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Abstract—This is a review of the more important theoretical and
experimental results or intensity-dependent refractive index in
relation to self-focusing and nonlinear scattering of light in liquids.
The part played within the framework of the molecular-statistical
theory of these processes by radial and angular molecular correla-
tions, molecular redistribution, various nonlinear polarizations
induced by fluctuations of electric fields of neighboring molecular
multipoles, and geometrical shape of the molecules, is discussed.
Numerical evaluations of the various contributions are given and
compared with the available experimental data. It is found that
while investigation of optically induced nonlinearities in gases and
rarefied substances yields only values of linear and nonlinear
optical polarizabilities of atoms or molecules, work on condensed
systems yields information on the values of molecular quadrupoles
and octupoles as well as on the functions accounting for molecular
correlations of various kinds.
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I. INTRODUCTION

EN years ago linear molecular optics [1] appeared
to represent a closed domain. Since then, owing

to the rapid progress in laser techniques, this domain
has undergone vast developments to a truly unprecedented
extent, giving rise to nonlinear molecular optics [2].
While classical optics provided information relating only
to the linear optical properties of atoms and molecules,
the presently studied interactions between matter and
the immensely intense optical fields of laser beams provide
valuable data on their n})nlinear properties. But the
importance of this rapidly developing nonlinear optics
is by no means restricted to the novel approach it provides
to the electromagnetic properties of isolated atoms and
molecules. Essentially, its value resides in the information
it provides on their mutual interactions and thus on
the molecular structure of matter. These structural
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properties become clearly apparent in a number of new
and highly remarkable effects such as the self-focusing
and self-trapping of intense laser beams [3]-[6] and
stimulated Rayleigh, Raman, and Brillouin scattering
[6]-[8]. These and various other new effects can be said
to depend fundamentally on at least two incontrovertible
facts, which are considered in this paper: nonlinear changes
in a light refractive index, and nonlinear light scattering
processes caused in media by intense laser beams.

A. Nonlinear Refractive Index

The quadratic Kerr effect, which consists of the induc-
tion of optical birefringence in a naturally isotropic
medium by a strong de electric field, was explained clas-
sically by Voigt and Langevin [1] and has been known for
almost a century. Several years before the coming of lasers,
Buckingham [9] suggested that optical birefringence could
also be induced in an isotropic medium by an intense
light beam and would then depend on the light intensity I.
The experiment, which can be referred to as the optical
Kerr effect, was first performed by Mayer and Gires
(10], who employed the laser technique. Paillette [11]
carried out measurements in several liquids. This early
work confirmed essentially that the primary function was
a process of reorientation of anisotropic molecules (Lange-
vin’s effect) in the optical field of the light wave, and that
molecular correlations of various kinds also contribute
{12]. The contribution of third order nonlinear electronic
polarizability (Voigt’s effect) is generally small [6] and
plays a part only in atomic substances or substances
composed of molecules that are weakly anisotropic op-
tically [9], [12].

Moreover, the dependence of the refractive index on
the light intensity was made apparent experimentally
by Maker et al. [13] in measurements of the rotation of
the polarization ellipse of light. This intensity-induced
rotation was studied recently in more detail by several
authors [14]-[16].

A theoretical analysis of a nonlinear refractive index
in liquids in relation to self-focusing is due to Hellwarth
{17] and Takatsuji [18] who, besides molecular reorienta-
tion, took into account molecular redistribution, which
is of great importance in substances composed of isotropic
molecules [12], [19]. Changes in the refractive index can
also be caused by electrostriction [20], [21] and the electro-
caloric effect [12]. However, these essentially thermody-
namical effects exhibit delay with respect to the optical
Kerr effect, and their contribution can be eliminated [6],
[14]. The only remaining problem is that of the contribu-
tion from nonlinear electronic polarizability. This might
be determined, for example, from measurements in the
gaseous phase, as has been shown for simple gases [22],
[23] or from studies of temperature dependence.

