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We report a study concerning the compensation of gravity forces in two-gpadeydrogen. The sample is
placed near one end of the vertiaaxis of a superconducting coil, where there is a near-uniform magnetic
field gradient. A variable effective gravity level can thus be applied to the two-phase fluid system. The
vanishing behavior of the capillary lengtfy. at the critical point is compensated by a decreaggand /¢ is
kept much smaller than the cell dimension. aanging from 1 to 0.25 times Earth’s gravityodulusg,) we
compare the actual shape of the meniscus to the expected shape in a homogeneous gravity field. We determine
/¢ in a wide range of reduced temperature (Tc—T)/Tc=[10 %-0.02 from a fit of the meniscus shape.

The data are in agreement with previous measurements further Tgoperformed in n-H under Earth’s

gravity. The effective gravity is homogeneous within £6, for a 3 mm diameter and 2 mm thickness sample

and is in good agreement with the computed one, validating the use of the apparatus as a variable gravity
facility. In the vicinity of the levitation poinfwhere magnetic forces exactly compensate Earth’s gnavitg
computed axial component of the acceleration is found to be quadratjonihereas its radial component is
proportional to the distance to the axis, which explains the gas-liquid patterns observed near the critical point.

PACS numbd(s): 68.10—m, 64.60.Fr, 07.20.Mc

I. INTRODUCTION %
am=nV(%Bz), 1
Magnetic levitation of matter consists of the compensa- 0

tion of its weight by magnetic forces. Because of the WeaKNherep is the sample density ando=47x10"7Hm™*.

diamagnetic susceptibility of many nonmagnetic substancesshg total acceleration vector applied to the sample on the
strong magnetic fields are needed for magnetic levitationg gt is

Such field intensities have been attained only recently. Since
the first demonstration of magnetic levitation of diamagnetic 9=0o+an, )
substance$1,2], this technique has chiefly been applied to

[1—7], the simulation of low graVity or Weightless conditions the reduced acceleration modukugfective gravity |eve|
for life science[3], and fluid physic§noncoalescence of lig-

uid drops in contacts,6], deformations modes of dropg], gl
investigation of the lambda transition in heliy®). In some g*= m
previous work using magnetic weightlessness, precise mea- 0
surements of the magnetic fielé]] as well as detailed ana- ik can be larger or smaller than 1 due to the vectorial
lytical and numerical calculations of the force field applied to .4 acter of Eq(2). The acceleration field is homogeneous
the sample were perform¢d,4,6,8. However, no measure- ¢ the |ength scale of the sample provided thatBRaradi-
ment of the residual gravity has been performed. In this pagnt and the chemical composition of the sample are homo-
per, we present a simple method to check the homogeneity @feneous at the sample length scale. Under these conditions,
the total acceleration field. It is based on the analysis of thgarth's gravitational acceleration can be increased, partially
shape of the gas-liquid interface and on the vanishing beha\tompensated, or exactly cancelled in the same manner at
ior of the capillary length of a liquid-gas mixture of hydro- each point of the sample. This leads to the accomplishment
gen in equilibrium near its critical point. of a tunable artificial gravity, ranging from large to low val-
Containerless handling applications require only a globalies of g*, and ultimately reaching weightlessnesg* (
compensation of the total weight of the body and a stable=0).
levitation to be met, whereas gravity compensation needs Since a homogeneous acceleration field can be achieved
more conditions to be fulfilled. Indeed, when a diamagneticomy within a given precision, it is useful to evaluate the

sample is placed in a magnetic fied each of its molecules maximum deviation ofg* from its mean value within the
is subjected to a force that is proportional to its magneticsample

susceptibilityy and to the local gradient d&2. The resulting
magnetic acceleration vect@,, induced by the magnetic Ag*= maX(|<9*>sample— g*)). (4)
field B is sample

