ2 , t + Δt) is measured alternately. The ratio
Q(t + Δt)
= e−[α(λ2 )−α(λ1 )]ΔR  1 − [α(λ2 ) − α(λ1 )]ΔR ,
Q(t)
yields the absorption within the spatial interval (R + ΔR) − R = cΔt/2. If the
absorption coefficient under the atmospheric conditions (pressure, temperature) within the detection volume ΔV = ΔR · A (A is the area of the laser
beam at the distance R) is known, the concentration Ni = αi /σi of the wanted
species can be determined. The lower limit ΔR = cΔt/2 is given by the time
resolution Δt of the LIDAR system and by the attainable signal-to-noise ratio.
This differential-absorption LIDAR (DIAL) method represents a very sensitive
technique for atmospheric research.
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In this way a complete air-pollution map of industrial and urban areas
can be recorded and pollution sources can be localized. With pulsed dye
lasers NO2 concentrations in the parts-per-million (ppm) range at distances
up to 5 km can be monitored [10.99]. Recent developments of improved
LIDAR systems with frequency-doubled lasers have greatly increased the
sensitivity as well as the spatial and spectral ranges that can be covered
[10.100–10.102].
A further example of the application of the LIDAR technique is the measurement of the atmospheric ozone concentration, and its daily and annual
variations as a function of altitude and latitude [10.103]. In order to reach
reliable and stable laser operation, with reproducible wavelength switching
even under unfavorable conditions (in an aircraft or on a ship), a XeCl excimer laser at λ1 = 308 nm was used instead of a dye laser, and the second
wavelength λ2 = 353 nm was produced by Raman shifting in a hydrogen highpressure cell. While radiation at λ1 is strongly absorbed by O3 the absorption
of 353 nm is negligible [10.104, 10.105a]. However, one has to be sure that
the absorption by other gaseous components is zero for both wavelengths, or
at least equal. Otherwise, serious errors can arise [10.105b]. Besides the ozone
layer at altitudes in the range 30−60 km, the ozone concentration just above
ground is of vital interest. Here LIDAR measurements are able to provide
a complete map of ozone concentrations in urban and rural areas and to find
the different reactions that lead to ozone production and destruction as well
as the sources of the reactants [10.106].
A third example of the usefulness of differential LIDAR is given by the
spectroscopic determination of daily and annual variations of the temperature
profile T(h) of the atmosphere as a function of the height h above ground. The
everywhere-present Na atoms can be used as tracer atoms since the Doppler
width of the Na-D line, which is measured with a pulsed, narrow-band tunable
dye laser, is a measure of the temperature [10.107, 10.108].
In the higher atmosphere, the aerosol concentration decreases rapidly
with increasing altitudes. Mie scattering therefore becomes less effective and
other techniques have to be used for the measurements of concentration profiles N(h). Either the fluorescence induced by UV lasers or Raman scattering
can provide the wanted signals. Fluorescence detection is sufficiently sensitive only if quenching collisions are not the dominant deactivation process
for the excited levels. This means that either the radiative lifetime τ rad of
the excited levels must be sufficiently short or the pressure p(h) should be
low, that is, the altitude h high. If quenching collisions are not negligible,
the effective lifetimes and the quenching cross sections have to be known in
order to derive quantitative values of the concentration profiles Ni (h) from
measured fluorescence intensities. This difficulty may be overcome by Raman
spectroscopy, which, however, has the disadvantage of smaller scattering cross
sections [10.109–10.111].
For daytime measurements the bright, continuous background of sunlight
scattered in the atmosphere limits the attainable signal-to-noise ratio. With
a narrow spectral filter, which is matched to the detected fluorescence wavelength, or in the case of LIDAR to the laser wavelength, the background can
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Fig. 10.18. (a) Principal setup for cross-correlation LIDAR with time-dependent signals
and spectral distribution as detected by D1 and D2 [10.112]; (b) optically active atomic
filter [10.113]

be substantially suppressed. An elegant technical trick of LIDAR measurements is based on a cross-correlation method (Fig. 10.18). The back-scattered
light is split into two parts: one part is reflected by the beam splitter BS onto
a detector D1, while the transmitted part is sent through an absorption cell of
length , which contains the investigated molecular components under comparable conditions of total pressure and temperature as in the atmosphere. Their
partial density Ni is, however, chosen so high that at the center of an absorption line α(ω0 )  1. The laser bandwidth is set to be slightly larger than the
linewidth of the absorbing transition. The amplification of the two amplifiers
following D1 and D2 is adjusted to obtain the difference signal S1 − S2 = 0 for
a wanted concentration Ni . Any deviation of Ni (R) from this balanced value
is monitored behind the difference amplifier as the signal ΔS(Ni ), which is
essentially independent of fluctuations in laser intensity and frequency, since
they affect both arms of the difference detection [10.112].
The cross-correlation technique represents a special case of a more general
method, where the absorption lines of atomic vapors are used as narrow optical filters, matched to the special problem [10.113]. This method is illustrated
in Fig. 10.18b. The backscattered laser light, with wavelength λL , collected by
the telescope is sent through a narrow spectral filter F1 with a transmission
peak at λL and then through an absorption cell with atomic or molecular va-
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por that absorbs at λL . The atoms or molecules excited by absorption of the
photons ωL emit fluorescence with the wavelengths λFl > λL . This radiation
is detected behind a cutoff filter, which suppresses the wavelengths λ < λFl .
In this way the background radiation can essentially be eliminated. These passive atomic filters are restricted to those wavelengths λL that match atomic or
molecular resonance transitions starting from the thermally populated ground
state. The number of possible coincidences can be greatly enlarged if transitions between excited states of the filter atoms or molecules can be utilized.
This can be achieved with a tunable pump laser that generates a sufficiently
large population density of absorbing atoms or molecules in selectively excited states (active atomic filters, Fig. 10.18b). A further advantage of these
active filters is the fact that the fluorescence induced by the signal wave may
be shifted into the shorter wavelength range. This allows the detection of infrared radiation via visible or UV fluorescence.
A new interesting approach to air-pollution measurements is based on
high-power terawatt femtosecond laser pulses that are sent into the atmosphere [10.115]. The experimental setup is shown in Fig. 10.19. High intensities are reached in the focal area of the parabolic sending telescope due to
self-focusing, which leads to air breakdown and the production of a hightemperature plasma (Fig. 10.20). The intensity-dependent nonlinear index of
refraction
n = n 0 + n 2 · I with n 2 = 3 ×10−19 cm2 W−1 in air

Fig. 10.19. Setup of fs-LIDAR: the laser source and sending telescope are shown on
the left hand side, while the receiving telescope and time-resolved detection apparatus
(covering a range from the UV to the IR) are depicted on the right hand side [10.114]
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has its maximum value at the central axis of the Gaussian laser beam profile.
This leads to a focusing of the laser beam (Fig. 10.20a). The breakdown of the
air produces a plasma in the focal plane with an electron density ρ(I). This
plasma results in a negative change
Δn = −ρ(I)/ρc

with ρc = 2 ×1021 cm−3

in the refractive index which depends on the ratio of electron density ρ to
the critical density ρc , and acts like a defocusing lens (Fig. 10.20b). Therefore, along the path of the high-power femtosecond pulses a series of plasma
spots appear that look like small sausages on a straight cord (Fig. 10.20c).
These plasma spots along the laser beam can extend up to an altitude of 10 km. Because of these many bright spots, the laser beam can be

Fig. 10.20a–c. Focusing (a) and defocusing (b) of a laser beam in the atmosphere due to
the Kerr lens effect and plasma formation. The laser beam cross-section looks like a row
of short sausages
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Fig. 10.21. Spectral continuum emitted by the plasma spots along the propagation path of
terawatt laser pulses in the atmosphere [10.114]

Fig. 10.22. White-light absorption spectrum of the atmospheric gases from 4 km altitude
[10.115]
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seen by the naked eye kilometers away [10.114]. They represent white-light
sources with a continuous spectrum extending from the UV into the near infrared (Fig. 10.21). These white-light spots can be used as spectroscopic light
sources, where the continuum radiation propagates through the atmosphere
to the detector (Fig. 10.19), which monitors the absorption spectrum of the
air constituents between sources and detector. Figure 10.22 illustrates this by
showing the white-light absorption spectrum of atmospheric gases at an altitude of 4 km.
A detailed representation of the various laser-spectroscopic techniques
for atmospheric research can be found in [10.110, 10.116]. Many examples
were given in [10.116–10.120]. The basic physics of laser beam propagation
through the atmosphere was discussed in [10.121, 10.122].

10.2.3 Spectroscopic Detection of Water Pollution
Unfortunately, the pollution of water by oil, gasoline, or other pollutants is
increasing. Several spectroscopic techniques have been developed to measure
the concentrations of specific pollutants. These techniques are not only helpful
in tracing the polluting source but they can also be used to initiate measures
against the pollution.
Often the absorption spectra of several pollutants overlap. It is therefore
not possible to determine the specific concentrations of different pollutants
from a single absorption measurement at a given wavelength λ. Either several well-selected excitation wavelengths λi have to be chosen (which is time
consuming for in situ measurements) or time-resolved fluorescence excitation
spectroscopy can be used. If the excited states of the different components
have sufficiently different effective lifetimes, time-gated fluorescence detection at two or three time delays Δti after the excitation pulse allows a clear
distinction between different components.
This was demonstrated by Schade [10.123], who measured laser-induced
fluorescence spectra of diesel oil and gasoline, excited by a nitrogen laser
at λ = 337.1 nm. Time-resolved spectroscopy exhibits two different lifetimes
that are determined by measuring the intensity ratio of the LIF in two different time windows (Fig. 10.23). This time-resolved spectroscopy increases

Fig. 10.23. Fluorescence decay curves of different oil
species
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the detection sensitivity for field measurements. Mineral-oil pollutions of
0.5 mg/l in water or 0.5 mg/kg in polluted soil can be detected [10.123].
Using photoacoustic spectroscopy with a dye laser, concentrations down to
10−6 −10−9 mol/l of transuranium elements could be detected in the ground
water. Such techniques are important for safety control around military test
grounds and plutonium recycling factories [10.124].

10.3 Applications to Technical Problems
Although the main application range of laser spectroscopy is related to basic
research in various fields of physics, chemistry, biology, and medicine, there
are quite a few interesting technical problems where laser spectroscopy offers
elegant solutions. Examples include investigations and optimization of flames
and combustion processes in fossile power stations, in car engines, or in steel
plants; analytical spectroscopy of surfaces or liquid alloys for the production
of high-purity solids; or measurements of flow velocities and turbulences in
aerodynamics and hydrodynamic problems.
10.3.1 Spectroscopy of Combustion Processes
A detailed knowledge of the chemical reactions and gas-dynamical processes
occurring during the combustion process is indispensible for the optimization
of the thermodynamic efficiency and the minimization of pollutants. Spatially
and time-resolved spectroscopy allow measurements of the concentrations of
different reaction products during the combustion, which can lead to a detailed
understanding of the different stages during its development and their dependence on temperature, pressure, and geometry of the combustion chamber.
The technical realization uses a one-, two-, or even three-dimensional grid
of laser beams that pass through the combustion chamber. If the laser wavelength is tuned to absorption lines of atoms, molecules, or radicals, the spatial
distribution of the LIF can be monitored with a video camera. With pulsed
lasers and appropriately chosen gates in the electronic detection system, timeresolved spectroscopy is possible. The spatial distribution of the investigated
reaction products during selected time intervals after the ignition can then be
observed on a monitor. This gives direct information of the flame-front development, which can be followed on the screen in slow motion mode.
In many combustion processes OH radicals are produced as an intermediate product. These radicals can be excited by a XeCl laser at 308 nm. The
UV fluorescence of OH can be discriminated against the bright background of
the flame by interference filters. A possible experimental setup is depicted in
Fig. 10.24. The beam of the XeCl laser is imaged into the combustion chamber in such a way that it forms a cross section of 0.15 × 25 mm2 . A CCD
camera (Vol. 1, Sect. 4.5) with UV optics and a gate time of 25 ns monitors
the OH fluorescence with spatial and time resolution [10.125].
For quantitative measurements of molecular concentrations by LIF the
ratio Ai /Ri of radiative and radiationless deactivation probabilities of the ex-

570

10. Applications of Laser Spectroscopy

Fig. 10.24. Experimental setup for a two-dimensional analysis of combustion processes by
measuring the spatial distribution of OH radicals by LIF [10.125]

cited level |i must be known. At high pressures the collisional quenching
of |i becomes important, which may change the ratio Ai /Ri considerably
during the combustion process. However, if the laser excites predissociating
levels with very short effective lifetimes (Fig. 10.25) the predissociation rate
generally far exceeds the collisional quenching rate. Although the fluorescence rate is weakened, since most molecules predissociate before they emit
a fluorescence photon, the fluorescence efficiency is not much influenced by
collisions [10.126a]. With tunable excimer lasers such predissociating levels
can be excited for most radicals that are relevant in combustion processes.
The high intensity of excimer lasers has the additional advantage that the
absorbing transition can be saturated. The LIF intensity is then independent

Fig. 10.25. LIF spectroscopy of predissociating levels, where the predissociating
rate is fast compared to the collisional
quenching rates ( AFl , fluorescence rate
per molecule; kp , predissociating rate; kc ,
collisional quenching rate)
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Fig. 10.26. Measurements of radical concentrations during combustion in a slightly modified car engine with windows for laser entrance and fluorescence exit [10.127]

of the absorption probability, but depends only on the concentration of the
absorbing species [10.126b]. The experimental setup for measuring the concentrations of OH, NO, CO, DH, etc. radicals during the combustion in a car
engine (Otto motor) is illustrated in Fig. 10.26, where the LIF is reflected by
a mirror on the moving piston through an exit window onto the CCD camera
[10.127].
With picosecond or femtosecond lasers the excitation efficiency and the
saturation of the absorbing level is nearly independent of collisions. At
a pressure of 1 bar the mean time between inelastic collisions is about
10−9 −10−10 s, which is long compared to the laser pulse width.
The spatial temperature variation in flames and combustions can also be
determined by CARS (Sect. 3.3), which yields the population distribution
of rotational–vibrational levels over the combustion region [10.128, 10.129].
A computer transforms the spatially resolved CARS signal into a colorful
temperature profile on the screen.

