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SUMMARY

Theoretical and experimental studies on nonlinear light scattering
processes of the Rayleigh and Raman kinds resulting from the interaction
between intense electromagnetic waves with individual electrons, atoms and -
molecules, and with assemblages of correlated molecules in dense matter, are
reviewed.

1« LINEAR LIGHT SCATTERING

1.1, Molecular Rayleigh Scattering

Over a century has elapsed since.the pioneering work of
John Tyndall (1) end Lord Rayleigh (2 on the scattering of
light on optical inhomogeneities in material media. Opaque and
colloidal systems are intense scatterers., We shall not be dealing
here with this light scattering process known as Tyndall's effect,
but shall rather concentrate on the scattering which emerges from
optically transparent and macroscopically homogeneous media, such
as atomic and molecular gases and liquids and their mixtures as
the result of various statistical fluctuations /we have in mind
fluctuations of density, concentration, anisotropy, and so forth/.
This in fact is what is known as molecular light scattering, the
theoretical fundaﬁentala of which are due to Lord Rayleigh [?] s
Smoluchowski C}] , and Einstein E&] .

Lord Rayleigh, when studying +the azure of the sgky, estab-
lished the fundamental fact that the intensity Is of light
scattered by individual /nonabsorbing/ atoms or molecules is
inverssly proportional to the fourth power of the incident light
wayelength 2.=Zﬁl%and directly proportional to the inoident inten-
sity I :

) 2 ;-\l: I . /1.

This then is elastic scattering, also referred to as Raylelgh scat-
tering, in which the incident and acatterqd wavelength is the same.
Quantum-mechanically, Rayleigh scattering consists in the absorp-
tion of a photon of incident light by an atom or niolecule and the
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simultaneous emission of a photon of the same energy though not
necessarily the same direction.

Smoluchowski E?] showed that on a microscoplioc scale no
medium ig truly homogeneous, since random thermal motion glves
rise to spontaneous fluctuations in density in elements of voluﬁn
of linear dimensions less than the light wavelength. In accor=
dance with the Lorentz- Lorenz relation [53 these therﬁ:lotLM
fluctuations in density entail local variations of theyindex
and, consequently, optical inhomogeneity. In this way
Smoluchowski was able to prove that the true reason of molecular
light scattering /énd thus of the blue colour of the sky/ resides
in fluctuations in density. These fluctuations increase immensely
as one approaches the critical point of a substance causing the
affect of critical opalescence., Einstein [ﬂ] y 6xtending the
ideas of Lord Rayleigh and Smoluchowski, proposed a quantative
thermodynamical theory of light scattering by liquids and solu-
tions taking into account, besides fluctuations in density, fluc-
~tuations in concentration of solutions.

Further extensions of the theory of Rayleigh light scattering
dealt with the rdle of fluctuations in the anisotropy of polarisa=
bility of molecules (6-9 , trenslational fluctuations [10,11] ,
as well as translational-orientational fluctuations [521 . Infor-
mation concerning the liﬁear optical polarisability of individual
‘molecules and the anisotropy of their'polarisability 1is obtained
from studies of the depolarisation of light scattered by gaseous
systems [?,15} and of the depolarized component from dilute solu=
tions [14). The investigation of light scattering on ligquids snd

solutions moreover provides data relating to the structure of ‘

short-range ordering, both radial and orflentational El2,15] .
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1.2. Raman Scattering

In the general case elastic scattering at unchanged wave-
length is accompanied by inelastic scattering involving a change
in the light wavelength discovered by Raman and Krishnan [36]
in liquids and by Landsberg and Mandelshtam [ifl in crystals.
This process of Raman scattering, also referred to as modulation
or combination scattering /in Russian: kombinatsionnoye.rasseyanye/
consists in the following: an atom or molecule in the act of light
scattering undergoes a transition from an initial energy state .to
another, arbitrary discrete quantum state. This quantal picture
had already been predicted by Smekal (_’_183 , according to whom
there 1s apparent a scattering at an oscillation frequency

W= W-W op less than that of the incident light
wave /a Stokes frequency line/ and at an oscillation frequency

Was =W + W o larger than that of the incident wave
. /an anti-Stokes line/. Here, (D.z/s = (E/5 - Eo,.)/ﬁ is the
oscillation frequency related with the transition between the
energy levels EcL and E[b » Stokes Raman scattering is
more strongly favoured than anti-Stokes scattering, since the
latter involves a transitiqn frou an upper state, the population
of which /for a given tempérétura/ falls off exponentially with
increasing energy separation of the two quantum states {3§] °
Raman spectroscopy rapidly developed into a geparate discipline
and provides information complementary to that obtained from in-
frared spectroscopy 69-22]. ‘
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2. NONLINEAR SCATTERING PROCESSES OF LIGHT

2.1. Three-photon Scattering Processes

The quantum-mechanical theory of electromagnetic radiation
as initiated by Dirac {?B]Iallows.one to compute the probability
of various processes involving the emission, absorption or scat-
tering of light quanta [gu} . In general, such processes can
oceur in two- or many-quantum acts. In the visible region, simule
taneous absorption and emission of two quanta was dealt with by
Goeppert-Mayer L?S] « Blaton {:261 , by second-order gquantum me-
chanical perturbation theory, showed that a system of atoms su-
bjected to irradiation with frequency () emits waves of double
frequency 2( . This light scattering at double frequency was
subsequently investigated by Giittinger [g?] , Neugebauer EZB} ’
Kielich [_293 , and Li E}O]. Namely, the object of study was a
nonlinear process of the Rayleigh kind, when two quanta of the
frequencies (A),‘ and 602 are incident on a molecular sys—
tem, which scatters elastically a new quantum of the suammation
frequency @1 + (,02 or the difference frequency OJ,‘ -@2.
In the particular case when the two incident photons have the
same frequency , 0)1 = @2 = (,D s the summation process
yields Rayleigh scatteri.né at double frequency. Kielich [:311
proposed the study of this novel Rayleigh scattering for the
determination of the second-order nonlinear polarisabilities of
molecules not possessing a centre of symmetry. The method became
promising when Terhune, Maker and Savage (-_321, using a giant
pulsed ruby laser, performed the first measurement of nonlinear

light scattering.
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Giittinger [?7} and Kielich [?é] carried out a theoretical
investigation of the general case of three-photon inelastic scat-
tering, when a molecular system goes over from a quantum state ol
to a state /5 under the effect of two incident photons of
frequencies 001 and 032 and scatters a third photon,

of a frequency (105 = (A)1 + (.02 p4 (A')o(/!,.