The frequency- and intensity-dependent complex index
of refraction in fluids with anisotropic molecules has been
discussed by Bloembergen and Lallemand [24] (see also
[25]) in relation to stimulated scattering processes, as
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well as by Herman [26], who analyzed saturation effects.
in stimulated Rayleigh and Raman scattering.

While self-focusing can be satisfactorily explained by
the optical Kerr effect alone [3), [6], [17], the formation
of filaments arising from self-trapping of an intense light
beam in liquids necessarily involves still other factors.
Some new light has recently been shed on this problem,
in particular on small-scale trapping, by Shen et al. [27],
who consider the role of field-induced phase transitions
(see also [28], [29]), by Brewer et al. [30], who considered
optical saturation, and by Lugovoy and Prokhorov [31].
Quite recently, Rivoire and Beaudoin [32] showed that
these phenomensa depend to a large extent on effects
of molecular interaction inherent in the optical Kerr
effect [12].

B. Nonlinear Light Scattering

In addition to nonlinear refractive index studies, work
on the nonlinear scattering of light occurring when a
medium is illuminated with an intense laser beam becomes
important. Here, the scattered intensity Is becomes a
nonlinear function of the incident intensity I [33]:

IS = S]I+S212+Sala+ Tty

where the constant 8, defines the usual (linear) Rayleigh
scattering at frequency « previously much investigated
in gases and liquids [1], [34]. The constant S, defines
nonlinear scattering of the second order, which consists
of a first harmonic part due to reorientation of the mol-
ecules [33] and of a second harmonic part due to nonlinear
polarizability of the second order [35], [36]. The constant
S; accounts for, among others, third harmonic scattering
[37].

Terhune et al. [38], applying laser technique, performed
an ingenious experiment making apparent second har-
monic light scattering by liquids. Also, Maker [39] suc-
ceeded in observing such scattering by compressed
methane. Their experiments in conjunction with the-
oretical considerations [35], [37] showed second harmonic
scattering to be highly sensitive to molecular symmetries
thus, e.g., to the presence or absence of a center of in-
version, whereas linear scattering is almost totally in-
sensitive with respect to this element of symmetry. This
led Cyvin ef al. [40] to carry out a full discussion of hyper-
scattering by isolated molecules for all point groups.

In a dense medium, second harmonic scattering is
largely dependent on molecular correlations [33]. Bersohn
et al. [41], in their recent discussion of the problem, re-
solved the scattered light intensity into an incoherent,
partly due to the individual molecules, and into a coherent,
partly due to cooperative scattering of neighboring
molecules whose positions and orientations are correlated.
Recent detailed studies of the problem by Weinberg
[42] and this author [43] for dense media resulted in a
considerable role assigned to the electric fields of molecular
multipoles, which can cause second harmonic scattering
even in liquids with molecules having a center of inversion
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[43]. Quite generally, the theory of second harmonic
elastic scattering, including angular dependence, can be
formulated both in a phenomenological [44] and in a
semimacroscopic approach [33], [43].

Lajzerowicz [45] and recently Freund [46] reported
observations of second harmonic scattering by angular
fluctuations in a system in the immediate vicinity of a
critical point, thus opening the domain of eritical harmonic
scattering of light.

Besides the above-mentioned effects of elastic harmonic
scattering, nonelastic scattering effects of the Raman
type can be investigated [38], in which, in general, n
photons of frequency w are incident on the molecule.
The latter, on making a transition from quantum state
k to I at frequency w,; then scatters a photon of frequency
w, = N == wy. Such processes have to be dealt with by
quantum-mechanical methods [35]-[37], [47]. Investiga-
tion of these nonelastic scattering processes lays the
foundations of a new nonlinear Raman spectroscopy,
permitting closer insight into the finer details of molecular
structure than was previously possible by linear Raman
spectroscopy [48].

