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. INTRODUCTION. METHODS OF NONLINEAR
OPTICS IN LIGHT-SCATTERING SPECTROSCOPY.
CLASSIFICATION OF THE METHODS OF ACTIVE
SPECTROSCOPY

1. The discovery of nonlinear optical phenomena has
changed the face of many branches of physical optics;
this fully pertains also to light-scattering spectroscopy.
Moreover, we should stress that this is just where the
soil for modern nonlinear optics was most ready, es-
pecially in inelastic light-scattering spectroscopy. In
fact, spontaneous inelastic light scattering itself stems
from the breakdown of the superposition principle: the
light waves and the optical (or acoustic) vibrations of
the medium mutually influence one another. Study of
one of the facets of this mutual influence—light modula-
tion by spontaneous (thermal) elementary excitations—
is the topic of spontaneous-scattering spectroscopy. The
quantum-~theoretical and classical patterns of the phe-
nomenon were elucidated in studies of 1929-1930. The
classical, “modulation” treatment of Raman scattering
of light had already been given in the early studies of
Mandel’shtam and Landsberg,'!! who reported the first
observations of the effect. The discovery of the reverse
action of light on the medium, or optical generation of
elementary excitations, lagged by almost 30 years. Yet
we should stress that the theoretical interpretation of
stimulated Raman scattering, which Woodbury and Ng
fortuitously discovered in 1962, actually did not require
information on matter beyond the limits of what was
known in the spectroscopy of spontaneous Raman scat-
tering. Hence a quantum theory of stimulated Raman
scattering was given even in the same year 1962, 34
and a detailed classical theory in 1963-1964,%5-%! we
shall discuss below the relationship between spontane-
ous and stimulated scattering on the basis of the classi-
cal theory of stimulated Raman scattering developed
by R. V. Khokhlov,
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The classical description of the interaction of light
with intramolecular motions is based on accounting for
the relationship of the electronic polarizability o of the
molecules to the nuclear configuration as fixed by the
coordinates @, of the nuclei, In the simplest one-di-
mensional case'™ we have

(@ =+ (35 ), 0+ - - (.1)
The term (8a/8Q), @ describes the modulation of the
light by the molecular vibrations: new frequency com-
ponents arise in the induced polarization of the mole-
cule that are shifted by the frequency of the vibrations of
the nuclei;

p=a(Q)E=ak+ (%) QF+... (L. 2)
Whenever @ is governed by the thermal movements in
the medium, (I.2) describes spontaneous Raman scat-
tering.

The relationship a=a (Q) at the same time engenders
the reaction of the light waves on the molecular vibra-
tions. Actually, the energy of interaction of the mole-
cule with the light wave is expressed by using (I. 2) in
the form s#=pE = — a(Q)E?. Hence, when 3a/5Q +0, the
following force acting on the molecular vibrations arises
in the light field:

Fom — S =22 i, (1.3)
Evidently, this force can lead to resonance pumping of
them if the field contains two spectral components of
frequencies w, and w, whose difference is close to the
intrinsic frequency Q of the molecular vibrations:

w; —wy= R,

Under these conditions, a regular forced vibration is
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FIG. 1. Pressure-dependence of the width of the vibrational—
rotational line @y (1) of gaseous hydrogen in the region of col-
lision-induced narrowing. 157 This curve was obtained by mea-
surements of stimulated Raman scattering of the Stokes ray
obtained in another (generator) cuvette containing hydrogen (2)
in which the pressure was varied in order to scan the frequency
of the Stokes ray.

imposed on the chaotic intramolecular movement, which
is fluctuational in type. The phases of the forced vibra-
tion in different molecules are determined by the phases
of the components of the light wave (phasing of molecu-
lar vibrations),

As we have stated, the reaction of the light on the
molecular vibrations was first experimentally dis-
covered in 1962, % It was identified as the cause of
the onset of instability of an intense monochromatic
wave in a Raman-active medium. Here the second com-
ponent of the light doublet, which is necessary for phas-
ing the oscillations, stemmed from the spontaneous
Raman scattering of the intense wave; the effect itself
was called stimulated Raman scattering.

Stimulated Raman scattering is a threshold effect:
instability arises if the intensity of the monochromatic
wave (of frequency w;) is higher than some threshold
value, I, > I},,. Under this condition, the low-frequency
(Stokes) wave at the frequency w; ~w; — 2 grows exponen-
tially inside the medium; when [, <I;, we have

Iy = Ipgerle, (1.9)
while the gain
g=pporr N2 8’ (0,— ) (L.5)

is expressed directly in terms of the parameters of
the spontaneous-scattering line: the scattering cross-
section do/do, the line width I, the density N of the
molecules, and the form factor g’ (w; - w,) of the line,

When gl;z > 1, the original wave of frequency w; is
depleted and the waves efficiently exchange energy. The
theory of the other types of stimulated scattering is
based on an analogous scheme.

As for the state of the medium, phasing of the mo-~
lecular oscillators arises throughout the volume oc-
cupied by the field during stimulated Raman scattering,
and the population difference of their vibrational levels
is altered.

2. Stimulated scattering is one of the most important
causes of instability of a high-power light wave and of
nonlinear dissipation of its energy in a medium. This
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aspect of the phenomenon isbeing intensively studied even
up to the present (see, e.g., the reviews''°~'4), Yet
the topic of the present review is another, spectroscop-
ic, aspect of stimulated processes in light scattering,
Although these problems attracted the attention of the
authors of the first studies dating to 1963-~1966, we
must say that the spectroscopic potentialities of stimu-
lated processes have been realized only in the past 4=5
years after efficient tunable generators in the visible
and infrared ranges had been invented.

3. The spectroscopic potentialities of stimulated
scattering proper, which arises when I, > I,,,., are re-
stricted. Thus, the strong competition between differ-
ent lines that arises under instability conditions and the
substantial role of the competing nonlinear processes
(especially those like self-focusing and self-modulation)
all often destroy the spectroscopic information obtain-
able from stimulated Raman spectra. This was clearly
understood even in the first stage of study of stimulated
Raman scattering. Hence, over a long period, investi--
gators have directed their efforts toward seeking a
method that would occupy an intermediate position be-
tween the methods of spontaneous and stimulated Raman
scattering, while combining the broad spectroscopic po-
tentialities of the former and such merits of the latter
as the phasing of the Raman-active vibrations over a
large volume, the attainment of large filling numbers
of the phonon modes, high scattering efficiency, etc.

In 1966-1967, Bloembergen and his associates''® de-
veloped a method for measuring the contour of a Raman
gain line. Here, in a Raman-active medium, one stud-
ies the amplification of the radiation of a tunable laser
of frequency w, in the field of an intense wave of fre-
quency w;. In contrast to stimulated Raman scattering,
one can control the amplification process. The authors
of Ref, 15 studied in detail the contour of the gain line
g =g(w; —w,) in compressed hydrogen. They used the ob-
tained data for determining the Raman cross section
do/do (see Eq. (1.5)) and the pressure dependence of
the width of the spontaneous-scattering line (Fig. 1).
Although a set of subsequent studies'**'*! has applied
this method to solids and liquids, it has not become
widespread. Exact measurements of small amplifica-
tions are difficult, while problems arise at large ampli-
fications that are characteristic of the stimulated Raman
scattering regime. "

The abovesaid can also pertain to the technique of
measuring the attenuation of the anti-Stokes wave in an
intense pump field (inverse Raman scattering), though a
number of successful experimental studies exist
here, [

4. Another approach in using the methods of nonlinear
optics for studying Raman-active transitions in mole-
cules, which allows one to eliminate uncontrollable in-
stabilities, has been used by Maker and Terhune'®’ (see
also Ref. 139). They studied a four-frequency process
of the following type in the field of a biharmonic light

DReports of successful development of this technique have ap-
peared only very recently.202
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FIG. 2., Results of the first experiments of Maker and Ter-

hune'®®! on coherent ARS. They studied the relationship of the
intensity of the anti-Stokes signal at the frequency w,=2w; — w,
to the frequency difference of the pump waves, &A=wy —w,.
They used discrete sets of line pairs wy and wy. 1—benzene
(CgHg), 2—bromobenzene (CgH;Br), 3—toluene (CqH;CHg).
Solid lines—Lorentzian curves that best fit the obtained experi-
mental points (the line shape of the ARS signal is discussed in
more detail in Sec. 1c¢ of Chap. ID.

wave (of frequencies w, and w,) at intensities below the
stimulated Raman threshold:

W, = 0 + @) — 0y = 20, — O, (1. 6)
When they selected the frequencies w; and w, of the
waves to give w; - w, = (Q is the natural vibration fre-
quency of the molecule), the intensity I, of the signal at
the anti-Stokes frequency w, sharply rose. Figure 2
shows the results of Maker and Terhune’s first experi-
ments.

Lack of a tunable-frequency laser compelled the
authors of Ref. 20 to restrict the measurements only
to certain fixed points.

They interpreted the results in terms of a phenomeno-
logical theory. The curves in Fig. 2 show the disper-
sion of the susceptibility that describes the process of
(1.9); the intensity of the signal at the frequency w, is

Tom [ 7% (0a; 0. 0, — 00,) [2 Iflzﬂ%gﬂ@ . (.7
One can give a classical microscopic picture of the phe-
nomenon in terms of phasing of the molecular vibrations
in a biharmonic pump field having the form of (I.6) with
wy = w, = Q, while the “probe” wave is subsequently scat-
tered coherently by them (here it is one of the exciting
waves (w,); see also Fig. 3 and its legend).

Giordmaine and Kaisert?®! have introduced concepts
of the phasing of coherent molecular vibrations and
scattering of a probe wave by them (see also'®!), They
observed efficient Stokes and anti-Stokes scattering of
the relatively weak second optical harmonic of a ruby
laser by coherent vibrations of a calcite crystal that
had been excited by the stimulated Raman scattering of
the main laser radiation. We should stress that the ef-
ficient scattering of the probe ray in this experiment,
just as in practically all the subsequent experiments on
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coherent scattering, stems primarily from the phasing
of the stimulated molecular vibrations, rather than from
their large amplitude. The estimates'®®) show that the
amplitudes of the stimulated vibrations of the molecules
remain 2-3 orders of magnitude smaller, even in the
strongest light fields, than the mean-square deviations
of their nuclei from the equilibrium positions arising
from thermal movement at T = 300 °K.

The further studies along this line that date to 1966~
1972123-2%551 have mainly amounted to demonstrations
of the principles that were proposed in the first studies.
Some exceptions are the studies of Bloembergen, Wynne
et al. 2™ ywho estimated the dispersion of the non-
linear susceptibility of semiconductors placed in a mag-
netic field by a wave-mixing method of the type of (I.6).

5. We should note some studies performed!*—*! at
about the same time, where static diffraction gratings
induced by light in transparent or absorbing media were
observed. These gratings were produced in the field of
high-power standing light waves owing to spatial modu-
lation of, say the light-intensity-dependent refractive
index:

no=ng -+ nyd (z, y, 2). (1.8)
One can also produce light-induced diffraction gratings
by spatial modulation of other parameters of the medium
(absorption coefficient, etc.); see Fig. 3b.

It was subsequently found that studies of generation
and resorption of these light-induced gratings by record-
ing of the diffraction of a probe light ray by them are of
considerable spectroscopic interest—actually the theme
is that of new possibilities of getting information that
had previously been extracted from spontaneous elastic
light scattering.

k
— =
W % /k
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AN VNN (22
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FIG. 3. Active spectroscopy of elastic and inelastic light scat-

tering; optical induction of running and standing diffraction
gratings. Figure 3a illustrates the principle of active Raman
spectroscopy of light; the waves E? and E®, whose frequency
difference is close to the frequency of an optical phonon, in-
duce the running polarizability wave o (w; — w,) = agexp[—ilw;
— wy) t+1q-T], where q=K; —k,; the probe wave E (¢, r)=E
=Eexp(—~iwt+ ik°r) gives two components, the Stokes compo-
nent (at frequency wg=w — (w; — w,)) and the anti-Stokes (at
frequency w, = w+ (w;— w;)), which are coherently scattered
when the Bragg condition k—k =k, ~k=q=k; ~k, is satisfied.
In particular, one can use as the probe wave one of the waves
that induces the running grating (self-diffraction). Figure 3b
illustrates the principle of active spectroscopy of elastic light
scattering: two crossed waves at the same frequency induce
a standing grating, owing to nonlinearity of the refractive in-
dex; diffraction of the probe wave by it or self-diffraction of
one of the waves E or E™® can be used for static or dynamic
measurements of optically induced changes in the refractive
index.
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FIG. 4. Raman spectra of a
calcite crystal (CaCOy) ob-
tained by using different meth-
ods. Curve 1—spontaneous
Raman spectroscopy, curves
2, 3—active spectroscopy.
The latter curves were obtained
at different orientations of the
polarization vectors of the in-
teracting waves, (36,38

Ay o iz 500
(@~ wpf2ns, cm™

In closing this brief review of the early studies on
spectroscopic applications of stimulated processes in
scattering, we point out the 1966 study of De Martini
and Ducuing, ® in which the technique of stimulated
scattering was used to measure the vibrational relaxa-
tion time of Raman-active transitions, The idea con-
sists in using the scattering of the probe beam to trace
the time course of the population differences of a vibra-
tional transition that has been excited by stimulated Ra-
man scattering, We must say that this method has
proved highly convenient; it is being used even now.

8. The nonlinear-optics methods described in Secs.
4 and 5 in the spectroscopy of Raman (inelastic) and
Rayleigh (elastic) light scattering can be combined with-
in the framework of the concept of active light-scatter-
ing spectroscopy. The distinctive feature of the latter
is the shift from studying light scattering by elementary
excitations of the medium, which have an equilibrium
fluctuational nature, to studying light scattering in a
specially “prepared” medium, in which the studied in-
ternal motions have been selectively excited in advance
to some extent by using supplementary light sources.
Depending on whether one exploits the coherence of the
stimulated elementary excitations that lead to scatter-
ing of the probe light, we can speak of coherent or in-
coherent active scattering spectroscopy. One can dis-
tinguish in each of these two variants of active spec-
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FIG. 5. Rapid analysis using ARS. The complete spectrum
of the @-band of gaseous hydrogen was obtained in a time equal
to the duration of a pulse of a @-switched laser (7,~ 1078

sec). B1) The spectrum is shown below of the broad-band com-~
ponent of the pump doublet (for more details, see Sec. 6¢ of
Chap. II).
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FIG. 6. Determination of the concentration of a carbon dioxide
admixture in a nitrogen atmosphere by using ARS. 41 Re-
moval of the nondispersing pedestal in the spectrum of the ARS
signal (it arises from the molecules of the buffer gas) by using
specially chosen polarization conditions (curves 1 and 2 in
Fig. 6b) yields a considerable increase in the sensitivity of
the gas analysis. a) Shape of the ARS signal from the gas mix-
ture without using polarization measurements; the relative
concentration of CO, molecules n= 1072(1) and 1073(2); b) the
same, but using the polarization method, =107 (1), 10™(2).
The total pressure of the mixture P =22 atm.

troscopy problems involving either steady-state excita-
tion of the studied internal motions, or conversely,
non-steady -state excitations, in which transition and
relaxation processes are essential. Correspondingly,
one can speak of steady-state or non-steady-state active
spectroscopy in its coherent or incoherent variant. As
for the active spectroscopy of Raman scattering, co-
herent spectroscopy has been especially intensively de-
veloped in recent years.

Several studies were reported in 1972 at the Inter-
national Conference on Quantum Electronics that used
tunable parametric light generatorst®! and dye laserst®*
(see also Ref. 35) for exciting molecular vibrations.
Now one can clearly formulate the important merits of
the method that have attracted the attention of various
research groups to it. There are the lack of an inten-
sity threshold, and consequently, the possibility of de-
tecting a signal at moderate powers of the pumping
waves; the possibility of studying the complete Raman
spectrum of the medium; signal detection in a frequency
range free from stray exciting radiation and parasitic
luminescence-type effects; the possibility of ultrahigh
spectral resolution of Raman transitions; etc.

7. We can judge the new possibilities in physical and
analytical applications of light scattering that are
opened up by the active-spectroscopy method upon turn-
ing to Figs. 4-8 (see below), Figure 4 shows Raman
spectrat®®? of a CaCO, crystal in the range from 600 to
1500 cm™. Curve 1 shows the spontaneous scattering
spectrum, and curves 2 and 3 correspond to spectra
measured by the active-spectroscopy method. The new
information obtained from these measurements is dis-
cussed in Sec. 3d of Chap. II of this review, Here we
shall note only the sharp enhancement of the signal in-
tensity and the new possibilities of measuring the dif-
ferent tensor components of the cubic susceptibility.

S.-A, Akhmanov and N. I. Koroteev 902




Figure 5 shows the spectrum"™ of the @-branch of the
Raman band of hydrogen obtained in a time of ~ 10 sec
by the active-~-spectroscopy method with noise excitation
(see Refs. 36 and 38 and Sec. 6¢ of this review)., We
see that the entire @-band is well resolvedinanunpre-
cedentedly short observation time. This method is the
basis of the application of active spectroscopy to the
analysis of the dynamics of Raman spectra; the possibil-
ities that open up here are of considerable interest for
non-steady-state media (explosions, flames, jets, etc.)
and for biophysics (e.g., for studying the dynamics of
the visual process®®), The large signal/noise ratios
that one can get in the active-spectroscopy method al-
low one to increase substantially the sensitivity of deter-
mining impurities by using Raman spectroscopy. Figure
6 illustrates these passibilities with the example of de-
tecting an admixture of CQ, in N,."*"’ One can reliably
detect by this method a 1:10° concentration of CO, in

a time of ~10° sec.

The coherent nature of active spectroscopy opens up
completely new possibilities of studying resonance scat-
tering; in contrast to spontaneous-scattering spectros-
copy, the different resonance contributions to the sus-
ceptibility interfere. This is illustrated by Figs. 7 and
8. Figure 7 shows “active” spectra of toluene measured
in a mixture with the dye rhodamine 6G whose absorp-
tion line coincides with one of the frequencies, w; or
w,. We see that under double ~-resonance conditions (w,
-w,= Q is a vibrational frequency of toluene, while w,
~wy, . IS an electronic transition frequency in rhodamine)
the spectrum is substantially distorted. The distortion
can be used to measure new spectroscopic parameters,
such as the sign of the susceptibilities, as well as for
resolving lines and increasing the signal/noise ratio.
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FIG. 7. Deformation of the contour of a spectral line obtained
by ARS in toluene upon adding various amounts of the dye
rhodamine 6G, which absorbs one of the pump waves. #! The
deformation arises from the interference inherent in ARS of
the nonlinear optical susceptibilities of the different compo-
nents of the solution; its manifestation does not require inter-
molecular interaction—actually the things that interfere are
the “imprints” left by the different molecules of the mixture
on the coherent wave of the scattered light. N, is the density
of the molecules of rhodamine 6G. a) N;=0, b) N,=0.45

%1018 em™, ¢) Np=1.7x10'% cm™.
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Figure 8 shows the “active spectrum” obtained by
Bloembergen and his associates{*®! in CuCl under double-
resonance conditions in which w; — w, ~ Qpacrgroma 1S the
frequency of an optical phonon, and 2w~ Q. is the ex-
citon frequency (for more details, sece Secs, 12b, ¢ of
Chap. III).

Essentially the experiments made it possible to mea-~
sure correctly for the first time a nonlinear susceptibil~
ity involving excitation of excitons. The experiment of
Bloembergen and his associates fully illustrates one of
the interesting possibilities opened up by the method of
active spectroscopy, that of studying resonance process-
es under conditions in which both the frequencies of
the probe rays and the frequency of the radiation to be
detected lie in a region of transparency. We present
below and discuss in detail also other physical and
analytical applications of the method of active spectros-
copy. Recently its use has permitted people, in par-
ticular, to detect second sound optically.!*? It is also
of interest to apply the method of active spectroscopy
to plasma diagnostics.'**! Yet in closing this short
introduction, we note still another aspect of active
spectroscopy—the possibility of obtaining strongly non-
equilibrium states in the phonon subsystem. This prob-
lem has been discussed for a long time (see Refs. 45
and 46, the review'*"! and the collected volume *?),
However, attempts to detect anharmonic effects from
optical phonons excited by a high-power laser doublet
have failed. Interest in phenomena of this type continues
even now. Apparently the most promising approach here
is to study coherent intermode interactions in molecules
in the absence of collisions. Estimates show that the
intensity of current lasers suffices for observing such
processes in a set of triatomic and polyatomic mole-
cules, t4%

8. _This review turns its major attention to steady-
state coherent active spectroscopy and its applications
for studying elementary excitations in gases, liquids,
and solids, Many results have been obtained here in
the past 3—4 years that require generalization and analy-
sis. Coherent active Raman spectroscopy (CARS) is
becoming one of the best-developed methods of nonlin-
ear laser spectroscopy.? 59511 The materials on non-

PBesides “coherent anti-Stokes Raman scattering,” the ab-
breviation CARS is used also for three- or four-wave mixing
spectroscopy and is especially widespread in the American
literature.
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steady-state active spectroscopy are more readily com-
pilations of data; a number of reviews'®® %! has been
published here in recent years.

