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A general analysis is presented of four-photon coherent interaction of light, as applied to scalar Rayleigh 
scattering in liquid and gaseous media. It is shown that the use of this type of interaction in active 
spectroscopy provides an appreciable gain (by several orders of magnitude) in sensitivity compared with the 
method of thermal scattering, both for the undisplaced (Rayleigh) line and for the Mandel'shtam-Brillouin 
doublet. From the experimental point of view, this method has also a number of other advantanges, it is 
shown how the expression for the "Landau-Placzek ratio" is generalized in the case of coherent four- 
photon scattering. 

PACS numbers: 42.65.Cq 

The great progress made recently in molecular spec- 
troscopy in the region of active Raman-scattering spec- 
troscopy,[" also called coherent anti-Stokes Raman 
s p e c t r o s ~ o p y , ~ ~ ~ ~ '  suggests that the use of coherent 
four-photon processes can be promising also in the 
study of Rayleigh scattering of light. A particular case 
of such processes was considered in essence earlier,c41 
in an analysis of four-photon scattering by ion-sound 
oscillations in a plasma for diagnostic purposes. 

The first  experimental demonstration of the advan- 
tage of four-photon Rayleigh scattering i s  the work of 
Pohl et U Z . ~ ~ '  who reported observation of this scattering 
on an undisplayed Rayleigh line in an NaF crystal. Two 
crossed C0,-laser beams were used to excite the tem- 
perature wave in the crystal; the sounding beam was 
produced by a helium-neon laser.  The use of the four- 
photon scattering procedure has made i t  possible to 
lower the crystal temperature to 20°K with a single am- 
plitude exceeding the noise level. The amplitudes of 
the excited temperature waves exceeded the mean 
squared value of the temperature fluctuations by lo5-lo6 
times. We note also a study by Pohl and ~ r n i ~ e r , ~ ' ]  
which has a bearing on our problem, where they ob- 
served four-photon scattering by second-sound waves 
in the same NaF crystal. 

In the present paper we present a general analysis of 
the problem'of coherent four-photon scattering a s  ap- 
plied to scalar type of Rayleigh scattering in liquid and 
gaseous media. As to scattering in the Rayleigh wing, 
due to anisotropic variations A€ ,, of the permittivity 
the coherent four-photon processes correspond here to 
the optical Kerr effect (in the field of two pump waves) 
and to scattering of the sounding wave by the variations 
A<,, induced by this effect. This phenomenon has in ef- 
fect already been considered earlier,C7p83 in an analysis 
of the possibility of discriminating the non-resonant 
coherent background in observation of the resonant con- 
tribution to four-photon Raman scattering. 

Two pumping light waves with frequencies w, and w, 
and with wave vectors kl and $, interacting with the 
medium, excite in the latter, a s  a result of absorption 
and electrostriction, a temperature wave and an acous- 
tic wave of frequency Q = w, - w, and wave vector q =  kl 
-$. These waves scatter in the medium a third 

(sounding) wave (w,,&), which can constitutea fraction 
of the radiation of one of the pump waves, generally 
speaking with a change of the propagation direction. 
The frequencies of the scattered waves a r e  w:) = w3 r Q, 
and accordingly the scattering cross sections should be 
maximal when the scattering wave vector is k:' = k,rq  
(the equivalent of the Laue condition). The scattering 
by the temperature wave corresponds to an isobaric 
contribution to the scattering, i.e., to the undisplaced 
(~ayleigh)  line, and scattering by the sound wave corre- 
sponds to an adiabatic contribution to the scattering, 
i.e., to a Mandel'shtam-Brillouin shift. We present be- 
low quantitative estimates of this process. 

The field E, of the scattered wave satisfies the equa- 
tion 

where E i s  the real part of the dielectric constant of the 
medium (it i s  assumed that the imaginary part 4" <<E 

and that the damping of the scattered wave in the medi- 
um can be neglected), T is the temperature of the medi- 
um, S is the specific entropy, p is the pressure, and 
T' and p' a r e  the deviations of the temperature and 
pressure from the equilibrium values and a r e  due to the 
interaction of the medium with pump waves El and E,. 
Strictly speaking, the nonlinear polarization of the 
medium and the right-hand side of Eq. (1) should be 
written in the form 

where the deviation of the entropy is S t =  cP/T)Tt - (&/ 
p)pl, i s  the specific heat a t  constant pressure, p i s  the 
density of the medium, and cy = v ' ' (~v /~T) ,  is the co- 
efficient of the thermal volume expansion. Recognizing 
that 

(Ps = -v - ' (~v /B~) ,  is the adiabatic compressibility) and 
c ~ ~ ~ / ~ c ~ f i ~  = y - 1 (y=cdc,), we get 

For most liquids (seecg1, p. 44) the second term in the 
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square brackets i s  small in comparison with unity, and 
this justifies the representation of ptn" in the form (1). 

