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Low-power laser driving of a binary liquid
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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 grayitye barodiffusion gradieits 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 significafs1063-651X98)10510-X]

PACS numbgs): 66.10.Cb, 47.27.Te, 42.70a

[. INTRODUCTION to the temperature and diffusive effects of the beam.
While work on theory for the propagation of light in criti-

The interaction of laser beams with delicate systems suchal mixtures has been done, there has not been extensive
as microemulsions, liquid crystals, and near-critical liquidsexperimental work. One set of workers, Giglio and Ven-
has attracted much recent interest. For example, the interagramini, reported the modification of the shape of a laser
tion of a laser with strongly absorbing samples has beeR€am after passing through a near-critical binary liq4i
investigated in a series of papers that describe the interesting® two main results weréi) that the beam diameter in-
dynamics of the “heartbeating” of the laser beam'’s profile creased linearly with intensity untiii) as the power was
after passing through a samp'e near an inter[atd:urther’ increased further, the Or|g|na”y Gaussian beam became
near-critical binary liquids have also been suggested as po@symmetric and the behavior deviated from linearity. The
sible model systems for the study of nonlinear optical pheWork was mainly qualitative because the authors did not
nomena because they may exh|b|t non"near properties éanW the precise distance of the SyStem from its critical tem-
lower laser powers than are required in more traditional experature, but it still convincingly introduced the idea of self-
periments. The theory of the nonlinear propagation of densing due to Soret diffusion within the laser beam.
Gaussian beam through such a binary mixture has been pre- We have studied the interaction of a laser beam with a
sented [2]; however, the treatment neglects convection,n€ar-critical binary liquid by observing how the laser modi-
which should almost Certain|y be present since any absorrﬂ.es a small concentration gradient in the mixture called the
tion Of energy from the |aser will create horizonta' densitybarodiﬁusion gl’adient. The barodiffusion gradient, a vertical
gradients in the system, which will introduce convection. ~concentration that appears when the liquid mixture is at rest

When a light beam passes through an absorbing liquid @ gravitational field, has been studied on several occasions
mixture, the laser modifies the structure of the lig@hd [5—7]- The general flux equation for a binary liquid is given
therefore its index of refractigrthrough thermal and elec- by
trostrictive effects[2]. The temperature field set up in the
liquid by the laser affects the index of refractiondirectly kt
through the temperature dependence aind also indirectly i=—pD Vc+?VT+—pr , (1)
by changing the local concentration of the liquid by creating P
Soret diffusion (diffusion due to temperature gradients
Electrostrictive effects also contribute to changes in the localvherej is the mass flux of one component,is the mass
concentration. density,D is the mutual diffusion coefficient is the mass

Two of these processes are enhanced when the mixtufeaction concentration of the componemt,and T are the
is held near a critical point. As a binary liquid approachespressure and temperature, andandk; are the barodiffu-
its critical point, the index of refraction should remain well sion and thermodiffusion ratios. THh& term is the flux due
behaved, while the concentration gradients due to Sorab concentration diffusion, th&T term is the flux due to
diffusion diverge[3]. The concentration and index of refrac- Soret diffusion mentioned earlier, and tfip term is the flux
tion gradients due to electrostriction should also divergejue to barodiffusion. All three of the fluxes have the same
since the electrostriction is proportional to the osmoticcharacteristic timescale, determined by the diffusibty At
compressibility of the mixture, which diverges near the criti- equilibrium with no temperature gradients, a small vertical
cal point[2]. The electrostrictive contribution also dependsconcentration gradient, the barodiffusion gradient, will be
directly on factors such as the size of the laser beam. Fofresent in the mixture, given by
the particular beam geometry, intensities, and distance from
the critical point used in the experiment we are reporting, the
theory of Ref.[2] shows that electrostriction should not be Vo= pr=&pg o)
an important effect. Thus we will restrict our discussion p p
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The second equality holds since the Earth’s gravitational 3.0 - — ™
field g provides the pressure gradient in the sample. Like the )lg*ew o
Soret gradients, the size of barodiffusion gradients also di- L 24r 3
verges on approaching the critical poif,7]. For small TE 18| g
gravitational fields and small heighfisonditions that hold in : ) X
the experiment reported herghe equilibrium concentration & 19k i
profile is linear. =

Any nonequilibrium effects in a liquid, such as convec- S o6l i
tion or temperature diffusion, could modify the size of this 3 x P, = 540 uW
vertical concenfcr_ation gradient. away fror_n its equilibrium o.o‘W + P, = 6.3 uW T
value. We specifically became interested in the effect of the
laser beam in critical mixtures while studying the effect of -0.6 : ' '

. ) . 0 5 10 15 20

buoyancy-driven convection on the growth of the barodiffu- Time (h)

sion gradien{5]. The question of the interaction of the laser
with liquids is also important in laser techniques that are FIG. 1. Two runs at high and low intensities. During intervals
used in measuring diffusion coefficient8] as well as in  0-2 h and 18-20 h, the mechanical stirring is on, creating a well-
thermal lens spectrometiy@]. Laser techniques have also mixed system; the interval 2—16 h shows the growth of the baro-
recently been used to study spinodal decomposition of binargiffusion gradient.

liquids [10].

