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A new system of nonlinear laser spectroscopy is.described, namely polarization active Raman spectroscopy
(ARS) of light. The method is based on the study of the dispersion of the polarization characteristics of
the anti-Stokes (or Stokes) signal on going through resonance. Measurement of the dispersion of the
polarization rather than the intensity dispersion usually investigated in ARS (amplitude ARS), or the use
of the polarization dispersion in amplitude ARS, extends the capabilities of active spectrocopy in some
respects. First, measurement of the dispersion of the ellipticity of the polarization of the scattered
radiation makes possible independent measurements of the dispersions of the real and imaginary parts of
the susceptibility, with a relative accuracy ~10~°-10~* not attainable with amplitude spectroscopy.
Second, the technique of resolving inhomogeneously broadened Raman bands is substantially improved; it
becomes possible, to resolve lines separated by distances shorter than the homogeneous width in a large
class of resonances. Finally, polarization ARS offers a new approach to measurement of the invariants of
the scattering tensor; a comparison of the ARS data with spontaneous-scattering spectroscopy data makes
it possible to separate distinctly the asymmetric part of the tensor. The theory of polarization ARS is
developed; its new possibilities are demonstrated experimentally. In particular, the use of polarization
effects makes it possible to suppress substantially the contribution of the nonresonant interactions that
interfere with the registration of the Raman lines. The possibility of resolving the inner structure of
inhomogeneously broadened lines is demonstrated with the HNO; spectrum as an example. The spectrum
fine structure due to superposition of lines of different symmetry is revealed for the first time. Additional
proof is obtained of the presence of considerable asymmetrical components of the Raman tensors of a

number of depolarized lines in C¢Hg and CCl,.

PACS numbers: 42.65.Cq, 07.60.Fs

1. INTRODUCTION

1.1. Active Raman spectroscopy of light (ARS) has

recently become (see the reviews!*~*) and the Conference

Proceedings!®)) one of the most universal methods of
nonlinear spectroscopy used for the investigation of
gases, liquids, and solids. The physical idea of the
method is the phasing of the elementary excitations
(molecule vibrations or rotations in the case of Raman
scattering (RS)) with the aid of biharmonic pumping by
tunable lasers; the frequency difference w, - w, is
scanned near the frequency  of the investigated re-
sonance. Coherent molecular oscillations are probed
with optical radiation of frequency w (in many cases it
is convenient to use w=w,); the information on the
medium is carried by a Stokes or anti-Stokes signal at
the frequency?

05, =0F (0,— ;).

The onset of radiation at the frequencies wg, can be
phenomenologically described as a four-photon process
mediated by cubic nonlinearity with susceptibility x®.
From this point of view the task of the ARS is to study
resonances in x(ﬁ,’k,. Near the investigated resonance,
it is convenient to write

K= Rex i Im x i =xiim  +aint +
where x®*® s the “nonresonant” part of the suscepti-
bility (it is connected with electronic, vibrational and
rotational transitions that are far from w, or w, and
their combinations), and xX®® is the resonant part. For
a solitary Raman resonance we have
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1.2. The simplest (and presently most widely used)
variant of ARS is the socalled amplitude ARS and deals
with the study of the dispersion of the intensity of the
Stokes or anti-Stokes signal I, , =1.,,(4), where A
=[(w, - wy) =R]/T'. This method was used in a large
number of studies (see, e.g.,[”"1°)); it is particularly
effective for strong RS lines, for which

Q=g Ry RS,

This situation obtains, in particular, for cryogenic
liquids and for strong transitions in gases. Amplitude
ARS is effectively used in this case for high-resolution
spectroscopy!!***] and for an exact determination of
the natural frequencies.[m The amplitude ARS methods
were used also for the first studies of double reson-
ances, namely electron-vibrational,[*~18] yibrational-
vibrational,[*] and exciton-vibrational.[®]

1.3. At the same time, recent studies have revealed
also that the method of amplitude ARS is subject to
some limitations. Appreciable difficulties arise in the
study of lines with a <1 and of inhomogeneously broad-
ened bands.[?] Therefore in many problems connected
with the investigation of condensed media, amplitude
ARS turned out to be less effective than spontaneous
Raman scattering (SpRS) spectroscopy. It must also be
emphasized that in the usual variant of amplitude ARS
the information on the medium is incomplete. Thus, in
the overwhelming majority of work on the isotropic
media what was actually measured was the dispersion
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of the component x {3}, of the cubic-susceptibility tensor.
Attempts to overcome the shortcomings of amplitude
ARS are dealt with in many recent papers. These in-
clude work on phase ARS,!?%] on the optical Kerr effect
induced by Raman resonance,!?*] on spectroscopy that
makes use of the Raman enhancement effect.[?*] The
most promising and universal method, however, is in
our opinion polarization ARS based on the study of the
polarization characteristics of an anti-Stokes (or Stokes)
signal as it goes through resonance. The present paper
is devoted to an exposition of the results of a theoretical
and experimental study of this method.

1.4, The polarization measurements in SpRS spectra
yield, as is well known, extensive information on the
medium.[?5-2") In ARS, which operates with the fourth-
rank tensor x‘ﬁ,).,, these possibilities are naturally
greater; this has already been pointed out.[™®] This,
however, is not all; just as in other types of nonlinear
spectroscopy (see, e.g.,!?®! where saturation polariza-
tion spectroscopy is described), the use of polarization
measurements makes for a much better resolution and
accuracy, and in ARS these possibilities are particularly
extensive. At our laboratory we developed two variants
of polarization ARS.

A. The first, which can be called polarization-ampli-
tude ARS, is based on the difference between the polar-
ization of the nonlinear sources that are connected with
XD and 9%, As a result, amplitude ARS without
a coherent background is possible. The use of this cir-
cumstance has made it possible!2?-3!] to add substan-
tially to the capabilities of the ARS of weak lines and of
gas analysis with the aid of ARS. This procedure is
closely related to a method described in!?1, but is more
effective in many respects. A more complicated variant
of polarization—amplitude ARS is described inf®],

B. Another method, in which one registers directly
the dispersion of the polarization of the scattered signal,
can be called coherent Raman ellipsometry.t®*

1.5. The present article contains an exposition of new
data on polarization ARS and is a further development
of(30:33]  principal attention is.paid to increasing the
accuracy of the measurement of the nonlinear-sus-
ceptibility dispersion, to resolution of the structure of
the inhomogeneously broadened RS bands, and to the
determination of the conditions under which maximum
possible information on the scattering tensor can be
obtained by ARS methods.

In Sec. 2 we consider polarization effects in amplitude
ARS. The most interesting among them, besides the
already mentioned suppression of the coherent back-
ground, are the singularities of the manifestation in the
ARS of the isotropic (scalar), anisotropic (quadrupole),
and antisymmetric (magnetic-dipole) parts of the RS
tensor, and also the unique possibility of shaping the
Raman-resonance contour by varying the polarization
conditions. The latter circumstance, together with the
interference, typical of ARS, between closely lying
resonances, can be effectively utilized to resolve in-
homogeneously broadened structureless bands in the
spontaneous RS spectra produced by superimposed lines
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of different symmetry.

