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Preface

The laser as a source of coherent optical radiation has made it possible to
investigate nonlinear interaction of optical radiation with atoms and mole-
cules. Its availability has given rise to new research fields, such as non-
linear optics, laser spectroscopy, laser photochemistry, that lie at the
boundary between quantum electronics and physical optics, optical spectros-
copy and photochemistry, respectively. The use of coherent optical radiation
in each of these fields has led to the discovery of qualitatively new effects
and possibilities; in particular, some rather subtle effects of interaction
between highly monochromatic light and atoms and molecules; in optical spec-
troscopy, have formed the bases for certain methods of so-called w( . lincar,
laser Dopp ler-free spectroscopy. These methods have made it possible to in-
5 and 10°, 1im-
ited by Doppler line broadening up, to about 1011; at present some labor-

crease the resolution of spectroscopic studies from between 10

atories are developing new techniques that have even higher resolution. The
discovery and elaboration of the methods of nonlinear laser spectroscopy have
resulted largely from contributions by scientists from many countries, in
particular from the USA (Massachusetts Institute of Technology, Stanford Uni-
versity, National Bureau of Standards in Boulder, Harvard University, etc.),
the USSR (P.N. Levedev Institute of Physics, Institute of Semiconductor Phys-
ics in Novosibirsk, Institute of Spectroscopy, etc.), France (University of
Paris, Ecole Normal Superiere), Germany (University of Heidelberg), Japan
(Tokyo University). Their contributions are used as the basis of our book,
in which we have tried to describe as fully as possible, and systematically,
the present statue of this area of research. In so doing, we used the publi-
cations of many scientists and of our own. In some places, our personal in-
terests seem to be rather strong, and we have disturbed the proportions to
some extent by centering emphasis on the research work carried out at the
laboratories in the Institute of Spectroscopy and the Institute of Semicon-
ductor Physics of the USSR Academy of Sciences. tnfortunately, we could not
deal with some aspects of the subject. We live about 4000 km apart; let

that be some excuse for us in this joint project. UWhen preparing the English
version of this book, we used the Russian publication of our book Principles
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of Nonlinear Laser Spectroscopy published in the Soviet Union by the Nauka
(Science) in the summer of 1975. However, in doing so we considered it nec-
essary to change both its form and content. Instead of the six chapters in
the Russian edition this book consists of ten chapters, and it is much larger.
So, the book is essentially new; we have changed even its title, a little.

We have worked out the plan of this book together and discussed the”contents
of each chapter, so that the whole book could be coordinated.' But we had to
finish some chapters separately. Chapters from 1 to 4 and 10 were written

by V.S. Letokhov and those from 5 to 9 by V.P. Chebotayev.

This monograph is the first attempt to generalize and analyze from a com-
mon standpoint this quick]y developing area in laser spectroscopy. Recently
Springer-Verlag has published the monograph #igh-Resolution Laser Speetros-
copy (Volume 13 of its Topies in Applied Physics series) to which we have
also made a contribution. That has some points in common with our present
monograph, in which all of the topics are given more detailed and wider con-
sideration, which should be of use, not only to scientists specialized in
this ?ie]o but also to students and post-graduates as well as to specialists
in associated fields of research.

WWhen preparing the English version, we took into consideration, of course,.
the results of the investigations carried out from 1974 to 1975 and also com-
ments we received after publication of the Russian book. In this connection,
we would Tike to express our deep appreciation to Prof. E.B. Alexandrov,
Prof. S.G. Rautian, Dr. B.D. Pavlik for their remarks.' Thanks are also due
to Dr. E.V. Baklanov and Dr. E.A. Titov who greatly assisted in writing some
new chapters for the English publication. We want to express our thanks to
Prof. A.L. Schawlow and Dr.. H. Lotsch who initiated the publication of our
book in English.

August 1976

Professor V.S. -Letokhov Professor V.P. Chebotayev
Moscow, Podolskii rayon, Novosibirsk, Akademgorodok
Akademgorodoks Institute of Institute of Semiconductor
Spectroscopy Akademy®of Physics Siberian Branch of

