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Low-power laser driving of a binary liquid

F. B. Hicks and Carl Franck
Laboratory of Atomic and Solid State Physics and Center for Materials Research, Cornell University, Ithaca, New York 14853-

~Received 27 May 1998!

We have investigated the interaction of a laser beam with a near-critical binary liquid by observing how the
growth of the concentration gradient due to gravity~the barodiffusion gradient! is modified by the presence of
the beam. We observe definite evidence of laser driving in the system: The size of the steady-state barodiffu-
sion gradient increases with increasing laser power, and the system exhibits different dynamical behaviors in
the limit of high and low powers. Since our results cannot be explained by a purely diffusive model, we
conclude that convection must be important in the system and present an estimate of the laser power at which
convection should become significant.@S1063-651X~98!10510-X#

PACS number~s!: 66.10.Cb, 47.27.Te, 42.70.2a
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I. INTRODUCTION

The interaction of laser beams with delicate systems s
as microemulsions, liquid crystals, and near-critical liqu
has attracted much recent interest. For example, the inte
tion of a laser with strongly absorbing samples has b
investigated in a series of papers that describe the intere
dynamics of the ‘‘heartbeating’’ of the laser beam’s profi
after passing through a sample near an interface@1#. Further,
near-critical binary liquids have also been suggested as
sible model systems for the study of nonlinear optical p
nomena because they may exhibit nonlinear propertie
lower laser powers than are required in more traditional
periments. The theory of the nonlinear propagation o
Gaussian beam through such a binary mixture has been
sented @2#; however, the treatment neglects convectio
which should almost certainly be present since any abs
tion of energy from the laser will create horizontal dens
gradients in the system, which will introduce convection.

When a light beam passes through an absorbing liq
mixture, the laser modifies the structure of the liquid~and
therefore its index of refraction! through thermal and elec
trostrictive effects@2#. The temperature field set up in th
liquid by the laser affects the index of refractionn directly
through the temperature dependence ofn and also indirectly
by changing the local concentration of the liquid by creat
Soret diffusion ~diffusion due to temperature gradients!.
Electrostrictive effects also contribute to changes in the lo
concentration.

Two of these processes are enhanced when the mix
is held near a critical point. As a binary liquid approach
its critical point, the index of refraction should remain we
behaved, while the concentration gradients due to S
diffusion diverge@3#. The concentration and index of refra
tion gradients due to electrostriction should also dive
since the electrostriction is proportional to the osmo
compressibility of the mixture, which diverges near the cr
cal point @2#. The electrostrictive contribution also depen
directly on factors such as the size of the laser beam.
the particular beam geometry, intensities, and distance f
the critical point used in the experiment we are reporting,
theory of Ref.@2# shows that electrostriction should not b
an important effect. Thus we will restrict our discussi
PRE 581063-651X/98/58~4!/4582~5!/$15.00
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to the temperature and diffusive effects of the beam.
While work on theory for the propagation of light in criti

cal mixtures has been done, there has not been exten
experimental work. One set of workers, Giglio and Ve
dramini, reported the modification of the shape of a la
beam after passing through a near-critical binary liquid@4#.
The two main results were~i! that the beam diameter in
creased linearly with intensity until~ii ! as the power was
increased further, the originally Gaussian beam beca
asymmetric and the behavior deviated from linearity. T
work was mainly qualitative because the authors did
know the precise distance of the system from its critical te
perature, but it still convincingly introduced the idea of se
lensing due to Soret diffusion within the laser beam.