()
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When global compensation of weight is achievéevita- pPL— Py
tion), Ag* is called the “residual gravity.” It is a quantita-
tive evaluation of the “quality” of weightlessness and al-
lows the various low gravity faciliieémagnetic levitation, where pc is the critical density. The amplitud8, is a
parabolic flights, sounding rockets, orbital platforms,)dim.  system-dependent parametd,E1.61) and0.325 is the
be compared. value of the universal critical exponeftl]. The surface
During the last decade, experimental investigation of théensiono between the two phases also vanishes at the critical
physics of pure fluids near their critical point has benefitedPoint as
from weightless conditions, which prevent convection and o= oarl26 ®
stratification.(For a review, see Ref9].) Pure fluids exhibit o
universal behavior near their critical point. This means thatThe amplitude o, depends on the fluid «=5.4
some of their thermophysical properties diver@eg., the X103 Nm™! for n—H,) and 1.26 is the value of the
specific heator vanish(e.g., the thermal diffusivityat the  universal critical exponent. According to E), the capil-
critical point, in a scaled way valid for all fluids, depending lary length/ ¢ vanishes at the critical point as
only on the reduced distance to the critical point|T¢
—T|/T¢ (T is the temperature of the fluid, anf. is its
critical temperature This universal behavior allows a large
variety of phenomena to be studied in any pure fluid by
changing its temperature. We developed a magnetic levitd=0r N-hydrogen’co=2.39 mm[12]. Wheng* goes to zero,
tion apparatus dedicated to para-hydrogen gp-i-H, was the caplllqry Iengfch may_dl\{ergg at constant temperature.
chosen because of its high magnetic susceptibiligyp= However, if the critical point is simultaneously approached,

—2.51x10 8 mikg 1) and its low critical temperature value /¢ also goes to zero at constagt. Going closer to the
(Te=33K). This apparatus can also be regarded more gencrmcal point as the acceleration field is lowered allows the
c— . ph

: . : o condition5>1 to be maintained, i.e., information about the
erally as a va_rlable effectlye gravity facmty'that allows the acceleration field can still be extracted from the shape of the
effect of gravity to be studied in fluid physics. It presently

) . : interface. The key point of this method is that the low inten-
allows a variable acceleration to be !mPOSEd loa hyrirogegity of the acceleration field is compensated by the fact that
sample in a range running from levitatiog*(=0) to g the near-critical interface becomes very deformable. This
1:2-2- In particular, the Moon and Mars gravity* ~5 and  makes this two-phase system very sensitive to the remaining
3) can be easily reproduced. accelerations as demonstrated in the following.

We now present the physical grounds of the method that The paper is organized as follows. In Sec. Il the experi-
allow us to check the homogeneity of the acceleration fieldmental apparatus is presented in detail. In Sec. Il a method
A two-phase gas-liquid sample in thermodynamic equilib-to check the homogeneity of the acceleration field and to
rium is characterized by its interfacial tensionWhen only  deduce the capillary length and the acceleration field from
interfacial forces act, the bubble has a spherical shape, whidhe shape of the gas-liquid interface is described. In Sec. IV
minimizes its interfacial energy. When it is submitted to ana computation of the residual acceleration field in the levi-
acceleration field, it is deformed so as to minimize the sum tated state is proposed and compared to the experimental
of its potential and interfacial energies. The amplitude of thisgas-liquid patterns.
deformation is an increasing function of the Bond numBer

P 2By 7%, @)

1 :
/CZF/COTOAG?S, 7 co=Noo/2BoGopc- 9

defined as the ratio between the interfacial energy and the IIl. EXPERIMENTAL PROCEDURE
potential energy: The apparatus consists of two parts, the cryostat contain-
2 2 ing the superconducting coil and the anticryostat containing
B=—"=—5, (5)  the sample and the optics. It is schematically shown in Fig.
o ’c 1. The axis of the coil is vertical. The cryostat is composed

. . . of two stages. A Dewar containing liquid,Nurrounds an-
wherel is the diameter of the bubble, (py) the density of  yher Dewar containing liquid He maintained at 2.17 K with

the liquid (gas phase, and'c the capillary length, defined as  he help of a heat exchanger. A superconductive coil of total

height 200 mm is immersed inside the helium bath. It sup-
/o= alglp~ )=

1 o190 pL—pv) 6) ports a current up to 65 A and produces a magnetic field up
0AL™ P/ to 10 T on its axis, which is parallel to Earth’s gravity. The