In Sec. 3 are present the principles of coherent RS
ellipsometry and the experimental results obtained with
its aid. The main advantage of this variant of polariza-
tion ARS is the high accuracy of the data it yields on the
dispersion of X® (w,; w,, w,, —w,), since the fluctuations
of the pump-wave intensity do not spill over to the fluc-
tuations of the polarization of the anti-Stokes signal,
while the fluctuations of the pump-laser beam polariza-
tions are as a rule small.

Another important advantage of coherent ellipsometry
is the possibility it affords of simultaneously and in-
dependently measuring the dispersions of the real and

. imaginary parts of the susceptibility x'¥ (wa; w,, w;, = w;)-

At the same time, in polarization spectra, as well as
in the amplitude “active” spectra, it becomes possible
to observe interference of various superimposed lines
and to study their fine structure.

In Sec. 4 are given experimental results in which the
inhomogeneously broadened band of concentrated nitric
acid was resolved, for the first time ever, by the
method of polarization ARS. The interference of the
different components within the inhomogeneously broad-
ened band is clearly revealed.

1.6. In the Conclusion it is emphasized that although
the method of coherent ellipsometry has been developed
for Raman spectroscopy, it can be readily generalized
to measurements of the dispersion of cubic suscepti-
bility near resonances of other types. This circum-
stance may be of special interest also for nonlinear
spectroscopy of crystals.

2. POLARIZATION EFFECTS IN AMPLITUDE ARS

2.1. Polarization of nonlinear source. In an iso-
tropic medium, three components of the nonlinear-sus-
ceptibility tensor are independent. For the ARS scheme
with anti-Stokes signal at the frequency w,=2w, — w,,
the number of independent components decreases to
two. We shall therefore deal henceforth with three
components of the susceptibility I, connected by the re-
lation

2 (@4; 01y @4y —03) =215 (045 01, 01y —03) Fusi: (04} 01, @4y —aa).

For the polarization vector of a nonlinear source we
obtain in this case, using formulas (A.4) and (A.6)-
(A.10) of the Appendix
P9 (0.)  P¥(0,) +PY ™ (a,)
‘G‘(l))lE(I)- (EW)2E®*

@

= X::::" (‘lh; Wy, Oy, "'Da) pn""X,n(:i,aR (00} 04, Oy, —‘l’x)Pm

where¥
Prr=2e,(e.e;") +e,’(e,e,), (2)
Pa=3(1—p)e, (eex') +3pes" (e,); 3)

e, and e, are the unit vectors of the generally complex
polarizations of the pump waves:

E" Ve, ,E* D,

fed, | =1;
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and finally
Pe= (Vg —/ig2) (B ug®) =gisar 1aes - 4)

In the case when g, =0 (the RS tensor is symmetric),
we have p=p, where p is the degree of depolarization of
the spontaneous RS line. In the opposite case p= (@ ~p)/
(1+@®), where @ is the coefficient of the reversal of the
RS line in the case of forward scattering.!25-2"]

On the other hand, using relations (A.8)-(A.10) of
the Appendix, we can resolve the resonant component
of the nonlinear source (1) into parts corresponding to
isotropic, antisymmetrical and anisotropic scattering:

P%(,)
EOyEEr %Py PO AP, (5)
. NL
X e (—i=8) " P =3e (e, (6)
1 . NI

n= 8 ooer (AT PO =e (eer)—e" (e0,), (7

4 . NL . 3 9
Xz=756"m(—1—13)", Py =Te.(e.e,‘)+7e,‘(e.e.). (8)

A representation similar to (5) is obtained also as a
result of direct expansion of the quantum-mechanical
expression for the tensor x{?% into irreducible tensor

sets.[3419

It is seen from (1)-(3) that when circularly polarized
pump waves are used a nonzero anti-Stokes signal is
obtained only when the polarization vectors in the two
waves rotate at frequencies w, and w, in the same di-
rection (the rotation in the wave of the anti-Stokes
component is also in the same direction).

When linearly polarized pump waves are used, the
anti-Stokes signal differs from zero when their polariza-
tions are varied in a wide range. Figure 1 shows for
this case the relative positions of the polarization unit
vectors of the pump waves and of the different com-
ponents P&F and PF of the resonant part of the non-
linear source at the frequency w,. The figure shows
also the orientation Py, of the nonresonant part of this
source and the geometric loci of the ends of these vec-
tors when the angle ¢ between the polarization unit
vectors e, and e, is varied.

2.2. Elimination of nondispersing pedestal from
spectra obtained in ARS. As seen from (2) and (3) and
Fig. 1b, the polarization vectors of the resonant (Pg)
and nonresonant (Pyg) components of the nonlinear
source P® (w,) are inclined to each other by a certain
angle 6 that differs from zero at p# 1/3:

1g 6=(3p—1) tg o/ (3+P tg* ¢). ©

This circumstance makes possible discrimination of
the “coherent background” generated by Pyz. To this
end it is necessary to place inthe path of the anti-Stokes
wave a specially oriented polarization analyzer.'3°] Let
P, be a unit vector that: specifies the plane of oscillations
that pass through the analyzer (it makes an angle € with
the normal to the vector Py; (see Fig. 1b). Then the
projection of the polarization vector of the nonlinear
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FIG. 1. Relative arrangement of the polarization unit vectors
e, and e, of the pump wave and of the various components of the
polarization vector P®’(w,) of the nonlinear source. a) The
components PR, PSR, and PG)E, corresponding respectively
to the isotropic, antisymmetrical, and anisotropic scatter-
ing; the geometric locus of the end points of these vectors,
when the angle ¢ between e, and e, is varied, is a straight line
parallel to e, for P§’?, a straight line perpendicular to e, for
PEIR, and an ellipse with semiaxes 3 and 9/4 for PE}E. b) The
vectors Py and Pyp corresponding to the resonant Raman and
the nonresonant electronic contributions to the nonlinear
source, The geometric locus of these vectors, when ¢ is
varied, is an ellipse with semiaxes 3 and 1 for Pyy and an
ellipse with semiaxes 3 and 3p for Pg; P, is a unit vector that
specifies the plane of the oscillations passed by the analyzer,
with € reckoned from the normal to Pyp.

source (1) on the plane of the oscillations that pass
through the analyzer is given by

P® (.) P,
(Eu)) 2R

(3)NR

=he=Xuu (8cos’@+1i)”sine

3xiinr

2(8cos* pt+1)* (10)

{(1—3p)cos & sin 2¢+2[3— (3—p) sin? p]sin e}.
We see that the analyzer can be so mounted (€ =0) that
the anti-Stokes component passed by the analyzer will
contain no component generated by the non-resonant
component Py of the linear source; in this case

P (0d) Pimo
(E(l_\)ZE(:)' =

3sin 2¢ (R __ ()R
(8cos® pt+1)* Yarzz —¥a221 )«

11)

Complete elimination of the coherent background in the
ARS spectra is prevented by processes that lead to de-
polarization of the pump waves and of the coherently
scattered radiation.

