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The results on boiling of liquids and gas bubbling under simulated long-term reduced gravity are
reported. The possibility of extrapolating these results to the real spacecraft conditions is
considered and the program of on-board space experiments is proposed to test the current theory
at the relative accelerations 19-10"8 which are unattainable in a laboratory. Tests in free-

fall towers, in aircraft, or in ballistic rockets are inadequate since only prolofmest one hour
experiments in the Earth’s orbit can provide reliable data. The advantage of cryogenic

liquids, helium, in particular, in space experiments is discussed19@8 American Institute of
Physics[S1063-777X98)01002-0

INTRODUCTION standing work and to answer the questions which are still
open.
In the orbit some processes occur in the vapor-liquid and
gas-liquid systems, which are related to heat transfer and to
the formation and motion of bubbles and drops. The influ-LABORATORY RESULTS FOR #=1-10""

ence gf microgravity on the processes in tankg and pi_peIines The experimental objects were the growth, departure,
with liquid fuel for rocket engines or in various boilers- ang motion of vapor or gas bubbles, heat transfer coefficient
condensers attracted keen interest in the 1950s and 196Q5,nder nucleate and film boiling, and critical heat flux den-
when practical space exploration advanced quickly. sities g, in liquid oxygen, water, and organic liquidsThe
High costs of space experiments, however, called fokye range ofy-values was 1—10? and the highest simula-
various methods of simulation of reduced gravity. Many oftjon error was=10"2. Oxygen boiled on platinum wires
them(in ballistic rockets, aircraft, free fall towersvere still  (0.05-0.15 mm in diametgrwater and organic liquids also
expensive and permitted only short-term simulation of mi-pojled at the edge of a steel tape 0.1 mm wide. Pressure
crogravity. Low-cost methods of long-term laboratory simu-yaried in the range 6—700 kPa. The ghslium or nitrogeh
lation of microgravity for vapor-liquid and gas-liquid sys- pupbled into liquid through orifices of various sizes. Rapid
tems were developed at the Special Research anfiming technique(30 000 frames per secwas used to in-
Development Bureadinstitute of Low Temperature Physis vestigate the bubble dynamics.
and Engineering They are applicable at relative accelera-  Experimental results were presented as exponetial
tions 7=1-102. One of them involves compensation of functions of corresponding quantitiédhe bubble departure
weight force that acts on liquid oxygen by a nonuniform diameterD was D(#7)/D(1)= ¥, wherek=—0.33 at the
magnetic field and the other uses the weight force decompatmospheric pressure, amd= —0.23 and—0.31 under re-
sition in inclined thin containers. duced and elevated pressures, respectively. For the bubble
Extensive studies of the effect of reduced gravity on heatieparture frequency at these pressures khalues were
transfer and boiling in liquidéncluding liquid oxygenwere  0.67, 0.57, 0.63, respectively.
performed. The results and conclusions were employed in  The dependence of the velocity of the bubbles is de-
Soviet space vehicles and partiallyut insufficiently tested  scribed asw(7)/w(1)= 7%
in on-board experiments in the beginning of the 1970s. There  The dependence om of heat flux densityqX, corre-
are still some questions concerning extrapolation of thesgponding to the nucleate film boiling transition is influenced
conclusions to lower relative accelerations n ( greatly by pressure; thk values are 0.36, 0.26, and only
=10"4-105). This region is realizable only in long-term 0.05 under elevated, atmospheric, and reduced pressures, re-
orbital flights and cannot be simulated by other methodsspectively. During film boilinga(7)/«(1)=7%*¢ During
Laboratory results should therefore be tested in orbital exnucleate boiling the dependence of the heat transfer on the
periments. Such experiments have never been performed eelative acceleration, in contrast, was welak: — 0.05 at the
ther in the USSR ofas far as we knoyin other “space- atmospheric pressure ame= —0.01 under lower pressures.
exploring” countries, despite the advent of numerous on-Nucleate boiling under elevated pressure deteriorated the
board cryogenic-cooled instrumerftsg., IR telescop@sgnd  heat transfer asy decreased with increasing growing heat
a wide use of cryogenic liquids for experiments in the 1980dlux densityq.
and 1990s. Researchers plunged into fundamentals of phys- Larger scattering and uncertainty are observed inkthe
ics of low-temperature liquids under microgravity. We shallvalues on approaching the lower boundary of the simulated
try to show that now, with large liquid-helium cryostats fre- relative acceleration range. This occurs as the “infinite-
guently sent into orbit, the time is right to complete the long-heater-in-infinite-liquid” condition is violated at small val-
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ues when bubble sizes become comparable with the volume 1. Videorecording of helium ga&sapon bubbling into

of the liquid in the experimental cell and exceed the heateliquid through orifices of various diameters at various veloci-
size. Simultaneously, the bubble growth at the heater takeges.

more time and considerably prolongs the characteristic times 2. Videorecording of active vapor nucleation sitespe-

of the transition process that occurs at the beginning of theially the homogeneous sifesn heated liquid helium;
experiment. To check the above formulas, we must increaseubble growth, departure and motion during nucleate and
the size of the cell and the heater and the time constant of thi@m boiling.

experiment at smally values in order to match the bubble 3. Temperature measurement in the liquid and of the
size and the growth times. It is obvious that these requiresolid heating surface at various heat flux densities, including
ments are even more severe 10 4-10 ©. In boiling  stable and transient states of the “liquid-heater” system. It is
water at =1 the bubble diameter iD=2.5mm; at desirable to use several heating surfaces that differ apprecia-
7=10"% it increases to 250 mm. The characteristic growthbly in thermal conductivities and roughness since these fac-

time 7 increases 10 000-fold. tors control extensively the bubble nucleation and growth at
the heater.

THE ADVANTAGE OF USING LIQUID HELIUM FOR ON- 4. Pressure measurement in the liquid to study acoustic

BOARD MICROGRAVITY EXPERIMENTS waves generated by nucleation and growth of the vapor

To study boiling aty=10"4~10"°, we should choose Phase.

the liquid with the lowesD andr under standard conditions, The on-board helium cryostat with the experimental cell
i.e., liquid helium-I withD =0.05—0.1 mm and=0.003 s at submerged in liquid helium must be equipped with an optical

n=1 and atmospheric pressir&ince on-board sources are IMmage output systenthrough a window or a fiberguide
limited in power, it is important that among cryogenic lig- The electric heater of the cell should have three or four sur-

uids helium has the lowest characteristic heat flux densitief2ces of boiling with the ciréaracteristic; size no smaller than
(cf. the standard valueg,=10 000 W/n? for helium and 100 mm (>10D at »=10""). Our estimation of the total
=1 000 000 W/rR for wated. The lowest values of the heater ogeratlon time is 1.56 h. With the mean heat flux of
characteristic times, sizes, and thermal power of helium aré_'02 WI/m= (0.5q¢ at »=10"") the total heat input in the

due to its low viscosity, surface tension, and latent heat ofiduid during the experiment is then about 25 kJ and the
vaporization. volume of evaporated liquid helium is about 10 liters.

The ideal Capablllty of ||C]U|d helium to wet any solid The total |IQU|d helium volume in the cryostat must be

and the low surface tension ensure the slightest distortion giPout 100 liters to keep the conditions invariable during the
the free surface of the liquid under microgravity and hencéVhole experimental period. Liquid helium cryostats of this
the smallest change in pressure when the amount of the v42nd larger capacity have been developed and used in some
por in the liquid increases. The low density of liquid helium €XPerimental projects on-board a space shuttle.

(as compared to watepartially counterbalances the cryostat ~ mportant elements used to mount the experimental
mass(if the volume of the liquid in the on-board experiment heater in the cryostat include a special suspension damping
is large. small vibrations and a high-sensitivity, three-axial acceler-

Vaporized helium is safe for the spacecraft crew: it isOMmeter. _ ,
nontoxic for breathing, noncombustible, and nonexplosive. N conclusion, we note that the program proposed will

As a result, on-board experiments do not need special safefjfvance our understanding of physics of boiling and will be
helpful in solving certain applied problems of on-board ex-

systems. " N

periments. For example, it is known that bubble-generated
POSSIBLE EXPERIMENTS ON LIQUID HELIUM BOILING acoustic waves in the liquid-cooled, high-sensitivity detec-
AND BUBBLING UNDER MICROGRAVITY tors (infra red., magnetic, etccarry considerable noise in

the signals. Reliable information about the spectrum of boil-

The main goal of the experiments proposed is an acCung ynder microgravity will permit researchers to filter out
rate test of the relations derived for bubble dynamics anghe noise.

heat transfer characteristics during boiling under micrograv-

Gy ; Hho_ 104 6

ity simulated in tr_]e laboratory WIth]—lQ —10"°. The 1R giegel, Adv. Heat Transfet, 162 (1970.

size(volume and time scales of the experiment must be held2B. I. verkin, Yu. A. Kirichenko, and K. V. Rusano®Boiling Heat Trans-

consistent with the expected size of the bubble and the timefer in the Mass Force Fields of Various Intensilyaukova Dumka, Kiev

. . . . (198

?.f ItS growth under _mlc_rogra},vny II’.I . order _to keep the 3Yu. A. Kirichenko and K. V. Rusanoweat Transfer in a Liquid-Helium

infinite-heater-in-infinite-liquid” condition undisturbed. Naukova Dumka, Kiey1983.

The reS?arCh program may include the following ON-This article was published in English in the original journal. It was edited by
board experiments: S. J. Amoretty.
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We have developed the superfluid analog of the superconducting rf SQUID. Such a device is a
quantum mechanically based, absolute gyroscope and has been used to sense the rotation

of the Earth. Our device is fabricated using silicon processing techniques and forms a planer
sensing loop of superfluid helium which couples to the applied rotation. A much more

sensitive superfluid gyroscope based on the principle’s demonstrated with this device, might
ultimately be used to detect the precession of our local inertial frame with respect to the fixed stars
by the gravitomagnetic field of the rotating Earth. We compare the superfluid gyroscope

against two other experiments aimed at detecting this general relativistic effedt998® American
Institute of Physicg.S1063-777X98)01102-3

INTRODUCTION

h
= * *\ —
It has long been appreciated that superffikigd could be 1= 2imy (PEVE =V =p my Ve &
used as a reference to an absolute inertial frimdn this Thus the superfluid velocity is,= (#/my)V ¢. If we evalu-
paper we futllne how we exploit the quantum propert_les Ofate the path integral of the velsocity around a closed contour,
superfluid®”He to construct an absolute gyroscope, dlscus%e find
the recent success in observing the rotation of the Earth us-
ing a device which behaves similarly to an rf SQUit%,and
discuss the possibility of using a much improved superfluid

?ngoéggﬁe to observe the Lense-Thirring Effect of the rOtat_that circulation is quantized in units @f. This is required if

the complex order paramet®f is to be single valued as we
traverse around the path of integration.
Following from fundamental quantum mechanical as-
Here we show that if a Schadinger-like equation of mo-  sumptions, that is, the existence of a macroscopic order pa-
tion is assumed for the macroscopic order parameter of gameter and a Schdinger-like equation of motion, it is
superfluid, one concludes that circulation is quantized irfound that circulation in a superfluid is quantized, and this
units of g in the local inertial frame, where,=h/m, and  quantization is with respect to a local inertial frame. By mea-
m, is the bare mass of the helium atom. Anarfdgives an  suring these circulation states, we can use the superfluid as a
elementary argument where one begins with the Grosseference to an absolute, non-rotating frame.
Pitaevsky equation for the superfluid order parameter
W(r,t):

av  h?
gt 2my

jgdl—ﬁfﬁv dl—ﬁZ— 4
V. = Q- = TN=NkKg, (4)

CIRCULATION QUANTIZATION IN SUPERFLUIDS

SUPERFLUID GYROSCOPE

VU + V¥ +g| ¥ |2, (1) An annular container with a septum and an aperture pro-
vide a means to exploit the quantization of circulation to
whereg is the strength of the self interactions of the super-measure rotation of the container with respect to the local
fluid andV is from external potentials. We assume this to beinertial frame. If this container is rotating with angular ve-
true in the local inertial frame. In the usual way, if we evalu-locity w, one finds that the superfluid will undergo essen-
ate the time derivative of this equation and of the complexially solid body motion along a contour between the inner
conjugate equation, we can identify a continuity equationand outer radius of the annulfign order that the circulation
and a mass current density operator: is to be quantized along a path threading the annulus and the
aperture, a back-flow through the aperture is required:

if

d h
E(‘I’*‘I’H'V' > (P*V¥—-¥V¥*) =0, 2

|m4 Ko 27TRa

Va=NT—~w
where we interpret the term on the left hand side to be the la la
time derivative of the superfluid density,* ¥, and the next wheren is an integer] , is the hydrodynamic length of the
term to the divergence of the superfluid mass current. If weaperture, andR, is the radius of the annulus.

assume a stationary wave function of the form In our device, this back-flow is detected by measuring
W (r,t)=V¥q(r)exp(—iEt/h), whereE is a constant ant¥V the apparent change in the onset of vortex nucleation in the
=/p expl¢), then the current operator becomes aperture. These vortices nucleate at a superfluid velocity

: ®
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whereR is the ratio of the hydrodynamic inductances of the
Raw data two hole oscillator Ao is the effective sensing area, ang
| Smoothed

is the oscillator resonance. In our cabgs=0.25<10 ° m,
275 1 L1 N

R=7, A=9.8x10"°m? vy=66.5Hz, v.=8.4mis,
Av.=0.22 m/s, thus/S,=15x 10 8(rad/9(1/\Hz).
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SUPERFLUID GYROSCOPES AND THE LENSE-THIRRING
EFFECT

It is predicted that the local inertial frame is not the same
frame as that attached to the fixed stars. The relative rotation
between these two frames is expected to be at the level of
tens of milli-arcsec per year, and arises from the general
FIG. 1. Modulation of diaphragm critical amplitude from Earth's rotation. Felativistic effect of the rotating Earth on the local inertial
Smoothed curve has been shifted down 0.5 pm for visibility. frame, the gravitomagnetic field.Motivations for detecting

this gravitomagnetic field are found at the most fundamental
level of physics. Detection of this effect would provide in-
formation to basic questions concerning general relativity
* and the origins of inertia
Currently, there are two active experiments which intend

Diaphragm critical amplitude, pm
N
3

v+ Av, Whereu, is relative to the walls of the aperture
andAv. is the spread in velocity from the stochastiber-

mal or quantuth nucleation mechanisms. One can see tha{o measure this new field: LAGEGSand Gravity Probe B
the superfluid gives a reference to an absolute, non—rotatingEGPB)_ls The LAGEOS experiments involves the tracking of
inertial fr?‘m?' since the apparent changg int_he apparent Crit|§arth orbiting satellites. The gravitomagnetic field should
cal velocity n the ap_erture V\."" b_e zero in this frame. precess the plane of the orbit. The GPB experiment uses
Free vortices which are inevitably created when the Su'spinning quartz sphere gyroscopes on an Earth orbiting sat-

E_erﬂl#:j SaT]ptlﬁ coolstthroug:k, tvr\:”l produce a _nont-zer(t) ellite. In this case, the measurement is of the precession of
as through the aperture when the gyroscope IS at rest. By,q gyro axis. Although a superfluid gyroscope is very far

ma"'!"g rlneasurements at_tvvtotrc])_ppg_s Ny o;legt?tmtns cl)f ttuﬁom possessing the sensitivity required to detect this effect,
Sensing loop, one can reject this bias and detect only i ;o interesting to compare it to these existing projects.

signal from absolute rotation. This is the same technique One could imagine three superfluid gyroscopes oriented
used to make an absolute magnetometer using a SUperCOrlﬂ'utually perpendicular, attached to a platform carrying a

; 8

dUCt\'/Cg : SQ(L;ID' trated a devi hich i imilar pointing telescope. These gyroscopes provide a measure of
€ have demonstrated a device which IS Very SImIar Iny,qq) e rotation about any axis and by combining the output

dynamics and operation to a superconducting rf SQUID. Th

S . . - 1N%f these gyroscopes with a feedback loop and actuators, one
devu_:e IS atwo hole, dlaphragm—apgrture superfluid OSCIIIatOEould hold the platform non-rotating with respect to our local
?”d tls fabngatec: from .:?hl.S cm S'“?fQ f(()qiu“arez. Iltghas;_a Phertial frame. Using the telescope to provide a reference to
lr.'”.‘e erllsensmg 00p Wi ¢ aﬂ "?‘reg@ bl mt. ) )tl u I-t the inertial frame of the distant universe, it is predicted that
12Ing Stlicon processing techniquesye are able to INtegrate .o qhsepyved star would drift as viewed by the telescope at a

the submicron sized aperture with a patterned, thin SENSINBhte consistent with the Earth’s gravitomagnetic field. This

loop (80 pm thi9k)' AISO.’ the ;uperfluid flow ﬁel_d is easily experiment is essentially the inverse of the GPB experiment.
calculated in this two dimensional geometry using commer-~ " comparison to LAGEOS, both the superfluid gyro-

cial _?ﬁ.rt'?jl d|_ffere2t|al equz;ttl_o n solving softwarﬁ_. his ch scope and GPB are less sensitive to effects which cause ad-
IS device Shows a slaircase response Which IS charafg; o rotations, such as the non-spherical mass distribution

terlst|ctotf atr;] rfESQtl#D. B;ytreonenttmg the fsegstlr?gt It?]op al of the Earth. For LAGEOS, one must model these effects to
respect to the tarth's rotation vector, we hind that the appa:il precision better that one part in’1® resolve the small

e_nt critical velocity in the aper_ture IS modulated as gxpecte esidual rotation caused by the general relativistic effect. For
Fig. 1. We drove the superfluid oscillator onto the first stepg

and continuously recorded the apparent critical amplitud%
while reorienting the Dewar. This reorientation was at a rate;
of 1 rev/h and had the effect of changing the Earth’s rota
tional “flux” through the perimeter sensing loop.

The noise in this gyroscope originates from the uncer
tainty in the superfluid critical velocity at which a vortex is
nucleated. TypicallyAv is ~2% ofuv.. One can show that
the rotation resolution in rad/s pefHz, given this uncer-
tainty in critical velocity, is

PB, the rotation caused by the Earth’'s oblateness is about
ne third the rate of rotation caused by the gravitomagnetic
eld. A superfluid gyroscope would have a similar low sen-
sitivity to such a non-ideality, and thus would provide a
much more direct measurement as compared to the LA-
‘GEOS experiment.

