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Asymmetry in the Brillouin spectra of organic fluids exposed to a temperature gradient
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We describe measurements of Brillouin intensity asymmetry induced by an applied temperature gradient in
liquid samples characterized by a high derivative of the refractive index with respect to the temperature. We
have used two liquids of distinct polar nature, benzene and isopropyl alcohol, and we have avoided finite-size
and nonlinearity effects. The data are in good agreement with existing linear nonequilibrium statistical theories.
The results suggest a general behavior of the effect in fluids, not related to their molecular structure.

The study of fluids out of equilibrium is of particular If we define the quantity
interest: =3 as they can be used as a probe to check statistical

methods used in nonequilibrium physics. It is well known 1% —1"%
that when a fluid is brought out of equilibrium by an applied €= m, ©)

temperature gradient the resulting effect is the occurrence of

long-range correlations in the sound modes. This induceds a measure of the “static” asymmetry, we will then have

anisotropy can be probed by Brillouin light-scattering experi-

ments. Vs K-VT
The problem of Brillouin scattering in a fluid subjected to B 5T T 12

a temperature gradieﬁtT has been extensively discussed in S

a series of publicatiorfs:l’ Although the basic assumptions

) : This effect is related to long-range correlations in the fluid
of developed theories are different from each other, all ofy 4 5 the coupling of heat modésonprogressive phenom-
them arrive at a similar conclusion, an asymmetry being in-

. Lo o) ena with sound modes. Choosing the scattering geometry
he Brill I hen the fi o S~ o i X
duced in the Brillouin lines when the fluid is exposed to a ych thak is parallel toVT (k- VT>0), that is, antiparallel

steady-state thermal flow. These lines are expressed by R .
structure factor to the thermal flow, then there will be more sound waves

with wave vector—k absorbed than sound waves with wave
[1— e, (K )] K2 vector +k emitted.
(0= 00 K2 (T K2 (1) . A d|reqt experimental check of the above results has bgen
s s first provided by Beysens, Garrabos, and Zalczer, using
whereo is an index which can be 1 (anti-Stokes or — 1 water*® bgt for conditi-ons-where finite-size effects were
(Stokes, corresponding to the emission or absorption of acléarly evident. The Brillouin asymmetry; has been mea-
sound wave propagating in tHAe(EE/k) direction. In the sqred, but about three times weaker than predicted n({&q.

p- P: g 9 \ " Kiefte, Clouter, and PennéYhave repeated the experiment
above expressiok is the scattering wave vecto is the  on water, under conditions more suitable for checking linear
frequencyy is the sound velocity in the medium, aliis  theories, but with a weak remaining boundary effect. Water
the classical sound attenuation coefficient. All of these pahas a Sma” Bri”ouin Scattering Cross Section Compared to
rameters have to be computed at the center of the scatteriRgher liquids and it has the unavoidable presence of diluted
volume, where the temperature 6. The extra term qust, which scatters light strongly at the low scattering
e,(k,») in the nonequilibrium structure factor indicates that angles required by this kind of experiment.
the Brillouin lines are no longer symmetrical in the presence So, it is important to obtain more experimental data using
of a temperature gradient. other liquids under suitable experimental conditions to con-

There is some controversy in the literature about the funcfirm the validity of simple linear nonequilibrium theory. We

tions €. (K, w) and e_(k,w), but when the effect of finite report in this paper data obtained from benzé@gH ) and
size of the cell and nonlinearities WT are neglected, all 1SOPropyl alcohol(CH3) ;,CHOH] which have values obs

theories give the same result for the integrated intensities @"d1T's comparable to those of watésee Tg?'e)'- but with
the Brillouin peaks: larger Brillouin scattering cross sectioffs?’ Beside this,

these fluids are easily found in pure form with low chemical
} or dust contamination.
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2 The problems attending a high curvature of the light path
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TABLE I. Some relevant parameters for the liquids of interest, MHz free spectral range. The transmitted light was detected
with T = 320 K (center of the scattering volumandA= 514.5 by a cooled RCA C31034 photomultiplier tug®MT) in
nm. photon-counting mode. The accumulated count was read by
a digital homemade data acquisition and stabilization system.