2.3. Control of the relative signs of the vesonant and
nonvesonant contributions to the nonlinear source and
Jformation of the contour of the signal dispersion curve
in polarization ARS. The frequency dependence of the
intensity of the anti-Stokes signal I,(w, = w,) in the
amplitude ARS near a solitary Raman resonance (see
formula (7) of [®]) is determined by the relation

L(0—o:) % |A(0—o) |12, (12)

where
A0~ 0:) =€, PP (0,)/ (ED) E® =ho(~i—A) " +hra (13)
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is the coefficient of the nonlinear coupling of the four-
wave interaction;

()R, N

ﬁ’-=20|"(ﬂz._ Ar,vr= (eu.)(lm)l - (ed);(e)n(e:")s;

€, is a unit vector of the polarization of the anti-Stokes
component field; I, and I, are the intensities of the pump
waves. 'If, as assumed in Sec. 2.2, the anti-Stokes
signal is registered after the passage through the po-
larization specified by the vector P,, then e, must be
identified with P., so that when the dispersion curve
(12) is calculated we can use expression (10), with

SX!(I,::‘
—_—— ((4— in 20 ¢ 2[3—(3—p)sin® @lsi
Mr.e (B cos’ 1)1/2{“ 3p)sin 2¢ cos e+2[3— (3—p)sin’ @]sin €},

?.,-u‘e=7:.(.’x):m (8 cos®* @+1)"sine.

The shape of the dispersion curve (12) is the result
of interference between the resonant (Az) and nonresonant
(Ayr) components of the nonlinear-coupling coefficient
(13), and is determined by their relative values and
sign. Since they depend on €, it is clear that by varying
the analyzer rotation angle € we can effectively control
the shape of the dispersion curve I,(w, - w,). In par-
ticular, if € is varied in the range
(14a)

0<e<® at >0,

or

0<e<0 at  6<0 (14b)
(6 is defined in (9)) the sign of the ratio Az ¢ /Ayg e is
the reverse of the sign of the same ratio when € lies
outside the indicated interval. This circumstance
manifests itself in the spectrum in the fact that the
minima in the plots of the intensity of the anti-Stokes
signal against the frequency detuning w, - w, lie in this
case on opposite sides of the maximum. The geomet-
rical interpretation of (14) follows from Fig. 1; (14)
corresponds to the case when the projections of the vec-
tors P; and Py on the analyzer transmission plane

(the vector P.) have opposite signs.

If we assume that the investigated medium has two
Raman resonances characterized by the noncollinear
vectors Pg, and Pg,, then it is clear that by placing the
analyzer in such a way that the projections of Pg, and
P, on the vector P, have opposite signs it is possible
to alter radically the character of the mutual inter-
ference of these resonances in the active spectrum com-
pared with the usual amplitude ASR scheme. In par-
ticular, in the case of closely located Raman resonances
making resonant contributions of opposite sign to
AMw, - w,), one can expect superposition of the minima
and a substantial improvement of the conditions for the
resolution of close lines.[®s! This possibility will be
discussed in detail in Sec. 4.

In Fig. 2, using as an example the toluene RS line
with frequency §2/2nc =1209 cm™!, we demonstrate the
possibility of shaping the contour of an “active” spec-
trum by varying the polarization conditions. The trans-
fer of the intensity minimum from the region of positive
frequency detunings from the center of the Raman re-
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FIG. 2. Shaping of the contour of the Raman resonance curve
of toluene by varying the polarization conditions; left—angle
between the transmission plane of the analyzer and the normal
to Pyy is €= 2°; right—angle e=-3°,

. sonance (A >0) into the region A <0 takes place when the

polarization analyzer is rotated several degrees near
the position corresponding to complete cancellation of
the coherent pedestal.

This circumstance clearly demonstrates the “active”
character of the employed coherent-spectroscopy
scheme.

2.4. Polarization ARS spectvometer. The experi-
mental setup used in our experiments on polarization
ARS is shown in Fig. 3. The driving laser L (aluminum-
yttrium garnet) was @-switched and was operated re-
peatedly (12.5 Hz). Its 1.06-um radiation was trans-

" formed, after passing through the amplifier, into the

second harmonic (A=0.53 £m) by a lithium-niobate
crystal (SHG-1). A selective mirror directed that
fraction of the master laser which was not converted
into the second harmonic to a second frequency doubler
SHG-2. This radiation (r,=0.53 um) served as one of
the pump wave with fixed frequency w,. The second
pump wave (w,) came from a tunable laser (rhodamine-
6Zh dissolved in ethanol) with continuous flow of the
solution (lasing line width 0.5 -2.5 cm™!). The pump
beams were focused into a cell C with the investigated
substance. The radiation emerging from the cell was

| J } T strobe

FIG. 3. Block diagram of experimental setup: L and Amp—
YAG:Nd* laser and amplifier; SHG-1, SHG-2—frequency
doublers using LiNbO; crystals: DL—dye laser (solution of
rhodamine-6Zh in ethanol); P1, P2—Frank-Ritter polarization
prisms; C—cell with investigated substance; Ser—screen
blocking the direct pump rays; BC—rotating calcite Berek
compensator; A—polarization analyzer; M—DFS-12 spectro-
meter; 1—FEU-79 photomultiplier; PhD1—PhD3—photodiodes;
2—strobed amplitude-digital converters (ADC); 3—transcrip-
tors; 4—digital printout unit (DPU); 5—strobing-pulse genera-
tor synchronized with the master-laser pulse.
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fed to a DFS-12 spectrograph that served as a mono-
chromator. In the investigation of liquids, the collima-
tion of the ARS signal and the satisfaction of the con-
ditions of noncollinear synchronous wave interaction
made it possible to get rid of most stray illumination
due to the pump waves, using a diaphragm placed past
the cell.[) When gases were investigated, we used in
addition interference filters. The angle ¢ between two
planes of polarizations of the pump waves was set with
the aid of two:Frank-Ritter polarization prisms (P1-P2).
The analyzer was either a Glan prism or a film pola-
roid.

