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Soret feedback in thermal diffusion of suspensions
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We have theoretically studied the interaction of a light beam with liquids containing absorbing nanopar-
ticles. We have shown that the Soret effect ensures a feedback that essentially limits heat insertion into the
system and the change in its temperature: the temperature rise on the axis of a Gaussian beam is inversely
proportional to the Soret constant. Transverse spatial redistribution of the absorbing particles gives a specific
thickness dependence of the transparency of the material. These properties not only play an essential role in the
study of light interactions with absorbing solutions, but also can underlie optical methods for measurements of
the Soret constanfS1063-651X98)06704-X]

PACS numbeps): 83.70.Hq, 66.10.Ch, 42.70.Nq

I. INTRODUCTION may allow a straightforward determination of the Soret con-
stant. A transverse modulation of the absorption constant and

Colloidal suspensions have found a variety of importanthe refractive index due to the redistribution of the concen-
applications in modern technologies. Thus magnetic fluidgration of the particles and temperature leads to a nonlinear
are being largely used for polishing optical componentsabsorption with a specific thickness dependence of the ab-
[1,2]. Suspensions of silica particles in liquid crystals havesorbed power, and yields characteristic self-phase modula-
exhibited extraordinary capabilities for optical stordged].  tion patterns in the far field zone of the laser beam. We will
Artificial media with high optical nonlinearity were obtained find the spatial distribution of particles for a specific spatial
in colloids of submicrometer-size particles in liquigs-7].  Profile of temperature obtained in light beams with a Gauss-
However, the physical mechanisms associated with manign profile of intensity.
phenomena in colloids are still poorly understood, and optics
serves as one of the most powerful methods for the study of Il. GENERAL EQUATIONS
such complex systems.

In the present paper, we study thermal diffusion phenom- The equation of diffusion with account of the thermal
ena that take place in solutions of absorbing centers likeliffusion effect can be written down in different forrh23—
nanometer-size magnetic particles in kerosene, and dye mdkb]. We will proceed from the equation
ecules in liquid crystals. These experimental situations were
intensely studied recently; see Rg®8-12] for magnetic sys-

Jc
tems, and Refd.13-15 for dye-doped liquid crystals. Our E—DAc:DT div[c(1—c)gradT] (€N)
results may help to understand some of these interesting ob-
servations.

Concentration variations due to laser-beam-induced themeglecting hydrodynamic motions. In Ed), D is the mass
mal diffusion in liquid mixturesknown as the Soret effect diffusion constantmeasured in cffs); the parameteD
were observed in a number of papgt6—20, and are rec- (measured in cffs K) is the coefficient of the thermal diffu-
ognized as one of the major mechanisms contributing to thsion; andc denotes the concentration of absorbing particles
interaction of light with liquid mixtures[21,22. In the (or moleculeyin the medium, and is defined as the ratio of
present paper, we show that a linear description of the thethe number of inclusions per unit volume to the total density
mal interaction of laser beams with complex media is notof particles.
adequate in many cases, and may lead to nonphysical con- The constant of the thermal diffusiob; is a complex
clusions about changes on the temperature of the colloid corfunction of molecular parameters of individual species, their
taining absorbing particles. We reveal a mechanism of amass and size, and interaction forces. Even for a particular
transverse feedback induced by the Soret effect that limitixture, it is a complex function of temperature and density,
the temperature increase in liquids containing absorbing paand there are no universal laws found to describe these fea-
ticles and molecules. We show that a measurement of thitures for liquids. In our present discussion, we will assume
temperature with the aid of a characteristic diffraction patterrD; to be constant in the range of temperature changes in-
duced by the light beams. Generally speaking, this may not
be correct, and the temperature and concentration depen-
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)

wherey (cm?/s) is the temperature conductivity coefficient, = L ; i
o (cm™Y) is the absorption constart(W/cn?) is the inten- din - ;
sity of the laser beam, aneC, (JlenK) is the specific heat

capacitance of the material.