As compared to the spinning quartz balls used for GPB,
the superfluid gyroscope has a much more relaxed constraint
on the physical environment: fewer “Near Zero” require-
ments. The spinning sphere gyroscope requires: exotic fabri-

14R | cation, extreme vacuum, a method to spin-up and suspend
VS, = — ———— Av,, (6)  the spheres, and ultra-low ambient magnetic and electric
R A/8mry field. The superfluid gyroscope does not require such ex-

103 Low Temp. Phys. 24 (2), February 1998 Schwab et al. 103



treme experimental conditions: helium couples very weaklyprove the sensitivity of the superfluid gyroscope should be
to electromagnetic fields through the small dielectric polarfocused in two areas as indicated by E®). increasing the
izability; a superfluid gyroscope will never “spin down” coupling with larger sensing loops, and finding ways to de-
since the measured effect is given by a quantum constrainttrease the uncertainty in the critical velocity for vortex
The superfluid gyroscope is a rate sensor, while the GPBucleation.
scheme is an angle sensor. If one used the superfluid gyro- The first step to improve rotational coupling would be to
scope in a feedback loop as described, the error in the angwind a much larger area, multi-turn, sensing loop. If we limit
lar orientation will grow with timer: o,=/7S,. Thus, the the size of the loop to fit into our current apparatl cm
signal-to-noise ratio will grow only as the square root ofdia. Deway, we could increase the rotational coupling by
time. To obtain a resolution of 1 milli-arcsec after a measure41000 in comparison to our current apparatus. Ideally, if one
ment time of 1 year, a superfluid gyroscope with spectrabould suppress all forms of non-fundamental noise and dis-
noise density of~1x 10 ¥rad/9(\Hz) is required. This turbance, one could achieve a sensitivity ofl6 ° of the
requires an improvement of a factor ef5- 106 over our rotation of the Earth with a measurement time of 1 h. This
demonstrated gyroscope. would be a significant step toward realizing a superfluid gy-
As for GPB, the signal from the precessing spinningroscope which could sense the Earth’s gravitomagnetic field.

spheres increases linearly with the measurement time, but . . '
only if the spurious torques are negligible. The axis of the This work is supported by the Office of Naval Research

spinning sphere is taken to be the reference to the nona}nd the National Science Foundation.

rotating inertial frame. If this axis is perturbed the measure-
ment can be lost. With a superfluid gyroscope one is alway3e-mail: packard@socrates.berkeley.edu
measuring with respect to the inertial frame, and this frame
cannot be “lost” due to some perturbation midway through ,
the measurement or by an unknown torque during the time of}- Anandan, Phys. Rev. Led7, 463 (1981
y q g9 M. Gerdonio and S. Vitale, Phys. Rev. 2, 481 (1984.
measurement. SR. E. Packard and S. Vitale, Phys. Rev48 3540(1992.

It is essential to note that we make this comparison to;‘O. Avenel and E. Varoquaux, Czech. J. Ph6,. 3319(1996.
existing experiments with caution. The superfluid gyroscope ﬁ'gg%hwab' N. Bruckner, and R. E. Packard, Nat(lrendor) 386 585
has Only been r_ec_emly demonstrated with a modest I?\/el Of3K. Schwab, Ph.D. thesis, University of California, Berkeley, USR96.
sensitivity and it is as yet unclear what problems will be 7J. Anandan, J. Phys. A7, 1367(1984.
encountered as one attempts to achieve higher sensitivitie§B. Cabrera, inNear Zero: New Frontiers of Physics. Fairbank, J. B. S.

. -~ eaver, C. Everitt, and P. F. Michelséeds), W. H. Freeman and Com-
Fundamental measurement issues such as low frequenc;Eany’ New York(1988, pp. 312322,

noise and stability are not yet known. 9K. Schwab, J. Steinhauer, J. Davis, and R. Packard, J. Microelectrome-
chanical Systems, 180 (1996.
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We would like to present the results of thermal conduc-by applying heat to the top of the column. This constant
tivity measurements iiHe very close to the superfluid tran- temperature gradient equals the gravity-induced gradient in
sition in a range of heat flux 5 nW/d1 Q< 100 nW/cn. the superfluid transition temperature, indicating that the ther-
These measurements were performed in an experimental ceflal conductivity of the sample has self-organized. The
which employs a unique side-wall probe geometry. These&loseness to criticality in this state is the same throughout
side-wall probes allow us to circumvent the boundary effectsnost of the sample, and it depends only @n These mea-
usually associated with measurements made with end cagurements have been made in a rangeQofrom 0.04 to
thermometer probes. These side-wall probes also facilitated&5 mW/cnft in the absence of convection.
single probe measurement technique that allowed measure- This work was accomplished with support from the
ments of thermal conductivity to within several nanoKelvin NASA Microgravity Science and Applications Division as
of the superfluid transition temperature. In this region ofpart of the DYNAMX flight project. This project intends to
temperatures, the thermal conductivity is predicted to displayneasure the thermal conductivity Hfle close to the super-

a dependence on the heat flux applied. fluid transition in a microgravity environment aboard a

In addition to the thermal conductivity measurements,NASA space shuttle.
we report on an experimental observation of self-organized
criticality in “He very close to its superfluid transition. A “E-mail: duncan@coffee.phys.unm.edu
constant temperature gradient, independent of the hea®flux
through the sample, is created along a vertical colunfiHef  This article was published in English in the original journal.
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Low temperature physics without a cryostat: laser cooling and trapping of atoms
N. P. Bigelow

Department of Physics and Astronomy, Laboratory for Laser Energetics and The Materials Science Center;
The University of Rochester, Rochester, 14627 New York}USA
Fiz. Nizk. Temp.24, 148-157(February 1998

In recent years, there has been significant interest in the laser manipulation of neutral atoms, and
specifically in the use of light fields to manipulate not only the internal but also the

external coordinates of an atom. Among the most dramatic results of this work have been the
production of dense ultra-cold samples of trapped neutral atoms. These samples have

been used to expand the horizons of fundamental physics and have made possible significant
advancements in metrology. Furthermore, the ability to manipulate atomic motion with

light has helped to create entirely new fields of research such as atom optics where matter wave
analogues of light wave systems are investigated and optical where light is used to create a
periodic array of atoms similar to crystals. €998 American Institute of Physics.
[S1063-777X%98)01302-4

LASER COOLING: A HISTORICAL VIEW WHAT IS THE LIGHT PRESSURE FORCE?

There are two essential ideas which can be used to pro-

The idea of manipulating atomic motion through the ba- . ) . .
. . ; . i . vide a fairly complete answer to this question. One relates to
sic properties of the atom-field interaction represents a sig-

nificant change in the paradigm of atomic physics. At theprocesses I which an atom absorbs a photon and then

LS .. _re-emits it some characteristic timg, later. The other re-
tumn of the century, as physicists began to explore the 'de?ates to processes in which stimulated emission must be ac-

which we now describe under the heading “modern phys< . nteq for. In most situations the force experienced by a
ics”, the focus of attention in describing the atom-field in- g |evel atom interacting with a monochromatic light field
teraction was on the changes that photon absorption andy, pe expressed &= F g+ F where the first and second
emission caused in the atonitgternal coordinatesthe elec-  terms reflect the spontaneous and stimulated components of
tronic quantum numbeysEnergy conservation in the pro- the force, respectively.

cess is key; the change of the electronic energy must equal  Stimulated forces arise from the interaction between the
that of the absorbed or emitted photdBy(=hf,,) and the  quadrature component of the dipole moment induced in the
selection rules for various possible and forbidden transitionatom by the field and the gradient of the field. Unlikg,,
reflect the constraint of the conservation of angular momenF, is a conservative force and is often referred to as the
tum of the atort-laser field system. Starting with de Broglie, dipole or gradient force because it changes sign with detun-
the idea that a photon carries linear momentyns-b/\) as  ing and because it depends on tradientof the field inten-
well as angular momentum was well established. However, isity. Because the dipole force is conservative, it can be ex-
was not until the mid-to late 1970s that the consequence diressed in terms of a potentidd (x)=—hA In[1+p(x)]
linear momentum transfer in the atom-field interaction wasvhere

considered as a viable means of manipulating atomic veloci-  (x)=|(x)/1.,(2)(T'/2)2/[ A2+ (T'/2)2],

ties. By the mid 1980s this possibility had been experimen- o )

tally demonstrated and by the 1990 dozens of Iaboratorielf?atls the two-level saturation intensity. Hence, for moderate
around the world were carrying out experiments on lase 'egjl (|Xn)ten5|t|es or large detuningompared tols.) F
cooled and trapped atoms. Temperatures of microKelvins The spontaneous force is the workhorse of many laser

were being measured, and the very nature of the center-of-_ . . .
) cooling experiments and the so-called optical molasBgs.
mass motion of the atom was shown to need a fully quantum

treatment t lai b d effects. At the ti £an be understood in terms of the momentum transferred to
reaiment 1o exp'ain many observed elects. € M€ 0% atom as photons are absorbed and re-emitted spontane-

this Workshop, the physics of laser cooling and atom trap-ous|y. When an atom absorbs a photon it receives a momen-
ping has already had an impact on a variety of problemsy,m, kick and recoils along the wavevectonf the absorbed
compact cold-atom clocks have been built which compete Ithhoton. If the subsequent reemission is via spontaneous
accuracy with the worlds best time standards and are cheapgpjssjon, then the emission direction is randomly oriented in
and more compact; novel forms of materials fabrication haV%pace. Averaged over many events, the momentum transfer
been demonstrated and are under vigorous investigation i the atom on emission averages to zero, whereas the mo-
both academic and industrial settings; ultra-high precisiomentum transfer on absorption is cumulative, producing a
gravitometers and accelerometers have been built and af@ite average force alonk. The size of this force is of the
constantly being improved. And these examples are only arder of the recoil momentum per absorptiok multiplied
small sample of the variety of work underway in LCAP labo- by the transfer ratéthe inverse of the excited state lifetime
ratories. for the driven transition For sodium, this corresponds to
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about 10—2MN, or an acceleration of £am/s!. Note that the |e>
length scale over whiclFg, varies is determined by the
variations ink (particularly its direction and by the spatial
variations in the field intensity.
If the light field is an optical standing wave, and the field
frequency is tuned belovto the red off the two level tran-
sition frequency, then spontaneous processes can give rise to

a damping of atomic velocities. The velocity dampiiegol- | 2
ing) arises from the fact that an atom with a finite velocity g >
will be Doppler shifted into resonance with the traveling

wave component of the standing wave which is directed op- 9’ 1 92’631 ’770 Hz

posite to the atomic motion. The atom will therefore absorb Ig‘l >

and re-emit more photons from this wave than a slower atom

with a smaller Doppler shift. Clearly then, the faster atompiG. 1. The ground state hyperfine splitting of atomic cesium.

will generally experience the larger force. The result is a

velocity dependent photon scattering rate. Moreover, this ve-

locity dependent force will be directed opposite to the atom’sconstants of nature. Among the most important atomic phys-
velocity, causing the atom to decelerate. This configuratiorics “devices” is the high-precision atomic clock. These
is referred to as optical molasses and can readily be generaltocks not only provide the standard by which we tell time,
ized to three dimensions. The “terminal” velocity or tem- but are crucial to the way we communicate and navigate on
perature for an atom in equilibrium with optical molasses isearth and in the air: Without question, atomic clocks affect
determined by the balance between the Doppler cooling andlmost every aspect of modern life. Two vital concerns in the
the spontaneous or diffusive heating associated with the ineconception of such ultra-high precision devices dt¢:that
dividual random velocity recoil kicks experienced during the precision is inversely proportional to the observation
spontaneous emission. In other words, by equating the timgme (this stems from the uncertainty relatiddEAt=h/2)
averages:(heating due to diffusive random spontaneousand(2) that the first and second order Doppler shifts associ-
kicks)=(cooling rate in molassgsin the limit where the ated with atomic motion can cause broadening of the atomic
atom is modeled as a simple two-level syst@mound and transition, thereby compromising the measurement accuracy
excited statgsit is expected that the atomic sample will and precision. Laser cooled atoms have significantly pushed
equilibrate at the so-called Doppler temperatufg, back both of these limitations. This is because these atoms
=hI'/2kg which, for sodium, is 24QuK. To the surprise of moveveryslowly and because they remain in a given obser-
many researchers, it was discovered by the group at NISTvation volume forvery long times. Indeed, compact cold
that, in fact, the atoms in optical molasses were cooled tatom clocks have already been built and have provided a
well below this temperature by the molasses. More recentlyshort term stability that is significantly better than the com-
for Cs atoms, temperatures belowKR (barely a few photon mercial standards. Nevertheless, observation times in these
recoil kicks of average momentuirthave been achieved us- clocks are still set by gravity: ultimately, the atoms fall out
ing optical molasses. The microscopic explanation for thisof the experiment under their own weight! Increased obser-
remarkable supercooling power of optical molasses involvegation times are possible in microgravity and can result in at
two facts: first, the atoms are rarely two-level systems, andeast one or two orders of magnitude further improvement. A
usually a complex magnetic substructure is present and caifeng-term accuracy near a part in'1@s expected—making

not be neglected. Second, there are complex spatially varythese clocks three orders of magnitude better than accepted
ing intensities and polarizations of a three-dimensional optistandards and several additional orders of magnitude better
cal molasses which cannot be neglected. These two factthan current space-qualified clocks!

coupled with the effects of optical pumping give rise to a
new time scale in the cooling problem: the internal time
scale for motion of population amongst these internal states.
The results is a beautiful mechani$nmow frequently re- The atomic beam frequency standards currently main-
ferred to either as polarization gradient or “Sisyphus” cool- tained by NIST and other laboratories around the world are
ing which explains the deep cooling. It is important to rec-pased on measurements made using what is referred to as the
ognize the temperatures used to describe these laser cooIR@msey separated zone technique. Common atoms for use in
gasaes artue kinetic temperaturesn fact, the gas tempera- these clocks are atomic rubidiuf®b) and cesiumCs). Here

ture is often measured by analyzing the ballistic motion ofthe transitions between two hyperfine ground states form the
the atoms in the absence of the optical trap using a time-ofatomic “reference frequency.” Consider for example cesium

HE ATOMIC FOUNTAIN CLOCK

flight technique. (see Fig. 1 To probe this ground state level splitting, tran-
sitions betweergl andg2 are induced as the atoms pass
ghggrc';YPE MEASUREMENTS AND FUNDAMENTAL through a pair of spatially separated microwave cavities

which are aligned along the atomic beam axis. In this type of
Traditionally, one of the most important goals of re- separated zone measurement, the performance of the clock is
search in atomic physics is the measurement of fundamentatrongly determined by the integration time which is set by
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variances~3x 10~/ or 10 *¥day? (This is a vast im-
provement over typical flight qualified clocks, which per-
form at a 10'? level, and commercial atomic frequency
standards which perform at about @) In microgravity,
rf-WAVEGUIDE one can expect to take the performance of the cold-atom
0 clock even further. In the terrestrial fountain clock, the inter-
action time is set by the size of the apparatus and most spe-
cifically by the fountain heighh. In particular, T~ vh. In
microgravity, the interaction times will be set instead by the
ballistic expansion of the atoms within a single observation

w——l> volume. An increase of performance 010 1/day can be
PHOT%IONIZATION __| ; |._ DETECTOR expected if nK temperature atoms are used. Experimental
EAMS investigations of microgravity clocks have already begun in
TRAP Franc& and a vigorous effort on cold-atom clocks is also
\ currently underway within the NASA Microgravity Funda-

g ‘ vm mental Physics program.

’ \ In order for cold atom space clocks to reach their full
potential, one important problem that will have to be ad-
dressed will involve the management of collisional fre-

quency shifts. Such shifts are particularly important prob-

lems for fountains based on ultracold atoms because in the
low temperature limits-wave scattering dominates and col-
lisional crossections begin to scale )aéa/w (wherehyg is

the thermal de Broglie wavelength whidaticreases with de-

creasing temperatuje Indeed, the Stanford group have al-

the time-of-flight of the atom between the two microwaveready used a cold atom fountain clock to directly measure
cavities; the longer the time, the more accurate the final meamHz level collisional shiftd. Such shifts may not present
surement. fundamental limitations for cold-atom clocks, however, and
In the cold-atom fountain clock, a significantly different several novel schemes utilizing coherent interference effects
geometry is used. First, a laser cooled sample of atoms ignd/or multi-color laser excitation techniques have already
prepared and positioned below a single microwave cavitybeen proposed to circumvent collisional shifts. Indeed, ex-

By pushing on the bottom of the ultra-cold atomic sampleperiments are already underway to implement and test these

with a pair of laser beams oriented along the vertical axistrategies.

(see Fig. 2, the sample is launched upward, against the force

of gravity, such that it passes .through th.e cavity. The atom]s_UNDAMENTAL CLOCK-TYPE EXPERIMENTS IN SPACE

then slow due to the acceleration of gravity, turn around, and

eventually fall back downward through the microwave cav-  Almost every measurement made in science ultimately

ity. In this way, the atoms pass through the cavity twice andraces to a time or frequency measuremé&hermometry,

an effective “two-zone” measurement is made using onlydistance measurement, pulsar period timing,)edad both

one true interaction zone. terrestrial and deep space navigation rely crucially on preci-

One obvious advantage of the cold-atom fountain clocksion clocks. However, the introduction of ultra-high preci-
is that a two-zone measurement can be maike only one sion cold atom clocks into the microgravity program is of

cavity. This leads to a reduction in the amount of hardwaredeeper significance. At the heart of the atomic clock is a

and has the additional advantage that systematics associatedasurement of a carefully chosen energy level splitting

with possible differences between the cavities are reducedvithin the atom. These splittings are not only nature’s own

However the most important advantage of the cold-atonreference “standards” but, at the resolution which can be

fountain clock is that substantially longer integration timesexpected using microgravity clocks, the splittings become

can be realized and that this can be achieved using a mucheasurably sensitive to subtle aspects of fundamental forces
smaller apparatus. For example, using a hot atomic beamnd to basic symmetries of nature. Usually, these last classes

(400 K) the typical measurement integration times areof questions are the realm of high-energy or “particle”

~10ms for a 2 mcavity separation whereas, for the cold physics. Ultra-high precision atomic measurements, how-

source 1K), an integration time of~0.5s is possible ever, can now make important contributions to answering
with a clock for whichh=0.3 m! Using a cold-atom clock these questions and microgravity fundamental physics can
based on a laser cooled sodium vapor, the group at Stanfopay a vital role in this contribution. For example, parity

has reportetiRamsey fringe width measurementse2 Hz ~ nonconservation experiments in atomic cesium already com-

(~100 times narrower than typical in “hot” atom clocks pete with accelerator based measurements for the determina-

Similar devices have been investigated using cesium &tomsion of the Weinberg angle, a direct measure of the electro-

yielding a év/vys of ~10'° From this type of device, a weak mixing angle in the Weinberg—Salam modahd a

meaningful performance figure of merit is given by the Allan number which determines the ratio of thNé to Z* boson

ATOMIC :PUSHING
BEAM BEAM

FIG. 2. A sketch of a cold-atom atomic fountain clock.
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massep As with any clock type measurement, one importantperformance. If performance were the only goal, then the
limitation of these experiments remains the observation timedemand would be to develop the best possible space qualifi-
It is natural then that these experiments should benefit fronable clock with no regard for laser cooling and the clocks
the use of laser cooled atoms and should benefit even morenderlying physical mechanism. However, there are impor-
so from the microgravity environment of space. tant reasons for which this is not the case. The first example
are the clock-type measuremeiisich as the search for the
permanent dipole moment of the electroas discussed

An experiment closely related to PNC is the search forabove. There is no direct analogue of these experiments that
the permanent electric-dipole mome(#DM) of the elec-  can be carried out using ion clocks or superconducting cavity
tron. The existence of an EDM can be traced directly to Toscillators. However, there is a second important point: there
and/or CP violating interactions, or, in other words, to theis an important class of experiments that can be carried out
most basic symmetry properties of nature. The EDM meaonly if there are multiplicity of different types of high preci-
surement consists of wery precisedetermination of the re- sion clocks available in spac&his class of measurements is
sponse of the atomic level splitting to an applied electrichased on systematic measurement of the mutual drift of
field. Essentially, this is a clock-type measurement: a state islocks based on vastly different physical mechanisms. In-
prepared and allowed to evolve in the presence of an appliedeed, such a measurement have been identified as an impor-
electric field. After some period the populations of thetant issue earlier this century by leading physicists such as
atomic states are then probed and used to determine levelA.M. Dirac. The basic idea is that different clock designs
shifts and spacings. Using microgravity, a cold-atom EDMcan be sensitive to different fundamental forces. Consider,
apparatus is predicted to provide at letsd orders of mag- for example, the atomic clock. Here the hyperfine splitting
nitude of improvemerdver the current EDM measurements (the frequency referengés determined by both nuclear in-
(to date these measurements have placed an upper bound @nactions(through the contact hyperfine interacticand by
the possible momentRegardless of the exact outcome of anelectromagnetic interactions. By contrast, in many designs of
improved EDM experiment, the results are essentigilgr-  flywheel type clocks, such as the highmicrowave resona-
anteedto be significant: If this experiment detects no mo-tor, the frequency is set by some mechanical dimensions of
ment(with better than a precision of 10" e-cm—the ex-  the clock and hence is mostly determined by electromagnetic
pected accuracy of a microgravity EDM experimetiten  forces and gravitational stresses. As a result, a comparison of
several theories competing with the Standard Model can bthe relative drifts of these clocks in a microgravity experi-
eliminated: supersymmetry, flavor changing, etc. On thement could give unique insight into the relative drifts of the
other handijf a moment is detectedar reaching revisions in  strong and electromagnetic forces.
the foundations of physics will be required. The significance
of such fundamental LCAP experiments is currently reflectedhTOM OPTICS AND ATOMIC INTERFEROMETRY
in the support of ground based EDM experiments within the
current Microgravity Fundamental Physics program.