*
Vo* anticryostat is a cylindrical container partially immersed in-

/¢ is the length scale of the resulting deformations of theside the helium bath, standing along the axis of the coil, in
bubble due to gravity. The shape of the interface gives inforwhich vacuum (10* Pa) is maintained for thermal isolation
mation about the intensity of the acceleration field wi#n purposes.
>1, i.e., when the capillary length is smaller than the size of The cell containing the FHsample is positioned along the
the bubble. axis of the coil. The altitude of the sample cell center along

The critical point is the end point of the liquid-gas coex- the coil axis corresponds to the maximum of intensity of the
istence curve of a pure fluid in tHe-T diagram(P is pres-  upward magnetic force, at the upper end of the coll, i.e., at
sure. At the critical point there is no difference between the85 mm from its center. On the coil axig,is vertical and Eq.
two phases and the interface disappears. Near the criticé®) reduces t@=g,— a, at the upper eng=g,+a,, at the
point and along the coexistence curve the reduced differendewer end. Levitation is attained when the electric current in
between the densities of the two phases varies as the coil I¢ is equal to 63.1 A, corresponding to a magnetic



PRE 62 MAGNETIC COMPENSATION OF GRAVITY FORCES IN . .. 471

H,———— /ANTICRYOSTAT Z
LAMPY | z"—CAMERA N o
ENDOSCOPES 2 lgo
VACUYWM |
—ll, 4CRYOSTAT
N, BATH GRAVITY Z
s 0 Z,
—
He BATH—{| | }HICEFLOE
(2.17K) T
H, SAMRLE .HJ (a)
I
WINDOWS{H— L L HH HEATER
2 z
| P
! go
SUPERCONDUCTIVE HEAT EXCOANGER 4y, 0, 0 l
COIL 2 p
THERMAL CONDUCTOR

FIG. 1. Experimental setuschematic representation

VN

field of magnitude 6.65 T in the cell. According to the linear 0
relation between the electric currei in the coil and the ~
magnetic fieldg* is computed using the relation

2 4

g*(1e)=gol 1 - (1£/63.1)%]. (10

The cell is made of electrolytic copper. The cavity contain-
ing the fluid is cylindrical(3 mm in diameterwith its axis (b)
horizontal(y axis), perpendicular to the coil axis. It is closed
by two parallel sapphire windows 2 mm apart and sealed b¥_ ) o X :
indium rings. The cell is in thermal contact with the helium "" 3n(2) along the verticak axis in two different experimental
bath by means of a thermal conductor. Its temperature i onfigurations. Neither the radial a_cceleratlon |nhomogeneltle§ nor
y p
measured with a Cernox thermometer and is controlled vi e cons.equences.of Fhe .tota}l V\(ettlng are taken into accolunt in the
. . . 3chematic phase distribution inside the cell shown on the right-hand
an electrlca_l resistance supplied by a cIo;ed loop temperatu[;-de of the graph(a) Our setup: the sample cell is placed at the
control dewcg. The temperature Comrouﬂ mK at 33 K maximum (equal tog,) of the magnetic acceleration. The resulting
and the vyorklng temperatlure.range is 15-40 K. A power Ofeffective acceleration is quadratic mand the levitation is an un-
600 mW is needed to maintain the cell temperature at 33 Kstaple equilibrium(b) Setup of Ref[6]: the sample cell is placed at
The cell is filled with pur'ﬂed, preSSUl‘IzedZF&t room tem- O2 s“ghﬂy above the max|mumsl|ght|y |arger thango) of the
perature through a capillary. This capillary is closed by,a H magnetic acceleration. At point®; and O, am{z;)=anAz,)
ice floe, whose formation is locally allowed by a thermal =g, and atO, the levitation equilibrium is stable, whereasQ it
conductor in contact with the helium baiolidification tem-  is unstable.
perature 14 K The gas-liquid system is observed in light
transmission. Parallel light is directed by means of mirrorsmixture). We find that the critical temperature decays expo-
from outside the anticryostat to the sample. The beam isentially with a time constant of order 50 h. When the criti-
parallel to the axis of the cylindrical cell and is directed by cal temperature has reached a constant value witdimk,
mirrors to the camera outside the anticryostat. equilibrium is supposed to be attained and the analysis of the
The cell is filled at critical density as checked by the meniscus shape starts.
position of the meniscus in the middle of the vessel at the A levitation point is a point where the magnetic force
critical temperature. When His cooled in the cell, the exactly compensates Earth’s gravjty=0 in Eq. (2)]. The
n-H, p-H, equilibrium is shifted and the percentage of p-H levitated state happens when a levitation point coincides with
increases from 25% at room temperature to 96% at 30 Khe center of the cell. In our apparatus the center of the
[10]. The critical coordinates of n-H(p-H,) are T  cylindrical sample cell is located on the vertical coil atds
=33.24K (32.976K),P-=1.298 MPa (1.2928 MPa), and axis) at pointO of altitudez, [Fig. 2(a)] where the magnetic
pc=30.09kgm?3 (31.426 kgm?) [10]. The slow conver- force reaches its maximum intensity. Therefore in the levi-
sion of n-H, to p-H, is followed in time by determining at tated state the magnetic acceleration exactly compensates
regular time intervals the temperature at which the meniscugarth’s gravity at poin© only. Since in the vicinity of point
disappeardcritical temperature of the ortho-para hydrogenO the vertical force is directed downward, the center of the