. In p_ases where variation ofin _Space 1S smooth, EdL) 'S, FIG. 1. The experimental scheme: a laser beam of a Gaussian
S'mpl'f'Ed{ and tgkes_ the f_OHOW'ng form highly convenl_ent profile of intensity incidents upon a suspension of absorbing par-
for uses in conjunction with the temperature conductivityyicies (black dot3. The divergence and the profile of the output
equation(see, e.g., Ref.20)): beam is modified due to both the modulation of the particle con-
centration, the temperature of the medium and, consequently, the
refractive index of the liquid.

Jc
E—DAC=DTC(1—C)AT. 3

negative, as determined by the sign of the thermal diffusion
To arrive at Eq.(3) from Eq. (1), let us write V(cVT) constantD. For a small concentration of the absorbers, we

—CcV2T+VTVc, and take into account that spatial varia- €@ Simply accept
tions of the concentration arise due to temperature gradients.

At the steady state, the relationship between the temperature

and the concentration gradients is determined by the so . ) -
called Soret-Ludwig constan§;=D;/D [23-25: Vc= where« is the absorption coefficient for the pure absorbent.
—cS;VT. Typically, the quantitycS; is small, which means

that the gradients of the concentration are much smaller com- Ill. REDISTRIBUTION OF ABSORBING PARTICLES

pared to the gradients of the temperature. TRUEVC IN A GAUSSIAN BEAM

~cSp(VT)2. Now let us note thatSy(VT)2<cV?T, due
both to the presence of the small parametf and to the
smallness related toV(T)?: first of all, for any symmetric
beam, ¥ T)? vanishes on the axis of the beam, and, secon

o=ac (6)

Consider a conventional scheme of a laser beam interact-
ing with a liquid containing absorbing particléBig. 1). We
dwiII show here that the Soret effect plays a crucial role in
X determining the profile of the distribution of the absorbing
2
?;sttg: ttEZr??r??t,etrhn;;{irmrﬁirs()puosr:ilf(i):salltrtz -(t)rar?;‘?r?/nsa?ouncgf particles and, thus, the profile of the temperature established
: | in the medium. The escape of the particles from the region of

Ei?j.e(r?] m;o lrqub.I(eSr)ﬁ :%é@ﬁzseilcfflv?t?; r\gg V;'(Izlt ?gt:rilglll szr?;?(;nsmaximal radiation intensity provides a negative feedback in
gap . . P many systems, limiting the heat release in the medium.
of the concentration, and will therefore hage-cy=const

. . s . We will restrict ourselves to the two-dimension@D)
%rgothEeqn(gSf)\t-hand side of EqL), that will directly convert it problem, where the temperature gradients and the attenuation

The set of equation€2) and (3) can be simplified even of the laser beam along the thickness of the cell are ne-

further if we take into account the smallness of the so calle lected. This assumption is very useful to reveal the qualita-
. . e ive features of the phenomena under discussion, to provide
Lewis number, the ratio of the mass diffusion constant, an

the constant of the temperature conductiviy is typi- or ex_plicit de_pendgncigs, and tq aII.ow for evaluations of

3 o : X yb experimental investigations. Taking into account the pres-
cally of the orde.r O.f 10 for liquids. This means that the .ence of the gradients along the thickness of the cell will
temperature profile is established much faster than the spati odify the problem, but it will not change the qualitative
distribution of the concentration. Therefore, one can adiafe '

. . . atures of the phenomena under discussion. The 2D prob-
_batlcally eliminate the temperature from E8) by substitut- lem has previomEJst proven to be satisfactory in descriging

