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Magnetic compensation of gravity forces in„p-… hydrogen near its critical point:
Application to weightless conditions
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We report a study concerning the compensation of gravity forces in two-phase~p-! hydrogen. The sample is
placed near one end of the verticalz axis of a superconducting coil, where there is a near-uniform magnetic
field gradient. A variable effective gravity levelg can thus be applied to the two-phase fluid system. The
vanishing behavior of the capillary lengthl C at the critical point is compensated by a decrease ing andl C is
kept much smaller than the cell dimension. Forg ranging from 1 to 0.25 times Earth’s gravity~modulusg0! we
compare the actual shape of the meniscus to the expected shape in a homogeneous gravity field. We determine
l C in a wide range of reduced temperaturet5(TC2T)/TC5@1024– 0.02# from a fit of the meniscus shape.
The data are in agreement with previous measurements further fromTC performed in n-H2 under Earth’s
gravity. The effective gravity is homogeneous within 1022g0 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 point~where magnetic forces exactly compensate Earth’s gravity!, the
computed axial component of the acceleration is found to be quadratic inz, whereas its radial component is
proportional to the distance to the axis, which explains the gas-liquid patterns observed near the critical point.

PACS number~s!: 68.10.2m, 64.60.Fr, 07.20.Mc
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I. INTRODUCTION

Magnetic levitation of matter consists of the compen
tion of its weight by magnetic forces. Because of the we
diamagnetic susceptibility of many nonmagnetic substan
strong magnetic fields are needed for magnetic levitat
Such field intensities have been attained only recently. S
the first demonstration of magnetic levitation of diamagne
substances@1,2#, this technique has chiefly been applied
the containerless handling of liquids, solids, or living bod
@1–7#, the simulation of low gravity or weightless condition
for life science@3#, and fluid physics~noncoalescence of liq
uid drops in contact@5,6#, deformations modes of drops@7#,
investigation of the lambda transition in helium@8#!. In some
previous work using magnetic weightlessness, precise m
surements of the magnetic field@8# as well as detailed ana
lytical and numerical calculations of the force field applied
the sample were performed@1,4,6,8#. However, no measure
ment of the residual gravity has been performed. In this
per, we present a simple method to check the homogenei
the total acceleration field. It is based on the analysis of
shape of the gas-liquid interface and on the vanishing beh
ior of the capillary length of a liquid-gas mixture of hydro
gen in equilibrium near its critical point.

Containerless handling applications require only a glo
compensation of the total weight of the body and a sta
levitation to be met, whereas gravity compensation ne
more conditions to be fulfilled. Indeed, when a diamagne
sample is placed in a magnetic fieldB, each of its molecules
is subjected to a force that is proportional to its magne
susceptibilityx and to the local gradient ofB2. The resulting
magnetic acceleration vectoram induced by the magnetic
field B is
PRE 621063-651X/2000/62~1!/469~8!/$15.00
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2 B2!, ~1!

where r is the sample density andm054p31027 H m21.
The total acceleration vector applied to the sample on
Earth is

g5g01am , ~2!

whereg0 is the gravitational acceleration vector. Letg* be
the reduced acceleration modulus~effective gravity level!

g* 5
igi
ig0i , ~3!

which can be larger or smaller than 1 due to the vecto
character of Eq.~2!. The acceleration fieldg is homogeneous
at the length scale of the sample provided that theB2 gradi-
ent and the chemical composition of the sample are ho
geneous at the sample length scale. Under these condit
Earth’s gravitational acceleration can be increased, parti
compensated, or exactly cancelled in the same manne
each point of the sample. This leads to the accomplishm
of a tunable artificial gravity, ranging from large to low va
ues of g* , and ultimately reaching weightlessness (g*
50).