Sciences USSR ¢ Academy of Sciences USSR



Main Notations

"a" index denoting an amplifying medium

a diameter of a Tight beam

ay probability amplitude for Kth level (Schrodinger picture)

a(w) homogeneous line shape normalized to the maximum unit

A21 Einstein A coefficient of 21 transition

A weight of particle in atomic units

"b" index denoting an absorbing medium

C(t) cosine (in phase) component of polarization

c speed of light

c.c. abbreviation for "complex conjugate"

d distance between two light beams

e electron charge

e vector of light-field polarization

E instantaneous strength of the field electric component

Ei energy of ith quantum level

E slowly varying amplitude (envelope) of the running iight wave

Eqy slowly varying amplitude of the standing light Qave

EO amplitude of the weak probe wave

f=a,b index denoting a medium type

fp factor of resonance broadening due to saturation

9¢ coefficient in parameter of saturation Gf (Gf= 9¢ P)
P, E\2

G=gP= (—%%—) ;%— degree of saturation or parameter of saturation

Gf= qu degree of saturation of amplifying (f=a) or absorbing (f =b)

med ium

h Planck's constant/2n

h relative amplitude of dip

K,K wave vector of a light wave

K Boltzmann's constant

1f(f =a,b) length of the resonance medium

L cavity length

L(x) = (1+—x2)-l lorentzian contour



atom or molecule mass
density of particles in a gas
density of particles on i level
initial density of particles on i level (without saturation)
) = Niw(!) velocity distribution of particles on i level
=n1(v) '"Z(V) velocity distribution of difference of populations of
levels
unit vector in direction of light wave or observation
(m),nf index of refraction of medium at the frequency w
o density of photon flow of a light wave (in photon/cm2 s)
) polarization of a resonance medium
=P=P,,e projection of matrix element of transition dipole moment
gas pressure
rate of particle excitation for i level

-

quality factor of the mode cavity
relative population of the rotational sublevel J of vibrational

-ty

i level

curvature radius of a light wave

factor of frequency pulling (autostabilization)
(t) in quadrature component of polarization

(w) shape of the Doppler contour

v

S

S

S

T temperature, Kelvin

u=( M ) velocity of particles in a gas

v particle velocity

v=v_=vn projection of particle velocity onto the direction of a 1ight wave

v average velocity of particle

v particle-velocity component perpendicular to the direction of a
light wave (radial component of velocity)

. ”ozch:_:jg resonant projection of particle velocity

res v w
(0] (o]

) absolute velocity of atom or molecule

P, E
v =§% ,V12 =—%§— energy interaction between atom and field in frequency units

W(v) distribution of particle veldcities
wik integral probability of transition i~k

rate of induced transitions between levels

a(w) =Ka(w) coefficient of resonant amplification per unit length

Geff =K " Kp =a(w) -+(w) coefficient of effective resonant amplification

per unit length
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5 “bo% _“bo%b
¥ao%a “ao’a
Isle homogeneous half-width of line at half-height (rad/s)

parameter of collisional broadening of spectral Tine (4w iy =

parameter in theory of a gas laser with nonlinear absorption

2Fp, p-gas pressure)

rg = r/YT+G half-width of the Bennett hole
i rate of radiation decay of population of i Tlevel
y(i) rate of collisional relaxation of population of i level
coll )
71 =5 +y£;%] total rate of relaxation of population of i level
_ 2_}_+_l)-1 parameter, the reciprocal of the total lifetime of a particle
Y1 Y2 . at two transition levels
¥y= (:l-+=Lj- parameter y, with collisions taken into account
1 T2
1
Y =5(yy - vp)

_1
12 =zl *7p)
Y coefficient of l-inear nonresonance losses per unit length

0
Yead =Y1 1 Y2 radiation width of the transition at half-height (rad/s)

A=w -, frequency difference of two fields

A==%% frequency interval between axial modes

by =wy ~wp frequency detuning of line centers of amplifying and absorbing
transitions

Aw =214V width of resonance dip at half-height

bw, cavity bandwidth

bocon =2ﬂAvCO]] =2p collisional broadening

Buyy = 2ndvp = 20 (2102 L4 W2 poppler width

LT =2nAvtr transit time width of Tine

L. width of resonance power peak

A“sp resonance broadening due to sphericity of a light wave

Awg= 2nAvg geometrical broadening of resonance due to nonparallelism of
light waves
w-w dimensionless detuning of the field frequency w about the

? r transition frequency Wy

Smf(f =a,b) width of mode instability region in a ring laser (width of
competing resonance)

] angle between two plane light waves

(w) =Kb(w) coefficient of resonance absorption, per unit length

(w) coefficient of absorption of a weak field, per unit length

Ka(m> =a(w) coefficient of resonance amplification, per unit length
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Kao(w) =ao(m) coefficient of amplification of a weak field, per unit length

A length of particle free path

A length of a light wave

Yo frequency of quantum transition between two levels (in Hz)

p=-} parameter of coherent interaction of light field and gas (p=1,

coherent interaction; p =0, incoherent interaction)