Ing thermal nonlinear optical phenomena in absorbing materials.
For the steady state, E(p), taking account of Eq6) and
AT=— ol 4) the expression for the intensity distribution in a Gaussian
xpC, beam of the radiusy,
in it. Thus we are left with the following equation: |(r)=|0e*<r/W>2, (7)
ac o can be represented in the form
—=DAc—-D+c(1-c) . (5)
ot xpCp )
Ei(r de) _ eSref(1-0)lo (1_C)I°e—<rIW>2 ®)
The most interesting properties of the physical system un- rdri dr pCpx '

der consideration arise due to the dependence of the absorp-

tion constants on the concentratios. This dependence is ~ We will assume now that the homogeneous concentration
essentially important for systems containing strongly absorbe, of particles at the absence of the light beam is snugll,
ing mobile centergmolecules or nanoparticlesSuch a de- <1, and that it undergoes small perturbation due to the light-
pendence provides feedback which can be both positive aridduced Soret effect=cy+Cg, Cs<Cq. Then the perturba-
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tion of concentration can be determined from E), linear- 1
ized with respect to the intensity of the laser beam:
7 02 e
1 d dc’ 2 o E / |
- P | = - 8 6 . i
o qa— —
where ,
) 2.2
0'0' OW |
7= (10 -3 ‘
pCpx 0 02 04 06 08 1
/R
and og=acy. In Eq. (9), r'=r/w and ¢’ =cs/cy. In the ’
following, we will omit the prime sign at. FIG. 2. The radial profile of the concentration perturbations for
Integration of Eq.(9) yields different sizes of the systenR=5 (solid line) and R=15 (dashed
line).
’ ’ m —r2 2 ' —x2
c'(r)=c’(0)+—=(1-e ")In(r5)—xn | xIn(x)e"*dx )
4 0 7 ( 1— e—R
c'(R)=—1|1- 5 . a7
ny 4 R

—¢'(0)+ 2 In(r2)— L g (~r2)+ 2, (1)
4 4 4 - .
At the limit of a large cell size compared to the beam

wherec’(0) is the concentration perturbations on the axis ofvaist, R>1, the above obtained formulas are reduced to
the beamE;(—r?) is the exponential integral function, and

2
y=0.577 ... is theEuler's number. The value af’(0) is roevee L 11— 1
determined from the condition that the overall number of ¢'(n 4 In R Bi(=r9+1 R?|’ (18)
particles in a cylindrical cell containing the mixture is con-
stant: ”
c’(O)w—Z[ZIn(R)—ler], (19
R
f c'(r)rdr=0, (12
0
n 1
_ _ o _ c'<R>~—(1——2). (20
whereR is the size of the cell in units of the beam waist 4 R
radiusw. Finally, the expression for the concentration redis-
tribution will be obtained as follows: As evident from expressior(48)—(20), the concentration
distribution depends on the size of the systBmThis is a
7 r\2 1—e R rather slow, logarithmic dependence in the case of large sys-
c'(n=yo4 |n<§) —Ei(~r)+E(-R)+1- R? temsR> 1. This dependence is due to the confining role of

the boundaries that do not let the particles escape to infinity.
(13 In the case of small confinemen8<1, we obtain

The number of particles on the axis of the beamO de-

i 1
creases according to c’(r)=g IN(r2)—Ey(—r2)+ y— 5 R?
_Rr?
! 77 — *
¢'(0)=— 7 | IN(R) + —z——E(~RY)~1+y|. 7|y O L, 21
(14) 41 &1 kkboo20 )
Near the center of the beam, the radial dependence of the 7
concentration perturbations is parabolic: c'(0)=— 3 R?, (22
’ ’ n 2
c'(r~0)=~c (O)+Zr . (15 7
¢ (R)= 3 R2. (23
Close to the boundary, the concentration is linearly increas-
ing: Figure 2 demonstrates the radial distribution of the con-
5 centration perturbation for the two different values of the
) 7 r _R? 1-e R size of the system. Figure 3 presents the dependencies of the
c'(r~R)= 2 —2{1- R (1+e ™)+1- RZ |’ perturbations of the on-axis concentration and the concentra-

(16)  tion at the boundary as a function of the size of the system.
The absolute value of the variations in the concentration
At the boundary of the cell; =R, the increase in the con- is determined by the parametegr Noting that7w?| is the
centration of particles is total power of the bearP, we can rewritey as
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FIG. 3. The concentration perturbations on the axis of the ‘
Gaussian bearfdecreasing curyeand at the boundary of the cell -3
(increasing curveas a function of the cell size. 0 02 04 06 08 1
/R
7= ooSTP (24) FIG. 4. The concentration profile obtained with the aid of the

qualitative approacltidashed ling The solid line presents the plot
of the correct solutiofEq. (14)] for comparison. Both curves are