Electric-dipole moment

Atom optics is the field of research aimed at the devel-
opment of devices and techniques for manipulating atoms in
direct analogy with the systems used to manipulate light.
General relativity Although progress in atom optics has not been limited to

The clock itself reaches deeply into the foundations ofwork with laser cooled atoms, the motivation for using cold
physics. Clocks are central in the realm of general relativity2©0ms is clear: as the temperature is decreased, the de Bro-
and in questions concerning the very nature of gravity itselfglie wavelength of the atom increase and so the wave nature
Here the motivation for space based clocks is not only tied t®f the atom emerges more and more dramatically in terms of
the improved performance expected in a microgravity envithe atomic center of mass motion. One of the hallmarks of
ronment but because these clocks will have actessnda- ~ Progress in atom optics has been the development of the
mentally different positions in space-time than are availableatom interferometer. _ _ .
on earth An important example of this latter physics is that ~ Conceptually, the atom interferometer is essentially
revealed in the comparison of an earth based clock with yentlga_l to the light interferometer. An input beam is caused
space based clock. This comparison provides a direct me&Q Split into two or more components which propagate over
surement of the gravitational red-shift. Indeed, improve-Some distance in space and are then caused to recombine. If
ments of one to two orders of magnitude of the current acthe net path traveled by one component differs from that
curacy of 100 parts per million can be expected using Spac'gaveled by the other, there will be a phase shift associated
based ultra-high precision clocks. Measurement of the graszvith the different path lengths and interference effects be-
tational red-shift test important aspects of the local positiofween the components can be observed when they recom-
invariance part of Einstein’s Equivalence principle and ishine. In_the_atom mterferom.eter, the splitting and subsequent
tied to the possible spatial variation of the fine-structure conf€combination of the atomic wavepacket has been accom-
stanta—a parameter central to quantum electrodynamics. plished by using a variety of techniques. Both nanofabricated
micro-structureswhich act as amplitude gratingand stand-
ing wave laser fielddphase-gratingshave been used as
beam splitters. In addition, an interferometer using time de-

The motivation for developing cold-atom clocks for use pendent light(pulsed fields has been realized. The interest
in a space environment goes beyond a desire for absoluia atom interferometers is fundamental—in terms of the in-

Multiple clock experiments
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FIG. 3. The “three-level” atom(left). A depiction of the atomic momentum before and after the application of the first laser (pigls®. The two

components of the wavepacket have different vertical momenta and therefore separate in space. Under the influence of gravity, these atoms slow as the move
upward and the laser frequency must be adjusted to account for this velocity change. A measurement of the velocity change can be used to determine the
acceleration due to gravity at the location of the experiment.

vestigation of interference of massive composite particleOLDER DENSER SAMPLES: OTHER COOLING AND
which possess a rich spectrum of internal degrees ofRAPPING SCHEMES

freedom—and is motivated by potential applications. One Ofsetting colder

the applications most relevant to this workshop is the abso-

lute measurement of the acceleration due to gré\iitythese . . . .
experiments a sample of “three-level” atortsee Fig. 3, is atoms is the magneto-optical trajn this trap, a static mag-

L . : . . netic field is combined with a three-dimensional optical mo-
initially cooled and confined in an optical trap. The sample is . . . ) .

. .. lasses to yield both cooling damping of atomic velocitig¢s
then prepared in one of the two ground states and next it is . . . A
. . . . . . and trapping(a restoring force about some fixed point in
irradiated with a pair of counterpropagating optical pulses

. . . . space. However, in the quest to achieve ever lower tempera-
(see Fig. 3, right The light pulses are configured to act as pace 9 b

. . tures, cooling schemes that involve optical molasgadd
/2 pulse, transferring half of the population to the o'[herhence which involve spontaneous emissibave one basic

gr;uadI state. The rersgltmgf state. of the Iatom ISa W:V:paCkﬁﬁ]itation: the lowest energy scale for the atom will be set by
which is a superposition of two internal stalgs andg2) the single photon recoil energy. It is important to recognize

that differ by two photon rec0|ls.worth of mpmentum. that the maximal advantage of a microgravity environment
These two components of the atomic wavefunction thereforg, 4y | AP experiments will be realized with the coldest

spread apart in space. In this way, the pulses serve as thiyssible atoms. For this reason, the cooling of atomic vapors
beam splitter for the atom. Some time later a second pulse i§e|ow the recoil limit is of interest to this workshop.

applied in order to reverse this process and to cause the Tq preak this fundamental barrier—the single photon re-
atomic wavepackets to interfere. Because the atoms simultaqi| |imit—several techniques have already been investi-
neously move under the acceleration of gravity, it becomegated. One very elegant technique is referred to as velocity
necessary to adjust the laser frequencies in order to keep Kelective coherent population trappitfgThis technique in-
resonance with the atoms—if the frequency is adjusted t@olves using laser fields to create a coherent superposition
keep the atoms in resonance with the lasers, there will be nétate of the atom which effectively turns-off the atom’s abil-
net phase shift when the atoms recombined. By measuringy to fluorescethese states are named “dark-statesJsing

the frequency shift required, the acceleration of gravity carthis approach, kinetic temperatures below the single photon
be measured. In the Kasevich experiment, the absolute valuecoil have already been achievEéddowever, the technique

of g was measured to a part in 19 In a related experiment, has been less successful at increasing the phase space density
the single photon recoil momentum was measured to a padf the atomic samplesdensity in configuration space and

in 10° "1 momentum spage

The most common scheme for laser cooling and trapping
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FIG. 4. The magnetic trap and rf forced evaporative cooling. U(l’, Z=0)

FIG. 5. Dipole(FORT) trap made from focused laser beam tuned below the
Conservative traps and evaporative cooling atomic resonance frequency.

A second strategy involves the deep cooling of the atoms
by evaporation. In this scheme, the hottest atoms in the dis-
tribution are allowed to escape preferentially from theGravity?

sample, leaving only the cold atoms behind. The basic ingre- |y addition to providing a potential from which the at-
dients for evaporative cooling are a conservative trap potenoms can be evaporated, a primaison d'dre for each of
tial in which the atoms can be suspended and a means f@hese traps is tbalance the effects of gravitfrom the point
removing or “evaporating” the most energetic atoms in theof view of precision spectroscopy, the presence of the trap
sample. Two popular schemes for creating such a potentiabrce can significantly perturb the sample, giving rise to in-
are the magnetic trap and the dipole trap. cipient frequency shifts, distortions of the atomic cloud. Fur-
In the magnetic tragsee Fig. 4a force is exerted on the thermore, the presence of gravity introduces limitations and
atoms by coupling to the atomic magnetic moment. Dependihe accuracy of ballistic expansion measurements and will
ing on the alignment of the magnetic moment with respect tQimit the ultimate efficacy of additional deep cooling tech-

the field, there is an associated potential enetyy —1  niques(not discussed hersuch as adiabatic expansion cool-
XB. If a field configuration is used in whicB varies in  jpq.

space, then there will be a gradient in this potential and

hence a force on the atom. To induce evaporation an rf field

w is applied _tO the sample which induces atom_ic S_pin'ﬂips'Bose—Einstein condensation: new phase transitions, new

When the spifmagnetic moment) of the atom is flipped,  giates of matter and new superfiuids

the magnetic energy for that atom changes sign, and the .

magnetic force on the atom ejects that atom from the trap, Perhaps one of the most dramatic developments of the
The technique can be used to select out the hottest atoms #990S has been the realization of Bose—Einstein condensa-
the sample because the rf resonant frequency needed to ff{9n (BEC) in a dilute atomic vapor. Bose condensation is a
the atomic spin is determined by the magnitude of the fld pha_se transmon that occurs in a gas of identical bpsons when
at the atomic coordinate, which is in turn determined by theh€ interparticle spacing becomes comparable with the ther-
position in the potential and hence by the kinetic endthg mal de Broglie wavelengt_h. At th_|s .pom_t, the particles are no
temperaturg of the atom. This technique for deep cooling longer quantum mechanically dllstmgwsh.able and a correct
has recently been used to increase the phase space densitfgfintum treatment of the gas is made in terms of a fully
cooled and trapped atoms to the point where Bose—Einstepymmetrized macroscopic wavefunction. From a statistical

condensation has recently been observed in a trapped atonfi@int of view, the condensate represents the macroscopic oc-
vapor. cupation of a single quantum state, usually thought of in

terms of the ground momentum state of the system. The
physics of these Bose condensed vapors is intimately tied to
the physics of quantum fluids studied in the field of low
temperature physics. Soon, BEC experiments will require
microgravity and a strong synergy with related work in low
An alternate trapping scheme is the far off resonancéemperature physics should come naturally. However, the
dipole trap (FORT).?? In this scheme(Fig. 5) the electric need for microgravity BEC experiments may also be driven
dipole force [F=—V(p-E)=—VUg,(x)—see abovkis independently by efforts to achieve lower sample tempera-
used to confine the atoms in a tightly focused laser beam. Biures and higher densities. In particular, as noted earlier,
varying the laser beam parameters, the depth of the confininigrced evaporative cooling depends on the spatial distribu-
potential can be modified and evaporative cooling can béion of the hot tail of the trapped atom sample and the shape
made to occut® The dipole and FORT traps has also beenof this distribution near the classical turning point in the
used to carry out many elegant experiments on ultra-col@donfining trap potential. As the sample becomes colder and
collisions among the trapped atoffs. colder, and as the sample moves closer and closer to the

Dipole traps and the FORT
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bottom of the trap well, the atomic distribution will be dis-

torted by gravity, an effect that will disrupt the ability to é’ w0 a1:=0
control the cooling process. E

In the current experiments, the pathway to BEC begins 2 s \
with a laser cooled sample- 10'° atoms at— 20 uK). This 2 0 N
sample is then loaded into a magnetic trap and evaporatively a o 2 ¢ s
cooled until the system condenses. In the earliest § o _ 2FT
experiment¥’ this occurred at about 170 nK for 3@toms. N N wf Y au=9.6mm
In recent experiments sample sizes in excess 6fabms § ¢ 10 '\‘
have been condensed. The condensate in this work has been & X 5
detected by releasing the atoms and examining the free ex- o n ‘~: ! ol - \_‘ !

pansion of the condensed cloud in order to determine the r r

momentum distribution of the sample. _ _ _ o
One of earliest successes of trapped alkali BEC has bedf®: & The ground state density profiles of a two-species Bose—Einstein

. . condensaté2BEC) for two different choices of cross-scattering length .

in the excellent agreement between the experimental da‘i—aor this figure we consider a mixture of sodiuia with a;;=3 nm) and

and the theoretical results derived using a mean-field theoryubidium (ay,=6 nm) atoms.

A representation of the condensate wavefunction in the mean

field picture can be derived from the Gross—Pitaev&RiP)

equation. Essentially, this is a Scdinger equation for the

many-particle ground statéhe BEQ with an additional

term in the Hamiltonian which is of the fornu | ¥|2. Here

atoms contained in a spherically parabolic trap. The param-
eter that is varied between the different parts of this figure is
the cross scattering leng#h,. We see that for strong repul-

W is the BEC wavefunction and,, is the interaction poten- sive interactiongi.e., a;,>0) the ground state is definitely

tial between the atoms in the condensate. In many situatiorf®0t & mixture of two overlapping condensates, but that in-
Uo~as wherea, is thes-wave scattering length of the par- stead the system has phase separated into two distinct con-

ticles. Frequently it is simplest to solve the GP equation indensates. Because the condensate wavefunction in the mean

the so-called Thomas—Fermi approximation which essenfield is the state which minimizes the mean field energy we

tially means that the kinetic energy term of the Hamiltonian©an Provide a physical interpretation of the phase separation.

can be neglected. At Rochester, we have developed a neWnen the system separates, the overlap between the conden-
numerical techniqgue based on a variational approach f0§ate§ is reduced, a”‘?' hence the cross-species mean field en-
solving the GP equation without making any ergy is decreased. Simultaneously, the outer species must be

approximationg® In most situations, the modifications to the spread og/er a larger vkc:lume, wr}l'crllddecreasesf 'trS] mean f!eld
shape of¥ due to the inclusion of the kinetic energy are energy. By contrast, the mean field energy of the core in-

small. In fact, only in regions where there is a large curvatur&'€ases because the core atoms are now closer togdther

in ¥ (and hence a large contribution from tRéW¥ term in core atoms are not “d|Iuted’_’ by the s_econd spe):_le@ver-
the Hamiltonian does the Thomas—Fermi approximation all, the total system energy is determined by the interplay of

cause problems. It is not surprising that these problems Catt]?ese individual energies and in the phase separated state the

become most marked near the condensate boundaries. tgtal\]miatn fleld.enir?y IS n;mlmlied.hA carefg(; adnaly3|s Of.
With the advent of multi-species traps and the recenf € WO-Spin state condensates has provided some evi-

realization of a Bose condensate comprised of two differenﬂigct?/v;c_); tgii:;figtr:\éinggtgdﬁgiat; :gpgjésr'ggl’izggw:tv;g?h_
spin-states of a vapor of rubidium atotha new and impor- P Y '

tant question has arisen: what is the nature ofvo-species ester, an experimental effort on this problem is well under-
Bose-Einstein condensate—the 2BE®@Y approaching this way.
guestion it is important to realize that we cannot expect that
each condensate will simply co-exist with the other conden”ERSPECTIVE
sate. The reason for this is that, even though the alkali BECs In many ways, there is a powerful case that the Laser
are very dilute 10" atom/cc) the role of interparticle in- Cooling and Atomic Physicd. CAP) community can benefit
teractions is still crucial. For a 2BEC, then, we must considegreatly from access to space and to a microgravity environ-
three classes of interactions: the two self-interactions of eacinent. Fundamental experiments can be and are being envi-
species and a third “cross-species” interaction. In the mearsioned, experiments that can appreciate significant benefit
field limit, this means that the 2BEC can be characterized byrom implementation in space. Furthermore, there are impor-
two coupled GP equations and three scattering lengths  tant fundamental LCAP experiments whichnnotbe real-
a,,, anda;, (the cross species scattering lendth ized in a terrestrial laboratory. In a broader framework, it is
A rich array of new phenomena have been predicted forlso clear that LCAP has natural ties to a broad variety of
this system including modifications to the ground state wavedifferent areas of fundamental science and to the existing
function profile, the excitation spectrum and even the esserprograms supported by NASA and other space agencies
tial stability of the condensate itself. We have been investi-around the world. In return for the opportunity to carry out
gating the 2BEC using a modification of our variational research in this new and exciting environment, LCAP re-
techniquet® In Fig. 6 we show the ground state condensatesearch has much to offer to the countries’ effort to explore
wavefunction for a mixture of sodium atoms and rubidiumand develop space, contributions ranging from advanced
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Reconstruction of the charged surface of liquid hydrogen
G. V. Kolmakov, A. A. Levchenko, L. P. Mezhov-Deglin, and A. B. Trusov

Institute of Solid State Physics, RAS, 142432, Chernogolovka, Moscow District, '"Russia
Fiz. Nizk. Temp.24, 158—162(February 1998

The evolution of shape of the surface of equipotentially charged liquid hydrogen film condensed
on the lower or upper plate of a horizontally placed diode in external electric fields has

been studied experimentally under the condition of total compensation of the applied field by the
surface charge. Reconstruction phenomenon—the formation of a solitary(a@iten—

has been observed in an electric field higher than some critical value for the film that covers the
lower plate. ©1998 American Institute of PhysidsS1063-777X98)01402-9

1. INTRODUCTION the deformation is proportional to the supercriticality level,
while the period is inversely proportional to the supercriti-

. . : cality. Thus, at fields slightly exceeding the threshold value
comes unstable in an external, perpendicular, electric Eeld : : .
the amplitude of the structure is small with respect to the

that exceeds a critical valdeUntil the time we began this .
study the reconstruction of a negatively charged surface of gaplllary lengthi.
Theoretical estimates performed for the charged surface

hick layer of liquid heli lectron ve the helignw Lo . . . .
t cklayer o .qu elium(electro §abo 'et c .e.L) as  of liquid helium layer that has infinite horizontal dimensions
studied experimentally and theoretically in detail in the case . . .
o ) and finite thicknesgi>\ under the condition of complete
where the liquid depthl (the distance from the free surface . :
) N compensation have shown that reconstruction to the steady
to the metallic control substrate placed in its interiex-

. ; a state is impossible, and that the periodic discharge from the
ceeded noticeably the capillary length=a/pg. Here « surface has to take place.

and p are the surface tension and the density of liquid he- Until recently it was not clear whether the reconstruction

lium, andg is the free fall acceleration. The theoretical CON" -an be observed on the surface under the conditions that the

siderations were restricted to the case where the electroras
; Istanced between the control electrode placed above the
that are localized above the surface do not compensate f?

r L .
the applied electric field. It was found that fde>=\ and a th:IgI:cr:]t(: iéhﬁeﬁge?;gggrgqllg?elsugiﬁ ';22?23 ?grugl'tiﬂgr s
fixed number of charges above the surface, when the fiel pietely b Y 9

. - . - localized below the surface. Preliminary results of our ex-

exceeds the critical value, a periodic deformation, which is_ . blished in Ref. 10
accompanied by the surface charge density modulation witﬁerlrnents Were publis B
a period of the order o and finite amplitudéequal to\ in
order of magnitudg arises on the surface of the liquid
(dimple crystal.2~* This phenomenon was studied experi- The experiments were performed using two different di-
mentally in Refs. 5-7. odes D1 and D2 inserted into an optical container. As the

In the opposite case, dt\ the range of the wave num- charge source we used radioactive plates emijfietpctrons
bers in which the instability develops startskat 0 (Ref. 8. of 5-keV mean energy. The electrons ionized a layer of lig-
Theoretical investigatiofishow that in fields higher than the uid about 10um thick near the plate.
critical field the stationary structure can also appear on the In the diode D1 we used a metallic guard ring 25 mm or
charged surface, but the character of the reconstruction di8 mm inside diameter and 3 mm height. This ring prevented
fers markedly from the previous situation: the amplitude ofthe charges from escaping from the surface of the liquid to

It is known that a charged flat surface of a liquid be-

2. EXPERIMENTAL PROCEDURE

ol el phaE BAGRE I 4
2 b/
}qu‘w .