FIG. 2. Sketch of the variations of the axial magnetic accelera-
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cell is an unstable equilibrium point on the vertiealxis and e T
the modulus of the acceleration is a quadratic functioz of
along the vertical axis, which means that it varies quite
slowly with z. The authors of Ref.6] used a simple method A7 e 7 A
to make a stable levitation equilibrium. In their apparatus, / am
the sample was not placed at the altitude of the maximum of g {
the magnetic force, but slightly highgpoint O, of altitude ) 4
Z, in Fig. 2(b)]. The levitation state is attained at a slightly Y A% i
larger magnetic field intensity, but the equilibrium is stable. ] o )
However, in this case, the acceleration alongzhais in the g N i
vicinity of the center of the cell is linear in Although the
levitation is unstable in our apparatus, the inhomogeneities S Crtmeeeenneen %
of the acceleration field along theaxis are reduced com- = S = >
pared to the setup of Ref6]. In our cell the walls of the 77~ -
sample cell limit the motion of the fluid around the unstable FIG. 3. Sketch of the shape of the interface and of the coordi-
equilibrium pointO. nates used in the modéhe altitudez=0 corresponds to the lowest
point of the gas-liquid interfage The vessel is assumed to be rect-
angular of horizontal dimensiorisande. The curved solid line in
lll. ANALYSIS OF THE SHAPE OF THE MENISCUS the center of the cell is the intersection of the interface with the
planey=e/2, i.e., the shape of the bottom of the meniscus which is
observed in transmission and digitizéte curved dotted line is the
When/ " is much smaller than the horizontal extension ofintersection of the interface with the plame=L/2). The shape of
the sample cell(that is, the extension perpendicular to the experimental cylindrical vessel is superimposed on the shape of
Earth’s gravity, B>1 and the interface is flat except close to the rectangular vesséiashed circlgs
the walls, where its curvature scales wifla . It is straight-
forward to extract from the shape of the meniscus the valu&/hered,, anddy,, are the first and second partial derivatives
of the capillary length by using the fitting method describedwith respect ton={x,y}, andz(x,y) is the equation of the
below. When/ . is equal to or larger than the horizontal surface of the meniscus. For symmetry reasons the interface
extension of the vessel, the interface is nearly spherical, anig flat at the center of the celk=L/2, y=e/2). If the capil-
the determination of ¢ is much more difficult. In order to lary length is much smaller thamandL, it is meaningful to
easily determine the capillary length, it is therefore prefer-consider the curvature radii as infinite at the cent@r4
able to keep the ratio between the capillary length and the= dy,z=0). Assigning the altitude=0 to the bottom of the
horizontal extension of the vessel as small as possiBle (meniscus(point O’), the constant in Eq(11) is zero. Inte-
>1). The lowest limit is given by the spatial resolution of grating Eq.(12) and using this boundary condition leads to
the detection of the meniscus shape and the accuracy of ttiee following equation of the surface of the meniscus:
temperature control. Warren and Welj3] used this