In this paper, we shall discuss the molecular statistical
aspects of induced nonlinearities within the framework
of a uniform theory, taking into account various radial
and angular molecular correlations, molecular redistribu-
tion processes, and nonlinear polarizabilities induced by
the electric fields of molecular multipoles. Particular
attention will be given to the fact that molecular cor-
relations not only modify significantly the considered
effects on transition from the rarefied to the dense phase,
but in some cases are the sole source of such effects. For
the sake of simplicity, we shall restrict our considerations
to dense isotropic optically transparent media in the
absence of dispersion and absorption.

II. INTENSITY-DEPENDENT REFRACTIVE INDEX
oF Liquips

A. General Theory

We consider a dense homogeneous medium of volume V,
isotropic in the absence of external fields. When acted on
by the electric field E(f) of a light wave of high intensity,
the medium becomes optically anisotropic and nonlinear,
and the change in its optical permittivity tensor is given
by [19]

Ngr — N avr = {n;. 871’ 6” + )\B)\(an arp - %50'7 6:;1) }ErEp

@

where n stands for the intensity-independent part of the
refractive index for wavelength A, and the bar for a time
average over many cycles of the macroscopic electric
field E(t).

The quantity ni* accounts for nonlinear changes of
the isotropic kind in the tensor n,, due to electrostriction
and third order nonlinearity. The optical Kerr effect
constant B,, which accounts for anisotropic changes in
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the tensor 7., 1s of the form

- 3 (P2
By = om ( 3 B @
where B consists in general of a part By, resulting from
nonlinear polarizability of the molecules and a part By
resulting by molecular reorientation. As to the part with
Byy, we shall refrain from considering it here since it
depends but slightly on the molecular correlations. We
rather shall concentrate on the constant By, which in

general is given by [19]
_ % N N ( 6mf,”) amﬁ.“) amf,’) 8m§°)>>
Bx = v\ 2 \3 oE, o, ~ oE. oF;
@)

p=1 g=1

with m® denoting the dipole moment induced by the
electric field in the pth molecule of the medium, and the
brackets denoting a statistical average in the absence of
external fields when the system is at thermodynamical
equilibrium at temperature T

Once we chose the Y-axis as direction of propagation of
the linearly polarized light beam, with electric vector E
oscillating in the Z direction (Ex = Ey = 0), (1) leads
to the following expressions for the changes in refractive
index in the two directions perpendicular to the beam:

ngx — n = (mi* — PBYEZ )
nzz —n = mi* + PBYE;. (5)

Note that the Kerr constant B, increases the value of
nzz but simultaneously decreases that of nxx, and that
the variation nzx — n can be negative if ni* < AB,, as
is the case in liquids like CS, or CH,NO, [20], [21].
This circumstance can be expected to affect the self-
focusing and self-trapping of beams in such liquids, where
by (4) and (5) it can result in a noneircular cross section
of the autocollimation filament.

Obviously, on considering (4) and (5), the optical
birefringence induced in the medium

Nzz — Nxx = )‘BE (6)

does not depend on the electrostrictive effect contained
in the contribution of n;°.
The ratio of absolute changes in refractive index

Nzz — N - 371,;. + 2)\.B)‘ (7)
fgx — N 3ni® — AB,

depends simultaneously, in general, on ni* and B,. On
neglecting the effects of electrostriction and nonlinear
polarizability (n}* = 0), the ratio of (7) takes the value
—2 in accordance with Langevin’s theory of molecular
orientation.

B. Angular Molecular Correlations

Proceeding to discuss the optical Kerr constant in the
form (3), we shall first consider the simplest molecular
statistical model where the linear polarizabilities of the
molecules given by the tensor a.s remain unaffected by
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interactions. In this Oth approximation we have

mY = a[E,

®
and the constant (3) can be split into a part [9]

2
R = o7 (e — 0’ + (@ — @)’ + (@ — @)’} (9)
describing the system (of number density p = N/V)
in the absence of all correlations, when the molecules
have principal polarizabilities @, a3, as, and a part [9], [12]

(4) 2”92 S
T A5KTV El et

'f 3 cos’ oij:q) - 1)9(2)(7'0) 7o) dr, d7, (10)
describing the system with pairwise correlations taken
into account by way of the binary distribution function
g (75, 7,) of a pair of molecules p, ¢ at configurations
T, Te With principal axes s, ¢ subtending an angle §%2.