Since a homogeneous acceleration field can be achie
only within a given precision, it is useful to evaluate th
maximum deviation ofg* from its mean value within the
sample

Dg* 5 max
sample

~ u^g* &sample2g* u!. ~4!
469 ©2000 The American Physical Society
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470 PRE 62WUNENBURGER, CHATAIN, GARRABOS, AND BEYSENS
When global compensation of weight is achieved~levita-
tion!, Dg* is called the ‘‘residual gravity.’’ It is a quantita
tive evaluation of the ‘‘quality’’ of weightlessness and a
lows the various low gravity facilities~magnetic levitation,
parabolic flights, sounding rockets, orbital platforms, etc.! to
be compared.

During the last decade, experimental investigation of
physics of pure fluids near their critical point has benefi
from weightless conditions, which prevent convection a
stratification.~For a review, see Ref.@9#.! Pure fluids exhibit
universal behavior near their critical point. This means t
some of their thermophysical properties diverge~e.g., the
specific heat! or vanish~e.g., the thermal diffusivity! at the
critical point, in a scaled way valid for all fluids, dependin
only on the reduced distance to the critical pointt5uTC
2Tu/TC ~T is the temperature of the fluid, andTC is its
critical temperature!. This universal behavior allows a larg
variety of phenomena to be studied in any pure fluid
changing its temperature. We developed a magnetic lev
tion apparatus dedicated to para-hydrogen (p-H2!. p-H2 was
chosen because of its high magnetic susceptibility~x/r5
22.5131028 m3 kg21) and its low critical temperature valu
(TC533 K). This apparatus can also be regarded more g
erally as a variable effective gravity facility that allows th
effect of gravity to be studied in fluid physics. It presen
allows a variable acceleration to be imposed to a hydro
sample in a range running from levitation (g* 50) to g*
52.2. In particular, the Moon and Mars gravity~g* ' 1

6 and
1
3! can be easily reproduced.

We now present the physical grounds of the method
allow us to check the homogeneity of the acceleration fie
A two-phase gas-liquid sample in thermodynamic equil
rium is characterized by its interfacial tensions. When only
interfacial forces act, the bubble has a spherical shape, w
minimizes its interfacial energy. When it is submitted to
acceleration fieldg, it is deformed so as to minimize the su
of its potential and interfacial energies. The amplitude of t
deformation is an increasing function of the Bond numbeB
defined as the ratio between the interfacial energy and
potential energy:

B5
~rL2rV!gl2

s
5

l 2

l C
2 , ~5!

wherel is the diameter of the bubble,rL(rV) the density of
the liquid~gas! phase, andl C the capillary length, defined a

l C5As/g~rL2rV!5
1

Ag*
As/g0~rL2rV!. ~6!

l C is the length scale of the resulting deformations of
bubble due to gravity. The shape of the interface gives in
mation about the intensity of the acceleration field whenB
.1, i.e., when the capillary length is smaller than the size
the bubble.

The critical point is the end point of the liquid-gas coe
istence curve of a pure fluid in theP-T diagram~P is pres-
sure!. At the critical point there is no difference between t
two phases and the interface disappears. Near the cri
point and along the coexistence curve the reduced differe
between the densities of the two phases varies as
e
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rC
52B0t0.325, ~7!

where rC is the critical density. The amplitudeB0 is a
system-dependent parameter (B051.61) and0.325 is the
value of the universal critical exponent@11#. The surface
tensions between the two phases also vanishes at the crit
point as

s5s0t1.26. ~8!

The amplitude s0 depends on the fluid (s55.4
31023 N m21 for n2H2) and 1.26 is the value of the
universal critical exponent. According to Eq.~6!, the capil-
lary lengthl C vanishes at the critical point as

l C5
1

Ag*
l C0t0.4675, l C05As0/2B0g0rC. ~9!

For n-hydrogenl C052.39 mm@12#. Wheng* goes to zero,
the capillary length may diverge at constant temperatu
However, if the critical point is simultaneously approache
l C also goes to zero at constantg* . Going closer to the
critical point as the acceleration field is lowered allows t
conditionB.1 to be maintained, i.e., information about th
acceleration field can still be extracted from the shape of
interface. The key point of this method is that the low inte
sity of the acceleration field is compensated by the fact t
the near-critical interface becomes very deformable. T
makes this two-phase system very sensitive to the remai
accelerations as demonstrated in the following.