2.2. Hyper~-Raman Scattering

For two incident photons of the same frequency, one has

double-photon Raman‘scattering at the Stokes type frequencies

LOS = 20 -~ (23076 and anti-Stokes type frequencies

C‘)as =2W + wd/b' The selection rules for this new scabt-
tering effect were first studied for all molecular point groups
by Cyvin, Rauch and Decius [?3] s G0 whom is due the term
Hyper-Raman Effect /derived from that of molecular hyperpolari- .
sability [}4} /. Recently, Peticolas et all 5§] extended
these studies to molecules of biological polymers. Akhmanov and
Klysko Y?Q] y and recently Long and Stanton (?71 , discussed
the enhancement of hyper~Raman scattering inteﬁsity through
resonance processes. Maker et all [?3] lately developed &
technique of hyper-Raman spectroscopy in the gas phase.

. The selection rules for hyper-Raman activity are quite
different /and rather less restrictive/ from those for infrared
and ordinary Raman activity, numerous Reman and infrared inac-
tive modes being hyper-Raman active. Thus, this novel kind of
nonlinear light scattering spectroscopy offers a method for the
direct investigation of molecular frequencies previously regar-
ded as spectroscopically inaccessible and 1s thus of very con=-

siderable interest. For a clear and highly stimulating presenta=-
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tion of these matters, we refer the Reader to the excellent ar-
ticles by Long [?91 as well as the review articles by
Brandmtiller and Schritter [?é] covering linear as well as non-

linear Raman spectroscopy.

2.3. Co-operative Hyper-Rayleigh Scattering

Kielich [éd} y in his formﬁlation of the seui-macroscopic
theory of elastlc second-harmonic scattering of light, showed
that beside the above-discussed incoherent hyper-Rayleigh scatte-
ring due to individual wolecules without a centre of synmetry,

Q&ﬁﬁ?&%§%§nl%6?%%?%%%E%ymatter by centrosymmetric molecules once
the molecular centre of symmetry is destroyed by local time and
space fluctuations of molecular electric fields. Recently, indeed,
such co-operative second-harmonic scattering by neighbouring mole-
cules has been detected by Lalanne, Martin and Kielich [éfl in
liquids such as cyclohexane, benzene and the like. Obviously, as
has been shown by Bersohn et all (@2] and Kielich {§1,45] ,
in liquids with not centro-symmetric wmolecules one has in addi-
tion to incoherent scattering by single molecules coherent doub=-
le-photon scattering by neighbouring molecules, whose positions
and orientations are correlated. However, the experimental work
of Weinberg {}4] points to a rather weak influence of orienta-
tion molecular correlations on second-harmonic scattering in
liquids. Nevertheless, Freund [éS} has reported observations of
intense second-harmonic scattering by fluctuations in angular
orientation in NH4Cl for temperatures in the immediate vicinity
of the second-order phase transition.

Quite recently, Strizhevsky and Obukhovsky Eé] , 88 well
as Jha and Woo E&?] , proposed a theory of nonlinear light scat-
tering from phonons in crystals, which opens up new possibilities.
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in the study of ionic motion.

2.4, The Advantages and Limitations of Applying Lasers as
Light Sources

For reasons which are guite obvious, ‘the experimental ob-
servation of nonlinear scattering processes became feasible only
thanks to laser techniques, or rather since the time of'the first,
truly magnificent experiment of Franken et all {}é} in 1961 in
which they prqved that ruby laser light of wavelength ;X03=6943 X,
focused within a quartz crystal, gave rise to the second harmonic
of coherent light at the wavelength ;\-2GF 3471.5 X. Lasers
operating continuously or pulssewise emit a parallel beam of mono-
chromatic light, coherent in space and time, and conveying a flux
of immense energy density. It was precisely this high intensity
of laser light, inachievable in usual conditions, that permitted
the induction in matter of new nonlinear optical phenomsena like
harmonics generation and self-focusing [99-54] , including the
previously discussed hyper-Rayleigh and hyper-Raman scatterings,
as well as stimulated Raman and Brillouin scatterings [55,56]
which, however, will not be dealt with in this article.

Obviously, for each material there exists a well-defined
limit with regard to the application of giant powsr lasers upward
of which some destruction sets in (?7] , making it impossible %o
continue the observation of this or that nonlinear process. But
laboratories now have at their disposal a wide range of lasgrs,
from normal pulsed lasers of a power of 105 W %o Q-switched 108 w
lasers and the recently constructed picosecond pulsed lasers provi-

ding as much as 1012 W in a peak ,[§7:5é] « Generally, at powars

upward of 10° @ , parasitical processes perturb the investigation
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of nonlinear scattering (?93 . In those critical conditions,
many-photon ionisation occurs in gases E§Q} , or optical break-
down, or emission of neutrons from plasua arising in the focus
of the laser beam (?é} . These and other processes of interac—
tion between the electrons and intense laser fields are the sub-
ject of other Reports at the present Conference.

Laser light sources have revolutionized Raman spectroscopy
for at least two reasons: firstly, their high intensity and very
narrow linewidth have greatly improved the achievable sensitivity
and resolution; secondly, the collimation and polarisation of
the laser beam pefmit the separation of the polarisation compo-~
nent and also allow analyses of the angular dependence of Raman
scattering, usual and nonlinear |40, 61-63] . Bxperimental shu-
dies on scattering processes resort ﬁo at least 4 types of
lasers:

/1/ the He-Ne gas laser / A
/2/ the Ar-ion gas laser / A

6328 3, CW power 0.1 W/,
4880 or 5145 £, CW power 2 W/,
106000 %, CW power 10-5000 W/,

4]

/3/ the CO, gas laser / A

/i) the Nd:YALG solid-state laser / A, =106000 £, CW power 1 - 250W/,
These types of continuously operating lasers, uged in linear

scattering spectroscopy, can be applied as sources of the light

beam analyzing various nonlinear changes in scattering processes.

When studying nonlinear scattering processes, we make use of glant

pulsed laseré, thus the giant pulsed ruby laser [}2,41,64,65]

/A =6943 8, 1092107 W pealk power in a pulse of 1077 sec

half—width/, and the Q-switched Nd:glass laser [§1,59]

/ A = 106000 £, mesn power 10°-107 W/,
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2.5. Higher-order Scatterings of Intense Light

In gases, three-photon scattering processes can take place
in the dipole approximation enly if the wmoleculea do not possess
a centre of symmetry. Accordingly, Kielich C29,661 developed a
quantum-mechanical theory of four-photon scattering processes,
which are less sensitive to molecular symmetry and can take place
in the case of atoms also, Here, three photonswith the frequen-
cies Cqu 632, C03 are incident upon an atom or molecule
giving rise to a fourth photon, of one of the frequencies

(04 = CL),] pA (/\)2 s 003 at elastic scattering, or
W, =W+ W, + Wz % oy 8 inelastic scattering. Tho

symmetry relations and selection rules for these scatterings have

been discussed by various authors [67-69] . A particular case of
this is third-harmonic scattering, as discussed in detail for
gases by Kozierowski E?Ol and for liquids by Kielich and Kozierow=-
ski E?'l] » The possibilities for observing third-harmoziic scatte—
ring are not particularly good, though it may be worth mentioning
that lately Ward and New [?2] succegeded in p;oducing a third
harmonlic in the neutral gases.