Assuming molecules p and ¢ to have orientations «,,
w, and to be at mutual distance r,,, we can write in a

satisfactory approximation [49]:

420 70 = 0l exp {~Dememed )

where ¢(r,,) is the well-known radial distribution func-
tion and w(r,,, w,, w,) the potential energy of orientational
interaction of molecules p and ¢. By using (11), we are
able to calculate the contribution from the angular cor-
relations (10) for various molecular correlations of the
dispersional, inductional, and orientational kinds [12],
[49]. In particular one notes that if the distribution func-
tion (11) is independent of angular correlations, the con-
tribution (10) vanishes.

C. Molecular Redistribution.

With increasing condensation of the medium, the dipole
moments (8) induced in the molecules cease to have the
same constant value in every phase of thermal motion,
and the statistical translational fluctuations [50], [51]
related to this fact cause the molecules to have the fol-
lowing effective polarizabilities [12], [49]:

amixp) N ¢ zN: (p)T(pa) (a)
—aE,, = Qg &t Aoyl 45 Qg
N N
+ 2 2 alIRa T — e, (1)
gq=1 r=1

where the tensor of dipole-dipole interaction is given by

P #q.

On inserting the full expansion (12) into (3), we get
by unweighted averaging over all possible orientations
of the axially symmetric molecules (terms linear in the
interaction tensor T,s vanish, and the lowest approxima-
tion yielding nonzero terms is that of the second order):

{pqa) -5 2
T-:;iq = —rw(3ruarwﬂ = Tpe aaﬂ)’
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(2)__87FP{(4 @zz _2_ 3 _@Z_4) (2)
R= gapp \\9¢ T 5 @8 +3ad + o0n & R

+ Qozz(oz2 + '}1% 52) éa)} (13)

with § = (203 — @, — a3)/2 denoting the anisotropy of
the molecule and R{® a parameter of paired radial cor-
relations (n = 6) [49]:

Rf(lZ) = Pfr;:g(rra) dr,, (14)
while the parameter of ftriple (three-molecule) radial
correlations is of the form

o3[l onn

- r:frzd}r;fr—fzg(rﬂ’ r¢7 r") drﬂ dr( dr" (15)

Above, ¢¥'(r,, 1,, 1,) is the ternary distribution function
of three molecules having positions r,, r,, r,.

The contribution (13) is particularly interesting, since
it does not vanish even if the anisotropy of the isolated
molecule is zero § = 0. In other words, as a result of
translational fluctuations, an assemblage of mutually
correlating atoms or isotropic molecules has a nonzero
effective optical anisotropy [49]; this is the source of
optical birefringence in CCl, and similar liquids [12], [19].

On closer inspection it is apparent that on inserting
into (3) the first approximation of the expansion (12)
with subsequent statistical averaging involving a dis-
tribution function of the type (11), containing the energy
of dipole interaction [49]

’W(TW, Wy, wa) = l‘fxp)T?ﬂa)ﬂéq) (16)
one gets to within paired correlations
167 du’ 4 1
¥ = o5rT ("‘2 tisedts 52)R32)’ a7

where p is the molecule’s permanent dipole moment.

This contribution (17) is significant since for dipolar
molecules with negative anisotropy 9, it is negative. A
reduction in Kerr constant has also been obtained quite
recently by Takatsuji [18] for a nonpolar liquid of two
parallel orienting molecules.