Liquid * n 10" s 107 (‘9_”) Stabilization of the Fabry-Perot spectrometer was
at), achieved by a software routine and a hardware device that
(cmsl) (cmsl (°CY established continuous control over the transmission and fi-
nesse of the thermally isolated apparatus. This was made by
Water® 1.33 1.50 13 -0.8 monitoring the alignment of the reflective plates via inspec-
Benzene 1.48 1.19 1.4 -6.5 tion of the elastic(Rayleigh peak. Tilt corrections as re-
Isopropyl alcohol ~ 1.36 1.06 2.0 -52 quired were made in the intervals between sweeps by chang-
: ing the voltages on the three Spectra-Physics 415A piezo-
Z'V'OSt of the data were compiled from Refs. 20-22. micrometergPZ in Fig. ) mounted at 120° from each other,
For water see Ref. 23. and holding one of the Fabry-Perot plates. Sweep motion

“To estimatel’s we have used the relation7#I's=v3(a/1*)o,  \as provided independently by a Burleigh RC-72 PZT Stack

where v is the sound velocity at the low frequency limit and Assembly(SA), holding the other Fabry-Perot plate of the

(alv?), is the frequency-independent absorption coefficient. Thespectrometer.

available data for this coefficient are taken from Ref. 20. The mean resolution of this system during a real experi-
ment was 15 MHz, about two times the resolution expected

index andz is the direction of the temperature gradient, werefrom the reflectance of the plates. When we compare this

overcome by careful choice of geometry. resolution to the expected half width at half maximum

Using data from Table I, for an applied temperature gra{HWHM) of the Brillouin lines @Avg=Ick?2m7

dient of|[VT|=50 K cm™* and a scattering angle of 25 mrad ~0.05 MHz), we see that is not possible to resolve the spec-
(k=4500 cnr ! for benzeng we expecteg will have the  trumin the frequency domain. The whole apparatus can only
theoretical value 3.3% for benzene and 2.4% for isopropyfurnish the integrated intensity of a Brillouin peak.
alcohol, against 5.5% expected for water. However, the im- The scattering cell was made of two copper plates with
proved signal to noise ratio in the raw Brillouin spectra, dueepoxied stainless steel sides, which has low thermal conduc-
to the larger cross sections and much reduced scattering frolyity coefficient. The entrance and exit windows were made
particulate contaminants, more than compensates for thef good planicity /8 minimum optical glass, AR coated
smaller expected asymmetries, leading to good overall daté®r minimizing spurious elastic light from being dispersed at
quality. the windows. These windows were sealed with viton o-rings,
The experimenta| Setup for measuring the Brillouin asym.WhiCh withstand chemical attack from the relevant Organic
metry is depicted in Fig. 1. The exciting light was provided liquids. We have used precise spacers during the cell assem-
by a Coherent Radiation CR-8 argon ion laser, oscillating cwbly, so ensuring the dimension alongT is Az=1.00 cm
in single longitudinal mode at the green line (=1%). Thecell’s interior volume was (5x1 cm®, and

(Ao=514.5 nm) with output power up to 250 mW. The inci- VT was always maintained upward to avoid occurrence of
dent light was spatially filteredSF), then focused in the flyid convection. The lower plate was cooled by circulating
sample cel(SC) through an objective lens). Stray light  cold water on an attached aluminum block. The temperature
and light in the laser frequency, coming from cell windows, of this plate wasT — AT/2~294 K and was monitored by a
were avoided putting a light tral T) after the cell. The Tektronix Temperature Probe. The temperafilireAT/2 of
Scattered I|ght WQ.S Selected at the .S(:a.tter:ing angles Of interq% upper piate was maintained constant by means of an eiec-
by means of a slitg). The larger dimension of the slit was tronically controlled heater, driven by a thermistor mounted
chosen in the direction orthogonal YoT, in order to mini-  at the plateAT was kept constant withir- 0.1 K during and
mize the influence of the uncertainty in the selected scattebetween runs.

ing vectork over the parameter of intere&;, VT. The scat- As the liquids used have a low boiling point-80 °C), a
tered light was spatially filtered and collimated by a leb$ (  maximum|VT|=AT/Az=50 K cm ! was attained. Greater
and a 50pxm-diam pinhole P), and then analyzed by a gradients generated vapor bubbles inside the liquid, risking a
single-pass plane Fabry-Perot spectrometer tuned to 454dangerous overexposure of the photomultiplier. The good
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Device Device setup and scattering geometsee inset k; is the