In general, one has nonelastic processes with n photons of
frequencies Qs 0)2, -ees (O, incident on the moleculs,
- which. if making a transition from quantum state & to /b ’
scatters an /n+1/~th photon with frequency [621 :

n
Cg_) = Z-_ (A) ¥ CO t e 72/
n+1 i<l i /S

When considering these multi-harmonic scattering processes, one
has to take into account not only the commonly considered electric

dipole type transition but moreover transitio_ns of higher orders
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8.g. the electric quadrupole transition, magnetic dipole transi-
tion (?33 , and quite generally all electric and magnetic multi.
pole transitions [66__\ .

Restricting ourselves for the sake of simplicity to elastic
scattering of the elsctric dipole kind, one can define as follows
the tensor of scattered light intensity Ig9] H

2 2 x
s 0wy 9 My
Iij = ,atz 'th » /5/

where Mﬁit) stands for the i-th component of the electric dipo=-

le moment induced in the scattering medium by the electric f£ield
E (w) of a light wave oscillating at the frequency (D . The
symbol & > in Eq./3/ denotes classical or gquantal sta-
tistical averaging in the presence of the radiation field,

If the light beam incident on the medium is of a suffici-
ently high intensity I , as is the case with glant lasers,
linear as well as higher-order scatteringsoccur, whence /3/ can
be expanded in a series E?lfl :

o0

_ : () |
I, = §n=. 1] : /41

where the tensox

) (km) { 3@ 1§y @y /5/

defines elastic scattering of the n-th order. The quantities Fﬁx(:))
and G(n) - are factors characterizing the isolated wmoleculs oOp-
tically and the scattering medium structurally and thermodynami-
cally, and are in general implicite functions of the harmonic

frequencies W, 20 , ceee kKO ‘For k = n, the tensor
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/5/ defines n-harmonic scattering, which can be resolved from

among the other nonlinear scattering processes /k < n/ in

experiments bearing not only on frequency-dependence but also
- - (n) @)

on temperature-dependence, since Fnco and Gna) depend to a

(n)

much lesser degree on temperature than is the case for Fko) and
Gx(crc% « Above, 2 £ k < n I?S} o

The temsor /5/, which with regard to /3/ defines many-quan—
tum processes generally involving n+1 photons, splits into a
part independent of the state of polarisation of the incident
intensity I and a part depending on its polarisation as given
by the intensity tensor Iij' In this respect, Eq. /5/ represents
the general expression for the angular cependence of nonlinear
light scattering observation.

In particular, for first-order scéttering we have by /5/:

(1) (1) @)
(j) ij + GOD Iij ) /6/
which is the well-known formula for linear Rayleigh scattering
) ()

with the ground frequency () . The factors Foy and G,
depend on the linear optical properties of the atoms or molecu-
les as well as on their various correlations in dense media Bél .

For second-order scattering, Eq. /5/ yields :

(@ 00 [5958, - Pl 115, 0B

' /7/

Quite generally, this expression points to the presence of nonli-
near scattering at the ground frequency ) as well as at the
second-harmonic frequency 200 » 85 observed experimentally by

Terhune et all [?23 . The microscopic mechanisms of the two pro-
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cesses in gases are entirely different: whsreas the one depends
essentially on optical orientation of anisotropic linearly pola—.
rizable molecules [?53 , the second-harmonic process 1ig due direc—
tly to second-order nonlinear polarisation, which ¢an oceur only
in molecules in the ground state without a centre of inversion
[gé] . Condensed media involve considerable dependence on a va-
riety of radial and angular pairwise and triple molecular corre-
lations [go,ué], which can give rise to light scattering even in
substances consisting of centrosyumetric molecules [&4] A closer
statlatlcal—molecular analysis of the factors F(2) and Géz)
shovis worgover that second-harmonic scattering is more highly
sensitive to molecular syumetry and the statistical structure of
the medium than is linear Rayleigh scattering, Eq. /6/.

By /5/, the third-order scattering intensity tensor is:

(3)_()}{ (3 I(g’ ; + G(3) 12 +(2@>4{ (3)1 + Géz))lia\gIz +
/8/

+ @@V (EIS’+G%>m}§

involving in general three distinct processes. Those occurring

at the frequency (O and 3¢ depend more weakly on the molecu-
lar syumetry than does second-harmonic scattering; it i1s essential
that they can result from.isolated atoms or isotropic molecules

by nonlinear third-order polarisation [?91 . However, the light
intensity is less affected by third-order than by second-order
scattering processes. In fact, (2>/I(,1> is of the order of
710‘11 - 40'12/1 and is now accessible to measurement by laser
techniques [32,47). But I(3>I<1> , which is of the order of
/10~22 . 1024712, would only be detectable experimentally with
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laser beam intensities upward of 108 €.9.u., that is to say, at
near-threshold conditions for multi-photon photoionisation E§Q].
Similarly, Bq. /5/ permits the calculation of scattering
processes of orders higher than the third. Their respectivé PIo=-
babilities are extremely small, since I(n+1)/I(n) is of the

order of /10"11

- 40‘12/nIn. From quantum-mechanical considera-
tions [?9,661 s 1t should be possible to detect these many-photon
processes near resonance regions, where nonlinear variations of
the tensor /5/ are large. Surely, extensive studies of higher-
-order scattering processes will provide better insight into the
fine electro-magnetic structure of atoms and molecules, their
nonlinear properties, and correlations in dense media, than was

hitherto possible within the limitations of linear molecular
optics, -

2.6, Related Scattering Processes

In addition to the above-discussed nonlinear scatterings on
atomic and molecular media, yet other nonlinear scattering pro-
cesses are accessible to observation when resorting to other
gscatterers, such as free E?6—78] and bonded E?9,8§] electrons,
plasma (ﬁfj s isolated atoms [§2~85} , macromolecules [éS,SG,SiJ ,
and colloidal particles [88]. Karplus and Neuman [§91 , and
McKenna and Platzman [90] , developed a theory of light scattering
on light in vscuum, whereas Rosen and Whitmore [91] proposed
experiments for the observation of the vacuum scattering of light
by light. ?he processes of interaction between photons in vacuum
and in materfgﬁgégg discussed in the review articles of Gardner

[?él. At present, these processes are of thaoreticalvsignificance

as concrete examples, or problems, in nonlinear quantum electro-
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dynamics [95—95] and of the general problem of the interaction
between an intense electromagnetic field and molecular electric
or magnetic multipoles [_66,96,97] . The scattering processes
discussed above are largely determined, on the one hand, by the
atatistical-fluctuational properties of the medium @8,99] and,
on the other, by the coherence and statistics of intense photonic

fluxes [100, 101] .

3. RESULTS AND CONCLUSIONS

We now proceed to a concise presentation of the results and
conclusions from the study of nonlinear scattering processes in
relation to the information provided by the investigation of other

nonlinear optical effects.