Numerical calculations of the contributions (13) and
(17) imply numerical calculations of the parameters (14)
and (15). This can indeed be performed in full with suffi-
cient accuracy for real gases [49], but calculations of (15)
involve the use of Kirkwood’s ““superposition approxima-
tion” for ¢'. Restricting ourself to paired correlations
for a liquid we can recur to the approximate model of
hard spheres of diameter d, i.e., when [51]

g(ru) = {0
1

which together with (14) yields

4,“, (ﬂ_ )(u—a)/a
n — 3 \6v

for r,, <d,

for re>d,

RY = (18)
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TABLE I

A COMPARISON OF THE THEORETICALLY CALCULATED VALUES oF By (1IN 10~ ESU) anp THE VaLUEs Founp BY REFERRING
10 EXPERIMENTAL REsurts [11]

Liquid BRr®, eq. (9)] BrW, eq. (17) | Br®, eq. (13) By theor Bge*r, eq. (2)
Carbon tetrachloride 0 0 1.32 1.32 0.07
Chloroform 0.28 —0.08 0.92 1.13 0.21
Carbon disulphide 6.36 0 5.45 11.39 3.83
Benzene 1.65 0 2.00 3.53 0.49
Toluene 2.12 —0.54 2.24 3.82 1.11
Nitrobenzene 3.05 —1.64 3.26 4.67 3.25

forn > 4 wherev = = d’/6 is the volume of the molecule.

From Table I, one sees that the theoretical values
obtained for By recurring to the approximation (18)
for pv = 0.6 are considerably larger than those obtained
using experimental data (especially in the case of CCL).
It would seem that these divergences are due to the
omission up to this point of still other molecular factors
and of the contributions of triple and quadruple correla-
tions, rather than to the approximate nature of the
model (18). These multimolecular correlations have been
taken into account by Hellwarth [17] when calculating
the influence of molecular redistribution on the nonlinear
refractive index of liquids. Further on, we shall discuss
some other factors yielding nonzero contributions to By
even in the approximation of paired correlations.

D. Nonlinearities Due to Molecular Fields

In a dense medium, there generally exist very strong
microscopic electric fields of electric multipoles, causing
nonlinear polarization of the molecules and thus modifying
the tensor of their effective polarizability in accordance
with the following expansion [49]:

am(r)
oE,

where 8,5, and v .s,; are tensors of nonlinear polarizability
of the second and third order, respectively [52], [53].

To begin with, let us consider a molecule as acted on
by the field of dipoles of its neighbors [49]:

(»)

27aﬂyaF(p)F(p) + ..

(p) +fopﬂ)‘yF(v) _|_ (19)

N

(»0) ()
— 2 Tadws”

a=1

FO = (20)

We get by (3), with regard to (11), (16), and (19) for
paired correlations:

. 4dru’p { 12# } (2)
where 8 = (Bus + Bazs + Baas)/3 and ¥ = Yaaps/5 are

the mean nonlinear polarizabilities (the anisotropic parts
of Basy and v.s,s have been neglected).

The electric field produced at the center of molecule
p by the quadrupoles of its neighbors in the medium is
of the form [49]:

N

» 1 I
Ff,) =§ ETZI?‘: (a)

q=1

(22)

0.5 being the quadrupole moment tensor, and T,s, the
dipole-quadrupole interaction tensor.

By means of (19) and (22) we derive from the general
formula (4), to within paired correlations of axially sym-
metric molecules having a quadrupole moment 9,

o 167p
Be = 63kT

One notes that the contributions (21) and (23) can
also be negative if the molecular anisotropy & is negative,
thus decreasing the final values of Bg.

If the molecules have electric octupoles given by the
tensor Q.py, they will give rise to an electric field [49]

E T
and by (3) and (19) we get for the tetrahedral molecules:

1287p
35kT

In order to make numerical evaluations of these contribu-
tions one has to know the values of 8 and v (but these are
known only for several molecules [52], which are not
considered in Table I) as well as those of © and @, which
can be determined by various methods [54], [55].