We have studied the interaction of a laser beam with
near-critical binary liquid by observing how the laser mod
fies a small concentration gradient in the mixture called
barodiffusion gradient. The barodiffusion gradient, a verti
concentration that appears when the liquid mixture is at
in a gravitational field, has been studied on several occas
@5–7#. The general flux equation for a binary liquid is give
by

j52rDS ¹c1
kT

T
¹T1

kp

p
¹pD , ~1!

where j is the mass flux of one component,r is the mass
density,D is the mutual diffusion coefficient,c is the mass
fraction concentration of the component,p and T are the
pressure and temperature, andkp and kT are the barodiffu-
sion and thermodiffusion ratios. The¹c term is the flux due
to concentration diffusion, the¹T term is the flux due to
Soret diffusion mentioned earlier, and the¹p term is the flux
due to barodiffusion. All three of the fluxes have the sa
characteristic timescale, determined by the diffusivityD. At
equilibrium with no temperature gradients, a small vertic
concentration gradient, the barodiffusion gradient, will
present in the mixture, given by

¹c52
kp

p
¹p5

kp

p
rg. ~2!
4582 © 1998 The American Physical Society



na
th
d

c-
is
m
th
o
fu
er
r

o
a

o
e
r

ni
ly

ult
th
a
t

re

re

20

ica
en
ti
h

n
h

th
ug
h
o
th

lo
e
n

al
-

en-
ro-
ea-
s in

ea-
sing
us-

r to
am.
ach
se-

s to
e

e
of

that
ng

are
ins
on
al
The
for
ar-

ts
of

nce

ls
ell-
ro-

PRE 58 4583LOW-POWER LASER DRIVING OF A BINARY LIQUID
The second equality holds since the Earth’s gravitatio
field g provides the pressure gradient in the sample. Like
Soret gradients, the size of barodiffusion gradients also
verges on approaching the critical point@6,7#. For small
gravitational fields and small heights~conditions that hold in
the experiment reported here!, the equilibrium concentration
profile is linear.

Any nonequilibrium effects in a liquid, such as conve
tion or temperature diffusion, could modify the size of th
vertical concentration gradient away from its equilibriu
value. We specifically became interested in the effect of
laser beam in critical mixtures while studying the effect
buoyancy-driven convection on the growth of the barodif
sion gradient@5#. The question of the interaction of the las
with liquids is also important in laser techniques that a
used in measuring diffusion coefficients@8# as well as in
thermal lens spectrometry@9#. Laser techniques have als
recently been used to study spinodal decomposition of bin
liquids @10#.

In this paper we report observations of the modification
the barodiffusion gradient by a horizontal low-power las
beam. The technique uses the laser beam both as the p
and the perturber of the system. Our results show defi
evidence of laser driving even at very low powers. A pure
diffusive treatment of the problem cannot explain the res
and we conclude that convection must be present in
sample to explain the observed behavior. We also estim
the laser power above which convection should begin
modify the barodiffusion gradient significantly and compa
this estimate to our results.

II. EXPERIMENT AND RESULTS

We use the same experimental apparatus and procedu
described in greater detail in a previous paper@5#. A single-
phase mixture of aniline and cyclohexane is held about
mK above its critical temperatureTc in a thermostat. The
sample is prepared in a well-mixed state with mechan
stirring. When the stirring ceases, a barodiffusion gradi
grows in the sample and is observed using a beam deflec
technique. The expected diffusion time for the growth of t
gradient is given by the expression@5#

t5
h2

p2D
, ~3!

whereh is the height of the sample. At 200 mK fromTc , the
diffusivity D58.331028 cm2/s @11# and we expect the
growth time to bet53.4 h. Accordingly, the concentratio
gradients are allowed to evolve for 16 h in order to reac
steady value.

To observe the vertical concentration gradients in
mixture, a beam from a 3-mW He-Ne laser is passed thro
a variable attenuator and then through the sample, whic
held in a slot 10 mm wide and 1 mm tall. The dimension
the sample parallel to the laser beam is 20 mm. When
laser beam reaches the sample, its radiusR ~the 1/e2 radius,
within which 86.5% of the power lies! is 0.42 mm; approxi-
mately 2% of the beam power is apertured by the s
Changes in the index of the refraction of the sample perp
dicular to the beam path~for instance, due to concentratio
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variations! will cause a deflection of the beam. The vertic
concentration gradientsdc/dz are related to the vertical dis
placement of the beamDz by the expression@6#

dc

dz
5S ]n

]cD
p,T

21Dz

lL
, ~4!

where againc is the mass fraction concentration of aniline,n
is the index of refraction of the mixture,l is the depth of the
sample along the beam path, andL is the distance to the
detector. Thus the beam deflection and the vertical conc
tration gradient are directly related through a constant of p
portionality. Since the beam has a finite size, it actually m
sures a spatial average of the index of refraction variation
the beam path.