A. Measuring the capillary length from the meniscus shape

2

method to deduce the interfacial tension from the capillary z 2912 2112
length measurements near the consolute point of near-critical 2/C? =2-[1+ (6271 - [1+ (0271 % (13

cyclohexane-methanol mixtures under Earth’'s gravity. We

inverted their method in order to deduce the effective accelThe shape of the meniscus that is observed is the intersection
eration from the capillary length measurements. We presergf the interface with the plang=e/2, in which 3,z=0.

in detail the model that justifies the method. Writing Eq. (13) in this plane, one obtains a differential

~We assume a rectangular vessel of horizoif@rpen-  equation defining the shape of the meniscug-ag/2:
dicular to gravitygy) dimensiond. ande, containing a two-

phase fluid system. A sketch of the shape of the interface is 72

drawn in Fig. 3 together with the Cartesian coordinates 7=2—[1+(0XZ)2]_”Z- (14
which will be used in this section. Denoting 4 and R, c
the two principal curvature radii of the interface at poit
of altitudez, the equilibrium shape of the gas-liquid interface
for a constant acceleratianis determined by the balance of
the pressures at the interface:

The liquid completely wets the cell wall§4], implying that
very near the wall the meniscus is parallel to the wall. But
the influence of the complete wetting on the curvature of the
interface is limited to the close vicinity of the walbf the
o o order of some nanometgrg-arther from the solid wall, the
R + R —(pL—py)gz=const. (11 shape of the meniscus does not depend on the wetting prop-
1 2 erties of the fluid, but only on the liquid-vapor equilibrium
and gravity. This is why the shape of the meniscus is the
In the Cartesian coordinates defined in Fig. 3 the principabame in a rectangular cell and in a cylindrical cell, excepting
curvature radii of the interface are defined as very close to the wall where, anyway, the wetting influence
remains within the spatial resolution of the camét@ um)
9302 9302 and cannot be detected. Integrating again as in[R&f, one
:[1+(5xz) ] R :[1+(5yz) ] (12) gets the analytic expression of the shape of the meniscus at

X OyxZ Y dyyZ ' y=el/2
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gular vessel of the model. The model described above is
valid provided that the actual lengths of the interfacande

are large compared to the capillary length. For all the images
analyzed the ratio betweeh and the measured capillary
length is equal to 12.7 on average with a minimum of 6.0,
whereas the ratio betweemand the capillary length is equal
to 9.2 on average with a minimum of 5.7, which ensures the
validity of the approximations used in the model.

The shape of the meniscus yte/2 corresponds to the
bottom of the dark stripe. This shape shown in Fig. 5 is
determined from the image after correcting for an eventual
tilt of the image due to a slight tilt of the camera, by numeri-
cally applying an intensity gradient operator to the digitized
image along the vertical direction oriented from bottom to
top of the image, and by extracting the curve of intensity
maxima from the modified image. The altitude of the bottom
of the meniscus shape is then shifted to zero. The lerfgth
is deduced from the best fit of the meniscus shape using Eq.
(15). The parameter,,,, is the highest altitude reached by
the meniscus on the cell walls. In the picture of Fifb)4he
ascension of the meniscus on the cell walls is not symmetric.
This is due to a slight tilt of the camera, which is compen-
sated before image analysis. The asymmetry of the detected
meniscus shape visible in Figs(ab and 3b), ranging over
one or two pixels, is due to defects of the walls or of the
optics. Since Eq(15) is the superposition of two indepen-
dent shapes of meniscus minimizing the interfacial energy in
a semi-infinite vessel, and sisnce the two exponential ascen-
sions of the liquid are spatially well separated, the two
shapes can be considered independently. When it occurs,
such asymmetry is thus taken into account by fitting the pro-
file with a slightly different formula:

Xx—L
+Zmax,rightex - /C_ )

X
Z(X) = Zmax,leftexr< - /_C

FIG. 4. Picture of the interface dB) To.—T=100mK, g*

=1; (b) Tc—T=60mK, g*=0.37. (16)
X x—L where Za. et IS the ascension height of the liquid xa& 0
Z(X) = Zmaf XA — 7e +ex 2k (19  and Zmax,ight IS the ascension height of the liquidyatL.