The magnitude of the effect is determined by the power of©" R=5. The approximate solution assumegs 1.
the laser radiation rather than by its intensity. This is explic- . _
itly shown by Eq.(19), where we see that the dependence onl N solution of Eq(25) is
the beam size is logarithmigecall thatR is the size of the , ,
system reduced to the beam waist radigs Physically, the T(r=0)—=T(r)= ¢'(r)—c’(0) 26)
power dependence is a result of the circumstance that, at a St |
fixed power, the smaller the beam waist radius, the larger the
power density, but the smaller the gradients of the tempera- Typically, the transverse size of the cells that contain the
ture and concentration. magnetic fluid is about 1 cm, and the spot size of a focused
Let us carry out a numerical estimation. Typically, for laser beam on the cell is only tens of microns. Thus, the
conditions of the experimenf8,9], o,~400 cni?, pC,  region that is heated by the beam is highly localized. There-
~1J/cm K, and y~10"2 cm?/s. The magnitude o8; has  fore, the change in the temperature at the boundarR is
not yet been measured for magnetic fluids. As mentionediegligible, and that boundary essentially maintains the room
above,S; is very sensitive to a number of parameters chartemperature. Thus we will assume a fixed temperature at the
acterizing the shape and size of the particles and their inteboundaryr =R of the cell, and we will rewrite Eq(26) in
actions, and there are no satisfactory theories to estimate tlise form
value of S; for liquid solutions. Thus, for particles of poly-
styrene of less than 100-nm size in dilute solutions in tolu- ¢’ (R)—c'(r)

B mpCpx

ene, the Soret coefficient has been measured toSpe T(-T(R)= S; (27)
= 0.36 K 1[26]. For different sizes of polystyrene particles,
similar values ofS; were obtained in Refl27]. In a large On the other hand, the change in the temperature due to

number of situationsSy was found to be of the order of the absorption of the laser radiation can be estimated as
10 3 K! [20,26,28. Let us assume here a rather small

value for S; obtained in solutions of particlesS; ool (N7
~1073 K. Then Eq.(24) yields 5~ 1 for a laser power as T(N=T(R)=—~—[1+c'(N], (28)
low as 10 mWw. Prp

With account of the concentration profil&4), Eq.(4) can 2 . . —
be directly integrated to yield the temperature profile estab\-I’EVherezTNW (/jX 2'; the thermtal reI?xanont_tlme.f C;onade(rjlng
lished in the medium due to the absorption of a Gaussiaq_qs'( U anc (28) aﬁ a;s”ys em o lequa :con:s 0_ (r) an
beam. The integrals, however, are rather cumbersome, anér)’ we arrive at the following solution foe’(r):
we cannot present them explicitly through analytical func-

tions.

2 2

ne”" —c'(R) ne’
c'(r)=- ~ — , 29
) 1+7;e‘r2 1+77e‘r2 29

IV. SORET FEEDBACK _ . _
wherec’(R), determined by conditiofl3) to have a fixed

Let us proceed with a simple physical discussion to gaimumber of particles in the volume, is considered to be neg-
more insight into the qualitative features of the concentrationigibly small at the limitR>1:
distribution over the cell. That is, the absence of a mass flux

in the equilibrium state relates the gradient of the concentra- In(1+ 7)

tion to the gradient of the temperature as follows: ¢'(R)y~—¢z—~0. (30
d_C': s, d_T (25) The spatial profile oft’(r) found from Eq.(29) is pre-
dr dr’ sented in Fig. 4, along with the plot of (r) according to the
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HRNES ] ] e,— &
\) _ p h 3
N =g, ——— a°. 4
\\ \ 18 8h8p+28ha (3)
Z AR
‘g " \ Equation(3) for the concentration now can be written down
=] .
S o5k ! \ ] in the form[31,32
3 N\
" W\ 2 DAC+Drc(1—c)AT— — VeF 35
'\ \ ot~ DAc 1¢(1—-c) kB_TC' (35
LN
~ e
0 0 1 5 3 In the framework of the approximations made above, the
equation for the steady state distribution of the concentration
rw assumes the form