The paper is organized as follows. In Sec. II the expe
mental apparatus is presented in detail. In Sec. III a met
to check the homogeneity of the acceleration field and
deduce the capillary length and the acceleration field fr
the shape of the gas-liquid interface is described. In Sec
a computation of the residual acceleration field in the le
tated state is proposed and compared to the experime
gas-liquid patterns.

II. EXPERIMENTAL PROCEDURE

The apparatus consists of two parts, the cryostat cont
ing the superconducting coil and the anticryostat contain
the sample and the optics. It is schematically shown in F
1. The axis of the coil is vertical. The cryostat is compos
of two stages. A Dewar containing liquid N2 surrounds an-
other Dewar containing liquid He maintained at 2.17 K wi
the help of a heat exchanger. A superconductive coil of to
height 200 mm is immersed inside the helium bath. It su
ports a current up to 65 A and produces a magnetic field
to 10 T on its axis, which is parallel to Earth’s gravity. Th
anticryostat is a cylindrical container partially immersed
side the helium bath, standing along the axis of the coil,
which vacuum (1024 Pa) is maintained for thermal isolatio
purposes.

The cell containing the H2 sample is positioned along th
axis of the coil. The altitude of the sample cell center alo
the coil axis corresponds to the maximum of intensity of t
upward magnetic force, at the upper end of the coil, i.e.
85 mm from its center. On the coil axis,g is vertical and Eq.
~2! reduces tog5g02am at the upper end~g5g01am at the
lower end!. Levitation is attained when the electric current
the coil I E is equal to 63.1 A, corresponding to a magne
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PRE 62 471MAGNETIC COMPENSATION OF GRAVITY FORCES IN . . .
field of magnitude 6.65 T in the cell. According to the line
relation between the electric currentI E in the coil and the
magnetic field,g* is computed using the relation

g* ~ I E!5g0@12~ I E/63.1!2#. ~10!

The cell is made of electrolytic copper. The cavity conta
ing the fluid is cylindrical~3 mm in diameter! with its axis
horizontal~y axis!, perpendicular to the coil axis. It is close
by two parallel sapphire windows 2 mm apart and sealed
indium rings. The cell is in thermal contact with the heliu
bath by means of a thermal conductor. Its temperatur
measured with a Cernox thermometer and is controlled
an electrical resistance supplied by a closed loop tempera
control device. The temperature control is61 mK at 33 K
and the working temperature range is 15–40 K. A power
600 mW is needed to maintain the cell temperature at 33
The cell is filled with purified, pressurized H2 at room tem-
perature through a capillary. This capillary is closed by a2
ice floe, whose formation is locally allowed by a therm
conductor in contact with the helium bath~solidification tem-
perature 14 K!. The gas-liquid system is observed in lig
transmission. Parallel light is directed by means of mirr
from outside the anticryostat to the sample. The beam
parallel to the axis of the cylindrical cell and is directed
mirrors to the camera outside the anticryostat.

The cell is filled at critical density as checked by t
position of the meniscus in the middle of the vessel at
critical temperature. When H2 is cooled in the cell, the
n-H2 p-H2 equilibrium is shifted and the percentage of p-2
increases from 25% at room temperature to 96% at 30
@10#. The critical coordinates of n-H2 ~p-H2! are TC
533.24 K (32.976 K),PC51.298 MPa (1.2928 MPa), an
rC530.09 kg m23 (31.426 kg m23! @10#. The slow conver-
sion of n-H2 to p-H2 is followed in time by determining a
regular time intervals the temperature at which the menis
disappears~critical temperature of the ortho-para hydrog

FIG. 1. Experimental setup~schematic representation!.
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mixture!. We find that the critical temperature decays exp
nentially with a time constant of order 50 h. When the cri
cal temperature has reached a constant value within61 mK,
equilibrium is supposed to be attained and the analysis of
meniscus shape starts.