10.3.2 Applications of Laser Spectroscopy to Materials Science
For the production of materials for electronic circuits, such as chips, the demands regarding purity of materials, their composition, and the quality of the
production processes become more and more stringent. With decreasing size
of the chips and with increasing complexity of the electronic circuits, measurements of the absolute concentrations of impurities and dopants become
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important. The following two examples illustrate how laser spectroscopy can
be successfully applied to the solution of problems in this field.
Irradiating the surface of a solid with a laser, material can be ablated
in a controlled way by optimizing intensity and pulse duration of the laser
(laser ablation [10.130]). Depending on the laser wavelength, the ablation
is dominated by thermal evaporation (CO2 laser) or photochemical processes
(excimer laser). Laser-spectroscopic diagnostics can distinguish between the
two processes. Excitation spectroscopy or resonant two-photon ionization
of the sputtered atoms, molecules, or fragments allows their identification
(Fig. 10.27). The velocity distribution of particles emitted from the surface
can be obtained from the Doppler shifts and broadening of the absorption
lines, and their internal energy distribution from the intensity ratios of different vibrational–rotational transitions [10.131]. With a pulsed ablation laser the
measured time delay between ablation pulses and probe laser pulses allows
the determination of the velocity distribution.
Resonant two-photon ionization in combination with a time-of-flight mass
spectrometer gives the mass spectrum. In many cases, one observes a broad
mass range of clusters. The question is whether these clusters were emitted
from the solid or whether they were formed by collisions in the evaporated
cloud just after emission. Measurements of the vibrational-energy distributions
can answer this question. If the mean vibrational energy is much higher than
the temperature of the solid, the molecules were formed in the gas phase,
where an insufficient number of collisions cannot fully transfer the internal
energy of molecules formed by recombination of sputtered atoms into kinetic
energy [10.132].
Whereas laser ablation of graphite yields thermalized C2 molecules with
a rotational–vibrational energy distribution following a Boltzmann distribution
at the temperature T of the solid, ablation of electrical isolators, such as AlO,
produces AlO molecules with a large kinetic energy of 1 eV, but a “rotational
temperature” of only 500 K [10.133].
For the production of thin amorphous silicon layers (for example, for solar photovoltaic energy converters) often the condensation of gaseous silane

Fig. 10.27. Detection of atoms
and molecules sputtered by ion
bombardment or laser ablation
from a surface and measurements of their energy distribution
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(SiH4 ) or Si2 H6 , which is formed in a gas discharge, is utilized. During the
formation of Si(H) layers, the radical SiH2 plays an important role, which
has absorption bands within the tuning range of a rhodamine 6G dye laser.
With spectral- and time-resolved laser spectroscopy the efficiency of SiH2 formation by UV laser photodissociation of stable silicon–hydrogen compounds
can be investigated, as well as its reactions with H2 , SiH4 , or Si2 H6 . This
gives information about the influence of SiH2 concentration on the formation
or elimination of dangling bonds in amorphous silicon [10.134].
Of particular interest for in situ determinations of the composition of alloys
is the technique of laser microspectral analysis [10.135], where a microspot
of the material surface is evaporated by a laser pulse and the fluorescence
spectrum of the evaporated plume serves to monitor the composition.
Surface science is a rapidly developing field that has gained a lot from applications of laser spectroscopy [10.136, 10.137]. The sensitive technique of
surface-enhanced Raman spectroscopy, which gives information of molecules
adsorbed on surfaces, was discussed in Sect. 3.4.2.
10.3.3 Laser-Induced Breakdown Spectroscopy (LIBS)
LIBS is a sensitive technique for analyzing the chemical or atomic compositions of solid or liquid materials [10.138]. Here a laser pulse is focused onto
the surface of a solid or liquid material. Due to the high peak intensity, fast
evaporation of a small volume in the focus of the laser pulse occurs. The
gaseous plume ejected from the surface contains molecules, atoms and ions
contained in the focal volume. The fluorescence emitted by the excited species
is collected by a lens, focused into an optical fiber and sent to the entrance slit
of a spectrograph (Fig. 10.28). If the detector at the exit of the spectrograph is
time-gated, the spectra can be recorded at specific times after the generation
of the plume. Since the plume cools during its expansion, the ions recombine
to excited states of neutral atoms or molecules and the emission from these
states is a measure of the concentration of the atoms in the sample.
With moderate laser power, molecules can evaporate without fragmentation. This is particularly useful for investigations of biological samples or for
inspecting tissues in vitro.
When a second weak probe laser is used, it can cross the plume at different locations, where it generates spatially resolved laser-induced fluorescence,
which can be detected and analyzed. Using REMPI techniques, ionization of
the neutral species can be achieved with subsequent mass-selective detection
in a mass spectrometer.
10.3.4 Measurements of Flow Velocities in Gases and Liquids
In many technical problems in hydrodynamics or aerodynamics, the velocity profile v(r, t) of a flowing medium in pipes or around solid bodies is
of great importance. Doppler anemometry (Sect. 7.9) is a heterodyne laser
spectroscopy technique where these velocity profiles are determined from the
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Fig. 10.28. Laser-induced breakdown spectroscopy

Fig. 10.29a,b. Laser Doppler anemometry. (a) Schematic diagram of the whole system;
(b) generation of the Moiré-pattern
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measured Doppler shifts of the scattered light [10.139–10.141]. The beam
of a HeNe or Ar+ laser with wave vector kL passes through a volume element dV of the flowing medium. The frequency ω of light scattered in the
direction ks by particles with velocity v (Fig. 10.29) is Doppler-shifted to
ω = ωL − (kL − ks ) · v .
The scattered light is imaged onto a detector, where it is superimposed on
part of the laser beam. The detector output contains the difference-frequency
spectrum Δω = ωL − ω = (kL + ks ) · v, which is electronically monitored with
a heterodyne technique. One example is an airborne CO2 laser anemometer
that was developed for measuring wind velocities in the stratosphere, in order
to improve long-term weather forecasts [10.142]. Further examples are measurements of the velocity profiles in the exhausts of turbine engines of planes,
in pipelines for gases and liquids, or even in the arteries of the human body.

10.4 Applications in Biology
Three aspects of laser spectroscopy are particularly relevant for biological
applications. These are the high spectral resolution combined with high temporal resolution, and the high detection sensitivity. Laser light, focused into
cells, also offers a high spatial resolution. The combination of LIF and Raman
spectroscopy has proven very helpful in the determination of the structure of
biological molecules, whereas time-resolved spectroscopy plays an essential
role in the study of fast dynamical processes, such as the isomerization during photosynthesis or the formation of antenna molecules during the first steps
of the visual process. Many of these spectroscopy techniques are based on the
absorption of laser photons by a biological system, which brings the system
into a nonequilibrium state. The time evolution of the relaxation processes that
try to bring the system back to thermal equilibrium can be followed by laser
spectroscopy [10.143].
We will give several examples to illustrate the many possible applications
of laser spectroscopy in the investigation of problems in molecular biology
[10.144].
10.4.1 Energy Transfer in DNA Complexes
DNA molecules, with their double-helix structure, provide the basis of the genetic code. The four different bases (adenine, guanine, cytosine, and thymine),
which are the building blocks of DNA, absorb light in the near UV at slightly
different wavelengths, but overlapping absorption ranges. By inserting dye
molecules between the bases, the absorption can be increased and shifted into
the visible range. The absorption spectrum and fluorescence quantum yield of
a dye molecule depend on the specific place within the DNA molecule where
the dye molecule has been built in. After absorption of a photon, the excitation
energy of the absorbing dye molecule may be transferred to the neighboring
bases, which then emit their characteristic fluorescence spectrum (Fig. 10.30).
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Fig. 10.30. Example of energy transfer within a DNA–dye complex with acridine dye
molecules inserted between the bases adenine and guanine after laser excitation [10.146]

On the other hand, excitation of the DNA by UV radiation may invert the
direction of the energy transfer from the DNA bases to the dye molecule.
The efficiency of the energy transfer depends on the coupling between the
dye molecule and its surroundings. Measurements of this energy transfer for
different base sequences allow the investigation of the coupling strength and
its variation with the base sequence [10.145]. For example, the base guanine
within a DNA–dye complex can be selectively excited at λ = 300 nm without affecting the other bases. The energy transfer rate is determined from the
ratio of quantum efficiencies under excitation with visible light (excitation of
the acridine dye molecule) and UV light (direct excitation of guanine), respectively [10.146].
Since the use of dye molecules in cells plays an important role in the diagnosis and therapy of cancer (Sect. 10.5) a detailed knowledge of the relevant
energy transfer processes and the photoactivity of different dyes is of vital
interest.

10.4.2 Time-Resolved Measurements of Biological Processes
The detailed knowledge
a molecular level is one
importance of this field
in chemistry in 1988 to

of the different steps of biological processes on
of the ambitious goals of molecular biology. The
was underlined by the award of the Nobel Prize
J. Deisenhofer, R. Huber, and H. Michel for the
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elucidation of the primary steps in photosynthesis and the visual process
[10.147]. This subsection illustrates the importance of time-resolved Raman
spectroscopy in combination with pump-and-probe techniques (Sect. 6.4) for
the investigation of fast biological processes.
Hemoglobine (Hb) is a protein that is used in the body of mammals for the
transportation of O2 and CO2 through blood circulation. Although its structure
has been uncovered by X-ray diffraction, not much is known about the structural change of Hb when it absorbs O2 and becomes oxyhemoglobin HbO2 ,
or when it releases O2 again. With laser Raman spectroscopy (Chap. 3) its vibrational structure can be studied, giving information on the force constants
and the molecular dynamics. Based on high-resolution Raman spectroscopy
with cw lasers, empirical rules have been obtained about the relationship between vibrational spectra and the geometrical structure of large molecules.
The change in the Raman spectra of Hb before and after the attachment of
O2 therefore gives hints about the corresponding structural change. If HbO2
is photodissociated by a short laser pulse, the Hb molecule is left in a nonstationary state. The relaxation of this nonequilibrium state back into the ground
state of Hb can be followed by time-resolved Raman or LIF spectroscopy
[10.148].
Excitation with polarized light creates a partial orientation of selectively
excited molecules. The relaxation rate of these excited molecules and its
dependence on the degree of orientation can be studied either by the timeresolved absorption of polarized light by the excited molecules, or by measuring the polarization of the fluorescence and its time dependence [10.149].
Of particular interest is the investigation of the primary processes of vision. The light-sensitive layer in the retina of our eye contains the protein
rhodopsin with the photoactive molecule retinal. Rhodopsin is a membrane
protein whose structure is not yet fully investigated. The polyene molecule
retinal exists in several isomeric forms. Since the vibrational spectra of these
isomers are clearly distinct, at present Raman spectroscopy provides the most
precise information on the structure and dynamical changes of the different
retinal configurations. In particular, it has allowed the assignment of the different retinal configurations present in the isomers rhodopsin and isorhodopsin
before photoabsorption, and batho-rhodopsin after photoexcitation. With picoand femtosecond Raman spectroscopy it was proved that the isomer bathorhodopsin is formed within 1 ps after the photoabsorption. It transfers its
excitation energy within 50 ns to transducin, which triggers an enzyme cascade that finally results, after several slower processes, in the signal transport
by nerve conduction to the brain [10.150, 10.151].
Probably the most important biochemical process on earth is the photosynthesis within the chlorophyl cells in green plants. The photosynthesis process
in the chlorophyll complex consists of two parts. In the primary process,
light-harvesting molecules with a broad absorption spectrum in the visible
absorb photons from sunlight. This leads to molecular electronic excitation.
The excited molecules surrounding the central reaction center (Fig. 10.31) can
transfer the excited electron in several steps to the molecules in the reaction
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Fig. 10.31a,b. Photosynthesis. (a) Primary process; (b) reaction cycle [10.193]