E. The Role of Molecular Shape

Throughout our preceding considerations, the molecules
though optically anisotropic were tacitly assumed to be
geometrically spheric. Now, as a matter of fact, the effect
of reorientation of molecules in an ac electric field depends
strongly on their shape. The influence of geometrical
shape on By is most conveniently calculated by using the
ellipsoidal Lorentz or Onsager-Scholte model [56], lead-
ing to the following expression if short range statistical
correlations are neglected in (3):

{(e} —

sy O°RSY . (23)

Fe = %% (24)

Bp = BrasMinsRSY (25)

27p

Br = 15T

a"é)? + (a"; - a,g)z + (Ola - 0!1) }

(26)
Above, a*, a%, and o denote principal effective polar-
izabilities of the molecule.
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TABLE II

OpticAL KERR CONSTANT Bgr(IN 10~2) CALCULATED FOR THE
ELL1psoIDAL LORENTZ AND ONSAGER-SCHOLTE MODELS

Without
Field Lorentz Onsager—
Anisotropy Ellipsoidal Scholte

Liquid eq. (9) egs. (26), (27) | egs. (26), (28)
Carbon

disulphide 6.30 3.21 3.75
Benzene 1.65 0.62 0.92
Acetone 0.29 0.15 0.25
Toluene 2.12 0.90 3.66
Chloroform 0.28 0.07 0.09
Chlorobenzene 2.20 0.75 1.16
Nitrobenzene 3.05 0.97 1.53
Bromobenzene 1.58 0.37 0.82
Fluorobenzene 0.81 0.34 0.82
Pyridine 1.64 0.86 2.20

With the ellipsoidal Lorentz model, the sth principal
2 ———
oF = {1 + LT eL @)

effective polarizability is [49]:
+ 2 s 1)}&,

where L, is a parameter of shape of the ellipsoid (L, +
L, 4+ L, = 1). For asphere L, = L, = Ly = 1/3 and the
anisotropy of the local field 3L, — 1 vanishes making
the effective polarizability (27) identical with that of
the isolated molecule, while (26) reduces to (9).

The Onsager-Scholte model leads to the following
effective polarizability for the molecule [49]:

( 3n’ ) b
nz + 2 aoco,
[n* + (1 — n®)L,]Jabc — 3(* — 1)(1 — L,)L,a,

with a, b, ¢, -+ , the semiaxes of an ellipsoidal cavity
* whose dimensions in Onsager’s model are taken equal to
those of the anisotropic molecule immersed in a continuous
medium of refractive index n.

Table II shows that the Lorentz local field anisotropy
strongly decreases the By, values of all liquids, whereas the
Onsager—Scholte model in some cases (C,H;N) yields a
considerable increase and in others (C;H;NO,) a decrease
in Bp. Simultaneous consideration of meolecular shape
in accordance with either model, and of short range
correlations, is liable to lead to satisfactory agreement
with experiment.

(28)

at =

III. ToE RoLE oF MoOLECULAR CORRELATIONS
IN SEcoND HarRMonNICc DEPOLARIZATION

We shall refrain here from discussing in detail the
general theories of second harmonic scattering developed
elsewhere [33], [41]-[44] for dense media, and shall but
review the important part played by molecular correla-
tions in the depolarization ratio that is defined (for
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vertically polarized incident light [43]) as

4C — A
6C + 94

where in the absence of dispersion and absorption we have

D,, = (29)

m®  9*m® >

,,Z-; qz.; aEp 3E, 9, oF (30)
(p) 9 m(q) >

Z Z; aE, aE 3B, OF @1)

We now have to take into account the nonlinear polar-
ization induced in the molecules by a strong laser field.
In the absence of molecular fields we can write, instead
of (8),

»
my =

DBy + 38U EE, + - (32)

The constants (30) and (31) have been discussed in
the above approximation by Bersohn et al. [41] for various
molecular symmetries [40]. Here, we shall draw attention
to two cases of peculiar interest not discussed in [41].