A levitation point is a point where the magnetic forc
exactly compensates Earth’s gravity@g50 in Eq. ~2!#. The
levitated state happens when a levitation point coincides w
the center of the cell. In our apparatus the center of
cylindrical sample cell is located on the vertical coil axis~z
axis! at pointO of altitudez0 @Fig. 2~a!# where the magnetic
force reaches its maximum intensity. Therefore in the le
tated state the magnetic acceleration exactly compens
Earth’s gravity at pointO only. Since in the vicinity of point
O the vertical force is directed downward, the center of t

FIG. 2. Sketch of the variations of the axial magnetic accele
tion amz(z) along the verticalz axis in two different experimenta
configurations. Neither the radial acceleration inhomogeneities
the consequences of the total wetting are taken into account in
schematic phase distribution inside the cell shown on the right-h
side of the graph.~a! Our setup: the sample cell is placed at t
maximum~equal tog0! of the magnetic acceleration. The resultin
effective acceleration is quadratic inz, and the levitation is an un-
stable equilibrium.~b! Setup of Ref.@6#: the sample cell is placed a
O2 slightly above the maximum~slightly larger thang0! of the
magnetic acceleration. At pointsO1 and O2 amz(z1)5amz(z2)
5g0 and atO2 the levitation equilibrium is stable, whereas atO1 it
is unstable.
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472 PRE 62WUNENBURGER, CHATAIN, GARRABOS, AND BEYSENS
cell is an unstable equilibrium point on the verticalz axis and
the modulus of the acceleration is a quadratic function oz
along the vertical axis, which means that it varies qu
slowly with z. The authors of Ref.@6# used a simple method
to make a stable levitation equilibrium. In their apparat
the sample was not placed at the altitude of the maximum
the magnetic force, but slightly higher@point O2 of altitude
z2 in Fig. 2~b!#. The levitation state is attained at a slight
larger magnetic field intensity, but the equilibrium is stab
However, in this case, the acceleration along thez axis in the
vicinity of the center of the cell is linear inz. Although the
levitation is unstable in our apparatus, the inhomogenei
of the acceleration field along thez axis are reduced com
pared to the setup of Ref.@6#. In our cell the walls of the
sample cell limit the motion of the fluid around the unstab
equilibrium pointO.

III. ANALYSIS OF THE SHAPE OF THE MENISCUS

A. Measuring the capillary length from the meniscus shape

Whenl C is much smaller than the horizontal extension
the sample cell~that is, the extension perpendicular
Earth’s gravity!, B@1 and the interface is flat except close
the walls, where its curvature scales withl C . It is straight-
forward to extract from the shape of the meniscus the va
of the capillary length by using the fitting method describ
below. Whenl C is equal to or larger than the horizont
extension of the vessel, the interface is nearly spherical,
the determination ofl C is much more difficult. In order to
easily determine the capillary length, it is therefore pref
able to keep the ratio between the capillary length and
horizontal extension of the vessel as small as possibleB
@1). The lowest limit is given by the spatial resolution
the detection of the meniscus shape and the accuracy o
temperature control. Warren and Webb@13# used this
method to deduce the interfacial tension from the capill
length measurements near the consolute point of near-cri
cyclohexane-methanol mixtures under Earth’s gravity. W
inverted their method in order to deduce the effective ac
eration from the capillary length measurements. We pres
in detail the model that justifies the method.

We assume a rectangular vessel of horizontal~perpen-
dicular to gravityg0) dimensionsL ande, containing a two-
phase fluid system. A sketch of the shape of the interfac
drawn in Fig. 3 together with the Cartesian coordina
which will be used in this section. Denoting byR1 and R2
the two principal curvature radii of the interface at pointM
of altitudez, the equilibrium shape of the gas-liquid interfa
for a constant accelerationg is determined by the balance o
the pressures at the interface:

s

R1
1

s

R2
2~rL2rV!gz5const. ~11!