center, where the secondary process, namely the chemical reaction
6H2 O + 6CO2 → C6 H12 O6 + 6O2
takes place. In this, water and carbon dioxide are synthesized to glucose and
oxygen. The energy gained by this process is sufficient to synthesize a phosphor group on adenosine diphosphate ADP, resulting in the production of
adenosine triphosphate ATP, which serves as an energy donor for processes
in plant cells (Fig. 10.31b). Recently, it was discovered that the primary processes proceed on a time scale of 30 to 100 fs. The excitation energy is used
for a transfer, which finally delivers the energy for the photosynthetic reaction
[10.153].
Another example is the femtosecond-transient absorption and fluorescence
after two-photon excitation of carotenoids. The excited β-carotene decays
with a time constant of 9 ± 0.2 ps. The energy transfer process from the excited S1 state in light-harvesting proteins can be monitored by the observed
chlorophyl fluorescence [10.169].
An important piece of information is the change in molecular structure
during these fast processes. Here time-resolved Raman spectroscopy and Xray diffraction with femtosecond laser-produced brilliant X-ray sources are
powerful tools that are more and more applied to molecular biology.
These examples reveal that these extremely fast biochemical processes
could not have been studied without time-resolved laser spectroscopy. It not
only provides the necessary spectral resolution but also the sensitivity essential for those investigations. More examples and details on the spectroscopy
of ultrafast biological processes can be found in [10.154–10.158].
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10.4.3 Correlation Spectroscopy of Microbe Movements
The movement of microbes in a fluid can be observed with a microscope.
They move for several seconds a straight path, but suddenly change direction. If they are killed by chemicals added to the fluid, their characteristic
movement changes and can be described by a Brownian motion if there is
no external perturbation. With correlation spectroscopy (Sect. 7.9), the average mean-square velocity v2  and the distribution f(v) of the velocities of
living and dead microbes can be measured.
The sample is irradiated with a HeNe laser and the scattered light is
superimposed with part of the direct laser light on the photocathode of a photomultiplier. The scattered light experiences a Doppler shift Δν = ν(v/c) ×
(cos ϑ1 − cos ϑ2 ), where ϑ1 and ϑ2 are the angles of the velocity vector v
against the incident laser beam and the direction of the scattered light, respectively. The frequency distribution of this heterodyne spectrum is a measure for
the velocity distribution.
Measurements of the velocity distribution of E. coli bacteria in a temperature-stabilized liquid gave an average velocity of 15 μm/s (Fig. 10.32),
where the maximum speed ranges up to 80 μm/s. Since the size of E. coli
is only about 1 μm, this speed corresponds to 80 body lengths per second. In
comparison, the swimming champion Ian Thorpe only reached 2 m/s, which
corresponds to 1 body length per second. If CuCl2 is added to the solution
the bacteria die, and the velocity distribution changes to that of a Brownian
motion, which shows another correlation spectrum I(K, t) ∝ exp(−DΔK 2 t),
where ΔK = K 0 − K s is the difference between the wave vectors of incident and scattered light. From the correlation spectrum the diffusion coefficient D = 5 ×10−9 cm2 /s and a Stokes diameter of 1.0 μm can be derived
[10.159].

Fig. 10.32a,b. Measured correlation function G 1 (τ) (a) and velocity distribution (b) computed from G 1 (τ) for living (solid curve) and dead (dashed curve) E. coli bacteria in
solution. The dashed curve corresponds to the Poisson distribution of a random walk
(Brownian motion) [10.159]
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Another technique uses a stationary Moiré fringe pattern produced by the
superposition of two inclined beams of the same laser (Fig. 10.29b). The distance between the interference maxima is Δ = λ sin( 12 α), where α is the angle
between the two wave vectors. If a particle moves with a velocity v across
the maxima, the scattered light intensity Is (t) exhibits periodic maxima with
a period Δt = Δ/(v cos β), where β is the angle between v and (k1 + k2 ).
10.4.4 Laser Microscope
A beam of a TEM00 laser (Vol. 1, Sect. 5.3) with a Gaussian intensity profile
is focused to a diffraction-limited spot with the diameter d  2λ f/D by an
adapted lens system with the focal length f and the limiting aperture D. For
example, with f/D = 1 at λ = 500 nm, a focal diameter of d  1.0 μm can
be achieved with a corrected microscope lens system. This allows the spatial
resolution of single cells and their selective excitation by the laser.
The LIF emitted by the excited cells can be collected by the same microscope and may be imaged either onto a video camera or directly observed
visually. A commercial version of such a laser microscope is displayed in
Fig. 10.33. For time-resolved measurements a nitrogen-laser-pumped dye laser
can be used. The wavelength λ is tuned to the absorption maximum of the

Fig. 10.33. Laser microscope [10.160]
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biomolecule under investigation. For absorption bands in the UV, the dye-laser
output can be frequency doubled. Even if only a few fluorescence photons can
be detected per laser pulse, the use of video-intensified detection and signal
averaging over many pulses may still give a sufficiently good signal-to-noise
ratio [10.160].
Many of the spectroscopic techniques discussed above can be applied
in combination with the laser microscope, which gives the additional advantage of spatial resolution. One example is the spectrally and spatially
resolved laser-induced fluorescence excited by the laser within a certain part
of a living cell. The migration of the excitation energy through the cells
to their membrane within a few seconds was observed. In addition, the migration of receptor cells through cell membranes can be studied with this
technique [10.161]. One example is the measurement of the intracellular distribution of injected photosensitizing porphyrin and its aggregation [10.162].
Porphyrine fluorescence was localized in the plasma membrane, the cytoplasma, the nuclear membrane, and the nucleoli. A redistribution of the
porphyrine molecules from the plasma membrane to the nuclear membrane
and adjacent intracellular sites was observed with increasing incubation time.
Damage to the respiratory chain is correlated with a decrease in ATP production and a lack of certain enzymes and cytochromes. These defects can
be detected by measuring the autofluorescence of flavine molecules in intact
and respiratory-deficient yeast strains with advanced microscopic techniques
[10.163a].
The spatial resolution of any microscope [10.164] is limited in the directions x and y perpendicular to the laser by diffraction to
Δx = Δy = λ/(n · sin α) ,
where λ is the wavelength of the illuminating lens, n is the refractive index
on the sample side and α is the divergence angle after the collimating lens
(Fig. 10.34).
In the z-direction, the spatial resolution is limited by the Raleigh length
(see Vol. 1, Sect. 5.9)
Δz R = πw20 /λ ,
where w0 is the beam waist in the focal plane. The spatial resolution Δz can
be greatly improved by the “4π technique” first proposed by St. Hell [10.165].
Here the sample is illuminated by a focused laser beam which is collimated
after the focus, reflected by a mirror and focused again from the other side
into the sample (Fig. 10.35). The coherent superposition of the two waves results in a standing wave with an electric field amplitude
E(x, y, z) = E 1 (x, y) cos(ωt − kz) + E 2 (x, y) cos(ωt + kz) .
The√time-averaged total intensity of the standing wave is, for E 1 = E 2 =
E/ 2:
I(x, y, z) = E 2 cos2 (kz) .
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Fig. 10.34. Spatial resolution limits of the microscope: diffraction limit Δr and Rayleigh
length Δz for a Gaussian beam

Fig. 10.35. 4π microscopy [10.165]

The full halfwidth Δz of the central interference maximum is smaller than
λ/6 because the field amplitude decreases rapidly away from the focal plane.
Therefore, the next interference maxima, at a distance ±λ/2 from the central
maximum, are much less intense.
The 4π technique does not increase the radial resolution. This can be
achieved by a stimulated emission technique (Fig. 10.36). Here, the excitation
laser in the fundamental Gaussian TEM00 mode, which induces the sample
fluorescence, is superimposed on a second laser in the donut mode TEM11 ,
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Fig. 10.36. Stimulated emission microscope [10.166]

which induces stimulated downward transitions from the molecular level excited by the first laser. This quenches the fluorescence around the central
radial part and, depending on the intensity of the stimulating laser, only fluorescence from a narrow radial part 0 < r < rmax is observed. This increases
the radial resolution by one order of magnitude [10.166].

10.5 Medical Applications of Laser Spectroscopy
Numerous books have been published on laser applications in medical research and in hospital practice [10.170–10.173]. Most of these applications
rely on the high laser-output power, which can be focused into a small volume. The strong dependence of the absorption coefficient of living tissue on
the wavelength allows selection of the penetration depth of the laser beam by
choosing the proper laser wavelength [10.172]. For example, skin carcinoma
or portwine marks should be treated at wavelengths for a small penetration
depth in order to protect the deeper layers of the epidermia from being damaged, while cutting of bones with lasers or treatment of subcutaneous cancer
must be performed at wavelengths with greater penetration depth. The most
spectacular outcomes of laser applications in medicine have been achieved in
laser surgery, dermatology, ophthalmology, and dentistry.
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There are, however, also very promising direct applications of laser spectroscopy for the solution of problems in medicine. They are based on new
diagnostic techniques and are discussed in this section.

10.5.1 Applications of Raman Spectroscopy in Medicine
During surgery on a patient, the optimum concentration and composition of
narcotic gases can be indicated by the composition of the respiratory gases,
that is, with the concentration ratio of N2 :O2 :CO2 . This ratio can be measured
in vivo with Raman spectroscopy [10.175]. The gas flows through a cell that
is placed inside a multipass arrangement for an argon laser beam (Fig. 10.37).
Several detectors with special spectral filters are arranged in a plane perpendicular to the beam axis. Each detector monitors a selected Raman line, which
allows the simultaneous detection of all molecular components of the gas.
The sensitivity of the method is illustrated by Fig. 10.40, which depicts
the time variations of the CO2 , O2 , and N2 concentrations in the exhaled air
of a human patient. Note the variation of the concentrations with changing
breathing periods. The technique can be used routinely in clinical practice for
anesthetic control during operations and obviously also for alcohol tests of car

Fig. 10.37. Multipass cell and spectrally selective detector arrangement for the sensitive
Raman spectroscopy and diagnostics of molecular gases [10.175]
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Fig. 10.38. Fundamental infrared absorption bands of some molecules relevant in
biomedicine [P. Hering, Institut für Medizinische Physik, Univ. Düsseldorf]

drivers. Instead of Raman spectroscopy, infrared absorption spectroscopy can
be used.
Many bioactive molecules have absorption bands in the infrared, which are
accessible by existing infrared lasers or OPOs (Fig. 10.38). When enhancement cavities and cavity ringdown or cavity leakout spectroscopy are used
detection sensitivities down into the ppb or even ppt range can be achieved
[10.174]. This is important for sensitive measurements of breathing gases,
where the composition of the exhaled gas gives information about possible
diseases. One famous example is the presence of the bacteria Helicobacter pylori in the stomach, which can cause gastritis or even stomach cancer. Their
presence and concentration can be monitored by the spectroscopic detection
of isotopes of carbon monoxide 13 CO or methane 13 CH4 in the gas exhaled

Fig. 10.39. Setup for real-time analysis of breathing gases [10.176]
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Fig. 10.40. CO2 , N2 , and O2 concentrations of respiratory gases for various breathing
periods, measured in vivo with the arrangement of Fig. 10.37 [10.175]

by the patient after being given a drink containing urea (NH2 )2 13 CO. The
bacteria decomposes this molecule and produces CO and CH4 , which can be
sensitively detected by laser absorption of the fundamental bands.
In Fig. 10.39 a possible experimental arrangement for breath analysis is
shown [10.176, 10.177]. The breathing gases are dried, mixed with a buffer
gas and injected into the multipath absorption cell.
Such sensitive detection techniques also allow the quantitative measurement of hemoglobin in the blood of athletes, enabling checks to be performed
for possible doping.
10.5.2 Heterodyne Measurements of Ear Drums
A large fraction of ear diseases of elderly people is due to changes in
the frequency response of the ear drum. While until now investigations of
such changes had to rely on the subjective response of the patient, novel
laser-spectroscopic techniques allow objective studies of frequency-dependent
vibrational amplitudes of the ear drum and their local variation for different
locations on the drum with a laser Doppler vibrometer (Fig. 10.41). The experimental arrangement is illustrated in Fig. 10.42. The output of a diode laser
is fed through an optical fiber to the ear drum. The light reflected by the
drum is collected by a lens at the end of the fiber and is sent back through
the fiber, where it is superimposed on a photodetector behind a beam splitter with part of the direct laser light. The ear is exposed to the sound waves
of a loudspeaker with variable audio frequency f . The frequency ω of the
light reflected by the vibrating ear drum is Doppler shifted. This reflected
light is superimposed on part of the laser light, resulting in a heterodyne spectrum with the difference frequency. The amplitude A( f ) of the illuminated
area of the vibrating drum can be derived from the frequency spectrum of
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Fig. 10.41. Principle of the laser Doppler vibrometer