wherezy,y is its?” a function of/’¢ : T'h.is solu'Fi(')n'is. in fact B. Measuring the effective gravity from the capillary length
the sum of two independent menisci in semi-infinite vessel. L . . -
In Fig. 4 two typical pictures of the interface at various Taking into account the restricted domain of validity of

temperatures and effective gravity levefs are shown. The the meniscus shape model, the accuracy of the temperature

dark stripe corresponds to the ascension of the liquid on thEfgulation, and the phenomenon of increased wetting under

sapphire windows, which refracts the parallel light out of the'V€aK gravity, the measurements had to be performed in the
temperature rangelc—T=[12mK-500mK, or 7=[5

field of view. Note that the low position of the meniscus in ) ) _ .
Fig. 4(b) is not due to a leak or an increase of the gas volume< 10 "—2>%10"7] and for a reduced acceleration ranging

fraction but to the increase of the wetting layer thickness or"©M 9" =0.25 tog* =1. In order to evaluate the homoge-
the cell walls when the magnetic field is applied. This phe_nelty of the effective acceleration field, we have to check

nomenon is fully reversible when the magnetic field is re-tat: (i) the meniscus shape fits its theoretical shape in a
moved. Due to the fact that our cell is not rectangular bufiomogeneous acceleration field according to &§) or Eq.
cylindrical, its width(e in Fig. 3) is constant but its lengtf.  (16) and(ii) the effective gravity deduced from the measured
in Fig. 3 depends on the shape of the meniscus because tif@Pillary length is compatible with the effective gravity de-
walls are not vertical. In order to use E(L5) the actual duced from the value of the electric current.

length L is measured on each picture. The connection be-
tween the actual length of the interface and the model is
shown in Fig. 3, where the shape of the cylindrical cell The fit is based on the minimization of the following
(dashed circlesis superimposed on the shape of the rectanfunction, with /- as the only adjustable free parameter:

1. Meniscus shape fit



474 WUNENBURGER, CHATAIN, GARRABOS, AND BEYSENS PRE 62

02 T
0.3
0.15 02
~
=
—~~ E
E S’
= 0.1 g A g-=1
~ * L & g*=0.75 ||
o)) 0.1
N —©O 009 | X gr=05 |
L] 0.08 + g*=0.44
0.05 0.07 O g*=0.37
[ 0.06 v g*=0.32
oos | C O g*=0.25 |
) from Moldover [12]
i . il - P "
0 0.04
0.001 0.01
T -DIT
( o] ) (o]

FIG. 6. The quantity’cg* 2 as a function of the reduced dis-
tance to the critical temperaturd {—T)/T. measured at various
reduced gravity levels. /¢ is the capillary length determined from
meniscus shape analysis agdl is the effective acceleration re-
duced by Earth’s gravity. The solid line is the power law of E9j.
for the capillary length using Moldover’s dafa2].

0,15

0,1

[ that the meniscus shape was very close to the shape of a
meniscus in a homogeneous acceleration field. Figufas 5
and §b) show two typical menisci with their best fits. Note
that the agreement between the meniscus and its best fit does
not exhibit any systematic distortion, showing that the accel-
eration field is indeed homogeneous, as assumed in the deri-
vation of the fitting function.

z (mm)

0,05 |

2. Capillary length comparison

We now compare the capillary length measurements per-
formed atg* #1 to the measurements gt =1 (in the ab-
sence of applied magnetic forgeé\ccording to the defini-
tion of the capillary length in Eq(6), the quantity/ cg* 2
should be independent g and should behave as the cap-

FIG. 5. Digitized shape of the meniscus at FWHM) together jjlary length atg* =1 according to the critical scaling law of
with the besF fit(solid line) using Eq.(15) correspondinda) to Fig. Eq.(9). In Fig. 6 the quantity/c(g*)llz is plotted as a func-
4(a); (b) to Fig. 4b). Note the different length scales on theandz tion of 7 together with the power law of Eq9), with the
axes. value /' co=2.39 mm from Moldovef12] and the exponent

