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Electrostriction of a near-critical fluid in microgravity
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We used interferometry to measure the electric-field-indced electrostrictiveincrease of the density of
sulfur hexafluoride (S§ near its critical point. The results at three temperaturés+6.0 MK, T,
+10.0 mK, T.+30.0 mK with T.=319 K) agree with a calculation based on the Clausius-Mossotti relation
and the restricted cubic model equation of state. To measure electrostriction, an inhomogeneous electric field
(<26 kV/cm) was applied to the SFsample by charging a fine wire that passed through it. These measure-
ments were performed in microgravity so that the small electrostrictive density chan8&%56 in this paper
would not be complicated by stratification of the fluid’s density induced by the Earth’s gravity. The predicted
shifts of the critical temperature and density resulting from the electric field were too small to detect.
[S1063-651%99)13405-9

PACS numbe(s): 05.70.Jk, 51.56kv, 51.35:+a, 64.30+t

[. INTRODUCTION where g, is the vacuum permittivityx the dielectric con-
stant, andp is the density. For fluids, the dielectric constant
Most experimental studies of electric-field effects nearis related to density through the Clausius-Mossotti relation,
critical points have been concerned with measurements ofhich states that the ratioct-1)/p(«+2) is a constant for
the dielectric anomalyf1-5] (at low field strengths and any given dielectric(Although the Clausius-Mossotti rela-
moderate field strength studies of binary liquid mixtures neation is only approximately valid for fluids, it is found to be
consolute point§6—8]. Such mixtures are easily handled; sufficiently accurate for nonpolar fluids at the density en-
however, they are not perfect insulators. Thus, applying agountered near a critical pointThus, density gradients will
electric field inevitably leads to ohmic heating which, in turn, be affected by the electric field, with regions of higher den-
prevents the study of electric-field effects in a mixtae sity being pulled into the regions of stronger electric field,
equilibrium In contrast, the present study is concerned withleading to flow. The electric field force on a dielectric is
the single-component nonconducting fluid, sulfur hexafluo-usually small in comparison to gravity. However, in a micro-
ride (Sk), near its liquid-vapor critical point. We measured gravity environment, an electric field can be used to pump
the electric-field-induced increase of the density of 8 and confine liquidg13] and it can induce convective flows
equilibrium at the temperaturég, +5.0 mK, T,+10.0mK, [14]. Voronel and Giterma15] recognized the possibility
and T.+30.0mK, whereT,=319K is the critical tempera- 0f using strong electric fields to counter the gravity-induced
ture. The measured density increase was in quantitativetratification that occurs near the critical point as early as
agreement with theory. 1968. Fields of tens of kilovolts/cm are required for samples
The density increase was an example of the deformatioihat are a few millimeters high.
of a fluid by the presence of an electric field, which we call We are interested in solving for the density change in the
“electrostriction” in analogy with those electric-field- fluid due to an applied electric field. In equilibrium, the elec-
induced deformations of a solid, which are independent ofric volume force in the fluid is balanced by a pressure gra-
the reversal of the field direction. Near a critical point, elec-dient such that:=VPg. The electric volume force can be
trostriction becomes more pronounced because of the divergiewritten as a single term,
ing isothermal compressibility. The present work extends the
electrostriction measurements of Hakim and Highl@hto 1 dx
highly compressible near-critical fluids, where the compress- VPE=§8OpV( Ezd—) . 2
ibility is seven orders of magnitude higher than the liquids p
studied in Ref[9]. A preliminary analysis of our electros-
triction data was reported in a previous publication, togethetJpon integrating, we find the desired relation between the
with observations of the electric-field-induced flows in theelectrostatic pressure and electric field:
SF; fluid in a microgravity environmentL0].