FIG. 5. The normalized temperature profile for different values
of the parameter;: =10 (dashed ling =1 (solid line), and » _Co
~0 (short-dashed curye Ac+SiCoAT E Al=0, (36)

guantitative expressiofilL4). Figure 4 demonstrates that the \where we have introduced a notation
simple approach retains the main qualitative features of the

process. cnksT

Equations (28) and (29), with account of T(R)~ lg= e (37)
exp(—R?~0 andc’ (R)—0, lead to the following expression
for the ch in the t ture: : .
or the change in the temperailire Further, evaluating the solution of E(R6) as

(== e 31 |
N=—o——. ,
Sr1+qpe " ¢'=p =S, (38)

| evlge;rgag?éserﬁzgfjsigf Ii?ge tg m_lp_)ﬁéatmu:)estaitngj;)f(f)ergrr:: Eg\r']\/:erqnd relating the change in the temperature to the light inten-
guence of Eq(31) is that the increase in the temperatureS'ty with the aid of expressiofg8), we obtain

remains limited even for a high power of the incident radia- | |

tion. The temperature on the axis of the beam is equal to Cl~— — ( _ _S) (39)
I's le)’

T(r=0) . (32
r=0)~ -
S, where
at the limit »> 1. Thus the on-axis temperature is determined - PCpx (40)
by the value of the Soret constant, and can serve as a method ST SropCoW?”

for its determination. Note that all details about the experi-
mental parameterébeam power and waist size, size of the |n obtaining Eq.(39), we assumed (R)=0, and neglected
cell, and material parameters like temperature conductivityhe saturation effects.

coefficien) do not appear in expressi¢g2). Thus, in the case,>ey,, which takes place in solutions
of magnetic particles, the electrostrictive forces drive the
V. EFFECT OF THE ELECTROSTRICTIVE FORCE particles toward the higher intensity central region of the

beam competing with the thermal diffusion, which forces
While thermal diffusion is the main mechanism which particles out of the center of the beam. The relative forces of
causes motion and redistribution of strongly absorbing parthe two effects are determined by the rdtigl ¢ . Let us first
ticles in the electromagnetic field of the light beam, the eleceyaluates. For magnetic particles of radiws~10"° cm in
trostriction forces resulting from the transverse modulatiornkerosene, we havg~ 108 cn, and, at room temperature,
of beam intensity may still have an effect on the redistribu-| _— 107 w/cn?. The magnitude of s depends on the beam
tion of particles. To evaluate their role, we have to includeyjst radiusw. Assumingw~ 10 um, oy=400 cni’%, and
the electrostriction force into equations for the concentrations 1073 K1, we obtainl <~3 10" Wicn?.
The strong dependence of the ratig/l ¢ on the size of
F=1 2_477_:3 the particles and on the beam waist radius makes it possible
=3BVE‘=——VI, (33 . . o
cn to obtain comparable values bf and|g by minor modifi-
cations of the experimental parameters. Actually, we do not
acting on a particle of polarizabilitg [29,30. In Eq.(33), n precisely know the values af and S; for the case of the
is the refractive index of the medium, ands the speed of magnetic particles explored in Refs8,9], while the beam
light in vacuum. Polarizability of a dielectric sphere of radius width in those experiments was even smaller than accepted
a can be taken as in estimations made above.
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FIG. 6. The temperature profile calculated with the aid of the FIG. 8. The concentration profile taking account of the compet-

correct quantitative expressiofispper curve and its Gaussian ap- N9 action of the electrostriction gnd the thermal diffusioR (

proximation (lower curve: the boundary condition corresponds to = 10). The nonmonotonous behavior of the curve reveals the fun-

the fixed temperatureT(=0) atR=10. damental misbalance of counterdiffusions for equivalently strong
forces. The monotonous curve corresponds to the electrostrictive