The signal from the spectrograph output was regis-
tered with a photomultiplier, the pulsed signal from
which was fed to a registration system consisting of a
strobed bock of an amplitude-digital converter, a
strobing-pulse generator, and a Ch3-34 electronic
frequency meter. After accumulation in the frequency-
meter memory for 12-13 or 125 laser flashes, the in-
formation was automatically recorded in digital form
by a digital printout unit (DPU). To increase the ac-
curacy with which the amplitude ARS spectra were mea-
sured in the registration system we usedbesides the main
channel, twoadditional channels to control intensities
I, and I, of the pump waves (PhD1and PhD2). The DPU
printed the data from all three channels. The measure-
ment results were normalized with account taken of the
dependence of the anti-Stokes signal intensity I, on the
intensities I, and I,:

L(o—w:)|1(0,—o.) P17

2. Amplitude ARS: Experimental rvesults and their
discussion. The experiments performed by us in a
large number of liquids and in gas mixtures show that
the increase of the contrast of the active spectra on
account of the suppression of the non-dispersing pedes-
tal by a polarization procedure is many cases quite
effective (seel?®-31)). In all the organic solvents in-
vestigated by us (different substituted benzenes, alco-
hols, carbon tetrachloride) the introduction of a suit-
ably oriented analyzer decreased the intensity of the
coherent background by not less than 10° times. In
inorganic liquids (water, simple acids) this decrease
was even more appreciable—up to 10* times. These
data, which attest to the high degree of linearity of the
polarization of the anti-Stokes ARS signal allow us to
conclude that in the investigated media the imaginary
part of the electronic susceptibility X*® is small and
apparently does not exceed 2—-5% of the real part (other-
wise the ARS background signal would have an ap-
preciable elliptic polarization).

In all the investigated media the maximum increase
of the contrast of the active spectra was reached, in
accord with expression (10), when the angle between
the pump-wave polarization planes was set at ¢ = 60°.
The contrast (i.e., the intensity ratio of the anti-Stokes
signals at the line center and on the wing increased in
this case by 30-50 times for the polarized RS lines
and by up to 20 times for the depolarized lines. In-
cidentally, owing to the weakness of the depolarized
lines their contrast can far from always be measured
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without suppressing the coherent background. The con-
trasts of the 1178 cm™! line of benzene and of the 760~
790 cm™! doublet of CC1,, which have anomalous po-
larization characteristics,[%® increased insignificantly
when the analyzer was introduced (see Sec. 3 below).

In the analysis of a gas mixture—nitrogen (buffer)
and CO, (impurity)—the use of the polarization pro-
cedure has made it possible to increase by not less
than 10 times the ARS sensitivity in the determination
of the impurity concentration and to bring it up to 100
ppm COZ.[“] Further increase of the sensitivity was
limited in this case by the depolarizing influence of the
windows of the cell containing the gas mixture, and the
weakness of the registered signal. Elimination of these
factors should increase the sensitivity of the CO, de-
termination to the level 0.1 - 10 ppm.

As already shown in Sec. 2.1, measurement of the de-
gree of depolarization of the RS lines with the aid of
ARS has the distinguishing feature that the value P
=y @R /X GIR gbtained from the active spectra coincides
with the value of p in spontaneous RS only when the RS
tensor has no antisymmetrical part; conversely, a dis-
parity between P and p attests to the presence of an
anti-symmetrical component and, in accord with (4),

Y18 (B*+4/isg%) =p—pP. (15)

As we shall see in Sec. 3, the simplest method of de~
termining P is coherent ellipsometry, but with the aid
of amplitude ARS it is possible to estimate p with suf-
ficient accuracy. It is possible to measure for this
purpose, for example, the ratio Agz/Ayg for two cases:
1) the polarization vectors of the pump waves are paral-
lel and 2) they are perpendicular to each other.

For the arrangement 1) we obtain with the aid of (1)

HnR ’ (3)NR

(}-n/}m'n)n=7.|(n| 1) SYTTI

and analogously for the case 2) we have
(ln/lnn);=3ifzgf /Xt:::m,
this yields p:

(R, _(HR

d=7%1221 /Xun =1/3(An/Axn) 2 (ln/l_vn)n. (16)

Figure 4 shows the dispersion curves {A(A)|? near the
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FIG. 4. Dispersion of anti- Stokes ARS signal in benzene
(R/27¢=1178 cm™! line) for different pump-wave polarizations:
1) ¢ =0 (pump-wave polarization unit vectors parallel, e Il e);
2) @=90° (e; Le,). ’
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not-fully-symmetrical line @/2n¢c =1178 ecm™! of ben-
zene for the two indicated polarization configurations.
From these data we obtain with the aid of (16) the esti-
mates

(3R, (HNR

p=0.5£0.1, i /o =0.7£0.2.

It is known from the spectra of the spontaneous RS that
the degree of depolarization of this line is anomalously
large: p=0.83+0.02,1%) pointing to an appreciable
contribution made to its intensity by the antisymmet: *~al
part of the RS tensor. We see that the ARS data cc
firm this conclusion (see also Sec. 3).

3. COHERENT ELLIPSOMETRY OF RAMAN
SCATTERING OF LIGHT IN ISOTROPIC MEDIA

3.1. As already indicated, in coherent Raman el-
lipsometry one measures the dispersion of the param-
eters of the elliptic polarization of the anti-Stokes
signal at the frequency w,=2w, - w, as w, = w, is
scanned. It can be seen from (1) that the onset of el-
liptic polarization of the anti-Stokes signal when linearly
polarized pump waves interact at w, — w,=Q is due to
the non-collinearity of- P,z and P; and to the presence
of a phase shift in P®® (w,) relative to P®*8 (w,), due
to the complex character of x® near the Raman re-
sonance. This explains, in particular, the dispersion
of the plane of the polarization of the ARS signal near
strong RS lines.["

An important feature of coherent ellipsometry is the
independence of the polarization state of the registered
signal of the intensity of the pump waves, a feature that
rids this system immediately of a source of strong
fluctuations. This is particular-valuable when pulsed
lasers are used with intensities that experience, as a
rule, appreciable fluctuations, whereas the state of
polarization of their radiation can be reliably con-
trolled.

3.2. Principle of coherent ellipsometry. The charac-
ter of the dispersion of the parameters of the elliptic
polarization of an anti-Stokes signal can be understood
by considering the simple case of a solitary Raman re-
sonance. It is convenient to analyze the polarization
state of monochromatic waves with the aid of the so-
called Poincaré sphere.[*”) Each wave with elliptic
polarization specified by an ellipse major-axis orienta-
tion ¢ and by a degree of ellipticity x =+ tan~'(b/a) (b
and a are respectively the minor and major semiaxes
of the polarization ellipse) is set in correspondence
with a point on a Poincaré sphere, with spherical co-
ordinates 2y and 2x; the value x >0 is assigned to an
ellipse with right-hand rotation, and x <0 to an ellipse
with left-hand rotation (see Fig. 5).