In the Cartesian coordinates defined in Fig. 3 the princi
curvature radii of the interface are defined as

Rx5
@11~]xz!2#3/2

]xxz
, Ry5

@11~]yz!2#3/2

]yyz
, ~12!
e
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where]m and]mm are the first and second partial derivativ
with respect tom5$x,y%, andz(x,y) is the equation of the
surface of the meniscus. For symmetry reasons the inter
is flat at the center of the cell~x5L/2, y5e/2!. If the capil-
lary length is much smaller thane andL, it is meaningful to
consider the curvature radii as infinite at the center (]xxz
5]yyz50). Assigning the altitudez50 to the bottom of the
meniscus~point O8!, the constant in Eq.~11! is zero. Inte-
grating Eq.~12! and using this boundary condition leads
the following equation of the surface of the meniscus:

z2

2l C
2 522@11~]xz!2#21/22@11~]yz!2#21/2. ~13!

The shape of the meniscus that is observed is the interse
of the interface with the planey5e/2, in which ]yz50.
Writing Eq. ~13! in this plane, one obtains a differentia
equation defining the shape of the meniscus aty5e/2:

z2

2l C
2 522@11~]xz!2#21/2. ~14!

The liquid completely wets the cell walls@14#, implying that
very near the wall the meniscus is parallel to the wall. B
the influence of the complete wetting on the curvature of
interface is limited to the close vicinity of the wall~of the
order of some nanometers!. Farther from the solid wall, the
shape of the meniscus does not depend on the wetting p
erties of the fluid, but only on the liquid-vapor equilibrium
and gravity. This is why the shape of the meniscus is
same in a rectangular cell and in a cylindrical cell, except
very close to the wall where, anyway, the wetting influen
remains within the spatial resolution of the camera~10 mm!
and cannot be detected. Integrating again as in Ref.@13#, one
gets the analytic expression of the shape of the meniscu
y5e/2

FIG. 3. Sketch of the shape of the interface and of the coo
nates used in the model~the altitudez50 corresponds to the lowes
point of the gas-liquid interface!. The vessel is assumed to be rec
angular of horizontal dimensionsL ande. The curved solid line in
the center of the cell is the intersection of the interface with
planey5e/2, i.e., the shape of the bottom of the meniscus which
observed in transmission and digitized~the curved dotted line is the
intersection of the interface with the planex5L/2!. The shape of
the experimental cylindrical vessel is superimposed on the shap
the rectangular vessel~dashed circles!.
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z~x!5zmaxFexpS 2
x

l C
D1expS x2L

l C
D G , ~15!

wherezmax is itself a function ofl C . This solution is in fact
the sum of two independent menisci in semi-infinite vess

In Fig. 4 two typical pictures of the interface at variou
temperatures and effective gravity levelsg* are shown. The
dark stripe corresponds to the ascension of the liquid on
sapphire windows, which refracts the parallel light out of t
field of view. Note that the low position of the meniscus
Fig. 4~b! is not due to a leak or an increase of the gas volu
fraction but to the increase of the wetting layer thickness
the cell walls when the magnetic field is applied. This ph
nomenon is fully reversible when the magnetic field is
moved. Due to the fact that our cell is not rectangular
cylindrical, its width~e in Fig. 3! is constant but its length~L
in Fig. 3! depends on the shape of the meniscus because
walls are not vertical. In order to use Eq.~15! the actual
length L is measured on each picture. The connection
tween the actual length of the interface and the mode
shown in Fig. 3, where the shape of the cylindrical c
~dashed circles! is superimposed on the shape of the rect

FIG. 4. Picture of the interface at~a! TC2T5100 mK, g*
51; ~b! TC2T560 mK, g* 50.37.
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gular vessel of the model. The model described above
valid provided that the actual lengths of the interfaceL ande
are large compared to the capillary length. For all the ima
analyzed the ratio betweenL and the measured capillar
length is equal to 12.7 on average with a minimum of 6
whereas the ratio betweene and the capillary length is equa
to 9.2 on average with a minimum of 5.7, which ensures
validity of the approximations used in the model.