3.1. Nonlinear Optical Polarlzabilitles of Atoms and Molecules

When an atom or mole :lé is acted on by the electric field
E((.b4) of a not excessively intense light wave, the dipole moment
induced at frequency (02 /first-order moment/ is in a first

approximations

mg‘)(ma‘): a5 (02 04) F5 (@4) /9/
W

where ai? = aij/" 05, 04/ 1is a second-rank tensor defining
the linear molecular polarizability at frequency 032. The linear
relation /9/ between the dipole moment and the electric field ine
ducing it is a direct result of Lorentz's classical thsory [5]
of rarmomie electron vibrations, as well as of the first approxi-

mation of quantum-mechanical perturbation calculus 69K .
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Eq./9/ accounts for linear optical processes, such as optical
refraction and usual Rayleigh scattering.

If molecular systems are acted on by a sufficlently intense
electric field,‘ not only the linsear dipole moment /9/ but also
moments of higher orders are induced. In the classical theory of
Lorentz, these moments are the result of anharmonicity in the
electron vibrations ['73 ; in quantum theory, they stem from
higher orders of perturbation calculus [-102]. Now, in particular,
if a molecule interacts simultaneously with two waves of the
oscillation frequencies Q’l and Q)a, the second-order di-
pole moment induced at frequency W5 = W, + W, can be

expressed formally as follows:

(2) ( ) )
ny? (5)= by (& W301, 0, ) By (04) 5 (0,) /10/
where the third-rank tensor bw?’ = by (- W, W,,0 )descri—
ijk = “ijk 3? 172
bes nonlinear molecular polarizability of the second order (often
referred to as the first hyperpolarizability [54]) .
w - e
is accessible to Cdetermination from static Kerr effect studies
@,34] or from molecular light scattering in l-iquids [’12] In the
' (V]

case when (,J,l = Q)2 = Q) , the tensor bijki ijkC-ZCD.G) ,(0)
describes the asbove discussed second-harmonic Rayleigh scattering
process [-_3'1,32]/01' first hyper~Rayleigh effect/ as well as second=-
~harmonic generation by a gas or liquid subjected to the action

of a DC electric field [103,104] .

When a molecule interacts with three waves fscillation

frequencies W, Wy, 033 / simultaneously, a third-order
moment is induced in it which at the frequency (,Jq = (4)1 +Q2 +Q3
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is given by the expression:

(3) )- (

37 (Wy)= ey (F04 0705 W5 E;j@’q) B, (90,) By (-6)3) y /1
CD}r ‘

where the fourth-rank tensor Cijx1 = cijklc-wq, (.,)1,(,«)2,603 )

describes nonlinear wolecular polarizability of the third order

/the second hyperpolarizability [34]/.

For the case (0, =00 and W, = QB = 0, the tensor
cio;))kl 2 Cija (—- wW,Ww, o O) describes the quadratic Voigt
effect in Kerr's process [_7,8] snd can be determined numerically
from studies on atomic and molecular gases [54] For @1 =0
and (02 = - ®3 =(A)L , the tensor cijkl("(")’o)’ C‘)L' -CQI_)
describes the nonlinear electronic contribution to the opvical
birsfringence induced in a gas or liquid by intense laser light
of the frequency COL EIOSB . On the other hand, for

20
Oq = @2 =() and (,Q5 = O, the tensor Cijk1= Cijk_lc'z(‘) ’
W,w, O) describes co-operative hyper-Rayleigh scattering in a
liquid E#O,At’lj and DC electric field induced second-~harmonic sca-
ttering in gases [103,104,106) . Pinally, for (J4=W,=03=0 ,

the tensor c?o“}?l P Ciqkl Q—BCD y W ,W, CJ> accounts for

third-hafgi’coggjﬁ\g”g‘%ﬁéf%%%on by gases and liquids [55,’70'-.72,] .

In appropriately chosen experimental conditions, the pheno-
mena discussed above permit the determination of the numerical
.values of the nonlinear polarizability tensors bijk and gi;jkl'
When eiming at this, particular attention should be given to the
measuring of laser light-induced birefringence [’106,108] , DC
electric field-induced second-harmonic generation EIOB,’IOG] and

third-harmonic generation \-‘53,43,?2] /vesides studies of hyper-
-Rayleigh scattering EO?] /. Quantum-mechanical theorises of the
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nonlinear polarizability tensors b Kk and cijkl have been

13
worked out [29,66,1OQ] . Symmetry reiations have been discussed
and the number of mutually independent tensor elements determi-

ned by group theory for all point groups [?3,68,11@& /see Table I/.
For atoms and some simple molecules, numerical computations of

the tensor eleuments bijk and cijkl have morsover been carried
out by various theoretical methods [}4,54,1ﬂ1,11é] for the res-
pective frequencies., The results of these calculations of nonline-
ar atomic and molecular polarizabilitises, together with the values

determined from the previously discussed nonlinear processes, are

listed in Table II.

3.2. Depolarisation of Hyper-Rayleigh Scattering

When considering only pure harmonic scattering, the order of
the scattering in Eq. /5/ coincides with the ordinal number of the
harmonic, so that with regard to the n-th harmonic of elastic

scattering we can write [éZ] H
W 4 N1
i = (nco) (anx 15+ Cog Iij> I . /12/

If experimental conditions are chosen so that the incident
light wave is polarized vertically, Eq. /12/ leads to the follo-
wing expression for the depolarisatlon ratio of the n-th harmonic
of scattered light [52] H

F
DRW AL . /13/

v
Freo * Gpes

In particular, for the sacond scattered harmonic, this leads to:
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F ,
Ds(") = 202 . /4/
Foca v Go0

In the present case, the structural parameters FZQ) and GZGD
2W
ijk 0
Assuming for simplicity the tensor bijk as totally symmetric

are dependent on the tensor , occurring in Eq. /10/ .

/as in fact it is in the absence of electron dispersion and ab-

sorption/, and on neglecting interactions between the molecules,

ve get [é9,4d1 H

N 20 .2 20 ,2W
P, . = Q pe®  pet - b b
k i i ’
20 840 7 ijk “Yij Jd kk
_ 200 520 200 20
Gocd = = Far* %bia‘k Pijk * P33y Piac J o /131

280V

whore N is the number of moleculses per volume V oI the scat-

tering medium,
In the particular case of molecules having the tetrahedral

synmetry Td , one hass

2
-2 o 2N (ew
F2®*S2O‘ 2 FZO.) = ooy b1_23 ’ /158/
and the depolarisation ratio /14/ amounts o {é{} :
2 2, /4a/
3

FPornulas /15/ describe non-coherent elastic second-harmonic
scattering /hyper-Rayleigh effect/ by molecules not possessing a
centre of symmetry. The first to detect this type of scattering
in carbon tetrachloride, water, etc. were Terhune et all {}éﬂ,
using laser technique. Recently, Maker (@4} reported extensively

an  onentmal hrandanine of alastic second-harmonic light scattering
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in a number of liquids. The broadening arises principally fronm
rotational molecular motions, and such studies provide informa-
tion about the time-~dependence of the orientation-dependent mole-
cular pair diatribution function of liquids, as does the investi-
gation of linear scattering [’113] .