Il. ACTIVE RAMAN SPECTROSCOPY (ARS)
1. A simple classical model of electron-phonon
couplmg General propertles of “active’” spectra
a) The propagation of light in an isotropic nonlinear
medium is described by the wave equation for the field
E:
v’E-ﬂlﬂ._ﬂ pWND)

et 0

Here PY¥L) jg the polarization, which depends nonlin-
early on the field of the light wave, and » is the refrac-
tive index. To start we shall assume that all waves
that participate in the interaction are plane and mono-
chromatic:

E (r, ) =Re (E(t)e—m‘t+¢k,r+ E(2)e-iw,t+lk’r+ Ee-ivt4ikr + E“‘)e"“’c”"ika')_
(1.1)

The amplitudes are assumed everywhere to be bounded
by slowly varying functions of r and ¢, and w, =w +{w,
—w,), where w is the frequency of the probe wave. Then

the nonlinear polarization P¥Z’ (r, ¢) is also a superposi-

tion of plane waves. The abbreviated equation for the
amplitude of the scattered anti~Stokes component of the
probe wave that propagates along the z axis has the form

n(og) E@ | GE@
c ot + 0z

i 2nwg
cn (0g)

(1.2)

PP (@) e ha,

Here P'¥! (u,) is the spectral component of the nonlin-
ear polarization at the frequency w,. We shall assume
henceforth that the waves E™'?’ are given; this case is
of special interest in spectroscopy.

Let us examine a simple model of a rarefied medium
of noninteracting molecules having a single non-degen-~
erate Raman-active vibration of frequency . Ina
classical model the Hamiltonian of the molecule in the
presence of the field of the light wave has the following
form (we omit the vector and tensor indices for the
present):

B = o — PE = Ho—~ a (2) EE; (1.3)
Here %, =T + ®(x) is the Hamiltonian of an unperturbed
molecule having the kinetic energy T and the potential
energy &(x) of the nuclei in the field of the electrons;
alx) is the electronic polarizability, which depends
parametrically on the nuclear configuration x; and p
is the induced dipole moment:

-2 (1.4)
The light field exerts a perturbing influence on the posi-
tions of the nuclei that displaces them from their equi-
librium positions, If these displacements are small, we
can represent them in a power series in the normal co-
ordinate @. Then the Hamiltonian of (1.3) acquires the
following form (we restrict the treatment to only the
first terms of the expansion):

904 Sov. Phys. Usp. 20{11), Nov. 1977

1
B =T+ MOC — 3 0ol — 4 (42) Q% (1.5)

Here M is the reduced mass, and we have a,=a(0) as
the purely electronic polarizability in the equilibrium
position of the nuclei; the derivative (8a/8Q), is also
taken at @ =0, The last term in (1.5) describes the
electron-phonon coupling. We can easily derive the
following equation for @ from (1.5):

(L

M6= —730

(1.6)

If we phenomenologically introduce into this equation

a term to describe damping we get as a result

G+2r0+ 0=~

(60)0

The “stimulated” solution of (1,7) has a resonance at
w; - w, = (people say in this case that the molecular
vibrations are coherently pumped in the biharmonic
light field).

In the steady-state case we have

"

1 féa 1) (2e exp [i (kg —Kq) ¥ —i (@) — wq) 1]
0“2 (0()) EVE QF (o) — wg) 2 —2iT (03 —00g) *

(1.8)
We shall calculate from (1.4) and (1. 8) an expression
for the induced dipole moment at the frequency w,
=w+(w, ~w,). By multiplying it by the density N of
molecules, we get the macroscopic polarization, which
is cubic in the amplitude of the light field:

—imut+ikpr

_x (i“_\"’ EEWD g
9Q /o D(Q, 0g— )

PO (p 1) = P9 () e

e&(foutfkpr)‘

(1.9)

D (& o) —w,) = Q@ —(0; — 0y — 2T (0, — ), (1.10)

kp =k + k, —k,.

Substitution of (1.9) into Eq. (1.3) in the steady-state
case (8/8¢=0) gives

OED gV da )2 EE(N p2)r - iak

T Tt 2en (@) M \"3Q 1o T D@, @y—wg ¢ (1°11)

Here Ak=Fk,,—k,— k1, — %y, is the phase mismatch. The
solution of (1, 11) with null boundary conditions for z =0
has the form

E® (z)=1i D Q, w—oy) e~iskz/2 pED p(2s,

(1.12)

Hence we see that the increment in the field E® starts
at zero, while the most rapid increase is observed in
the direction of phase synchronization Ak=0, However,
the requirements on the arrangement of the beams prove
in many cases to be not too severe, In gases the coher-
ent-interaction lengths with parallel propagation of the
beams amount to I, =7/Ak~10-100 cm. One can easily
attain a value /., > 1 cm in strongly dispersive media

by divergence of the interacting beams by small angles
(~1-3°), Finally, one can compensate the wave mis-
match by using strong focusing of the collinear interact-
ing beams into a focal volume having the length /,,

Tw, N ( da )2

_da sin (Akz/2)
en (W) M \3Q /o Ak
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<<[,n (for more details, see Sec. 6d of Chap. 1), Of
course, the possibility remains in all cases of using
exact synchronization.

b) Let us estimate the efficiency of scattering of the
probe beam in a coherent ARS system as compared with
its efficiency of spontaneous scattering. The latter is
characterized by the Raman cross section, which in-
volves the molecular parameters by the following formu-
1a® for a “forward” scattering system:

da mé(aa)Z i

To A \B0) o 2MQ .

(1.13)
The power of the probe radiation scattered into the
solid angle 50 (Stokes component) is given by the ex-
pression

Plpone = 37 INPSo; (1.14)

Here N is the density of the molecules, [ is the length
of the illuminated specimen, and P is the power of the
probe beam,

We can find the total power of the coherently scat-
tered radiation from (1.,12) with account for (1.13) by
assuming the transverse distribution of all the interact-
ing beams to be Gaussian with the same radius w (as
before, we assume the phase fronts of all the waves to
be planar):

pla do\?  28x2d | Akly PPP, |
Plis ~ (W g5) " gramere stoe® (557) s (1.15)
Here sincx =sinx/x, and P, P,, and P, are the total
powers of the beams at frequencies w, w;, and w,, re-
spectively.

Upon comparing (1. 15) and (1. 14), we get the follow-
ing expression for the power enhancement of the anti-
Stokes scattering signal of the beam in an ASRS system
over the level of spontaneous scattering of the same
probe beam:

{(a)
_ PARs
n=—5

spont

do . Akl
~ IN e sinc? (—_,—)

(1.18)

Estimates by Eq. (1.16), which are confirmed by many
experiments!3¥3854 (gee also Ref. 96), show that when
5 k=0 one can easily get a value of n~103-10° in con-
densed media for well marked Raman lines by using, as
as needed, focused pump beams of power P, .~ 10-100
kW. One can get an analogous enhancement in gaseous
media by using pump beams of power P, ,~1-10 MW,

This circumstance occasions the considerable advan-
tage of coherent ARS over spontaneous Raman spec-
troscopy in terms of the signal/noise ratio.

We note from (1.16) that a potentiality can be seen
for absolute measurement of the Raman cross-section
da/do by measuring the relative increase in the scat-

A more exact expression that accounts for the features of the
molecular Raman tensor and for averaging over orientations
is given in Sec. 2d of Chap. II as Eq. (2.21).

905 Sov. Phys. Usp. 20{11), Nov. 1977

tering power of the probe beam when the coherent
“pump” is turned on (see Refs. 33 and 36).

¢) Scanning of the difference of pumping frequencies
w; — wy near © makes it possible to study the shape of
the molecular resonance line. However, the shape of
the spectral line strongly differs from that of the spon-
taneous scattering line, 1338

The most essential point here is that the ARS signal
does not vanish when lw; — w; 1> ', even in the case of a
an isolated line, in contrast to the spontaneous-scat-
tering case. Actually, under these conditions we have

PO (@) = y®E EED E®*%, (1.17)

Here x ®’® is the non-resonance cubic susceptibility that
arises from the electronic contribution. Upon intro-
ducing the resonance cubic susceptibility by using (1. 9)
and formulas like (1.17), we have

N [ Gutp L gom
X(B)R=TM—("@') D (Q, oy —wg) ® ¢,

where

- N 9o \2 —Q+ (w0 — wy)

YOR = WG (a—g)o' A=———I[f"—&'

and we have the following expression for P’ for ar-
bitrary w, —wy:

P® = (¥R L yOE)E M ED%, (1. 18)
and the dispersion of the intensity of the anti-Stokes
signal under resonance conditions is determined by the
expression

I, (@)~ | xOB 4 ¢ *E 2 [T, (1.19)
Figure 9 shows the shapes of the corresponding reso-
nance curves. If we measure the ratio I,,/I,,, upon
scanning w; - w,, together with the frequency that cor-
responds to the signal minimum, and the width of the
resonance, we can measure all the parameters that are
defined in spontaneous Raman spectroscopy. We note
that the potentiality arises of ultrahigh spectral resolu-
tion of Raman transitions that is governed only by the

-3 20 -0 a 10 20 304

FIG. 9. Overall shape of the frequency-dependence of the in-
tensity of the anti-Stokes ARS signal calculated by Eq. (1.19).
The values of the parameters are as follows: a=|X¥&|/

1 x®E| =10, sign 7‘3’R=si?n x®ZE (curve 1), sign T®Z (curve
2); Aby = (@/2) £V 1+ (a/2)?, Aky,=(a/2):VT+ (@/2).
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widths of the lines w; and w, that are used!"~"'4 when
one employs narrow-band tunable lasers in active spec-
troscopy (the generation line width of the best specimens

of continuous-wave lasers does not exceed 10
kHz).[uS.IIGJ

The spectrum of |x ‘3 w,; w,, w, - w,)? can also be
obtained in one laser pulse without scanning the fre-
quencies w; and w,: in order to do this, the line w,
must have as much broader a spectrum as possible that
overlaps the entire Raman line. %3 Then the form of
the Raman resonance is obtained by normalizing the
spectrum I, (w,) to the spectrum of the broad-band pump
component (w,) (for further details, see Sec. 6¢ of
Chap. II, Fig. 5).

_Moreover, one can also get additional information
from the spectrum of the intensity, including the sign
of the susceptibilities. On the other hand, the existence
of a non-resonance pedestal can be used as a standard
for absolute measurements.

Of course, the intensity spectrum bears only part of
the information on the scattering medium. It is sub-
stantially supplemented by the data on the dispersion of
the polarization and the dispersion of the phase advance
(see below, Sec. 3). Hence, actually three types of
active spectroscopy are developing rapidly now:

1) Amplitude active spectroscopy, which operates
with the dispersion of the intensity of the scattered

signal.

2) Polarization active spectroscopy, which operates
with the dispersion of the polarization of the scattered

signal.

3) Phase active spectroscopy, which operates with
the phase advance of the scattered signal.

The classical pattern, whose simplest variant is de-
scribed in this section, suffices to describe practically
all the effects of coherent ARS. We shall introduce the
" quantum equations that account for the movement of the
populations only in Sec. 5 (see also Ref. 100).

2. Coherent steady-state ARS in terms of the nonlinear
susceptibilities

As we have seen in Sec. 1, the processes that occur
in coherent ARS in a centrosymmetric medium can be
described within the framework of the phenomenological
expansion of the nonlinear polarizability by a term that
is cubic in the field. In this section we shall turn in
somewhat greater detail, first to the phenomenological
description of ARS, and then we shall discuss some
problems involving the microscopic calculation of the
4th-order tensor of the cubic susceptibility. Also we
shall discuss the limitations imposed by the symmetry
of the medium. Later we shall treat the correspondence
between the components of this tensor and the param-
eters that figure in the theory of spontaneous Raman
scattering.

a) The phenomenological approach. We can represent
in the following form the electric polarizability (cubic
in the electric-field intensity) that is induced in a steady-
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state homogeneous nonlinear medium by the field of the
light wave E (r, §):(7%

1 t t
PP, = Sdt’ S ar S a3,
® e e

(£, t—t', t—t", 1"—1")
XEjr, U')Ey(x, t") Ey(r, t™).
(2.1)
Henceforth we shall use Eq. (2.1) in a Fourier rep-
resentation. In line with (1,2), the electric field in the
medium amounts to a superposition of four plane light
waves: the pump waves of frequencies w; and w,, the
probe wave of frequency w, and the anti-Stokes® scat-
tered wave of frequency w,=w + wy - w,. The spectral
component P® at the frequency w, has the form:

PR @o)= 3 (1 (0ai 0, 01, —wg) EEPED*
FN

+ Akt (Qa} ©, — g, 09) E;E@PEL S 4@ (057 01, 0, — ) EPELE[*
+ At (007 01, — 0y, @) EQEPE 4y, (057 —ws, 0, 0f) EP*ERED
2B (Wa; — 02, 01, @) EP*EPE),; (2.2)

Here we have

Kt (@0 0, 0, —wy)

1¢ . fF 2.3

=Tj a 5 av 3 I K (71 T T exPl—i (07 Fogv — oy17)] )
[} i) 1]

etc. As usual, %% the factor 1/4 has been introduced
in defining the spectral component of the cubic sus-
ceptibility tensor of (2.3) in order to eliminate numeri-
cal coefficients in Eq. (2.2).

When one of the pump components is used as the probe
beam, i.e., when, e.g., w=uw,, then evidently the num-
ber of terms within the summation in (2. 3) must be di-
minished twofold. ® 1In line with the definitions (2. 1) and
(2. 3) in the expression for x‘®), the latter three fre-
quency arguments can change places with simultaneous
permutation of the corresponding tensor indices.

Upon using this, we can put Eq. (2. 3) into the follow-
ing form:

PP (0g) = Z1hy (07 @, 01, —09) EEPEP?; (2.4
here we have the coefficient ¥ =6 if all the frequencies
w, wy, and — w, differ, and z =3 for twofold degeneracy
of one of the frequencies, e.g., when w =w; (summa-
tion is performed over repeated indices).

Since Eq. (2.4) must remain invariant with respect
to the spatially symmetric operations that transform
the medium into itself, this imposes additional condi-
tions on the components of the tensor x{33,. Thus not

4hWe thus restrict the treatment to the dipole approximation,
while neglecting effects involving the quadrupole and mag-
netic-dipole terms of the expansion, as well as the spatial
dispersion.

5)For the sake of argument, we shall restrict the treatment on-
1y to the case of anti-Stokes scattering, since the case of
Stokes scattering (w,=w — (wy ~ wy)) can be treated by analogy.

6)In Eq. (2.2) we have kept only the terms that describe fre-
quency-mixing processes: w,=w+wy—wq, that are character-
istic of ARS; the other terms that describe stimulated Raman-
scattering effects or inverse Raman scattering (w,=w,+w
— w) or the optical Kerr effect (w,=w,+w,—w,;, w, =w,
+wy 3 — wy,2) have been omitted as inconsequential,
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all of its 81 components prove to be independent, while
some of the components vanish. References 56 and 57
give a list of the non-zero components of the tensor
X% for all the crystal classes and for isotropic media.

In particular, 21 components of the tensor x{f,ﬁ, differ
from zero in isotropic media, of which only three are
independent:

xithe = xi{’n =28 =18 = 188 =18,
1B = A0 = 1N =% = tha =25

x{%er = 1812 = ¥ = A8¥hs = 183e = 18%2s, I
$Ph = x5+ 2R+ 1$3hs-

%P = A %0 = x48hss
(2.5)

The frequency arguments of all the components are as-
sumed identical. Upon using the last of the relation-
ships, we can write the following expression for the vec-
tor P® (w,) in an isotropic medium, which stems from
(2.4):
P (wg) = Z [1¥hs (0ai ©, 01, — ) E (BWE®D*)

+ 4§31z (0g; ®, 0. —wp) EQ (EED*) £ x(P), (0g; @, 0y, —wp) E®* (EEW)).

(2.6)

Whenever the propagation of the light waves and their
nonlinear interaction do not excite internal motions in
the medium (real electronic transitions, pumping of
ions, etc.), i.e., in a loss-free medium, there is an
additional class of spatial-frequency transformations
that leave the components of the tensor x§,3,’2, invariant.
In these media, the value of ¥{3, does not change upon
permuting pairs of any indices (rather than only the last
three) if we simultaneously permute the frequencies to
match. % %1 If here we can neglect the frequency dis-
persion in the region of the frequencies w,, w, w;, and
— w,, then we get simple symmetry relations that are
commonly called the Kleinman relationships'® % by
analogy with those for the third-order tensor. Under
this assumption we can permute any of the tensor indices
(while preserving the order of the frequencies) without
changing the value of the susceptibility. The Kleinman
relationships decrease even further the number of non-
zero independent components of x”,,, The validity of
the Kleinman relationships for fourth-order nonlinear
susceptibility tensors has been repeatedly tested in ex-
periments of the third-harmonic-generation type and
nonlinear three-wave mixing!®® %! under conditions in
which none of the frequencies w;, w,, and w; of the
waves that participate in the nonlinear interaction nor
any of their combinations (w, + wy; W) twg 2wy} Wy ws;
2w,, etc.) coincide with any resonance of the medium,

Yet precisely the latter requirement is not fulfilled in
ARS experiments. Hence one cannot apply the Klein-
man relationships to those terms in the expression for
qu that arise from the contributions of the “resonance”
dynamic subsystem of the medium (in this case, the sub-
system of vibrating nuclei of the molecules; see Sec. 2¢
below).

With this we close the purely phenomenological treat-
ment of the nonlinear susceptibilities, and proceed to
calculate them on the basis of microscopic models.

b) A microscopic model. In homogeneous media made
of identical elements (atoms and molecules in gases and
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liquids, unit cells in crystals), people commonly intro-
duce also the nonlinear polarizabilities of the individual .
elements, or the hyperpolarizabilities v,,,;, along with
the macroscopic nonlinear susceptibilities x,‘ﬁg,. Their
mean values are determined by using the relationship

T 1 .
Vit (@a; ©, Oy, —09)) = Tz (hii0a; ©, 01, —0,);

Here N is the density of the primary elements that form
the medium. The angle brackets denote averaging over
their orientations. .One can omit these brackets for a
crystalline medium; and we have L =(n?+2)/3 as the
Lorentz correction factor for the internal field. ® Cor-
respondingly, we can also introduce the mean polariza-
tion of such an element (for concreteness we shall speak
of a molecule):

(A" (©a)) = B (Yym (@05 @, @1 ~— )} LAEEREP*, 2.7
In line with what we have said in Sec. 1la, let us rep-
resent the Hamiltonian of a molecule lying in the light
field as a power series in the field and in the normal vi-
brational coordinates Q,”’G]:

H(E, {=h) = Hy {z)}—m: ({z}) & -3 “u ({=h) 8:&;
“‘Tﬁi/k ({=}) €:8;8. by Yuh,g'gj&,&
1 i}
+5 (Sorsersos) 0o0u0ur +

~(55), 0eti— .. — L aEgE— L

- =Tid 5 M40}
s pgbi

oy,
(Waj)o 00818}

1 a2
- ( 3005(70 ) 0006'818] —ﬁﬁkg,g,&

1 ¢ Bip .
-7 (aoaﬂoq )0 Qo886 —T VinBi8i6nkr ... ;

(2.8)
Here u‘({x}) is the dipole moment of the molecule;

o, ,({x}), B,x({x]), and v,,, ({x}) are the tensors of the
electronic linear, quadratic, and cubic polarizabilities
of the molecule for the arbitrary configuration {x} of the
nuclei; &; is the internal field acting on the ions; and

. afy, Bf, and v§,, are respectively the 1st-, 2nd-, and

3rd-order purely electronic polarizabilities of the mole-
cule in the equilibrium position of the nuclei, @,=0.

The derivatives are also taken in the equilibrium posi-
tion @,=0. In (2.8), summation is implied over the re-
peated tensor indices 7, j, k, and [ and over the indices -
o, 0’,..., that specify the normal modes.

Upon using (2. 8) with the aid of (1.4), we get

p‘=_..aw_g_;}.ﬂ Poi +( ) Oq+a‘]gj+( ) Oagj
(o). et Bt (52 e s

(2.9

The equations of motion for @, are obtained from (2. 8)
by using the relationship

MGy = —55F. (2.10)

DStrictly speaking, we should write L,LLL, instead of L4,
where, e.g., La=(n2(wa)+1)/3, etc, However, in a medium
that is optically transparent at all the frequencies w, wy
it is not essential to allow for this circumstance.

@
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The system of equations (2.9) and (2.10) describes
all the effects that are discussed in this study. Yet the
analysis of this system in general form is unwieldy and

_ineffective. Instead, we shall take account only of its
*individual terms, being governed each time by qualita-
tive physical considerations.