Fig. 10.42. Heterodyne measurements of frequency-dependent vibrations of the ear drum
and their local variations [10.178]

the heterodyne signals (Sect. 7.8). In order to transfer the heterodyne spectrum in a region with less noise, the laser light is modulated at the frequency
Ω ≈ 40 MHz by an optoacoustic modulator producing sidebands at ω ± Ω
[10.178]. The heterodyne frequencies are then around 40 MHz, where they can
be sensitively detected. The intensity of the light illuminating the ear drum
should always be below the threshold for ear damage, which is 160 dB for
the hair cells in the inner ear.
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10.5.3 Cancer Diagnostics and Therapy with the HPD Technique
Recently, a method for diagnostics and treatment of cancer has been developed that is based on photoexcitation of the fluorescing substance hematoporphyrin derivative (HPD) [10.179, 10.180]. A solution of this substance is
injected into the veins and is distributed in the whole body after a few hours.
While HPD is released by normal cells after 2–4 days, it is kept by cancer cells for a longer time [10.181]. If a tissue containing HPD is irradiated
by a UV laser, it emits a characteristic fluorescence spectrum, which can be
used for a diagnostic of cancer cells. Figure 10.43 shows the emission spectrum of a tissue with and without HPD, and also the fluorescence of pure
HPD in a liquid solution excited by a nitrogen laser at λ = 337 nm. The experimental arrangement for detecting cancerous tissue in rats is exhibited in
Fig. 10.44 [10.182]. The fluorescence is spectrally resolved by a grating and

Fig. 10.43a,b. Nitrogen laser-excited
fluorescence spectrum of HPD in
solution (a) and of tissue (b) without HPD (dashed curve), and with
HPD (solid line) two days after
injection. The hatched area represents the additional absorption of
HPD [10.182]

Fig. 10.44. Experimental arrangement for cancer diagnostics of rat tissue [10.182]

10.5 Medical Applications of Laser Spectroscopy

589

Fig. 10.45. Level scheme for laser-excitation of HPD and energy transfer to O2 molecules

spatially separated by three slightly folded mirrors, which image a cancer region and a region of normal cells onto different parts of the diode array of
an optical multichannel analyzer (Vol. 1, Sect. 4.5). A computer subtracts the
fluorescence of the normal tissue from that of a cancerous tissue.
Absorption of photons in the range 500−690 nm brings HPD into an excited S1 state, which reacts with normal oxygen in the O2 (3 Σ−g ) state and
transfers it into the O2 (1 Δ) state (Fig. 10.45), which apparently reacts with the
surrounding cells and destroys them. Although the exact mechanism of these
processes is not yet completely understood, it seems that this HPD method allows a rather selective destruction of cancer cells without too much damage
to the normal cells. The technique was developed in the USA, intensively applied in Japan [10.183], and has since been applied successfully to patients
with esophageal cancer, cervical carcinoma, and other kinds of tumors that
can be reached by optical fibers without invasive surgery [10.184].

10.5.4 Laser Lithotripsy
Thanks to the development of thin, flexible optical fibers with a high damage
threshold for the radiation [10.185, 10.186], inner organs of the human body,
such as the stomach, bladder, gallbladder or kidneys, can be selectively irradiated by laser radiation. A new technique for breaking kidneystones to pieces
by irradiation with pulsed lasers (laser lithotripsy) has found increasing interest because it has several advantages compared to the ultrasonic shockwave
lithotripsy [10.187–10.189].
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Fig. 10.46. Experimental arrangement for the spectral analysis of kidney stones for the
determination of stone composition

An optical fused quartz fiber is inserted through the urinary tract until it
nearly touches the stone that is to be broken. This can be monitored by Xray diagnosis or by endoscopy through a fiber bundle that contains, besides
the fiber for guiding the laser beam, other fibers for illumination, viewing and
monitoring the laser-induced fluorescence (Fig. 10.46).
If the pulse of a flashlamp-pumped dye laser is transported through the
fiber and focused onto the kidneystone, the rapid evaporation of the stone
material results in a shock wave in the surrounding liquid, which leads to destruction of the stone after several laser shots [10.188]. The necessary laser
power and the optimum wavelength depend on the chemical composition of
the stone, which generally varies for different patients. It is therefore advantageous to know the stone composition before distruction in order to choose
optimum laser conditions. This information can be obtained by collecting the
fluorescence of the evaporated stone material at low laser powers through an
optical fiber (Fig. 10.46). The fluorescence spectrum is monitored with an optical multichannel analyzer and a computer gives, within seconds, the wanted
information about the stone composition [10.190].
First demonstrations of the capability of spectral analysis of kidney stones
in vitro are illustrated in Fig. 10.47, where the fluorescence spectra of different kidney stones that had been irradiated in a water surrounding outside the
body, and that were detected with the arrangement of Fig. 10.44 are shown
[10.190]. Further information on laser lithotripsy and spectroscopic control of
this technique can be found in [10.191, 10.192].
10.5.5 Laser-Induced Thermotherapy of Brain Cancer
Laser-induced interstitial thermotherapy represents a minimally invasive therapy, where the cancerous tissue is irradiated by laser light guided through an
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Fig. 10.47. Fluorescence of three different kidney stone materials excited with a dye laser
at λ = 497 nm at low intensities to prevent plasma breakdown [10.190]

optical fiber. Planning the operation anticipates the knowledge of the absorption and scattering properties of cancerous tissue compared to healthy tissue.
Several optical and computational techniques have been developed that can
be used to localize the cancerous tissue and to optimize the optical radiation dose. Here the wavelength dependence of the absorption and scattering
coefficients is determined in foregoing experiments. Figure 10.48 shows for illustration the spectral dependence of both coefficients and also the anisotropy
of the scattering in human brain tissue determimed in vitro [10.193].
10.5.6 Fetal Oxygen Monitoring
Monitoring the oxygen concentration of a baby during longer birth processes is of crucial importance for the lasting health of the child. Until now
the available equipment was not well adapted for clinical applications. Here
a laser-based technique, using light scattering measurements seems to be very
successful. The laser light is transported to the skull of the baby through an
optical fiber and the scattered light is collected by a second fiber, placed some
centimeters distant from the first. The collected light is then monitored as
a function of the wavelength [10.194]. Since the scattering cross section depends on the oxygen concentration, after calibration this method allows the
determination of the wanted O2 concentration.
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Fig. 10.48. Optical properties of human gray matter determined in vitro with an
integrating-sphere setup and an inverse Monte Carlo technique [10.193]

10.6 Concluding Remarks
The preceeding selection of examples of laser spectroscopic applications is
somewhat arbitrary and by no means complete. The progress in this field may
be measured by the increasing variety of conferences and workshops on applications of laser spectroscopy in science and technology. A good survey
can be found in many conference proceedings of the Society of Photo-optical
Instrumentation and Engineering (SPIE) [10.195]. The reasons for this rapid
expansion of applications are manifold:
• First, more types of reliable and “easy to handle” lasers in all spectral regions of interest are now commercially available.
• Second, spectroscopic equipment has greatly improved during recent years.
• Last, but not least, our understanding of many processes on a molecular
level has become much more advanced. This allows a better analysis of
spectral information and its transformation into reliable models of structures and processes.
In particular the development of femtosecond lasers and time-resolved detection techniques has opened the wide field of fast dynamical processes for
detailed research [10.196].

Solutions

Chapter 1
(2Ji + 1) −Erot /kT −Evib /kT
·e
·e
Z rot · Z vib

−J(J+1)hcB/kT ≈ kT is the rotational parwhere Z rot = ∞
J=0 (2J + 1) e
h·c·B
∞ −hcωe (v+ 1 )/kT
2
the vibrational partition
tition function and Z vib = v=0 e
function.
For T = 300 K ⇒ kT = 4.1 ×10−21 J.
For Ji = 20 ⇒ E rot = hcBeJi (Ji + 1) ≈ 1.25 ×10−20 J

1. a) n i = n ·

⇒ exp[−E rot /kT ] = exp[−3.05] = 4.7 ×10−2
exp[−E vib /kT ] = 0.617 for v = 0
⇒ exp[−E vib /kT ] = 0.235 for v = 1 and 0.09 for v = 2
4.1 ×10−21
= 138
⇒ Z vib ≈ 1.1 ; Z rot =
hcB
ni
41
⇒ =
· 4.7 ×10−2 · 0.617 = 7.8 ×10−3 .
n
138 · 1.1
b) The absorption coefficient α is
αik = n i · σik .
At p = 10 mb ⇒ n ≈ 2.5 ×1019 /cm3
⇒ n i = 2 ×1017 /cm3
⇒ αik = 2 ×1017 × 10−18 cm−1 = 0.2 cm−1 .
c) Pt = Pi e−αx = 100 · e−2 mW = 13.5 mW .
2. The molecular density in the beam is
n i = Ni /v = 1012 /(5 ×104 ) cm−3 = 2 ×107 /cm3 .
The absorption coefficient is
αi = n i σi = 2 ×107 × 10−16 cm−1 = 2 ×109 cm−1 .
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At a pathlength of 1 mm the absorbed power is
(
)
P0 − Pt = P0 1 − e−αx = P0 × 2 ×10−10 = 2 ×10−13 W .
This corresponds at λ = 623 nm to
n ph = 2 ×10−13 /(hν) = 2 ×10−13 λ/(hc) = 6.3 ×105 absorbed photons/s .
Each absorbed photon causes a fluorescence photon. With a collection efficiency of


δ = 14 πD2 /L 2 /4π = 1/64 η = 0.2
1
× 6.3 ×105 = 1.96 ×103 /s
⇒ n ph el = 0.2 × 64

i.e. about 2000 photoelectrons/s are produced.
3. The transmitted peak power at ω0 is
Pt (ω0 ) = P0 · e−α·L = P0 · e−10

−6



≈ P0 1 − 10−6 ≈ P0 = 1 mW .

The dc signal is then SDC = 1 V.
The absorption changes for ω = ω0 , according to the Doppler profile
2

ω−ω
− 0.36δω0

α(ω) = α(ω0 ) · e

0

.

With δω0 = 2π · 109 s−1 and (ω − ω0 ) = 2π · 108 s−1 we obtain
2

0.1
− 0.36

α(ω) = α(ω0 ) · e

≈ α(ω0 ) · (1 − 0.08) = 0.92α(ω0 )

⇒ α(ω0 ) − α(ω) = 0.08α(ω0 )
⇒ Pt (ω) = P0 · e−8×10

−8



≈ P0 1 − 8 ×10−8 .

The ac signal is then



S(Δω) = [Pt (ω) − Pt (ω0 )] = P0 10−6 − 8 ×10−8 V
= 0.92 ×10−6 P0 = 9.2 ×10−7 V = 0.92 μV .

4. The number of ions per s is
Nion = Na

107
107 + 108

= 0.091Na

where Na is the rate of absorbing molecules.
With dNi / dt = Na = 105 s−1 ⇒ Nion = 9.1 ×103 s−1 .
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5. a) The kinetic energy of the molecules impinging per s on the bolometer
is
m
E kin = n · v · v2 (0.3 × 0.3)
2
2

8
= 10 × 4 ×104 × 12 × 1.66 ×10−27 × 4 ×104 × 0.09 W
= 4.8 ×10−7 W = P0 .
b) ΔT = P0 /G = 48 K (dc-temperature rise).
c) The absorbed laser power is




−9
ΔP = P0 − Pt = P0 1 − e−αL = P0 1 − e−10
≈ P0 · 10−9
= 10−8 mW .
The rate of absorbed photons is
Nph = ΔP/hν = ΔP · λ/hc = 7.6 ×107 s−1 .
The ac-temperature rise is
ΔT =

ΔP
= 10−8 /10−8 K = 1 K .
G

6. The Zeeman shift for a term with magnetic quantum number M J (−J ≤
M J ≤ +J) is
Δν = μ · M J · B/h
with the magnetic moment μ = 0.5μB we obtain for the frequency shift
of the highest Zeeman component M J = +J = 2
Δν = +0.5μB · J · B/h = 7 GHz/Tesla
108 h
Tesla = 7.2 ×10−3 Tesla .
⇒B=
0.5 × 9.27 ×10−24 × 2
The necessary magnetic field for tuning the laser frequency into resonance
with the Zeeman component M J = 2 ← M J = 1 is 7.2 mT.
For the linearly polarized transition M J = 1 ← M J = 1 the necessary field
is twice as high.
For linearly polarized light one observes three Zeeman components when
looking perpendicular to B. For circular polarization three components appear for σ + -light and three for σ − -light.
7. a) For a uniform electric field the field strength is
E = V/L = 2 kV/m .
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b) The force acting on the ions is F = q · E.
Their acceleration is
a = F/m =

2 ×103 × 1.6 ×10−19
m/s2 = 4.8 ×109 m/s2 .
40 × 1.66 ×10−27

Their velocity before the next collision occurs is v = a · τ where τ is the
mean time between two collisions.
√
The mean free path is Λ = 12 aτ 2 ⇒ τ = 2Λ/a = 6.4 ×10−7 s
√
⇒ vmax = 2a · Λ = 3.1 ×103 m/s = (Δvz )max .
The frequency of the ac-voltage is 1 kHz.
⇒ The period of the electric field is long compared to τ.
⇒ The mean velocity of the ions is v = 12 vmax = 1.6 ×103 m/s.
c) The maximum frequency modulation is
Δν = ν0 · Δvz /c ≈ 109 s−1 .
This equals the Doppler width of the absorption lines.
d) For α(ν0 ) = 10−6 cm−1 the transmitted power at the line center ν0 is


−4
Pt = P0 · e−αz = P0 · e−10 ≈ P0 1 − 10−4 .
At the frequency ν which is 1 GHz away from ν0 the absorption decreases
to
α(ν) = α(ν0 ) · e− 0.36 = α(ν0 ) · e−2.78 ≈ 0.06α(ν0 ) .
1