For wolecules having a centre of symmetry in their ground
state, the tensor bigi as well as the structural parameters /15/
vanish, ruling out this type of second-harmonic scattering. In
liquids, however, one has to take into account the temporally and
spatially fluctuating molecular field F(r t) of electric multi-
poles. Its field strength in regions of near-range ordering con-
siderably exceeds that of the electric field “};(E‘:t) of light
waves., This molecular field _g(F:t> lowers the molecular symmetry
by causing some additional nonlinear distortion of the electron
shells and .interatomic bonds. Thus, if the molecule possesses a
syumetry centre in its ground state, the molecular field TEZ;:?)
removes it thus endowing the molecule with the capacity to cause
double photon scattering.'We have moreover to take into considerat-—
ion that the molecular field not only wodifies. the symmetry of
the molecule by & nonlinear distortion described by the effective

tensor

iJk(F) iak (O) + cigﬁzl Fy *+ eeey /16/

/where the term in the tensor cigil contains non-zexro comppnents
for molecules of all symmetries/ but in addition indﬁces sn elec=~
tric anisotropy in regions of near ordering. As a consequence, the
molecular fluctuational regions /the dimensions of whiéh are amall

in comparison with the incident wavelength 7L / do not as a



299

whole possess a centre of symmetry snd, accordingly, act as sour-
ces of co~operative second-harmonic scattering, determined by the

following st"ructural parameters [4‘1, 59]:‘

zw(p) 2w(q)
Fay® 840< 2{4 ¢ °13

2060 2w | ¢
- i © 11{1{2‘} ?) 5o GXP‘; (ax. rpq)]>
N

- E p) ,2w(a)
G20 * Fas = ooy =Y 2 %igkl” Cijim +

+ 3 ciw;j%,)) i@k;@ (P) F(Q) exD [; (Ak . r )j > ) /17/

— —> —>
where  AN\K = K,y - 2k_(& , with kw
of incident light and kzw that of the sscond-harmonic scatterad

denoting the wave vector

wave; -;;q is the vector connecting the centres of the two scat=~
tering molecules p and q .

On neglecting, in a first approximation, the anisotropic
part of the nonlineexr tensor ci?kl’ the following relation holds

between the structural parameters [41] :
o 4 G = G Fon = e o2 <}92> /18/
20 2W T 2W ~ 27 Vv 200 !

where, for molscules possessing the symmebtry of the point groups

D6h and DoOh y We have the mean second-order nonlinear polarisa-
bility:

Coey = cijc_’gj/s = @cgé’% + 12 c%é’,‘]),l + 8 c%ﬁq> /15 /19/

The mean statistical value of the square of the molscular
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field, <:TF2_:> , in general differs from zero. In the parti~
cular case of axially-symumetric molecules having a quadrupole
momant @% y 1t is given as follows [Pdl H

<5 > =3Z<£\:_ r'1;2> . 20

a=p

In the isotropic approximation of Eq. /18/, the depolari-
sation ratio /14/ assumes the following numerical value {éd}:

Dﬁ“ = 1~ 0.1 ] /21/
9

On taking into account the anisotropic part of the tensor

cigil , W6 obtain in place of /21/ the expression:
4 2
1 + .
Dsca _ 2 20 : 22/
9 2
1 -
20

where in particular for axially-symmetric molecules and on neg-

lecting their angular correlations we have in approximation (;i]:

2
200 . L2W

Aoy =2 (22— ) /25
2 475 29D 2W

3333 * 2% 444

The results of measurewents of D%C)for liquids consisting
of molecules without a cer re of symmetry, as well as of centro-
symmetric molecules, are listed in Table III.

A measuring circuit for the study of co-operative hyper-
—Rayleigh scattering EM,65] is shown in Fig.1. Bigs 2 and 3
give experimental results of Lalanne et all {ﬁ?] for liquid ben-

zene obtained using a @-switched Nd:glass laser with high-transuis=
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sion optical systewm. Zone /I/ belongs to co-operative hyper-
-Rayleigh scattering, in which no parasitical signal is recorded
beyond the hyper-Raman effaect region /% 2000 cm’q/. Zone /IIL/
corresponds to opticel breakdown of the liquid. The intermediary
zone /II/ originates from a not easily definable source; maybe
we are dealing here with a pre-breakdown reglon, characterized
by luminescent ionisation of several wmolecules and thelr sub-
sequent recpmbination.

Fornulas /22/ and /23/ permit the statement that studies
of the depolarisation ratio of hyper-Rayleigh scattering pro-
vide direct information concerning the anisotropy of nonliheaxr
third-order polarizability of centrosyumetric molecuies; Formu-
las /17/ and /18/, on the other hand, provide a first wmethod for
direct determinations of the mean value of the square of the
nolecular f£ield <(fF2 :>> in the fluctmational region in a
liquid.

3.3. Laser Hyper-Raman Spectroscopy.

At inelastic scattering, the tensor of the light intensily
scattered at frequency 2() < Qoé/b for the transition o(—-*/-“‘
is given [?§3 by the following expression:

4 ,
If? (20) = -“é 20t 0 °‘P> < b‘;ﬁ (-2m)b§‘m/z (2w)> Lphn 724/

where Ikm ig the tensor of incident light intensity. The
frequency~dependence of the nonlinear second-order polariza-

bility tensor for the transition oL-—?/b is of the form EQ,%]:'



205) - Z Gl <Y Lrmi o> lml B>
i‘lk e (Oypt20+1 s DL Q5+t Pgﬁ)

<o<!~%\6><8‘lmuw><}{\ 21>

(5 = = ¥ T J(Wyp + O +1 pd

<o<m3ftx><ylfmu8><8|m\p>} .

Cloper= 0 =4 Pt D50 — 20 =1 T ) .

where -<iQLl m.l’Xt} is the matrix element of the electric dipole
moment operator for the transition oC—*'X' with the relaxation
tine E;BA /related with the damping of radiation/.

The nonlinear polarizability tensor /25/ is non-zero
whenever A = /33 1, or OC={3 . At oL:[b +
we have Stokes and at X = /5 - 1  anti-Stokes hyper-Raman
scattering , whereas = {5 corresponds to hyper-Rayleigh
scattering,

Apart of thils gquantum~mechanical description of hyper-Raman
scattering consisting in an extension of the well-known Kraumers

~ Heisenberg theoxy [14] y One can proceed by the classical des-
cription, based -on Placzek’s linear theory of polarizability [3§].
The latter theoory was initially extended to nonlinear inslastic
scattering by Kielich [?Q] y and the approach was subsequently
developed by a number of authors [?5,57,651. To take account of
the a%omic vibrations, the successive polarizability tensors are

expanded in power series of the vibrational normal co-ordinates:

Q/L cos ( CL%u,t + Qﬁfbj) ,
the nuclear vibrational frequencies QD being assumed to be

very small as coupared with the frequencies . () of the incident
light wave.,
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Relevant to our considerations is the scattering procsss of
the second order described by formula /10/, where the tensor .
bijk is now expressed in the form of an expansion on the assum=
pbion that the vibrations of the nuclei lead to a émall distor-
tion of the electron shell of the moleculs [?é]

Pisk = bcl);)k * Z (%f >O Y +

Q Q + eee - /26/

wheTe the derivatives are evaluated at the equilibrium values of

the normal co-ordinates.