We shall be primarily interested in this section in the
term on the right-hand side of (2. 10), which is analo-
gous to the right-hand side of (1. 7); if we keep only this
term, we get

dagy

0o+ 2000+ 8800 = (5 ) 818 (2.11)

Upon substituting the solution of (2. 11) into (2. 8), we
can -easily derive an equation for the spectral component
of the nonlinear polarizability of a single particle that
arises from the resonance contribution of the normal
mode @, (this part of the polarization is described in
(2.9) by the term proportional to (3a,,/8Q,)). One can
get the corresponding term in the macroscopic polariza-
tion by averaging over the orientations:

s oa.
om0 o= (), [ (R2).D)

X D" (Qq, 0 —0y) LAEEVE®M*,

(2.12)

D (R,, w; - w,) has been defined in (1.10). In a region of
transparency, the Raman-scattering tensor (8a,,/2Q),
of the totally symmetric vibrations is always symmetric.
However, the non-totally-symmetric vibrations, which
“mix” the different electronic states, can be charac-
terized by an appreciable antisymmetric component of
the Raman-scattering tensor. ¥1 Nevertheless, unless
stated otherwise, we shall hereinafter consider the
Raman-scattering tensor to be symmetric. Thus the
total nonlinear macroscopic polarization at the frequency
w, with account taken of the purely electronic contribu-
tion and of the resonance Raman contributions of the
ionic subsystem can be written in the form

PP (0,) = PVF (0) + PIO® (02) = Ty (0; 0, @1, —a3) EEVED”

+2 E1i 2< ?_:2: Ba“ >D—! (Qs, ©y—05) LSE,EVEP*
= “in,}d (00} ©, 0, —©,) E;EPEM".
(2.13)

We have cast the expression (2. 13) in a form analo-
gous to the phenomenological representation (2. 4) by in-
troducing the nonlinear optical susceptibility tensor of
the medium x{3}; (w,; w, w;, —w,), which accounts for
the contributions of the electronic and ionic subsystems
of the medium, and which has the symmetry properties
of the phenomenologically introduced cubic susceptibil-
ity tensor. In order to do this, we must symmetrize
‘the terms that correspond to the resonance ionic con-
tributions of (2. 12) with respect to the three latter in-
dices:

AR (003 0, 0, —0g) =y (DF (00} 0, Of,— ©)

+ AR (@0 @, @y, — @),
g

(2.19)

Here we have
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R . NIt oa aa
VIR (04; @, 0, —@y) = i [<( ”) — >D‘ (D, 01— 02g)

Q0 300
6
;Q‘: ( u" >D‘ Qo ©—ay)
3
+< 000 a?: >D_ (2, (D-{'*ﬁ)n)]

(2.15)

¢) Isotropic media: averaging over the orientations.
In an isotropic medium made of freely oriented mole-
cules (gas or liquid), the tensor (2. 15) has only three
independent components (see (2.5)). When w=w,, the
additional symmetry condition Xy, (w,; @y, Wy, —wy)
=Xq212 (w,; Wy, Wy, —w,) reduces the number of indepen-
dent components to two, and the condition (2. 5) of iso-
tropicity acquires the form

Xﬁ’ﬁ("’ (wa; @y, 0y, —(I)g) ’ (2 16)
=2ED (003 o1, 0y, —02) + A (025 @, @4, —0y).
The Kleinman relationships for the case of an isotropic

medium are reduced to the equality
e (")ﬂ' O, O, —0g) = 3%, (0s; ®, wy; — ). (2.17
We can express the products {(8a;,/3Q,), (8c,;/8Q,)¢)

averaged over the orientations in terms of the invari-
ants of the tensor (3a,,/8Q,);. Further,

baz_g.sp[(%)o]=_;‘(a1_a+a2_o+°~3,o)

is the mean polarizability, which governs the scalar
(isotropic) Raman scattering, and

:,_ 3 [S i)m”I —3b‘2,]

[(ai ¢ — %3, P+ (@, 6 — &5, 0)2+ (22,0 — @3, 0)2]

is the anisotropy, which is involved in quadrupole
(anisotropic) Raman scattering. Here ay, @, and
a; , are the principal values of the tensor (8a,,/8Q,),.

Upon averaging, we getts' 361
(), () =+ @19
(3 “)0(322:>>=b:-—%g:’ (2.19

) (F2) ) = (52, () )y =th i (2.20)
We should bear in mind the fact that one can express
also the differential spontaneous Raman-scattering cross

section do/do and the degree of depolarization p of the
scattered radiation by using the invariants b? and g? of
the Raman tensor. In particular, the following rela-
tions hold for forward scattering excited by linearly po-
larized radiation under the assumption that the Raman
tensor is symmetric:

da o
= s (b2+45g)
340
P= T (2.21)

Table I presents in explicit form the nonzero compo-
nents of the tensor x, 31, for an isotropic medium that has
an isolated Raman resonance at the frequency £ =w;
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~ w,, together with expressions that present in vector
form the relation between the amplitudes of the inter-

acting fields and the nonlinear polarization, We see in
particular from Table I that
X(iag)ﬁ (0g; ©, 0y, —wy) (@ 22)

=3 X .
X(“);R; (g ©f, 0y, —g)

3. Polarization effects in active spectroscopy

Polarization measurements in spontaneous Raman
spectra give rich information on the studied medium
(see, e.g., Refs, 62-64), The possibility of making
such measurements stems from the tensor nature of
spontaneous scattering. The order of the tensor x,";‘g,
that one measures in ARS is twice as great as the order
of the Raman-scattering tensor. Therefore the pos-
sibilities for polarization measurements are generally
broader here.

The coherence of the scattering process in ARS en-
genders several effects that have no analog in sponta~
neous Raman scattering, such as the dispersion of the
plane of polarization of the scattered signal upon scan-
ning w; - w, through a Raman resonance region'®? or the
effect of removal of the coherent background, %!

a) Isotropic media: dispersion of the plane of polari-
zation of the ARS signal. The relationship of the inten-
sity of the ARS signal to the polarization of the inter-
acting light waves is given for an isotropic medium by
Eq. (2.13), which defines the nonlinear source in Eq.
(1. 3) for the coherently scattered signal (see also Table

D.

For the sake of argument, we shall restrict the treat-
ment to the case of ARS with degenerate frequencies
(w=wy).

TABLE 1.
ARS scheme with a probe beam—; d ate freq
W, =0+ @y — 0
3 Nis b2+ (4/49) g*
HR . SR M S e -
iTiE (el @ 0 —o) 483/QT —i—A
5 NLY b2 (2/45) g* (3) R
1(1-*1)2‘3 (Wa: ©. W, —©s) mar i =(1—2p) X1}
NLA (1/15) g* 3R
75 (Wi 0, 0. —wg) ZBTe —i—a P
:7,(133’1’; (0g; W, Wy, —02)

P (wy) = .,,( i)lE E (EVED Y E! (EE® * . E@* (EE(“)]

6 R E (EWED Y LD ED EED ) Ly EDT ®ED)

ARS scheme with degenerate frequencies
®, =201 02 (w = wy)

NIA b2 (4/45) g*

2T 0ai w1 0 —an) TAOr  —i—A
SR — o NIA (1/2) 624 (1/90) g37 t—p JR
Az (oai o o1 o) Zarar —i—A % T
—X(fo),q (0q; Wy, ©1. — Q) .
NI 198 o
AT (045 o1 0, —wg) UMAT T —i—A 1111
PO (g) =D [2EEDED ) B * EDED)] +

L3[R B (ROOE®*) 4y (R ED * EOED))| %)

—we—Q

o]
A= T

ijki

*The components x({3)£ are assumed to obey the Kleinman relationships.
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X (anisotropic
part)

FIG,. 10. Mutual arrangement .
of the polarization unit vectors of
the pump waves (eq, &), the reso-
nance (Pz) and non-resonance
electronic (Pz) components of

the nonlinear source, and the
vector Py, which fixes the

plane of the oscillations trans-
mitted by the analyzer,

lsotroplc
part !

By using the data of Table I together with Eqs. (2.17)
and (2.22), we can write the following expression for
the nonlinear source at the frequency w, =2w; — w,:

P(a)
B = A e+ 1 P (3.1)
where
Pp=2e, (e,e}) -+ €f (esey), (3.2
Pe=3(1—p) e, (ee}) + 3pes (esey), (3.3)

while @; and @, are the polarization unit vectors of the
pump waves; they are real in the case of plane-polarized
pump waves, Figure 10 shows the mutual arrangement
of these vectors in the plane defined by the real unit
vectors e, and e, with collinear propagation of all the
waves, The solid line in Fig, 10 shows the geometric
locus of the ends of the vector P; as the angle ¢ be-
tween the vectors e; and @, is varied. It is an ellipse
with semiaxes of 3 and 1. The polarization state of the
coherently scattered wave far from a Raman resonance
(lwy - w,1 #Q) is determined by the vector Pg. In line
with (3.1), the ARS signal in this case is linearly po-
larized. The angle ¢ between e, and P is & =arctan
x[(1/3)tan¢].® The projection of the real vector Py on
the coordinate axes are given by the expressions

(Pr)x = 3 cos P, (PR)U = 3() sin @, (3. 4)
so that
|Pg [* = 9 [cos? @ + pZsin? gl. (3.5)

Again this is the equation of an ellipse; its semiaxes
are 3 and 3p. It is shown in Fig. 10 by the dotted line
for the case of a depolarized Raman line (p=3/4). When
the studied line is fully polarized (p=0), this ellipse
degenerates into a straight line parallel to ;. The an-
gle 8 between the vectors P and Py can be determined
by the formula

(— 14 3p) sin 2¢

8 O =T o (3.6)

BWhenever the real components of x§3,3F are not connected by

the Kleinman relationships (2.17), we have

1
CD=arctg{ [T——E—] tgo } .
(x5 + (%)

S. A. Akhmanov and N. I. Koroteev 909



af T
_a°°° Edo ()
3 .
wf B E
@ i
g [ '
0} t
o ii Elw L Efwy)
S uf ~
L
w e ® Elw,)n E(w)
- tg7(1/2) Q
VR A R PR R B B
0 W w0 100 X o0 00 1080 nE0
Wy -y -1
anc som

FIG. 11. Rotation of the plane of polarization of the wave of
the anti-Stokes component (w,) generated in benzene upon scan-
ning the frequency difference w;— w, of the pump waves through
the region of the Raman resonance with the totally symmetric
vibration of its molecule (angle &’) (2/27c = 992 em™) 1% (the
angle &’ is denoted by ® in the diagram).

Here we have adopted the angle 6 as positive when the
vector Pp is rotated in a direction counterclockwise to
P.. We can easily see that the angle # is at a maximum
when ¢ = ¢,, where

3_
€08 2¢m = —37¢ . (3.7

In particular, when p=3/4, ¢, =arccos(y5/5) =63°25'
and 6, =arctan (5/12) ~22°40'.

The values given in Table I of the non-zero compo-
nents of the tensor x{3), of an isotropic medium are ex-
pressed in terms of linear combinations of squares of
the invariants of the molecular Raman tensor, and do
not contain their cross-products. This indicates that
one can resolve the tensor x{5¢ into irreducible tensor
sets of order 0 (scalar component) and 2 (quadrupole
component). One can show this also by direct calcula-
tion. ¥ 1) Correspondingly, one can resolve the vector
P®® (w ) into components that correspond to scalar and
quadrupole scattering:!®

9n calculating the angular dependence of the anti-Stokes sig-
nal that arises from the quadrupole part of the tensor X{5r,
the authors of Ref. 67 have apparently erred; cf, Eq. (3.10)
of this paper.

100Whenever the Raman-scattering tensor is asymmetric, one
must add the term [PR(w)a)]“] to the resolution of (3.8). This
term corresponds to antisymmetric (magnetic-dipole) scat-
tering. By using the table of nonlinear coupling coefficients
of four-wave interaction for an isotropic medium from Ref,
36, p. 1313, one can show that the expressionfor [Palw )t
in terms of the invariant of the antisymmetric part of the
Raman-scattering tensor

85’—"—"1;_5"[(6:&“)0_(2%1)0]2 , \
=%{[(%)o_(%)o] +[(%)o—(%i)o] ,
+[ a;z; o_(ag(gz)o] }

“(3.11)

has the following form:

NL& (ED)2 E*

Zar (3.11a)

PR @)1= £ e (eset) —ef (eren)

Thus the vector [PR(wa)]m is perpendicular to the vector ;.
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POR (o) = [P (o)1 + [Py (0,100 (3.8)
where
[P (@)1= 5% [3ey (ered)] o (EDV EDY (3.9)

FTUMQT —i—A ]

(e @ =S5 [ es o)+ 7 ef (eren | Jr i PENL (3 40
We see from (3.9) that the polarization of the s¢alar
(isotropic) component of the nonlinear source P‘*¥®(w,)
coincides in direction with e;, while the polarization
of the quadrupole (anisotropic) component of P'%(w,)
in the diagram of Fig. 10 is parallel to the vector
Pg(p = 3/ 4) .

When w, — w, =, the polarization vector of the source
P (w,) has an appreciable imaginary component. Cor-
respondingly, the scattered radiation is elliptically po-
larized. However, when |x‘¥¥®| >»x®#  the ellipticity
will be insignificant practically throughout the entire
dispersion region. Thus one can always distinguish a
direction of preferential polarization (see Sec. 3c).
Since the vectors Py and P are generally noncollinear
when e, and e, are noncollinear, the plane of polariza-
tion of the scattered wave will suffer dispersion as w;

- w, is scanned through a resonance region. The dis-
persion will become more appreciable the more the
ratio max!x®®| /x ‘¥ differs from unity. Figure 11
shows the experimental relationship of the angle &’ be-
tween P’ and e, for the coherent anti-Stokes ARS sig-
nal of benzene upon scanning w; — w, near the intense
Raman line at 992 em™ ', ! The angle between the vec-
tors e, and e, is 7/4.

b) Isotropic media: removal of the nondispersing
pedestal in spectrva obtained in ARS. As we have stated
in Sec, 1, the existence of a relatively high pedestal
caused by coherent non-resonance processes in the dis-
persion curves of |X'¥ (w,; w;, w;, —w,)|? is the major
factor that impedes application of ARS for resolving
weak scattering lines of the first, and especially of
higher orders, as well as for analyzing mixtures of
molecules.

The dispersion of the plane of polarization of the anti-
Stokes signal permits one to suppress strongly the co-
herent background by detecting specially polarized com-
ponents of the scattered radiation. For media that are
characterized by not too strong an optical Kerr effect
in two-photon absorption, this method is apparently the
most universal of all the known methods for removing
the nondispersing pedestal of “active” spectra (see also
Secs. 3d and 4b).

One achieves this effect by using linearly polarized
pump rays whose planes of polarization are rotated with
respect to one another by the particular angle ¢ (see
Fig. 10). One introduces ananalyzer intothe coherently
scattered anti-Stokes ray. Then let P, be the unit vec-
tor that fixes the plane of the vibrations that it trans-
mits, the angle i being measured from the normal to
the vector P,. The projection of the polarization vec-
tor of the nonlinear source of (3.1) on the plane of the
vibrations that is given by the vector P, has the form
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P (o) Py

. T ETAYe
(ED)2 goox = Xﬁ’ﬁ'sm P VS cos® o-+14 Oy

2V 8cost ¢+1
x {(1—3p) sin 2¢ c0s Y=+ [(3 4 p) + (3— p) cos 2¢] sin ¥}

(3.12)
Equation (3. 12) implies that the component arising from
the component Py of the nonlinear source P*® (w,) is
lacking in the anti-Stokes radiation transmitted by the
analyzer at =0, Here we find

PP (1) Pyey
(ET)z B
3 sin 2¢ IR .
= v/m [X(“)zz (0g; 0, Wy, -mg)—x(,az)g ((l)a; Wy, 04, —-(Dg)]. i
- (3.13)

(We recall that the relationship between the components
of the tensor ¥’ and the degree of depolarization p
is given in Table L.)

We can easily convince ourselves that the modulus of
the projection is a maximum for ¢=n/3: in this case
we have

P () Py—p
(BT gD+

NIA 1(1/2) b2—(1/18) gzl
—i—A .

3R IR [
=7 X% — 3% = 1orr

max
(3.14)
Both polarized (g* =0) and depolarized (b® =0) Raman
lines will be represented in spectra obtained by the de-
scribed method. However, the lines whose degree of

depolarization is p=1/3 will be missing.

The processes that interfere with complete removal
of the nondispersing pedestal of ARS spectra prove to
be those that depolarize the pump waves and the scat-
tered component, They include, first, the optical Kerr
effect, which causes the field at the frequency w, to in-
duce birefringence at the frequency w; and vice versa,
second, stresses in the windows of the cuvettes con-
taining the studied liquid or gas; and third, two-photon
absorption of one of the pump waves {(or both together),

which gives rise to an imaginary component of x 51F | etc.

One can get a picture of the efficiency of the described
method of suppressing the coherent “background” from
Figs, 12, 13, and 6, which are taken from Ref, 66. Just
like the dispersion curves of !y, (? that are given for
comparison, all the dispersion curves of |y{3, —xi3); |12
are normalized to their values on the wings, far from the
Raman resonance. We should bear it in mind that the
level of the non-dispersing ARS signal on the wings of
the Iy{3), —xi331 1% curves is 10°~10* times lower than the
signal level on the wings of the corresponding [y{3}, i
curves, other conditions being the same. The incom-

BV=v,-v,cm’}

FIG. 12. Dispersion curves of | x{8} (w,)|% and | x{}y—x Pyl ?
of toluene (1 and 2, respectively) in the region of the Raman

resonance with the A, vibration at v, =1209 cm™.
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FIG. 13. Dispersion curves of | x{j}; (w,; wy, wy, —wy)|? and
1 x P (wg) =X (w1 2 (1 and 2, respectively) of mesitylene
(1, 3,5-trimethylbenzene) in the region of the Raman reso-
nance with the weak line of symmetry E, (vz,= 1164 em™1), 662

plete “subtraction” of the coherent background involves
the partial depolarization of the radiation, which is ap-
parently caused by the optical Kerr effect.

The Raman resonance at »=1164 cm™ in mesitylene is
characterized by a small spontaneous Raman cross
section that differs by a factor of more than 100 from the
cross section of the totally symmetric Raman line at v
=999 cm™,t™! The former is not visible in the Iy}, 1?
spectrum, and it becomes noticeable only upon applying
a polarization technique, i.e., in the |x3}; —xi51 1% spec-

trum (see Fig. 13).

Finally we shall point out an interesting possibility of
shaping the contour of an ARS signal by choosing the
angle y that defines the orientation of an analyzer intro-
duced into the coherently scattered anti-Stokes ray.

We can easily convince ourselves that when 0 <y <10/
(6 is defined in (3. 6)), the sign of the ratio of the reso-
nance and non-resonance terms in (3.12) is opposite to
the sign of this ratio at i values lying outside the stated
interval. In the spectrum, this situation is manifested
in the fact that the minima in the relationship of the in-
tensity of the anti-Stokes signal to the frequency mis-
match w; — w, lie on opposite sides of the maximum in
these two cases, In particular, this situation can be
used to resolve partially overlapping lines of different
symmetry, 1’

When one uses in ARS a scheme with nondegenerate
frequencies, w, =w +w; —w,, one canremove the pedestal
of the “active” spectrum by adopting orthogonal polariza-
tion of the waves w and w,; here the polarization vector
e, of the wave w, must form an angle of ~45° with each
of the vectors e and €,.'™ In this scheme one can com-
pensate not only the real part of the nondispersing com-
ponent of the nonlinear source, but also the imaginary
part that arises from the resonance electronic transi~
tions. In order to do this, one must use elliptically po-

1DWe have used this situation for resolving the nonuniformly
broadened Raman band &/27c ~ 1305 cm™ in nitric acid, 1203
Wenote ingeneral that the stated method allows one to re-
solve by the ARS technique lines of differing symmetry, how-
ever closely spaced.
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FIG. 14, A picture using the Poincare sphere of the polariza-
tion state of the “active” signal upon scanning wy — w, through
the region of an isolated Raman resonance., 1—o sinf =0,3;
2—o g8inf=10; 3—a sinf = - 0, 45,

larized beams with specially chosen orientations and
eccentricities of the ellipse. However, we shall not
account for the effects involving the imaginary compo-
nent of x®'¥ in the treatment below, apart from Secs.
4a and b, while assuming it to be zero.

€) Determination of the polarization ellipse of coher-
ently scattered radiation (coherent ellipsometry of
Raman scattering). We have already noted in Sec. 3a
that the ARS signal generally becomes elliptically po-
larized when one tunes the frequency difference of the
linearly polarized pumping waves to a Raman-active
resonance. This requires that the polarization vectors
of the pump waves should be noncollinear, Here we
wish to call attention to the fact that accurate measure-
ment of the dispersion of the polarization parameters
of the coherently scattered radiation upon tuning w; - w,
can substantially supplement the measurement of the
dispersion of its intensity. This situation, which has
no analog in spontaneous Raman scattering, is of great
practical interest besides its purely theoretical inter-
est: since the intensity of the ARS signal is a nonlinear
function of the intensity of the pump waves (see (1.15)),
it fluctuates strongly even when the pump intensity fluc-
tuations are relatively small, This restricts consider-
ably the accuracy of measurement of the contour of the
dispersion curve of 1x®’(2. On the other hand, the fluc-
tuations in the polarization of the coherently scattered
ARS signal, which are determined only by the polariza-
tion fluctuations of the pump waves, can be made as
small as one wishes, since the polarization can be reli-
ably controlled. Moreover, the existing methods of
ellipsometry are distinguished by extremely high ac-
curacy. Therefore the possibility of measuring the pa-
rameters of the Raman lines by ellipsometry at the high
level of the detected signal that is characteristic of ARS
is highly attractive.