The deviations T' and p' satisfy the equations 

Here PI,, i s  the polarization of the medium under the 
influence of the field El,,, p is the density of the medi- 
um, v,  i s  the speed of sound, x i s  the coefficient of the 
thermal diffusivity of the medium, I?= (l/p)($ 17 + b )  
+x(y  - 1) (11 and b a r e  the coefficients of the shear and 
bulk viscosity, y =c,/c,). Putting furthermore 

where 52=(w,-w,)<<w ,,,, q=k,-$,q=2ksin(6/2),  
k = w / c  ,n w* w l %  w2% wS= wg, and 6 is the angle 
between kl and $, we obtain for the amplitudes To and 
P o  on the basis of (2) and (3) the expressions 

where @= wcU/nc is the coefficient of optical absorption 
in the medium. 

Substitution of (4)-(6) in Eq. (1) leads to the following 
result. The scattering field E, consists of four compo- 
nents-the Stokes and anti-Stokes components of the 
Rayleigh line and of the Mandel'shtam-Brillouin dou- 
blet, respectively: 

where the amplitudes A$) (the Rayleigh components) 
and A& (the Mandel'shtam-Brillouin components) sat- 
isfy the equations 

In the Fraunhofer zone relative to the scattering vol- 
ume, i.e., to the volume of the mutual intersection of 
light beams 1, 2, and 3, these equations have the fol- 
lowing solutions: 

1 7 1  
A g ( i ~ -  PCn a* ~ G ~ ( k , ~ q - k ! " )  . 

32n2pc9 ( c )a($) zq2f iQ 

exp ( ikr )  r )  { At A; } (9) 
XAs 

A,' A: ' 

e x p ( i ~ ! ~ ' r )  ( A, As. 1 (10) 
X  As 

r A,' A? ' 

where V is the scattering volume, k r ' =  wr'nm/c (m is 
a unit vector in the scattering direction), 

From (9) and (10) i t  is seen that for specified direc- 
tions of the wave vectors of the pump k, and $, the 
directions of the maximum scattering a t  the Stokes wl-' 
= w, - 51 and anti-Stokes w:' = w, + 51 frequencies do not 
coincide and a r e  determined by the conditions k:' = k, 
r q = k , r  (k, -$). It follows, in particular, that the di- 
rection of the maximum for the Stokes (anti-stokes) 
component goes over into the direction of the maximum 
for the anti-Stokes (stokes) component if the pump 
beams 1 and 2 change places. Recognizing, further- 
more, that according to (9) and (10) the spectral frame 
of the Stokes and anti-Stokes components a r e  the same 
(mirror-symmetry in the case of the Rayleigh line), and 
the scattering cross sections (in the direction of the 
maxima) a r e  equal (accurate to terms -S2/w), we con- 
sider hereafter coherent scattering a t  only the anti- 
Stokes frequency w:"= w, +52 = w,+ w, - s,, which has a 
maximum in the direction k$"=k,+ q=  k, +k, - k,. The 
last condition is  easiest to satisfy by choosing the vec- 
tors 4, $, k,, and k:" lying in the same plane with 
angles O,, (between k, and &), O,, (between k, and k:"), 
and 0 (between k, and k,,)" such a s  to satisfy the condi- 
tion (it i s  recognized that Ik, 1 %  Ik, 1 %  (k, 1% lk,(" 1 )  cosO,, 
= cosO+ cosO,, - 1. We see  therefore that el, 3 0. In the 
experiment, i t  i s  advantageous to choose the scattering 
direction k:' along the bisector of the angle between kl 
and &, i.e., to put 8,, = 812. Then, given the angle 8, 
the "synchronization angle" i s  determined from the 
equation 

cos e,,=cos 0+cos(0/2) -1. (11) 

The Rayleigh and the Mandel'shtam-Brillouin lines 
a r e  well resolved if xq2 << v,q and l?qZ <<up, which i s  
equivalent to the condition that the absorption of sound 
with wavelength A =  2n/q be small. For  most liquids and 
compressed gases this condition i s  known to be suf- 
ficiently well satisfied up to hypersonic frequencies 
(9-105 cm-I). Assuming henceforth this condition to be 
satisfied, we consider separately the coherent scatter- 
ing corresponding to the Rayleigh and ~ande l ' sh tam-  
Brillouin lines. 