The shape of the meniscus aty5e/2 corresponds to the
bottom of the dark stripe. This shape shown in Fig. 5
determined from the image after correcting for an event
tilt of the image due to a slight tilt of the camera, by nume
cally applying an intensity gradient operator to the digitiz
image along the vertical direction oriented from bottom
top of the image, and by extracting the curve of intens
maxima from the modified image. The altitude of the botto
of the meniscus shape is then shifted to zero. The lengthl C
is deduced from the best fit of the meniscus shape using
~15!. The parameterzmax is the highest altitude reached b
the meniscus on the cell walls. In the picture of Fig. 4~b! the
ascension of the meniscus on the cell walls is not symme
This is due to a slight tilt of the camera, which is compe
sated before image analysis. The asymmetry of the dete
meniscus shape visible in Figs. 5~a! and 5~b!, ranging over
one or two pixels, is due to defects of the walls or of t
optics. Since Eq.~15! is the superposition of two indepen
dent shapes of meniscus minimizing the interfacial energ
a semi-infinite vessel, and sisnce the two exponential as
sions of the liquid are spatially well separated, the tw
shapes can be considered independently. When it occ
such asymmetry is thus taken into account by fitting the p
file with a slightly different formula:

z~x!5zmax,leftexpS 2
x

l C
D1zmax,rightexpS 2

x2L

l C
D ,

~16!

wherezmax,left is the ascension height of the liquid atx50
andzmax,right is the ascension height of the liquid atx5L.

B. Measuring the effective gravity from the capillary length

Taking into account the restricted domain of validity
the meniscus shape model, the accuracy of the tempera
regulation, and the phenomenon of increased wetting un
weak gravity, the measurements had to be performed in
temperature rangeTC2T5@12 mK– 500 mK#, or t5@5
31024– 231022# and for a reduced acceleration rangin
from g* 50.25 tog* 51. In order to evaluate the homoge
neity of the effective acceleration field, we have to che
that: ~i! the meniscus shape fits its theoretical shape i
homogeneous acceleration field according to Eq.~15! or Eq.
~16! and~ii ! the effective gravity deduced from the measur
capillary length is compatible with the effective gravity d
duced from the value of the electric current.

1. Meniscus shape fit

The fit is based on the minimization of the followingx2

function, with l C as the only adjustable free parameter:
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x25(
i 51

N

@zi2z~xi !#
2, ~17!

where (xi ,zi) i 51,N are the experimental digitized coordinat
of the shape of the meniscus, andz is the fitting function of
Eq. ~15!. The agreement between the best fit and the shap
the meniscus can be evaluated by computing PearsonR
coefficient:

R5A12x2/( i 51
N ~zi2 z̄!2, ~18!

wherez̄ is the mean of (zi) i 51,N . The closerR is to unity, the
better is the agreement between the best fit and the men
shape. For all the meniscus shapes analyzed in this studR
was always larger than 0.931 with a mean of 0.983, mean

FIG. 5. Digitized shape of the meniscus at FWHM~1! together
with the best fit~solid line! using Eq.~15! corresponding~a! to Fig.
4~a!; ~b! to Fig. 4~b!. Note the different length scales on thex andz
axes.
of

us
,
g

that the meniscus shape was very close to the shape
meniscus in a homogeneous acceleration field. Figures~a!
and 5~b! show two typical menisci with their best fits. Not
that the agreement between the meniscus and its best fit
not exhibit any systematic distortion, showing that the acc
eration field is indeed homogeneous, as assumed in the
vation of the fitting function.

2. Capillary length comparison

We now compare the capillary length measurements p
formed atg* Þ1 to the measurements atg* 51 ~in the ab-
sence of applied magnetic forces!. According to the defini-
tion of the capillary length in Eq.~6!, the quantityl Cg* 1/2

should be independent ofg* and should behave as the ca
illary length atg* 51 according to the critical scaling law o
Eq. ~9!. In Fig. 6 the quantityl C(g* )1/2 is plotted as a func-
tion of t together with the power law of Eq.~9!, with the
value l C052.39 mm from Moldover@12# and the exponen
0.4675. Two remarks can be made.

First, the dispersion of the experimental data around
power law of Eq.~9! is the same at highg* ~where homo-
geneous Earth’s gravity is dominant! as at lowg* ~where
magnetic forces are comparable to Earth’s attraction!. It fol-
lows that this dispersion is not due to inhomogeneities of
effective acceleration field.