In the absence of free charges, and neglecting the effect of dP- 1 d
i . . . E 2 K
gravity, the force acting on a unit volume element of dielec- ——=—goE a0 3
tric in an electric field of strengtk is [11,12 p 2 p

For an incompressible fluid, we immediately find that the
fe=—2e0E2V (k) + 2e,V(E%pdx/dp), (1)  electrical pressure is given by
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where we have used the Clausius-Mossotti relation, and we
note thatk=1.28 for Sk at the critical density1,2]. When

a compressible fluid, such as Shkear the critical point, is
subjected to an electric field, there is an accompanying
change of its density that can be calculated from Bgand

the fluid’s equation of state. In the limits of a linear response

and isothermal conditions, the density change due to an elec- FIG. 1. SChem.at'C. diagrams of the _samp_le c_eII. The ﬂu.'d'_f'HEd
tric field is volume is 12 mm in diameter. Half of this region is 2 mm thick; the

other half is 1 mm thick. A fine wire passing through the fluid was
charged to 500 V to generate the electric field.

Ap
7_'BTPE’ ) Mission of the Space Shuttle Columbia during July 1994.
The CPF was a multiuser instrument designed and built in
where B+ is the isothermal compressibility. Of course, the Europe and operated by the European Space Agency. Five
density change occurs only if the portion of the fluid sub-separate experiments were conducted sequentially in the CPF
jected to the field is in contact with a sufficiently large res-during the IML-2 mission. To start each experiment, mission
ervoir of fluid outside the electric field. In our sample, the specialists (astronauts installed the experiment’'s unique
field-free reservoir of fluid is approximately as large as thesample cell unitSCU) in the CPF. The CPF provided tem-
volume of interest. The density decrease in the reservoir iperature control and it contained optical components, includ-
less than 0.1% of the critical density. Thus, the critical prop-ing light sources, shutters, and video and 35-mm cameras.
erties of the reservoir are unaffected. As described in greater detail in another publicafib8l, the
Because of the relatively large compressibility encoun-CPF thermostat stabilized the temperature of the SCU so that
tered within a few millikelvin of a critical point, even a mod- temperature excursions were less than 0.1 mK during inter-
est electric field produces an easily measured density changels of many hours. The temperature gradients across the
in a nonpolar fluid. For example, & +5.0 mK the isother- SCU were less than 106K cm ™.

mal compressibility of SFis 4.1x 10/ P, where P, is the The heart of the SCU used in this work was a coin-shaped
critical pressurd3.76 MPa. An electric field of strength 10 volume of Sk that was studied by interferometry. Schematic
kV/cm produces an electrical pressuPg=3.6x10"'P,. diagrams of our interferometer cell are shown in Fig. 1. The

The corresponding density increase is approximately 1.5%, &8/ was confined by two flat quartz windows and by a
change that was easily measured using interferometric techvasher-shaped stainless-steel spacer. The inside diameter of
niques. the spacer was 12 mm, and its thickness was 2 mm. Approxi-
Earth-based measurements of the electrostriction effeanately one quarter of this confined volume was occupied by
near the liquid-vapor critical point are complicated by grav-a 1-mm-thick, semicircular, quartz “button” attached to one
ity effects. The scale of gravity effects can be compared tovindow. The button divided the cell into two parts; the part
electrostriction by noting that the gravitationally caused preshear the fill tube had a 1-mm fluid thickness and the other
sure gradient in Sfat its critical density(730 kg/n?) is  part had a 2-mm fluid thickness.
2.9x 10 ®P, per millimeter of height. Thus, the gravitational ~ The interferometer sample cell comprised one leg of a
pressure difference across angSEmple only 0.12-mm high Twyman-Green interferometer. A multilayer dielectric mir-
equals the electrical pressure produced by an electric field abr coated the inner surfa¢i contact with the fluigl of one
10 kV/cm. Furthermore, in the Earth’s gravity, stratification of the windows. Both surfaces of the other window had an-
of the near-critical Sfleads to comparatively large electrical tireflection coatings. Interferograms were recorded once ev-
forces due to the density gradient. Thus, applying an electriery six seconds by the CCD camera in CPF. The digital
field to a stratified, near-critical fluid will cause flow. In this image was sent to the ground, recorded, and displayed. The
situation, it is difficult to detect the more subtle electrostric-6-bit resolution of the CCD provided 64 gray levels and a
tion effect in the presence of the larger gravity-caused stratispatial resolution of 3m at the focal plane. Unfortunately,
fication and electric-field-induced flow. Although a recentthe interferometer optics were not focused at the sample cell.
publication[16] suggests that electrostriction measurementé\s described below, the effects of poor focus were accounted
are possible above=10"4, wheret=(T—T.)/T, is the re-  for when the images were compared with theory.
duced temperature, the data closer to the critical point appear In addition to the optical coatings mentioned, both inner
to be affected by gravity. By performing the experiment in asurfaces of the windows were coated with a conductive,
microgravity environment, we were able to avoid densitytransparent, indium-tin-oxide film. The conductive films
stratification in the sample and thus make an accurate me#ade electrical contact to the spacer via the getthgs that
surement of the electrostriction effect beldow 104, were used to seal the cell. The films on the inner window
surfaces and the spacer were kept at ground potential
throughout the experiment.