The matrix elements of the tensor /26/ are commonly calcu-
lated with wave functions separated into an slectron part and a
nuclear part, and finally summation is performed over the rele-
vant vibrational states [57,61] .

Since their earliest experiment, Terhune et all [?é] obser=
ved both elastic and inelastic second-harmonic scatbtering. The
experimental set-up used by theu is shown in Fig.4. Spectra were
excited with a pulsed ruby laser providing a plane-polarized, up
o 10° W peak power, 80 nsec half-width and 102 radian divergen~
ce output beam at a two~per-minute repetition rate. The laser
beam was focused at £/10 and the scattering collected at £/1.
All measurements were carried out just below the threshold for
dielectric breakdown or Raman laser action in the sample. This
method permitted the obtaining of the nonlinear scattering spectra
for water and fused guartz [§2} as well as for methane pressuri-

z6d to 100 atmospheres [i15] . Maker and Savage [ﬁé] introduced
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certain modifications into the set-up of Terhune [éé] /ses Fig.4/
and Makex Eé{l in order to record the hyper-Raman speetrg in

a shorter time through the use of a multi-channel photon count-
ing detector involving an image intensifier television camsra-
~nulti-channel scaler. The spectrum thus obtained for methane

by Verdieck et all [?é] is shovn in Fig.5. The two prominent
lines, centered at [& = 100 cm",l and 3050 cqu, represent 510
and 4222 photoevents respectively. The first band corresponds

to hyper-Rayleigh scattering /the methane mwolecule has Td
symmetry thus causing incoherent elastic double-photon scattering/
whereas the other band belongs to the hyper-~Raman shift.

Fig.6 shows the hyper-Raman spectrun of ethane, the mole-
cule of which in the ground state has the symmetry D5d +/con-
sequently, being centrosymmetric, 1t cannot cause elastic
double-photon scattering/. A hyper-Rayleigh line is totally
absent, and the strong band located at Zx = 2950 cm""1 corres—
ponds to hyper-Raman scattering, due to the torsional oscilla~
tion of ethans. We have here a highly instructive exauple of
the fact that for highly symmetric molecules some vibrational
spectra are forbidden in both infrared absorption and in usual
Raman scattering; however, some of these vibrational transitions
are allowed in hyper-Raman spectroscopy /in centrosynmetric mo-
lecules the vibrations can remove the centre of syumetry/.

Lately, Peterson {b16] applied nonlinear scattering spec-
troscopy to the study of hyper-Rayleigh and hyper-Raman scatte-
ring as well as to that of the delayed fluorescence.decay after

laser excitation.
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Sette Critical Second-Harmonic Scattering in Powdered Samples

Lajzerowicz {317} predicted that second-harmonic scatte=
ring could take place on ~ fluctuations in.critical statea.
Freund Eﬁﬂ was the first to study second-harmonic scattering
by NH4Cl in the tempsrature region immediately above the
lambda-point transition at T, = 242.6%K /second-order phase
trensition dnvolving ‘rotational disordering of the tetrahedral
e
ions'have parallel orientations, whereas in the high-temperature

ions/. In the low-temperature phase, neighbouring NH?

phase they are distributed randomly. The disordered phase has

an effective microscopic centre of symmetry and does not exhi-
bit second-harmonic generation. In‘the vicinity of the critical
temperature /T )> Ta, /, fluctuations in angular orientation
away from complete randomness peruit the obssrvation of second-
~harmonic generation, referred to by Freund as critical harmonic
scattering. Freund established the fact that the harmonic scat-
tering intensity decreases exponentially with temperature for

T :> {%l , and varies but slowly with the teuwperature below Tx
Experlments of this kind /see Fig.7/ are sensitive %o ordering
over regions comparable in size or less than the coherence length
for optical frequency doubling (51] , which in this instance is
about 27 uiecrons. Such studies permit evaluations of the long
range correlation length, particularly when resorting to small-
~-angle second-harmonic scattering, as was done recently by
Freund and Kopf (313] , and can seive for reaching decisions
when chosing between «various controversial models in studies

of second-order  transitions; moreover, they can disclose the

behaviour of the pairwise correlation function in the critical
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region [ﬁ@é} and, generally, permit comparisons with the results
of other studies Exao] . »

Noteworthy in this context is the highly interesting
suggestion, put forward by Rabin [121] , to apply second-harmonic
goneration to the study of defects in centrosymmetric solids.
Lattice defects, introduced into a crystal, may alter the local
point syumetry in the medium, and in fact may convert local

inversion symmetry to that of a non-centrosymmetric pajnt group.

3.5. Harmonics in the Scattering of Light by Electrons.

Laser teclhmique has provided the basis for the investiga=-
tion of interactions of intense light with electrons [§0,7§]
apparent also as scattered light harmonics. Various aspects of
the theory of harmonic light scattering by free electrons have
been studied classically and quantum-mechanically, including
relativistic and radiative corrections, by Vachaspatil E?Q] and
'Ehlotzky E?él . Thé problem was dealt with in regard to elasti-
cally bound electrons by Bali and Dutt [?él and to anharmoni-
cally bound electrons by Goyal and Prakash (ﬁd} .

Salat (?f] developed the theory of nonlinear incoherent
light scattering in a homogeneous piasma and showed that with a
suitable choice of the difference frequency, enhanced light scat-
tering occurs near the plasma frequency and on thermal ion den-

sity fluctuations,

3.6, Nonlinear Light Scattering by Optiéal Reorientation of

Microsystems.