Second, the data set is well represented by the power
with l C052.39 mm, computed from the data of Moldov
@12#, who used the measurements by Blagoi and Pash
@15#. Moreover, a power law fit with fixed exponent andl C0
as free parameter givesl C052.4760.06 mm. Blagoi and
Pashkov measuredl C0 in n-H2 with critical parameters
slightly different from the p-H2 data. ~To our knowledge
there are no surface tension measurements reported nea
critical point of p-H2.! The relative difference between the n

FIG. 6. The quantityl Cg* 1/2 as a function of the reduced dis
tance to the critical temperature (TC2T)/TC measured at various
reduced gravity levels. l C is the capillary length determined from
meniscus shape analysis andg* is the effective acceleration re
duced by Earth’s gravity. The solid line is the power law of Eq.~9!
for the capillary length using Moldover’s data@12#.
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and p-H2 critical density ~pressure! is less than 5‰~5%!.
The surface tension of n-H2 and p-H2 should then differ by
only a few percent. Blagoi and Pashkov worked far aw
from TC , where weak crossover corrections to t
asymptotic power law behavior of the surface tension mi
occur. The analysis of their data by Moldover@12# shows
that the crossover behavior is weak fort,1022. Taking into
account all these considerations, our value ofl C0 can be
considered as being in excellent agreement with the valu
Moldover in Ref.@12#.

Another test of self-consistency is to compare the val
of g* (I E) computed by using Eq.~10! with the values ofg*
deduced from the capillary length measurements,

g* ~ l C!5S l C0t0.4675

l C
D 2

~19!

using l C052.39 mm. Since the capillary length is sensiti
to g1/2, we plotted in Fig. 7 the mean value of each data
@g* (l C)#1/2 measured at a givenI E @or equivalently at a
given value of the effective accelerationg* (I E)# as a func-
tion of @g* (I E)#1/2. The departure of the data from the ide
line of slope unity is more pronounced at highg* than at low
g* , and thus is not due to inhomogeneities of the effect
acceleration field. The dispersion of the data can be ascr
to the fluctuations of the temperature regulation.

As a partial conclusion, the above analysis of the men
cus shape shows that this magnetic levitation apparatus
duces a satisfactory homogeneous acceleration field on
length scale of the sample cell.

IV. RESIDUAL ACCELERATION FIELD
IN THE LEVITATION STATE

At exact compensation of Earth’s gravity, the residual
celeration field can be determined by simple considerati
on the magnetic field. In the following, natural cylindric

FIG. 7. Mean value of each data set@g* (l C)#1/2 @defined in Eq.
~19!# measured at given electric currentI E , corresponding to given
value of the effective accelerationg* (I E), as a function of
@g* (I E)#1/2 @defined in Eq.~10!#.
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coordinates~r,z! centered along the vertical coil axis~z axis!
are used. We assume that the levitation state happens at
O @Fig. 2~a!# and that the center of the sample cell coincid
with O ~of altitudez0!. In the absence of electric current, th
static magnetic field satisfies divB50 and curlB50, which
can be expressed as] rBr(r ,z)52 1

2 ]zBz(0,z) and ]zBr
5] rBz . Since the magnetic force exactly compensates
weight at the center of the cell, we write

uxu
rm0

Bz]zBz5g0 . ~20!

Noting thatBz(0,z0)5b, the magnetic field at the center o
the cell, the characteristic length scale of the magnetic fi
gradient is

LB5
uxub2

rm0g0
, ~21!

with b56.65 T at weight compensation,g059.8 m s22, LB
589 mm for our apparatus. Taking into account the fact t
in our experiment the magnetic force is maximum at t
center of the cell, that is,]z(Bz]zBz)(0,z0)50, the expansion
of the magnetic field around the center of the cell restric
to the first nonzero order inr /LB and (z2z0)/LB leads to the
following expressions for the components of the effect
acceleration fieldg(r ,z):

gr~r ,z!52g0

3r

4L
1O~x3,x5r ,z2z0!, ~22!

gz~r ,z!5g0S r 2

4L22
~z2z0!2

4L2 D1O~x3,x5r ,z2z0!.