The intensity and vertical position of the beam are m
sured after it passes through the sample by a position sen
photodiode. The photodiode voltage has been calibrated
ing a power meter tuned to the He-Ne wavelength in orde
get an absolute power reading for the transmitted be
Since the incident intensity was not measured during e
run, the transmittance of the sample was measured for a
ries of laser powers at the end of the data set, allowing u
deduce the incident powerP0 for each run. We estimate th
error in the calibration to be about610% for the powers
used in the experiment.~The calibration assumes that th
opacity of the sample does not vary with time; the validity
this assumption will be addressed later in Sec. III.!

The data presented here consist of a series of runs
observe the growth of the barodiffusion gradient for varyi
incident laser powers~between 6.3 and 1300mW). Two
typical runs, one at a low power and one at a high power,
shown in Fig. 1. In each run, the mechanical stirring rema
on until time 2 h, at which point it ceases. The barodiffusi
gradientdc/dz grows until time 18 h, when the mechanic
stirring resumes, destroying the concentration gradient.
points, taken every 6 min, have been thinned in the plots
clarity. The smoothness of the two runs in the figure is ch
acteristic of all the other data.

A summary of all the runs is shown in Fig. 2, which plo
the size of the concentration gradient at the resumption
stirring versus the incident laser power. The average dista

FIG. 1. Two runs at high and low intensities. During interva
0–2 h and 18–20 h, the mechanical stirring is on, creating a w
mixed system; the interval 2–16 h shows the growth of the ba
diffusion gradient.
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from Tc for the runs is 20466 mK. The inset in the figure
shows the same data plotted with a linear rather than a lo
rithmic intensity axis. We also have another data set ta
with a different sample, but for which we had not calibrat
the detector to measure an absolute intensity. The qualita
features of the two sets are identical.

III. DISCUSSION

Figures 1 and 2 show definite evidence of laser driving
the system. The observed concentration gradientdc/dz var-
ies roughly linearly with the incident power as shown in F
2. A linear fit to the data is also shown in the figure. T
scatter in the data appears to increase as the intensit
creases, but below about 50mW, the scatter begins to be
come indistinguishable from our expected experimental e
of 60.1531023 cm21 @12#. This suggests that there is a
experimentally ‘‘safe’’ region at low powers in which w
can measure equilibrium values of the barodiffusion gra
ent. The value of the slope (3.031026 cm21 mW21) should
depend on the absorbance of the sample because it is
energy absorbed from the laser that perturbs the system
some cases we have observed that the absorbance ten
increase over the lifetime of the sample~several months!, by
a factor of as much as 2. Thus some of the scatter in the
could be due to the changing absorbance of the sample.
believe that the intercept as the intensity goes to zero, 1
31023 cm21, yields the best measure of the equilibriu
barodiffusion gradient because it should be independen
the absorbance.

Further evidence for the laser driving can be found in F
1. Notice that the run performed atP05540 mW reaches its
steady value much faster than theP056.3 mW run. This
trend is reflected in all the results. We can find a charac
istic growth timet at each intensity by fitting an exponenti
growth curve to each data run. The runs match the expon
tial form well and the characteristic growth time is plotte
versus the incident power in Fig. 3. While the behavior
dc/dz with the incident power suggests an experimenta
safe region belowP0'50 mW, the behavior oft suggests
that the laser continues to influence the dynamics of the
tem strongly even at very low powers.