VI. FUNDAMENTAL DISBALANCE diffusion that is an order of magnitude smaller.

OF ELECTROSTRICTIVE AND THERMAL

COUNTERDIFFUSIONS tive changes in the magnitude of the concentration redistri-

bution, but it influences the profile of the concentration dis-
Evaluation of the temperature with the aid of expressionyibution as a whole. According to Eq$38) and (41), the
(28) oversimplifies the physical pictures of the processes unresultant profile can be written down as
der discussion, and masks the following interesting effect.
That is, the correct solution of the temperature conductivity , lo ls _,2
equation for the Gaussian beam, first obtained in R3S, C T f(r,R)— e °
can be presented in the following way to facilitate the calcu-
lations: Figure 8 shows the obtained concentration distribution for
the particular values of the ratig/lg. In the case of com-
T(r)=Tof(r,R), (41) parably strong electrostriction and thermal-diffusion effects,
B 2 _ _ I the concentration first decreases with increasing distance
where To=olow IxpCp= ‘T.P/W.Xp,(,:P_ lo/Syls coincides oo he axis of the beam, and then increases again, since the
with the “Gaussian approximation” for the temperature rise _ .. f the striction forces becomes negligible at the pe-
estimated with the aid of expressi¢?8), and action of the s g9 P
riphery of the beam.
£(r,R)=HE/(—r2)—In(r3) —[E;(—R?)—In(RA . We ‘may try to evaluate the effect of the. feedback by
(42)  assumingin Eq(41) thato=oy(1+c), and solving the sys-
tem of equationg38) and (41). Then, expressioi43) be-
Figure 6 presents the correct profile of the temperatureomes simply multiplied by the factqd +1,f(r,R)/15) 2,
found out from Egs(41) and(42), as well as the Gaussian and the effect of the spatial disbalance between the electro-
profile. As one can see, the actual profile of the temperaturstriction and the thermal diffusion on temperature is de-
is remarkably smoother than its Gaussian approximation ascribed by the expression
soon as the size of the system is larger than the beam waist
radius. To fit the actual complex temperature profile with a T(r)~ (Io/1g)f(r)
Gaussian function, the effective width of the fitting Gaussian 1+ (/1) f(r)
would have to be remarkably larger. However, the Gaussian
approximation describes fairly well the maximal rise in the Thus, though the concentration may accept a nonmono-
temperature obtained on the axis of the beam acting on tne distribution in space, the temperature increase is always
usual(linean absorbing mediuntFig. 7). maximal at the center of the beam, even in circumstances of
Thus the competition between the electrostrictive anda strong feedback.
thermal-diffusion processes is not reduced just to quantita-
VIl. PHASE MODULATION OF THE LASER BEAM AND
3 Ton axis RELATED PATTERNS

(43

lo -2

(44)

le

Variations in concentration of the particles and the tem-
perature of the liquid yields variations of the refractive index
of the material:

on

5n=(ﬁ

uro= D W

&
CT+ % TC. (45)

200 400 600 800 1000 . .
0 As we are concerned with the results of the experiments

FIG. 7. The ratio of the temperature on the axis of the beam td8,9], Ie_t us carry out evaluations for the kerosene-bas_ed
the “Gaussian” maximal temperature as a function of the size ofmagnetic fluid. The temperature dependence of the refractive
the system. index of light petroleum oils has proven to be very large:
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anldT~—10 3 K~1[34]. The concentration dependence of
the refractive index of mixtures can be evaluated with the aid
of the Lorentz-Lorentz formulg30,35. We can find the fol-
lowing correction to the refractive index of the host liquid:

3nh Ep~&p
on= 2 2ents, c, (46)
wheree,=nj and e,=nj are the dielectric susceptibilities
of the mixture and the host medium, respectively. In Eq.
(46), €, is the real part of the dielectric susceptibility of the
magnetic particles, which is known to bg=7.75 for FgO,
at a 630-nm wavelength of the optical radiat{@&®]. Taking
into account also the value of the refractive index of the
kerosenen,~1.5, one can determingn/dc~1.2 from Eg.
(46). Thus both effects, escape of particles from the region of
high temperature and the temperature increase by itself, re-
sult in a decrease of the effective refractive index of the
mixture. From that, in the case of magnetic particles, we may
expect a major contribution to the changes in the refractive
index from the concentration redistribution. FIG. 9. Modeling of the typical far-field pattern of the self-phase
As is well known, bell-shapedparticularly Gaussign modulation of the laser beartko =12 and =0.
phase modulation leads to a characteristic pattern of annular

rings. This pattern is especially striking in the case of orien-/!ll- OPTICAL TRANSMITTANCE OF "SORET CELLS"

tational optical nonlinearity of liquid crystals, where, due to  Redistribution of absorbing particles in the medium due to
the giant values of the optical nonlinearity, the phase moduthe Soret effect modifies the transmittance of the cell. Let us

lation and the related number of rings are enormously larggonsider a medium, the absorption constant of which is a
[37]. The number of these rings carries information about thgunction of radial coordinate

maximal phase shift achieved on the axis of the beam.
To demonstrate several typical pictures and the saturation o(r)y=og[1+c'(r)]. (50
effect induced by the Soret feedback, let us use the simplified ) ) o ) )
expressior(32) to obtain the profile of the self-phase modu- Then the intensity of radiation in the medium will attenuate
lation of the laser beam due to the interaction with the solu&S
tion. Then one can present the nonlinear phase shift in the

(/a2 -
following way: I(r,z)=1ge” 13702, (5D
=D, f(r) 47 Making use of expressiof29) for the modification of the
on particle distribution, we can find the following expression for
where the power of radiation when crossing a distarzcén the
medium:
&= 2wl g (&n) 1 (on 48 .
N 1ty |lac). Sp\aT/, P(z)=27-rf I(r)rdr
0
is the phase shift on the axis of the beam, and 1 oz
=Py — [az E-(—— —Ei(—02)
(1+me " U A
f(=—"——7 (49)
1+ ne

4 neo’ﬂ(l+77)_ea'Z(l_eUZr//(ler/))]’ (52)

determines the profile of the transverse self-phase modula-

tion. Figure 9 shows the result of theoretical modeling of thewherePy is the total power of the incident radiation. In the
patterns given rise at the far field zone by a beam with thdimiting case of the small Soret effect, E2) is reduced to
phase profile(49). Figure 10 shows the distribution of the the usual Beer’'s law. The plot d&?(z) is presented in Fig.
light intensity along the diameter of the pattern for severalll. As we see, the transmittance of the system can be re-
values ofn. We see that increasing the heat insertion into themarkably affected due to the redistribution of particles. In
liquid (increasing light intensity, absorption of the fluid, and the present example, whefg= 3, the transmittance is almost
Soret constantmodifies the ring pattern by redistributing the five times larger atr-z=3 due to the escape of particles from
intensity over the rings. This pattern, thus, carries informathe region of maximal intensity than we would have for the
tion about the spatial distribution of the particles and thesame system in its homogeneous state. Thus less heat is be-
temperature. As shown in R€f38], the complex profile of ing released in the medium and, therefore, less increase in
the self-phase modulations can lead to diffraction catastrathe temperature is achieved compared to homogeneous mix-
phes during propagation of the beam in free space. ture. Fitting the thickness dependence curve of the system’s
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types of instabilities based upon the sign of the Soret con-
stant. In the cas8;<0, the local increase of the temperature
attracts the absorbing particles into the warmer region. This
yields increased absorption, which further increases the tem-
perature. Such a positive feedback may lead to an avalanche
jump in the particle concentration and bistability.