It is convenient to analyze the polarization state of
monochromatic waves by using the so-called Poincaré
sphere®! (see Fig. 14). Each wave having an elliptical
polarization given by the orientation angle ¢ of the long
axis of the ellipse and a degree of ellipticity y =+ arctan
{b/a) (b and a are respectively the minor and major
semiaxes of the polarization ellipse) is matched with a
point on the Poincarée sphere having the coordinates 2y
and 2y; values y >0 are ascribed to an ellipse having
rotation to the right, and x <0 to an ellipse with rota-
tion to the left.

912 Sov. Phys. Usp. 20(11), Nov. 1977

If we locate the origin of the spherical coordinates
(2¢=0, 2y =0) at a point corresponding to the orienta-
tion of the polarization vector Py of the nondispersing
component of the nonlinear source (see Sec. 3a), then
the polarization ellipse of the anti-Stokes ARS signal
near an isolated Raman resonance can be given by the
equations

inpglashd

A" —ZAqcos 0T 1F o (3.15)
- . acosf—A

tg2p=2asind AT 2Aa cos 64 1+ a® cos? 20;, (3.16)

here we have a = |3 81¥ /x31E|IP, |/ 1Pz I; the angle 8 is
defined by (3. 6); A =(w; ~w, —Q)/T, x{iIff =x{iiF (4 =0).

I we eliminate from (3,15) and (3.16) the parameter
A and transform the system of spherical coordinates by
rotation about the axis by the angle ¥ =(1/2) - y,,, where

20 8in §

$i0 2max = T Gaginip *

(3.17)

we can easily verify that the relationships (3.15) and
(3.16) define a circle on the Poincaré sphere tangent to
the “equator, ” which has its center at a point with the
coordinates

2% = Ymax, 2% = 0.

In Fig. 14 which illustrates the sphere, the line 1 shows
this circle for the case of a relatively weak Raman reso-
nance having a siné <1; the number 2 indicates the same

curve for the case a sind>1,

We note that the location of this curve in the “north-
ern” (x >0) or “southern” (x <0) hemispheres of the
Poincaré sphere arises from the sign of the product
a sing, this sign differs for the scalar and quadrupole
components of the source P*® . Correspondingly, the
rotation directions of the polarization ellipses of these
components are opposite, The abovesaid holds as well
with regard to the rotation directions of the polarization
ellipses of the anti-Stokes components of the coherent
scattering in polarized and completely depolarized Ra-~
man lines (see Sec. 3a).

Equation (3.17) determines the maximum ellipticity
of the ARS signal that can be attained when A =a cosé;
here 2y=0or 7. K asinf<1, then the maximum rota-
tion angle of the long axis of the ellipse 2i,,, which is
defined by the relationship

+sin 2Ppmay = @ sin 0, (3.18)
is attained when A=a cosf +/1 - a®sin¢. When a sinf
>1, the long semiaxis of the ellipse performs a com-
plete revolution,

Figure 15 shows for illustration an experimental
curve!’® that shows the course of the dispersion of the
ellipticity parameters of the anti-Stokes ARS signal in
concentrated nitric acid in the region of the broad Ra-
man line at the frequency /2mc=1304 cm™,

d) Crystals: measuvement of the tensor components.
In contrast to gases and liquids, where the intensities
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FIG. 15. Dispersion of the elliptical-polarization parameters

of the ARS signal of concentrated HNO,;. The symbols 1-3
denote the experimental points obtained in different series of
measurements. One can clearly see the fine structure of the
line, which is not manifested in the spontaneous Raman spec-
trum (upper curve). The integral parameters of this Raman
line determined from the coherent polarization spectra are:
p=0.08, XHR/x{HE-0.32, 2T/2nc =57 e’

of the Raman lines depend on the invariants of the scat-
tering tensor, the intensity of the scattered light for
crystals depends directly on the components of the Ram-
an-scattering tensor, Correspondingly, the components
of the tensor x{3)¥ also depend on the components of the

Raman tensor,

In this case we must omit the angle brackets in Eq,
(2.15) that denote averaging over the orientations,

It is expedient to choose a laboratory coordinate sys-
tem that is associated with the crystal and reflects its
symmetry.t”™! Whenever vibrations that contribute to
¥ ®R are degenerate and the Raman tensor is corre-
spondingly split, one adds to the right-hand side of
(2.15) terms of analogous structure that correspond to

each component of the split Raman-scattering tensor.

The classification of Raman-active vibrations and the
form of the corresponding Raman tensors for crystals
of all classes are well known (see, e.g., Ref. 76). As
an example, Table II gives expressions for the nonlinear
coupling coefficients for four-photon interactions of dif-
ferent types in a crystal belonging to the point-group
symmetry 3m (calcite):

» (DR, E A2,
"R, E= 2 xﬁiz e‘i“’e;t‘% )4 )
il

Here e{”, e,, etc. are the Cartesian components of the
polarization unit vectors of the interacting waves.

The explicit form of the Raman tensors for the totally
symmetric A, vibrations is as follows:

ooy B a 0 0).
(5= 2 )
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For the doubly degenerate E, vibrations we have:

0 —c —d ” 0 0
douzj " ( ) Aoy y (C )
2y (e o o], Y PR
( Q )Eg —d 0 0 o )Ee 0o 4o

The polarization of the interacting rays can correspond
to either the ordinary (o) or the extraordinary (e) waves;
6 and ¢ are the polar angle and the azimuth that fix the
direction of the collinear wave vectors., The values of
the non-zero components of the tensor x{)7 are taken
from Ref. 77. We see from Table II that one can mea-
sure the different components of the Raman tensor by a
suitable choice of polarizations of the interacting waves
by comparing XS},{‘ with the values of the corresponding
components of the tensor for the electronic cubic sus-
ceptibility y 5.7 .13 38 The values and signs of several
components of x5, have been accurately measured in
the calcite crystal.!!™ Together with the use of the
ARS data for the relative values of Agp/Ag, ©*%® this per-
mits one to estimate the values and signs of the corre-
sponding components of the Raman-scattering tensors
{see Table III),

¢) Raman spectra obtained by using the optical Kevrr
effect. One can obtain the dispersion curves of |y®' |3
in 2 Raman-resonance region not only from the coherent-
scattering spectra, but also by measuring the polariza-
tion state of radiation transmitted through an optically
excited medium without change of frequency. This phe-
nomenon has been called the optical Kerr effect induced
by a Raman resonance (Raman-induced Kerr effect),!™!

TABLE II. Form of the nonlinear coupling coefficients of a
four-wave process in crystals of the class 3m.

Polarization of
the interacting
waves 04040 —> ta
Form of the 01080 = 00 61048 &
nonlinear cou- T e
pling coefficient
Totally symmetric .
vibrations A g @ Q
NLs
MR/ —garar
Doubly degenerate .
vibrations £, , c? ed sin 0 cos 3¢
NIt
AR/
& —Z85rar
rE P x5 sin 6 cos 3
Polarization of
the interacting
waves 010,€ > €, €re0 > €,
Fom ot
pling coefficient \
e
3;%2230:!3‘1“6 rie a? cos? O+ absin2 9 0
g
NIs
el —girer
Doubly degenerate N con .
vibrations £y, —c?cos? 04cd sin 20 sin 3¢| —3cdsind
NIA X ¢os? 0 cos 3¢
M —girar
Ap X(ial)zg cos? 6+x(131)3§ sin? 04 —31(131)25 sin @
+ %$%.5 sin 20 sin 3p| X c0s? 6 cos 3¢
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TABLE IlIl. Experimental values of some components of the
Raman susceptibility tensor of calcite measured by ARS from
the known values from other experiments of the tensor{jy .

Il Typeof normalT - . _
e T R R
frequency r*E R''E 10-14cm?® ferg | 10-1scm®ferg|” & ines
1 Eg, T12 cm-1 —0.5 +1.5 -—0.2 —0.9 2.2
Ay, 1086 cm-1 - 36 —0.2 13.1 +4-0.12 —_
1 Eg, 1436 cm—t <01 +0.8 < 0.04 —0.72 < 0.5

N xQE=0.25.10-14cm’Jerg,  1{VE =0.5.10-1¢cm® ferg.1172]
03 (DK = —0.4-10-15cm® ferg.[173]

In order to observe the effect, one directs into the
medium two rays of frequencies w, and w,, whose dif-
ference can be scanned about the frequency Q of a Ra-~
man-active molecular vibration. One records the polar-
ization state of the weak probe wave at the frequency wy,
which is perturbed by the nonlinear source.

P () =6y, (05; O3, 01, —0g) EPEDES, (3.19)
This nonlinear increment undergoes a resonance-type
variation when |w; —w, | = . Owing to the anisotropy
of the increment, this alters the polarization state of
the wave at the frequency w,, as can be detected by plac-
ing an analyzer at output from the medium that is
crossed with the plane of polarization of the unperturbed
probe ray.

The frequency-dependence of the intensity of the sig-
nal at the output of the analyzer as a function of w; ~w,
coincides with the dispersion curve of Ix® (wy; w,, wy,
-wy)I?, and it reflects the Raman spectrum of the me-
dium,

The resonance behavior of the nonlinear susceptibility
x® (wy; wy, w;, —w,) has the same nature as that of the
susceptibility x® (w,; w, w;, —w,) that we have been
treating thus far, as w; —w, is scanned about Raman
resonances, The analogy becomes complete if we take
w =w, as one of the frequency arguments of the latter
susceptibility. Hence we can cast the expression (3.19)
for the nonlinear source in an isotropic medium (gas or
liquid) into the form of (2.6).

An important merit of the described system of mea-
suring the dispersion of the quantities |x® |? is that one
need not take special measures for ensuring phase syn-
chronization (the condition k, =k, +k, —k, is satisfied
identically), Therefore the direction of propagation of
the probe radiation with respect to the pump radiation
can be arbitrary, e.g., opposite to it.

Like any other four-wave parametric process, the ef-
fect has no intensity threshold, In order to observe it
with a good signal/noise ratio, one must use focused
beams from pulsed @-switched lasers. Here the re-
quired intensities still prove to be considerably below
the thresholds for stimulated Raman scattering and self-
focusing.

Here, just as in coherent ARS, one can use as the
probe ray either monochromatic radiation or broad-band
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“noise” radiation (see Sec. 6¢ and Fig., 186).

Use of circularly polarized pump radiation allows one

" to eliminate the “background” transmission of the ana-

lyzer caused by the ordinary optical Kerr effect, includ-
ing also the electronic nonlinearity, ™™

Beyond the analyzer, which is crossed with the plane
of polarization of the probe ray, the intengity IV of the
signal at the frequency w, as a function of the frequency
difference is given here by the expression

(3 (3
e (wx—a>z)~‘—E—4-|—lxﬂ’n (013 0g, — g, 09)—¥i¥s (015 0z, — 03, @) [

(3.20)
Figure 16 shows the experimental system of R. Hell-
warth et al.'™ for observing the optical Kerr effect in-
duced by a Raman resonance, while Fig. 17 shows
specimens of spectra obtained by using it,

The use of the described system for measuring the
parameters of Ruman resonances of isotropic media can
be especially fruitful in cases when the linear disper-
sion of the medium interferes with obtaining appreciable
coherence lengths I, =7/Ak in an ordinary ARS system,
e.g., in a plasma (see Sec. 8d). We should include
among the defects of this system the rather high level
of the incoherent background (arising mainly from stray
light at the frequency of the detected signal w,) and the
need of working with a pump beam that is strictly cir-
cularly polarized. Otherwise the “background” trans-
mission of the analyzer arising from the ordinary opti-
cal Kerr effect can yield too high a pedestal that masks
the dispersion of the Raman component of the nonlinear
susceptibility. The latter situation restricts the com-
binations of the components of the tensor x§,, accessible
to measurement by this method to a single one (see
(3.20)). This technique has been recently used to study
Raman-active modes in crystals, !

f) Phase active spectroscopy. The optical Kerr effect
induced by a Raman resonance closely borders on the
effect discovered by Owyoung of focusing and defocusing
of a weak probe ray (of frequency w,) in the presence
of an intense pump (frequency w,) upon tuning the dif-
ference w, — w, at the frequency § of a Raman-active
molecular vibration,® Here the pump induces a change
in the refractive index at the frequency w, caused by the
nonlinear polarization of (3,19)%1:

(U, /

E(IJ
.Broadband §
laser v
“% 3 E®
Narrow- .| Spectrom-
band laser ? eter

. 4
FIG. 16. Diagram of the experiment of Hellwarth et al. "] to
observe the Kerr effect induced by a Raman resonance. 1,
3—polarizers, 2—mirrors, A/4—quarter-wave plate, 4—lens,
5—cuvette containing the studied liquid, 6—analyzer crossed
with the polarizer 1.
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FIG. 17. Spectrograms obtained by using the Kerr effect in-
duced by 2 Raman resonance. a) Cyclohexane (the analyzer is
completely crossed with the plane of polarization of the probe
ray); b, c) benzene (spectrograms in the Stokes and anti-
Stokes regions, respectively); d) spectrogram in the case in
which the analyzer is not completely crossed with the plane

of polarization of the probe ray (Stokes region, benzene).

n (@) = ng -+ ny | E® |2, (3.21)

where
4
rp== Re y{fh (01 @y, — 02, wy),

and %, is the unperturbed value of the refractive index.

The value and the sign of the nonlinear increment to
the refractive index of (3.20) are functions of w; - w,
when this difference is tuned about 2. Estimates!
show that in benzene 7, varies from the value n;=4,32
%1072 cgs esu for (w; —w, —2)/2rc=-1.9 cm™ to the
value nj = - 0,81x10"!% cgs esu at (w; - w, - Q)/27¢
=+1.9 em™ (Q/2rc=992 cm™ is the frequency of the
most intense Raman line).

The nonlinear increment to the refractive index » (at
w;) can be measured either from the change in diver-
gence of the probe beam, (according to (3.21), the pump
beam induces a focusing or defocusing lens), or inter-
ferometrically.

An experiment®® performed in a 10-¢m cuvette con-

taining benzene using the fundamental radiation of a ruby
laser as the pump and the radiation of a tunable dye
laser as the probe ray has shown a change in the diver-
gence of the latter beam of more than 30% upon scan-
ning w; —w, by 3.8 cm™ in the resonance region. Here
the amplification of the probe ray caused by stimulated
Raman scattering was kept at a moderate level (less
than e*7 at the center of the line).

Use of a classical two-beam interferometer (of the
Jamin type) to measure the nonlinear increment to the
refractive index of (3.12) allows one to make an ab-
solute calibration of x{i}; from the reliably measured
value of the Kerr constant in a low-frequency electric
field. ©¥%1°T It has been possible by this method, which
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is one of the most exact methods for absolute measure-
ment of the nonlinear optical susceptibility, to measure
x{3}, of benzene and CS, with an accuracy better than
20%.

4. Interference phenomena in active spectroscopy

The shape of the spectra that are obtained in coher-
ent ARS substantially differs from that of spontaneous
Raman spectra. As was shown in Sec. 1, this differ-
ence is explained in the language of nonlinear suscepti-
bilities by the fact that one measures the dispersion of

129 (01 —02) P = [Rey® (0 —w) 2+ (Im g (0, —wy)f?,

upon scanning w; — w, in coherent ARS, whereas one
measures the spectrum of Imx‘® (w; — w,) in sponta-
neous Raman seattering.

In line with (2. 15) and Table I, the structure of x‘®
near an isolated Raman resonance of frequency  has
the shape

i(S)R
AD (0 0, @1 — @) =x®F |, 4.1
where, e.g.,
wor NIt 4 —wy—
X(it)li_ 24MQT (b2+4_5‘g2) 1 A"‘mI (;_ i

It is convenient to analyze the interference effects in
ARS by using a geometric representation of the cubic

susceptibility X’ =Re x® +{Im x** in the complex
plane, L4184 2041

Figure 18 shows separately the contributions that cor-
respond to the different terms in (4.1)., The case in
which Im x‘®F =0 corresponds to the solid curve. As
A is scanned from -« to + =, the complex vector x®
describes the circle drawn as the solid line. One can
easily show that

X2 X, = (zE)e, @2
- Imx“}\ Solution with

¢ optimum N,
~

-
// xE \ Max lx®solution |

Pure liquid

FIG. 18. Representation of the cubic susceptibility of the
medium x ¥ (w,; wy, Wy, —wy) =x ¥R+ BIR in the complex
plane. As we scan w; — wy through the region of the Raman
resonance, the end of the complex vector x**) of a medium that
has a pure real electronic susceptibility XxBWE describes the
circle shown by the solid line. When the electronic susceptibil-
ity acquires a complex component x ¥, the circle as a whole is
translated by this complex vector (dotted circle), 184!
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This equation and (4. 1) lead to an expression that re-
lates the frequency spacing between the points of maxi-
mum and minimum values of |X®! (w,,, and w_,,, re-
spectively) to the relative values of the nuclear and

electronic contributions x ‘V®/y B,

2

T (R (2
,“’max_“'lmmf=2rl/1 + ('%E) .

- (4.3)

Moreover, measurement of the positions of the points
of mutual compensation of the electronic and nuclear
contributions allows one to determine the signs of these
contributions:
“(3R

%
P

sign = =4 sign (Omin— mmax); (4. 4)

Here the upper sign refers to the case of measuring the
anti-Stokes signal (w,=2w; — w,), and the lower to the
Stokes signal (v, =2w, ~ wy).

The “constant” % of the dispersion curve [x! (w,}{2,
i,e., the ratio of the maximum anti-Stokes signal I}

to the minimum /%), can be determined by the formula

2 2 —_—
Ee 15l - D ® ( xR ) +1/1 IR (24
7@ T Z= 2 OF + *zx(g)E ) .

min mi

(4.5)

a) Measurement of the two-photon absovption cross
section by using active spectroscopy. Thus far we have
been treating the situation in which the electronic com-
ponent of the cubic susceptibility x ®E(w,: wy, wy, —w,)
has been a purely real quantity. Actually it can also
have an imaginary component, e.g., whenever a two-
photon electronic resonance occurs: 2w; =g, where
Qj is the frequency of the resonance transition.

As is well known, this situation is manifested in the
effect of two-photon absorption (TPA). Its cross-sec-
tion per unit element of the medium (molecule, unit
cell) can be expressed by the following formula®:

1 24nw. (NE

TPA 1 .
dail (2“’1)=7T1m Y1111 (0a; ©f, 01, —,),

(4.6)
Here N is the density of the elements, and #y =n(w;) is
the refractive index.