FIG. 2. Summary of measured barodiffusion gradientdc/dz
versus incident laser power. The inset shows the same data w
linear scale for the power. The solid curve in each plot is a linea
to the data.
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The values oft show evidence of two limiting regimes:
low-power limit in which diffusion across the entire slo
dominates and a high-power limit in which diffusion withi
the laser beam dominates the behavior. In order to ext
these limits, we performed a nonlinear least-squares fit o
decaying exponential to the data, shown by the solid curv
the inset of Fig. 3. In the limit of low laser power,t should
reflect the diffusion time for growth of the barodiffusion gr
dient over the entire height of the sample since the system
undriven. While the expected time of 3.4 h does not exac
match the observed limiting value of 4.7 h, it is certain
consistent with it, especially considering the fact that pre
ous studies of barodiffusion have reported widely varyi
degrees of agreement with expected diffusion times@5#.

As the laser power increases, the laser beam creates
perature gradients in the system, which in turn drives So
diffusion within the beam, changing the local composition
the liquid. Near the critical point, the index of refractio
gradients and density differences resulting from the So
diffusion are much larger than those resulting solely fro
thermal expansion@4#. Thus the concentration gradien
formed by Soret diffusion within the beam should domina
the behavior of the system. The characteristic time for t
Soret diffusion is smaller than the bulk diffusion time~the
low-power limit! by a factor of (h/R)2 ~againh is the height
of the sample andR the radius of the laser beam!. Using the
appropriate valuesh51.0 mm andR50.42 mm predicts
that t(P0→0) should be about 5.7 times as large ast(P0
→`). We observe a ratio of 4.7/0.756.7, consistent with
this proposed mechanism of Soret diffusion within the la
beam.

As is noted in the Introduction, any amount of heating
a laser should induce convection in a liquid. In a liquid mi
ture, the density~and therefore buoyancy forces! depends on
both the temperature and the concentration. The Soret e
in the aniline-cyclohexane system acts such that the lig
component, cyclohexane, is drawn towards regions of hig
temperature@3#. So both effects of the laser~thermal expan-
sion and Soret diffusion! tend to make the liquid in the cente
of the beam rise.

One could imagine a situation in which the convection

a
t

FIG. 3. Observed time constantt for growth of the barodiffu-
sion gradient plotted versus incident power. The inset shows
same data on a linear scale; the solid curve shows a nonlinear l
squares fit to an exponential decay. They intercept of the fit ist
54.7 h, while the asymptotic limit ist50.7 h.
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so slow that it should not significantly alter the behavior
the system. However, a nonflowing, purely diffusive a
proach that models the laser as a Gaussian-shaped tem
ture source and that includes both Soret and barodiffus
cannot explain our observations. Soret diffusion does a
the local concentration field, but the effect is symmet
about the center of the beam, so that the average conce
tion gradient~i.e., what we measure! remains unchanged. W
have numerically solved the partial differential equation
the system to verify this. Thus we conclude that convect
must be present in our system: There must be a plum
low-density liquid rising from the laser that enhances
observeddc/dz.

We have used the numerical results from the nonflow
system to try to get a rough estimate of how much conv
tion the laser beam introduces into the system. The nonfl
ing results give us an estimate for the size of horizontal c
centration gradients in the path of the beam, which drive
convection.~We are close enough to the critical point th
the buoyancy forces are dominated by the Soret rather
the temperature gradients.! We then use scaling arguments
estimate the size of the resulting velocity field and how mu
this field should modify the barodiffusion gradient by adve
tion. Assuming an absorption coefficient of 1023 cm21, this
approach, presented in greater detail in the Appendix,
dicts that laser powers of order 1mW should introduce sig-
nificant convection into the system. This estimate is com
rable to the lowest powers we used in the experiment;
present it mainly to show that one may expect to see con
tive effects due to laser driving even at surprisingly sm
intensities in such delicate systems as near-critical liquid

IV. CONCLUSIONS

In this paper we have shown that a near-critical bin
liquid is readily susceptible to laser driving, even at very lo
laser powers. The laser driving affects both the statics
dynamics of the system. In the data we have presented
size of the steady-state vertical concentration gradient
pears to vary linearly with the incident laser power and
time scale for the growth of the gradient appears to decre
exponentially with the incident power.

The dynamics of the system exhibit two limiting beha
iors. The limiting low-power dynamics are consistent with
diffusive growth of the barodiffusion gradient across the e
tire height of the slot and the high-power dynamics appea
be dominated by Soret diffusion within the beam.