N 0.4675. Two remarks can be made.
First, the dispersion of the experimental data around the
X=2 [z-2)1, (17) law of i iol* )
<~ power law of Eq.(9) is the same at higlg* (where homo
geneous Earth’s gravity is dominards at lowg* (where
where (; ,z);_1 are the experimental digitized coordinates magnetic forces are comparable to Earth’s attragtittrfol-
of the shape of the meniscus, ani the fitting function of  lows that this dispersion is not due to inhomogeneities of the
Eq.(15). The agreement between the best fit and the shape éffective acceleration field.
the meniscus can be evaluated by computing Pear®®n’s  Second, the data set is well represented by the power law
coefficient: with /¢p=2.39 mm, computed from the data of Moldover
[12], who used the measurements by Blagoi and Pashkov
R=\1-x*/2L,(z -2, (18  [15]. Moreover, a power law fit with fixed exponent arig,
as free parameter givescy=2.47+0.06 mm. Blagoi and
wherez is the mean of%;);_, . The closeRis to unity, the ~ Pashkov measured’c, in n-H, with critical parameters
better is the agreement between the best fit and the meniscabghtly different from the p-H data.(To our knowledge
shape. For all the meniscus shapes analyzed in this sRidy,there are no surface tension measurements reported near the
was always larger than 0.931 with a mean of 0.983, meaningritical point of p-H.) The relative difference between the n-

(b)
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1 ' A coordinategr,z) centered along the vertical coil axisaxis
[ are used. We assume that the levitation state happens at point
O [Fig. 2@)] and that the center of the sample cell coincides

53] - 4
09 (] with O (of altitudezg). In the absence of electric current, the
1 static magnetic field satisfies dd~=0 and curlB=0, which
0.8 - 1 can be expressed a8B,(r,z)=-3%d,B,(02z) and 4,B,

i =¢,B,. Since the magnetic force exactly compensates the
weight at the center of the cell, we write

<[g*(l C)] 125 at constant I

07 | n ]
||
i 1 —B,d,B,=0go. (20
0.6 P o 29252= o
05 L 1 Noting thatB,(0,z;) =b, the magnetic field at the center of
. the cell, the characteristic length scale of the magnetic field
gradient is
04 i I T S [ TSSO S SO ST S R S S S S |
0.4 0.5 0.6 07 0.8 09 1 | x|b?
12 Lg= , 21
[g*(1)] * Dialo 0

FIG. 7. Mean value of each data §et (/c)]Y2[defined in Eq.  with b=6.65T at weight compensatiogy=9.8ms?, Lg
(19] measured at given electric currdnt, corresponding to given =89 mm for our apparatus. Taking into account the fact that
value of the effective acceleratiog*(lg), as a function of in our experiment the magnetic force is maximum at the
[g* (1g)]" [defined in Eq(10)]. center of the cell, that is),(B,d,B,) (0,z,) =0, the expansion

of the magnetic field around the center of the cell restricted

and p-H critical density (pressurg is less than 5%{5%).  to the first nonzero order ifLg and @z— z,)/Lg leads to the
The surface tension of n4and p-H should then differ by following expressions for the components of the effective
only a few percent. Blagoi and Pashkov worked far awayacceleration fielay(r,z):
from T., where weak -crossover corrections to the
asymptotic power law behavior of the surface tension might 3r
occur. The analysis of their data by Moldovier2] shows 9r(r,2)= —QOIJFO(X?’,X:Y,Z— Zy), (22)
that the crossover behavior is weak for 10”2, Taking into
account all these considerations, our value/gf, can be
considered as being in excellent agreement with the value of gz(f,Z):go(
Moldover in Ref.[12].

r* - (2-29)° +0O(x3,x=r,z—7p)
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Another test of self-consistency is to compare the values (23
of g* (1) computed by using Eq10) with the values ofy*
deguéeEo? frompthe cagillary ?ength 3neasurements E The radial acceleration is thus directed toward thaxis,
’ which means that the levitation equilibrium is stable to radial