In this paper we report observations of the modification ofvariation$ will cause a deflection of the beam. The vertical
the barodiffusion gradient by a horizontal low-power laserconcentration gradient$c/dz are related to the vertical dis-
beam. The technique uses the laser beam both as the propleicement of the beamz by the expressiof6]
and the perturber of the system. Our results show definite
evidence of laser driving even at very low powers. A purely dc [an| 'Az
diffusive treatment of the problem cannot explain the results dz \laoc) U
and we conclude that convection must be present in the p.T

sample to explain the observed behavior. We also estimalghere agairc is the mass fraction concentration of anilime,

the laser power above which convection should begin tqg the index of refraction of the mixturéjs the depth of the
modify the barodiffusion gradient significantly and comparesample along the beam path, ahds the distance to the

4

this estimate to our results. detector. Thus the beam deflection and the vertical concen-
tration gradient are directly related through a constant of pro-
Il. EXPERIMENT AND RESULTS portionality. Since the beam has a finite size, it actually mea-

We use the same experimental apparatus and roceduresures a spatial average of the index of refraction variations in
P PP P {2 beam path.

described in greater detail in a previous pasr A single-
phase mixture of aniline and cyclohexane is held about 2ogu
mK above its critical temperaturé. in a thermostat. The
sample is prepared in a well-mixed state with mechanic
stirring. When the stirring ceases, a barodiffusion gradien
grows in the sample and is observed using a beam deflecti
technique. The expected diffusion time for the growth of the
gradient is given by the expressipsi

The intensity and vertical position of the beam are mea-
red after it passes through the sample by a position sensing
hotodiode. The photodiode voltage has been calibrated us-
ng a power meter tuned to the He-Ne wavelength in order to
et an absolute power reading for the transmitted beam.
ince the incident intensity was not measured during each
run, the transmittance of the sample was measured for a se-
ries of laser powers at the end of the data set, allowing us to
5 deduce the incident powét, for each run. We estimate the
= h_ 3) error in the calibration to be about 10% for the powers
2D used in the experimentThe calibration assumes that the
opacity of the sample does not vary with time; the validity of
whereh is the height of the sample. At 200 mK frofip, the  this assumption will be addressed later in Sec) Ill.
diffusivity D=8.3x10"8 cnf/s [11] and we expect the The data presented here consist of a series of runs that
growth time to ber=3.4 h. Accordingly, the concentration observe the growth of the barodiffusion gradient for varying
gradients are allowed to evolve for 16 h in order to reach ancident laser powergbetween 6.3 and 130@&W). Two
steady value. typical runs, one at a low power and one at a high power, are
To observe the vertical concentration gradients in theshown in Fig. 1. In each run, the mechanical stirring remains
mixture, a beam from a 3-mW He-Ne laser is passed throughn until time 2 h, at which point it ceases. The barodiffusion
a variable attenuator and then through the sample, which igradientdc/dz grows until time 18 h, when the mechanical
held in a slot 10 mm wide and 1 mm tall. The dimension ofstirring resumes, destroying the concentration gradient. The
the sample parallel to the laser beam is 20 mm. When thpoints, taken every 6 min, have been thinned in the plots for
laser beam reaches the sample, its rafiuthe 1£? radius, clarity. The smoothness of the two runs in the figure is char-
within which 86.5% of the power ligds 0.42 mm; approxi- acteristic of all the other data.
mately 2% of the beam power is apertured by the slot. A summary of all the runs is shown in Fig. 2, which plots
Changes in the index of the refraction of the sample perperthe size of the concentration gradient at the resumption of
dicular to the beam pattfor instance, due to concentration stirring versus the incident laser power. The average distance

T
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FIG. 2. Summary of measured barodiffusion gradidiefdz FIG. 3. Observed time constamtfor growth of the barodiffu-

versus incident laser power. The inset shows the same data with%on gradient plotted versus incident power. The inset shows the
linear scale for the power. The solid curve in each plot is a linear fisame data on a linear scale; the solid curve shows a nonlinear least-

to the data. squares fit to an exponential decay. Thetercept of the fit isr
=4.7 h, while the asymptotic limit is=0.7 h.