If the origin of the spherical coordinates (2§ =0, 2x
=0) is placed at a point on the Poincaré-sphere equator
corresponding to the orientation of the vector Pyz, then
the polarization ellipse of the anti-Stokes signal can be
specified with the aid of (1)—(3) by the following equa-
tions:

672 Sov. Phys. JETP 47(4), April 1978

2X
meu: ——————— h
Xmag = === A==
H |
2y A0 454" 4
Ymez = g :
P \!
Y
]
— T
7 4, A\ |4, 4
|
|
a ]

FIG. 5. Principle of coherent Raman ellipsometry. a) Rep-
resentation of the polarization state of the coherently scattered
anti-Stokes signal with the aid of a Poincare sphere: 1 -«

" 8in6=0.3, 2—asinf=10, 3—asind=-0.6. b) Calculated

curves that demonstrate the variation of the dispersion of the
ellipticity (2x) and the inclination angle of the major axis of the
ellipse (2y) at @sinf<1 (solitary Raman resonance with Lo-
rentz shape). Coordinates; A=a cosf, A" =acos 6F (1+a?
sin? O)1/2, 2y, . =tan" (o sin 6/(1 — a?sin’ 6)1/2], A, ,= & cos §

F (1 -0o?sin? r(;‘).!K“, 2Xmax= Sin"! [2a sin 6/(1+ &’ sin’ 0)].

tg 2¢=—2a sin 0(A—a cos 8)/[ (A—a cos 8)*+1—a’sin? 8], (17)

sin 2y=2a sin 6/[ (A —a cos 0)*+1+a? sin® 6], (18)
here
I Y A e _ ML ( ,+ig1)'
XDNE |Pyal 24MQT 45° 7"

i

the angle 6 is defined in (9). By eliminating the pa-
rameter A from (17) and (18) and by transforming the
spherical coordinates via rotation through an angle
y=m/2-X,, around the y axis, where

2a sinf

in 2 max T —
S e = T sin" 0

(19)
it is easy to verify that (17) and (18) define a circle
tangent to the equator and have a center at the point
with coordinates 2x =x . ,2y=0. These circles are
shown in Fig. 5a for different values of the parameter
asiné.

The direction of rotation in the signal polarization
ellipse is determined by the sign of asinf; this sign
is different for the isotropic and anisotropic components
of the source P® (w,).

Equation (19) determines the maximal signal ellip-
ticity, reached at A = acosf, with 2y=0 or 2y=n. If
|asind| <1, then the maximum rotation angle of the
major axis of the ellipse, 2¥m.x, which is determined
from the relation

+2¢,,c=arctg {a sin 6/ (1—a’sin* 0) "}, (20)

is reached at A, ,= acos6* (1 - a?sin®0)'? (see Fig. 5b).
At |asing| >1, the major semiaxis of the ellipse is ro-
tated through 7.

At |asind| < 1 the angles ¢ and ¥ are small, and the
shapes of the resonance curves y(A) and x (A) coincide
in this case with the dispersion contours of the real and
imaginary parts of x‘ﬂ)ﬁ(A), respectively, but the cen-
ters of the former curves are shifted from the center
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" of the Raman resonance (A =0) by an amount A = acosf.
Indeed, assuming in (17)-(18) asind <1 and putting
A’=A - acosf, and then making the substitutions
tan2y= 2y and sin2x= 2x, we obtain

¢=—asinf ~ Rex®*(A%),

A

Y= sin 6 ~ Imy»R(A%).

1
1+(A)2
We note that the condition |asinf| < 1 can always be
satisfied, no matter how large o may be, by decreasing
the angle ¢ between the pump polarization unit vectors,

and accordingly decreasing sinf.

Thus, coherent ellipsometry permits separate mea-
surement of the dispersion of the real and imaginary
parts of X (w; w,, w,, — w,) in the vicinity of a solitary
resonance of Lorentz shape.

In the latter case it is easy to determine the parameter
P=XIR /XM introduced in (4). From the parameters
asind and acosf measured from the polarization spec-
tra we determine tand, and then from formula (9) we

get P.

The value of P can also be calculated if one knows
XOR /X@NR from the spectrum of the amplitude ASR
and asinf is determined from the polarization spectra,
so that

(R

321111
2y N R

11

(3p—1)sin2¢

8 cos® p+1 1)

e sin @ =
3.3. Polarization spectra of Raman resonances of
arbitrary shape. In the case of an arbitrary shape at
max|PY| < |P| (i.e., |a| < 1), x and y are small
and, just as in the simplest case of a solitary line,
we again have

P(@1—02) ~ Re %101 (0a; @1y @1, —@2),
b 3)
X((ﬂn—(lh) ~ 'a—(ml"mz) ~Im p v ((l)u; @y, Wy, _(‘)I) .

At |a| = 1, however, no such simple relations are ob-
tained even if |sinf| < 1. In the general case the follow-
ing equations are valid:

IPS (A)I*sin 20+2P vy sin 0 Re[P‘:) 4]

- 22
20 (8) = 5 () T c0s 202 003 6 Pra Ro[P™ (A) | +Pan’ (22)
. . Im[P;" (A)]
sin 2 (4) = 2Pun S0 O s T oo 0P Be [PV (A) 17 (20)
where

Py" (A)=P;" (A)Pa, Pun=IPusl.

Here, just as in amplitude ARS, interference phenomena
are possible within inhomogeneously broadened band
produced by superimposed lines having different po-
larization characteristics.

3.4. Experimental setup. All the main elements of
the experimental setup for coherent Raman ellipsometry
are the same as in the case of amplitude ASR (see Fig.
3). Now, however, a phase plate of variable thickness
is placed in the path of the anti-Stokes component beam,
to compensate for the phase difference between the
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orthogonal polarizations. We used for this purpose an
ordinary calcite rotating Berek compensator.l®® It is
very important that in this case there is no longer any
need for using two additional reference channels, since
there is no need to normalize the registered signal to
the intensities of the pump waves.

3.5. Experimental vesults. The results of the ex-
periments performed by the method of coherent Raman
ellipsometry are shown in Figs. 6-8.

Figure 6 shows the experimental dispersion curves
for the parameters b/a and ¢ near the 1178 cm™* line
in benzene. Notice should be taken of the insignificant
scatter of the experimental points. The angle measure-
ment accuracy in our experiments was not worse than
10-2 rad. Under these conditions, the dispersion of
x(‘“m can be measured with the same accuracy, and it is
not difficult to improve the accuracy by two orders,
especially if cw lasers are used.

The measurement results shown in Fig. 6 have con-
firmed the conclusion that the RS tensor has appreci-
able asymmetry (cf. Sec. 2.5) for the investigated line.

b/a

ot I'l\
| ;!
0.0‘5'_— I!l "[
I ] f
R A
LN AL
Vi ook’ x oo’ % o ta |
¢ i :
/M
: £y
i,::"")!"gﬁé NI f \%g
) -m 17150“ - N A

(w,-w,;)/ 276, cm=}

FIG. 7. Dispersion of the polarization parameters of the anti-
Stokes ASR signal in liquid CCl;. The arrows mark the posi-
tions of the centers of the principal components of the Fermi
doublet in spontaneous RS. The isotopic structure of the spec-
trum can be seen; @ =59°.
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FIG. 8. .Diagram explaining the principle of the resolution of
the doublet of superimposed lines in ASR. Left—representa~
tion of cubic susceptibility on the complex plane, right—disper-
sion curves of |x®’ |2 corresponding to the curves 1 and 2
shown on the left.