The ac-power modulation is
ΔPt = 10 mW × 0.94 ×10−4 = 0.94 μW .
⇒ The detected signal is
S = 0.94 mV .
8. a) According to Eq. (1.6) is
ΔP
Δγ
g0
·
=
P0
g0 − γ γ + Δγ
with Δγ = 2L × α = 8 × 5 ×10−8 = 4 ×10−7
g0 = 4 ×10−2 ,
−8

⇒ ΔP = 4 ×10

γ = 2 ×10−2 ,

P0 = 1 mW

W = 40 nW .

b) The intracavity power is
Pint = P0 /T = 10−3 /(5 ×10−3 ) W = 200 mW .
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The absorbed laser power is
Pabs = 2L · α · Pint = 4 ×10−7 × 0.2 W = 8 ×10−8 W .
The number of absorbed laser photons per s is
n a = Pabs /(h · ν) = 2 ×1011 s−1 .
The number of fluorescence photons is
n fl = 12 n a = 1 ×1011 s−1 .
c) The fluorescence emitted from the line of the laser beam is best imaged
by a cylindrical mirror on one side of the laser beam in the focal line
of the mirror which images the line-source into a parallel light beam, directed into the opposite side of the laser beam.
The light beam can be imaged by a spherical lens onto the photo cathode.
With this arrangement a collection efficiency of 20% can be reached.
The number of fluorescence photons impinging onto the cathode is then
0.2 ×1011 s−1 = 2 ×1010 s−1 producing
n PE = 0.15 × 2 ×1010 s−1 = 3 ×109 photoelectrons/s .
d) The statistical fluctuation of the photoelectron rate is
√
δn PE = n PE ≈ 5.5 ×104 s−1 .
The dark current of the PM at the anode is 10−9 A, which gives
10−9 /G = 10−15 A at the cathode.
10−15
3
This corresponds to n D = Iα /e = 1.6×10
−19 = 6.2 ×10 electrons/s.
The shot noise of the signal current is therefore about
√ 9 times larger than
the dark current. The signal to noise ratio is n PE / n PE ≈ 5 ×104 .
If the laser power is detected by a photodiode, the signal is S =
(10 V/W) × 10−3 W = 10 mV.
The change ΔS due to the change ΔP of the laser power is
ΔS = (10 V/W) × 4 ×10−8 W = 4 ×10−7 V .
If the laser power can be stabilized within 10−3 P0 the power fluctuations
are 1 μW and the corresponding signal fluctuation δS = 10 μV, i.e. about
25 times larger than the signal ΔS. One therefore needs lock-in detection
or other special noise-supressing detection techniques.
9. The total potential energy is the superposition of the Coulomb-potential
and the potential −E 0 · x due to the external electric field E = −E 0 x̂
eff
E pot
=−

Z eff · e2
− e · E0 · x .
4πε0r
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With x = r · cos ϑ we obtain for ϑ = 0
eff
E pot
=−

Z eff · e2
− e · E0 · r .
4πε0r

This function has a maximum at r = rm
eff / dr = 0
for dE pot
Z eff · e2
− e · E0 = 0
2
4πε0rm


Z eff · e 1/2
⇒ rm =
4πε0 E 0

Z eff · e3 E 0
eff
⇒ E pot
(rm ) =
.
πε0

⇒

The ionization potential IP = E 1 − E pot (∞) is lowered to

IP eff = IP −

Z eff · e3 E 0
.
πε0

Chapter 2
1. a) With the lifetime τ K = 16 ns of the upper level with F = 2 the total
transition probability is
AK = AK1 + AK2 =

1
= 6.3 ×107 s−1 .
τK

The intensity ratio of the two hf-components is
I(F = 2 → F1 = 1) 2F1 + 1 3
=
= .
I(F = 2 → F2 = 2) 2F2 + 1 5
This gives for the Einstein coefficients
A K 1 = 38 A K ;

A K 2 = 58 A K .

The transit time tT of Na-atoms through the laser beam with d = 0.01 cm
is
tT = d/v =

10−2
s = 2 ×10−7 s .
5 ×104
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The total relaxation rate into the lower level F = 1 is
R(F = 1) = N · A + n K (F = 2) · A · d · A K 1
where N · A = n(F = 1) · A · v is the flux of atoms in level F = 1
through the focal area A = 0.2 × 0.01 cm2 , n [cm−3 ] is the atomic density and d = 0.01 cm the pathlength through the focussed laser beam.
According to (2.20) the saturation intensity is then
√
IS = 2 2 · hν(A K 1 + 1/tT )/λ2 with tT = d/v
= 2.8hc(A K 1 + 1/tT )/λ3
= 77 W/m2 .
The necessary laser power is
P = I · A = 15.4 μW .
b) The Doppler width is here larger than the hfs-splittings of the upper
state. The pressure broadening is 250 MHz. The lower hfs-level F = 1
can be populated from the upper levels with F = 0, 1, 2 and by collisional
transfer from these levels and from F = 2.
The total refilling rate of level F = 1 is given by the sum of radiative
transfer
Rrad = N2 A21 + N1 A11 + N0 A01 = (5A21 + 3A11 + A01 )N /9 ≈ Ak · N K
and the collisional transfer rate.
We have assumed that all hfs levels are equally populated apart from their
statistical weights (2F + 1), because the collision broadening is larger than
the natural linewidth and the hfs-splittings. The collisional refilling probability is Rcoll = 2π × 2.5 ×108 s−1 ≈ 1.5 ×109 s−1 .
This gives for the saturation intensity
IS =

2.8hc
(A K + Rcoll ) = 4.3 ×103 W/m2
λ3

and a laser power
P = I · A = 8.6 ×10−4 W = 0.86 mW .
2. The transmitted power is
Pt = P0 · e−Ni σx .
From p = 10 mbar = 103 Pa ⇒ n = p/kT = 2.4 ×1023 m−3 .
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Solutions

The density of absorbing atoms is
n i = 2.4 ×1017 cm−3
⇒ Pt = P0 · e−10
⇒

−3

for x = 1 cm

ΔP (Pt − P0 )
=
≈ 10−3 .
P0
P0

The number of absorbed photons is
1 ΔP · ΔT
= 1.5 ×1010 photons/cm3 .
3
hν
The factor 1/3 takes into account that the laser bandwidth is three times
the absorption linewidth.
⇒ The fraction of excited atoms is than

na =

n a 1.5 ×1010
=
= 6.3 ×10−8 .
ni
2.4 ×1017
3. Because of the Kramers–Kronig-relation the change Δn of the refractive
index is related to the change Δα of the absorption coefficient by
Δn =

2c
Δα .
ω0

The phase shift between the σ + and σ − component is
ω· L
Δn = 2L · Δα = 2 ×10−2 α0 · L
c
⇒ Δφ = 2 ×10−2 × 5 ×10−2 = 10−3 .
Δφ =

The angle of the polarization plane has changed by
1
1
∧
Δϕ = Δφ = × 10−3 rad = 0.03◦ .
2
2
4. The number of detected fluorescence photons per s is
n fl = 0.05 · 0.2 · n a /2
where n a is the rate of absorbed laser photons.
The rate of incident laser photons is
n ph = (I/hν) · A = 10−1 /(6.6 ×10−34 × 5 ×1014 ) = 3 ×1012 s−1
where A = πω20 is the cross section of the laser beam.
The absorption probability per atom is
Pif = σ · n ph /A = a · I · n ph /A = a · hνn 2ph /A2 = 6 ×10−4 .

Solutions
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This gives the number of absorbed photons =

1
2

number of excited atoms

n a = n · A · L · Pif = 1012 × π × 10−4 × 1 × 6 ×10−4
= 1.9 ×105 s−1
⇒ n Fl = 10−2 × 12 × 1.9 ×105 = 9.5 ×102 s−1 .
With a quantum efficiency of 20% of the photo cathode one obtains
a counting rate of 1.9 ×102 counts/s.
5. The saturation signal is proportional to α0 − αS , where α is the absorption
coefficient.


α0 − αS ∝ S · α0 .
For the transition (F = 1 → F = 1) the saturation parameter is S1 = 2.
The transition probability ratio R for the two transitions (F = 1 →
F1 = 1) and (F = 1 → F2 = 2) is
R=

2F1 + 1 3
= .
2F2 + 1 5

Therefore the saturation parameter S2 = 53 · S1 = 3.3 .
The saturation signal amplitudes A are
(ΔN 0 − ΔN) · I ∝ ΔN0 · S · I .
For the cross-over signal only I/2 is acting on each transition. Therefore
the saturation parameters are S1 /2 and S2 /2
5.3
ΔN0
ΔN0
(S1 + S2 ) · I/2 =
(2 + 3.3) =
ΔN0 I
2
4
4
while the saturation signals are
Aco =

A1 = 2ΔN0 I
Aco =

1
4 (A1 +

and

A2 = 3.3ΔN0 I

A2 ) .

6. The linewidth γ is mainly determined by the transit time tT of the H
atoms through the laser beam
tT = d/v =

10−3
1
s = 10−6 s ⇒ γ = = 106 s−1 .
3
10
tT

From hν = 12 [E(2S1/2 ) − E(1S1/2 )] ⇒ ν = 1.23 ×1015 s−1
⇒ Pif = σ02

I2
= 1.5 ×10−6
(γ · hν)2

⇒ 1.5 ×10−6 of all atoms are excited into the 2 2 S1/2 level.
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Solutions

Chapter 3

1. The flux density of incident photons, focussed to the area A from a laser
with output power P is
P
= 2.5 ×1021 photons/(s cm2 ) .
hν · A
The rate of scattered photons at a molecular density Ni in the volume V
is
Nph =

Nsc = Nph · Ni · V · σ
= 1.25 ×10−11 Ni .
The rate of photoelectrons is
NPE = δ · η · Nsc = 0.1 × 0.25 × 1.25 ×10−11 Ni /s
= 3.1 ×10−13 Ni /s .
This number should be larger than 30
⇒ Ni >

30
cm−3 = 9.7 ×1013 cm−3 .
3.1 ×10−13

2. The 3N − 6 = 3 normal modes of H2 O are: The symmetric stretch ν1 , the
bending vibration ν2 and the asymmetric stretch ν3
For all three normal vibrations the polarizability changes. Therefore all three are
Raman-active.
The vibrations ν1 , ν2 , and ν3 are also infrared
active, because the electric dipole moment
changes its magnitude for ν1 and ν2 and its
direction for ν3 .

3. The rate of scattered photons is (see Problem 3.1)
Nsc = Nph · Ni · V · σ
10 W
= 2.4 ×1021 photons/(s cm2 )
Nph =
hν · A
Ni · V = 1021
⇒ Nsc = 2.4 ×1021 × 1021 × 10−29 /s
= 2.4 ×1013 /s .

Solutions
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The energy released per second is
dWH / dt = Nsc · h(νi − νS ) = Nsc · h · c · (ν i − ν S ) = Nsc · hc · 103 W
= 4.75 ×10−7 W .
If the laser wavelength is close to resonance with an absorption line, the
additional heat is




(
)
dWH
= P0 1 − e−αx ≈ P0 1 − e−0.1 · 0.5 ≈ P0 · 0.05 = 0.5 W .
dt abs
4. The number of Raman photons is
Nsc = Nph · Ni · V · σ
1
PL
=
cm−2
Nph =
−19
hν · A 1.6 ×10
× 2.2 π × 25 ×10−4
= 1018 s−1 .
Ni = 1021 cm−3 ;

V = L · πR2 = 0.78 cm3 ;

σ = 10−30 cm2

⇒ Nsc = 7.8 ×108 /s .
The intensity of the Raman radiation at λS = 550 nm is at the exit of the
fibre
Nsc · hν
πR2
= 3.2 ×10−6 W/cm2 = 3.2 μW/cm2 .

I=

5. The diffraction-limited beam waist of the incident beams is in the focal
plane
w0 =

f ·λ
πwS

where wS = 12 × 3 mm is the beam waist at the lens.
With f = 5 cm we obtain
w0 = 5.3 ×10−4 cm = 5.3 μm .
The angle α is determined by
1
d
=
= 0.1
2f
10
⇒ α = 6◦ .

tan α =

604

Solutions

The length of the overlap region is given by
l · tan α ≤ 4w0
4 × 5.3 ×10−4
cm = 2 ×10−2 cm = 0.2 mm .
⇒l ≤
0.1

Chapter 4

1. a) The Doppler broadening and shift is
caused only by v
v = v · cos α .
The Doppler shift of the line center is
ω = ω0 + (v /c)ω0
(
)
= ω0 1 + (v/c) cos 45◦


√
= ω0 1 + 12 2 v/c .
The absorption profile is
&
'2
α(ω) = α0 exp −(ω − ω )/δωD
√
δωD = 2 ln 2 · ω0 · cos α · vp /c
where vp is the most probable velocity
"
δωD = cos α · (ω0 /c) 8kTeff ln 2/m .
b) For a divergent molecular beam with a collimation angle ε = 5◦ additional broadening occurs.
The velocity component v has now two contributions
v = v cos α + v⊥ sin α .
With v⊥ = v tan ε ⇒ v = v(cos α + sin α · tan ε)

 √
√
= v 12 2 ± 12 2 · 0.09
because ε ranges from −5◦ to +5◦ .
The parallel component v covers a range
0.643 v ≤ v ≤ 0.771 v .