A 0.125-mm diameter wire passed through the 2-mm
The experiment was carried out using the Critical Pointthick section of the Sfparallel to the edge of the quartz
Facility [17] (CPB which flew on the Second International button and 1.8 mm away from its edge. The wire had been
Microgravity Laboratory(IML-2) mission during the STS-65 spot welded to electrical feedthroughs, which, in turn, were

II. EXPERIMENT APPARATUS
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epoxied into the spacer. The wire was charged to 500 V t
apply an inhomogeneous electric field to the sample.

As described in Ref[18] the sample cell was filled to
within 0.3% of the critical density with 99.999% pure SF

During the experiment, commands were sent from the
ground to CPF to turn the voltage on and off, to take photo-
graphic and CCD images of the interferograms, and tc
change the set-point temperature of the thermostat.

Seventy five minutes after starting the experiment, CPF
brought the SCU td'.+ 1 K and maintained it there for 30
minutes. During this interval, the §Eequilibrated, attaining
a uniform temperature and density. Then the SCU was take
throughT, using a sequence of ramps designed to minimize
the density inhomogeneities in the SIFirst, the temperature
was ramped down td@.+30mK in 20 minutes and it was
held there for 5 minutes. Then, the temperature was rampe
down toT.+ 3 mK in 40 minutes and held there for 10 min-
utes. Finally, the temperature was ramped throtiglat the
rate —5x 10"’ K/s while the video images acquired every
six seconds were recorded. A dramatic increase in turbidit,
throughout the SFsample was bracketed by two images. o _ _
This was identified as the onset of spinodal decomposition 'G: 2- Interferograms of the gfluid in a low gravity environ-
and it was assumed to defiffle with an uncertainty of less ment. The bending of the frlnggs near the wire signifies Fhe density
than 0.1 mK relative to the CPF thermometeill uncer- mcrea_lse_due to the electrostriction effecfa) T.+1 K with no

s . - . electric field. (b) T.+30.0mK after 3 hours at 500 V.(c) T,
tainties stated are a single standard uncertainty, i.e., the COV-10.0 mK after 6 hours at 500 V.(d) T+ 5.0 mK after 14 hours
erage factok=1.) The microgravity value of . agreed with 54 v/ ¢
the value determined on Earth prior to this measurement to
within the latter’s larger uncertainty, 0.3 mK. All subsequentThe bending of the fringes around the edges of the cell is due
temperature measurements were made relative to the micrgs bowing in the quartz windows, which results from the
gravity value ofT with uncertainties that were less than 0.1 forces needed to seal the cell. A discontinuity in the fringe
mK. pattern is visible across the diameter of the cell. This resulted

from the semicircular quartz button, which changes the opti-
IIl. ELECTROSTRICTION FRINGE PATTERNS cal path length relative to the other half of the cell.