A. Rayleigh line. According to (9), to observe the 
spectral shape of this line the difference 51 between the 

492 Sov. Phyr JETP 47(3), March 1978 



pump-wave frequencies should be tuned in the interval 
0 Q 52 s xq2, and their spectral widths Awl,, must satisfy 
the condition As,,,  << xq2. The last condition restricts 
the minimal values of q ,  i.e., of the angle 0 between the 
vectors k, and k,. If, for example, we use the emission 
of a helium-neon laser (k = 0.63 pm) w ~ h  an emission 
line width (Asl,,/2nc) = 10S cm-', then for typical li- 
quids far  from the critical point ( X  - (1- 0.5) x cm2/ 
see) we obtain the condition 6 2 60'; the frequency tuning 
range xq2/2nc should then amount to cm-l [at 6 
=60° we have el, ~ 6 9 "  from (11) 1. 

The c ross  section for  coherent scattering in the di- 
rection of the maximum is ,  on the basis of (9), 

where I, , = (cn/8n) I A ~ , ,  1' is the intensity of the pump 
beams." The signal-power gain due to coherent four- 
photon scattering compared with thermal Rayleigh scat- 
tering i s  defined as the ratio 

Here 

i s  the cross  section of thermal Rayleigh scattering 
(seecg') (q = 2k sin(9/2j, 9 i s  the thermal-scattering an- 
gle, cp is the angle between the vectors A, and k,, T is 
the temperature of the medium in energy units), AQ i s  
the scattered-radiation photoreceiver bandwidth and 
satisfies the conditions 

( ~ 0 ) ~ ~  i s  the solid angle in which the coherent radiation 
propagate, with the axis along the direction of k>'= kl 
+ k, - $. In order of magnitude we have (~oho)cO~" (k/a), 
= (2n/ka),, where a i s  the radius of light beams 1, 2 ,  
and 3; Ao i s  the solid angle from which the scattered 
radiation i s  gathered by the photoreceiver. This angle 
must satisfy the conditionss' 

Substituting in (13) expressions (12) and (14) (at cp = n/ 
2) and putting Ao = (AO)'"~, V =  aka4/[ (i.e., assuming that 
the volume V amounts to a fraction of the focal volume 
of each of the intersecting light beams 1, 2, and 3), we 
obtain for the gain 

where Pl,,=aaZZl,, a r e  Ule total powers of the pump 
light beams. At P, =P,= lo-' ~ , > = 0 . 1  cm-', k =  1.5 
x lo5 cm-', T = 300 K, Xq2 = lo7 sec-I, p = 1 g/cm3, c, 

= 1 cal/g-deg, xq2/~SZ= 10, and [ =  3 we have q,x lo5. 
Increasing the laser powers PI and P2 and the absorp- 
tion coefficient4' p leads to a strong increase of 7,. It 
must be borne in mind, however, that increases of PI , ,  
and p can heat the scatkring volume of the medium. 
To avoid strong heating i t  is necessary to reduce the 
degree of focusing of the beams (i.e., to decrease I,,,). 

B. Mandel'shtam-Brillouin line. According to (lo), 
to observe the spectral shape of thls line of difference 
52 the pump-wave frequencies must be tunable in the in- 
terval 0 4 52 5 r q 2 ,  and their spectral widths Awl,, must 
satisfy the condition Ao,,, << l?q2/2. Just a s  in the case 
of the Rayleigh line, the last  condition restricts the 
minimal values of the angle 0. If we use here, too, a 
helium-neon laser with the same spectral line width 

cm-I then the minimum attainable value of the angle 
6 decreases to approximately 25O, because the kine- 
matic viscosity v =  q/p of most liquids exceeds by ap- 
proximately one order of magnitude the thermal diffus- 
ivity x (at 0 = 25" we have O,, - 30"). On the basis of 
(lo),  the cross  section for coherent scattering in the 
direction of the maximum is 

Account is  taken here of the fact that rq2<< vSq and &I 
> 0, and also that (ar/ap),= p,(pa€/ap),, where 8,= 
- (l/V)(av/ap), i s  the adiabatic compressibility. 