We have for this line

p=0.42+0.02,
R M =0.720.1.
We recall that in spontaneous RS the degree of de-
polarization of this line is p=0.83. From this and from
(15) we have

8./3(b*+/s8*) =p—p=0.4.

We note that the spectral resolution here and in the sub-
sequent measurements was limited by the line width of
the tunable laser, Av=2.5 cm™%.

Figure 7 shows the dispersion curves of the polariza-
tion parameters of an anti-Stokes signal in liquid CC1,
near the Fermi doublet 760-790 cm™, which also has
anomalous polarization characteristics.!*! With the aid
of these curves, and also be measuring the shift of the
peaks of the ellipticity of the principal components of
the doublet from the spontaneous RS centers measured
by us with the same setup for the purpose of finding
acosf, we have determined the following: for the 757
cm~! component:

a.8in 0=0,083, acos0=1.4,

()R (3INR

p,=0.38+0.04, Rui/Yu =1.4%0.3;
b) for the 787 cm™! component:

asin 0=0.11,

acos 6=1.0,

pa=0.420.04,

(IR, (INR

Ruras /queny =1.0£0.3.

We see again that the values of P, , measured by co-
herent ellipsometry for these lines are much lower
than the degrees of depolarization measured in spon-
taneous RS: p, .~ 0.8. This also attests to the asym-
metry of the RS tensors associated with these lines.[3¢]
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The described procedure was applied by us also to an
investigation of a number of strong fully symmetrical
lines in benzene and in mesitylene;!®®! here the experi-
mentally determined values of P agreed within the
limits of the measurement accuracy with the values of
p determined from the spontaneous RS spectrum.

The capabilities of the coherent-ellipsometry method
are particularly clearly illustrated by the experimental
results on the resolution of the RS line in concentrated
nitric acid (HNO,) with a central frequency Q/2nc
=1305 cm™! (see Fig. 2 of [33]),

Polarization spectra show clearly a fine structure.
Since no such structure exists in the spontaneous spec-

_ tra, one can speak of resolution of superimposed lines

of unequal symmetry (see Sec. 4 below). Qualitative
agreement is obtained here with the experimental data
on SRS.[40] :

4. RESOLUTION OF INTERNAL STRUCTURE OF
INHOMOGENEOQOUSLY BROADENED LINE WITH THE
AID OF POLARIZATION ASR

4.1. In Secs. 2.3 and 3.5 we have already touched upon
the possibility of using polarization ARS to resolve the
inhomgeneous structure of RS lines. The new factors
that the polarization ARS introduces in the problem of
resolution of superimposed lines are the possibilities
of shaping the line contours and, accordingly, the con-
trol of the shape of the overallband, which is the result
of interference of its constitutent lines.

We turn first to the simplest case of superposition
of two Raman resonances of equal width, characterized
by opposite signs of the resonant contributions to the
summary cubic susceptibility:

Ix(l)l.| _ '2(3)":| .
—i—A —i—(A—a) '

X (0a; 01, @4y —05) = xI¥E + (24)
here A=(-Q,+ (w, = w,))/T is the detuning from the cen-
ter of the first resonance, and a = (, -Q,)/T is the
distance between line centers, normalized to the half-
width. We put for simplicity [x @] = |gx@R2| =3 @R,

It is convenient to analyze expression (24) by mapping
the values of x ® (w,) on the complex plane (Fig. 8).
When A is scanned from -« to +«, the end point of the
vector x(” traces the curves numbered 1 and 2. Curve
1 corresponds to the case of two lines that can be re-
solved in accordance with the Rayleigh criterion: a>2.
The behavior of |x ¥ (a)|? is shown in Fig. 8 on the right.
When the lines come closer together, the curve 1 is
deformed and is transformed at a =2 into curve 2. (De-
pending on the magnitude and sign of x ®*®, the curves
1 and 2 shift along the abscissa axis, as shown dashed
in Fig. 8.) The corresponding spectra are shown in
Fig. 8 on the right. With further approach of the lines
(@a<2), curve 2 shrinks but retains its shape, so that the
spectra of |x @ (aA)|? do not change qualitatively. This
means that in the case under consideration two arbi-
trarily close lines, interfering, will always be resolved
in the spectrum of the amplitude ASR.

The picture of the superposition of two lines of un-
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equal intensity and width is more complicated,*!] but
the general conclusion that they are resolvable by ASR
remains in force.

We note that since coherent ellipsometry makes it
possible to measure separately the dispersion of the
real and imaginary parts of x ¥, the statements made
above (and illustrated in Fig. 8) pertain also to it (we
have in mind lines with different signs of x ®R),

4.2. The prospect of resolving close lines in ordinary
amplitude ASR are greatly limited because they
call for a fortuitous combination of the signs of the
resonant contributions from different lines to the cubic
nonlinearity, and the possibility of resolving close lines
is realized to full extent only inpolarization ARS, where
it becomes possible to control the sign of the ratio

OB /YO NR = 5 0 /Anr (see Sec. 2.3). As shown in Sec. 2.2,

the level of the coherent background in the spectra of
amplitude ARS can also be greatly reduced.

In coherent ellipsometry, the necessary combination
of signs of the interfering lines is obtained whenever
the parameters P, , of these lines satisfy the relations
p,<1/3,p,>1/3 or, conversely, p,>1/3,P,<1/3.

4.3. We have already noted, with the broad 1305 cm™*!
nitric-acid band as an example, that polarization active
spectra are richer in details than the spectra obtained
with the aid of spontaneous RS (Sec. 3.5). This un-
doubtedly attests to the inhomogeneous broadening of
this line. The experimental results shown in Fig. 9
confirm this conclusion.

Curve 1 of Fig. 9 corresponds to the dispersion of
the intensity of the anti-Stokes signal after passing

I, rel.un.

Ig, rel.un.

|

.

-

-

r

-

I l
1270 1300 1350

V=V, ,em~!

FIG. 9. Splitting of the amplitude ARS spectrum of concen-
trated nitric acid (2/2rc~1305 cm™) following introduction of
an analyzer: l—analyzer crossed with polarization of coherent
background (e=0); 2—analyzer rotated through angle ¢ =-5°,
polarized (p; <1/3) component of the doublet is suppressed;
3—analyzer rotated through angle €=+5°, the depolarized
(p,>1/3) component of the doublet is suppressed. The upper
part of the figure shows the polarized (l) and the depolarized
(L) spectra of the spontaneous RS.
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through an analyzer set for suppression of the nondis-
persing electronic pedestal, i.e., set perpendicular to
the vector Py, (Fig. 1). The splitting of the spectrum
of two components spaced ~ 20 cm™! apart is clearly
seen.