A. Tetrahedral Molecules

One such case is that of tetrahedral molecules for which,
in the ground state, 8.5 = 0 and the constant A vanishes
in the approximation of (32), while C is nonzero and is
given by
C - 61\7/3123 + 4 ff fopﬂ)y 2?79(2)(7'1:, Ta) dTr dTa' (33)
One sees that here the depolarization ratio (29) takes
the value 2/3, while for liquid CCl, one has experimentally
a value close to 1/3 [38]. This result is highly significant
since, notwithstanding the fact that statistical correla-
tions are inherent in (33) by way of ¢, the ratio D,,
is, nevertheless, a constant quantity independent of den-
sity and temperature. It is readily shown that by taking
into account the effect of molecular redistribution in the
discussion of (30) and (31) one gets nonvanishing C as well
as A constants, resulting in the following relation [43]:

2 1_|_ 16 2R(2)
3 1 + %ﬁ 2R(2)

The contribution «’R{* from molecular redistribution
decreases the 2/3 value by about 15 percent. But a decrease
of 50 percent is required in order to have agreement with
the experimental data. As shown by Weinberg [42] and
this author [43], this can be achieved by taking into
account the effect of the electric field of molecular octu-
poles (24), which causes additional nonlinear polarization:

D,, = (34)

2, (p)
Im, (») ()

oE, oF, = Bagy + VapysF

(zz) + e (35)

Including both this effect and molecular redistribution
in the calculation of the constants (30) and (31), one
obtains the depolarization ratio of tetrahedral molecules
in the form:



1 + 76 2R(2) + 14 (6123> szaR(Z)
p .
14— 118 (2) + @ (E“’) fza ;g)
123

Inserting here the data for CCl,: a = 10.5 X 107 em®,
Bras = 0.35 X 107 ESU [38], v = 12 X 107%° ESU [52],
and recurring to the approximation (18) for pv = 0.6,
accordance with experiment is obtained [38] if the octupole
moment is taken as equal to @ = 15 X 107 ESU.
Weinberg [42], not considering molecular redistribution,
obtained a value for Q@ about twice as large.

(36)

B. Quadrupolar Molecules with a Center of Inversion

Isolated molecules having a center of inversion cannot
produce second harmonic scattering because in their case
the components B4, vanish. Nevertheless, if they possess
a permanent quadrupole moment, they become deprived
of their center of inversion as a result of nonlinear polariza-
tion in the electric fields of other quadrupoles [(22)], in
accordance with the expansion (35). Hence, a dense
medium consisting of centrosymmetric quadrupolar mol-
ecules is apt to produce second harmonic scattering defined
by the constants [43]:

A = ¥y'&'NRS” 37
C = 5/'0'NE® (39)

where we have neglected the anisotropy of the tensor
Yagys- The above expressions, when inserted into (29),
lead to a depolarization ratio of 1/9. It is worth mentioning
in this respect that Terhune et al. [38] observed weak
second harmonic scattering from a liquid of trans-
dichloroethylene, which is centrosymmetric, twenty times
weaker than from the cis isomer, which lacks a center of
inversion.

IV. CoNCLUSIONS

From what has been said, the part played by molecular
correlations in nonlinear optical effects is not only that
of a source of numerical corrections modifying the ‘“‘gas
values,” since these correlations can in certain cases be
the source of the effects as such. An example of this is
found in the existence of temperature-dependent optical
Kerr effect in liquids with optically isotropic molecules
as a result of molecular redistribution [(13) for & = 0].
The same effect also decreases the depolarization ratio
of second-harmonic scattering in accordance with experi-
mental data [(34)]. In liquids of tetrahedral molecules a
further decrease in D,, as well as the occurrence of a
Kerr effect can result by fluctuations of the electric fields
of octupoles causing nonlinear polarization of the mol-
ecules [(25) and (36)]. Clearly, in the absence of molecular
correlations, these effects do not occur. It is moreover
noteworthy that, while molecular redistribution as cal-
culated with the radial correlation function yields an
increase in By [(13)], a decrease in By will result on taking
into account angle-dependent correlations [e.g., by (17)].