/o475 2 perturbations of small amplitude. Therefore the deriber
g*(/c)= (/—E) (19 uid) phase should go to the middle of the cell, and the lighter
" c (gag phase should be rejected on the side walls of the cell
using /co=2.39 mm. Since the capillary length is sensitive [Fig- 2b)]. The variations of the radial component of the
to g2 we plotted in Fig. 7 the mean value of each data sefcceleration in the vicinity of .the center of the. ce]l are much
[9* (/)12 measured at a givehe [or equivalently at a Stronger than those of the axial component, sigicis linear
given value of the effective acceleratigri(Ig)] as a func- 1N T- In the levitation state, the residual gravity is roughly
tion of [g* (1) ]¥2 The departure of the data from the ideal eql_JaI _to the value ofy, for r equal_ to the radius of the
line of slope unity is more pronounced at high than at low cyImdncal_ZceII. _':20 a 3 mm cell diameter, one gets,
g*, and thus is not due to inhomogeneities of the effective™0-13Ms“~10""go atr=1.5mm, which is of the same
acceleration field. The dispersion of the data can be ascribg®fder of magnitude as the residual gravity achieved during
to the fluctuations of the temperature regulation. parabohc flights of planes. When Earth’s gravity is iny_ par-
As a partial conclusion, the above analysis of the menistially compensatedg* #0, Ig<63.1 A the Zacceleratlon in-
cus shape shows that this magnetic levitation apparatus pré©mogeneityAg*, which is proportional tdg, has a smaller
duces a satisfactory homogeneous acceleration field on tt@mplitude than ag* =0 (I=63.1A). Consequently for 0

length scale of the sample cell. <g*<1 the maximal amplitude of the acceleration inhomo-
geneity occurring in this apparatus is less than2t.
IV. RESIDUAL ACCELERATION FIELD The shape of the gas-liquid interface visible in Fig. 8 at 10
IN THE LEVITATION STATE mK below the critical temperature in levitation in a cell of

large diametef10 mm confirms the predictions about the
At exact compensation of Earth’s gravity, the residual ac+esidual acceleration field in levitation. The gas is rejected on
celeration field can be determined by simple considerationthe periphery of the cylindrical cell and the liquid is at its
on the magnetic field. In the following, natural cylindrical center, but part of the liquid is also located in the lower part
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tion is not so clear, as the magnetic compensation suffers
from a number of difficulties and limitations. In order to
investigate magnetic “low gravity” apparatus dedicated to
the study of near-critical pure fluids, we used the vanishing
properties of the capillary length of a two-phase system of
H, at equilibrium as the critical point is approached. This is
a very precise method to check the homogeneity of the ef-
fective acceleration field. Liquid and vapor phases gfat
coexistence were placed near the upper end of a vertical
superconducting coil, in which the current was varied. For an
effective acceleration ranging from 0.25 to 1 times Earth’s
gravity, the shape of the meniscus and the corresponding
capillary length were compared to the theoretical shape of
the meniscus under homogeneous gravity and the predicted
value of the capillary length. It follows that no perceptible
acceleration inhomogeneities were detected and that the
main cause for the dispersion of the data can be attributed to
the finite-level accuracy of our temperature control. The
main difficulties arise from the influence of the magnetic
FIG. 8. Picture of the two-phase system at 10 mK belgwin field on the behavior of the thermometer and on the thermal
levitation state inside a cell of 10 mm diameter and 2 mm thicknessproperties of the materialheat capacity and conductivity
The central picture is an enlarged view of the picture on the leftwhich induce a drift of the regulated temperature as the elec-
where a dotted line underlines the interface. The levitation point i&rica| current is increased and a Change of the best parameters
located in the center of the cell. Due to the residual radial acceleragf the regulation algorithm. Once these difficulties are over-
tion field (which is linear inr and directed toward the center of the come, this method can be applied to measurement of the
cell) existing around the levitation point, the liquid phade is interfacial tension closer to the critical point.

located in the center of the cell and the vapor phaégi¢ rejected At exact compensation of the weight, when levitates
in the periphery of the cell, between a thin liquid wetting layer andy, o ain residual acceleration field is centripetal. In our

the central liquid drop. smallest cel(3 mm diameterits amplitude is of the order of

S 10 2g,. It is worth noting that interesting thermal instabili-
of the cell, due to the fagt that t_he equilibrium is unstable a ies are likely to be observed in the very peculiar situation of
the cell center. The gas is also isolated from the cell wall by

T ) such a radial field which resembles that inside the Earth’s
a liquid wetting layer(zero contact angje core
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