Heater

I
k2

I
PMT ¢ x'—ﬂ'l 4
00 - m a:mpe s

PZ  Fabry-Perot — SA

wave vector of the exciting beark, is the wave

C /0 vector of the scattered light, andis the scatter-

T-a12| F / ing wave vector.
Refriget SF . ba
rator Ar*

T+AT/2)
S




5332 R. N. SUAVE AND A. R. B. de CASTRO 53

=

© INTENSITY (103 COUNTS)
w

© INTENSITY (103 COUNTS) &

mately the same experimental conditiqeamek, VT, etc).
Figure 2 shows typical spectra for benzene.
The resulting experimental asymmeteff®™, as a func-

tion of the reduced variable k- VT, is plotted in Figs. &)

and 3b) for benzene, and in Fig.(® for isopropyl alcohol.
The value ofk data used to compute the reduced variable
was directly obtained from the measured Brillouin shifts
(£ wg= *vk) in the spectra. This has an uncertainty of less
than 1%, but the overall uncertainty knis typically 5%, due

to finite sizes of the focused beam in the scattering volume
and of the scattering angle selection slit. The range of varia-

tion of k, of [VT| and of the temperatur€, at the center of
scattering volume, was 40806300 cni %, 38—50 K cm™ 1,
and 316-324K for benzene, while 38006100 cm?,

uality liquid samples were subjected to an extensive five—42_ 50 K en™?, and 318-323 K for isopropanol.
qualtly 19 P ) et js estimated to be randomly

b e ) Typical uncertainty ine
fold filtering cycle through 0.1um teflon Millipore filters. 7 B 5 :
The cell was washed about 70 times each cycle, and the fing{Stributed and less than 0<10"“. From Figs. &), 3(b),

. t .
sample was allowed to rest on the cell for about 24 h befor@nd 3c) we see that the linear dependencecg¥" with the
running the experiment. reduced variable is clearly verified. The solid lines in these

The outside faces of the optical windows were cleaned!0ts are least squares fittings, independently made for the
with methanol between runs. Even so, the contribution ofWO sideseg™ >0 andeg®<0 in the case of benzene, while
light scattered from the entrance and exit window surface$he dashed lines are the expected theoretical slopes
was troublesome. We minimized it by imaging on the Fabry-vs/ 2I'sT [see Eq(4)] as determined by the tabulated data
Perot entrance pinholé®(in Fig. 1) just the center portion of 0Onl's. The measured experimental slopes are slightly greater
our cell. than expected~26% for benzene and-11% for isopro-

We have taken about 250 spectra, each one lasting fd#anol. The experimental values of the classical sound attenu-
approximately 1/2 h of accumulation tinfever 100 sweeps ation coefficient ard’2®"*=(1.1+0.2)x10 2 cn? s * and
each spectruin the ratio between the integrated intensitiesT'$°°"= (1.8+0.3)X 10 2cn? s ! (see Table | for compari-
of the central(elastig peak to the Brillouin peak was 10.  son.

This indicates low dust contamination of the samples, as can Our results have shown excellent agreement with linear
be compared to more than 2 days of accumulation time and theory, taking into account the uncertainty of about 20% in

ratio of ~2000 found in the experiment of watésee Ref. availablel's data. This was possible because we have care-
18). These spectra have generated over 20 data points wielly kept some experimental conditions close to the limits

describe here, each one of which having been obtained byraquired by simple linear theory. As discussed in the

statistical mean of about 10—15 spectra taken at approxiiterature>*121517 |l factors (i) (kL)% (i) l</L, (i)