Solutions
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The additional shift of the line center is negligible, the additional broadening is obtained as
√
√
δω0 = 2 ln 2 ω0 cos α(vp /c)(1 + 2 · 0.09) .
2. Only molecules with velocity components
vx < Δωh /k = 2πΔνh /k = λ · Δνh
can absorb the monochromatic laser radiation.
With vx = v tan ε this gives
tan ε ≤ λ · Δνh /v .
At a distance d from the nozzle
Δx = 2d · tan ε
⇒ Δx ≤ 2d · λ · Δνh /v .
Inserting the numerical values d = 10 cm, λ = 500 nm, Δνh = 10 MHz,
v = 500 m/s gives Δx ≤ 0.2 cm.
3. a) The velocity distribution of the thermal molecular beam is
n(v) = C · v2 · e−mv

2 /2kT

where n(v) is the density, v = vz the velocity component in the direction
of the beam, and C is a constant factor.
With ωa = ω0 (1 − vz /c) ⇒ v = vz = (ω0 − ωa ) · c/ω0
we obtain (ωa = ω is the absorption frequency of a molecule moving with
velocity v)
α(ω) ∝ n(ω) = C ∗ (ω0 − ω)2 · e− 2kT [(ω0 −ω)·c/ω0 ] .
m

2

This differs from the Gaussian profile because of the factor (ω0 − ω)2 . It is
not symmetric with respect to the absorption frequency ω0 of a molecule
at rest.
b) For complete saturation the absorption is proportional to the flux N =
n · V , not the density n of molecules into the observation region. Therefore
N(v) = C · v3 e−mv
∗

2 /2kT

and

m
3 − 2kT
[(ω0 −ω)·c/ω0 ]2

α(ω) = C (ω0 − ω) e

.

4. a) The flight time between z 1 and z 2 is
t = d/v ⇒ dt = −(d/v2 ) dv .
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Solutions

The velocity distribution is
N(v) dv = C · u 3 · e−m(v−u)

2 /2kT

dv

where u is the flow velocity u = v.
(
)
With t0 = d/u and t = d/v ⇒ dt = − d/v2 dv we obtain
N(t) dt = C
=C

d 3 v2
− m
· e 2kT
·
3
t0 d
2 ·m
d4
− d2kT
·
e
t 2 t03





d
d
t − t0


t0 −t 2
t0 ·t

2

dt

dt .

Although N(v) is symmetric with respect to u, N(t) is not, because of the
factor 1/t 2 .
b) For the triangle approximation
N(v) = a(u − 10 |u − v|) 0.9u ≤ v ≤ 1.1u .
We obtain with C = a · d/t0




t0 
t2

1 − 10 1 −  dt
N(t)/ dt = C ·
d
t
with 0.9t0 ≤ t ≤ 1.1t0 where N(t) = 0 for t = 0.9t0 and t = 1.1t0 .
5. For the vibrational levels of diatomic molecules is gi = 1.
⇒ N(v ) = (N/Z) e−Evib /kTvib .
For v = 0:
N(v = 0) = (N/Z) e−hcωe /(2kTvib ) .
The partition function is
Z=
⇒




−1
e−hc(n+1/2)ωe /kT = 1 − e−hcωe /kT

1
= 0.88 ⇒ N(v = 0) = 0.88N · 0.34 = 0.3N .
Z

30% of all molecules are at T = 100 K in the lowest vibrational level
v = 0.
For v = 1 ⇒ e−hcωe ·3/(2kTvib ) = 0.04
⇒ N(v = 1) = 0.034N .
Only 3.4% of all molecules are in v = 1.

Solutions
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For the rotational distribution we assume that Trot is independent of v .
Then
&
'
N(J = 20) = (2J + 1)/Z rot · Nrot · e−Erot /kTrot
e−Erot /kTrot = e−J(J+1)·hcBe/kTrot
= e−20·21·hc·0.15/k·10 = e−9.04 = 1.2 ×10−4
Nrot · 41
× 1.2 ×10−4 = 1.07 ×10−4 Nrot
⇒ N(J = 20) =
46
kTrot
= 46
because Z rot =
hcB
⇒ Ni (vi = 0, Ji = 20) = 0.3 × 1.07 ×10−4 N = 3.2 ×10−5 N .
The rotational level with the maximum population is obtained from
dN(J )/ dJ = 0
( max )
=4
⇒ J Nrot
Ni (Ji = 4, vi = 0) = 0.475N .

Chapter 5
1. The linear polarized laser excites only the level |2 with M = 0.
dN2
= R1 N1 − (R2 + R3 )N2 = 0
dt
with R1 = excitation rate, R2 = collision induced mixing rate, R3 = spontaneous decay.
R1
107
N2
=
=
= 9.5 ×10−2
N1
R2 + R3 5 ×106 + 108
dN3
= R2 N 2 − R3 N 3 = 0
dt
N3
R2 5 ×106
⇒
=
=
= 0.05 .
N2
R3
108
⇒

The alignment is then
A=

N2 − N3 1 − N3 /N2 1 − 2 × 0.05 0.9
=
= 0.82
=
=
N2 + N3 1 + N3 /N2 1 + 2 × 0.05 1.1

where the factor 2 comes from the equal populations of levels with M =
+1 and M = −1.
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Solutions

2. The optical pumping probability is
P12 ∝ |D · E| 2 = D2 E 2 · cos2 α .
Only the upper level with M = 0 can be excited.
Without collisional mixing the alignment becomes A = 1 because N3 = 0
(see Problem 5.1).
The saturation parameter for a transition |1 → |2 is
S=

2σ12 · I(ω)
.
ω · A12

With σ12 = 10−13 cm2 ,

I(ω) = 1 W/cm2 ,

ω = 4 ×10−19 Ws and

A21 = 5 ×106 s−1 ⇒ S = 0.1 .
3. a) The force on the molecules is
F=

dB
·μ .
dx

The acceleration in the x-direction is a = F/m. The deviation Δx after
a flight time t is
 2


1 2 1
L
dB
L2
1
Δx = at = a
μ· 2 .
=
2
2
v
2m dx
v
The deviation angle ϑ is


1
dB
L2
Δx
=
μ· 2 .
tan ϑ =
L
2m dx
v
Inserting the numerical values give
tan ϑ = 1.76 ×10−2 ⇒ ϑ = 1.04◦ .
b) The distance between the beginning of the magnetic field and the detector is d = (0.1 + 0.5) m = 0.6 m.
If N0 (x = 0) has a rectangular profile, than N(x = d) has also a rectangular profile, which is shifted in the x-direction by the deflection angle ϑ,
i.e. N(x = d) = a · N0 for −d · (ε − ϑ) ≤ x ≤ d(ε + ϑ) otherwise N = 0, if
the width Δx(d = 0) can be neglected. The width Δx(d) of the distribution is Δx = 2d · ε = 100 · 0.017 = 1.7 cm.
c) The profile for N1 (x) is
−50 · (0.0175 − 0.0176) ≤ x ≤ 50 · (0.0175 + 0.0176)
= +5 ×10−3 ≤ x ≤ 1.75 cm .

Solutions

The profile
1.98 ×10−2
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for

N2

is

with

tan ϑ =

10−2 · 50 · 0.23 ≤ x ≤ 50 · 3.73 ×10−2 cm
= 0.115 cm ≤ x ≤ 1.86 cm .
For N1 = N2 the two rectangular profiles have
the same height.
4. Under stationary conditions we have


1
dNk
7 −1
= Rik Ni − Nk
=0
+ 5 ×10 s
dt
τk
Rik
Nk
⇒
= 8
Ni
10 + 5 ×107
Nk
2
⇒
= · 10−8 Rik .
Ni
3
For the lower state |i we obtain
dNi
= 0 = −Rik · Ni + Rcoll (Ni0 − Ni )
dt
where Ni0 is the population without optical pumping
Rcoll
Ni
=
= 0.8 ⇒ Rik = 0.25Rcoll = 1.25 ×107 cm−1
Ni0
Rik + Rcoll
Nk
2
⇒
= × 10−8 × 1.25 ×107 = 8.3 ×10−2 = 0.083 .
Ni
3

⇒

The closely lying levels |i and |n in the ground state have without optical pumping nearly the same thermal population. With optical pumping
the population difference is therefore ΔN = Nn − Ni = 0.2Ni0 . In the upper state all levels are empty without optical pumping.
With optical pumping Nk = 0.083Ni = 0.066Ni0 . The microwave signal is
therefore larger in the ground state by a factor 0.2/0.066 = 3.
5. The excitation rate is
Rexc = Ni · (I/hν) · σik .
The refilling rate of level |i is
Rref = 107 (Ni0 − Ni )
where Ni0 is the population without pump laser.
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Solutions

Under stationary conditions we obtain
dNi
= 0 = −Rexc + Rref
dt


⇒ Ni (I/hν)σik + 107 s−1 = 107 s−1 · Ni0
⇒

Ni
107
1
=
=
7
−1
Ni0 (I/hν)σik + 10 s
2

⇒ (I/hν)σik = 107 s−1
⇒I=

107 × 6.6 ×10−34 × 3 ×108
W/m2
10−18 × 5 ×10−7

= 4 ×106 W/m2 = 400 W/cm2 .
6. a) Choosing the energy scale with E(r = ∞) = 0, the energy of the
Rydberg level is
En = −

Ry · hc
.
(n − δ)2
∧

For n = 50 and δ = 2.18 ⇒ E n = −9.5 ×10−22 J = 5.9 ×10−3 eV.
b) The appearance potential A P for an atom in an external electric field
with amplitude E 0 is, according to (5.12)

e3 E 0
A P = −IP −
.
πε0
Field ionization takes place for A P = 0

e3 E 0
= −IP = 9.5 ×10−22 J
⇒
πε0
(IP)2 πε0
= 6.1 ×103 V/m .
e3


1
1
c) h · ν = Ry · hc
−
(n − δ1 )2 (n − δ2 )2


1
1
−
⇒ ωrf = 2πRy · c
47.822 48.292
⇒ E0 =

= 2π · 28 ×109 s−1
νrf = 28 GHz .

Solutions

7. According to (5.18) the linewidth is
ΔΓ = γ3 + [(k2 /k1 )γ1 + 1 ∓ (k2 /k1 )γ2 ]
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√
1+ S .

For λ1 = 580 nm, λ2 = 680 nm ⇒ k2 /k1 = λ1 /λ2 = 0.85.
The natural level widths are
2π
γn1 = 0 , γn3 = 0 , γ2 =
= 6.3 ×108 s−1 .
τ2
The transit time broadening for molecules passing√with velocity v through
a Gaussian beam with waist v is δωtr = 2(v/w) · 2 ln 2 ≈ 2.4 · v/w. The
transit time is ttr = w/v.
The level widths are
2π
+ δωtr = 0 + 8 ×107 s−1
γ1 =
τ1


2π
γ2 =
+ δωtr = 6.3 ×108 + 8 ×107 s−1 = 7.1 ×108 s−1
τ2
γ3 = 0 because the transition 2 → 3 is a stimulated Raman process, where
the transit broadening has no effect


⇒ ΔΓ = 0.85 × 8 ×107 + (1 ∓ 0.85) × 7.1 ×108 s−1 for S = 0 .
For collinear propagation the minus sign applies
ΔΓcoll = 1.75 ×108 s−1 ⇒ Δν = ΔFcoll /2π = 2.78 ×107 s−1 .
The linewidth of the signal is 27.8 MHz. This is about four times smaller
than the natural linewidth.
For anticollinear propagation the plus-sign applies
⇒ ΔΓanticell = 1.38 ×109 s−1 ⇒ Δνanticell = 220 MHz .