FIG. 1. Profile of the charged surface of liquid hydrogetyat 1 620 V andT=17 K. The “hump” is clearly seen at the center. The linear dimension of the
photograph in the horizontal position is 10 mm.
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0.20 sites of the surface. In the runs the solitary hump could be

i ¢ shifted toward the diode center by slightly changing the tilt
S 0.15F I~ - 3 of the cell.
& i N i The height of the deformed surface regitrump at the
2—0.10- o \ diode center could be controlled by changing the voltage
b4 [ 1060 sese s "1aeé Ve 1500 j between the plates withi¥=1300-1700 V. At voltaget)
< 0.05¢ below the threshold voltag€U.;~11300V at the given
' (X 52’; . temperaturgno surface reconstruction was observed. As the
0 500 1000 1500 2000 voltage was increased to 1750 V, the reconstructed surface
Voltage U, Volts lost its stability, and a discharge pulse was obsefgedond
FIG. 2. Field dependence of the laser beam maximal reflection angle frongritical voltageU.,). In the course of a discharge abouf10
the surface of the “hump” af =14.6 K. charges arrive at the collector. After the discharge the surface

relaxes to the original flat state and then the process is re-

_ ) . . peated. We have reported earlier on our observations of qua-
the walls of the container. The guard ring and the rad'oaCt'V%iperiodic oscillations of a charged surface of liquid
source formed a cup in which the hydrogen was Condense%ydrogenﬂ

A metallic collector 25 mm in diametgicontrol electrodg

was placed above the radioactive source. The distance fro@lrong nonuniform fields—was observed in Ref. 12
the source to the collector was 6 mm. e

In the diode D2 a 3-mm-diameter charge source was Figure 2 illustrates the voltage dependence of the maxi-

: ; mal value of the reflection angJ@of the laser beam from the
placed on the upper copper plate of the diode, on which the L
hydrogen was condensed. The source-to-lower plate distangurface of liquid measured at the temperature of 14.6 K. The

i ependence of the reflection angle on the control voltage

was 3 mm. The sign of the charges on the surface of th U found to ch iderably at volt .
liquid was dictated by the polarity of the applied voltage U.'B( ) was ound fo change considerably at voftages in ex-
cess of the first critical voltagén these measuremenit;;

The properties of the positively charged surface were inves="
tigated experimentally. The shape of the charged surface was 150_0 V). o o i
Figure 3 shows another situation: the equilibrium profile

controlled visually with a TV camera, and a change in the ) . '
curvature of the charged surface was determined from th8f the film wetting the upper plate of the diode D2 at a
deflection of the laser beam, which was reflected from thélolltg?(eu=1300 V between the plates and temperatiire

surface. - _ o
It should be emphasized that the volume of the liquid

film does not change with increasing voltage. When the volt-
age increases, the shape of the film transforms gradually
At small voltages between the diode plates the equipofrom a flat film to a new drop-like film. The height of the
tentially charged surface of liquid wetting lower plate of the droplet increases and the visible diameter of its base de-
diode D1 is curved smoothly. Once a certain critical voltagecreases. At a voltage above 20U a pulse discharge is been
U, is reached, a macroscopic hump appears with a charaobserved.
teristic diameter of several millimete(Eig. 1). It should be Figure 4 shows the voltage dependence of the height of
noted that the reconstructed region could occur at the randothe droplet. In contrast to the dependence shown in Fig. 2,

An analogous phenomenon—the occurrence of
ionic jets (geysers on the surface of superfluid helium in

3. RESULTS

B L ) 'f*._,,-qq,',,-- ‘

FIG. 3. Photographe of the profile of the charged surface of the film condensed on the upper plate of the diode. The ®dltage V, T=15 K.
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14f 4. DISCUSSION
1.2+ I The experimental situation in our work is qualitatively
3 1.0k different from the situation that has been observed in Ref. 13
E_ 08k and discussed in Refs. 3 and 4. In our experiments the charge
L) 1 density is governed by the applied voltage: the charges com-
2 °-5:‘ pletely compensate for the external electric field, and their
a 04 { density is equal to the maximum allowable valoe=n.
E 02k =E?%4m, throughout the surface, whereas in Ref. 13 the
i charge density on the flat surface away from the recon-
0‘0:{ structed regioridimple) is close to zeron<n,. In addition,
B T U S SIS U B in our case the total number of charges localized near the
0 200 400 600 800 100012001400 surface is not fixed and it increases with increasing applied
Voltage U, Volts voltage.
FIG. 4. Field dependence of the height of the droplet created at the upper ~ The observations show that the lifetime of the recon-
plate of the diodeT=15 K. structed surface of hydrogen is many times longer than the

characteristic time of charging and discharging of the sur-
face. This implies that there exists a stationary charged soli-
fary wave(hump.
The authors of Ref. 9 considered the one-dimensional
Since in this “inverse” geometry the power of the case, which correspo.nqs.to the formation qf a p(_eriodip sys-
charge source was not very high, we had to wait for severdfM ©f “rolls” on an infinite surface of a thin helium film
minutes until the charge density reached its equilibriumd<\ at a field exceeding a critical field. The shape of a

value and could compensate completely for the external elecClitary roll (1D soliton), which corresponds to an infinitely
tric field. This circumstance enabled us to record the evolulond period(for the experiment, much greater than the diam-

tion of the profile of the surface for the conditions under©ter Of the experimental cgllis described by the expression

which the charges did not compensate the applied field. 2(x)=A cosh 2(x/R), 1)
The shape of the droplet shown in Fig. 5 differs signifi-
cantly from the profile shown in Fig. 1. Here charges accuwhereA is the amplitude, an® is the characteristic dimen-
mulate at the center of the droplet. In Fig. 6 we show thesion of the soliton.
profile of this droplet which was obtained by scanning the  Nevertheless, it turned out that the shape of the hump
photograph in Fig. 5. This situation seems to be analogous tobserved in experiments with liquid hydrogen can be de-
the case of the formation of an individual dimple on thescribed satisfactory by expressiqd), provided that the
surface of liquid helium with a fixed number of electrons hump is axisymmetric and is replaced by the distanae
above the surface studied earftdin a field higher than the from the center of the soliton. TheR is the characteristic
critical field (near 2800 VY the surface loses its stability and radius of the soliton. Numerical fitting of the profile of the
a discharge takes place. This process can be repeated ahamp yielded the valueA=0.38 mm andR=2.5 mm (the
constant voltage. solid curve in Fig. 7.

here we observe a rapid increase of the height at small vol
ages.

FIG. 5. Profile of the surface of the droplet wetting the upper plate. The charges have accumulated at the center of tHe d@#fétV, T=15 K.
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FIG. 6. Profile of the charged surface of the droplet shown in Fig. 5. Plots ) ] ) )
are the results of scanning. FIG. 8. Profile of the droplet obtained by scanning the photograph shown in

Fig. 3. Dark squares—experiment; solid line—theory.

The evolution of the shape of the hump with increasing

applied voltage can be seen from the depend@{t®). The  presents the trial functioh(x)=A exp(—x¥/R?) with the fit-
plot in Fig. 2 illustrates that there exist two different regimesting parameter#\=1.25 mm andR=3 mm. The trial func-
of alteration of the shape of a free surface of the liquid—tjon describes satisfactorily the experimental data, and the

below and above the first critical voltadé.;. The initial  effective radiusR coincides with the capillary length of lig-
part (U<U.;) corresponds to the usual drawing of the g hydrogen.

charged liquid into the field of the capacitor. In this case the

reflection angle is proportional to the square of applied volt-

age,B=U2. In fields above the first critical field, i.e., in the
regionU;,<U<U,,, the experimental dependence can bed CONCLUSIONS

described by the relation From the results of experiments on the diode (Bigs.

B(U)m(uz/u§1—1)3’2/u2, 2) 1, 2 and 7 we conclude that )1 The reconstruction of a
) . . . charged surface in a static electric field in a cell of finite
which follows from theoretical consideration of the hump on yiameter a~ ) is possible at variable number of charges

the surface of a thin liquid 'aYé?fThe insert in Fig. 2 €COM- 504 3 Under the conditions when the charge density on the
pares the experimental data in fields higher the first C”t'calequipotential surface is governed by an external field, in

field with the theoretical dependengU). This section of  fio|4g exceeding the critical valugd,,, a solitary stationary

the curvep(U) describes the change in slope of the lateraly e (hump appears on the surface. As the field is further
surface of the soliton with increasing voltage Fitting the j,-reased the impulse discharge is observed; i.e., there exists
theoretical curve to the experimental data gives the first critiyo second critical field) .,, above which the reconstructed
cal field, U, =1500 V. The results are found to be in good ¢, f5ce of the liquid is unstable.

agreement with the theoretical estimation from Ref. 8. From the field dependence shown in Fig. 4 it follows

_ Letus now discuss the results of the experiments with gy, i the case of the film that covers the upper plate of the
liquid layer covering the upper plate of the diode. Figure 8,i,ontal diode the first critical field equals to zero and di-

illustrates the results of scanning the photograph of the progection of the free fall acceleration affects crucially the evo-

file of the charged surface of the droplet condensed on thion of the charged surface shape in the external electric
upper plate of the diode, shown in Fig. 3. The solid curveyjg|q.

This work was supported in part by a Grant from NASA-
RSA, Project No. TM-17.
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Mapping of 2 D contact perturbations by electrons on a helium film
E. Teske and P. Wyder
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Fakulta fur Physik, Universita Konstanz, D-78434 Konstanz, Germany
V. Shikin

Institute of Solid State Physics, 142432 Chernogolovka, Moscow District, Russia
Fiz. Nizk. Temp.24, 163—165(February 1998

A promising way to investigate2 contact phenomena is proposed. This method is based on the
idea of depositing surface state electr¢8SB on a thin layer of liquid helium covering

the surface of a solid sample containing @ 2harge carrier system. The density of SSE adjusts

to screen contact-induced perturbations of the electrostatic potential across the sample. As

a result, the helium layer thickness varies due to the variation of the electrostatic pressure, thus
providing a map. This map may be read off interferometrically by a technique already

employed for the investigation of multi-electron dimples on helium. We have realized this mapping
for a structured electrode as a test sample to demonstrate the resolution of the method.

© 1998 American Institute of Physid$1063-777X98)01502-3

Contact phenomena are well known i>3metal and from the sample provides a map. This charge density map
semiconductor physics? We have in mind, e.g., the deter- may be read by optically measuring the variation in film
mination of work function for different B metals, the solu- thickness produced by the electrostatic pressure due to the
tion of the Shottky barrier problem and applications of this
solution to different aspects of transistor physics, in particu-

lar the creation of heterostructures, etc. In all these cases the d/2w=0.05

perturbation of electron density near the boundary between 4 _y =d ) ¢ gommemees 40

the contacting metals or semiconductors is well localized B [[essoeos-aee 1

within the so called Debye radius. 2} 4-2
The same reasons as irD3systems lead to electron - -

density contact perturbations inD2conducting structures.

However, due to the peculiarities of low dimensional screen-

ing this perturbation falls off as #/and hence has no special
localization length. As a result, the use of metallic source-
drain terminals, which is typical of @ transport measure-
ments, leads to perturbations of the electron density practi-
cally along the entire R system. It is evident that this
phenomenon is very important for different transport prob-
lems in low dimensional electron systems, for example, the
guantum Hall effect, different size effects, etc.

One promising way for the investigation oD2contact
phenomena is based on the idea of depositing electrons on a
liquid helium film condensed onto the surface of ® 2
sample in the presence of metallic terminals. The density of
this classical 2DEG which adjusts to screen the potential

8n (x, d/2w)/ &n (0, d/2w = 0.05)

__paw surf. electrons
d helium film
‘ -w +w FIG. 2. Charge distribution along the gated Corbino disk with the potential
perturbation between the electrode4&-3for different screening leveld/w.
2 1 3 Here 2w is the width of the central Corbino pad, is the thickness of the

helium film (dielectric spacer Solid lines correspond to Corbino sample.
FIG. 1. Geometry and notations of the mapping problems with the electron®ashed lines show the gate charge distribution. All density distributions are
on helium film. normalized to the distribution with the ratw=0.01.

119 Low Temp. Phys. 24 (2), February 1998 1063-777X/98/020119-02$15.00 © 1998 American Institute of Physics 119



] FIG. 3. Calculations compared to the experimental image. Four
perturbations in these figures correspond to diffeveft; 0.5; 0.2;

and 0.1 mm (a). Measured helium film deformation depth against
1 the applied perturbation voltagkV for 2w=1 mm, d=100um

(b).

12
0.0 02 04 06
AV [Voits)

charges, a technique already employed for the investigatioalectron distribution along the helium film due to the screen-
of multi-electron dimples on heliurh. ing redistribution of these electrons in the presence of poten-

One favourable detail of the presented method is its retial perturbations in B electron system. Realization of this
alization under dc conditions. The existing alternative techprogram for the system shown in Fig. 1 is presented in Fig. 3
nigue based on the linear electro-optic effect already used fovhere Fig. 3a shows the comparison between the optical
the mapping of ® potential distribution$® needs an ac image7(x) of the deformed helium film viaAV#0 pertur-
perturbation. Besides the electrons on a helium film couldation and corresponding calculations#(fx) using the so-
realize the mapping without total screening of the 2lec- lution of Poisson and mechanic equilibrium equations. Fig-
tric potential distribution while the linear electro-optic effect ure 3b demonstrates a linear behavior of the helium film
is realized in the presence of an additional gate only. deformation7(0) versus applied voltagdV. Solid line in

In this paper we investigate the possible use of chargethis figure corresponds to the calculations sD) without
helium films for the mapping of model potential perturba- adjustable parameters.
tions and demonstrate that this technique proves to be very C. The above information leads to the conclusion that
promising for the applications outlined above. mapping of D contact perturbations by electrons on a liquid

A. Let us start from the solution of the electrostatic prob-helium film has good prospects. This method is suitable for a
lem for a gated Corbino sample schematically shown ingeneral presentation of the potential map. In addition, it can

Fig. 1. be useful to extract quantitative information about the details
In the presence of electro-potential differena® be-  of low dimensional contact phenomena.
tween the strigl and terminal®2 and3 we have the follow- Some qualitative conclusions follow from the curves

ing electron density distributions along the Corbino systenplotted in Fig. 2. These results show that in the absence of an
for different screening levelsee Fig. 2a—2c If Corbino is  additional gate a non-uniform electron density is developed
practically ungatedFig. 23, the extra electrons are distrib- along the entire B electron system. In the presence of an
uted mainly between the electrod2€l-3 The integral neu- additional gate, this perturbation is mainly uniform, but it
trality requirement is then fulfilled without taking the gate still extends along the wholel2 system.
into account. D. This activity is partly supported by INTAS 93-939

In the opposite limit(Fig. 20 the gate screening comes and by NASA-PSA NAS 15-10110, Project TM-17.
in, and the central Corbino patthas an essential, practically
uniform fraction of extra electrons. The corresponding com-
pensation charge is distributed mainly along the gate. This
interesting peculiarity of B contact phenomena is important
for interpretation of many experimental results, e.g., the edge——
nature of minimal magnetocapacitarfcenusualSdH oscil-
lations in a gated Corbino digketc. The same density dis- L. D. Landau and E. M. LifshitzElectrodynamics of Continuous Meglia

tribution peculiarity is important for the potential mapping Pergamon Press, Oxford, 1960. _ _
. . 2S. M. SzePhysics of Semiconductor Devigdshn Wiley and Sons, New
by electrons on helium film.

o . . . York, Chichester, Brisbane, Toronto, Singap(té81).
B. The point is that a non-uniform electron density dis- 3p. Leiderer, W. Ebner, and V. Shikin, Surf. S1.3 405 (1982.

tribution along the gate leads to a nonuniform deformation of“P. F. Fontein, P. Hendriks, F. A. P. Blom, 1. K. Wolter, L. I. Giling, and

the helium film, which could cover the Corbino sampéee 5;- x‘r’{o't-t Ei/‘\*/eg?:tesrc’hseur& \S/C?(Gli?zﬁlg(ll(gglﬁ(.)ng nd K. Eberle. Semicond

Fig. 1) and this deforrr;atlon can be detected _optlcally using s Technol10, 117 (1995.

well-known methods:® Therefore the mapping of non- sw. Dietsche, K. V. Kiitzing, and U. Ploog, Surf. S861/362 289(1996.

uniform potential perturbations along th®2lectron system ’S. Takaoka, K. Oto, H. Kurimoto, K. Murase, K. Gamo, and S. Nishi,
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Experimental and theoretical studies of levitated quantum fluids
J. Schmidt, J. W. Halley, and C. F. Giese

School of Physics and Astronomy University of Minnesota, Minneapolis, MN 55453, USA
Fiz. Nizk. Temp.24, 166—170(February 1998

We describe the opportunities for improved scientific understanding and technical manipulation
of cryogenic fluids, particularly molecular hydrogen, by the use of carefully designed

magnetic field configurations produced with assemblies of permanent magnets. We discuss the
levitation of hydrogen in order to perfect technical means for handling this and other

cryogenic fluids. The development of the techniques to be explored here provide extraordinary
opportunities for improved methods for handling rocket fuels and cryogenic fluids in low

gravity environments. ©1998 American Institute of Physids$$1063-777X98)01602-§

INTRODUCTION cooling experiments were reported on these droplets. Quite
recently, Knuth, Schunemann and ToenfHegeported a
A variety of practical and scientific problems arise in the thermodynamic and experimental study of clusters produced
study and manipulation of cryogenic fluids in space becausthrough an expansion nozzle. The authors conclude that
traditional techniques make use of the ambient gravitationa$ome of their clusters have masses in the range dtd.00*
field on earth. Here we address the possibility of attackingatoms and temperatures in the range 4.4 to 4.2 K. There have
several of these scientific and practical problems by the usbeen several repotfs?® of attempts to supercool hydrogen
of permanent magnets to control the configuration and flowin the confined geometry of porous Vycor glass. Some of
of the fluid. This is a possibility because several fluids ofthese reports tentatively suggest the presence of a superfluid
interest, notably molecular hydrogen and helium, are diaphase while others suggest that a glass-like phase may be
magnetic while some others, such as oxygen are paramaéprming at low temperatures in the Vycor.
netic. In either case, the principle by which one can use
magnetic field gradients to exert forces on the fluid is very
well _known: The advgntage of such an approach in & MiCrog \\1» “NETIC SUSPENSION
gravity environment is that the required field gradients are
quite small and permanent magnets provide an inexpensive, The only report of hydrogen droplet suspension of which
compact way to provide them without power supplies andye are aware is the work of Paime al* Graphite and bis-
other peripheral equipment requiring human attentionmuth are also relatively easy to levit&té*in an inhomoge-
Forces provided in this way can serve to replace the gravitameous magnetic field. There are also recent reffoblg the
tional force when gravity is serving a useful purpésech as  Brown group of levitation of superfluid helium, using a su-
causing drainingin a given application, or to manipulate perconducting electromagnet. In work at Minneédtave
fluids in unusual ways not possible on eaffibr example by  have developed levitating magnetic field configurations ob-
levitation or by flow through contactless magnetic “pipes” tainable with low cost permanent magnets. We use a fast
or by use of suspended droplets as accelerometers locally developed computational code for the design studies.
The study of liquid molecular hydrogen began almost aln this code, the problem of computing the fields is written
century ago when Dewar won an international race to liquify
the gas- Attention returned briefly to the hydrogen molecule V- (1+amy)-H(r)= =47V Mg (1)
in the 1920’s when Dennisdi;' using quantum mechanics, and is solved by fast Fourier transform methods. Hégis
accounted for anomalies in its specific heat in terms of orthahe static magnetization of uniformly magnetized material
and para forms using quantum mechanics. In the seventieand y is the (highly anisotropi¢ susceptibility. Thus the cal-
studies of solid molecular hydrogen clarified the spectrum otulation is self consistent at the linear level and takes ac-
elementary excitations to be fouRdEngineers in such di- count at this level of demagnetizing effects arising from non-
verse applications as airplane and rocket propulSidn, uniform magnetization. The effects of such effects turn out
fusiorf and a hydrogen econofhyrave compiled informa- to be small in the calculations, suggesting that the linear
tion on the physical properties of liquid hydrogen. Calcula-approximation is adequate. This is consistent with work on
tions of the behavior of Hundergoing adiabatic expansion other designs built with the rare earth iron borides and in-
have been reported in Ref. 1@ariational density matrix volving  very large inhomogeneities  in  the
theory and Ref. 11(molecular dynamigs Experimentally, magnetizatiorf*~’We have explored a variety of permanent
the group at Brown University carried out experiments gn H magnet designs using this code and have determined that the
droplets suspended in liquid helidfrt* which they super- structure shown in Fig. 1 has a satisfactory field configura-
cooled to 10.6 K, measuring the solid nucleation rate. Theion for droplet levitation and is feasible to construct. We
experiments were used to parametrize their theory of thalso show the calculated potential energy per unit mass
nucleation rate. The Brown group also reported magnetit) =pgz+ (1/2)|xH,J?B|? of liquid hydrogen in the resulting
suspension of hydrogen droplets in vacdfiiout no super- field configuration along the vertical axis and horizontal axes

121 Low Temp. Phys. 24 (2), February 1998 1063-777X/98/020121-05%$15.00 © 1998 American Institute of Physics 121



2200
2100 a

2000
1900
1800
1700
1600

1500
1400

Energy/mass, erg/gm

0 02 04 06 08
Height, cm

1425

1420

1416

1410

1405

Energy/mass, erg/gm

1400

i 1 1 1
005 0.1 0.15 0.2 0.25
Radius,cm

FIG. 2. Calculated energy per unit volume as a function of hejghand
radial horizontal distance from the center in the device for liquid molecular
hydrogen(b).