Previous work in this field has either neglected convect
@2# or has even tried to explain some results by proposing
onset of convection@4#. However, there should be no thres
old for convection in the system and our results cannot
explained without the presence of convection. An order
magnitude estimate suggests that convection could be
pected to have a significant effect on the system at la
powers as low as 1mW ~intensities of about 1mW/mm2 in
our experiment!.
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APPENDIX: ESTIMATE OF THE IMPORTANCE
OF CONVECTION

This is an order of magnitude estimate of the laser pow
necessary to modify the equilibrium barodiffusion gradie
significantly. First we take a characteristic value of the ho
zontal concentration gradient in the beam from the numer
solution of the nonflowing model introduced in Sec. III. U
ing a value for the Soret coefficient ofkT560 @3#, the model
predicts a scaling for the horizontal concentration gradie
in the beam ofcx;1024(aP0), wherecx is the horizontal
concentration gradient measured in mm21, a is the absorp-
tion coefficient of the mixture measured in mm21, andP0 is
the incident power of the beam measured inmW. Then, bal-
ancing the viscous dissipation term in the Navier-Stok
equation with the buoyancy term due to concentration diff
ences@13,14# gives rise to a vertical velocityu that scales as

u;
gb~cxR!h2

n
.

Hereg is the acceleration due to gravity,b is the volumetric
expansivity of the mixture,R is the radius of the laser beam
h is the height of the sample, andn is the kinematic viscos-
ity. We are able to neglect the buoyancy due to tempera
differences because we estimate the ratio of the tempera
driven buoyancy forces to those driven by concentrati
aDT/bDc, to be about 1022; herea is the thermal expan-
sivity of the mixture andDT andDc are characteristic tem
perature and concentration differences within the beam.~We
use the following values for the above properties:a
50.99 K21 @15#, b50.32 @16#, and n51.731022 cm2/s
@17#.!

The velocity field should then modify the barodiffusio
gradient through advection of concentration. Thus, to e
mate the importance of convection in the system, we co
pare the advective term with the concentration-diffusion te
in the concentration equation@13#. This yields

advection

diffusion
;

gb~cxR!h3

nD
,

where D is the diffusivity of the system. When the abov
ratio, which can be interpreted as a Rayleigh number for
laser-driven system, becomes of order unity, the convec
field will begin to modify the barodiffusion gradient signifi
cantly. Values of the absorption coefficient for our mixtu
are not readily available. However, benzene has an abs
tion coefficient of order 1023 cm21 in the He-Ne region
@18# and we expect that a mixture of pure aniline and cyc
hexane should have a similar value. It should be noted
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any contamination in the mixture~for example, any discol-
oration of the liquids due to oxidation! can increase this ab
sorbance substantially~even by one or two orders of magn
tude!, making the system even more susceptible to la
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the
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driving. Using the estimated absorption coefficient of t
pure fluids (a'1023 cm21), our approach predicts that
laser power ofP0'1 mW will introduce significant convec-
tion, as reported in the body of the paper.
e

f

he
the

s-

v.
@1# G. Gouesbet and E. Lefort, Phys. Rev. A37, 4903~1988!, and
references therein.

@2# B. Jean-Jean, E. Freysz, A. Ponton, A. Ducasse, and B. P
igny, Phys. Rev. A39, 5268~1989!.

@3# M. Giglio and A. Vendramini, Phys. Rev. Lett.34, 561~1975!.
@4# M. Giglio and A. Vendramini, Appl. Phys. Lett.25, 555

~1974!.
@5# F. B. Hicks, T. C. Van Vechten, and C. Franck, Phys. Rev

55, 4158~1997!.
@6# M. Giglio and A. Vendramini, Phys. Rev. Lett.35, 168~1975!.
@7# G. Maisano, P. Migliardo, and F. Wanderlingh, J. Phys. A9,

2149 ~1976!.
@8# K. J. Zhang, M. E. Briggs, R. W. Gammon, and J. V. Senge

J. Chem. Phys.104, 6881~1996!.
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