Changes in the fluid density distribution were measurethI;Ir?L:Lee 3\;)3(3 2\,(\/(2553?:8;; etoegug:)tiglrj]?alfrcl)?gseoé) zgt%rtn S
by monitoring changes in the interferometric fringe pattern, , 30.0mK (=9.4x105), T.+10.0mK (=3.1X10 %)
which sensed changes in the optical path length. The ”Omﬁnd T, +5.0mK (t=1.6X iO*g), respectively. The fring,es

Eal fg}icahpattheng;h of tT)e Ia?er ”th in ;he ﬂUi_d \(/jvas near the wire were bent by the density increase near the wire
A=2ln. t;re, LS th ef:mm_er or wave en%t S reqlfue ;O due to electrostriction. Upon applying the electric field, we
pass twice through the fluid, =633 nm was the wavelength g ot immediately observe the density change given by Eq.

of the light in vacuum,| =2 mm was the thickness of the (5) The full density change given by E@) is an isothermal
fluid, andn=1.092 is the index of refraction of the §&tthe .50 jation. Turning on the electric field heats the fluid a

critical density[19]. When the density of the $Rhanged, g1 amount due to the electrocaloric effé26]. The ex-
the optical path length changed. The resulting fringe shift, o.oqq heat gradually diffuses out of the fluid, the density

change in fringe order, was change gradually builds up, and the fluid returns to the origi-

@

_ , nal temperature after approximately a thermal diffusion time
AN=(2/M)(dplp)nt, ©) constantr=12/72D,. Because the thermal diffusivity of the
where 8p was the density change and fluid D, approaches zero as the critical point is approached, it
is necessary to wait increasingly longer times as the tempera-
n’=pdn/dp=(n?-1)(n?+2)/6n (7)  ture approaches, . The fringe patterns shown in Figg(i?—

2(d) were obtained after leaving the 500-V potential on for 3,
is obtained from the Lorentz-Lorenz relation connecting thes, and 14 hours, respectively. The immediate, or adiabatic,
density to index of refraction. Thus, a relative density changelensity change is predicted by substituting the adiabatic
of 0.01% in the 2-mm thick section of our fluid sample compressibilityﬁsz(Cp/CU)‘l,BT for the isothermal com-
would produce a fringe shift oAN=0.056 fringes, which pressibility in Eq.(5). The adiabatic density change is much
was approximately twice the limit of our resolution. smaller than the isothermal change becaDgstC, , the ratio

The fringe pattern displayed in Fig(@2 was obtained of the specific heat at constant pressure to that at constant
under conditions where the density was homogenediys ( volume, diverges strongly near the critical point. Indeed, the
+1 K with the electric field off. This fringe pattern was adiabatic density change was too small for us to detect close
determined by the tilt of the reference mirror of the interfer-to T.; however, the isothermal density change was easily
ometer together with distortions resulting from the optics.measured.
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IV. THEORY 0.04
The electric field produced by a charged wire passing APIP; at wire's surface
halfway between two grounded parallel plates separated by a |
distancel can be calculated by solving Laplace’s equation 0.03 F
with appropriate boundary conditionélThis model for the T, +5mK

cell neglects the small, position-dependent variations of the |
dielectric constant resulting from electrostrictip@hoosing

the coordinate system such that thaxis is perpendicular to
the wire and parallel to the grounded window surfaces, and
the z axis is perpendicular to the windows, the result for the Te+10 mK |
square of the electric field is

0.02

Aplp,

0.01 |-

£2 C2V? 27X 2mz\ |7t o
BT R B B B ’ ® T, + 30 mK |
0.00 ! —
0 1x10© 2x10% 3x10°

whereV is the voltage applied to the wire, a@ the capaci-
tance per unit length of the wire of radias is given byC APIP,

=2meo[In(2/7a)] L. In our sample cell geometry, the elec-

tric field produced at the surface of the wire by a 500-V  FIG. 3. The relative density as a function of the relative pressure
potential is 26 kV/cm. The electric field falls off rapidly with of SF. The calculated curves used the restricted cubic model.
distance because of the screening by the grounded windowghen the wire was charged to 500 V, the electrical pressure at the
(an essential feature of the cell fabricatiopand becomes 1 surface of the wire was 2410 °P,, as indicated by the dashed
kV/cm atx=1 mm from the wire. The effect of the stepped !ine.