The existence of the imaginary part of x*% (w,; wy,
wy, —w,) also affects the form of the spectrum of
Ix® (w,; wy, wy, —wy)!% We can understand the nature
of the deformation by turning again to Fig. 18. When
X =ImyxF(w,)#0, the real axis is no longer tangent
to the circle (the geometric locus of the ends of the com-
plex vectors x‘») as A is scanned (w; is assumed fixed).
This circle is shown in Fig. 18 by the dotted line., The
relationship (4. 2) is altered, and it acquires the form

2R
|X@hc X0 1= 1297 (14 D sigm v} 5 (.7
Here y=arctan(x*9F" /x "), and x{**" =Imx‘>® when

A=0,

The expression for the contrast of the dispersion curve
of 1x®?1? is also modified:
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lxgéxlz_(ua)z’

@)

TG, V18

(4.8)
Here we have

(3R (R 2 -
Y et e

When y <1, one can use the following formula to deter-
mine x¥":

3
Qo e 1 PN PAATY

. |
X(3)E ~ —
X( 3)R

(4.9)

When |x®F" | «<|x®E| | the part of the dispersion curve
X (wy - w,}|? that is most sensitive to the value of
xPE" is the region near the minimum, since Reyx'® =

in this region. The appearance of an imaginary part of
xI'F leads to a frequency shift in the position of the gap
in the |x“’|? curve and makes it shallower (when
sign x $'®" =sign x¥2"). Conversely, it becomes deeper
when sign x ‘2" = ~ sign x§*’*"). One can reverse the
sign of x® " /x§3'*" by shifting from measuring the anti-
Stokes ARS signal at the frequency w,=2w; — w, to mea-
suring the signal in the Stokes region, w,=2w,— w;.
Here the sign of x ‘%" does not change, while x{*%” is
multiplied by (~ 1) because one must keep the term of
the type (80/3@),E ¥ @* in the expression (2.9) for the
nonlinear source at the frequency w,=2w; — w;=w,

- (w; - w,). Then, just as in the expression for P®*Yw,),
the analogous term has the form (8a/3Q),E‘’Q. This
situation permits one to observe in the same given ex-
periment both the “constructive” (deepening the “gap”)
and “destructive” interference (decreasing the depth of
the “gap”) of the imaginary parts of the different reso-
nance contrinutions to the total nonlinear susceptibility
x‘® of the medium, 8%

Measurement of the two-photon absorption param-
eters from coherent ARS spectra (see also Sec, 4b) has
a number of advantages over the traditional methods
of studying this phenomenon. In particular, here the
determination of the TPA cross section does not re-
quire exact knowledge of the time and space distribu-
tion of the laser radiation that is employed, whereas
inaccuracy in determining the latter is the main source
of errors in measuring this parameter by direct ob-
servation of nonlinear absorption or measurement of
luminescence or of the light flux that arises in TPA, 1881
The ARS are calibrated absolutely either by the size of
the Raman cross section, which can be measured with
an accuracy of better than 15%, ©**!1 or by the value of
x®E which is known in a number of cases with an ac-

curacy of 20%. %%

b) Intevference of the complex nonlinear susceptibili-
ties of diffevent molecules. Owing to the coherence of
the scattering process in active spectroscopy, the con-
tributions from different molecules of the medium to the
intensity of the scattered signal do not add, but inter-
fere. This is expressed in the fact that the macroscopic
nonlinear susceptibility of a medium made of different
molecules is composed of the nonlinear susceptibilities
of each type of molecule:
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FIG. 19. Experimental relationship of the contrast of the

“active” spectrum of toluene k =12, /1@ of the Raman line

v =1209 cm™! to the concentration of rhodamine 6G molecules.
The upper right graph shows the contour of the absorption
line of the rhodamine 6G molecule in toluene and the mutual
arrangement of the pump lines and the coherently scattered
anti-Stokes signal, 41

XD (055 @, 0, —0y) = L {Nl ¥y (045 @y, 0, — )
LN, (3a (04 @, 0, —0g)) + ...k

(4.10)
Here N;, N,, ...are the densities of the molecules pos-
sessing the hyperpolarizabilities vy, v;, ..., respec-
tively; and L = (e +2)/3 is the Lorentz correction factor
for the internal field. The measurable parameter in
ARS is 1x®|%, Therefore the interference of the ARS
signals of molecules of different types will be described
by cross terms like 2N; (y{) N, (¥y), etc. In particular,
the existence in the solution of components that absorb
the pump radiation (e.g., the frequency w,) deforms the
contour of the coherent scattering line of the transpar-
ent component of the solution. "*%¥) This circumstance
can be used, on the one hand, to model the processes
that occur in resonance Raman scattering (when the one-
photon electronic and Raman resonances are localized
in the same molecule), and in particular, to enhance
the contrast of the dispersion curves of 1¥®1% in a re-
gion of relatively weak scattering lines. On the other
hand, it can be used to measure the resonance complex
hyperpolarizabilities of the molecules of the absorbing
component, M1

We can represent the cubic susceptibility of a medium
made of noninteracting molecules of the stated two types
in the following form:

%534y (@a3 @4y @5, —©3)

(4.11)

Nl A
l—“i"‘i‘N‘z (Vﬁ“)+“Vsz“1)) H

=L+ (Nlﬁi”}’}n -+ Na(W—’IavﬁtH‘ A

Here N; and N, are respectively the densities of the
Raman-active molecules of the transparent component
and of the dye molecules that absorb the pumping radia-
tion; 7% and (F{}y) are their nonresonance (electronic)
polarizabilities; &F ;) =[b?+ (4/45) g?]/24M QT (see
Table I); and (¥%,,) and (¥5},) are the real andimaginary
parts of the resonance hyperpolarizability of the mole-
cules of the absorbing component of the solution, which
are connected by the Kramers-Kronig relationship. '

In order to calculate the contrast of the dispersion
curve of [x®] % in the region of a Raman resonance
(a =0), one can use the relationship (4.8), where we

917 Sov. Phys. Usp. 20(11), Nov. 1977

must put
POR=IAN, (¥5, )y 28 = LAN, (¥ ), X8 =L, (3] -

The contrast is maximal when § =1 (k~ ), or equi~-
valently, when the following condition is satisfied:

__ (DR w(3E” — (y(3E")2 NE’ 3)NR)2
AR = P+ B + 130

(4.12)

where

AN =L W iR )+ N i )
This condition can be satisfied by selecting the concen-
tration N, of the dye molecules if X{3}f and xfj;; <0.
Otherwise the value of % is maximal for maximal 5,
which again can be achieved by choice of N,. Figures 7
and 19 give the results of an experiment to measure the
contrast of the dispersion 1x®{? of toluene near the
Raman line at the frequency v =1209 cm™! when the dye
rhodamine 6G is dissolved in it; this dye absorbs the
radiation of the second harmonic of an Nd: YAG laser,
while the lafter serves as one of the pump waves in
ARS.!'® Again we can use Fig. 18 for interpreting these
results. Upon scanning w,, the end of the complex vec-
tor X® of the pure liquid describes the circle drawn as
a solid line. Addition of the dye has the result that the
circle is translated as a whole by the complex vector

x ¥ = LN, ((#®") +i(»Z")) (the length of the translation
vector is proportional to N,). The circle shown by the
dotted line corresponds to the optimally chosen dye con-
centration, so that in this case k~*. We can establish
by using this diagram and Fig. 19 that, when N, =0, 45
x10' em™®, X3P =xEWR=1.5%10""* cm®/erg, "1 s0
that O/ +1 0510 =(0.3-30.7x10"% cm®/erg.

Another possibility of enhancing the contrast of co-
herent scattering spectra is to compensate the nonreso-
nance electronic susceptibility of the Raman-active
molecules of a liquid or gas by mixing with it molecules

that have a negative real component of (yf;;,) when &&1,)
—o, 11

Whenever both components of the mixture are trans-
parent, while the molecules of each of them have Raman
lines ‘at the frequencies 34 and 5, respectively, one
can observe interference in ARS of their Raman sus-
ceptibilities if one uses a scheme with a probe beam,
That is, one detects a process that follows the scheme
W, =0+ Wy — w,, B

Interference in the ARS spectrum arises as w; — w,
is tuned to a Raman resonance of the molecules of one
component of the solution, wy - w, =Ry, while the dif-
ference w ~ w, is tuned to 2 Raman molecular resonance
of the other component, w —wy= Qgy.

12’Recently experiments of this type have been performed un-
der conditions in which both resonances at the frequencies
wy and wy — wy occur in a single molecule, 1382001 Thys the
situation is a complete analog of resonance spontaneous scat-
tering in ARS,

The interpretation of the stated experiments to fully

analogous with that given above (see also Refs. 70 and 205
and Sec. 8b of this chapter).
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FIG. 20, Experimental re-
sults (left) and calculated
curves (right) showing the ef-
fect of interference of the
Raman susceptibilities of the
two components of a mixture

1001

g of benzene with cyclohexane.
RO 998 The variation of | x® (w,;
e wy, Wy, —wy)| is shown upon
i /\;‘”"A scanning w; — w, in the region
1 : of the resonance v =802 cm™
of cyclohexane while w;— w, is
1004, tuned about the line v Ry =992
cm™! of benzene, (8,31
— 1 1 ) I 1
780 790 800 810 ' 790 800 810
w,- -
e o

Figure 20 shows the deformation of the dispersion
curve of |x‘*|2 of a solution of cyclohexane in benzene
in the region of the Raman resonance vg; =802 cm™ of
cyclohexane (w; — w, is being scanned) as the frequency
difference w - w, is tuned in the vicinity of the Raman
line v, =992 cm™! of benzene. **! We see that by choice
of w - w, one can get either a considerable increase in
the contrast of the dispersion curve of |x‘®| 2 of the
solution, or a decline.

The interference phenomenon can also be used to cali-
brate the intensity of one type of resonance from the
known intensity of another.

The absolute calibration of the two-photon absorption
parameters of molecules existing in a solution from the
value of the spontaneous Raman cross-section of the
solvent molecules is especially convenient on the experi-
mental level (see also Sec. 4a). Since the cross sec-
tions of the most intense Raman lines of such solvents
as benzene, carbon disulfide, and chloroform are known
to good accuracy (better than 20%), while the interfer-
ence method possesses high sensitivity and contains no
additional sources of error, one can measure the ab-
solute TPA cross-sections here with an accuracy no
worse than 30%. (%8

¢) Interference of the veal componenis of the non-
linear susceptibilities. The existence of a nondispers-
ing pedestal in the spectrum of the “active” signal gives
a general reference level for all the Raman lines. This
permits one to compare the intensities of different lines,
and in particular, to use the non-resonance signal from
a gas mixture as the reference signal in measuring the
concentration of one of the components of the mixture
from the intensity of the characteristic Raman lines of
its molecules in the “active” spectrum.

At relatively high concentrations of the component to
be measured (maxN,| ® 1> (NG E) + No(¥ ), the in-
tensity of the anti-Stokes signal I‘*’ at the center of the
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Raman line depends quadratically on the density N, of
the molecules of the component to be measured, since
from (4.10) we have

Ila) o ' x(ﬁ) ;2
=NI[(WR) P+ (N VRy -+ No (VB2 12N, (97 (N, 7P+ N, (3R))
(4.13)
At exact resonance (w; -~ w,=9) we have (y*') =0, At
low concentrations N; (maxN; | (%) | £ No(¥¥R)), it is
more advantageous for increasing the sensitivity to tune
away from the center of the line by the half-width of the
latter: w;-w,=0R+T, since then we can neglect the
first term on the right-hand side of (4.13), and the rela-
tionship of the intensity of the ARS signal to N; becomes
linear.'™! The order of magnitude of the minimum con-
centration Ny ., of the molecules of the impurity that
can still be reliably measured by this method is deter-
mined by the relationship

NR “NR
R ah (4,19
For ordinary buffer gases such as nitrogen, methane,
air, etc., (y¥%) is of the order of 10737 cm®/erg. (127
The value of b% for most simple molecules is approxi-
mately constant, and is of the order of 1073 ¢m?.
Therefore the estimate (4.14) is minimal for the lines
that have the minimum line width I', In the region of
relatively low pressures of the buffer gas, at which the
effect of collision broadening is insignificant, the value
of T for purely vibrational transitions (@-lines) is mainly
determined by vibrational-rotational interaction, and it
lies in the range from 10! to 1 cm™!. Thus we get the
following estimate for the minimum detectable concen-
trationt®®;

Nmi n
1

N buf
2

= 105 — 1073,

Here the lower value pertains only to the @, (1) line of
hydrogen, which has an anomalously narrow width,
T'/2rc~1.5%10% cm™,

One can further increase the sensitivity by reducing
the non-resonance pedestal of the lines in active spec-
troscopy (see Secs. 3b and 4b), or by going to measure-
ment of the purely rotational components, which simul-
taneously have large Raman cross sections and small
line widths, (83

Interference of the real parts of x* in ARS is also
used for measuring the electronic component of the non-
linear increment to the refractive index n, (see (3. 21))
under the condition that we can neglect its frequency
dispersion, that is, we can assume that

AVE (05 05, 0, —03) = ¥¥F (05 @, 03, —y).

As a rule, this condition is satisfied accurately enough
in a region of transparency.

‘The method of “composite samples,” which has been
proposed by M. Levenson, ®” consists in comparing
x ©2(w,) of the sample to be measured with the peak val-
ue of the Raman susceptibility y *®w,; w;, w;, —w,) of
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FIG. 21. a) Variation of the intensity of the coherent molec~

ular vibrations excited in stimulated Raman scattering of a
brief laser pulse (of duration Tps this variation was calculated
by using Egs. (5.1) and (5. 2); the parameter of the curves is
the ratio T/Tz; T/TZ: 2 for the second curve from the top);
b) a diagram explaining the principle of non-steady-state ARS
(1—pump pulse, 2—pulse of the stimulated molecular vibra-
tions, 3—pulse of the probe radiation lagging by the time

Tp). 52]

a standard specimen that has an isolated, rather intense
Raman line (calcite with a Ramn line at »=1086 cm™!, or
benzene with a Raman line at v =992 cm™!), In principle
the method is applicable to either liquid or gaseous or
solid transparent substances. '3’ Inthe laiter case, a thin
plate (0.1-0.3 mm) of the studied specimen is pressed
onto the thin standard specimen (calcite), whereupon
one takes the active spectrum in the region of a strong
Raman resonance of the standard substance. The dis-
persion of the intensity of the ARS signal is described
by the relationship

3 2
e (@a) o IY(I )(“’ai 0y, 0y, —0) li+ Z(Z) (wa; @y, Wy, — o) 5 2
(3R, (DE2 HANR L (DE
yME2 2y RO TR L R
—’lXeﬂl L + 1Az - {1 Az ’

(4.15)

Here I, and /, are respectively the lengths of the standard

and the studied specimens, and x{*> and y§ are their

cubic susceptibilities. The representation (4.1) holds
G)E

for y’, while we have the following expression for yG}%:

T s

KSgE = 2P 7 (4.16)
We see from (4. 15) that the effect of the studied speci-
men on the “active” spectrum of the standard consists
in an effective change in its nondispersing component,
The value of y3}% is calibrated against the known value
of x{#  and then one calculates xs'% by Eq. (4.16),
The interference of the ARS signals of the two speci-
mens that is described by the relationship (4.15) exists
only when the process in both media is synchronous,
This is achieved by noncollinear propagation of the pump
beams and by using small values of the lengths [, and [,
(of the order of several hundred um),

5. Non-steady-state ARS

The theory of ARS based on the nonlinear susceptibili-
ties that has been developed in the preceding sections is

19This method has been applied to liquid crystals in Ref, 206.
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quite adequate for cases in which one uses continuous-
wave lasers. Of course, it is also applicable when one
employs in ARS pulsed lasers whose pulse duration con-
siderably exceeds all the characteristic rise and relaxa-
tion times in the studied system, In particular, the
formulas written in the preceding sections continue to
hold for condensed media for pulses of duration down to
107%-10" sec.

Moreover, since about 1970, people have performed
ARS experiments with pulses whose duration 7, does
not exceed the “longitudinal” (T,;) and “transverse” (T,)
relaxation times, These experiments open up the pos-
sibility of directly measuring the times T, and T, (see
Sec. 7b).

Naturally, the theory developed in Secs. 1-4 is not a
applicable here, and we must turn directly to the micro-
scopic equations,

In the simple case of light fields that are not too
strong, the point is to use Eq. (1.7) for the molecular
vibrations., However, if the field intensities of the light
waves are high enough, the classical approach, which
operatesonly with the amplitudes @ (the nondiagonal ele-
ment of the density matrix) is inapplicable: we must
account also for the movement of the populations of the
vibrational levels.

We briefly present below the results of such an analy-
sis, which permits us to provide a theory of non-steady-
state phenomena in ARS using ultrashort pulsest®:%%
{see also the reviews[5% 52,531}

We shall first treat the case in which the vibrational
transition is excited by a doublet of applied pump pulses
E®(#) and ED(@¢).

For a two-level system, the abbreviated equations for
the amplitude of the nondiagonal element of the density
matrix @ and the difference of the populations » have
the following form®®% %% 91,

9Q Q i [ 2% ;

a Ty =i (7‘5—)012‘” (1) E* (1) (1— 2n) iRa-kD) 2, (5.1)
an n i 7 a

T = (), (BBt~ eg), (5.2

We should add to these equations another one for the
amplitude of the anti-Stokes wave:

{(5.3)

E® 1 aE(")“mmﬁy( %N piane
: 0Q )o e

Here v, is the group velocity. By using these equations,
we can treat two variants of non-steady-state ARS.

a) Coherent non-steady -state ARS. In this variant,
the phase mismatch Ak plays the governing role. Fig-
ure 21a shows the time course of the square of the am-
plitude @* as calculated by (5.1) and (5. 2) in the case
in which the molecular vibrations are excited by a dou-
blet of pulses of Gaussian shape having the same dura-
tion 7,. From the spectroscopic standpoint, the regions
of the curves of greatest interest are those that are not
rising, but decaying with the time 7,. In full agreement
with the abovesaid, one can probe these regions by using
delayed pulses of the probe radiation (Fig. 215), which
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FIG. 22. Block diagram of an ARS spectrometer based on a
parametric light generator (PLG). One records the Stokes
scattering of the probe ray (A=0.53 pm) by the coherently ex-
cited vibrations of the crystal in the biharmonic pump field
(A~0.95 pm (tunable/PLG radiation), A~1.06 um). SHG—
second-harmonic generator based on an LiNbO; crystal, Li-
L5—focusing lenses, M1-M4—mirrors, PM-—photomulti-~
plier. 1331
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32 system

is scattered with change of frequency along the synchro-
nization direction Ak =0,

b) Incoherent non-steady-state ARS. The population
difference n also varies appreciably in strong fields,
and here the increase in n can evolve in a time consider-
ably shorter than T, (evidently an analogous situation
also occurs during establishment of @: see Fig. 21a).

The decline in »n after cessation of the perturbation
occurs in times ~7T,;. The probing of n(f) is based on a
process identical with that of spontaneous anti-Stokes
scattering. This implies that the spontaneous anti-
Stockes scattering of the probe pulse by the optically in-
duced population changes is practically isotropic. One
can caluclate the intensity of the anti-Stokes signal by
using the formulas that describe the anti-Stokes scat-
tering in the ordinary, spontaneous variant of Raman
scattering. However, in contrast to the case of spon-
taneous Raman scattering, we are dealing here with a
regular time course of »(f) that can be established by
using delay lines introduced into the channel of the probe
pulse.

We stress that incoherent ARS has I, ~z%, as in the
coherent variant. Here it is actually difficult to create
large changes in # (in condensed media An = (N, — N}/
(N; +N,) <1073, where N; and N, are respectively the
populations of the lower and upper levels). ) These
circumstances yield a considerably lower signal level
in incoherent ARS than in the coherent variant.

Given sufficiently strong lines, stimulated Raman
scattering is often used in experiments for direct mea-~
surement of Ty and T,, together with exciting the vibra-
tional transition with a doublet, Here, in contrast with
steady-state spectroscopy, the use of stimulated Raman
scattering is not undesirable. Of course, the technique
involving a doublet of tunable lines retains all the ad-
vantages of scanning the complete spectrum of vibra-
tional modes (see Sec. 6d).

¢) Coherent effects. Thus far, in discussing the prop-
agation in a Raman-active medium of two ultrashort

DT6 be sure, in gases and cryogenic liquids (such as liqui-
fied Ny, O, etc.), at intensities Iy, I ~10* MW /cm?, the val-
ue of Az can be as much as several dozen percent.
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pulses of frequencies wy and w, (Wy - w, =), we have
assumed a fixed light field with conversion of a small
fraction of the energy of the waves into the energy of
the molecular vibrations, which is then transformed
into heat, Actually, this is precisely the situation in
all experiments to measure Ty and T,. However, if
we have the duration of the two pulses 7, 7,, <<Ty,
while their intensities satisfy certain relationships, a
strong coherent interaction of these pulses with the
molecular system can occur, {19121 1t jg analogous to
the effect that occurs in self-induced transparency, 14
The reason for the effect is that the energy gained by
the molecular system is given up by it without feedback
into the optical field.!!*®? We can expect that the tech-
nique of studying coherent effects in Raman transitions
will have the same applications as the effect of self-in-
duced transparency for one-photon transitions, [1°%1041

6. Experimental technique of ARS

a) Spectrometers for steady-state and quasi-steady-
state ARS: The coherent scattering process that ARS
is based on is essentially a nonlinear optical process.
Hence laser-type light sources of high spectral bril-
liance, monochromaticity, and spatial coherence and
intensity are required to achieve it.

A tunable laser must tune over a rather broad inter-
val to ensure that it will overlap all the spectral range
containing the Raman lines of interest to the experi-
menter when paired with the fixed-frequency line.

The first ARS experiments were performed with a
discrete set of line pairs from @-switched lasers and
the stimulated-Raman-scattering components in var-
ious organic liquids. 2%2%24 A parametric light gene-
rator (PLG) pumped by the second harmonic of an
Nd : YAG frequency laser was the first smoothly tunable
source applied in ARS, ®3 The radiation of this PLG
is tuned over a broad range in the near infrared (from
0.7 to 2.5 um and beyond). Together with the funda-
mental harmonic of the reference laser (A =1, 06 um),
this gives the pair of pump waves in ARS (Fig. 22).
Important merits of the PLG are the extremely broad
tuning range that involves no resonances of the mate-
rial, together with the high peak power (up to tens of
megawatts), and the possibility of working at a very high
frequency of repetition of generation pulses (up to 10
kHz when pumped by nonosecond pulses). 11051 The pump
radiation of the PLG that is not converted into the tun-
able lines is used as the probe ray so that the spectra
can be recorded in the visible,

From the standpoint of getting large coherent interac-
tion distances with collinear propagation of the waves,
a system that is more convenient and is currently widely
applied is that in which the two ARS pump lines lie in
the visible, while one detects either the anti-Stokes co-
herent scattering (w, =2w; - w,) or the Stokes scattering
(wg=2w, - w,) of one of them.

One can use as sources of the line pairs the second
harmonic of a Nd: YAG frequency laser and a dye laser
excited by it[3% %6471 (gee Fig. 23), or two dye lasers
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FIG. 23. Block diagram of a spectrometer based on a tunable
dye laser. The well-collimated ARS signal is discriminated
from the pump radiation by using an opaque screen containing
a diaphragm that transmits only the ray of the useful signal.
One need not employ a monochromator, %41

excited by the same nitrogen laser. *%*%% Other com-
binations of sources are also possible, [106-109

Whenever one need not obtain intensities as large as
possible of the scattered component, but one must re-
solve the fine structure of lines, measure exactly the
frequency of molecular vibrations, t2%%! or shift the
Raman spectrum into a region free of stray light and or-
dinary luminescence, one can apply continuous lasers
as the pump source in coherent ARSU10-114,20%2081 (g0
24). Then the spectral resolution is determined by the
width of the line of the tunable laser'® (the best con-
tinuous dye lasers have a line width less than 10
kHz''1%), As a rule, in order to get an anti-Stokes sig-
nal comparable in intensity with the Stokes signal of
spontaneous Raman scattering, one must use strongly
focused beams at a power of the order of hundreds of
milliwatts. 17 One gets good results in analyzing gas-
eous media by ARS using continuous lasers by placing
the studied samples inside the resonator of the pump
laser. (1141

b) Requivements on the spectroscopic apparatus. In
recording the ARS signals from large concentrations of
materials that have well marked Raman lines when the
powers of the pump lines lie in the range 50-100 kW,
one can completely forgo a monochromator, while limit-
ing the system only to spatial discrimination with a
screen that transmits the collimated radiation of the
scattered component and blocks the direct pump rays.
In order to prevent the incoherently scattered pump
light from reaching the photodetector, people usually
employ in addition an interference filter tuned to the
frequency of the anti-Stokes component (see Fig. 23).