Values of the correlation parameters (14) and (15), as
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calculated with the approximation (18), can moreover
be determined from other effects, such as linear light
scattering [49] or electric polarization in liquids [51], [571.
Along these lines, we can gain more detailed information
concerning the nature and shape of the paired, triple,
and multimolecular correlation functions, which are of
essential meaning to the statistical mechanics of liquids
[58]. To this aim, it would be most useful to investigate
the phenomena under consideration in multicomponent
systems, for which for example the optical Kerr constant
can be expanded in a power series in the mole fractions
z [19]:

= Z z.B; + Z z:x;Bi; + Zk B + o+ (39)

t 7 kX)
where the first term describes the additive properties of
the ideal mixture, while the subsequent terms account
for deviations from additivity due to various paired,
triple, ete. molecular correlations. The study of these
deviations from addivity will thus provide information
on the binary ¢'2, ternary ¢{}, - -+ correlation functions
inherent in the coefficients B,;, B, - -+ of the expansion
(39).

In concluding, it may be worth stating once more that
although the permanent electric dipoles (and higher
moments) of molecules do not participate directly in
purely optical effects, they nevertheless do contribute to
these effects indirectly in sufficiently dense media by way
of the correlation functions and by way of their electric
fields, which induce nonlinear polarization in neighboring
molecules, also in the absence of externally applied fields.
Hence, the nonlinear optical processes accompanying the
propagation of intense laser light in liquids are largely
dependent on the electrical properties and the structure
of the molecules as well as on the nature and amount
of their mutual interactions. Obviously the present pre-
liminary stage attained by this domain does not as yet
permit to draw far reaching conclusions, but it can surely
be said to provide a basis for the nonlinear molecular
optics now undergoing rapid development, whence in-
teresting results are to be expected with regard to the
nonlinear properties of atoms and molecules and their
mutual correlations in dense media.

V. FinaAL REMARKS

Molecular correlations are apparent to a greater or
lesser extent not only in the phenomena previously cited
but moreover in the stimulated scattering processes re-
viewed recently by Bloembergen [7] as well as Akhmanov
and Khokhlov [59], and in other optical nonlinearities [59]
probably including frequency shifts in self-focused light
[60], [61]. These correlations predictably play a very
important part in the nonlinear changes in electric and
magnetic susceptibilities induced in liquids by strong
laser light [12], [62] (as yet unobserved effects, though it
is worth noting that recently variations of the absolute
refractive index of liquids have been measured [63], [64]).
Recent attempts [65] to detect nonlinear changes in the
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ratio of depolarization of scattered laser light due to
optical molecular reorientation and angular correlations
[66] have not as yet led to unambiguous results because
of laser-produced shock waves [57] and dielectric break-
down [68] at high intensities of the beam. Moreover,
molecular correlations play a part in nonlinear phenomena,
which can be induced optically in gyrotropic media [69],
[70], namely nonlinear optical activity [59], [71], inverse
Faraday effect [72], and light intensity-dependent Faraday
effect [71].

Those of the above-mentioned nonlinear optical proc-
esses which have up to this point not proved accessible
to detection in atomic or molecular substances can be
predicted to be readily accessible to observation in
macromolecular and colloidal ones, where (like the already
measured effect of electric saturation [73]) optical satura-
tion should be easily achievable [74]-{76]. However, in
such substances, nonlinear optical processes will depend
more strongly on the size, shape, and anisotropy of the
macromolecules or particles [75], [76]. Significantly, in
molecular liquids, the optical Kerr constants are in agree-
ment with experiment [11] if angular correlations are
included in the calculations [77].
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