FIG. 1. Permanent magnet configuration for levitatitop) and the experi- . inale li th h th ilibri it For |
mental method for approximating the ideal permanent magnet structure. In a single line throug € equiibrium posiuon. For larger

perturbations, the particle oscillated in lines that bisected dif-
ferent pairs of octants of the potential. A coupling between
in Fig. 2. We have built a prototype of this design, as showrthe oscillations in adjacent pairs of octants was observed and
in Fig. 3, using NdFeB. The apparatus which was used foafter some time, when the particle’s motion was sufficiently
assembly of this design is shown in Fig. 3b. damped, the oscillations reverted to the initial form. The po-
One may speak qualitatively of the configuration as arsition of equilibrium of the particle over the octagonal struc-
attempt to produce an approximation to a two dimensionature was slightly off-center, presumably because irregulari-
magnetic monopole. This design was approximated by cutties made the potential asymmetric. The minimum levitation
ting a piece of NdFeB into pie shaped pieces as illustrated iheight was calculated to be 1.8 mm, and the observed levi-
Fig. 1, using an electric discharge machine. The device hastion height was between, 1.0 and 1.5 mm. When the par-
been successfully used to suspend small particles of bismutitle was set into oscillation, the observed frequency of os-
and, at liquid nitrogen temperatures, of ice. A photograph oftillation was approximately 5.0 Hz. In the ideal structure,
a particle of bismuth levitated in the device is shown in Fig.there are two low amplitude mode frequencies corresponding
3a. to radial and vertical motion, of which the lower corresponds
Not all particles of bismuth levitate successfully. How- to the observed radial motion. From the ideal structure we
ever, a particle has been observed to remain levitated faralculate a frequency of 3.3 Hz for the radial mode. Though
periods of time greater than weeks. It can be knocked out ofve have successfully levitated ice, it has not yet been pos-
its stable position by a sufficiently large perturbation, aftersible to levitate liquid water. This may be because the mag-
which the particle sticks to the wall formed by the cap netization is larger at liquid nitrogen temperatures. Improve-
pieces. A small push is all that is necessary to restore thments planned for this device include the production of more
particle to a state of stable levitation. If one disturbs theprecisely machined and undamaged wedges and caps.
levitation apparatus with a gentle nudge, the particle can b€alculations show that replacing 8 wedges by 16 wedges
perturbed from its equilibrium position and set into oscilla- should increase the levitation height from 75 to 90% of that
tory motion. For small perturbations, the particle oscillatedfor a continuous structure. Currently, video tapes of
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FIG. 3. Photographs dB) a particle of bismuth suspended
in the device andb) apparatus used to assemble the device.

the suspended bismuth particles are being digitized for We calculate that we will be able to suspend a droplet of

analysis in order to determine additional details concerningadius 3 to 4 mm. The shape will not be spherical but pan-

the nature of the particle trapping in this device. cake like. We compute predicted droplet shapes from the
The recent success in suspending water ice when thigeld configurations by minimizing the energy

device was cooled to liquid nitrogen temperature shows that

despite the existence of a magnetization reorientation

transitior?®in NdFeB at 135 K, the device appears to levitate - f Udv+ (’f dA, 2

very successfully below the transition. This is unexpected

and not fully understood, but it will simplify the practical whereo is the surface tension and is the energy per unit

aspects of the program considerably. In particular it may notvolume in the magnetic and gravitational fiel@s plotted in

be necessary to construct another, similar device of PrFeBig. 1). We treat the fixed volume constraint by use of a

(which does not have a reorientation transitfiin order to  Lagrange multipliei and characterize the droplet shape by

levitate liquid hydrogen and helium. the functionr (6,¢) and find the condition
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0 5-20cm? of interest here. Taking into account that the

330 30 grating spectrometer which we plan to use for these experi-
ments has a spectral resolution of the order of Itnusing

data in Ref. 33 to estimate uncertainties in intensity measure-
300 0.04 60 ments, and assuming measurement times of the order of 1 s,
' we estimate that a temperature measurement with accuracy
of a few per cent can be made with this technique. An ob-
jective of these measurements is to measure the temperature

270 90 as the levitated droplet evaporates, thus subjecting the theory
of “evaporative cooling”**~%"to experimental test and re-
finement.

0.04
240 120
Raman scattering spectrum of suspended solid and liquid
samples
210 150 Though the Raman spectrum is known in both c&sgs
180 it will be necessary to confirm that we can distinguish solid
FIG. 4. Calculated cross-section of suspended hydrogen dr@hiekness from |IQUId samples \,NhICh have been levitated in t_he appa—
is ~0.04 cm, radiugcm) vs. angle(deg). ratus. It may be possible to make some useful studies of high

frequency surface modes of the solid phases in this way,
though this is not our primary objective.

r(6,¢)=20/(A—U), (©))

which can be solved for fixedl for various “rays,” 6, ¢ to Determinations of shape and rotational state of the
give the shape wheb is known as a function of position. suspended fluids and solids

We show a calculated droplet shape in Fig. 4. We anticipate levitated samples much larger than the

wavelength of visible light and will therefore rely in the case
POSSIBLE LIGHT SCATTERING STUDIES OF SUSPENDED of the liquid on measuring the droplet shape from images

DROPLETS which can be interpreted within the approximations of geo-

Inelastic light scattering was observed in liquid hydro- metrical optics. Our methods for calculation of droplet shape
gen more than 20 years ago by Fleury and McTagdehere ~ permit determination of changes in the droplet shape due to
is a very wide featureless spectrum which we think can béapid rotation. By comparison of images with calculated
used in an “optical thermometer,” as described below usingdroplet shapes we shall attempt to determine the rotational
this phenomenon. More recently experimental work on lightstate of our levitated liquid droplets. Quantitative determina-
scattering from liquid hydrogen at pressures between 10 anéon of the rotational state of suspended solid droplets is
100 kbar was reported by Uliwt al*° Light scattering from  more problematical though it may be possible in the case of
the solid phases of hydrogen has been observed by a numb#@pw rotations to count rotational rates directly from video
of authors®2 The spectra show a sharp transverse phonofmages.
mode in the hcp phase and libron features in the low tem-  Ultimately, we wish to explore the possibility of creating
perature ordered phase of solid orthg. Hhese features magnetic “pipes” to control the flow of cryogenic fluids in
should make it quite easy to distinguish solid from liquigl H low gravity environments. As an example of such possibili-
in droplets optically. ties, we plan to produce a magnetic levitation device which

To perform the light scattering experiments, we plan towill levitate a “ring” of cryogenic fluid (hydrogen or he-
direct a laser at the droplet and detect the scattered lightum). Such a levitated ring would provide a first experimen-
through optical windows in the Dewar. Several kinds of in-tal model for a “pipe” in a closed circular configuration and

formation will be gleaned from the scattered light. will provide the opportunity to study the flow states in such
a “pipe.” We are quite sure that such configurations are

possible with only very modest modifications of the design
The basic idea here is that, as long as the light scatterindescribed above, because preliminary calculations showed
rate can be described by leading order perturbation theory ithat a ring-shaped potential well for the fluid did result from
the coupling between the optical field and the system, thesome configurations of the “caps” on the device shown in
the ratio of the amplitude of the Stokes componefw) to  Fig. 1. There are several interests in a ring geometry. Rela-
the amplitude of the anti Stokes compon&lit- w) is tively simple flow states may be possible in them when the
fluid is in the normal state. Turbulence and viscous drag
h(w)/h(-w)=exphwp), ) should be greatly reduced, even in the normal state. In su-
where 8=1/(kgT). Thus if there is a measurable scatteringperfluid states, it might be possible to observe quantization
amplitude in the frequency region=kgT/A one can mea- of circulation in such rings, which could be made quite
sure the temperature. From Ref. 29 one sees that there issaall. It is essential to make a careful study of the stability of
broad band of observable scattering in the region otoroidal shapes in any proposed field configuration, because

Optical measurement of temperature
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it is clear that rings with small “aspect ratio” of ring radius

to toroidal radius will be unstable and will break into one or,

more droplets.
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Electrical charging of helium and hydrogen droplets
Tito E. Huber and Frank Boccuzi

Polytechnic University, Brooklyn, New York, 11201
Fiz. Nizk. Temp.24, 171 (February 1998

[S1063-777%98)01702-2

The cryogenic fluids helium and hydrogen are versatileparticular, ions can compromise the proposed rotational su-
prototype fluids as they have important fundamental properperfluid dynamics experiments by nucleating vortices. lons
ties. Many of these properties are influenced by the boundargre also likely to spoil the supercooling of hydrogen. On the
conditions that prevail at the container walls. These effect®ther hand, the droplets can be very large, macroscopic, un-
can be minimized in droplets. By creating a superfluid he-der microgravity conditions. In fact, in that case the droplet
lium sample in the near-zero gravity of the orbiting shuttle,diameter can be as large as 1 mm for hydrogen.
superfluid droplet dynamics can be studied for the first time.  Specific issues discussed in this paper ajeinjection
Also, the extent of supercooling of liquid hydrogen dropletsand positioning of droplets in a microgravity environment
can be investigated under such favorable conditions and wend, 2 electronic and ionic charging and) 8onditions of
can attempt to make a superfluid molecular hydrogen dropsize and temperature for charge holding.
let. Although we specifically target the quadrupole trap, and

Changed droplets can be levitated by using the quadruhe magnetic trap only indirectly, we shall demonstrate that
pole trap. In this paper we show that weakness of the eledhis work is relevant to all cryogenic droplet experiments in
tron bond to hydrogen and helium means that for a reasormicrogravity because the shuttle is a medium-to-high radia-
able trapping field, the largest molecular hydrogen dropletion environment and spontaneous charging of dielectric in-
that can be levitated on the ground is 6 micrometers in diterfaces is an issue.
ameter. For helium, the maximum particle size is even
smaller. Positive ions can strongly attach to helium and posi-
tively charged droplets appears possible on the ground. How£E-mail: thuber@photon.poly.edu
ever, the “snowballs” produced by the ionic electrostriction
are likely to pin and affect the superfluid form helium. In This article was published in English in the original journal.
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Simulation of quantum field theory and gravity in superfluid 3He

G. E. Volovik*

Helsinki University of Technology, Low Temperature Laboratory, P.O. Box 2200, FIN-02015 HUT,
Finland**
Fiz. Nizk. Temp.24, 172-175(February 1998

Superfluid phases dHe are quantum liquids with the interacting fermionic and bosonic fields.

In many respects they can simulate the interacting quantum fields in the physical vacuum.

One can observe analogs of such phenomena as axial anomaly, vacuum polarization, zero-charge
effect, fermionic charge of the vacuum, baryogenesis, ergoregion, vacuum instability, etc.

We discuss some topics using as an example several linear defétis-f: (1) disgyration,

which simulates the extremely massive cosmic stri@y,singular vortex, which is

analogous to the spinning cosmic string, dBicontinuous vortex, whose motion causes the
«momentogenesis» which is the analog of baryogenesis in early Universe. The

production of the fermionic momentum by the vortex motitine counterpart of the electroweak
baryogenesjshas been recently measured in Manchester experiments on rotating superfluid
3He-A and®He-B. To simulate the other phenomena, one needs a rather low temperature and high
homogeneity, which probably can be attained under microgravity conditionsl 993

American Institute of Physic§S1063-777X98)01802-7

1. INTRODUCTION. RELATIVISTIC FERMIONS IN 3He-A g =c2 (S =111+l Tk —plpk. (1.5
We will give several examples of the analogy between
high-energy physics and superfiuitie. We consider three 2: DISGYRATION AS A COSMIC STRING. CONICAL

types of topologically stable, linear defects®ide-A, which SINGULARITY
exhibit the_ properties of different ty_pes of cosmic strings.  The so-called radial disgyration is one of the topologi-
The “gravity” and the axial anomaly in the presence of suchcgly stable linear defects ftHe-A. This is an axisymmetric

defects are discussed. _ distribution of thel vector
The quasiparticles ifHe-A are chiral and massless fer-

mions. Close to the gap nodes, i.e.kat + pgl (I is the unit I(r,)=T, (2.9

vector in the direction of the gap nodes in the momentumyhere?, 7 and & are unit vectors of the cylindrical coordi-

spacg the energy spe(itrurﬁ(k) of the gaples#\-phase fer- 16 system wittz along the axis of the defect line. The
' vector potentialA=pgf can be removed by gauge transfor-

mions is “relativistic™:
(1.1  mation since the “magnetic” field is zerd=VXA=0.

E2(k)=g™*(ki—eA)(ky—eAy).

Here the ‘“vector potential” A is dynamical: A=Kkgl,
e= =1, and the metric tensor is

g*=c? (s =115+, (1.2

wherec, =A/pg andc=vg (with ¢, <c)) are “speeds of
light” propagating transversely tband alond, respectively;
ke is the Fermi momentumyg=kg/m; is the Fermi veloc-
ity; my is the mass ofHe atom, andA <kruvr is the gap
amplitude in®He-A.

In the presence of superflow with the superfluid velocity

Vs the following term is added to the ener&(k):
k-ve=(k—€A)-Ve+eAy, Ag=kel-Vg. (1.3

The second term corresponds to the scalar potehgialf the

Thus the radial disgyration provides only the *“gravity”
field, which acts on théHe-A fermions, with the metric
tensor

900: -1, gOi:O,
g =c2 (225 + ) + c2FIFk, 22
The interval corresponding to this metric,
2 1 1 2 Cf 2 2
d52=_dt+—2-d22+—2 dr +—=r de“ |, (2.3
cy Ci Cl

has a conical singularityif ¢, #c;), where the curvature is
concentrated at the disgyration axis<(0).%* The space is
flat everywhere outside the axis, but the length of circumfer-
ence of the radius around the axis is 2r(c,/(c,). Since

“electromagnetic field” and the first term leads to the non-¢/>C. . this is analogous to a rather unusual cosmic string
zero elemeng® =v'. of the metric tensor. As a result, Eq. with a very big positive or negative mabt per unit length:

(1.2) transforms to
g“"(k,—eA,)(k,—eA,)=0,

wherek, = (k,E), A,=(A,Ag), and the metric tensor

(1.9

0i i
_US’

9°=-1, ¢
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c
4GM=1iC—”, 4G|M|[>1. (2.4

1
The correct sign should be the sign which is fixed by the fact
that whenc,=c, the geometry is flat and has to correspond
to M=0 (I thank Matt Visser for this remajk Since the
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linear masdM =1/4G (G is the gravitational constantor-  equal to that in Eq(3.5). More importantly, the calculated
responds to the chain of the point massewith the distance appears to be independent of the momentyralong the
between the neighboring masses equal to twice theortex axis, in complete agreement with £§.5). This case
Schwarzschild radius(r4=2Gm M=m/2r,=1/4G), the s distinct from the spectrum of bound states in the core of
case|M|>1/4G corresponds to the chain of the overlappingthe vortices in other systems: sawave superconductors and
black holes. in 3He-B there is an essential dependencev¢k,) onk,.’

3. SYMMETRIC VORTEX AND SPINNING STRING

The most symmetric vortex ifHe-A can be realized in 4. ATC VORTEX AND BARYOGENESIS

thin films where the vectdris fixed along the normal to the The continuous vortex, which was discussed by

film and the superfluid velocity is circulating around the vor- chechetkifi and Anderson and TouloUSEATC vorteX), has
tex axis: the following distribution ofl andv; fields:

B h
S 2myr

¢ (3.) i(r,<P)=2 cos n(r)+r sin 7(r),

=2, vq

The “magnetic” field and the scalar potential are absent V(r,¢)=— [1+cosn(r)]e, 4.0

(B=kgVX1=0, Ap=0). One has again only the gravity

field, but now with the metric tensor where 7(r) changes fromy(0)=m to 7()=0 in the so-
called soft core of the vortex. The stationary vortex generates
a “magnetic” field and when the vortex moves with a con-

2mgr

R _
gOOZ -1, g0|: (,ADI,

2mgr stant velocityv, , it also generates an «electric» field, since
gik:Cf%iik_l_Cf(g(ig(k_i_yiyk)_visvlé_ 32 A depends OT_VLt: )

The corresponding interval‘is
The quantum vacuum with massless chiral fermions exhibits

v(r) hde 2 dA : ) : .
ds2=— ( 1— _2_) dt+ ————5——| +— the axial anomaly: the presence of the electric and magnetic
ct 2mg(cT —vs(r)) Cj fields leads to the production of left particles from the
drz  r2dg? vacuum at the raté®!
+ Ci +Cf—v§(r)' 3.3 e?

hzaﬂj"“zm E-B. 4.3
There are two important properties of this interval:

(1) There is a region in which the velocity fieke(r) In 3He-A there are two species of fermions, left and
exceeds the transverse speed of light, This is the ergore- right, with e=*=1. The left quasiparticle carries the linear

gion: the vacuum in the ergoregion is unstable toward cremomentumpgl, while the right-handed quasiparticle carries

ation of particles pairs. _ _ the opposite momentum;-pgl. This asymmetry between
(2) Far from the vortex axis, where(r) is small and  |eft and right gives the net product of the fermionic linear
can be ignored, one has momentumP in the time-dependent texture:
de\? 1 1 K3
- il I T dr2ar2d 2 .- ; - .
ds’=—| dt+ — T dz*+ Gz (dritridet), 34 atpzzf dripel=f 5 f d3ri(al-(Vx1)). (4.4
where the angular velocity Integration of the anomalous momentum transfer in Eq.
2m3c2 (4.4) over the cross section of the soft core of a moving ATC
w=—7 = (3.5  vortex gives the rate of the momentum transfer between the

condensatévacuum and the heat battmatte), mediated by
This metric corresponds to that outside the so-calledhe moving vortex?
spinning cosmic striné,vv_high has the angula_r n".nomenf[um in 9P=— 7hiN, CoZX V. 4.5
the core. In our case this is an unusual spinning string with v
the angular momentund=7%/(8m3G) per unit length but HereN, is the winding number of the vortgd,=—2 in the
with a zero mass. case of Eq(4.1)] andCy= k§/3772. This “momentogenesis”
The connection between the time and the angle in Egfrom the vacuum gives an extra nondissipative force that acts
(3.4) suggeststhat the energf and the angular momentum on the moving continuous vortex. This result, which was
J of fermions against the background of this spinning stringderived for the ATC vortex from the axial anomaly equation
are related as (4.3, was confirmed in the microscopic theory, which takes
E—J (3.6 into account the d_iscreteness of th_e quas_iparticle_spectrum in
@ ' the soft coré?® This was also confirmed in experiments on
The spectrum of bound states in the core of this vortex wasortex dynamics in*He-A,** where it was found that the
calculated by Kopnifi.He found that the factow in Eq.  extra force on the vortex nearly cancels the conventional
(3.6) is of the same order of magnitude, although it is notMagnus force.
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In the Weinberg—Salam model the similar asymmetrydegrees of freedom, fission and fusion, deformed and super-
between left and right leads to the “baryogenesis’— deformed states of clusters with large angular momentum,
production of a baryonic charge in the presence of th€gU the superfluid(pair-correlated properties of nuclei which
and U1) fields. Such fields can be generated in the core otvolve with increasind\, etc. The advantage 8He clusters
the topological defect§monopoles, domain walls, sphale- is that it is relatively easy to study them using the NMR
rons, and electroweak cosmic strifglsat evolve in the ex- technique.
panding Universé®2° Experiments in®He-A and also in
%He-B,* where the «momentogenesis» due to the axial ' _
anomaly in the singular core has been measured in a brodg" discussions.
temperature range, support ideas on electroweak baryogen-

esis in early Universe. *Permanent address: Landau Institute for Theoretical Physics, Moscow,
**Russia
E-mail: volovik@boojum.hut.fi

| thank T. Jacobson, P. Mazur, M. Visser, and K. Rama
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Bose—Einstein condensation and heat capacity of a nonideal gas
V. S. Yarunin

N. Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, 141980
Dubna, Russia
Fiz. Nizk. Temp.24, 176—179(February 1998

The theory of a nonideal gas developed by N. N. Bogoliubov is applied for a semiclassical
description of nonlinear dynamics of Bose condensate density. Analytical calculations lead to
temperature dependence of heat capaCifytypical of superfluid*He at temperatures

below and above the superconducting transition temperdtyrexcept for the interval

1.6 K<T<2.2K. © 1998 American Institute of Physids$1063-777X98)01902-1]

Bogoliubov's model of nonideal gas is frequently ap- “rapid” trajectoriesby , b, above the condensate, we obtain
plied to low-temperature~0 K) states of Bose conden- the semiclassical effective acti@®; of the condensate
sate. Among other things, this is due to the fact that the
excitation spectrum of the model in the limit of low conden- Q:J dpdv exd Sup,v)],
sate densitiep~0 (T~ T,) differs significantly from the ex-
perimental spectrum. However, an analysis of semiclassical Jop>
dynamics ofp in the Bogoliubov model shows that its ther- Ser= —BV(T— vp+ VR
modynamic properties are determined by the type of solution
of nonlinear equations of motion rather than by details of the BE,
excitation spectrum. Ultimately, we can find an approxima- —21n S"( T) }dk'
tion leading to a description of heat capacily in accor-

+cvf kz{—(wk;wﬂ

dance with experiments for superfluftie at temperatures Ex=[(Qu+pdo— 1)+ 2pgi( Qi+ pgo— )12
below and above the superconducting transition temperature BE N
T, except for the interval 1.6—-2.2 K. v=i X’ p=——, =—., ¢ l=2a%3
Let us consider the Bogoliubov model for a nonideal B v v
Bose gak The variational equation8S,(p,»)=0 have the form
Ok v G(p)
H:h+k§#:0 Qb by + W(b;bfkaszbkb—ka*z R=p+r, g—o—2r=p[l— éf : 3]
Jo The explicit expressions for the densityp,v) of particles
+ 2 + 2
+2bcbylal?) + ka bial*, above the condensate and for the effective interaction
G(p,v) between the condensate particles and particles above
la|* k3 the condensate are given in Refs. 3 and 4, gpds the
h=0go57 Q=— wu=2m. @ : _
2V w interaction between the condensate particles.

Substituting the solutions of Eg§2) into the effective

Here the numerical variables anda* describe the ampli-  actionS,;, we obtain the following expressions for the par-
tude of condensate particles with a momentus0, andb™  tition function Q and free energ¥:

andb are the operators of creation and annihilation of par-

ticles above the condensate. The Hamiltonldnhas the [y — 1S _ 1
. . . . ~ e fO, F___ .
“semiclassical” integral of motiof Q=(VBgo) e VB~
dn d We introduce the model of interaction between atoms of the
— 2 + — 2 : + —
qt - at la +k§¢0 by bk) ={H,|a|*}+i H’kéo b, by|=0. Bose gas:

2
As a result, the partition functio® of the systen(1) can be B Jo(1—k?/k§)=0 (0=<k=kop),
written in the form of an integral over trajectories with a 9= go[(k—2k0)2/k§—1]<0 (Ko<k=2k).

constraint: 5 .
We can prové®that the two spectral branches corresponding

Q=Tr(e &y n) to the values of coupling parameter=pg, and v,=3pg,
. satisfy the conditiorE,— 0, k— 0 in the absence of a gap in
:f dzaH Db} Dbkf dy exdiy(n—N) the energy of excitation. The first branch corresponds to ex-
k#0 -

citations in the Bogoliubov theory, while the second is simi-
+5(0,8)]. lar to that described in Ref. 6._ _

Let us analyze the equatior®S.(p,»)=0 in order to
Considering that the Bose condensate in the partition funcfind the values op and 8 compatible withv, ,. It should be
tion is a “slow” subsystem and integrating with respect to noted above all that the low-temperature approximation as
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FIG. 2. Heat capacity of a Bose gas as a functiom af T>T, : theoretical

FIG. 1. Heat capacity of a Bose gas as a functioh @ T<T,: theoretical . ) '
(curve 1) and experimental results obtained in Ref(cédrve 2).

(curve 1) and experimental results obtained in Refcérve 2).

applied for the description of Bose condensation can be ex-

3
pressed by the inequalitgE,>4. The conditionr=0 con- C =~ KgV(ksT)

fines the temperature to the valueTgfin the case o, but v g3 T
is immaterial in the case af, so that Eqs(2) assume the )
form
ee=", =90p1=9oR[1~(T/T)¥*|=GoR,
R=pi+ry,  290r1=p1G(p1)(v=r1),
C BcEk 1

R _ _ 327 0_ ol 3

T<TCE%=3 K, 3) J1=xJ3,0, k=p 1 Ji f4 y°dy.
B

(2) At temperatures close t6,(T<T,,p<<R), the tem-
=pot = + = <o,
R=patTa2,  20072=pal 200t Glp2)J(v=r2),  T< (4 perature dependeneg =gyp? leads to the formulas

The zeroth approximation fo& in Egs.(3) and (4) in the VT J*(kgT)* B 3
form of “nontrivial” and “trivial” values of density of an Co()=—"3z5 IT2 =3kgV(KgTe) ™24 (1),
ideal Bose gas, i.e., ¢
3
G(p12)—Golpl), PI=RI1—(TIT)¥], p3=0 =, = g=2kd
o o ] T, (1—t3’2)3’2' 2
leads to “nontrivial” and “trivial” solutions of these equa-
tions: o (" o un
Jo= e Yy,
R R¥ 2 yOy y
PIT15x T 1xy ; ;
1 1 the parameter,>4 separating temperature regions above
Go(p®) r and below the superconducting transition temperature.
X1=— Lo —l, T<T,, For “trivial” solution (T>T.,p<<R), we use the power
%0 P1 expansion of the functiok,(x) for x=yykgT<<1:
R(1+ _
g2y RUTXD) C,(7)=8KaV(kgTe) R~ 293¢(7),
1+x, 2+X,
0 1 -1/2 3 1/2
Gol(pz) 1y §n)=g7 T gTrT
X2: y —_— :X2+ 1
29, P2

R2
We can provethat the free energies corresponding to these  F,(x)= goT[4+ a1(kgT)Y2—a,(kgT)+az(kgT)*?
solutions are connected through the inequahity<F,, and

hence the solutions are valid for temperatures lower and +ay(ksT)?],
higher than the superconducting transition temperature, so 5 . .
that the heat capacity is defined by the formulas a;=y, a=2y", az=2y’, a4=-05y,
&°F Fi, T<T, : Yo d
C,=—VT ! ‘ y=goidd 2= [,
:

_ F:
aTZ, F2, T>Tc

In the case of a “nontrivial” solution, we can consider The parametey, can be found from the condition of coin-

two temperature regions. cidence of the scale of valu€x (t) for T<T. andC,(7) for
(1) At low temperatures{<T,,p=R), the contribution ~T>T, in the units J(moleK) ~1. For this purpose, the fol-
Ex1=kk./u of phonon excitations t€, gives lowing estimates of integrals are used:
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38=2(\yo—2), I9~2y2 exp —y,/2). respectively. The values of heat capacity in J(misle * are
. . laid along the ordinate axes. Solid curves corresponds to cal-
For example, the experimentally observed re_lat|on betWeeQula'[ions based on the above formulas. Dashed and dotted
the scales o€, (t) andC,(7) holds for superfluidHe when curves in Fig. 1 correspond to experimental results obtained

the following transformation is used: by Lounasmaband calculated by the formut@, ~ T* for the

39 Wo—2 1 phonon heat capacity. The dashed curve in Fig. 2 corre-

3 Yo ' .

T T o 20" &(1)—20&(7). sponds to experimental results obtained by Lounashiga.

J2 Yo exp—Yol2) can be seen from the figures that a reasonable coincidence of
This leads to the value of the parameygr=4.4 and to the theoretical and experimenfaksults is observed for tempera-
equation for the function(T): tures OK<T<1l.6 Kand 2.2 KKT<2.9K.

T T-T¢

P e (5

70 0 c IN. N. Bogoliubov, Izv. Akad. Nauk SSSR, Ser. Fizl, 77 (1947).

2V. S. Yarunin, Teor. Mat. Fiz96, 37 (1993.

wherery—0 for Tp—T,. 3V. S. Yarunin and L. A. Siurakshina, Physica2d5, 261 (1995.

The initial value of temperaturg, (for 7,=0.03) in EQ. 4y s. varunin Physica 4232 436(1996.
(5) is assumed to be equal to 2.2 K for the superconducting’V. S. Yarunin Teor. Mat. Fiz109, 295 (1996
transition temperatur@,=2.18 K, while the final tempera- V- |- Yukalov, Mod. Phys. Lett5, 725(1991).
ture value iST=2.9 K (7=0.86). The results of calculations ©O- V- Lounasmaa, Cryogenids 212(1963.
are presented in Figs. 1 and 2 f6|r<r_and C,|r=7_,  Translated by R. S. Wadhwa
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Electronic properties of C 4, crystals: why we need crystals grown in a microgravity?
V. V. Kveder, R. K. Nikolaev, E. A. Steinman, and Yu. A. Ossipyan

Institu&e of Solid State Physics, Russian Academy of Sciences, 142432, Chernogolovka, Moscow distr.,
Russia

Fiz. Nizk. Temp.24, 180 (February 1998
[S1063-777%98)02002-1

The crystalline fullerene & is a novel semiconductor In the present report we discuss some experimental data
that is very interesting for basic science and for possibleeoncerning the electronic properties of,@rystals and the
applications. It corresponds to intermediate case betweesxisting problems in their interpretation. We also discuss the
“classical” semiconductorglike Si or GaAs and “classi- reasons why the crystals grown in normal gravitation have
cal” molecular crystals. Therefore, some interesting effectanany defects and why there is a good chance of producing
related to insulator—metal transitions and electron correlatiomuch more perfect crystals in a microgravity conditions.
can possibly be discovered in,xrystals. In spite of numer-
ous investigations, the electronic properties @f €rystals
are still far from being clearly understood. It is even not clear
to what extent it is possible to consider the soligh @ one-
electron band-like semiconductor. The main reason for thate-mail: kveder@issp.ac.ru
is the very high defect concentration in the crystals available

now. This article was published in English in the original journal.
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Ultra-high vacuum investigations of atomic layers at low temperatures
V. A. Grazhulis

Institute of Solid State Physics, Academy of Sciences of Russia, Chernogolovka, Moscow distr. 142432,
Russid

Fiz. Nizk. Temp.24, 181 (February 1998
[S1063-777%98)02102-1

Low-temperature (10—300 K investigations of Ag Recent achievements in the development of ultra-high
atomic overlayers on G¢l111), Si (111), and InSb(110 vacuum techniques are also briefly discussed.
surfaces by means of different surface science techniques are
briefly reviewed. It is shown that Ag monolayers can show"E-mail: grazhul@issp.ac.ru
very different behavior on different substrates. In the case of

InSb (110 a new type of Ag can be formed. This article was published in English in the original journal.
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Autowaves of component concentration under directed crystallization
A. P. Gus’kov

Institute of Solid State Physics Academy of Sciences of Russia, Moscow District, Chernogolovka, 142432,
Russid
Fiz. Nizk. Temp.24, 182—-185(February 1998

The occurrence of autowaves at the interface as a result of a first-order phase transition had been
examined. The linear analysis of a system of the equations for a liquid which contains two
components shows that a phase transition at the interface can give rise to autowaves. A spectrum
of these autowaves depends on parameters of the system. For a special case of the system
parameters an analysis is made of the dependence of the spectrum of autowaves from a temperature
gradient the interface. We show that as a result of a interface instability in the bulk solid

phase there are various periodic structures of distribution of the component concentration. Surfaces
of equal concentration for the spectra of the autowaves are built. A qualitative and quantitative
comparison of the numerical calculations with experimental data is madel.998

American Institute of Physic§S1063-777X98)02202-§

INTRODUCTION

We have shown;3that a first-order phase transition can aT
give rise to various types of autowaves of a component con-

centration at the interface. We obtained a dependence of the § =DAC+V ﬁ; 0<z<w
change in the spectrum of the autowaves on the temperature o7
gradient at the interface. oT’ oT

The autowaves of the component concentration form a  x' 7 X5 =gV,
nonuniform distribution of the component in the solid phase 0 z=+0

as a result of the crystallization. Modes of the autowaves oT
define a structure of the component distribution. Spatial pe-
riod of the autowaves defines characteristic size of this struc-
ture. In this study we analyze of the distribution of the com-
S . i aC
ponent concentration in the bulk solid phase and consider the D =
types of autowaves, which were obtained in Ref. 3. z

=1, T(0)=T'(0); T()=Tgp;

X —
9z z=-0

=V(1-k)C(0); C(»)=1;
z=0

V=V(T(y,0,r), C(y,0,7)).

FORMULATION OF THE PROBLEM Here

LetT(y,z,7) be the temperature normalized to the phase C.,
transition temperatur&., and to the initial component con- k= C(0)’
centrationCgy;C(y,z,7) is the component concentration nor- s
malized to the initial concentratiory,, z, = are the dimen- whereCg(0) is the component concentration at the interface
sionless coordinates and the timg=ay,, z=az,, 7 in the stationary regime.
=a?y,r; D is the dimensionless factor of diffusion in a To study the stability of the stationary solutions against
melt,D=D, /xo; x=x:/xo is the factor of thermal diffusiv- small perturbations of the temperature and concentration, we
ity; e is the heat of phase transition normalized to the specifiseek the solutions as
heat capacity and the temperature of phase transitiarg, , e p )

7, D,, x, and g, are dimensional quantitiesy, T'=Ts(2)+ Tn(2)expoT+Ky);

=10"°m?%s, anda=10 m L. Let the conditions of melt T=Ty(2)+ To(2)expwr+Ky);
cooling be such that the flat front of crystallization in a sta- _
tionary regime is moving at a constant velocity. C=Cs(2)+C(z)expwT+KY); w=w;tin,;

We take into account the heat conduction in the solid
and liquid phases and diffusion of the component in the lig-
uid phase. To reduce the calculations in the equations, we do  C,(z)<C(2),
not write the coordinate. The values relating to the solid , _
phase are designated by a prime. In the coordingtes ,  WNereTs(2), Ts(z), andCy(2) are the solutions of the sta-
which are rigidly connected with the moving front, the origi- tionary problem. We linearize the boundary value problem to

K=K;+iK,, Th(2)<Ti(2); Tn(2)<T«2);

nal system of equations has the form smaIITr’n(z_), Tn(2), C(2) quantities and find the _solutions
of the stationary problem and for small perturbations of the
izx’AT’JrVﬂ' 2,=2=0: problem. The homogeneous boundary value problem for
aT iz’ ' small perturbations gives the dispersion relation.
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87D 47D _ 4Dw;

te- bravar N T
1E-2
: ) 4D?K3
1E3 =, . Y
1E—4-: . . X Here L, is the spatial period of the temporary oscilla-
E, .« . . tions, andL 4 is the period of the spatial distortions. In the
- 1E-5L- | : . * range 0<gradT¢(0)<g; andgs<gradT{0)<ce the system is
L. steady. In the rangeg; <gradT40)<g, and gz<gradT40)
166 K . <g, the system is unstable and the autowaves at the interface
© d, ) have one mode of the temporary oscillations and one mode
_ .y s o of the spatial distortions. Ag,<gradT40)<g; the auto-
167 9,9, 9,9 3 waves have two spatial modes. 8i<gradT40)<gs the

1E+5 1E+6 3 ‘1E+7 s 1E+8 autowaves have one spatial mode.

Let us consider the distribution of the component con-
centration in the solid phase for each of these modes of the
autowaves. In a common case for a regime with one mode of
the temporary oscillations and two modes of the spatial dis-

This dispersion relation contains all the parameters thafrtions, it is possible to write the dependence of the compo-
are contained in the boundary value problem. These paranfi€nt concentration oR, y, and 7 at the interface as
eters depend on the composition of the material and on the
external conditions of crystallization. They are reduced to six

FIG. 1. Dependence of the spatial distortidnsand spatial period of tem-
porary pulsations., on the temperature gradient grago).

C(X,y,7)=Cs+[A; cogKyX)cogKy1y)

dimensionless parameters: + A, cogKoX)cogKoy)]sin(w,T). (N}
_X. _X. p _7. p 280 Let us define the coordinatein the laboratory system of
e R Y VA VA coordinates as
Bo=—2 = X gradTy(0 V- — [A, cogK K
0 oV. T eV. gradTs(0). z=Vs7— w—z[ 1 COSK21X)cogK3yy)
_ The solution of this task resulted in work in Ref. 3 To +A, cogKox)cog K,oy)]cog w,o7), )
find the spectrum of the autowaves we used the maximum-
growth-rate hypothesis. whereA; andA, are the constant factors, akg,, andK,,

are the wave numbers of the first and second modes.

Let us consider a surface for a constant value of the
component concentration in the solid phase at the ranges
g,<gradT4(0)<g, andgz<gradT40)<g,. To find the sur-

Let us consider the results from the physical point offacec(x,y,7)=const=Q from Egs.(1) and(2), we find 7 in
view. According to the examined theory, the formation of theEq. (1) and substitute it in Eq2). As a result, we obtain the
structure of the component distribution begins in the liquid independencez(x,y,7), which is at the required surface
front of the interface. The liquid phase has a homogeneous(x,y, ) =const=Q in coordinates X,y,z). To obtain the
distribution of the component at a sufficiently large distancesurfacec=const for autowaves with one temporary mode
from the interface. The component concentration becomeand one spatial mode, let us assufe=0. For example at
inhomogeneous near the interface as a result of nonlinea)=0.9,c,=1, V=1, A;=0.2,A,=0, w,=1,K,;=1. The
processes at the interface. It depends on both time and spatiglrfaces of the component concentration for these values of
coordinates. The inhomogeneity of the component concerthe parameters are shown in Fig. 2. They correspond to a
tration increases with decreasing distance to the interface. Agrainy component distribution. The grains can be elongate or
a result, the component concentration is a flat periodic struciattened, depending on the ratio between the initial param-
ture at the interface. Upon moving the interface, this struceters. For example, iK,<w,, in the experiment, there will
ture is fixed into the solid phase. Thus, the volumetric peribe a striated component distribution in the solid phase. This
odic structure of the distribution components are formed incase corresponds to the range< gradT4(0)<g,.
the solid phase. In the rangesg,<gradT(0)<gs and g,<gradT4O0)

Let k=2, w;=500, w,=1.5 P,=-206, and P, <g; Eq. (1) has the form
=—4600. In this case the dispersion relation can be pre-
sented as the dependence in Fig. 1. Here ) is the c(X,y)=Cst Aq cOgKx)COgK51y)
temperature gradi_ent at the interfateis a _spat_ial pgriod of +A, cog K,,x)cog Koy, 3
the temporary oscillations and of the spatial distortions of the
distribution of the component concentration in the solidi.e., in this case for any value o the distribution of the
phase, which are obtained from the expressions component concentration is the solution of ESj.