If one uses two tunable lines for pumping in ARS, and
the rate of tuning of the low-frequency component of the
doublet (w,) is twice the rate of tuning of the other com-
ponent (wy), then the frequency of the ARS signal w,
=2w; = w, remains constant, so that one can avoid tuning
the interference filter while scanning w - w,.

In the remaining cases, one must use a single or dou-
ble monochromator, especially when employing contin-
uous-wave lasers for pumping. The fundamental char-
acteristic that determines the suitability of a mono-

15)The fixed-frequency line width can without difficulty be
made considerably narrower than the line of the tunable la-
1161
ser,
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chromator for use in ARS is a low level of stray light
at the exit slit of the instrument; as a rule, a level of
discrimination of 10°-1071° suffices.

Since the ray of the ARS signal is collimated and
spatially coherent, the spectral apparatus used need
not have a high aperture, while the light-sensitive layer
of the photodetector can have a small area.

The function and operating regime of the spectral ap-
paratus in an ARS system can differ, depending on which
of the two modifications of this method one uses—ARS
with narrow-band excitation or ARS with broad-band
pumping.

¢) Schemes involving noise pumping. In the variant
of ARS with a broad-band pump, 1% 38 the beating of the
different spectral components of the broad-band (noise)
tunable source with the monochromatic fixed-frequency
line simultaneously excites molecular vibrations in a
broad spectral range. The “active” spectrum is re-
corded upon scanning the monochromator, just as in
spontaneous Raman spectroscopy:

{wg)
| %2 (wa; @4, w1, — ) IzocS—S(,,—w—z)—;
Here §' (w,) is the spectral density of the anti-Stokes
signal at the frequency w, =2w; — 2w, - w,, §'¥ (w,) is
the spectral density of the broad-band pumping compo-
nent, and w, is the frequency of the fixed line.

An important merit of this modification of ARS is that
one can get the dispersion curve of |x® |? over a broad
region of the spectrum during one laser flash in times
of 107-10"!! gec (see Fig. 5). In this case the image
of the spectrum of the coherently scattered component
produced by the spectral apparatus should be either
photographed or recorded with a strobed multichannel
receiver based on an electron-optical converter and/or
a television camera (see, e.g., Ref. 117),

It seems especially promising to use this modifica-
tion of ARS for quick analysis of fast chemical reac-
tions and explosive processes, and also for non-steady-~
state plasma diagnostics.

d) Choice of the optimal focusing of the pump radia-
tion; distortions of “active” spectra. In order to get

FIG. 24.

Block diagram of an ARS experiment in the field of
continuous-wave lasers. l—single-mode ionized-argon laser
(P~ 2W), 2—tunable dye laser (P,~ 150 mW), 3—liquid-ni-
trogen Dewar, 4—DFS-24 monochromator, 5—photomultiplier,
6—amplifier and recorder, I,—L,—lenses. 1
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as high as possible a power of the ARS signal for given
powers of the pump rays, people usually focus the lat-
ter within the studied specimen by using a system of
achromatic lenses. A theory of four-wave nonlinear
interactions in focused beams has been devel-

oped. 1181201 Ope can easily show from the results of
these calculations that there is no optimal degree of
focusing of Gaussian pump beams in isotropic media

in ARS-type frequency-shift processes that would maxi-
mize the power of the ARS signal. Under conditions

of phase synchronization, Ak=0, the total power of the
ARS signal increases with increasing degree of focus-
ing only until the so-called “confrontal” parameter of
the focused beams b= kw?(k =27/) is the wave vector,
and w, is the radius of the focal spot) is comparable with
the length of the studied specimen. Withfurtherincrease
in the degree of focusing (decreasing b), the power of
the ARS signal saturates and completely ceases to de-
pend on b. In this case one can calculate the power of
the ARS signal by the formula?%

26y
[4

Po=220t 13y, 1 i, (6.1)
Here P; and P, are the powers of the pump beams; the
latter are assumed to have a Gaussian intensity profile
(cf. (1.15)). However, the application of extremely
“strong” focusing is justified whenever for any reasons
one cannot ensure strict fulfiliment of the phase-syn-
chronization condition throughout the lengthof the speci-
men, i.e., when Ak#0, The fundamental contribution
to the ARS signal comes from the region near the focus
of the pump beams, which has a characteristic size of
the order of b; hence, if we choose b <<, =7/Ak, we
can effectively “compensate” the phase mismatch Ak,
That is, we can get just as intense an ARS signal as in
the case of exact phase synchronization. In this case
the total power of the anti-Stokes ARS signal again can
be calculated by Eq. (6.1). The natural limit for in-
crease in the energy flux density of the pump waves by
focusing is imposed by optical breakdown and other pro-
cesses that damage the studied medium. Moreover, in
order to avoid distorting spectra obtained by ARS, one
must maintain the intensities of the pump waves at a
level that does not exceed the threshold values for ex-
citation of stimulated Raman scattering and other non-
linear-optical processes.?®? In particular, Ref, 121
discusses distortions of “active” spectra that arise
under the action of inverse Raman scattering of the
pump lines,

It proves very effective in increasing the intensity of
the recorded signal in ARS to use optical fibers!?!! or
(in studying gases at low pressures) thin hollow dielec-
tric waveguides. 1%

e) Technique of non-steady-state ARS; genevation of
tunable ultrashort pulses. The fundamental element of
a non-steady-state ARS spectrometer is the reference
generator of hypershort pulses. If one is studying the
optical modes of a medium under non-steady-state ex-
citation arising from stimulated Raman scattering, then
the need for hypershort pulses of smoothly tunable fre-
quency in the second generator drops out. Most experi-
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ments on non-steady-state ARS have been performed
up to now precisely by using the technique of stimulated
Raman scattering.

One usually uses as the reference generator a longi-
tudinal mode-locked neodymium-glass laser; one iso-
lates a single pulse from the train of generation peaks
by using a fast-acting cell. This pulse is amplified,
and part of it is converted into the second harmonic.
Stimulated Raman scattering is excited by the pulse at
the fundamental frequency, while the excited optical
mode is probed by the pulse of the second harmonic,
which is applied to the studied medium with a suitable
time delay.

In addition to the described scheme, which has been
applied by W. Kaiser and his associates, there is a non-
steady-state ARS scheme that employs coherent one-
and two-photon excitation of the studied optical modes
by using tunable ultrashort-pulse generators. One can
use as the latter tunable dye lasers!!??) or parametric
light generators. (1251241 Both types of tunable lasers
are excited by ultrashort pulses of the radiation of
mode-locked lasers or of their harmonics. There is a
possibility of locking the modes of a tunable dye laser
by using a saturating filter placed inside the laser reso-
nator. %) The most convenient scheme of a parametric
generator of ultrashort pulses is a two-crystal scheme:
one excites in the first (generator) crystal a broad-band
parametric superluminescence, which is amplified in
the second amplifier crystal. In order to narrow the
spectrum of the radiation, one puts a diaphragm between
the generator and amplifier crystals that blocks the pa-
rametric superluminescence radiation that stems from
the noncollinear interactions. One can get an analogous
effect by placing the amplifier crystal far enough from
the generator crystal.

A recent study®?®! has used a two-crystal scheme
based on LiNbQOj crystals tobuild a generator of picosec-
ond pulses that are tunable in a range up to 4.6 um.
Use of a special, so-called 47° crystal allowed them to
get an efficiency of conversion into tunable radiation of
up to 10% upon pumping with a picosecond YAG laser
(A=1,06 pm).

7. Physical applications of ARS

a) Active specitroscopy and traditional spectroscopic
methods. The set of applications of ARS is determined
in many ways by the broad potentialities possessed by
the phenomenon of Raman scattering of light that it is
based on. We should expect the greatest impact from
applying ARS wherever the theoretical potentialities of
spontaneous scattering cannot be realized fully owing to
weakness of the signal or to a high background level
caused by more efficient processes (e.g., lumines-
cence).

In these cases the success of application of ARS arises
from such merits as a signal level elevated by many or-
ders of magnitude and the possibility of recording it in
the anti-Stokes region free of the background stray light
of lnminescence, high spectral resolution, and exactly
defined geometric conditions.

S. A. Akhmanov and N. |. Koroteev 922




However, as we have seen above, the spectroscopic
information obtainable by ARS is richer; polarization
measurements in ARS are also highly informative.

This allows us to pose and solve completely new phys-
ical problems. We point out among them the above-
discussed interference effects in ARS (see Sec. 4),
which allow one not only to measure the relative effi-
ciencies of different physical processes such as Raman
scattering, the optical Kerr effect, and one- and two-
photon absorption {which are often manifested even in
different molecules), but also to establish the relative
phases of their complex contributions to the experimen-
tally measured absolute value of the nonlinear optical
susceptibility {x®’1%, A new potentiality offered by ARS
is that of directly tracing the interaction of the electron
shell and the nuclei of a molecule while its environment,
temperature, external fields, etc. are varied. This is
especially important in studying complicated biological
molecules like chlorophyll or a protein,

Application of ARS in a system with a probe beam for
measuring the vibrational spectra of colored and strong-
1y luminescent media permits one in principle to dis-
tinguish the effects of resonance Raman scattering prop-
er and resonance fluorescence, since one-photon reso-
nance can occur in one of the pump waves w; and w,,
while the frequencies of the probing and the scattered
radiation can lie in a region of transparency of the medi-
um. ¥®! We shall take up below in somewhat greater de-
tail the points that have been discussed in insufficient
detail (or not at all) in the preceding text.

b) Direct measuvements of relaxation times. The di-
rect measurements of transition and relaxation process-
es in atoms, molecules, and condensed media that have
become possible within the framework of non-steady-

TABLE IV. Measured dephasing times 7', and lifetimes T, of
excited states, (14

E. %‘ % :Refer-
Substance ¢ E 2 é A,: . "ai, & ences
Sle| & g |[Fa] & e
N, (ig) 77 |2326] 7548 | 0.067 798| 1.5.1012 | 2.qpe | 124, 138
(56110)-1012)7,5. 401t | 136
C,HsOH - | 300 {2928 20 0.26{ 20+5 771 130, 142,
135
1440 40 135
CH,;CCl, 300 [2939] 1.3+0.6] 4.9 1.1 5.240.8 4 131, 143
1450 4 143
n-heptane 293 | 2900 6 11.0+1.5 1.83 147
248 {2900 14.0 147
203 | 2900 ' 16.0 147
Isodecane 293 {2900 11 10.8 147
] 248 21.0 1“7
n-Tridecane 293 12900 15 1.40- 21.0 147
1,6-Heptadiene| 293 | 2900 60.0 147
CCly 300 | 459| 4.040.5) 3.8 130, 137
SnBry 221 | 3.0%0.3 137
{ 8iCl, 4251 3,040.5 ~2.8 137
CD40D 293 [ 2200 25410 143
CaCO3 295 11086) 4.41+0.3} 1.1—-1.4] 3.8—-4.8 143
297 11086 | 8.510.2 132
90 10861 8.7+0.7 0.68 7.8%+0.9 143
100 | 1086 [19.1+4 132
Diamond 205 113321 2.9+0.3]1.65--2.2 3.2—-2.4 130
77 | 1832} 3.4+0.3| 1.48 3.6 130
GaP 300 | 361 5.54+0.5 113
CoH, 300 | 992| 5¥1.4] 2.3 4.740.2 133
CeDg 300 | 945| 8F1.4] 1.8 7.0%0.2 133
*The T, values given in this column were calculated for uniformly
broadened lines by the formula 7, =1/AQ.
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FIG. 25. Result of the experiments of Kaiser et al. #3'3 on
non-steady-state ARS of an inhomogeneously broadened Raman
line in the CCl, molecule. a) Curve characterizing the decline
in the coherent anti-Stokes Raman scattering of the probe pulse
with lag time with respect to the exciting pulse; conditions

are adopted for recording the signal from the C¥Cl, molecule;
b) the same, when CCl; molecules containing all the naturally

occurring isotopes of chlorine contribute to the scattered sig-
nal.

state ARS (Sec. 5) primarily give information on the re-
laxation times that was previously either completely un-
attainable (especially in liquids), or obtainable by indi-
rect methods.

Experiments to measure the “longitudinal” relaxation
time were first performed in 1966 by DeMartini and
Ducuing in gaseous hydrogen. The first excited state of
the latter was populated via stimulated Raman scattering
of a high-power pump pulse. ¥ Experiments on gases
have subsequently been continued. 1128121

Experiments in condensed media were first peformed
in 1971-1972 by W. Kaiser and his associates. 13 They
showed, first, that the dephasing times of the molecular
vibrations that are manifested in the stimulated Raman
spectra coincide with the indirect estimates from mea-
suring the widths of the corresponding lines, and second,
that these same media as a rule have T,/Ty <1, whereby
liquid show!® T,/7,~10"'1-10"? (see also Refs: 14 and 52
and Table IV): In principle, coherent non-steady-state
ARS allows one to distinguish the contributions to the
width of a Raman resonance line from homogeneous and
inhomogeneous broadening mechanisms. 13" In this
case the technique of non-steady-state ARS can be cor-
related with that of observing quantum beating in non-
steady-state luminescence from several closely spaced
levelst® (Fig, 25).

The methods of measuring relaxation times that are
based on non-steady-state ARS are applicable not only
to vibrational transitions in molecules, but also to other
quantum levels, e.g., to electronic energy levels in
isolated atoms. One can excite them either via a Ra-
man process™®? or by direct one- or two-photon ab-
sorption. #4411 In the latter case one records the time
course of the lag of the intensity of the coherent or in-
coherent anti-Stokes component of the probe pulse (w,)

19We note that the ratio T,/Ty is anomalously small in lique-
fied gases made of dipole-free molecules (see Table IV),
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at the frequency wy= 2w, + w; (wy is the frequency of the
pump pulse).

¢) Direct probing of the degree of excitation of differ-
ent optical modes. 1t is very promising to apply the
methods of non-steady-state ARS to studying the relaxa-
tion mechanisms of strongly excited optical modes.

H one measures the scattered probe ray components
due to interaction with the normal molecular vibrations
that lie at lower frequencies than those excited by pump-
ing, -then it proves possible to establish the channels of
dissipation of the energy of the molecule from the in-
.crease in the anti-Stokes incoherent scattering signal
from those levels that amount to remnants of the de-
cayed vibrational excitation, [131:142]

The first experiments of this type, which were per-
formed on ethanol, showed that the energy of the totally
symmetric vibration of its molecule (frequency vy,
= 2928 cm™!) is partitioned equally between two internal
vibrations of the CH; group (frequency vg= 1454 cm™)
in a time of ~10"!! sec. Here the anharmonicity of the
totally symmetric vibration plays the fundamental role
in its decay. F14%!

W. Kaiser and his associates ¥% 143! have employed an
analogous method to establish the decisive effect of in-
termolecular interactions on the relaxation of the totally
symmetric vibration of CH;CCl; surrounded by solvent
molecules,

Application of the technique of incoherent anti-Stokes
scattering of probe pulses by overtones of the funda-
mental vibrations that are directly excited by a reso-
nance infrared field might allow one directly to observe
the dynamics of the stepwise acquisition of energy that
precedes collisionless dissociation of the molecule in
the field of a strong resonance infrared wave, {144

In principle, one can also solve this same problem by
using coherent ARS; correspondingly, the level of the
recorded signal here would be considerably higher than
in the case of incoherent anti-Stokes scattering.

The method in based on the fact that the resonance
Raman susceptibility x* 7 (w,; wy, wy, — w,) that involves
a definite vibrational-rotational transition at the fre-
quency ,, w; — wy= R, is proportional to the number
density N, of the molecules existing in the lower level
of the transition (see Sec. 2).!” Owing to anharmonic-
ity, the lines in the spectrum of 1x'®(w,; wy, wy, — wy)!?
that involve transitions between the ground and first ex-
cited vibrational levels (v=0- v=1) generally do not
overlap with the lines that correspond to transitions be-
tween the higher vibrational levels. The ratio of the in-
tensities of these lines gives a measure of the population
of the upper vibrational states.

1DWe assume here, as we do throughout this study, that the
population of the upper level of the Raman transition can be
neglected in comparison with that of the lower level. This
holds true in the case of high-frequency vibrational transi-
tions, while in other cases in which the spacing between the
levels is comparable with or less than kT, we must take Ny
~N,, instead of N;, where N, is the population of the upper
level (see, e.g., Ref, 145).
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Such an experiment has already been performed in
deuterium with excitation of the first vibrational level
(v,=1) in a discharge by electron impact. "7 They
estimated the “vibrational” temperature, 7,=1050°K,
from the results of the measurements, whereas the “ro-
tational” temperature was considerably lower, T,
=400 °K.

8. Analytical applications of active spectroscopy

a) Analysis of the composition of gas mixtures and of
the atmosphere. Along with the considerable increase
in the level of the detected signal, application of coher-
ent ARS in gas analysis (see Sec. 4c) is promising for
a number of other reasons. First, the weak linear dis-
persion of all the atmospheric gases at normal pressure
allows one to attain coherent interaction lengths (I, ,,=7/
AE) in linear propagation of the order of several tens of
centimeters and the more. %1 Second, the narrowness
of most of the Raman lines that are suitable for identi-
fication of impurities greatly elevates the peak values of
the Raman susceptibility (v ¥) over the electronic hyper-
polarizability (yF). This involves the existence of the
coherent “background” in the ARS spectra (see Sec. 4c)
and it exceeds that for condensed media by 3-5 orders
of magnitude., Third, the application here of a polariza-
tion methodology (Sec. 3b and Fig. 6) that is not en-
cumbered with the depolarizing effect of the ordinary
optical Kerr effect makes it possible to improve the
discrimination of the Raman resonances from the coher-
ent “background” by another 2-3 orders of magnitude to
ensure a sensitivity of ARS in determining impurities at
a level of 107-10"7 molecules per molecule of the buffer
gas.

We should include among the defects of coherent ARS
its inapplicability for remote probing by a back-scatter-
ing scheme, owing to the impossibility of satisfying the
synchronization conditions, together with the difficulty
of applying it to paths longer than several tens of
meters.

b) Non-steady-state plasma diagnostics using active
spectroscopy. Coherent ARS and also the optical Kerr
effect induced by a Raman resonance (Sec. 3d) can be-
come useful methods for direct determinations of fre-
quencies, amplitudes, damping, and dispersion con-
stants of the collective excitations in a plasma (primari-
1y plasmons, and possibly ion-sound waves), especially
in cases in which the plasma is non-steady-state and is
characterized by a large density. “4159 The small ef-
ficiency of the spontaneous process and the high level of
the incoherent background have been precisely the funda-
mental obstacles to the use of spontaneous Raman scat-
tering for plasma diagnostics. While the coherent
methods of ARS and of the optical Kerr effect possess
the broad spectroscopic potentialities of spontaneous
Raman scattering, yet they considerably surpass it in
signal-to-noise ratio.

The coherent threshold-free methods of ARS and of
the optical Kerr effect can be used also for studying
stimulated-scattering processes. As is assumed in
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Refs. 148 and 149, the latter play an important role in
restricting the efficiency of the laser heating of the
plasma. Estimates have shown'4*’ that it is preferable
to use a coherent ARS scheme in the case of a hot and
not very dense plasma (w,/c>0.2 kp, where w, is the
frequency of a plasmon having the wave vector g =4y

- ky, and k= V4rne?/kT is the reciprocal of the Debye
shielding length). This is because here the linear dis-
persion of the plasma does not impede one from attain-
ing the synchronous regime k=0 (Ak=k, - 2k - k,,
where 2y - ky;=¢q). On the other hand, the effect of the
linear dispersion is considerable for a relatively dense
cold plasma (0. 2k, > 2k;), and the synchronization con-
dition A2=0 cannot be satisfied. Here it is more ex-
pedient to use the Raman-resonance-induced Kerr ef-
fect.

In both cases it suffices to use pump beams of ~ 10
MW power to get a reliably detectable signal.

In order to take the Raman spectrum of a non-steady-
state plasma in the two methods, one can use the vari-
ant with broad-band pumping (see Sec. 6¢), which in-
creases the speed of action,

An additional advantage of the stated methods is the
localization of the information that one gets by using
them.,

¢) Local and rapid analysis using active spectroscopy.
Owing to the nonlinearity of the scattering process is
coherent ARS, the fundamental contribution to the signal
intensity in focused beams comes from the region near
the common focus of the pumping beams.