Curves 2 and 3 of Fig. 9 demonstrate the deformation
of the spectrum of the anti-Stokes signal when the trans-
mission plane of the analyzer is rotated +5° relative to
the position corresponding to curve 1. It can be con-
cluded with their aid that the low-frequency component
of the doublet (central frequency 1305 cm™?!) is charac-
terized by the value p<1/3, as against p>1/3 for the
high-frequency component (1325 cm™?).

It can thus be stated that under the common contour
of the 1305 cm~* band of concentrated nitric acid there
exist several lines of different symmetry, and these
lines apparently correspond to different oscillations of
the NO, group deformed under the influence of the
hydrogen-bond forces (cf. [42]).

5. CONCLUSION

The polar'ization effects in coherent active Raman
spectroscopy are quite varied and frequently have no
analogs in spontaneous Raman spectroscopy. The last
statement pertains to the suppression of the nondis-
persing pedestal, to the interference of various con-
tributions to the susceptibility, and others. The dis-
persion of the polarization parameters of a coherently
scattered signal within the limits of the Raman re-
sonance contour yields much more information than the
dispersion of the degree of depolarization measured in
spontaneous Raman spectroscopy. 3]

Polarization ASR, on the one hand, makes it possible
to improve considerably the methods used to measure
the parameters of the RS line (particularly, to investi-
gate the symmetry of the RS tensor), and on the other
hand makes it possible to perform experiments quite
inaccessible to spontaneous scattering spectroscopy-—
shaping of the Raman-resonance scattering, resolution
of inhomogeneously broadened bands, separate mea-
surements of the dispersion curves of the real and
imaginary parts of the cubic susceptibility.

It is quite tempting here to use the methods of tra-
ditional ellipsometry, which are extremely accurate,*!]
in an ARS scheme based on stabilized cw lasers.!!~13
The coherent ellipsometry method can be easily genera-
lized to include measurement of the dispersion of cubic
susceptibility in the vicinity of resonances of other
types: one- and two-photon electron resonance, exciton
resonances, and others.

The effect of dispersion of the polarization parameters
of an anti-Stokes signal, which is the basis of coherent
ellipsometry, can be used in an entirely different field—
for example for the stabilization and exact determination
of the wavelength of a tunable laser, since the inde-
pendence of the effect of the intensity makes it possible
to tie-in the frequency of the tunable source with the aid
of standard Raman lines in a wide spectral range.
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In connection with the methods discussed in Sec. 2.2
for suppressing the coherent background in amplitude
active spectra, it must be noted that the main idea of
separating the resonant and nonresonant processes on
the basis of polarization is quite general. For example,
its possible to attempt to discriminate on this basis the
coherent background in active hyper-Raman spec-
troscopy,[**! as well as in other types of four-photon
coherent spectroscopy.[®] Just as in amplitude ARS,
satisfaction of the Kleinman relations (A.6) for the
components of the nonresonant component of the sus-
ceptibility x® is not at all obligatory. Even if the
tensor x{J4® is complex and the background radiation
generated by it is elliptically polarized, discrimination
is still possible with the aid of a phase plate that com-
plements the phase difference between the polarized
components of the background radiation to 0 or 7, and
an analyzer placed behind the phase plate to block the
outgoing linearly polarized light wave. The part of the
radiation produced by the resonant component x‘f}) of
the cubic susceptibility will pass through this analyzer,
since its polarization ellipse on emerging from the
investigated medium is generally speaking different

from the polarization ellipse of the coherent background.

In conclusion, we note the following. Throughout
this article, when speaking of ASR, we had in mind the
process easiest to realize, in the form w,=2w, - w,.
For complete measurements it is necessary, however,
to use in polarization ARS a nondegenerate four-photon
process of the type w, = w+ w, — w,, w# w,, w,. Only then
will three of the nonzero components of the tensor
X$9R (we; w, wy, — w,) be independent, and separate mea-
surements of these three will suffice for an independent
determination of the three invariants %, g2, and g2 of
the RS tensor; in this case there is no need to resort
to spontaneous RS data.

The authors thank I. A. Yakovlev and R. Yu. Orlov
for supplying the polarization devices and for a dis-
cussion of the ellipsometry methods, and to I. L.
Shumai, F. N. Gadzhiev, M. G. Karimov, and M. L.
Sybeva for help with the individual experiments.

APPENDIX

CUBIC-SUSCEPTIBILITY TENSOR OF ANISOTROPIC
RAMAN-ACTIVE MEDIUM-CONNECTION WITH THE
INVARIANTS OF THE RAMAN-SCATTERING TENSOR

The processes that occur in coherent ARS in a cen-
trosymmetric medium are described within the frame-
work of a phenomenological expansion of the nonlinear
polarization by the term cubic in the field:

3] ) _ () ()
Pi(.) (“)l) -3Xi(lh)l(ml; Wy, @y, —mz)E, EA E,

(A.1)
Here E{Y and E{® are the Cartesian components of the
amplitudes of plane pump waves with respective fre-
quencies w, and w,; w,=2w, - w,; the summation con-
vention is used. In an isotropic medium (liquid, gas)
the spatial symmetry limits the number of nonzero
components of the cubic-susceptibility tensor to the
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following (see, e.g.,[**)):

3 @
Xi(n)c(m.; O, @y, —02), Xi.'i; (@a; @4, 0, —02) -x::; (0s; @4y @y, —03),

@ (A.2)
Xige (@ 04, 04, —02).

Only two of these 21 components are independent,”

since

e (0n; @4y @y, —3) =2x 1k (043 @1y 01, —02) F G (045 @4, 04, —03), (A.3)

In an isotropic medium, taking (A.2) and (A.3) into
account, expression (A.1) can be written in a simple
vector form (seel*")):

PO (@,) =3{2,52 (04} @4, @1, —0;) E® (EWE®")

+x“,’,’, (@a; 04, @y, —@;) E?* (EWEM)}. (A.4)

In the transparency region of the medium, near the
Raman resonance (i.e., at w, - w,*, where Q is the
frequency of the molecular vibration that is active in
RS), x¥ breaks up into a “nonresonant” electronic
nondispersing part (See Sec. 1) X2 (wa; wy, w,, = w,)
and a resonant part X{I& (w,; w,, w,, — w,), which has a
strong frequency dependence. Under conditions when
Placek’s polarizability theory is valid'?*! we can write
(see e.g., expression (6) of (8)):

x::..’,n (02 @y, @y, —03) = —MZ—ZI; < (ZLQ")o (%)o > D(Q, 0,—w;).
(A.5)

Here (8 a”/aQ)o is the RS tensor connected with the
preferred vibration, M is the reduced mass of the mole-
cule, N is the molecule density; L = (e +2)/3 is the
Lorentz correction factor for the internal field, I is
half-width of the resonance curve of the molecular vi-
bration:

20T !