In matter composed of anisotropic microsystems /molecules,

micromolecules, colloid particles / a sufficiently intense laser
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light beam will cause in addition to harmonic scatterings
directly related with nonlinear electron distortion of the '
soattering oentres — a nonlinear soatbering process due %o
reorientation of the microsystems by the electric field of the
light wave [?5] Such optical reorientation of the microsys-~
tems should cause light intensity-dependent changes in the depo=—
larisation ratilo 622]. Lalanne?s EZB] attempt to detect these
changes in molecular liquids proved inconclusive owing to the
circumstance that, as nonlinearity of scattering became apparent,
the liquid underwent destruction with growing laser light inten=
sity. Numerical evaluations show that nonlinear changes in scat=-
tared light intensity can be predicted to occur by way of 180~
rientation of macromolecules in solution in molecular liquids
and of colloid particles in suspension [?jj .In such systems,
as has been shown by Kielich {57,88] , the relative changes in
the vertical and horizontal components of scattered light inten=-

sity are given /at vertically polarized incident light/ by the

foruulas:

S\ (1r ) =46 Dear+ L 1¢{Qep+ TER)
SH, = -0e%

8. -
where =L—§2§£E—fjjl Iv is the reoxientation parameter of a
macromolecule having the optical anisotropy K a55—aq (53+2aa

immersed in the electric field of a light wave of intensi
The reorientation functions @ (-—q , Q(iq) and T (iq)
occurring in Eqs /27/ are plotted versus g in Fig.8, where

the sign "plus" 1refers to cigar-like particles/with positive
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optical anisotropy and the sign /minus" refers to disc~like
particles with negative optical anisotropy. Eqs /27/ enable us
t0 investigate nonlinear scattering arising not only'from we ak
reorientation of the particles but moreover to study optical
saturation of this reorientation ———\ an ordered state when all
the particles are aligned into the oscillation direction of the
electric vector of the intense light wave. Nonlinear Rayleigh
light scattering studies, especially at optical saturation,
constitute a simple method for determining the shape of macromole-
cules and colloid particles as well as the sigﬁ of their optical
anisotropy. A similar wmethod, imvolving the use of a DC electric

field as orienting agent, was proposed by Stoylov [ﬁZé].

3,7. Nonlinear Light Scattering on Optical Inhomogeneities..

Recently, experimental work has been reported from the
USSR concerning the nonlinear scattering of an intense laser
beam by optically inhomogensous media. Chastov and Lebedyev [5251
observed nonlinear light scattering from suspensions containing '
particles with dimensions smaller than the light wavelength,
the scattered intensity growing with increasing intensity of
the laser beam /Fig.9/. These authors, after Askaryan ‘iZé] ’
attribute this nonlinear scattering to bubbles formed thermally
around the absorbing particles. Danileyko et all [32%1 observed
nonlinear-scattering on smé;l optical inhomogeneities in corundum
crystals and explained it phenomenologically as being dus to
optical Kerr effect, electrostriction, and heating.

Agkaryan 526] was the first to consider in general none-

linear scattering processes caused by thermal and acoustical
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perturbations at inhowogeneities. Of late, he and his co-workers
{j2d} have Brewn attention to the practical significance of
effocts of nonlinear light scattering by halos near inhomogenea=
ities in natural media /air, water/U1in optical and laser ele-
ments /platinum particles in neodymium glass, carbon particles
in ruby, particles in liquid nedia, etc./ which limit the tran-
smission of high beam intensities.

The experimental results of Chastov and Lebedyev [325]
represented by the graphs of Pig.9 would not, however, appear
to aduit of an explanﬁtion of the steep rise in scattored inten-
sity and of its tendency to satufation by invoking thermal
effects alone. Maybe a process of orientation of the particles
contained within the bubblés intervenes here, leading in con-
formity with the theoretical curves of Pig.8 to optical satura-

tion at sufficiently high intensities of the laser beam /provided
the pulse duration is sufficiently long to permit this/.

£

4, SUGGESTIONS FOR FUTURE STUDIES

Since the bime of Blaton [26) and Gittinger’s (27 ]
far-reaching theoretical anticipations of three—photon_scatterings
by nigh 35 years elapsed until the datéction of those processes
in the magnificent, highly iwaginative experiment of Terhune,
llaker and Savage {?2} . During the past 10 years numerous theo-
retical papers have appeared in which various aspects of nonli-
near light scatterings in a variety of media are analyzed, pro-=
viding solid foundations for the new nonlinear spectroscopy of

atoms and molecules down to picosecond pulse duratlons inclusi~
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vely [129] ., In fact, we are oy the eve of operating a Junction
between the statistics of matter (40, 98, 99] and the statistics
of photons [OO 1013

The recent perfections of laser technique have led to much
progress in hyper-Raman spectroscopy 58,39] and have moreover
permitted the detection of critical harmonic scattering Eﬁ] '
co~-operative hyper-Rayleigh scattering [_41], and the inception
of studies on nonlinear scattering by optical inhomogeneities
[‘25-12@ These novel scattering processes will certaintly very
soon attaln the status of methods for the investigation of the
nonlinear electro-magnetioc properties of isolated atoms, molecit=
les, macromolecules and particles as vwell as of the microscopic
structure of liquids and solids, inclu(ding phase transitions,
eritical and numerous other phenomena. Originating in the work
of Smoluchowski on the statistical-fluctuational Eehaviour of
matter, 'co-operative nonlineaxr scattering Eﬂ] and nonlineaxr
diffraction processes E\}O] have become g highly effective ond
sensitive instrument for gaining insight into the various mecha- .
nisms of molecular correlations [’}51] , periodic spai?ial modula-
tion of nonlinear susceptibilities EBO], long-range order ﬁ’l9],
order~disorder transitions ['lé), and interactions between
photons and phonons E6 47]

Further progress in nonlinear spectroscopy technique will
permit the obtainix}g of hyper-Raman spectra of high quality which,
in 'conjunction with infrared and usual Raman spectra /thus, using
a single light source, one type of sample cell and a single
spectroweter and detector [393/ will disclose the finer details
of molecular structure than was hitherto possible with usual
spectroscopy. Also, much interesting information bearing on the
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relaxational mechanisms in resonance effects of electrons, ions,
atoms and molecules in the 6ptica1 spectral region will surely béco—
ne available. Similarly with regard to the collision-induced light
scattering studies recently initiated im gases by Birnbaunm et all
E}2] /see also 615, 13?] /, frequency~broadening of the second
harmonic can be expected to be observable experimentally. One is
hopeful that, quite soon, certain delicate experiments resulting
from interaction of intense coherent laser beaus with free electrons
/e.G. revealing an intensity-cdependent frequency shift in Compton
scattering [27] otc. /as well as from pure interaction between
photons E?f] will Se successfully performed. The experiments propo-
sed, once perforwmed, will resolve a variety of as yet controversial
theoretical problems, especially in the domain of gquantum electrody-
nanics theory E_Zvla .

Considerable importance will accrue to the studies of local
electric field induced double photon scabtering in atomic fluids sug-
sested theoretically by Kielich [35“3 and of late put to effect expe-
rimentélly by Mal—ger EEGJ in the liquids nitrogen, awvgon, oxysen, etc
Thus, co-operative elastic second harwonic light scattering can be
said, to provide a new tool Tor the study of the neighbourhood of
atoms and molecules in dense matter E}?j;

The vast amopnt of information provided by studies on non-~
linear light scattering processaes will supplement that defived
from the study of other phenomena of nonlinear nolecular optics
[1543 and will give us a deeper understanding of numerous problems
of fundamental, theoretical and practical, significance, as well
as of fhe truly astounding propertie§ revealed by lasexr light.