P4 diagonal matrix element which is proportional to the ith level
population

oij(i #J) off-diagonal matrix elements that are proportional to polarization

o(V,w) cros< section of radiation transition between levels of a parti-
cle with its velocity v in the wave field with the frequency w

9 cross section of particle transition between levels in the maximum

Teoll average time between collisions of particles

Y =%%- lifetime of i level

1

Ty particle transit time with an average velocity through a light
beam

Ty relaxation time of population of a vibrational Tevel

L relaxation time of population of a rotational sublevel®

¥ angle of atomic beam

¢ light-wave phase

$qif diffraction angle

x=x"-1ix", X¢ polarizability of a medium

y(r,t) Schrodinger wave function

Q=w-w detuning of field frequency « about the transition frequency “

1/2

8=[a%+ ()]
w=27mv field frequency
Wy = vao frequency of quantum transition between levels

we resonant frequency of a mode cavity

w' =w-ky

wf(f= a,b) central frequency of amplifying (f =a) or absorbing (f=Db) medium
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1. Introduction

1.1 Doppler Broadening of Optical Spectral Lines

The basic part of our knowledge éf the structure of matter at the atomic-
molecular level has been obtained from optical spectroscopy. But as our
knowledge of the atomic and molecular structure becomes deeper, the Tlimit of
the potentialities of optical spectroscopy, conditioned by the line broadening
of emission and absorption spectra of a substance, becomes essential. The
biggest spectral-line broadening caused by particle interaction in a condensed
medium or a dense gas can be eliminated by observing spectral lines of a low-
pressure gas. Yet we cannot accomplish in this way the ultimate goal, which
is to produce spectral lines whose widths are dictated by the properties of
quantum transitions of individual particles. The thermal broadening of spec-
tral lines due to the Doppler effect is responsible for this.

A moving particle (an atom or a molecule) emits or absorbs radiation that
is not exactly at the quantum-transition frequency Wy =y between two energy
levels E1 and E2, which is determined by the Bohr quantization condition,

(1.1)
where fi is Planck's constant, but at a frequency somewhat shifted by the
Doppler effect (Fig.1.1a). The spectral 1line of a single particle a(w) is

shifted by a value that depends on the projecticn of the particle velocity v
on the direction of observation n,

w) (1.2)
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In a gas, the particles move in all possible directions; that is why the
Doppler shift differs for each particle. At thermal equilibrium, all direc-
tions are equiprobable; that is, the velocity distribution of the particles
is isotropic. Therefore, the projection of the particle velocity on any di-
rection (v=nv) is given by the Maxwell distribution,
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Fig.l.la-c Influence of the Doppler effect on the shape of a spectral line:
(ai Doppler shift due to a molecule moving with velocity v. The Doppler ef-
fect shifts the emission frequency from vg to v; (b) Thermal distribution of
particle velocities; (c) Corresponding spectral lines. The upper curve is
the response of particles moving with velocity v as in (a). The lower curve
is the response due to atoms over the entire thermal distributions

W(v) = —— expl-(vu)?] , u = (g§1)1/2 ; (1.3)

mu

which has the symmetrical form of the Gauss curve (Fig.1l.1b). As a result,
the spectral Tine of the assembly of particles has a symmetrical profile with
its center at the quantum-transition frequency w, (Fig.1l.1c).

In a simple case, when the broadening caused by the Doppler effect and
that caused by particle collisions are statistically independent, the spectral-
line shape of the whole set of particles S(w) is defined by the line-shape
convolution of an individual particle with the Doppler-shift distribution,
that is, by the distribution of the projections of the atomic velocity on the
observation direction,



S(w) = [a (M(V)d(w) . (1.4)

In the case of thermal equilibrium, when the velocity distribution of the
particles is maxwellian, given by (1.3), the total half-height broadening of
spectral line due to the Doppler effect dwpy is given by

2w
_ %o kT\1/2 _ Caa?
tug = =2 (210 2 K1) /2 - 7,163 . 10 LAV (1.5)
where M and A denote the mass and atomic weight of a particle, and T is the
temperature K. Figure 1.2 shows the dependence of the relative Doppler broad-
ening on the atomic weight of a particle at various temperatures. For atoms

and molecules with atomic weight A =100 at normal temperature, the Doppler
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Fig.1.2 Relative value of the Doppler line width for particles with atomic
weight A (in at. units) at different temperatures

If an atom or a molecule have several transitions so close that, because
of Doppler broadening, their spectral Tines overlap, conventional methods of
Tinear optical spectroscopy cannot resolve their structure. High-resolution
experiments sometimes indicate, however, that the spectral line under obser-
vation is too wide to be explained by only thermal motion of the particles.