~23!

The radial acceleration is thus directed toward thez axis,
which means that the levitation equilibrium is stable to rad
perturbations of small amplitude. Therefore the denser~liq-
uid! phase should go to the middle of the cell, and the ligh
~gas! phase should be rejected on the side walls of the
@Fig. 2~b!#. The variations of the radial component of th
acceleration in the vicinity of the center of the cell are mu
stronger than those of the axial component, sincegr is linear
in r. In the levitation state, the residual gravity is rough
equal to the value ofgr for r equal to the radius of the
cylindrical cell. For a 3 mm cell diameter, one getsgr
'0.13 m s22'1022g0 at r 51.5 mm, which is of the same
order of magnitude as the residual gravity achieved dur
parabolic flights of planes. When Earth’s gravity is only pa
tially compensated~g* Þ0, I E,63.1 A! the acceleration in-
homogeneityDg* , which is proportional toI E

2, has a smaller
amplitude than atg* 50 (I E563.1 A). Consequently for 0
,g* ,1 the maximal amplitude of the acceleration inhom
geneity occurring in this apparatus is less than 1022g0 .

The shape of the gas-liquid interface visible in Fig. 8 at
mK below the critical temperature in levitation in a cell o
large diameter~10 mm! confirms the predictions about th
residual acceleration field in levitation. The gas is rejected
the periphery of the cylindrical cell and the liquid is at i
center, but part of the liquid is also located in the lower p
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of the cell, due to the fact that the equilibrium is unstable
the cell center. The gas is also isolated from the cell wall
a liquid wetting layer~zero contact angle!.

V. CONCLUDING REMARKS

Suppressing the effects of Earth’s gravity by magne
means is often cited as complementary to microgravity
space. The present experimental study shows that the s

FIG. 8. Picture of the two-phase system at 10 mK belowTC in
levitation state inside a cell of 10 mm diameter and 2 mm thickne
The central picture is an enlarged view of the picture on the l
where a dotted line underlines the interface. The levitation poin
located in the center of the cell. Due to the residual radial accel
tion field ~which is linear inr and directed toward the center of th
cell! existing around the levitation point, the liquid phase~L! is
located in the center of the cell and the vapor phase (V) is rejected
in the periphery of the cell, between a thin liquid wetting layer a
the central liquid drop.
,
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tion is not so clear, as the magnetic compensation suf
from a number of difficulties and limitations. In order t
investigate magnetic ‘‘low gravity’’ apparatus dedicated
the study of near-critical pure fluids, we used the vanish
properties of the capillary length of a two-phase system
H2 at equilibrium as the critical point is approached. This
a very precise method to check the homogeneity of the
fective acceleration field. Liquid and vapor phases of H2 at
coexistence were placed near the upper end of a ver
superconducting coil, in which the current was varied. For
effective acceleration ranging from 0.25 to 1 times Eart
gravity, the shape of the meniscus and the correspond
capillary length were compared to the theoretical shape
the meniscus under homogeneous gravity and the predi
value of the capillary length. It follows that no perceptib
acceleration inhomogeneities were detected and that
main cause for the dispersion of the data can be attribute
the finite-level accuracy of our temperature control. T
main difficulties arise from the influence of the magne
field on the behavior of the thermometer and on the ther
properties of the materials~heat capacity and conductivity!,
which induce a drift of the regulated temperature as the e
trical current is increased and a change of the best param
of the regulation algorithm. Once these difficulties are ov
come, this method can be applied to measurement of
interfacial tension closer to the critical point.

At exact compensation of the weight, when H2 levitates,
the main residual acceleration field is centripetal. In o
smallest cell~3 mm diameter! its amplitude is of the order o
1022g0 . It is worth noting that interesting thermal instabil
ties are likely to be observed in the very peculiar situation
such a radial field which resembles that inside the Ear
core.
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