Since strong temperature gradients are involved in the
problem, it is important to be convinced that convective in-

stabilities will not interfere with experimental studies of the
phenomena under consideration. The presence of the Soret
effect may have a remarkable influence on the value of the
Rayleigh number that initiates the convective instabilities.
Indeed, the density gradient is the result of particle redistri-
© bution in space due to thermal diffusion, as well as due to the
thermal expansion of the liquid. Therefore, a positive Soret
effect may destabilize the fluid, making the particles migrate
from the bottom hot boundary toward the upper cold bound-

ary of the cell. This phenomenon was studied in a number of
papers[39-43. The results of these studidsee, for ex-

ample, the numerical evaluations obtained in R&f]) indi-
cate, however, that the threshold Rayleigh number stays
large R>1) for any reasonable value of the Soret constant,
the thickness of the cell, and the gradient of temperature.
Now let us note that the magnetic fluids strongly absorb
light even for only a few percent of particle concentration. In
the experiments that initiated our present work, and that are
cited in this paper, the absorption constant was aheout
=500 cm 1. Consequently, the thickness of the layer of the
FIG. 10. The effect of the strength of the Soret feedback on thanagnetic colloid has to be rather small, typically, 30—100
profile of the far-field patterns presented in Fig.d®= 127 (a) pm, to allow for the laser beam to travel through the cell. No
7=0; (b) 7=0.3; (c) »=1. Some asymmetry is caused by the convective instability is realistic in such circumstances: the
numerical noise. Rayleigh number is rather smalR&1), even if the tem-
perature gradient is as huge as kocm.
transmission will allow a determination of the Soret constant Convective motions can be induced in the liquid also due
provided all the other parameters of the system are known!o transverse thermal gradients. As discussed in R4, a
steady circulation can be generated®sr 10°, and the char-
acteristics of this circulation depend essentially on the mag-
nitude of the thickness of the magnetic fluid layer. Even if
such a circulation will set in the cell, its velocity will appar-
There are several interesting processes that still have to lntly be negligibly small for a cell thickness of only several
studied. Among them, the instabilities and dynamic phenomtens of microns.
ena inherent to nonlinear systems with feedback. One can As discussed in the present paper, the Soret effect may
distinguish two physical situations that may exhibit differentlead to a negative feedback: the absorbing particles escape

IX. CONCLUSIONS
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from the hot regions to the cooler parts, thus decreasing the We have discussed thermal interaction of a laser radiation
absorption. In an essentially nonlinear regime we may expeatith liquids containing mobile absorbing particles or mol-
temporal instabilities and oscillations: escape of particlescules. We have found a spatial distribution of particles and
from the axis of the beantwarmer regioh decreases the temperature in a Gaussian laser beam, and have shown that
absorption; the temperature drops and the particles are drivBedback due to the Soret effect limits the temperature in-
back to the axis of the beam, and the cycle is repeated.  crease in the medium. A nonlinear optical method to deter-
The basic equatiofb) suggests that there might also be amjine the Soret constant has been suggested which may com-
spatial instability for a plane wave, with the spatial scale ofyine the accuracy of optical methods with the simplicity of
the instability determined by the intensity of radiation. Physi-js reajization. The obtained results allowed an interpretation
cally, fluctuational modulations in the density of particles ¢ coain ghservations in magnetic fluids. We have outlined

result in modulations in the temperature, which destroys the, , a1 ang fundamentally interesting problems for future
homogeneous spatial modulation of the particles due to thmvestigations

Soret effect.

The role of the Soret effect in nonlinear optics has actu-
ally not been discussed so far in full details. New interesting
possibilities may arise for dynamic holography and optical
storage. Thus the separation of charged molecules of differ-
ent origins in the interference pattern of the light beams, and _
the associated space charge field, may underlie new mecha- The authors are grateful to T. Du and S. R. Nersisyan for
nisms of photorefractivity, particu'ar'y in ||qu|d Crysta|3, valuable discussions. The research of N.V.T. and W.L. was
where even relatively small electric fields can lead to a resupported by the NSF Young Investigator Award of Weili
markable reorientation of the optical axis of the Luo. The research of N.V.T. was also partially supported by
liquid crystal. Air Force Grant No. F49620-95-1-0520.
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