DISTRIBUTION OF THE COMPONENT CONCENTRATION IN
THE SOLID PHASE
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FIG. 4. Structure distribution of the component concentration as columns

T . . settle down by the groups.
FIG. 2. Structure of distribution of the component concentration as grainy. y group

Let us assume that in the rangg<<gradT40)<gs the  together with the diffusion are examined, there can be com-
parameters have the valug€s=0.8,cs=1, V,=1, A;=0.3, plex periodic structures. We used the maximum-growth-rate
A,=0; andK,;=1. The surfaces=const for this case are hypothesis to investigate this problem. It is not a strict math-
shown in Fig. 3. They represent columns which are paralleematical method of investigating the stability problems.
to thez axis. However, in this case it gives not only qualitatively correct

In the rangeg,<gradT(0)<g; we use the value® results, but also quantitative agreement of the numerical cal-
=0.7,cs=1,V,=1,A;=0.1,A,=0.3,K,=1, andK,,=6.  culations with experiments. We used this theory to investi-
The surfaces = const for this case are shown in Fig. 4. They gate crystallization of materials at usual temperatures and
also represent the columns parallel to thaxis. In contrast obtained complete qualitative agreement with the experimen-
to the previous case, however, these columns are arranged taf data. All the structures found above coincide with the
the groups located periodically at a certain distance betweestructures of the impurity distribution of real crystal materi-

these groups. als. The grains similar to a sphere are a grainy structure,
which is formed under the crystallization of large ingots and
COMPARISON WITH EXPERIMENT microcrystal materials. In the same materials the elongated

grains may be formed. Such a structure is called as columnar

We did not apply this model to calculations of the phase ystals. The formation of the striated impurity distribution is
transitions of systems with a low temperature. We want to

demonstrate that in the problems where the phase transitions

1.56~4
1.06~4 |-
E
g
5.06-5
0.0E+0 1
0E+0 2E-5 4E-5

V. m/s

FIG. 5. Dependence of the distance between the columns of eutectic com-
posites on the velocity of a moving interfacé®)—experimental data;
(A)—numerical calculations at,.<cg,; (H)—numerical calculations at
FIG. 3. Column structure distribution of the component concentration. c..Ce-
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known as crystal growth. The impurity distribution as col- *E-mail: gusskov@issp.ac.ru
umns(Figs. 3 and #is formed as a result of crystallization
of eutectic composites.
Recently we have applied this theory to a real experi-

ment. The experiments performed in our laboratory of M. *a. p. Guskov, inInstabilities in Multiphase FlowsG. Gouesbet and
Starostin gave the dependence of distance between columngerlemont(Eds), Pergamon, New York1993, p. 25. o
of eutectic composites on the velocity of a moving interface. ~A P- Gus’kov, inHydromechanics and Heat and Mass Transfer in Mi-
We h lculated this d d . th del ai crogravity,Gordon and Breach Science Publishers, Amster(882.

€ have calculate IS dependence using the model gIVEBA p_Gus'kov, Doklady of the Russian Academy of SciengesRussia
here. The results of calculations are in good agreement with 349 561 (1996.
the experimental dependences. Figure 5 shows experimentaV- A. Borodin, M. Yu. Starostin, and T. N. Yalovets, J. Cryst. Growth

. 104, 143(1990.
and theoretical dependencrés. SA. Gus'kov and M. Starostin, J. Mater. S¢io be publishej

This work was supported by the Russian Fund for FUn- s article was published in English in the original journal. It was edited
damental Research, Grant No. 97-02-16845. by S. J. Amoretty.
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Large microlensing: history and perspectives
A. V. Byalko

L. D. Landau Institute for Theoretical Physics, 117940, Kosygin St., 2 Moscow, Russia
Fiz. Nizk. Temp.24, 186 (February 1998

[S1063-777%98)02302-

The recent observational confirmattdrof microlensing  tional procedure will be discussed briefly: the brightness
(i.e., gravitational focusing of light from a distant star by a curve of a pulsar in the radio waverange can reveal a diffrac-
small invisible body becomes a scientific event of rather tion pattern which could give information on both mass and
unusual appearance: this phenomena was theoretically prdistance to the lensing object.
dicted by Einstein 60 years addts observational probabili-
ties were analyzed by rfieand later by Pa{cz.yns.ﬁl.B.elr?g *E-mail: byalko@landau.ac.ru
finally observed the phenomena reveals difficulties in its be-
coming a valuable_observa_\tlonal mstrum%mctu_ally the_ 1. Alcocket al, Nature(London 365 621 (1993.
instrumental capacity of microlensing and the information g aypourget al, Nature(London 365 623 (1993.
about lens bodies prove to be limited: observations of a3A. Einstein, Scienc®4, 506 (1936.
single event cannot say definitely what are the mass andA. V. Byalko, Astron. Zh.46, 998(1969 (in Russiai, the English trans-

; ; :+ lation is published in30 Years of the Landay Institute. Selected papers
transverse velocity of the lensing body, and how far away it |\ " b oy and v. P MineevEds), World Scientific(1996.
is located—only the product of the.mass gnd dlstance_ besg. paczynski, Astrophys. 204 1 (1984.
comes an actual outcome of each microlensing observation. 1A. v. Byalko, Microlensing: Statistical Approach, Astronomical and As-
will report the results of a statistical approach to brightness_ trophysical Tfs_nsmv 177(1995; Priroda 24 (1994 (in Russia.
changes of distant objects resulting in multiple microlensing. ™ R S: Hawkins, NaturéLondon) 366, 242 (1993.
The theoretical time-correlation function will be compared
with that for quasars observatioﬁEinally another observa- This article was published in English in the original journal.
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The NASA/JPL program in microgravity fundamental physics
U. E. Israelsson

Jet Propulsion Laboratory, California Institute of Technology, Mailstop 79-5, 4800 Oak Grove Drive,
Pasadena, CA 91109, USA

M. C. Lee

National Aeronautic§ and Space Administration, Microgravity Research Division, Code UG, Washington,
DC 20546-0001, USA
Fiz. Nizk. Temp.24, 187—-190(February 1998

The National Aeronautics and Space Administratibi\SA) has been supporting research in
microgravity low temperature physics for about 20 years. In the last 10 years, the program

has seen significant growth in the number of funded investigations and in the breadth of the
research activities being pursued. Currently, flight experiments are being performed

exclusively on the Space Shuttle. For the future, a cryogenic Space Station facility is being
developed by the Jet Propulsion Laboratory and industrial partners to support the microgravity
needs of the international scientific community. The facility will be attached to the Japanese
Experiments Module’s Exposed Facility and will operatehaat6 month helium cryogen lifetime.
Flights of the facility are planned at 2 year intervals starting in 2003 with each flight
accommodating multiple scientific experiments. Capabilities, conceptual designs and development
plans for the facility are discussed along with a summary of potential near term flight

candidate experiments. @998 American Institute of Physids$s1063-777X98)02402-5

INTRODUCTION SHUTTLE PROGRAM HISTORY

In 1985 the Superfluid Helium Experimehtjeveloped

There are _thrgg different organizations within NASA by the Jet Propulsion Laboratory, demonstrated the contain-
that support scientific research. Code Y supports research Bent and control of liquid helium aboard the space shuttle

Earth science, Code S support research in planetary explorgng the feasibility of supporting a science instrument insert
tion and astronomy, and Code U supports research in life angithin a liquid helium dewar. Containment, using the foun-
microgravity science and applications. The Microgravity Re-tain pressure, was accomplished by pumping with space
search Division is part of Code U and sponsors research imacuum on the helium through a porous plug. The porous
the areas of biotechnology, combustion science, fluid physplug and vent plumbing must be precisely adapted to the
ics, fundamental physics, and material science. The funds&xpected operating conditions for containment to occur.
mental physics program is managed for NASA by the Jet [N 1992 the Lambda-Point Experime(itPE),” devel-
Propulsion Laboratory(JPL) and aims at studying far- ©OP€d by Stanford University, JPL and Ball Aerospace, added
reaching physics questions that are obscured by gravity o|Hanokelvm high resolution thermometry to this capability

the Earth. To accomplish the program goals, NASA funds e}VQVh'Ch allqweq a precise test of the N_qbel Prize winning
. . : enormalization GrougRG) theory of critical phenomenia
large number of ground investigators from which to sele

_ : ; Cﬁo be performed. The LPE demonstrated that the superfluid
the best future flight experiments. Funds are also being Htansition in*He is sharp to within about one nanokelvin, or

pended on development of advanced technology to SUPPOK6ut two orders of magnitude closer to the critical point
the needs of future flight experiments. than is accessible in a ground experiment. The heat capacity
In the early eighties the fundamental physics programexponent measured by LPE£ —0.0128+0.0004) agrees
consisted of a small community of investigators supportedvith RG predictiong, but is about fifteen times more accu-
by NASA's Physics And Chemistry Experiments Programrate than the best theoretical calculations. By making use of
(PACE). This community expanded in the late eighties andground-based measurements of the correlation length expo-
early nineties to involve many major universities. Currently,"ent,v,® LPE was able to demonstrate to a high precision the
NASA is funding 30 investigator for potential flighy in ~ Vvalidity of the hyperscaling relatiordv =2— a,® where
the fundamental physics area. 26 of the investigations are iﬂz?’ represents the dimensionality of the system. This scal-

. g relation is one of the cornerstones of the theory giving
the low temperature and condensed matter physics area, , " 7
confidence that the theory of critical phenomena is in effect

|nvest|gat|on§ are .|n the laser poolmg a”‘?' latom|c phyglc%ln exact description of continuous phase transitions. Further,
area, and 2 investigations are in the relativity and grawtaby making use of thermal transient data in the normal phase
tional physics area. Historically, the program has focused o pg was able to extend ground observations of thermal con-
research in the condensed matter physics area, primarily afuctivity closer in to the transition. The data are consistent
critical point studies, although significant growth has oc-with ground datafurther from the transition and with calcu-

curred recently in the other research areas. lations based on dynamic renormalization group theory
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FIG. 1. An artist’s rendering of the planned Space Station facility for performing fundamental physics experiments. The Payload Inteffakd Baives
as the mechanical interface to the Space Station. The PIU is attached to the facility through passive vibration isolators. The trunnion pins are used to secure
the facility in the Shuttle cargo-bay. Transfer from the Space Shuttle to the Space Station is accomplished with the grapple fixture and robotic arms.

technique$. Perhaps equally significant, LPE demonstratedments are short term, lasting no longer than ten days; expen-
that advanced technology, high resolution experiments casive; and require up to 7 years for development. It is clear
be made to survive the shock associated with launch and cahat future experiments will require longer duration experi-
operate flawlessly in the hostile space environment. Subsenent times than possible on the shuttle. Therefore, the Na-
quent flight projects, including the plans for experimentationtional Research Council’'s Space Studies Board and other
aboard the space station relies heavily on the pioneeringdvisory groups have recommended that NASA develop a
work developed for the LPE flight. cryogenic capability on the Space Stafibfior use by the

In 1997, the Confined Helium Experimef@HeX) will fundamental physics community.
use the unique properties of liquid helium to perform a high
resolution test of the theory of finite size effeé€HeX will
investigate the shape of the heat capacity curve very near the ACE STATION FACILITY DESCRIPTION
lambda transition of a sample confined in one of the dimen-  The facility will be implemented by a science, industry
sions to about 50 microns thickness. Confinement is accomand JPL partnership of joint participation through all phases
plished by stacking nearly 400 4 cm diameter, 50 micronof definition, development and test. JPL will be responsible
thick Silicon wafers on top of each other with a 50 micron for development of the instruments and management of the
gap space between. overall activity. The industry partner, Ball Aerospace and

The last of the Shuttle based experiments, Critical Dy-Technology CorporatiofBATC) was selected through a
namics in Microgravity DYNAMX ) is tentatively scheduled competitive technical selection process. BATC will be re-
to fly in 2001. DYNAMX will study the rich, largely unex- sponsible for development of the facility flight hardware and
plored, properties of superfluid helium driven away fromthe ground data system for controlling the experiments.
equilibrium by introduction of a heat curretftThermal con- A conceptual design for the facility that meets all the
ductivity data in the non-linear region will be collected asimposed requirements has already been developed. An art-
well as heat capacity data just below the superfluid transiist’'s rendering of the facility is shown in Fig. 1. The design
tion. Heat currents below about 100 nW/mill be used  provides 6 months of cryogenic lifetime operating as an at-
predominantly. tached payload to the Japanese Experiment Module’s Ex-

While necessary and productive, shuttle based experiposed Facility. The facility carries about two hundred and
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sixty liters of helium and accommodates two instrument in-Two potential flight experiments for the Space Station facil-
serts, one from either end of the cylindrical facility. Eachity have recently been select&iThe Microgravity Scaling
instrument must fit within a volume defined by a cylinder Theory Experiment(MISTE)*® will perform very precise
with a diameter of 20 cm and a length of 50 cm. Othermeasurements of thermodynamic properties near the liquid/
assumed constraints for each instrument is a mass limitatiovapor critical point of 3He. In particular, MISTE will mea-

of 50 kg, a wire and plumbing count similar to LPE, and asure the heat capacity exponefi), the isothermal com-
power dissipation at helium temperatures of 10 mW. In adpressibility exponenty), and the exponent characterizing the
dition to the necessary readouts for the helium dewar, theelation between pressure and density along the critical iso-
flight electronics will also accommodate all cards necessartherm (). These exponents will be used for a self-consistent
to operate the two instruments. The instrument portion of theest of scaling law predictions.

electronics provides germanium thermometry readouts and The Superfluid Universality ExperimenSUE)*® will
heater control circuits, 8 SQUID controllers, 4 precisionmeasure the superfluid density exponent along the lambda
heater drivers, and also ten extra slots for electronics cardge of helium in microgravity. These measurements along
beyond the capability of the LPE instrument. Passive vibrawith measurements of the heat capacity exponent along the
tion isolation of the facility is to be provided directly from lambda line in the 0.01 g facility at JBL will be used to

the Space Station structure. The resonant frequency of theheck the universality prediction of the theory of critical phe-
isolator is about 3 Hz, providing a factor of about 10 attenu-nomena.

ation at a frequency of 10 Hz. To provide experimenters with  Two additional flight definition investigations are tar-

a direct correlation of important environmental influences togeted to be selected from a NRA solicitation currently under
their science data, the facility provides the output from areview. Subsequent NRAs will be issued at two year inter-
3-axis accelerometer and a charged particle monitor. The 3rals for future experiment selections.

axis accelerometer is sampled at 250 Hz and will provide

accurateg-jitter information up to 100 Hz at levels down to
a few ug. The charged particle monitor will have a sampling
rate of up to 100 Hz and a sensitivity of about 2 MeV for The microgravity fundamental physics program of
protons and heavier particles. NASA’s Microgravity Research Division have experienced

After the two instruments have been constructed andignificant growth in the early 1990's. To meet the need for
tested, they will be integrated with the Space Station facilityextended experimentation time in microgravity over the
at JPL. Following integration and cool down to helium tem-coming decades, NASA and JPL have teamed with Industry
peratures, the facility and instruments will go through systenio develop a Microgravity Physics Facility for use on the
testing and environmental sensitivity testing at JPL. The indInternational Space Station. The facility attaches outside the
tegrated system will then be shipped cold to Kennedy Spac8pace Station to the Japanese Experiment Module’s Exposed
Center for integration with the Shuttle orbiter. The dewar isFacility and provide a 6 month lifetime for operation of two
last serviced on the launch pad prior to payload bay doomstruments per flight. The international scientific community
closure launch activities. Transfer from the Orbiter to theis invited to collaborate with U.S. researchers in developing
Space Station is accomplished by crew internal vehicle acscience experiments for this facility via the NASA Research
tivity using Orbiter and Space Station remote manipulatorAnnouncement process. The first flight of the facility is tar-
systems. geted for the year 2003.

Turn-on and check-out will be performed at the Payload  This work was carried out by the Jet Propulsion Labora-
Operations Control Cent¢POCQ for the Space Station and tory, California Institute of Technology under a contract with
routine operations will be conducted from individual remote NASA. We acknowledge stimulating discussions with Rich
POCCs located at investigator facilities using telemetry andReinker and Reuben Ruiz.
command services from the Space Station POCC. The facil-
ity will operate continuously for 6 months or until the cryo- *E-mail .

. . . -mail: ulf@squid.jpl.nasa.gov
gen is expended and then wait passively for the next oppoF« g_majl: mark.lee@hq.nasa.gov
tunity to transport back to Earth.

During the 6 months operation of one flight, a second , , o

. . . . P. V. Masonet al, Proc. Intern. Cryogenic Engineering CoM/est Ber-
pair of mstrumgnts will bel developeq, integrated and t'ested lin, April 22-25, 1986, Butterworth Guilford, Surre986.
with another flight dewar in preparation for the next flight. 23. A Lipa, D. R. Swanson, J. A. Nissen, T. C. P. Chui, and U. E. Israels-
Upon return to Earth, the facility will proceed through a brief _son, Phys. Rev. LetZ6, 944 (1996.
checkout and the instruments and dewar from the first flight, K- G- Wilson, Phys. Rev. B, 3174(197). _

. . . . J. C. Le Guillou and J. Zinn-Justin, Phys. Rev2B 3976(1980; D. Z.
will be removed and replaced with the flight ready instru- 5o Phys. Rev. B25, 4810(1982
ments and dewar for the next flight. This exchange of instru-5... s. Goldner, N. Mulders, and G. Ahlers, J. Low Temp. Pi8&.131
ments and dewars will allow re-flight as often as every (1992; D. R. Swanson, T. C. P. Chui, and J. A. Lipa, Phys. Revit3

_ 9043(1992.
20-24 months. 5B. D. Josephson, Proc. Phys. S6@, 269 (1967).