©1—0;—Q
Q-2il'(0,— ;) — (0;—03)* —i—A

D(Q, 0,—aw,) = y A= T ;

the angle brackets denote averaging over the orientations
The macroscopic and molecular symmetry impose
different limitations on the components of the tensors
X9& and xV4®, owing to the different character of the
excitation of the ionic and electronic subsystems. In
the absence of one- and two-photon resonances, the ex-
citation of the electronic subsystem is not connected
with energy dissipation processes, since only virtual
transitions are excited, and the Kleinman relations,[4648
which lead in an isotropic medium to essentially only

one real independent component x{J4%: x4 satisfies

(HNR, (3)NR )NR
b YT (@4; @y, Oy, _(lh) =3anz (0)-; @y, @y, —mz) "3X|n| (0-; @y, By, —©3).

(A.6)

On the other hand, in the nuclear system there are
excited real motions, which cause the incident light
wave to lose energy, so that the Kleinman relations are
not satisfied for x{¥&, so that in accordance with (A.3)
we have

(IR (HR (HR

K111 -zxnn +Xm| (A-7)

and generally speaking X()%(w; w,, w,, — ws) # XOR (wa;

w,, w;, —w,), in which case the components xR are
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complex.

With the aid of the averaging procedure described
in'®! we can obtain the following expressions that relate
the nonzero components of the tensor x)% with the
invariants of the molecular RS tensor

i (5 ¢) T

(A.8)

()R
b 20T ((0-} @4, Oy, —‘0:)-

—i

NL* 1 1 1 1
O (@04 —@g) = e [ — b+ — — gl A.9
A1122 (0’1' @y, @y, 0’1) 24MQT ( 2 b+ % gz+ 12 & ) “i—A ’ ( )
o, _ NL* 1 . i, 1 (A.10)
Yazzr (W4} Oy, Oy, —©3) SAMOT (_15 4 8 &a ) oA

Here b=1/35p(® a;,/8Q),=1/3(a,+ a,+ a,) is the aver-
age polarizability, which determines the scalar (iso-
tropic Raman scattering;

g="/,[Sp {(9au/8Q) ¢’} —3b*1="/:[ (ay—a.) *+ (@t2—0ts) *+ (2 —as) *]

is the anisotropy with which the quadrupole (anisotropic)
RS is connected (a,,,,5 are the principal values of the
symmetric part of the RS tensor);

== {[(55), (%) ) =5 {155).- (52).)
+(55). - (G ) (%), -G ])
is an invariant that characterizes the antisymmetrical

component of the RS tensor and the R connected with the
magnetic dipole (antisymmetrical) RS.

DA particularly extensively used scheme is one in which scat-
tering of radiation at a frequency w,=2w; —w, (w=w) is
registered. This in fact is the nonlinear-spectroscopy var-
iant customarily designated CARS (coherent spectroscopy of
anti-Stokes scattering). We use here, nontheless, the more
inclusive term “active spectroscopy” introduced in the
USSR. 18] Even if the situation involves only coherent effects,
anti-Stokes spectroscopy does not provide exhaustive infor-
mation on the medium. In a number of cases, especially
under conditions of double and triple resonances (see 131,
the Stokes component carries additional information; further-
more, schemes with w = w; and w # w, are being more fre-
quently used of late (the so-called three-frequency ARS
scheme, see 8] and the material of the present article).

2)An investigation of the Raman spectrum of water by the am-
plitude ARS method!?! has in fact yielded no new information
compared with spontaneous-scattering spectroscopy.

3Expression (2) is valid if the Kleinman relations (A. 6) are
rigorously satisfied. In the opposite case we have

(3)NR
Kiz221 (O} O, Ofy —@2)

e (@n @1, 01, =@2)
Wa; =
P.\'n=3{ [ A2z a; O, Oy 2 e (eres”) +

X (0n; @1, 01, —02)

L CICN) }

AN (0} 0z, 01, —02)

(2a)

#1In the calculation of the polarization dependence of an anti-
Stokes signal generated by the anisotropic component of the
tensor x{3)¥, an error has crept into '*#l—cf. formula (8) of
the present paper as well as Table 1 of [342],

5YIn ARS with nondegenerate frequencies, i.e., in the scheme
W= W+ Wy — Wy, W Wy, wy, the tensor X{HF(w,; w, wy,—wy)
has three independent components.
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Nonlinear resonances of accelerated atoms and molecules
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An exact kinetic equation is obtained for the density matrix, suitable for any interaction of a particle with
an external field, is obtained. It is used to analyze the singularities of the broadening of various nonlinear
resonances under conditions when the excited particles move with constant acceleration over the mean free
path in a gas or in a plasma. It is established that resonances of various origins react differently to the
accelerated motion of the emitter. Under definite conditions the acceleration can lead to splitting or

narrowing of nonlinear spectral structures.

PACS numbers: 32.70.Jz, 33.70.Jg, 41.70.+t

1. INTRODUCTION

In the solution of numerous problems of nonlinear
spectroscopy one uses various nonlinear resonances:
resonances with saturation of absorption by independent
waves, the nonlinear Zeeman effect, and others. Under
real conditions active particles are acted upon as a rule
by various external forces (the Lorentz force, gravita-
tion, etc.) and the acceleration they produce can alter
the shape of the narrow resonances.*+?] For the indi-
cated effect to be noted, the Doppler frequency shift due
to the acceleration a,

Aw~akrt (1)

(T is the emission time and k is the wave vector) must
be comparable with the width of the corresponding non-
linear resonance y1:

AoZy. ' (2)

These situations are encountered in ultrahigh-resolution
spectroscopy quite frequently. There is therefore a
distinct need for an investigation of the singularities of
the broadening under the indicated conditions. This is
important in order to obtain exact spectroscopic infor-
mation on the physical properties in active media, and
also for an effective control of the results of the accel-
eration.
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Resonances of various origins react differently to the
acceleration of the emitter. In this article we consider
the singularities of this transformation for the most
promising methods of obtaining ultranarrow nonlinear
resonances: a) independent waves interacting with two-
and three-level systems, b) the nonlinear Zeeman ef-
fect, c) competing resonances in a ring laser,

2. KINETIC EQUATION. GENERAL FORMALISM

In the quantum-mechanical treatment, the energy of
the atom (or molecule) is determined by the eigenvalues
of the Hamiltonian

3
H= U 0+8 @ r0.0), ®)
am

where r is the coordinate of the mass center, £ denotes
the aggregate of the internal coordinates, and p and 7
are the corresponding momenta:

p=— iV, 'q--ih-(%. (4)
The first term in (3) takes into account the kinetic ener-
gy of the mass center of the atom (whose mass is m);

U is the operator of the interaction of the component
parts of the atom, and H’ describes the action of the ex-
ternal fields and depends on both the translational and
the internal coordinates of the atom.
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