from T, for the runs is 2046 mK. The inset in the figure

shows the same data plotted with a linear rather than a loga- The values ofr show evidence of two limiting regimes: a
rithmic intensity axis. We also have another data set taketow-power limit in which diffusion across the entire slot
with a different sample, but for which we had not calibrateddominates and a high-power limit in which diffusion within
the detector to measure an absolute intensity. The qualitatiilie laser beam dominates the behavior. In order to extract

features of the two sets are identical. these limits, we performed a nonlinear least-squares fit of a
decaying exponential to the data, shown by the solid curve in
lIl. DISCUSSION the inset of Fig. 3. In the limit of low laser power,should

reflect the diffusion time for growth of the barodiffusion gra-

Figures 1 and 2 show definite evidence of laser driving indient over the entire height of the sample since the system is
the system. The observed concentration gradiehntiz var-  undriven. While the expected time of 3.4 h does not exactly
ies roughly linearly with the incident power as shown in Fig. match the observed limiting value of 4.7 h, it is certainly
2. A linear fit to the data is also shown in the figure. Theconsistent with it, especially considering the fact that previ-
scatter in the data appears to increase as the intensity imus studies of barodiffusion have reported widely varying
creases, but below about 50W, the scatter begins to be- degrees of agreement with expected diffusion tiftgs
come indistinguishable from our expected experimental error As the laser power increases, the laser beam creates tem-
of +0.15x10 3 cm™! [12]. This suggests that there is an perature gradients in the system, which in turn drives Soret
experimentally “safe” region at low powers in which we diffusion within the beam, changing the local composition of
can measure equilibrium values of the barodiffusion gradithe liquid. Near the critical point, the index of refraction
ent. The value of the slope (300 % cm ! uW™1) should gradients and density differences resulting from the Soret
depend on the absorbance of the sample because it is tikffusion are much larger than those resulting solely from
energy absorbed from the laser that perturbs the system. thermal expansion4]. Thus the concentration gradients
some cases we have observed that the absorbance tendsdmmed by Soret diffusion within the beam should dominate
increase over the lifetime of the samgeveral monthsby  the behavior of the system. The characteristic time for this
a factor of as much as 2. Thus some of the scatter in the datoret diffusion is smaller than the bulk diffusion tinfine
could be due to the changing absorbance of the sample. Wew-power limit) by a factor of fi/R)? (againh is the height
believe that the intercept as the intensity goes to zero, 1.38f the sample an® the radius of the laser beanuUsing the
x 1072 cm™1, yields the best measure of the equilibrium appropriate value$i=1.0 mm andR=0.42 mm predicts
barodiffusion gradient because it should be independent dhat 7(P,—0) should be about 5.7 times as large #®,
the absorbance. —o). We observe a ratio of 4.7/0=/6.7, consistent with

Further evidence for the laser driving can be found in Fig.this proposed mechanism of Soret diffusion within the laser
1. Notice that the run performed By=540 uW reachesits beam.
steady value much faster than tFg=6.3 uW run. This As is noted in the Introduction, any amount of heating by
trend is reflected in all the results. We can find a charactera laser should induce convection in a liquid. In a liquid mix-
istic growth timer at each intensity by fitting an exponential ture, the densityand therefore buoyancy forgedepends on
growth curve to each data run. The runs match the exponefpoth the temperature and the concentration. The Soret effect
tial form well and the characteristic growth time is plotted in the aniline-cyclohexane system acts such that the lighter
versus the incident power in Fig. 3. While the behavior ofcomponent, cyclohexane, is drawn towards regions of higher
dc/dz with the incident power suggests an experimentallytemperaturg3]. So both effects of the laséthermal expan-
safe region belowP,~50 uW, the behavior ofr suggests sion and Soret diffusiortend to make the liquid in the center
that the laser continues to influence the dynamics of the sysf the beam rise.
tem strongly even at very low powers. One could imagine a situation in which the convection is
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so slow that it should not significantly alter the behavior ofgrateful to A. Albrecht and R. Durand for further helpful
the system. However, a nonflowing, purely diffusive ap-discussions and to W. Ho and L. Lauhon for lending us
proach that models the laser as a Gaussian-shaped tempeeguipment. F.B.H. wishes to acknowledge financial support
ture source and that includes both Soret and barodiffusiofrom the Department of Education. Financial support was
cannot explain our observations. Soret diffusion does alteprovided by the National Science Foundation through Grant
the local concentration field, but the effect is symmetricNo. DMR-9320910; this work also made use of the Cornell
about the center of the beam, so that the average concentr@enter for Materials Research facilities supported by the
tion gradient(i.e., what we measuyeemains unchanged. We NSF under Grant No. DMR-9632275.
have numerically solved the partial differential equation for
the system to verify this. Thus we conclude that convection
must be present in our system: There must be a plume of
low-density liquid rising from the laser that enhances the
observeddc/dz. This is an order of magnitude estimate of the laser power
We have used the numerical results from the nonflowinghecessary to modify the equilibrium barodiffusion gradient
system to try to get a rough estimate of how much convecsignificantly. First we take a characteristic value of the hori-
tion the laser beam introduces into the system. The nonflowzontal concentration gradient in the beam from the numerical
ing results give us an estimate for the size of horizontal consolution of the nonflowing model introduced in Sec. Ill. Us-
centration gradients in the path of the beam, which drive théng a value for the Soret coefficient kf=60[3], the model
convection.(We are close enough to the critical point that predicts a scaling for the horizontal concentration gradients
the buoyancy forces are dominated by the Soret rather thain the beam ofc,~10 *(aP,), wherec, is the horizontal
the temperature gradientVe then use scaling arguments to concentration gradient measured in mima is the absorp-
estimate the size of the resulting velocity field and how muchtion coefficient of the mixture measured in mfm andPy is
this field should modify the barodiffusion gradient by advec-the incident power of the beam measuregtW. Then, bal-
tion. Assuming an absorption coefficient of T0cm™, this  ancing the viscous dissipation term in the Navier-Stokes
approach, presented in greater detail in the Appendix, presquation with the buoyancy term due to concentration differ-
dicts that laser powers of order AW should introduce sig- enceq13,14] gives rise to a vertical velocity that scales as
nificant convection into the system. This estimate is compa-
rable to the lowest powers we used in the experiment; we gB(c,R)h?
present it mainly to show that one may expect to see convec- Uu~—"——.
tive effects due to laser driving even at surprisingly small