window geometry on the electric field was evaluated using a

Schwartz-Christoffel transformatiof21]. Because the field

is weak near the step edge and the electrostriction effect is n’Br oo
proportional toE?, the effect of the step edge on our results AN(X) = g (k= D) (k+2)C7V eschi2ax/l).
is negligible. 0 (10)

With the wire charged to a 500-V potential, the electrical
pressureP at the surface of the wire is 2410 °P.. Al-
though this is a relatively small pressure increase, the comthe predictions of Eq(9) and Eq.(10) agree very well at
pressibility is large enough near the critical point such thatlc+30.0mK because the pressure and density are in the
the electrical pressure induces a nonlinear response in tHi@ear regime. However, at temperatures closeTtoand
compressibility. In the linear regime, the isothermal com-close to the wire, it is necessary to use the general form
pressibility Br=(1/p)(dp/ IP)+ diverges on the critical iso- given by Eq.(9), and compute the integral numerically. To
chore near the critical point a8;=It 24P, wherel’ evaluate Eq(9), we first calculate the right-hand side of Eq.
=0.0459 for SEin the restricted cubic modé22]. Close to  (3) at a given locatiorix,2. The result is compared with the
the wire, and within about 20 mK of the critical temperature,Numerical computation of the integral dPg/p at the tem-
Eq. (5) is no longer a good representation of the densityPerature of interest, which gives a matching result at some
change, becausg; also becomes a strong function of pres- value of Ap. This value ofAp is then used in evaluating Eq.
sure. Thus, it is necessary to use E8). together with the (9)- Figure 4 shows the predicted fringe shift as a function of
equation of state of SRto numerically compute the density distance from the wire, using both Fhe analytic expression of
increase due to the electrical pressure. Figure 3 shows tHed- (10) and the numerical analysis based on E@.and
density change as a function of pressure, normalized to val9)- As expected, the two results agree when the fluid re-
ues at the critical point, as calculated from the restrictecfPONds linearly to the electrical pressure. .
cubic model parameters found in RE22]. Finally, we must consider the possibility of a shift in the

The change in optical path length of a ray passing throug'itical temperatureAT.(E) and densityAp.(E) due to the
the fluid is calculated by integrating the density increaseelectric field. Landau and Lifshit20] show that an electric
along the light path and using the Lorentz-Lorenz relation tdfield changes the free energy of the fluid, resulting in a shift
relate the Change in fluid density to a Change in index Opf the critical pOint. In the Appendix, we evaluate the shifts

refraction. The change in fringe order at a lateral distance In the critical temperature and the critical density near the
from the wire is then given by surface of the wire, where the electric field is greatest.

The results areAT; (26 kV/icm)=0.2mK and Ap,

(26 kV/cm)=6.9x10 °p.. The very small shift in the
(9)  critical density could not be detected in this experiment; the
-z P small shift in the critical temperature might have been barely

detectable if it were not confined to a very small volume in

In the linear regime, the compressibility is independent ofthe immediate vicinity of the wire. The interference patterns
position and the integral can be evaluated analytically. Theéhat we analyzed resulted from optical paths that integrated
result is the density through the full thickness of the cell. Thus, the

2 A
AN(x)=—n'f”2 p(—x'z)dz.

A
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FIG. 4. Predicted electrostrictive fringe shifts as a function of
?lstancg frorlr; the center of 'Fhe wire. The dasheq curves resulted FIG. 5. Phase data @+ 1.0 K andT.+5.0 mK from a Fourier
rom using t_ e linear approximation to the equatlon_ of state, Eqanalysis of the interferograms shown in Fig. 2.
(10). The solid curves are the more accurate, numerical results us-
ing the restricted cubic model equation of state and ERjand(9).