This situation allows one to perform an exact local
analysis with coherent ARS by using sharply focused
beams, i.e., to determine the spatial distribution of
the scattering particles by scanning the intersection
point of the pump rays. Here the decrease in the illu-
minated volume upon focusing the rays does not dimin-
ish the intensity of the signal (see Secs. 1 and 6d). The
accuracy of measuring the spatial distribution is deter-
mined by the dimensions of the focal volume. For ex-
ample, it is not hard to get a focal volume in the form
of a cylinder of 10 um diameter and length of the order
of 100 um. As we have noted repeatedly, an especially
valuable property of ARS is the possibility that it offers
of getting the complete Raman spectra of optical media
during a single laser pulse (see Fig. 5), i.e., in a time
of from 107% to 10°'2 sec. One attains this by using the
variant of coherent ARS with 2 broad-band pump (see
Sec. 6¢) at the cost of reducing the spectral resolution.
In this case the latter is determined by the resolution of
the linear spectral apparatus, rather than the line widths
of the lasers used (see Fig. 5).

d) Use of ARS to study complicated molecules. Re-
ports have been published very recently on using coher-
ent ARS for studying the vibrational spectra of compli-
cated molecules, including biological ones. Besides the
possibility of removing the masking effect of lumines-
cence on the scattering spectra, application of ARS here
has also a number of other advantages: it requires an
insignificant volume of the studied sample; and one can
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use pulsed lasers of moderate mean power to get a re-
liably detectable signal, which reduces the probability
of radiation damage to the specimen, etc. It is espe-
cially promising to use ARS to obtain resonance scatter-
ing spectra in which one or both pump lines lie in the
vicinity of an electronic absorption band, F13-20%

The considerable increase in ¥'*’% of the studied mol-
ecules that occurs under these conditions is equivalent
to an effective diminution of the nondispersing coherent
“background” caused by the solvent molecules. This
allows one to work with very small concentrations of the
studied molecules. Active Raman spectra have been ob-
tained?*®! of an aqueous solution of vitamin B, at a con-
centration of 10" mol/L upon excitation in the absorption
band of this vitamin. Here one distinctly observes in-
terference of the resonance electronic and vibrational
nonlinear susceptibilities of the vitamin molecules and
of the “background” nonresonance susceptibility of the
solvent molecules (however, the authors of Ref. 200
give an erroneous interpretation of the interference that
they found).

ll. ACTIVE SPECTROSCOPY OF RAYLEIGH
SCATTERING AND OTHER TYPES OF SCATTERING

9. Active spectroscopy of elastic (Rayleigh) light
scattering

a) Optical induction of phase gratings in a medium and
coherent scatteving by them (diffraction and self-diffrac-
tion). The ideas of the method of active spectroscopy
can be used successfully also in the spectroscopy of
elastic (Rayleigh) molecular light scattering. This form
of scattering arises from the relatively slow small scale
fluctuations in the refractive index. Naturally, here
also one can proceed from fluctuational variations in the
refractive index to coherent scattering by phase gratings
induced in the medium by using two crossed beams.

These light-induced gratings have already been studied
for a long time in holography'®® %7 and in laser technol-
ogy (distributed-feedback lasers). 1511521 yet we wish
to call attention here to the spectroscopic aspects of
such experiments, 31:153]

If two pump beams obtained from the same laser in-
tersect at a small angle ¢ in a weakly absorbing medium
(see Fig. 3b), then a standing temperature “wave” 67T
@, ) is produced that is characterized by the wave vec-
tor q and the amplitude 67

a=ki—ky, 67=22V10, | ©.1)
Here k, and k, are the wave vectors of the pump waves,
which respectively have the intensities I, and I,; a is
the absorption coefficient for the light; and % is the ther-
mal conductivity., The frequency Q can be fixed by mod-
ulating one of the pump beams. Under ordinary condi-
tions, when the heat propagates diffusely §7T (q, §2) has
a maximum at Q=0. After the pump pulses have
passed, the nonpropagating temperature “wave” attenu-
ates with a relaxation time 7,=c,/xg?, where c, is the
heat capacity of the medium at constant pressure.
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The periodic temperature modulation leads to a modu-

" lation of the refractive index, since we have

n=n(p, N=n+(3), b0+(57),57- ©.2)

- One can detect the phase grating described by (9. 1) and
(9.2) and its decay by using diffraction of a specially in-
troduced probe ray (k;, w;) or diffraction of one of the

' exciting beams (self-diffraction) (see Fig. 3b); the scat-
tering maximum corresponds to fulfillment of the condi-
tion Ak=0. One can determine the amplitude of the dif-
fracted wave from the equation

2B
9z

iom
n T

=ik, ( )m 8T-E®, (9.3)
Here the factor (w '8xn/87T),,, describes the relation of
the temperature fluctuations to the refractive-index

fluctuations.

The parameter to be measured can be either the am-
plitude of the diffracted wave, which bears information
on the variation of the quantity (08/87T),, as we assume
the temperature of the specimen to vary, or the charac-
teristics of the temperature wave itself: the dependence
of its amplitude 67 on q with varying angle of crossing
of the pump rays and on § as the modulation frequency
is varied, etc.

In addition to the “temperature” grating, other types
of gratings can also be formed in the region of intersec-
tion of the rays that involve, e.g., generation of free
carriers in semiconductors or spatial modulation of the
absorption coefficient, etc. In many cases, it may
prove convenient to record these gratings by using co-
herent light scattering from them.

b) Active Rayleigh-scatlering spectroscopy in crys-
tals; optical recording of second sound. The employ-
ment of induced temperature gratings makes it possible
to vary in a controlled way the level of modulation of the
temperature (in the experiments described in Ref. 31,
they could vary it over wide ranges up to a level that ex-
ceeds by a factor of 10'—10° the rms value of the fluctu-
ational inhomogeneities), and also substantially to use
the coherence of the created temperature wave for in-
creasing the efficiency of collection of the diffracted
light. All of this allows one to elevate the intensity of
the detected light signal by several orders of magnitude,
and it justifies the application of the term here of active
Rayleigh-scattering spectroscopy. #’

The experiment of Pohl and his associates'®!! by the
described method measured the relationship of the in-
tensity of the scattered probe beam in an LiF crystal to
the temperature. This permitted them for the first time
to confirm for crystals the theory of Landau and Plac-
zek'® of Rayleigh light scattering. Moreover, they
established that contributions to (3n/87T),,, arise not only
from the purely isobaric temperature that involve the
fluctuations of » solely via the thermal expansion, but
also the explicit temperature-dependence of the refrac-

189The authors of Refs, 31 and 107 call this method “induced
temperature Rayleigh scattering.,”
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tive index plays a certain role (the second term in

(9. 2)).

Recently these same authors'**®? applied radiofrequen-

cy modulation to one of the infrared beams that induced
a temperature grating in an NaF crystal at a tempera-
ture T=15°K. They were able to measure the relation-
ship of the amplitude &7 of the temperature wave to the
modulation frequency 2, and to detect a peak at the fre-
‘quency £, =6.5 MHz. which corresponds to propagating,
weakly damped temperature waves (the so-called “sec-
ond sound”) in the NaF crystal. [1%] They established
that the condition Qy=c;;1q| (where c;; is the velocity of
second sound) is satisfied with good accuracy. In spite
of the weakness of the optical signal, they noted a broad-
ening and shift of this peak with increasing temperature
that corresponded to a change in the mechanism of heat
propagation from a “second sound” regime to an ordi-
nary diffusion mechanism. This is the first observation
of propagating heat waves in a crystal by optical meth-
ods.

¢) Active elastic light-scatterving spectroscopy in
semiconductors and dye solutions. Dynamic holograms
obtained by generation of free carriers in semiconduc-
tors in crossed laser beams can be used for spectro-
scopic purposes, in particular, for measuring the diffu-
sion of free carriers, and also for detecting nonlinear
many-quantum processes involving free carriers, t!%3)
Just as in the case of the temperature grating, here one
can controllably vary the grating parameters (depth of
modulation, lattice constant) by simply varying the pa-
rameters of the pump beams. In Ref. 153 they mea-
sured the efficiency of self-diffraction of one of the
rays. As the intensity of the pump rays obtained from
a neodymium glass laser was increased, this allowed
them to observe a transition from a one-quantum regime
of carrier generation in crystalline CdSe to a two-quan-
tum regime. Then, at larger carrier concentrations, a
quadratic-recombination mechanism was switched on.
The induced change in the refractive index of CdSe
amounts to An~ 1075 at an intensity of the pump waves
I,,,=10 MW/cm?. The use of weak probe pulses applied
with a certain time lag allowed them to measure the dif-
fusion time of free carriers and to elucidate the role of
nonlinear recombination in the “resorption” of the phase
grating.

Important results that closely border on those ob-
tained by using non-steady-state ARS (see Sec. 6) have
been obtained by using picosecond pulses for inducing
diffraction gratings in solutions of rhodamine 6G in dif-
ferent solvents. %71 In contrast to the experiments de-
scribed above, here the induced grating was an ampli-
tude grating: the absorption coefficient of the probe
beam proved to be spatially modulated (just like the
pump rays, it amounted to the second harmonic of a
Nd: YAG laser with self-synchronized modes). Mea-
surement of the decline in intensity of the diffracted
probe pulse with time delay allowed them to estimate
the lifetime T of the first singlet excited state of the
rhodamine 6G molecule, as well as the time 7 of orien-
tational relaxation of the excited molecules (Table V).
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TABLE V. Experimental results for the life-
time T, of the first singlet excited state of the
rhodamine 6G molecule and the orientational
relaxation time 71571,

Rhodamine 6G
Solvent concentration, T, Ps. Ty, PS.
mole/l
Methanol 2.10~4 140130 1.7-2.0
Ethanol 1.10~4 300450 3.740.5
1-Propanol. 1-10¢ 5004100 3.8+0.5

10. Active spectroscopy of light scattering by
dipole-allowed transitions

a) Generation of coherent elementary excitations upon
absorption of light. Although we have been speaking thus
far of excitation of coherent states in molecules in crys-
tals by two-frequency pumping, it is quite clear that one
can also get an analogous effect with one beam, when-
ever its frequency w;, coincides with the frequency of a
corresponding dipole-allowed transition in the medium.

Again, such states can be probed, by using coherent
anti-Stokes scattering according to the scheme w,=w
+ w,;,.. Here the frequency of the probe ray can be con-
veniently chosen in the visible. As always, this process
will be most efficient in the synchronization direction
k,=k+q, where q is the wave vector of a polariton of
frequency @, = w,,. Naturally, the stated resonance
transition need not obey the alternate selection rule,
i.e., it can be manifested simultaneously both in infra-
red absorption and in Raman scattering.

The symmetry of the medium imposes substantial re-
strictions on the course of such a process: in centro-
symmetric media we have all the y*'=0. Thus the in-
terference of the different elements of this medium will
cause the macroscopic polarization at the frequency w,
= w+ w;, to be absent.

Yet the described process can be fully manifested in
noncentrosymmetric crystals and in media having arti-
ficial anisotropy. An analogous process has been ob-
served in n-type Cds!!5%; they observed intense Stokes
and anti-Stokes satellites formed by the direct UHF ex-
citation of “spin-flip” transitions in the spectrum of the
optical radiation scattered in the crystal.

b) Detection of nonequilibvium infraved-active excita-
tions by using light scattering. The equations for the
amplitude @ of a normal mode of an element of the me-
dium at the frequency § and for the nonlinear polariza-
tion P‘*’(w,) are derived from (2.10) and (2. 9) with the
Hamiltonian of (2.8), in which we should keep only sev-
eral terms; in particular, for a piezoelectric crystal
we get

G o= (L1, i, (t0.1)
4 o ' Bir
P (@o)= (550 ) Q8+ BERSET (10.2)

Here & and &'*’ are, respectively, the amplitudes of
the probe and the resonance infrared fields. We can
derive from this an explicit expression for the macro-
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scopic polarizability x'?’ that describes this nonlinear
optical effect:

PP (00) =243 (00; 0, 0yy) BSEGR, (10.3)
(2) (. )

Xijh (@03 ©, 04) =y 0¥ (0,; o, 01+ 1R (0g; 0, wpr)s (10. 4)

I (0 0 0)= NP, (10.5)

where

NI3 1 [ (Ge/3Q)o (2p/0Q)o
BMOT 2| —i— (05— 1t

xﬁ?ﬁ’.’ (©g; ©y Ogy) (3i14/6Q)a (30/0Q)o ],

—i—0—-Q Tt

(10. 6)
and L is a correction factor for the internal field. Since
here, as in ordinary ARS, one is studying the variation
of I'”~ | E'*’ |2 upon scanning w,, about Q, the measured ,
spectrum here also reflects the dispersion of the modu-
lus of the nonlinear susceptibility [y@’ |2

2 (GORMDE

v (10.7)

~(2)R/, 2(E)
11 (g m.m,-r)12=(x‘z’E)2[1— ARy ],

14-A2

where

cor_ 4 _NI3 (b o ~ @p—Q
* 2 BMQT \'6Q )0(60 )o' Am—"%

(we have omitted the indices in order to abbreviate the
notation). We see from (10. 7) that the dispersion curve
of 1x*'1? possesses the same features as the |y‘*¢|?
measured in ARS. In particular, it bears the imprint

of the interference of the electronic {x*'®) and ionic
(x‘*'®) contributions, etc. However, the extraction from
the experimental spectra ‘¢’ {w,= w+ wy,) of information
on the dispersion curve of 1%’ (w,; w, w,,)!? should be
accompanied by normalization of the experimentally
measured '’ (w,) curve to the square of the coherent-
interaction length 7, (w;.), which also undergoes dis-
persion near the infrared absorption line:

teon @)=+ 3k @i+ [ g et | (10.8)

Here Ak (w;.)=k, -k, (w,.) —k is the phase mismatch,
where k;, k;., and k are the wave vectors of the corre-
sponding waves, and o (w;,) is the absorption coefficient
of the infrared field.

Thus, here one must have exhaustive information on

125w, ;)]

o'

107
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FIG. 26, Result of an experiment to measure the dispersion
of the modulus of the quadratic susceptibility |x @ (wgi w, wy) |
of a GaP crystal for several values of the frequency w;, near
the lattice resonance.!'®®! The solid line shows the result of
calculating by Eq. (10.7) for 2,/2rc =365 em™, I'=107gQ,
YR/ RIE_ 53,3,
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FIG. 27. Dispersion of the cubic susceptibility | x® (w,; w,
@, =Wl ? of liquid chloroform near the frequency of the first
overtone of the C—H stretching vibration (2/2rc¢ = 5828 cm™1)
as measured by using a parametric light generator. 161

the linear dispersion of the crystal in the infrared in or-
der to get the dispersion curve of the nonlinear suscep-

tibility. However, this information is not always easily
attainable.

Figure 26 shows the result of the first experiment of
the described typet!®); the spectrum of |x'?’)? of a GaP
crystal in the region of the lattice resonance at the fre-
quency 2,/27c =365 cm™!. It was calculated from five
experimental points measured upon mixing five discrete
lines of an infrared laser with the line A= 6328 A of an
He-Ne laser.

c) Active spectroscopy of hyper-Raman scattering of
light. In addition to ordinary Raman scattering, direct
infrared excitation of molecular or lattice vibrations can
also stimulate a nonlinear Raman scattering that has
also been called hyper-Raman scattering (HRS). Its
spectrum is formed of lines that are shifted from the
doubled frequency of the exciting light by the frequency
of the corresponding optical modes: w,, ,=2w 8. **!
Spontaneous hyper-Raman scattering is described by a
third-order tensor (88;,,/9Q), (see (2.8)). In particular,
it differs from zero for all vibrations that are mani-
fested in the infrared absorption spectrum. 3! The cor-
responding coherent nonlinear-optical process proves
to be a four-wave process and it is described by a third-
order nonlinear susceptibility of the form x®’ (w,; w, w,
~ wy). One can conveniently measure it in a centro-
symmetric medium, in which a contribution from the
second-order nonlinear susceptibility is ruled out. [#%
By using Egs. (2.8)~(2.10), one can easily derive the
following expression for X(3> under the assumption that
the tensor (38,,,/8Q), is symmetric with respect to the
last two indices:

X@Z; (0e; @, ©, —©y) =x§§,{f (0 0, 0, —mir)'{'x(i%a (@; 0, 0, —y),

where (10.9)
XLF (@3 ©, 0, —0u) =NL (¥E,), (10.10)
o NL& 1 [ {(3Bign/0Q)o (311/3Q)0)
XS (005 @, 01— o) = gz T [ T T
(@B1nl3CYo (Ip1/0Qhe) | (Bej1/0Q)o (31 /0Q)e)
et —(o—0) 1 ] (10.11)

Here again, just as in ordinary ARS, the hyper-Raman
lines have a pedestal that arises from the existence of a
non-resonance electronic susceptibility. Thus, although
here the line intensities can be very large, in contrast
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to spontaneous hyper-Raman scattering, yet the degree
of suitability of the “active” spectra for measuring the
hyper-Raman scattering tensor is again determined by
the value of the “contrast” of the dispersion curve of
Ix® (we; w, w, = wy,) 12, which can often be too small.
The first successful experiment on active spectroscopy
of hyper~Raman scattering of the overtone of the C~-H
vibration in chloroform (Q/2nc=5828 cm-!) has been re-
ported in Ref. 161 (see Fig. 27). The tunable line was
furnished by the radiation of a parametric generator ex-
cited by the second harmonic of a Nd : YAG frequency
laser, while the fundamental pump line (w) was repre-
sented by the line A =1.06 um of the same laser.

The value of x{11¥/x{31¥ could be estimated from the

curve shown in Fig. 27. It proved to be

The experimental variation of I'’ (w,= 2w ~ w,,) had to
be normalized to the square of the coherent line (see
(10. 8)), which underwent dispersion along with |y‘¥’}2,

The latter circumstance apparently restricts the ap-
plication of this variant of active spectroscopy to study-
ing well marked, isolated infrared absorption lines,
since one can estimate the dispersion of [, accurately
enough only for them.

We can easily see from (10.11) that the averaging over
the orientations of the molecules causes the contribution
to the value of x®’® measured experimentally to give
only the invariant of the vector part of the tensor (33,,,/
3Q)o. One can show this directly by expanding the cor-
responding nonlinear polarization into irreducible sets.
sets, (1637

11. Active spectroscopy of anharmonic vibrations
of molecules

a) Manifestation of mechanical and electrooptical
anharmonicity of molecular vibrations in ARS. The
electrooptical anharmonicity, which is manifested in
the nonlinear parametric dependence of the polarizabil-
ity a;, of the molecule on the vibrational coordinates
(8%a,,/3Q,8Q,.) #0 (see (2.8)), is determined in the sec-
ond-order spontaneous Raman spectra mainly by the
intensity of the overtones and mixed tones. %% Cor-
respondingly, in ARS this same parameter, along with
the line width, determines the peak value of xR of the
Raman susceptibility upon tuning w, - w, to the overtone
frequency 2%, However, the weakness of the over-
tones in second-order Raman spectra causes their con-
tribution to the entire nonlinearity x‘® of the whole me-
dium to be generally small. Therefore one cannot ex-
perimentally measure the dispersion of lx‘a) 2 arising
from the contribution of even the most intense overtones,
such as the second-order line in the diamond crystal at
the frequency ‘¥ /27¢c=2666 cm™, 19
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Some exceptions are the overtones whose intensities
are anomalously large owing to the existence of Fermi
resonance with first-order lines of the same symmetry,
A strong dispersion of 1x’|2 has been observed'*! in
carbon dioxide near the first overtone of the vibration
1, (02°0 line), which is the low-frequency component
of a Fermi doublet. This same experiment also mea-
sured the weaker second-order vibrational transition
(01'0)-(03%).

One can considerably increase the contrast of the dis~
persion curves of x |2 near second-order lines by
using one of the methods of removing the nondispersing
pedestal of active spectra that were described in Secs.
3b, d and 4b. This opens up for coherent ARS a new
broad and interesting set of spectroscopic applications,
Electrooptical and mechanical anharmonicity of mole-
cules is manifested in the scheme of active spectros-
copy also in new physical effects that have no analog in
spontaneous scattering, such as generation of har-
monics of fundamental molecular vibrations upon in-
tense “pumping” of vibrations at the fundamental fre-
quency and parametric resonances in complicated
molecules.

b) Generation of harmonics of dipole-forbidden
moleculay vibrations by using two-frequency pumping.
Anharmonicity will cause the coherent response of a
molecule to a resonance two-frequency exposure (w
-wy=§, where w; and w, are the frequencies of the
pump light waves, and £ is the frequency of a funda-
mental Raman-active vibration) to contain spectral
components at multiple frequencies n(w; - w,) (=2,
3,...), as well as the fundamental harmonic. In par-
ticular, the polarizability at the frequency of the second
harmonic 2(w; ~ w,) of a molecule with the Hamiltonian
of (2.8) can be expressed by the following formula®®%!
that was derived by solving the Liouville equation for
the density matrix:

o (2 (g — wa))

[z (Ga/0Q)o}: [4e (e 30V, (Br3RQ) - 22 (920/5Q%)) e
= s —

TR ) — Toyat @g) (ED)2 (ED%)2

=700yt @y 0 —0p. @1 —0g) (D)2 (ED)2

11.1
here ( )
’ D _ g (@o) dwgo _ h _ ( 30
‘:(_aof)g' G oy — o) = 5 sy =V w5 )0

G(wy — w,) is the distribution function of the vibrational
frequencies wy; and v (W, wy, Wy, ~W, W, ~w,)
is the fifth-order resonance Raman hyperpolarizability
that describes the direct nonlinear process that follows
the scheme w,=w +2(w;—w,), which is used for de-
tecting the coherent molecular response at the frequency
of the second harmonic. The experiment was per-
formed with compressed hydrogen. The given effect
was discriminated from the competing repeated scat-
tering by the fundamental molecular harmonic via the
differing dependence of the intensities of the “direct”
and “cascade” anti-Stokes signals on the gas pressure:
19 ~p? while in the cascade process I’ ~p*, Thus the
former process should dominate at low pressures. Un-
fortunately, the signal level here was so low (at the
level of one photoelectron per 20 laser pulses) that it
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was impossible to perform reliable measurements giv-
ing information on the nonlinear response of the H,
molecule.