intensities in such delicate systems as near-critical liquids. ) ) o )
Hereg is the acceleration due to gravitg,is the volumetric

expansivity of the mixtureR is the radius of the laser beam,
IV. CONCLUSIONS h is the height of the sample, andis the kinematic viscos-
In this paper we have shown that a near-critical binary'tY' We are able to neglect Fhe buoyancy due to temperature
differences because we estimate the ratio of the temperature-

liquid is readily susceptible to laser driving, even at very low _ . . .
laser powers. The laser driving affects both the statics angrlven buoyancy forces to those erven by concentration,
: aAT/BAc, to be about 10%; herea is the thermal expan-

dynamics of the system. In the data we have presented, ths(?vity of the mixture andAT andAc are characteristic tem-

size of the steady-state vertical concentration gradient ap- : . o
pears to vary linearly with the incident laser power and theoerature and co_ncentratlon differences within the bdm_
se the following values for the above propertias:

time scale for the growth of the gradient appears to decrease 1 - - 5
exponentially with the incident power. =0.99 K" [15], #=0.32[16], and »=1.710"* cnv/s

. Iy - 17].)
The dynamics of the system exhibit two limiting behav—[ N . e
iors. The limiting low-power dynamics are consistent with a The velocity field should then modify the barodiffusion

diffusive growth of the barodiffusion gradient across the en_gradlent through advection of concentration. Thus, to estl-

tire height of the slot and the high-power dynamics appear t(.mate the |mpor.tance of c_onvectlon in the _:system, we com-

be dominated by Soret diffusion within the beam. pare the advec'uv_e term Wlt.h the coqcer]tratlon—d|ﬁu3|on term
Previous work in this field has either neglected convectior” the concentration equatidd3]. This yields

[2] or has even tried to explain some results by proposing an i 3

onset of convectiofd]. However, there should be no thresh- advection gB(c,R)h

old for convection in the system and our results cannot be diffusion vD ’

explained without the presence of convection. An order of

magnitude estimate suggests that convection could be exvhereD is the diffusivity of the system. When the above

pected to have a significant effect on the system at lasetatio, which can be interpreted as a Rayleigh number for the

powers as low as 1uW (intensities of about 1uW/mn?in  |aser-driven system, becomes of order unity, the convection

our experiment field will begin to modify the barodiffusion gradient signifi-

cantly. Values of the absorption coefficient for our mixture

are not readily available. However, benzene has an absorp-

tion coefficient of order 10° cm ! in the He-Ne region
The authors wish to thank J. Wylie for his helpful discus-[18] and we expect that a mixture of pure aniline and cyclo-

sions about the hydrodynamics of the system. We are alsbexane should have a similar value. It should be noted that

APPENDIX: ESTIMATE OF THE IMPORTANCE
OF CONVECTION
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any contamination in the mixturgor example, any discol- driving. Using the estimated absorption coefficient of the
oration of the liquids due to oxidatigrran increase this ab- pure fluids @~102 cm™!), our approach predicts that a
sorbance substantiallgven by one or two orders of magni- laser power oPy=~1 uW will introduce significant convec-
tude, making the system even more susceptible to lasetion, as reported in the body of the paper.
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