The signal power gain q,_, due to coherent scattering 
eompared with thermal Mandel'shtam-Brillouin scat- 
tering i s  determined by a relation similar to (13), with 
(du/do) gh replaced by (do/do)F-", and (da/do d52)Fm by 

which i s  the thermal Mandel'shtam-Brillouin scattering 
c ross  section corresponding to the anti-Stokes compo- 
nent of the doubletcg1 The receiver bandwidth AS1 must 
now satisfy the condition (rq2/2) >> A52 2 Aw,,,; the solid 
angles (Ao)coh and A o  have the same meaning a s  in the 
case of the Rayleigh component, and satisfy the condi- 
tions (16) (see also footnote 3). 

Taking a l l  the foregoing into account, we obtain for 
vy-B the expression 

We have put here again V =  aka4/(. At the same laser- 
beam powers Pl =Pz= 10-' W and 2v,q/rq2= lo2, rq2/2A52 
= 10, 8, = loq4 bar-' and [ = 3, the gain i s  qM-B= lo3. 

It i s  of interest to examine in this case the general- 
ization of the "Landau-Placzek ratio," which deter- 
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mines the ratio (Z,/2Z,_,)'hm of the frequency - inte- 
grated intensity of the thermal scattering in the Ray- 
leigh line to the integrated intensity of the thermal scat- 
tering in the two lines of the Mandel'shtam-Brillouin 
scattering and equal to L(y - 1), where 

i s  the coefficient of thermal volume expansion.5' Writ- 
ing down an analogous ratio for the case of coherent 
scattering, namely 

I,, wh 
mh coh 

( )  -I (3. ~ / 2 1 ( % ) . x - . d ~  

(it i s  assumed that the cross sections correspond to the 
directions of the maximum scattering), we obtain on the 
basis of (12) and (18) (recognizing that c~~T/pc,/3, = y - 1) 

where k,= w/c. We note that for most liquids a t  room 
temperatures pc,~/3,( pae/ap);- 1. It is seen from (2 1) 
that the ratio (1,/21,-,)~~ can be varied in a wide range 
by changing the absorption coefficient p and the angle 0. 

The foregoing estimates show that there a r e  indeed 
a l l  grounds for hoping that the use of coherent four- 
photon Ray leigh scattering will uncover new experimen- 
tal  possibilitie,~ in the study of molecular scattering of 
light, particularly in the region near the critical liquid- 
vapor phase- transition point, where the experiments 
a r e  difficult. In this region, the thermal Rayleigh scat- 
tering, while increasing significantly (critical opales- 
cence), has a narrow forward directivity (small values 
of q) because of the abrupt increase of the fluctuation 
correlation radius. It becomes therefore extremely 
difficult to obtain information on the dynamic properties 
of the medium a t  large q (small wavelengths A=2r/q). 
When the considered coherent scattering is used, no 

upper bounds a r e  imposed on q ,  s o  that the extraction 
of this information encounters no new difficulties. 

The author thanks P. P. Pashinin for  numerous dis- 
cussions of the questions considered in the article. 

"All the angles a re  reckoned in the same direction away from 

kl . 
2 ) ~ o  simplify the formulas it is assumed that beams 1 and 2 a re  

linearly polarized perpendicular to the incidence plane. 
3 ) ~ h e  meaning of the first condition (16) is  that the thermal- 

scattering angle interval A8= (AO)"~, which is determined by 
the angle aperture of the photoreceiver, should be small 
enough for the corresponding increment Aq =k cos(8/2)A8 to 
be small in comparison with q =2k sin(8/2). We note that if 
the two conditions (16) (or the two conditions (15)) a re  mutu- 
ally incompatible, then to observe coherent and thermal scat- 
tering it is  necessary to use photoreceivers with different 
values of A0 and An. 

4 ) ~ h e  value of p can be increased by adding to the investigated 
liquid a small amount of strongly absorbing material. 

S ) ~ h e  "classical" Landau-Placzek ratio (in the form obtained 
by them) corresponds to L =l. In fact, L is not identically 
equal to unity, but is  close to it for most liquids and gases 
(for details see Is1). 
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