and the electrostrictive density changes were always small,
o o ) the phases for the two temperatures plotted in Fig. 5 do not
effects o_f the electric field on the _crltlcal point were t00 qgincide. Thus, the background fringe pattern upon which
small to influence the present experiment. the peak is superimposed appears to have temperature depen-
dence. An analysis of other images &t+1K and T,
+3 K, spanning an 80-hour period, indicated that the back-
ground fringe pattern was changing slowly with tirfless
To analyze the fringe patterns, the original digital imagesthan 0.01 fringe per hourand had a slight temperature de-
were rotated using commercial software so that the wire wapendenceapproximately 0.25 fringe/K Such a change in
parallel to pixel columns. A subset of the original images,the background fringe pattern might have been caused by
centered on the wire and occupying a region approximately 8reeping motion of one or more of the optical components
mm wide (84 pixelg by 7 mm tall(175 pixels, was used to  within CPF. If the sample cell had leaked, there would have
analyze the fringe shift. An identical section from each of thebeen a drift in the background fringe pattern in the direction
interferograms shown in Fig. 2 was used in the analysis. Thepposite to that which was observed.
task is to measure the fringe shiftN(x) as a function of We expected the fringe shift due to electrostriction to be
distance from the wire. Because of the periodic nature of theymmetrical on both sides of the wire. However, the typical
fringe pattern and the symmetry of the problem, the imagdringe pattern had a small<0.2 fringe asymmetry. The
analysis is well suited to Fourier analysis. asymmetry was consistent with a slight rotation of the back-
The subset of each image is represented by a matrix ajround fringe pattern and it was detected even far figm
intensity data) (x,y). Each column of pixels, parallel to the for example, upon comparing the phase datéat 1 K and
wire and at positionxy, is thus represented by an array T.+3 K. The rotation of the fringe pattern was probably
[(Xg,y). We then take the Fourier transform bfxg,y), caused by movement of the same optical component that
which yields magnitude and phase data at a range of spatigfoduced the translation of the background fringe pattern
frequencies. Because the intensity pattern is nearly periodidisplayed in Fig. 5.
along a column of pixels, the magnitude data exhibit a strong The final data analysis eliminated the effect of the rotation
peak at the spatial frequency of the fringe pattern. The phaday averaging data from the two sides of the wire. The analy-
data at that frequency of interest determines the phase of ttss also compensated for the time-dependent phase drift of
fringe pattern to within an arbitrary constant. The process ishe fringe patterns by subtracting the phase daff atl K
repeated for each of the 84 columns of intensity data, anffom all the other sets of phase data and adding a constant to
again for each temperature of interest. A density increasthe results, where the constant was chosen to yield zero
near the wire due to electrostriction produces a change in thghase shift far from the wire.
phase of the fringe pattern, but the spatial frequency of the Because the CPF interferometer optics were not focused
fringe pattern parallel to the wire remains the same. at the sample cell, we found that it was also necessary to
Figure 5 shows phase data Bt+1 K and T.+5.0mK  account for the effect of refractiof23]. A ray exiting the
that were computed from a Fourier analysis of images showfluid in the vicinity of the wire is bent away from the normal
in Fig. 2. The Fourier analysis accurately reproduces theue to refraction in the fluid, as shown schematically in Fig.
peak in the phase shift near pixel 43 where the wire wa$. The interference pattern recorded by the CCD camera is
imaged. However, far from the wire, where the electric fieldthus dependent on the position of the imaging plane. If the

V. DATA ANALYSIS
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FIG. 6. Schematic showing the effect of refraction. Rays passing 0.01
close to the wire are refracted to the other side of the wire at the 05 0.0 0.5 1.0 15
image planes. In addition to being displaced from its original
coordinate, the refracted ray travels an extra distance, thus produc-

ing an extra phase shift at the imaging plane. FIG. 7. Measured electrostriction fringe shift in a;3@mple as

a function of distancex from the center of the wire: T.+5.0 mK

(0); T,+10.0mK (V); and T.+30.0 mK (J). The solid lines are
camera were focused on the sample cell, no correction woulthe theoretical fringe shifts including the nonlinear response of the
be necessary. Using detailed data about the interferometéuid and the effects of refraction. The dashed curves include non-
optical train[24] we calculated the location of the imaging linearity but neglect the effects of refraction.
plane. We find that the distance from the sample cell to the
imaging plane izg=6.6 cm.