£E-VT>0

=1
o

—l(§0 0 ] +l(=)0 Vs (MHz2) —130 ] ] +lgO Vg (MHz)
FIG. 2. Experimental spectra for benzene, examples a
4000 cn!, with |VT|=43Kcem ! and T=318K (k-VT>0),
and at 4400cm!, with |[VT|=40Kcm ! and T=319K
(k-§T< 0), respectively. The inset shows the central p@tted

line), reduced by the factor %10 2.
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FIG. 3. Measured intensity asymmetry vs a reduced parameté)foenzene an¢t) isopropyl alcohol, withk- VT>0. Data for benzene
are again shown ib), but with k- VT<0. Outer open triangles at the top indicate 4000 ¢minner solid triangles 6000 cat, for mean
values of|VT|,,=43 K cm* for benzene|VT]|,,=45 K cm™* for isopropy! alcohol.
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The remaining conditions are related to applicability of
T " T " linear theory. Conditioriii ) is the key to neglect the bound-
. ary effects related to the finite size of scattering cell. It im-
. 1 plies that a sound wave is essentially damped before being
a0k i reflected at cell walls. For our dath,/Az ranges between
* 0.2 and 0.4 in benzene and 0.1 and 0.3 in isopropyl alcohol
e ] and we then expect no finite-size effects to be affecting the
3.0 . 1 experiment. This is strengthened by the fact that wavelength
of sound waves ranges between 10 angklfs, one order of
o0l | magnitude less than the estimated roughness of the copper
plates, and one expects the efficiency of reflections on the
walls to be very small. Finally, conditior(s/) and(v) allow
1.0 T for neglect of nonlinearities in the theory. Conditidiv)
guarantees that the scattering occurs in a region where the
0.0 . L . L . L . temperature is essentially uniform, so we could in principle
35 40 45 50 55 neglect the temperature dependence of the transport and ther-
VTl (K cem™h) modynamic parameters in the determination of the nonequi-
librium steady state. The last condition indicates that the es-
FIG. 4. Brillouin intensity asymmetry for benzene vs an appliedtabIIShed §ound yvavgs are damped before thgy have; time to
temperature gradient with a fixed scattering vedtooth signs, probe regions W|th different temperatures. This implies the
corresponding to a scattering angle of 25 mrad. The solid straighttemp‘:"r":ltl'Ire gradients are not Iarge,ﬁ so one could neglect
line is the best fit, taking into account that this line passes througipowers =2 in the expansions ovefVT|. In this work

the origin (€5®'=0 when|VT|=0). The origin is not shown in the Ly>6.4cm (=320 K/50 K cmt), so L/Ly is less than
figure. ~0.03 for both liquids and¢/Ly~0.031-0.062 for ben-

zene and~0.016-0.048 for isopropanol.
Is/Az, (iv) L/Ly, and(v) |s/Ly must be much less than We have also collected some spectra for benzene corre-

unity for linear theory to apphL is the size of the scattering Sponding to a fixed scattering angle=25 mrad (£4%),
volume,l;=v4/T"k? is the mean free path for sound modes, thus to a fixed scattering vectkr These data can be used to
and LVET/|€T| is a typical length characteristic of the ap- gheck the linear dependence of the induced asymmetry on
plied temperature gradient. VT, as shown in Fig. 4, where this is well verified.
Conditions (i) and (ii) are also needed to observe Bril-  Thus, we have checked that the predicted asymmetry in-
louin spectra in equilibrium situationst) guarantees there duced in the Stokes and anti-Stokes lines of Brillouin spectra
are many spatial periods of sound waves in the region undesf fluids, other than water, brought out of equilibrium by a
investigation andii), a condition more restrictive than the steady-state temperature gradient is experimentally verified.
first, basically express that the uncertainty in the location ofThe liquids used as samples are characterized by a large
Brillouin lines associated with the finite size of the scattering(dn/dT),, which makes the experiment inherently difficult
volume is much less than the natural linewidtdhWHM). In  to perform. By restricting carefully the experimental condi-
our experiments the typical size of the scattering volume igions, we have also shown that the experimental data are in
determined by the lens used to focus the incident beam intexcellent agreement with simple linear theory within a factor
the cell and by the vertical dimension of the selection slit, sovery close to unity {1.26 for benzene and 1.11 for iso-
L~0.2 cm. By the stated range of measufedwe expect propyl alcoho), in spite of the complexity of both liquids
(kL)™' less than ~0.001 for both samples and and in view of the polar nature exhibited by one of the
l¢/L~1.0—-2.0 for benzene, whilé,/L~0.5—-1.5 for iso- samples. The results, otherwise, indicate a general behavior
propyl alcohol. Thus, as the valueslgfL indicate, it is not  of the effect in fluids that is not directly related to their
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possible to resolve the experimental line shape. molecular structure.
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