Chapter 6
1. If the maximum transmission of the Pockels cell is achieved for U = 0,
the transmission T(θ) is
T = T0 cos2 θ .
The turning angle θ of the plane of polarization is proportional to the
applied voltage.
θ = a · U ⇒ T = T0 cos2 (a · U) .
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Solutions
π
−4 V−1 .
For U = 2 kV ⇒ T = 0 → a · U = π/2 ⇒ a = 2·2×10
3 V = 7.8 ×10
In order to prevent laser oscillation, the total losses must exceed the gain

⇒ G a · T0 cos2 aU < 0.3
⇒ cos aU ≤ 0.178
⇒ a · U = 1.4 ⇒ U = 1.8 kV .
2. The Fourier-transform of f(x) = e−ax is
2

1
2
F(t) = √ e−t /4a
2a
The Doppler profile is
−

f(v) = C · e

(ν−ν0 )2
2
0.36δνD

⇒a=

1
,
2
0.36δνD

x = (ν − ν0 )

√
0.36δνD −0.09δν2 t 2
D
e
.
⇒ F(t) =
√
2
∗
−5.76×10 t .
With δνD = 8 ×109 s−1 ⇒ F(t)
* =C ·e
ln 2
−9 s = 0.7 ns.
With a full halfwidth Δt = 2 5.76×10
18 = 0.7 ×10
18 2

3. a) Δz = nc · τ = 10−4 m = 100 μm.
b) The spectral width Δν of the pulse is Δν =
⇒ Δλ = −
Δn =

1
τ

= 2 ×1012 s−1

c
λ2
Δν = 2.4 ×10−9 m
Δν
=
−
ν2
c

dn
Δλ = 103 · 2.4 ×10−7 = 2.4 ×10−4 .
dλ

The broadening of the time profile due to dispersion Δτ can be obtained
as follows:


n + Δn n
Δn
−
= z1 ·
Δτ = z 1
c
c
c
⇒ z1 = c ·

3 ×108 · 5 ×10−13
Δτ
=
m = 0.625 m .
Δn
2.4 ×10−4

Solutions
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c) ω = ω0 − A
A = n2ω ·

dI
dt

z1
2π
= n 2 z 1 = 6.54 ×10−14 m2 /W
c
λ

1013
W
dI
≈
= 2 ×1025 Wm−2 s−1
−13
dt
5 ×10
m2 s
⇒ ω0 − ω = A ·

dI
= 1.3 ×1012 s−1 .
dt

The frequency broadening at z 1 is 2(ω0 − ω) = 2.6 ×1012 s−1 ⇒ Δν =
2.6
12
11
π × 10 = 4.1 ×10 Hz = 410 GHz.
4. According to (6.23) is
D=

3/2
1 dS 2 
d 1 − (λ/d − sin α)2
.
λ dλ

Inserting the numerical values λ = 600 nm, dS/ dλ = 105 , d = 1 μm,
sin 30◦ = 12 ⇒ D = 16.6 cm.
5. According to (6.60),
1/2

1
1
8
=
+
·σ · p .
τeff τrad
πμkT
The lifetime τeff is reduced to half of its radiative value if
1/2

8
1
·σ · p =
= 6.25 ×107 s−1
πμkT
τrad


πμkT 1/2
1
m Na2 · m Ar
⇒ p = 6.25 ×107 · ·
with μ =
= 21.4 AMU
σ
8
m Na2 + m Ar
∧

= 613 Pa = 6.13 mbar .

Chapter 7
1. For a level with J = 1, L = 1, S = 0, I = 0 the Landé factor is g = 1. The
Zeeman shift is:
ΔE = μB · m · B

with − J ≤ m ≤ +J .
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Solutions

The halfwidth ΔB1/2 of the Hanle signal is obtained when 2ΔE = μB B −
(−μB B) between the levels with m = 1 and m = −1 equals the natural
1
linewidth Δνn = 2πτ
⇒ 2μB ΔB1/2 =
ΔB1/2 =

h
2πτ

h
[T]
2μB · 2πτ

ΔB1/2 = 3.8 ×10−4 Tesla .
For the molecular level with J = 20, L = 1, F = 21, I = 0, S = 0, the
Landé g-factor becomes g = 1 ×10−4 . Therefore
ΔB1/2 =

h
= 3.8 Tesla .
2gμB · 2πτ

2. The Landé g-factor is
g = g J · gF

with g F =

F(F + 1) + J(J + 1) − I(I + 1)
.
2F(F + 1)

For the 5 2 S1/2 state is g J = 2. For the hyperfine levels with F = 3 and
I = 5/2 is g F = + 16 , for F = 2 is g F (F = 2) = − 16 .
The Zeeman splitting of F = 2 (M F = −1 and M F = +1) is
ΔE = g J · g F · ΔM · B · μB = 2 · 16 · 2 · μB · B = 23 μB · B
The width of the Hanle signal is obtained from 23 μB ΔB = Δνtr · h =
(see (3.63) in Vol. 1)
⇒ ΔB = 0.6

0.4h
T

h
= 4.27 ×10−10 Tesla = 4.27 ×10−6 Gauss .
μB T

This is a very narrow signal because the lifetime of the level is τ = ∞
and the linewidth is solely limited by the transit time T , which can be
prolonged by enlarging the laser beam or by adding a buffer gas.
3. The energy separation of the two Zeeman components with M J = ± 12 is
ΔE = g J · μB · B

and

gJ = 1 +

J(J + 1) + S(S + 1) − L(L + 1) 2
= .
2J(J + 1)
3

⇒ The quantum beat frequency is
ΔE
2 μB · B
= ·
= 9.4 ×107 s−1 = 94 MHz
h
3
h
1
⇒ Tp = = 1.06 ×10−8 s .
ν
ν=

Solutions
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4. The oscillation frequency is ν = (ν1 + ν2 )/2
ν = c · ν̄ = 3 ×1010 · 108.5 s−1 = 3.26 ×1012 s−1 ,
where ν̄ is the wavenumber
1
⇒ T1 = = 3 ×10−13 s = 307 fs .
ν
The period of the envelope is
T2 =

2
2
2
=
=
s = 6.7 ×10−11 s = 67 ps .
ν1 − ν2 c(ν̄1 − ν̄2 ) 3 ×1010

5. The uncertainty of the difference frequency is
*
"
δν = δν12 + δν22 = 50 ×1010 s−1 = 7.1 ×105 s−1 .
With a signal to noise ratio of 50 the difference frequency can be measured within an uncertainty of δν = 1.4 ×104 s−1 = 14 kHz.
6. The spectrum of the heterodyne signal shows a Gaussian distribution
around ω = 0, because the difference frequency of the superposition of
a monochromatic line profile with a Doppler-broadened profile gives
a Gaussian profile around ω = 0. The spectral width is


*
*
*
ν0 , 2 - 1.36 , 2 ν0
8kT ln 2 ν0 , 2 - 8
=
ln 2 = 1.36
v ·
v =
v
δνD = ·
c
m
c
3
c
λ
⇒δνD = 2.2 ×103 s−1 = 2.2 kHz .

Chapter 8

1. The density of atoms B is
n=

P
= 2.42 ×1022 /m3 = 2.42 ×1016 cm−3 .
kT

The pressure broadening is 2πΔν p = n · σ inel v̄ with v̄ =
4.0 ×102 m/s. Δν p = 1.54 ×105 s−1 .
The natural linewidth is
Δνn =

1
≈ 1.6 ×107 s−1
2πτ

and therefore two orders of magnitude larger than Δν p .

√
8kT/π · μ =
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Solutions

√
√
The saturation broadening is Δν
* S ≈ Δνh · 1 + S = 2 · Δνh with the
homogeneous linewidth Δνh = Δνn2 + Δν2p ≈ Δνn .
⇒ Δν S = 2.26 ×107 s−1 .
The resultant line profile is Lorentzian and forms the kernel of a broader
background caused by velocity changing collisions.
Only collisions with Δvz = Δv · k = Δv · λ cos ϑ > λΔν S bring the molecules out of resonance with the laser line. Collisions with Δvz < λΔν S
only redistribute the velocities and do not contribute essentially to the line
broadening. The cross section for these collisions with Δvz > λΔν S is
σv (Δv) ≤ σ0 exp[−(λΔν S /v̄)2 ].
With v̄ = 4 ×102 m/s, λ = 600 nm, Δν S = 2.26 ×107 s−1 ⇒ σv (Δv) ≤
10−14 cm2 .

1
1
1
8
·σ
2.
= + n · σ · v̄ = + p ·
τeff τn
τn
πμkT
p1 = 5 mbar = 5 ×102 Pa ,

τ1 eff = 8 ×10−9 s

p2 = 1 mbar = 1 ×102 Pa ,

τ2 eff = 12 ×10−9 s

Subtraction of the two equations yields

8
1
1
·σ
−
= ( p1 − p2 )
τ1 eff τ2 eff
πμkT
⇒ σ = 2.1 ×10−14 cm2 .
Inserting the value into the first equation gives for the natural lifetime

8
1
1
= 7.25 ×107 s−1
=
− p1 σ
τn
τ1 eff
πμkT
⇒ τn = 17.2 ×10−9 s .
Δνn =

1
= 9.25 ×106 s−1
2πτn

Δν p =

1
= 1.33 ×107 s−1 for p = 100 Pa
2πτeff

= 2 ×107 s−1 for p = 500 Pa .
3. The density of sodium atoms is
p
= 1.6 ×1013 cm−3 .
n=
kT

Solutions
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The collision rate per sodium atom is
Rcoll = n · σ · v̄ = 8 ×105 s−1 ⇒ Δνcoll = 1.3 ×105 s−1
and therefore negligible compared to the spontaneous decay. The saturation parameter is

c
c
B12 · I
where B12 =
σ12 dν ≈
σ12 Δνn
S=
c· R
hν
hν
⇒S=

σ12 · Δνn · I
h · νR

with R =

1
= 2πΔνn = 6.3 ×107 s−1
τn

with a beam radius w the intensity is P/πw2 .
Δνn · I =

P
10−2 W
=
= 3.15 ×103 W/m2
πw2 π · 10−6 m2

⇒ S = 0.74 .
(Note: I [Ws/m2 ] is the spectral intensity.) Saturation broadening plays
only a minor role. The absorption coefficient is determined only by those
atoms within the natural linewidth.
δωn
10
= 1.6 ×1013 · 5 ×10−11 · 3 cm−1 = 8 cm−1 .
α S (ω0 ) = σabs · n ·
δωD
10
The density N2 of excited atoms can be estimated from
dN2
N2
R1
= R1 N 1 − R2 N 2 = 0 ⇒
=
,
dt
N1
R2
where R1 = B12  = B12 (I/c)Δνn = 5.3 ×106 s−1 is the excitation probability and R2 = A2 = τ12 = 6.2 ×107 s−1 the spontaneous decay rate of
level |2.
⇒

N2
= 0.085 ⇒ N2 = 8.5% of N1 .
N1

Energy-pooling collisions are collisions of N2 atoms with N2 atoms. Their
rate is:
⇒ ṄEP = σEP · N22 · v̄ · V [s−1 ] ,
where V is the excitation volume. N2 = 0.085 · 1.6 ×1013 cm−3 = 1.36 ×
1012 cm−3 , v̄ = 4 ×104 cm/s, σEP = 3 ×10−14 cm2 , V = πw2 · L =
0.28 cm3 where L = 1 cm is the observable length.
⇒ ṄEP = 3 ×10−14 · 1.36−2 × 1024 × 4 ×104 × 0.28 = 6.2 ×1014 s−1 .
Rydberg states with E(n) ≤ 2E 2 = 2 · 3.36 ×10−19 J = 6.72 ×10−19 J can
be excited.
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Solutions
Ry·hc
−19 J where IP = 5.138 eV = 8.2 ×10−19 J
E(n) = IP − (n−δ)
2 < 6.72 ×10
is the ionization potential.
*
√
hc·Ry
⇒ n − δ < IP−6.72×10
12.2 = 3.49 with a quantum defect of δ =
−19 =

0.5 ⇒ n ≤ 4.
4. At p = 1 mbar ⇒ n = 1.6 ×1016 cm−3
The refilling rate is
R = n · σ · v̄
= 1.6 ×1016 · 10−14 · 4 ×104 s−1
= 6.4 ×106 s−1 .
The chopping period T must be long compared to 1/R ⇒ T  R1 = 1.5 ×
10−7 s.
In order to reach thermodynamic equilibrium between all rotational levels,
which thermalize with a cross section of 3 ×10−16 cm2 ⇒ T  4.5 ×
10−6 s.
Chapter 9

1. The difference between emission- and absorption frequencies is
Δω ≈

ω2 2
.
Mc2

15 −1
−27 kg = 6.6 ×
With ω0 = 2πc
λ0 = 2.87 ×10 s , M = 40 × 1.66 ×10
−26
5
−1
kg ⇒ Δω = 3.6 ×10 s ⇒ Δν = 56 kHz.
10
1
· (n · σcoll · v̄) = 8 ×104 s−1 =
The collisional broadening is Δνcoll = 2π
80 kHz.
The probability that another atom with the same velocity as the emitting
atom absorbs the photon is

P = n R · σabs (ω0 ) ·

γ2
Δω + γ 2

⇒ P = 1017 × 1 × 10−17 ·

with γ = 2πΔνcoll = 5 ×105 s−1

γ2
= 0.66 .
3.62 ×1010 + 25 ×1010

Since the Doppler broadening is large compared to the recoil shift and
the homogeneous linewidth, the probability that the emitted photon is absorbed by any atom is Ptotal = n · R · σ = 1.