The effect of refraction on the recorded interferograms i

X (mm)

; S . Sated from the expression stir(\/27)(de/dXx) whereg is
twofold. First, a refracted ray is displaced from its “true the phase of the wave front at the pl 0 where the

position, i.e., the position of interest where it exits the . . .
sample cell. The refracted ray has the effect of carryingwave front exits the fluid. The phase of the wave front is

phase information from the lateral coordinatg where it calculated from Eq(9) noting that a change in fringe order
exits the sample cell to a new positigf= x,+ z, tané at the aN -1 corresponds to phasg change=2-r.
imaging plane, wherd is the angle the refracted ray sub- Figure 7 _shows_a comparnison be'Fw_een theory and the
tends with the normal. For example, a ray passing close tmeasured fringe sh!ft due to ele_ctrostrlctlon, as a function of
the left side of the wire can be refracted to the right side ofdistance from the wire. Data points at 5.0, 10.0, and 30.0 mK
the wire at the imaging plan. In fact, a close inspection of the2POVeT; are from an analysis of the interferograms in Fig. 2.
interferograms near, in Fig. 2 reveals a faint extension of The solid line is the theoretical fringe shift, which accounts
the fringe pattern from one side of the wire to the other sidefor the nonlinearity in the compressibility and the effect of
The subtle effect is more readily observed when the interfefraction. The agreement between theory and experiment is
ferogram is viewed at a grazing angle. A large magnifiedexcellent; the differences are within the noise of the fringe
image of the interferograms was used to manually trace theesolution which is of order 0.03 fringes in the vicinity of the
extended fringe pattern, which originated from the oppositewire. At T.+5.0mK, the fluid density ranges from, far
side of the wire. Data from manually traced fringes on bothfrom the wire, to 1.03p. close to the wire due to the elec-
sides of the wire were averaged together to eliminate thérostriction effect. Data points for>0 are from the Fourier
effect of rotation in the background fringe pattern, as distransform analysis of the fringe patterns, axd0 data is
cussed previously. Fringe shift data from the manually tracedrom the analysis of hand-traced fringes. The only adjustable
fringes was appended to the Fourier transform data, and thearameter used in the data analysis is the small phase shift
two methods of analysis were found to yield a smooth matctadded to the Fourier transform data to force the fringe shift
of the data in the vicinity of the wire. To summarize, the to zero far from the wire. As discussed previously, this offset
fringes start on one side of the wire and continue on thds independent of position and is due to a small drift in the
opposite side of the wire as a faint extension because dfackground fringe pattern.
refraction. The Fourier analysis was used on the originating The dashed line in Fig. 7 is the fringe shift calculated
side; the hand-traced fringe analysis was used on the faiitom Eg.(9), which accounts for the nonlinearity in the com-
extensions. pressibility but does not include the effect of refraction. In
A second consequence of refraction is the addition of affect, refraction causes a one-to-one mapping of points in
path-length error. A ray that exits the fluid at angl&avels  the dashed line to points in the solid line. By comparison, we
an extra distance relative to a ray that is not refracted. Théind that refraction has a major influence on the fringe pat-
additional path length traveled by the refracted ray increasetern close to the wire. As predicted, rays that exit the fluid
the phase from the true value by the amompt#%/\. The  close to wire are refracted to the other side of the wire at the
angle 6 the refracted ray subtends with the normal is calcuimaging plane. Once again, we point out that accounting for
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refraction would not be necessary if the optics were focused (02M) Puy 1 2( a3;<)
on the sample cell. — =—>—5¢ =0. (A3)
P p° s 9p 2°0 Tpg

VI. CONCLUSION

In an earlier edition of their book, Landau and Lifshitz
%20] calculated the shift of critical temperatufel . by con-
sidering a Taylor series expansion ofR/dp); around the