I au sincerely indebted to K. Flatau, Senior Lecturér with
our Institute, for his English translatibn of my review article

and for his useful discussions.
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Pable I. Kumber of non-zero elements (N)and of mutually independent

elements (I) of the symmetric polarizability tensor aia ’

bi;jk and O3 411 for all point groups.

ro
A

. a4 LI S43k1
TOoup -
® 4 x 1 N I
—— e

C, 9 6 27 10 81 15 '
Cy 9 6 0 0. 81 15
C. 5 4 14 6 41 9
C, 5 4 13 4 41 9
Cpop 5 o 4 0 0. 8 9
¢ 3 3 7 3 21 6’
2av
D, 3 3 6 1 21 6
Doy 3 3 0 0 21 6
c 3 2 7 2 29 5
4
G 3 2 12 2 29 5
Cun 3 2 0 0 29 5
¢ 3 2 4 2 21 4
4v
Dag 3 2 6 -1 21 4
D, 3 2 0 0 21 4
Dyn 3 2 0 0 1 4
oy 3 2 15 5 - 53 5
8g 3 2 4] 0 i} 53 5
C3y 3 2 1 3 37 4
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Table I. /conb./

N\

37

37
21

21

21

21

21

21

21

21

21

21

21

21

21

21

21

21

21

21

21

D}d

Csn

Cen

D}h

csv

Den

Dug

DSh

g

Dea
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Table II. Numerical values of linear and nonlinear polarizabilities of

atoms and molecules. Only mean values are given! a = 8;4/3,
b = 5113/3 ] b;;; /8w the axial é?ﬁméfﬁ/', b= '6123
/for tetrahedral symmatry/ and o = 01133/5';: Caanz e

-

 Units 10-24on® 10~3%ndesu™" 10736 cn’ e.5.u."2
Atom ox
wolecule aw bam COO 0260 0%0
He 0.205 ) 0.022 [34] |0.023  [i11)| 0,024 fi11]
Ne 0,394 0.051 [34] |o0.24 - [ios)| 0.2 [72)
_ Ar 1,66 0.59 [34) la.7s  [og)| 3.0 (72)
Kr 2.52 0 1 [34) |6e9 o] | 9,264 [72)
Xe .11 0 3.9  [34) |18.52 hos) | 23,496 [72]
H, 0.79 0 0.28 [34] |0:36  [103]| 1.920 [72)
0, 1.60 0 o.64 (103
co 1.95 1.81___ko3) .
co, 2.65, 0 w5 [34] 2.7 [72]
CH,, 2.6 0.01 115 2.6 [5u) (1.8 [io3)
coy, 10,5 0.03 323.3 fos) (2.1 [o3]
cHP 1.81 ~0.06 103/ 0.9 [34) |o.27  [a03}
CHOL, 8.23 0.53 103 4.8 fos] 4.4 [ro3]
C,He 447 1.9 [34) les 03]
CH,I 7.28 0.84 103 8.0 [o3)
SFg 4,47 1.2 [4) joizs  [o3)
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Table III, Experimental values ol lhe depolarisation ratio

of linear scatter.ng Dv63

scattering wa, for some liguids.

and second-harmonic

Point group
Liquis of the mole- D,f;° Dsc')
cule

Watex Coy 0.057 0.116 32
0.345 32
Carbpn tetrachloride T 0.02 0.51 G4
0.45 41
. Chloroform c}v 0.11 0.65 64
Acetonitrile 0.10 32
Diethylethex 0.038 0.16 64
Methyloyclohexane 0.058 0.10 64
Ke thanol 0.025 0.17 64
n=-propanol 0.025 0.45 64
Isopropanol 0.02 0.21 64
. Cyolohexane D;a 0.025 0.12 41
Tetrachlorethylens Dog 0,20 41

Trans - 1,2 - dichloro=- : :
ethylens Cop 0.25 0.24 41
Benzene Dah . 0.27 0,17 4
Carbon disulphide D 0.48 0.21 41
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Table IV, Activity of fundamental vibrations in infrared, Raman and
hyper-Raman scattering [?3] .
Point |Sym~ Tensor elements of:
metry | dipols polarizability 20
. group cpecied moment &y aﬁ hyperpolarizability bijk
Aqp 844%8231 833
. D}d 4 A
(o.g;czxe 2g
5 81178220 *2
¢ %230 231
AS Daqq=3b
ta 1117°P122
8, ¢ D520m34901 booztbzqqs Dzzz
. e a P4q4+Da220  Dpop*044p
u L booz=brass Banzs Dzxqs b
o 223" 314! 1230 331! 233
Dey | s 2q1*3220 833
<0 .6‘.0636\ AZE
B, ~
B2g
E’lg 8531 239
Bou 294=80, 845
A'lu
45, 65 . Donztbzaqs  Dazx
b ~3b
By 0111720122 ‘ .
£
B P222~30112
Baw | 40 9 D444*P1220 Bopa*Piqps Bxzqs bogz
By, b223-0311s D123
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Figure Captions

Fig.1. Schematic diagram of cooperative Rayleigh scattering

measurements of Lalanne &11.

Fig.2. Dependence of the SHLS intensity V?,Q on the reference
signal ,12 for benzene. %‘L = 1;06}&’L/2 = 0.55 .
Detection bandwidth about 500 em™ /Lalanne et al. [59]/

¥

st on the reference

FPig.3. Dependence of the SHLS intensity
signal 12 for benzena. a. = 1.06 4k ,L/2 = 0,53
L~ Y

Detaction bendwidth about 500 c‘m""1 /Lalanne et al. ['59]/0.

' Fig.4. Arrangement for observation of nonlinear scattering

| according to Terhune, Maker and Savage B.?]. The poiari-

| zatign properties of the scattered light were determined
with the laser both plane and circularly polarized. The
signal from a 1P28 phototube which measured the scatte-
red radiation through the monochromator, along with that
from a monitor of the laser beam, was displayed on a
dual-beam oscilloscope. Tndividual photoelectrons could
be detected. Spurious signals occurred during the laser

pulse about once in every 200 pulses.
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Fig.5. Iyper-Raman spectrum of methane according to Maker et
al. EB] . Horizontal scale is the hyper-Roman shif?®,
D= ZDlaser - ))scattered' and vertical scale is

the number of counss accumulated divided by that of

laser shots. -

Pig.6. Hyper-Raman spectrum of ethane according Verdieck et al.

[3_8:\; /scales as in Fig.5/.

Fis.?. Diagram of the experimontal arrangement for critical
second-harmonic scattering in NH401 according to

Fround and Kopf [118] .

Fig.8. Reorientation functions /27/ of nonlinear scattering,
describing the cegree of alignment of the particles

versus the parameter g, according fto Kié,’Lich @7] .

fiz.9. Dependence of the amount of light scattered at 90°
‘ on the incident intensity, for the following solutions:
,(according‘ to Chastov and Lebedyev 625]):
1 - adducts of aluminium chloride phtalocyanine
and aluminium bromide in cichlorobenzene solution,
| 2 - copper 2,3-naphtalocyanine in guinoline,

7 =~ platinum 1,2-naphtalocyanine in quinoline.
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Fig. 8
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