Another experimental scheme seems more promising
for recording the harmonics of molecular vibrations,

¢) Divect excitation of anharmonic molecular vibra-
tions that do not obey the altevnative selection rule.
One can use the following scheme to get information on
the anharmonicity parameters of fundamental vibra-
tions: the resonance infrared field

Ecin =.;_ gane™ 0 Lo e) (11.2)

excites coherent molecular vibrations at the frequency
@, while their overtones are recorded in the visible ac-
cording to the scheme w =w +2w,,, where w is the fre-
quency of the probe laser. (A centrosymmetric medium
lacks the competing process of repeated scattering at
the fundamental vibration frequency.) Again this pro-
cess is described by the cubic nonlinear susceptibility

1O (g5 © W4y ©f).

One can write the following expression for the reso-
nance component of the nonlinear source P‘® (w,) by
using (2. 8) and (2.9), while neglecting for simplicity
the tensor properties of the quantities that enter into it:

g [(25), 008 44 (52} tompe]: (11.3)
Here @V’ is the fundamental tone of the forced vibra-
tion and Q¥ is its first overtone,

Let us solve the Liouville equation for the density
matrix with the Hamiltonian

o P MQ202

=+ L LB 1 e (11.4)

and the perturbation

‘7=i’* 1 ( du

7 (%), 08

(8 and y are defined in (11,2)). Then we can easily de-
rive an expression for the amplitude of the first over-
tone and then calculate the resonance hyperpolarizabil-
ity of a single molecule (with account only for mechani-
cal anharmonicity):

YR (053 @, wir, ;)

1 ¢ 8a dp \2 MBaS L . 8y 5
= ( )0 (0—3') . 3—2% (@ir — Q-+ il'yg)~! 2oy, — Q3 1 iT )Y

=T \0
(11.5)
Here
20 Mprt 12y
e =20—( g St ——hat )

A characteristic feature of the hyperpolarizability of
(11.5) is that it possesses two resonances, which are
manifested upon tuning w,,.

One can also understand the fundamental features of
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the studied mechanism in a purely classical descrip-
tion. 1663

The relationship of the amplitude of the overtone @®
to the anharmonicity parameter is not monotonic: when
2@ - Q1 <Ty,, Ty, then Q' ~p, while when |2Q
-Q®|>Ty, Ty, then Q¥ ~1/8: The amplitude of the
overtone is maximal when the value of B, satisfies the
condition

(11.6)

Estimates show! %! that the anharmonicity is large (29
~ ¥ > T, in the CH, molecule for the fundamental
vibration v =3020 cm™!, which is manifested simulta-
neously in both the infrared and the Raman spectra.
Here we have MB=4x10'? cm™? erg, and

TOR (0g; 0, 07, @) 2 1109 cm ferg,
whereas, according to Ref. 127,
YO (055 0y @) = 1105 cmS ferg,

Thus the contributions of the discussed resonance pro-
cess and of the electronic subsystem are comparable.
In order to elevate the “contrast” of the dispersion
curve of 1x® (w,; w, w;,, w;,)1% one can employ one
of the methods for removing the nondispersing pedestal
that were discussed in Secs. 3b, d and 4b.

d) Parametric excitation of moleculay vibrations.
This process has been discussed™®" in connection with
the threshold nature of laser chemical reactions. Yet
direct experiments in which this process has been de~
tected are still lacking. Moreover, experiments on non-
steady-state ARS have demonstrated'!*" that the pa-
rametric instability processes that have been pre-
dicted ™% are not manifested in condensed media, even
at very high levels of excitation of coherent optical pho-
tons obtained by stimulated Raman scattering of high-~
power picosecond pulses, Thus the lifetime of the co-
herent elementary excitations does not differ from that
of spontaneous excitations.

Nevertheless, classical calculations of the coherent
parametric excitation thresholds in triatomic atoms®®
show that the threshold intensities are lower than the
saturation intensity in molecular beams and in a low-
pressure gas.

One can detect parametrically excited molecules by
the methods of coherent and incoherent ARS,

12. Active spectroscopy of elementary excitations
in noncentrosymmetric crystals (effects that are cubic
in the field

a) Cohevent ARS of bulk polaritons. Spectroscopy
in K-space. Thus far we have been considering only
centrosymmetric media in speaking of the spectroscopy
of the cubic susceptibilities. The dispersion of the sus-
ceptibility x{3); (w,; w, wy, —w,) is more complicated
in nature in noncentrosymmetric crystals. It is gov-
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erned not only by the phonon modes having q =0, butalso
by the polariton modes, which amount to propagating
dipole-active states of mixed nature. In particular, we
shall treat in the infrared. As before, we can use the
microscopic model introduced in Sec. 2¢ in calculating
the corresponding third-order susceptibilities. How-
ever, one can understand the fundamental features of
the described process also in a phenomenological de-
scription, (168

The distinctive nature of the active spectroscopy of
polaritons arises from the fact that the intrinsic fre-
quencies of these states depend on the wave vector Q
=0(q), owing to strong coupling with the transverse in-
frared field, and also from the fact that an additional
channel for generation of anti-Stokes radiation exists
in noncentrosymmetric crystals: here a two-cascade
process involving the quadratic nonlinearity also exists
in addition to the direct four-photon process w; =w+wy
- w,. In the first stage, a wave at the difference fre-
quency w'=w; —w, is excited, Frequency mixing ac-
cording to the scheme w,=w + w’ occurs in the second
stage. In other words, interference processes occur
that involve nonlinear susceptibilities of different or-
ders. Whenever the wave at the difference frequency
falls in the polariton region, i.e., when w, - w,=8(q),
k; —k,=q, the efficiency of the cascade process rises
sharply. Thus the ARS signal here depends not only on
the frequency difference of the pump waves, but also
on the difference of their wave vectors k', which allows
us to speak of spectroscopy in k-space. €24 1n de-
scribing polariton effects, one must allow for the re-
tardation of the Coulombic interaction forces between
the ions arising from the finite velocity of light, [16%170

The detailed calculation of the effective cubic suscept-
ibility {8} (w,; @y, wy, —w,) is highly cumbersome even
for very simple crystals of cubic symmetry, ‘171 and
we shall not present it. We shall only point out that one

can represent X} in the form

ff .
'X,E?;l,ve (@a; @, 05, —@y)

. ‘casc .
= .ﬁfi, (@g; @y, ©f, -—03) + Xg‘)u (@a; @y @y, —),

Here X;3), describes the “direct” four-photon process,

while x;3)52*° describes the two-cascade process that in-
volves the quadratic nonlinearity. ™

In contrast to the “direct” susceptibility x{},, the
susceptibility x{3)5*° of the “cascade” process depends
on k; and k,. That is, it undergoes spatial dispersion.

Observation in ARS of “transverse” phonon-like reso-
nances can happen if the wave vectors k; and Kk, lie in
the xy plane (Ak,=0), and the synchronization condition
(cAk/Aw)? =e(Aw) holds for the polaritons.

This is just the situation in which F. DeMartini et
al. " and J. Wynne™*) have experimentally observed
a strong dispersion of the anti-Stokes signal I'*’ (w,
=2w, - w,) (Fig. 28). In addition to the dispersion law
for the polaritons, ARS permits one also to determine
their damping from the width of the resonance, (2417

Whenever the frequencies 2w, and w{ — w, are far
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FIG. 28. Dispersion of the anti-Stokes signal from an LiNbO,
crystal upon tuning the pump frequency difference w;—- w, in
the polariton region (dots). 4] The ARS signal is normalized
to the nondispersing signal obtained with a control specimen
of rutile (TiO,). Solid line—calculation, dots—experiment.

from resonances, observation of interference of the
“direct” and “cascade” processes in generation of the
anti-Stokes frequency w,=2w,; ~ w, can be used for ex-
act determination of the absolute magnitude and sign of
the susceptibility x*’% by comparing it with the value.
of |x'¥E |2 measured in independent experiments!! ™ 17
(see also Refs, 194 and 195),

b) Coherent ARS of surface states. The high inten-
sity of the scattered signal in a coherent ARS scheme
allows us to pose the question of using this method for
studying such weak processes as light scattering by
surface states—in particular by surface polaritons or
plasmons, (1751761

Study of surface states gives valuable information on
the state of the surface of semiconductors or metals,
and also of layers of oxides or other compounds cover-
ing them, {70

Calculations show!!"®18%) that the use of coherent ex-
citation of surface polaritons by employing a biharmonic
pump and observing the scattering of the probe wave by
them in the synchronization direction can give an in-
crease in the scattering efficiency by several orders
of magnitude as compared with spontaneous Raman scat-
tering.

Just as in the case of bulk polaritons, coherent sur-
face polaritons are efficiently excited by the bihar-
monic pump (w, k), (w,, k;) when the wave at the dif-
ference frequency that is generated by the quadratic
nonlinear polarization falls in the dispersion region of
the surface polaritons, w,-w,=Q,, ky, — ks, ~q;, where
Q, and g, =g, + ig, are the frequency and the complex
wave vector of the free polaritons, which are interre-
lated by the dispersion relation

Q2 &8(Q)
_{¥a q
k= ( ¢ ) 1+e(@Q,) ?

where ¢ is the complex dielectric constant of the non-
linear crystal, We assume that the crystal borders on
a linear optical medium that has £, ~1; the x axis lies
along the phase-boundary plane. One can calculate the
amplitude of the stimulated surface wave by using the
Maxwell equations (in which one must take the ordinary
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bulk polarization P{* (wy — w,, Ky —Ky) =2x4 (w) - w,)
EP EQ* expli(w; ~ w,))t +i(ky - ky)  r as the nonlinear
source). Here one uses the commonly adopted boundary
conditions in nonlinear optics in treating the effects at
the phase bounadry. '8 The result contains the linear
and quadratic susceptibilities of the crystal, As a func-
tion of Ak, =(ky, - k,,) — g, it has a Lorentzian shape
with the half-width of (Ak,),,,=2¢". 18

One can detect coherent surface polaritons according
to the following scattering scheme of the probe ray:
w,,=w ¥(w; - w,), where w is the frequency of the
probe light. As usual, the scattering reaches a maxi-
mum in the synchronization direction. However, in
contrast to the ARS of bulk polaritons, one requires
here agreement of only the tangential components of the
wave vactors, (k,, o), =k, (R, - ky,). "® The intensity
of the component of the probe wave scattered in the syn-
chronization direction upon tuning the difference of the
wave vectors Ak, (with a fixed frequency difference
Aw =w ;- w,) again has a Lorentzian shape with a maxi-
mum at Ak, =0 and a half-width (Ak,);;,=2g%. This
makes it possible to study not only the dispersion curve
of the surface polaritons, but also their damping. Fig-
ure 29 shows the results of the first experiment of
DeMartini et al. 1811 on coherent ARS of surface polari-
tons in GaP. The measured level of the scattered com-
ponent (P, =0.1 uW for P, , =50 kW) agrees with the
calculations. 87 It is important to note that in these
experiments the level of the nondispersing signal caused
by the competing direct four-photon process involving
the electronic nonlinearity proved to be considerably
lower than the resonance signal from scatiering by the
coherent surface polaritons, owing to the difference in
the synchronization conditions for the useful and the
competing effects.

A recent study!'%) reports the successful application
of the stated technique for exciting and detecting surface
excitonic polaritons in ZnO.

¢) Active exciton spectroscopy. Interference of ex-
citon and phonon vesonances. One can also apply the
nonlinear optical process that employs the frequency
shift according to the scheme w,=w +w, - w, for
probing high-frequency resonances (electronic and ex-
citonic), if, suppose, the frequency combination w + w

243, om”t
10 ' 10
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75,103 cm’?

FIG. 29. Dispersion characteristics of surface polaritons in
GaP. 1—q. as a function of &, 2—24} as a function of Q,, as
measured by using an ARS system. [1¥13 Solid line—calculation
taking account of the contribution solely from one lattice mode;
dotted line—the same for a multioscollator model.
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FIG. 30. Dispersion of | X8} (wg wy, Wy, —wy)i? of a CuCl
crystal upon tuning 2w, about the resonance with a longitudinal
exciton for various crystal temperatures{42:1841 (in kelvins).

is scanned about the frequency of the appropriate tran-
sition. The main merit of using the frequency shift
typical of ARS in this case consists in the idea that the
entire field that participates in probing can have fre-
quencies in a region of transparency of the medium.
Thus we exclude the effect of dispersion of the linear
optical parameters on the spectra to be mea-

sured. “21%) 1y particular, measurement of the disper-
sion of the effective third-order nonlinear susceptibility
1x3) (w,; wy, w;, —wy)!? of the CuCl crystal allowed
Bloembergen and his associates'*?! to perform a com-
plete spectroscopic study of the nonlinear characteris-
tics of a Z;-type excitonic polariton and its damping, in-
cluding the temperature-dependence over a broad range
(cf. algoti85~1891)

Strictly speaking, the semiclassical formalism pre-
sented in Sec. 2 no longer suffices for describing the
dispersion of the cubic susceptibility in the exciton
region, nor the interference of the exciton and phonon
resonances. However, as analysis of the pertinent
theories shows, '7*! one can describe the state of the
excitonic subsystem by using the exciton “coordinates”
Q.9 in the immediate vicinity of isolated exciton reso-
nances lying below the frequencies of the interband tran-
sitions, while one can describe its response to an ex-
ternal agent by using a Hamiltonian coinciding with (2. 8)
in form. Here the quantities o, B¥,, Yiu:, ... must be
replaced by of, B, Yim ..., respectively, which con-
tain contributions only from the interband transitions,
whereas the excitonic contributions must be accounted
for by using an equation of motion in the form of a.7.
‘Evidently the excitonic and non-resonance electronic
parameters -generally depend on the displacements of
“the ions from their equilibrium positions. In the case
where these displacements are small, they can be ex-
“panded in a power series’in the phonon coordinates. In
particular, this implies that interference can occur be-
tween the exciton and phonon oscillators. Since a full
'ana.logy exists between the equations that describe the
exciton and phonon subsystems, we may omit the dis-
tinctions between the indices o, o', and ¢” that refer
to any given subsystem. We must only bear in mind
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that the resonance effect exerted by the field on the
phonons occurs when w, - w, = Q,, while it happens for
excitons at 2w,~ Q{*’. One should correspondingly
change the resonance denominators in the formulas that
describe‘the phonon dispersion of the nonlinear sus-
ceptibilities.

Figure 30 shows as an example the dispersion curves
of 1¥¥ (w,; w;, w;, —w,)i? of a CuCl crystal that were
obtained 2! upon scanning 2w, near the frequency of a
Zg~type “longitudinal” exciton. The different curves
pertain to different crystal temperatures that are in-
dicated by the numbers (in °K) beside the corresponding
curves. We can distinctly see the displacement of the
exciton frequency and the broadening of the resonance
curve that corresponds to the increased exciton decay
with increasing temperature.

As it turned out, '#4! the experimental temperature-
dependence of the exciton decay constant is well de-
scribed by the formula

['=To+ B|™r*T_ 1, (12.1)
where Q is the frequency of the longitudinal optical
phonon that participates in the decay of the exciton, %
is the Boltzmann constant, T is the temperature, and
B characterizes the exciton-phonon coupling. This re-
lationship corresponds to the decay of a Z,~type into a
Z,~type exciton, which has an energy 0.07 eV lower,
and into three longitudinal phonons of energy 7§
~0.025 eV. This experimental result sharply contra-
dicts Toyozawa’s''® theoretical predictions.

Whenever the frequency 2w, is close to the exciton
frequency ©'°’, while w,; - w,=$25 is a phonon frequency,
the spectrum of 1 x'® (w,; w,, w;, —w,)!? can manifest
interference effects analogous to those discussed in
Sec. 4 in connection with the interaction of vibrational
and one-quantum electronic resonances in a molecule.
Figure 8 shows the deformation of the contour of
| ¥ (wy; w;, w;, —w,y)1?of a CuCl crystal in the region
of resonance with a longitudinal phonon: w;,-w,=§;,
with ,/2mc=280 cm™!, as 2w, is scanned about the ex-
citon resonance 7%2°~3,208 eV, Just as in the case of
isolated molecules, the observation of interference here
allows us to compare the quantities pertaining to the
one type of resonance with the corresponding quantities
that characterize the other resonance. In particular,
the authors of Ref. 42 were able to determine from the
known data on the Z4-type excitonic transition to deter-
mine the spontaneous Raman cross-section of a longi-
tudinal phonon. The latter turned out to be smaller by
a factor of six than that estimated in Ref. 191 on the
basis of absolute measurements. Perhaps this differ-

ence stems from the large errors that are unavoidable

in the absolute measurements.
fV. CONCLUSION. THE CURRENT STATE OF
FOUR-PHOTON NONLINEAR SPECTROSCOPY

The material that we have presented in this review in-
dicates that active spectroscopy of light scattering near
phonon, exciton, and electronic resonances has become
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one of the fundamental universal methods of nonlinear
spectroscopy in studying gases, liquids, and solids,
owing to the intensive development during the past 4-5
years.

Just as in the other methods of nonlinear spectros-
copy, 187 the information obtained in active spec-
troscopy has a double nature. On the one hand, one
can get the same information by the method of active
spectroscopy with greater sensitivity, accuracy, and
better spectral resolution than by the methods of tradi-
tional linear spectroscopy. From this standpoint the
polarization and resonance variants of active spectros-
copy are of especial interest. The great possibilities
of active spectroscopy in analytical applications have
already been clearly elucidated, and they substantially
surpass at a number of points the analogous possibili-
ties of the traditional methods of spectroscopy.

On the other hand, as is natural, active spectroscopy
also allows one to measure an entire set of parameters
that are beyond the reach of linear spectroscopy. Of
special interest here are the possibilities of shaping the
contour of the line of a resonance transition, of mea-
suring the signs and relative phases of the different con-
tributions to the nonlinear susceptibility, of observing
interference of different effects (which often occur even
in different molecules), of directly measuring relaxa-
tion times and establishing the channels of dissipation
of the energy of excited states, of performing spec-
troscopy in k-space, etc.

If we approach from the standpoint of phenomenologi-
cal interpretation of nonlinear spectroscopy based on
measuring the cubic optical susceptibilities x‘*’, then
the variants of active spectroscopy discussed here
amount to different special cases of four-photon non-
linear spectroscopy. From the standpoint of such a
phenomenological classification, we should say that in
many cases we should classify with four-photon spec-
troscopy also saturation spectroscopy and two-photon
absorption (TPA) spectroscopy. In particular, this is
just why one can measure the two-photon absorption
cross-section by the methods of ASRS. Yet we should
note that the methods of ASRS and two-photon absorp-
tion have developed independently to a considerable
degree. Hence it has been only in very recent time that
the methods developed in one of these methods have be-
gun to be transferred to the other.

For example, in TPA spectroscopy, detection was
effected for a long time by measuring either the direct
absorption or the luminescence that accompanies it.
And only very recently have studies appeared in which
the coherent response of a two-photon transition was
detected (e.g., Refs. 140 and 141).

The methods of active spectroscopy of Raman and
hyper-Raman light scattering are very closely inter-
related, In fact the methods can be fully transferred
from ARS to active spectroscopy of hyper-Raman scat-
tering,

An interesting variant of four-photon spectroscopy
has been developed in recent years, {1%19,2191 Thjg re-
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fers to four-photon spectroscopy within a spectral line
in which all of the applied frequencies lie within the
contour of a single resonance, while all the frequency
differences do not exceed the overall width of the ab-
sorption line. Here one can trace the analogy with one-
and two-photon spectroscopy within an inhomogeneously
broadened line,

Very recently the spectroscopic information that is
obtained upon measuring the higher nonlinearities has
been discussed ever more widely. In certain sections
of the review, we have already touched upon this prob-
lem from the standpoint of studying the dispersion of
the fifth-order nonlinearity x® (see also Ref. 194).

Finally, as we have pointed out, one of the interest-
ing aspects of active spectroscopy is the study of
strongly excited atomic and molecular systems, espec-
ially under conditions of selective excitation by a laser
beam. The discovery of the phenomenon of collisionless
dissociation of molecules in a strong infrared field**4!
has made the spectroscopic study of molecules in highly
excited vibrational states very topical. The methods of
active spectroscopy can be used for separate measure-
ment of the coherent and incoherent components of the
excitation.
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