We have measured the electrostriction effect surroundin
a charged wire in a near-critical sample ofsSEt tempera-
:Eres|5.0, 10..0,_and ;O'O(TK above. Aﬁs theory pre_dbi.(I:'ts, d.critical point. However, their result contains the factor

e electrostriction effect diverges as the compressibility I_(82P/&p&T)T , which goes to zero at the critical point.
verges near the critical point. By performing the experiment cPe’ . o o ;
in a microgravity environment, we were able to avoid gravi-Th_e corre§ppnd|ng expression for the 'Shlft in critical density
tational stratification of the fluid density. The electrostrictive USing @ similar analysifl15] also contains terms that go to
density increase was measured by analyzing interferometrg€r0 at the critical point. N _ _
fringe patterns from the fluid sample. Because of the low Ve have evaluated the shift of critical point by computing
thermal diffusivity of the fluid, the density increase is slow to e thermodynamic derivatives in E&\2) and (A3) using
develop. In the limit of a linear response and neglecting thdhe restrl_cte_d cubic model equation of state. The derivative
effect of refraction, the fringe shift can be solved analytically?#o/dp_is inversely proportional to the isothermal com-
and is given by Eq(10). Closer to the critical point, and near Pressibility, and is to be evaluated at the critical point
the wire where the electric field is high, it is necessary tol<(E).pc(E). Assuming the shift in critical density is negli-
account for the nonlinear response of the fluid compressibil9iPly small (which is verified below Eq. (A2) gives the
ity by numerically evaluating the equation of state and com-Shift in critical temperature as
puting the integrals in Eq$3) and (9). Using the restricted
cubic model equation of state for §&nd accounting for the 1 925\ 1y
effect of refraction on the out-of-focus interferometric im- ATC=(5F80E2F> Tes
ages, we obtain quantitative agreement between electrostric- P
tion theory and data obtained in a microgravity environment.

wherey=1.24,T"'= (k/a)(pﬁch) is the amplitude of a sym-
metrized isothermal compressibility, and, forgSk=1.01
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APPENDIX: SHIFT OF THE CRITICAL POINT
DUE TO AN ELECTRIC FIELD and it is to be evaluated at the critical temperature and den-
sity. The parametric variables and ¢ are the parametric

We estimate the effect of an electric field on the lecal\{ariables used to define the temperature and density in the

temperature and critical density and show that it had a neg- i . )
L o “restricted cubic model coupled equations, dmtdand q(6)
ligible effect on the present study of the electrostriction ef are also defined in the model and can be found in F2s.

fect near the critical point. We follow Landau and Lifshitz To solve Eq.(A5) for the shift in critical density, we first

[20] who considered the free energy of a dielectric in the S
presence of an electric field and showed that the chemic ote that the reduced temperature IS glvep&B')é/Tq. _Then,
otential of the fluid is e value of the parametet is found _vvh_|ch _sgnsfles Eq.
P (A5). Oncer and 6 are known, the shift in critical density
Ap./p. is easily calculated.
o 38 2 9% (A1) We evaluated the derivativesd\k/dp"); using the
H=Hom 28051 5p - Clausius-Mossotti relation, which states that the ratio (
—1)/p(x+2) is a constant for any given dielectric. Thus,

wherepu, is the chemical potential in the absence of an elec:[aklngpx(K_l)/(KJrz)’ we find

tric field. The conditions for the existence and stability of the

critical point become , Kk 2 )
PW:§(K—1) (k+2) (A6)

aM) dug 1 2((92K)
—| =——=-ZgcE? -—|=0, (A2)
( dp ET ap 2797 \gp?

and
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. P 2 5 is AT,=0.2mK. This shift is small in comparison with our
Ay g (k=1 (k+2). (A7) closest approach td.; namely, T,+5.0mK and it had a
negligible effect on our results. We also note that the shift
decreased rapidly with the distance from the wire.
When charged to a 500-V potential, the electric field at At 500 V, the shift in critical density calculated from Eq.
the surface of the wire is 26 kV/cm and the correspondingA5) is Ap=6.9X 10" °p, at the wire. This was far too small
shift in critical temperature of Sfcalculated from Eq(A4)  for us to detect.
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