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A theory dealing with colloidal systems and predicting optical nonlinearities of higher orders probably ac-
counting for the recently observed strong narrowing of laser beams in gold water colloid [1] is proposed.
Measurements of the optical birefringence induced in a colloid by strong laser light are suggested as a new
method for simple determinations of the anisotropy, shape and nonlinear deformation of colloid particles.

Recently, when studying the propagation of
light from a ruby laser in colloid solutions,
Kaczmarek [1] observed at sufficiently high
power a strong narrowing of the beam. His ex-
periments revealed an important role of optical
reorientation of the particles and, moreover, of
their geometrical shape and size [1-3]. As shown
recently by Askaryan [4], the effects of nonlinear
polarizability [3], nonlinear deformation of shape
and volume, as well as thermal expansion of the
particles can also be of importance.

Colloidal systems acted on by laser light can
exhibit strong optical nonlinearity owing to the
large dimensions of the particles and their con-
siderable optical anisotropy as given by the prin-
ciple values of the refractive index ny, ng, n3.
The nonlinear change in optical permittivity ten-
sor nyr of the colloid can be written as the fol-
lowing expansion in powers of the incident light
intensity I
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with e; denoting a unit vector directed as the light
vector E, and [ = éEg. The indices ¢ and T relate
to the axes X, Y, Z of the laboratory reference
frame and 4, is the unit Kronecker tensor.

The coefficients @; define isotropic optical
change in the colloid which can relate to electro-
striction, or the electrocaloric effect [5], or non-
linear polarization of the particles [3,4]. Assum-
ing their linear dimensions to be small with re-
spect to the light wavelength (2 < »/m), we have
in the dipolar approximation, in the absence of
optical dispersion and absorption
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p being the number density of colloid particles,
and A(21+1) their mean polarizability of order
(27 + 1) induced by the (21 + 1)-th power of the op-
tical field E.

The expansion coefficients B] define the opti-
cal birefringence induced in the colloid given with
regard to eq. (1) by
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if the light propagates along the Y-axis and os-
cillates along the Z-axis.

For particles having the shape of rotational
ellipsoids, this birefringence is mainly due to
their orientation in the electric field and we ob-
tain (on neglecting the effect of anisotropy of non-
linear polarization)
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where ¢, = 0and, forl > 1

l é ‘1-%

L= 121+ 1)(20+3) ~ p=1 k12k+ 1) )
The linear optical polarizabilities A1 and A3 of
the particle are given [6,7] as

c
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with v denoting its volume when immersed in an
isotropic medium of refractive index #, and Lg
is a parameter accounting for its shape.
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For ellipsoidal particles one obtains, instead
of eq. (4),
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where the principal polarizabilities A1, A9, Ag
are given by eq. (6)ats =1, -2, 3,

In the case of spherical optically isotropic par-
ticles the orientational effect is absent, and opti-
cal birefringence arises owing only to the effect
of their nonlinear deformation, according to the
formulas

- trpa®) - aQ) = 4o a®, (9)

BB =t 5 - 4G = hro 4™, 10)

where AB) and A are mean nonlinear polariza-
bilities of order 3 and 5, respectively.

The coefficient BOR is always positive, where-
as B?R can be positive or negative according to
the sign of theé)article's anisotropy. Thus, for
C8, one has BlR = 15.4 x 10~ 12, B(2)R =

- 211.1 x 10-24, whereas for CgHzNO, BYR -

=6.7% 10712 and BQR - -91.9 % 10724, This
latter circumstance can be highly important in
the self-focussing of beams propagating in lig-
uids and colloid solutions. Nonlinearities of high-
er orders can be computed from eqs. (4) and (5).
For molecular liquids, one obtains values (table
1) which, at light intensity I < 108 esu, are gen-
erally small. On the other hand, even at quite
moderate light intensities, a colloidal system

can exhibit strong optical nonlinearity, and in
more intense fields optical saturation can be
achieved. Indeed, denoting by ¢ the ratio of vol-
umes of a colloid particle and molecule, one ob-~
tains for the ratio of birefringence constants

BZCOH/B%VIOlec = ¢'. On the assumptions made

above 1 ¢ < 106, so that in colloids the values
of BYR, BYR, BOR ..
can contribute importantly to processes involving
propagation of strong laser light in such systems.
As can be seen from eq. (1), after an initial steep
increase - the refractive index can decrease as

negative terms - BgR, B?R, B?R and so forth

increase steeply and

come to play a part. Thus a laser beam propagat-
ing in a colloid solution will at first undergo
strong narrowing and can subsequently exhibit
divergence; as a matter of fact, this has been ob-
served in certain cases [1,2].

We shall give a demonstration of the foregoing
with regard to water containing in suspension gold
particles of linear dimensions 300 A and param-
eters of shape [6] L1 = 0.365, Lgq = 0.270. For
X = 6500 A and the preceding values, eq. (6)
yields Aj = 8 x 10-18 ¢cm3 and Ag = 13 x 10-18
cm3, whence the reorientation parameter of the
particles appearing in eq. (4) takes the value
b = (Ag- A))/kT = 1.25 x 1074,

By (4), the induced optical anisotropy of egs.
(1) and (3) is given by the series

- b, b2o B8 3
B—Bl[(1+ﬁ1-m1 -20—79[ +...), (11)

which for gold colloid becomes

B =

= ByX1+6x10-67-5%x10-112_9.4x10-16 B, ),
(12)

One sees that in the present case at laser

Table 1
Calculated values of B?R (1=1,2,3,4) for 1iquids*
Liquid BYR x 1012 B(Z)R x 1024 B(3)R x 1036 BQR % 1048
Carbon
disulphide 15.4 2111 -1618.6 -14104.8
Chloroform 0.52 -1.5 -24.6 475
Benzene 3.3 -23.6 -100.4 452.0

* When applying eq. (4) to molecular liquids, one should replace Ag by the polarizabilities ag of the iso-
lated molecules and include the factor [1} (n +2)]2"resu1ting from the local Lorentz field. Measurements
by Kaczmarek [1] in gold-water colloid yielded a value of By = 1.2 X 10-10; this is by two orders of

magnitude more than in molecular liquids.
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beam intensities I = 104 esu the terms of higher
orders begin to play a part, and can no longer be
omitted in considerations as it is the case for
molecular liquids where nonlinearity is small

(cf. table 1), The expansion of eq. (11) shows
that in the case of colloidal particles having a ne-
gative reorientation parameter b the refractive
index can decrease still more steeply with in-
creasing intensity of the beam (in this case 32R

and B?R are negative).

As known, measurements of the Kerr effect
induced in colloids by the square of a DC electric
field [7] are perturbed by the occurrence of yet
other effects, such as the linear electrophoretic
effect, and others. Now these effects can be total-
ly eliminated if, instead of a DC electric field,

a strong laser beam inducing optical birefringence
in the colloid in accordance with eq. (3) is used.
Hence this optical Kerr effect can provide an ef-
fective and at the same time rather simple meth-
od of determining the anisotropy and shape of col-
loidal particles. Laser technique investigations

of these and other nonlinear optical processes in
colloids (thus, of nonlinear scattering, nonlinear
optical activity, absorption and dispersion) seem
very promising, and are accordingly continuing

in the Laboratories of this Department. The tun-
able parametric amplifiers now being rapidly
perfected [8] and which provide for easy adaption
of the emitted laser light to the wavelength de-
manded by the regions of transparency or reso-
nance absorption of the colloidal medium under
investigation would seem most appropriate for
this purpose.
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