Solutions
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2. The force on an atom with mass M excerted by photon recoil is
F = M ·a = M

dp
dv
=
.
dt
dt

The momentum d p transferred by n photons is d p = n k.
The maximum rate dn/ dt absorbed by a two-level system equals the rate
of absorption-emission cycles and is limited by the lifetime τ K of the upper level |k.
The fluorescence rate is Nk · Ak = Nk /τ K .
The maximum value of N K is
Nk = (Ni + N K )/2 = N/2
which is achieved for S → ∞ because for N K > Ni the rate of stimulated
emission (which compensates the recoil of absorption) becomes larger
than the absorption rate. For an arbitrary saturation parameter S we obtain
S
Nk
S
=
⇒ Nk = N ·
.
N
1 + 2S
1 + 2S
The rate of absorbed photons is then N K /(N · τ K ) =
transferred momentum per sec
F=

1
S
τ K 1+2S

and the

d p k S
=
.
dt
τ K 1 + 2S

3. The natural linewidth of the optical transition is
γ=

1
= 6.25 ×107 s−1 = 2πΔνn .
τK

√
With a saturation parameter S = 1 ⇒ γ S = γ · 2 = 8.8 ×107 s−1 ⇒
Δν S = 14 MHz.
The separation of the levels F = 2 and F = 3 is Δν = 60 MHz.
The absorption probability on the transition F = 2 → F = 2 is for a laser
frequency νL :
Pabs ∝

Δν2S
σ(2−2)
·
(ν − ν0 )2 + Δν2S σ(2→3)

σ(2−2) 2F2 + 1 5
=
= .
σ(2−3) 2F3 + 1 7
For ν0 = ν(F = 2 → F = 3) ⇒ ν − ν0 = 60 MHz
⇒ Pabs =

142 ×1012
5
= 3.69 ×10−2 .
7 602 ×1012 + 142 ×1012

620

Solutions

4. For the optimum deceleration the recoil force on the atoms is (see Problem 9.2)
F=

k S
k
⇒
for S → ∞ .
τ K 2S + 1
2τ K

The deceleration is then a = F/m

|k|
h

= 1.47 ×107 m/s2
2mτ K
2mλ · τ K
*
⇒ B = B0 1 − 2az/v02 with v0 = 1000 m/s
"
= B0 1 − 29.4 · z [m] .
|a| =

After z = 3.4 cm the magnetic field is zero and the velocity of the atoms
has become so small that they are Doppler-shifted by less than the natural
linewidth.
5. The Doppler limit TD =

2τ·kB

is for Li atoms (τ(32 P3/2 ) = 27 ns)

TD (Li) = 134 μK
and for K atoms (τ(52 P3/2 ) = 137 ns)
TD (K) = 26 μK
6. The critical density n c is, according to (9.40),
n c = 2.612/λ3DB
with the de Broglie wavelength λDB =

h
m·v

and v = (3kB T/m)1/2

⇒ n c = 13.57(m · kB T )3/2 /h 3
with T = 10−6 K, m = 133 AMU = 133 · 1.66 ×10−27 kg = 2.2 ×10−25 kg
⇒ n c = 1.83 ×1019 m−3 = 1.83 ×1013 /cm3 .
If 107 Cs atoms can be trapped in the magnetic trap, their volume must
then be compressed to V = 5.5 ×10−7 cm3 . At such a density, collisions
would in fact destroy BEC. Therefore the temperatue has to be lower than
1 μK.
7. The frequency of the cesium clock is:
νCs = 9.192631770 ×109 s−1 .

Solutions
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The 6 ×104 th multiple is:
ν1 = 5.51558 ×1014 s−1 .
The frequency of the transition at λ = 750 nm is
ν2 =

c 2.99792458 ×108 −1
=
s = 3.99723 ×1014 s−1 .
λ
750 ×10−9

The frequency difference is
Δν = ν1 − ν2 = 1.51835 ×1014 .
This corresponds to m = Δν/108 = 1.51835 ×106 comb spacings. If the
comb spacing can be measured with an uncertainty of 10−16 ⇒ the accuracy of the molecular transition frequency is: 1.518 ×106 × 10−16 =
1.518 ×10−10 , which gives as absolute uncertainty:
δν = 1.518 ×10−10 × 3.997 ×1014 = 6.07 ×104 = 60.7 kHz .
8. We assume a magnetic field
B = B0 · r 2 .
Atoms with a magnetic moment μ have the potential energy
E pot = −μ · B = −μB0r 2
The kinetic energy of the atoms at the temperature T is
3
E kin = kT
2
Only the radial component of the velocity has to be confined. This gives:
rad
E kin
= 12 kT .

For a spherical volume V = 43 πrc3 = 1 cm3 ⇒ rc = 0.62 cm.
1
kT
⇒ μB0rc2 = kT ⇒ B0 =
2
2μrc2
with μ = 2μB ⇒ B0 =

kT
= 9.6 ×10−2 T/m2
4μBrc2

for r = 0.62 cm ⇒ B(rc ) = 3.7 ×10−6 T = 37 mGauss .
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H. Coufal, F. Träger, T.J. Chuang, A.C. Tam: High sensitivity photothermal surface spectroscopy with polarization modulation. Surf. Sci. 145, L504 (1984)
P.E. Siska: Molecular-beam studies of Penning ionization. Rev. Mod. Phys. 65,
337 (1993)
Y.Y. Kuzyakov, N.B. Zorov: Atomic ionization spectrometry. CRC Critical Rev.
Anal. Chem. 20, 221 (1988)
G.S. Hurst, M.G. Payne, S.P. Kramer, J.P. Young: Resonance ionization spectroscopy and single atom detection. Rev. Mod. Phys. 51, 767 (1979)
G.S. Hurst, M.P. Payne, S.P. Kramer, C.H. Cheng: Counting the atoms. Physics
Today 33, 24 (September 1980)
M. Keil, H.G. Krämer, A. Kudell, M.A. Baig, J. Zhu, W. Demtröder, W. Meyer:
Rovibrational structures of the pseudo-rotating lithium trimer Li3 . J. Chem.
Phys. 113, 7414 (2000)
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P. Bräunlich: ‘Multiphoton spectroscopy’. In: Progress in Atomic Spectroscopy,
ed. by W. Hanle, H. Kleinpoppen (Plenum, New York 1978)
J.M. Worlock: ‘Two-photon spectroscopy’. In: Laser Handbook, ed. by F.T. Arrecchi, E.O. Schulz-Dubois (North-Holland, Amsterdam 1972)
B. Dick, G. Hohlneicher: Two-photon spectroscopy of dipole-forbidden transitions. Theor. Chim. Acta 53, 221 (1979);
B. Dick, G. Hohlneicher: J. Chem. Phys. 70, 5427 (1979)
J.B. Halpern, H. Zacharias, R. Wallenstein: Rotational line strengths in two- and
three-photon transitions in diatomic molecules. J. Mol. Spectrosc. 79, 1 (1980)
K.D. Bonin, T.J. McIlrath: Two-photon electric dipole selection rules. J. Opt.
Soc. Am. B 1, 52 (1984)
G. Grynberg, B. Cagnac: Doppler-free multiphoton spectroscopy. Rep. Progr.
Phys. 40, 791 (1977)
F. Biraben, B. Cagnac, G. Grynberg: Experimental evidence of two- photon transition without Doppler broadening. Phys. Rev. Lett. 32, 643 (1974)
G. Grynberg, B. Cagnbac, F. Biraben: ‘Multiphoton resonant processes in
atoms’. In: Coherent Nonlinear Optics, ed. by M.S. Feld, V.S. Letokhov, Topics
Curr. Phys., Vol. 21 (Springer, Berlin, Heidelberg 1980)
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R. Beigang, K. Lücke, A. Timmermann: Singlet–Triplet mixing in 4s and
Rydberg states of Ca. Phys. Rev. A 27, 587 (1983)
S.V. Filseth, R. Wallenstein, H. Zacharias: Two-photon excitation of CO ( A1 Π)
and N2 (a1 Πg ). Opt. Commun. 23, 231 (1977)

634

References

2.53

E. Riedle, H.J. Neusser, E.W. Schlag: Electronic spectra of polyatomic
molecules with resolved individual rotational transitions: benzene. J. Chem.
Phys. 75, 4231 (1981)
H. Sieber, E. Riedle, J.H. Neusser: Intensity distribution in rotational line spectra I: Experimental results for Doppler-free S1 ← S0 transitions in benzene. J.
Chem. Phys. 89, 4620 (1988);
E. Riedle: Doppler-freie Zweiphotonen-Spektroskopie an Benzol. Habilitation
thesis, Inst. Physikalische Chemie, TU München, Germany (1990)
E. Riedle, H.J. Neusser: Homogeneous linewidths of single rotational lines in
the “channel three” region of C6 H6 . J. Chem. Phys. 80, 4686 (1984)
U. Schubert, E. Riedle, J.H. Neusser: Time evolution of individual rotational
states after pulsed Doppler-free two-photon excitation. J. Chem. Phys. 84, 5326
and 84, 6182 (1986)
W. Bischel, P.J. Kelley, Ch.K. Rhodes: High-resolution Doppler-free two-photon
spectroscopic studies of molecules. Phys. Rev. A 13, 1817 and 13, 1829 (1976)
R. Guccione-Gush, H.P. Gush, R. Schieder, K. Yamada, C. Winnewisser:
Doppler-free two-photon absorption of NH3 using a CO2 and a diode laser.
Phys. Rev. A 23, 2740 (1981)
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K. Bergmann, W. Demtröder, P. Hering: Laser diagnostics in molecular beams.
Appl. Phys. 8, 65 (1975)
H.-J. Foth: Hochauflösende Methoden der Laserspektroskopie zur Interpretation
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Simple determination of Na2 scattering lengths using observed bound levels of
the ground state asymptote. Eur. Phys. J. D 6, 211 (1999)
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D. Schulze-Hagenest, H. Harde, W. Brandt, W. Demtröder: Fast beamspectroscopy by combined gas-cell laser excitation for cascade free measurements of highly excited states. Z. Physik A 282, 149 (1977)
L. Ward, O. Vogel, A. Arnesen, R. Hallin, A. Wännström: Accurate experimental lifetimes of excited levels in NaII, SdII. Phys. Scripta 31, 149 (1985)
H. Schmoranzer, P. Hartmetz, D. Marger, J. Dudda: Lifetime measurement of
14 N+ by the beam-dye-laser method. J. Phys. B 22,
the B 2 Σ+
u (v = 0) state of
2
1761 (1989)
A. Arnesen, A. Wännström, R. Hallin, C. Nordling, O. Vogel: Lifetime in KII
with the beam-laser method. J. Opt. Soc. Am. B 5, 2204 (1988)
Z.G. Zhang, S. Svanberg, P. Quinet, P. Palmeri, E. Biemont: Time-resolved laser
spectroscopy of multiple ionized atoms. Phys. Rev. Lett. 87, 27 (2001);
E. Biemont, P. Palmeri, P. Quinet, Z. Zhang, S. Svanberg: Doubly Ionized Thorium: Laser Lifetime Measurements and Transition Probability Determination of
Intersection Cosmochronology. Astrophys. J. 567, 54602 (2002)
A. Lauberau, W. Kaiser: ‘Picosecond investigations of dynamic processes in
polyatomic molecules and liquids’. In: Chemical and Biochemical Applications
of Lasers II, ed. by C.B. Moore (Academic, New York 1977)
W. Zinth, M.C. Nuss, W. Kaiser: ‘A picosecond Raman technique with resolution four times better than obtained by spontaneous Raman spectroscopy’. In:
Picosecond Phenomena III, ed. by K.B. Eisenthal, R.M. Hochstrasser, W. Kaiser,
A. Laubereau, Springer Ser. Chem. Phys., Vol. 38 (Springer, Berlin, Heidelberg
1982) p. 279
A. Seilmeier, W. Kaiser: ‘Ultrashort intramolecular and intermolecular vibrational energy transfer of polyatomic molecules in liquids’. In: Picosecond Phenomena III, ed. by K.B. Eisenthal, R.M. Hochstrasser, W. Kaiser, A. Laubereau,
Springer Ser. Chem. Phys., Vol. 38 (Springer, Berlin, Heidelberg 1982) p. 279
M. Nisoli, et al.: Highly efficient parametric conversion of femtosecond
Ti:Sapphire laser pulses at 1 kHz. Opt. Lett. 19, 1973 (1994)
E. Riedle, M. Beutter, S. Lochbrunner, J. Piel, S. Schenkl, S. Spörlein, W. Zinth:
Generation of 10 to 50 fs pulses, tunable through all of the visible and the NIR.
Appl. Phys. B 71, 457 (2000)
W. Shuicai, H. Junfang, X. Dong, Z. Changjun, H. Xun: A three-wavelength
Ti:sapphire femtosecond laser for use with the multi-excited photosystem II.
Appl. Phys. B 72, 819 (2001)
Long-Sheng Ma, et al.: Synchronization and phase-locking of two independent
femtosecond lasers. Conference Proceedings of ICOLS 2001 (Snowbird, Utah
2001) p. 2–26

References
6.168
6.169
6.170
6.171
6.172
6.173
6.174

6.175
6.176
6.177
6.178
6.179

6.180
6.181
6.182
6.183
6.184
6.185

659

W. Zinth, W. Holzapfel, R. Leonhardt: Femtosecond dephasing processes of
molecular vibrations, in [Ref.11.10, VI, p. 401 (1988)]
G. Angel, R. Gagel, A. Lauberau: Vibrational dynamics in the S1 and S0 states
of dye molecules studied separately by femtosecond polarization spectroscopy,
in [Ref.11.10, VI, p. 467 (1988)]
F.J. Duarte (Ed.): High-Power Dye Lasers, Springer Ser. Opt. Sci., Vol. 65
(Springer, Berlin, Heidelberg 1991)
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Laser Spectroscopy, ed. by W. Demtröder, M. Inguscio (Plenum, New York
1991) p. 417
H. Walther: Laser investigations in the atmosphere. Festkörperprobleme 20, 327
(Vieweg, Braunschweig 1980)
E.J. McCartney: Optics of the Atmosphere (Wiley, New York 1976)
J.W. Strohbehn (Ed.): Laser Beam Propagation in the Atmosphere, Topics Appl.
Phys., Vol. 25 (Springer, Berlin, Heidelberg 1978)
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