"W. Y. Tam and G. Ahlers, Phys. Rev. , 5932(1985.
SCIENCE SELECTIONS 8y. Dohm, Phys. Rev. Bl4, 2697(1991); Z. Phys. B61, 193(1985.
. .. . . °D. R. Swanson, J. A. Nissen, X. Qin, P. R. Williamson, J. A. Lipa, T. C.
Science participants will be determined through the p_chyi, u. E. Israelsson, and F. M. Gasparini, J. Spacecr. RogRetS4
NASA Research AnnouncemefNRA) peer review process.  (1996.
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principal investigator, R. V. Duncan, University of New Mexico. 14NRA-94-OLMSA-05, November 29, 1994.
“Microgravity Research Opportunities for the 1990spubl. report by the ~ **Principal investigator, M. Barmatz, JPL.
National Research Council's Space Studies Board. 6 principal investigator, J. Lipa, Stanford University.
123 A. Lipa, D. R. Swanson, and T. C. P. Chui, Cryoger@i¢s341(1994. M. Larson, F. Liu, and U. E. Israelsson, Czech. J. PAgs.179(1996.
13X. Qin, J. A. Nissen, D. Swanson, P. R. Williamson, D. A. Stricker, J. A.
Lipa, T. C. P. Chui, and U. E. Israelsson, Czech. J. P#§s2857(1996. This article was published in English in the original journal.
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The boundary resistance between superfluid “He near T, and a solid surface
Haiying Fu, Hanan Baddar, Kerry Kuehn, and Guenter Ahlers

Department of Physics and Center for Nonlinear Science, University of California, Santa Barbara,
California 93106, USA
Fiz. Nizk. Temp.24, 101-103(February 1998

We report high-resolution measurements of the singular contribi®joto the thermal boundary
resistance between a solid surface and superfluid helium near the superfluid-transition
temperatureT, . The results confirm the observation by Murphy and Meyer that a gap between
the cell end and the sidewall leads to an apparent finite-current contributiRg. th the

absence of such a gap, overall agreemenRgfwith theoretical predictions is very good.
Remaining small differences require further investigations. Without a sidewall gap and

within our resolution we found no finite-current effects over the rangeu\Wcn?<Q
<221uWicn?. © 1998 American Institute of Physid$$1063-777X98)00102-9

67.40.Pm

In bulk superfluid*He heat transport occurs through copper anvil and the stainless steel. The bottom endplate has
counterflow of the normalfluidj¢) and superfluid i) cur-  an anvil which fits snugly into the sidewall, and was sealed
rents and does not produce a temperature gradiefw-  with an indium gasket to the bottom flange of the sidewall.
ever, a heat currer® orthogonal to a solid wall will produce The gap between the anvil and the sidewall was approxi-
a boundary layer in the fluid adjacent to the wall with amately 0.01 mm. The top surface of the cell was finely ma-
temperature differencAT, across it Physically there are chined copper. The bottom surface was atomically smooth
two reasons for this. The superfluid must be converted tgold® epoxied onto a polished copper surface. The cell was
normal fluid near the wall in order to maintain the counter-filled from the bottom. It had an inside diameter of 1.27 cm
flow in the interior. In addition, the order parameter, and thusand an interior height of 0.50 cm. The sample was high-
jsandj,, are suppressed near the wall. The boundary layepurity *He containing less than 1 ppbie. Both the top and
has a thickness which is proportional to the correlationoottom of the cell had copper platforms on which high-
length & Within it, some of the heat must be carried by resolution copper-ammonium-bromid€AB) susceptibility
diffusive processes. Consequently, a thermal gradient is déhermometerdwith a resolution of 3 nK were mounted. Two
veloped near the wall. However, the thermal resistaRge sideplanes similar in construction to the mid-plan&®afere
=AT,/Q is unobservably small deep in the superfluid phasettached to the cell wall. Each sideplane carried a CAB ther-
where the boundary-layer thickness is of atomic dimensiongnometer, thus permitting a determination of the helium tem-
Only very close to the superfluid transition temperaftije ~ Perature adjacent to it.
wheret=1—T/T, becomes small ang= =&t~ ” diverges, The top temperature was held constant and the desired
doesR,, become measurable in high-precision experimentscurrentQ was passed through the cell. The resultidg
Thus this phenomenon was discovered experimentally onletween the cell top or bottom and the nearest sideplane
about a decade ago by Duncahal?® Roughly speaking gave the total thermal resistanBe The result includes the
one can assume that the temperature gradient in the bounddtgundary-layer resistanc®, of interest as well as the
layer decays exponentially from Q/\ at the wall(where  Kapitza resistancd¢ due to the temperature jump at the
there is no counterflow at alto zero deep in the superfluid Wall and the resistancBc, of the copper between the cell
(where all the heat is carried by counterflowith a charac- surface and the relevant thermometer. At large currents there
teristic length equal t@& HereA=\qt * with x,=0.42 is also was a contributiofR,. due to mutual friction in the
the diffusive thermal conductivity of the flutiThis leads to
the crude estimat®,= &/\—t™*0 wherex,= r—x,=0.25.

A renormalization-group-theoretical calculation Bf, car-
ried out by Frank and Dohtf agrees with this qualitative
expectation and is expected to give the behavioRgft)
guantitatively. We report new measurementsRyf which
agree well with the predicted overall size Rf in the range
3x 10 '<t=<10"3. However, at the smallest valuestothe
data fall somewhat below the theory and additional work is
in progress to explore the precise dependence tpdriR,, .

The apparatus was a modified version of one described
previously>’ A schematic diagram of the sample cell is
shown in Fig. 1. It had cylindrical copper top and bottom
ends and a stainless-steel sidewall. The top plate was silver
soldered into the sidewall, thus leaving no gap between theiG. 1. Schematic diagram of the cell.

Top

<> Side planes

Bottom
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FIG. 2. The total resistancR of the top cell surface as a function of FIG. 4. The total resistande of the top cell surface on an expanded linear
temperature on linear scales. scale as a function df on a logarithmic scale.

helium layer between the sideplane and the cell end. The
contribution fromR,;,. was measured separately using theandR¢,, and is shown as the dashed lines in Figs. 2 and 3.
two sideplanes and subtracted when necessary. It was le$§e contributionR;, to R which is of interest to us is the
than our resolution foQ<7 uWi/cn?. small difference between the open circles and the dashed
Figure 2 gives results for the cell top on linear scaledines in the figures. In order to see the contribution frBg
over a wide range off. It shows the regular contribution more clearly, we show the data for the cell top on an ex-
from R andRc,, as well as the singular contribution very panded linear vertical scale as a functiontafn a logarith-
nearT, from R,. Some of the same data are plotted in Fig.mic scale in Fig. 4. The fit to the background is still shown as
3 (open symbolson a linear scale as a function bfon a  a dashed line. Theolid line is the sum of the background
logarithmic scale. Also shown there are the results for theind of the theoretical predictidfi for R,. We see that the
bottom end(solid symbol$. The data for the bottom surface overall agreement between the data and the theory is very
show a strong anomalous current-dependent contributiorgood. This is in contrast to recent measurements by Murphy
This phenomenon was observed previously in a number ctud Meyet! which yield anR,, about a factor of two larger
investigations® Recently it was suggested by Murphy and than the theory. At smatl, our results fall slightly below the
Meyer'! that such an effect can arise from a small gap bepredicted curve. This small difference requires further inves-
tween the copper anvil and the cell wéiee Fig. 1L From tigation.
the data in Fig. 3 one sees that the top surface of our cell, We searched with high resolution for any remaining cur-
which does not have such a gap, does not have an anomalo@t dependence dR, at the top surface of our cell, and
current-dependent contribution. Thus our data confirm théound none. The results are shown in Fig. 5 as a function of
observation of Murphy and Meyét,and provide conclusive the average reduced temperattyérelative toT,[ Q=0]) of
evidence that the previously observed current dependence tige boundary layer. In principle, a small current dependence
unrelated to the theoretically calculatéd?boundary resis- would be expected theoretically, but only very close to
tance. T, .12 Apparently our measurements were not sufficiently
In order to extracR,, from the measurements & for  close to reveal this effect within our resolution.

the top surface, we fit the data well bel@y to a polynomial .
in T,—T. This fit is the background contribution frof This work was supported by NASA Grant NAG-3-1847.
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FIG. 3. The total resistancR of the top(open circleg and bottom(solid

symbols cell surface. The solid squares, circles, and triangles are forFIG. 5. The contributiorR,, from the fluid boundary layer to the resistance
Q=1, 10, and 10QW/cn?, respectively. The open circles are for the same R as a function of the mean reduced temperatyaf the boundary layer on
three currents; for clarity we show them all by the same symbol. logarithmic scales for different heat currents.
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Lambda point thermodynamics of confined liquid helium: negative surface specific heat
R. A. Ferrell

Center for Theoretical Physics of the Department of Physics, University of Maryland, College Park,
Maryland 20742, USA

J. K. Bhattacharjee

Indian Association for the Cultivation of Science, Jadavpur, Calcutta 700 032, India

Fiz. Nizk. Temp.24, 104—108(February 1998

We present some theoretical considerations that are relevant to the forthcoming measurements in
microgravity of the specific heat of confined liquid helilthe flight experiment “CHEX").

Primary attention is devoted to the suppression near the boundaries, the “negative surface specific
heat.” Above the lambda point, we compute this to lowest order inste@pansion: below

the lambda point our discussion is more restricted. 1898 American Institute of Physics.
[S1063-777%98)00202-3

The forthcoming measurements in microgravity of the In the normal state, each component of the order param-
specific heat of liquid*He confined between parallel plates eter fluctuates about its mean value zero. To simplify the
(the flight experiment “CHEX’) present an important chal- notation, we let¥ be a real field that denotes one of these
lenge to the general theory of the critical properties of a fluidcomponents, and decompose it into the sum of plane waves:
near the critical point of a second order transition. In the case

L S - 1
of liquid He, which is described by a complex order param- = _ > T, exppXX, 2
eter, we have notédhat the cross-over at the lambda point Q5

from three-dimensional to two-dimensional behavior is be'whereQ is the volume of the hypercube B-dimensional

yond the scope of current theory. It is feasible, however, 1,06 Restricting the free energy functional to this compo-
develope a theoretical prediction of the temperature depen;gnt alone, and neglecting the quartic term, we have for the
dence in the crossover region by means of an interpol’atior\,mume integration

based on the “negative surface specific heat” outside the
crossover region. In this paper we present a computation of
this effect above the lambda point to lowest order in the
e-expansion. Because of space limitation, we provide only a . ) - . o
quite incomplete discussion of the much more complicated APPIlYing the equipartition theorem,and using units in
theory below the lambda point. WhICh the tempera_t_ure_z times Boltzmann’s constant is one, we
It is generally accepted that the thermodynamics of lig-°Ptain for the equilibrium thermal average
uid *He are determined by the Ginzburg—Landau free energy

f FdPx= % Ep (p?+a)| W2 )

. 2\ —
functional (|Wyl%)= nZra’ (4)
1 a b The bulk thermodynamic free energy is the negative of
_ - 2, 24 4
F= 2 V[*+ 2 W[*+ 4 I, @ the logarithm of the partition function

provided that the effects of the fluctuations of the complex z=3 exp( _J’ FdPx |, (5)
{w}

order parametefy, are properly included. In this short note
our attention will be directed mainly to the critical specific
heat in the normal state, that is, at temperaturegreater
than the lambda temperatufg . After a short review of the
contributions of the order parameter fluctuations to the bulk dInZ a’

specific heat, we will study how these contributions are re- ~ 5T = 2 (¥9), ©®

duced by the suppression of the fluctuations that results from . o
the boundary condition at the walls of the confining vesselVNere the prime denotes the temperature derivative. In the
following discussion, we will ignore the coefficieat/2 and

This fractional reduction, relative to the bulk value, can be > : e
Eegard—(\lf ) as representing the entropy. Substitution from

regarded as a “negative surface specific heat,” and can b - - g
expected to be of the forA£S/V, proportional to the prod- Eg. (2) and replacement of the summation by an integration
yield
p

uct of the order parameter correlation length times the su

summed over all configurations of the fluctuating field
The entropy density is therefore

face to volume ratio. The primary goal of the first part of this 1 d®p

paper is to compute the numerical value of the proportional- (%% = a > (WA= 2m)P J 0T 2 (7)

ity coefficientA. Our method and approach differ somewhat P

from those of Schmolket al? and Huhn and Dohr. Here we have introduced the inverese correlation length
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£ l=k=\a 8 ™
QH: n E! (14)
In anticipation of our later treatment of the surface ef-

fect, it is useful to separate one of the Cartesian componentg,g spacing\q,= #/L. Instead of the integration overwe
of p, sayq, from the remainingd —1 componentsk. Sub-  ow have the sum

stituting
1 1 1 [« 1
=2+ K>2. 9 = . - =
= L nZl qe+k>+k? 2L n; qz+k2+ k2
into Eq. (7) and carrying out the integration ovgryields .
ne—
1
1 (- dq 1 2, 21 + > o
EJ_WW_E(I( + k%) . (10 = qn+k + K
Thus, :iz 1 i 1
1 1k 2L 5 gh+ K2+ K% 2L Ko+ k*
2y
<\I, > 2(277)D71 (k2+K2)1/2' (ll) (15)

Because differentiation with respect i3 is, except for the 10 evaluate the first term in Eq19) it is convenient to
factora’, the same as differentiation with respectltothe ~ introduce

bulk specific heat is proportional to
qv? 1 qu d®~tk
ok A2mP )y (K+kD)T

Q= % (K?+ k)12 (16)

12
In terms of this variable the required sum is the following
The Wilson—Fishers-expansion theory calculates the meromorphic function, which has a second order polQat

specific heat as a Taylor's series in powersesf4—D. =0 and first order poles attimes the non-zero integers:
With enough terms in the truncated power series, a good o 1 L= 1

account can be rendered of the thermodynamics in the actual _—_ E = E —-
three-dimensional system, i.ez=1. It is found, however, 2L n5=e gptH(m/L)Q° 27" nTmx NTHQ

that smaller values of can simulate the lambda-point prop-

erties of*He, provided thah, the number of components of =_—— coth( Q)

the order parameter, is taken as a continuous variable and 2mQ

permitted to increase above its natural value of 2 afe- coth( 7Q)

creases below 1. Following this procedure and introducing = 2(|(2+—K2)1,§ a7

the Debye cutoffj, , we obtain a satisfactory representation

of the bulk specific heat from the—0 (D—4) limit of Eq.  We need this expression for large values@ffor which
(12). (The neglect of the quartic term in E.) is justified in

this limit because the coefficienb, is proportional toe.) coth mQ)~1—-2 exp —27Q). (18
Thus, The last term expresses the perturbing effect of the overlap
HW?) 1 ap d3k of the two penetration regions that extend from the opposite
T2 4(2m)3 fo (K2+ 12)3 sides into the interior of the fluid. With
1 w  kidk _L
_ TQ=Lk=—>1, (19
4(27)3 4”f0 K2+ )32 §
2 we see that Eq17) is nothing other than Eq10), except for
== (In q_D+00n39 =— (In q_lg-{-consa ' a very small error of the order of, or less than, expl/¢).
8m K 167 K This error is evidently such as might be expected from the

(13 general “rule of thumb™ that any disturbance to the

dsquared order parameter should heal at distahee42 and
fiie out as expt2/¢). According to Eq.(18): keepingé be-
ow the upper bound

This compares well with the experimentally measure
specific heat. Because of the very small empirical value o
the critical exponent, the logarithm into provides a good rep-
resentation of the temperature dependence.

The above brief review of the bulk specific heat willnow  &ub. =5 L (20)
serve as a basis for our investigation of the effect of impos-
ing the Dirichlet boundary condition at parallel planes sepashould hold the error to less that 4%.
rated byL and normal to the direction of the momentum With the neglect of the exponentially small error in Eq.
coordinateq. Thus, the fluctuation modes are no longer(18), the final term in Eq(15) represents the only remaining
“running waves” but rather “standing” sine waves with effect of the Dirichlet boundary conditions. The surface con-
quantized momenta tribution to the entropy is, therefore,
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) 1 1 dP~1k a3 AC
_<‘P >Dir:Z (27T)D_1 f k2+K2' (21) CtotZCbu”(‘f'AC:B In ?+COHSH' F , (27)

SettingD — 1 again equal 3, we find for the surface specificof the same form as Eq23), which permits the identifica-

heat tion
NP2 i 1 1 d3k & AC
_ N /br Ao —==— — =0.960. 28
Ik’ 2L (2m)° J (K% + k?)? eXP L2 B (28)
1 (= Kk 1 = According to Eq.(25), ¢=682 A att=104, so
T 4n?L fo (K+«?)? 47 4k Aexp=1.49, (29)
1 =¢ 5% below the theoretically predicted value in Eg4). This
T A (22 agreement is remarkably close, in view of the approximate

nature of the calculation. A more complete theoretical treat-
Gathering together Eq¢l3) and(21), we have for the effect ment would producé\y, as a Taylor’s series in powers of
of the Dirichlet boundary condition at the walls of which Eq.(24) would be the truncated version, stopping at
the first term.

2 2 2
Aol L In<q—D + const 13 An alternative experimental study of the negative sur-
2 2 2 . . . . .
Ik 16w K L face specific heat, fofHe confined in 8-micron diameter
2 st cylindric pores, has been reported by Coleman and fipa.
=— |n<q_'g + const- T _} The lower half of Fig. 1 ifi exhibits a log-log plot of their
16m K 2V T>T, data, which is fitted well by thé™” temperature de-

(23) pendence. But lacking a comparison with the bulk specific
heat, as well as relevant information on the dimensional

The final form of this equation is a generalization to an ar-ynits, we are not able to deduce from their data an indepen-
bitrary shape of the fluid sample, and is valid provided that yent value fOrAexp-

is small in comparison with the characteristic dimensions of kg, the sake of brevity we now limit our review of the
the vessel. The coefficient &¢/V that is predicted by the computation of the negative surface specific heatTferT,

above simple theory is evidently to its most salient features, leaving the details and remaining
- features to be presented elsewhere. &a10 the symmetry
Ath=§ =1.57. (24)  with respect to the order parameter is broken and it takes on
the mean field valu&,, fixed by
This theoretical result can he compared with some recent a
measurements by Mehta and Caspariai confinement be- \Iff,lF= b (30)

tween plane walls of separation equallte-2110 A andL
=5040 A. We limit our attention to the thinner of these fluid wWith ¥ =W, + ¢, the terms inF quadratic in the fluctua-
layers, for which the surface effect is bigger and thus easietion ¢ are

to read off from the display of the data in their Fig. 2. To 3b )
a K

limit the overlap error to less than 4%, E@O) requires¢ Z 2 P2 2 apl=—— 2 31
<&,,=1055 A. With the correlation length given by 27 T2 TME® IR (32)
=&t 7, (25)  Where the inverse correlation length is given by
—2_ 2 _
where &,=1.4 A andv=0.672, this implieg>0.5x 10", ¢ *=k"=2al. (32

In fact, from the lower curve of Mehta and Caspatifig. 2 |mposing the Dirichlet boundary condition at the plane
we find that the size of the drop below the bulk specific heat_ gives the mean field order parameter the Ginzburg—
fits very well the temperature dependencé, with a devia- Pitaevsky space dependence
tion of 4% first showing up at=0,5x10 * and increasing
rapidly at lower temperatures. Wo(z) =V yr tanh(z/28). (33
It remains only to deduce the coefficieAt from their The resulting surface loss in entropy is
data, for which one choice of te4mperature in the surface scal-
ing range will suffice. Att=10"" the negative surface spe- z 2 2 s [” z
cific heat is evidentyA C= —3.85 J/moleK. The bulk spe- fodz[‘Po(Z)_‘I’MF]:‘I’MF f , dz sech oo
cific heat is fitted by
) , & K_
( ap 9 :2§—WMF:F2|3-|:F: (34
Cou=Bl In 2 +cons (26)
the temperature differentiation of which yields a surface cor-

with B=4.01 J/moleK. Including the surface effect gives rection to the temperature independent mean field bulk spe-
the total as cific heat coming from the differentiation &, - itself. For
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a more subtle effect of thedependence d¥ ((z) we return  *E-mail: rferrell@muppetn.umd.edu
to Eq. (31) to find that the coefficient of the quadratic term,
1R. A. Ferrell and J. K. Bhattacharjee, Rroc. of the Joint Xth European
and VIth Russian Symposium on Physical Sciences in Micrograsity
2 [0 K% 3 Petersburg, Russia, June 15-21, 1997, to be published.
[a+3b¥(2)] 5 =—5 1— = secﬁ ©2, (35 2R. Schmolke, A. Wacker, V. Dohm, and D. Frank, Physicd@5-166,
2 2 2§ 575(1990
SW. Huhn and V. Dohm, Phys. Rev. Le6i1, 1368(1988.
4R. A. Ferrell, J. Phys(Parig 32, 85 (1977).
dips down to negative values close to the boundary. Thisss menta and F. M. Gasparini, Rroc. of the 21st Intern. Conf. on Low
results in a localized fluctuating mode and discrete energy Temperature Physicrague, August 8—14, 1996, S. Danis, V. Gregor,
eigenvalue below the continuum, the consequences of wh|cha”g K. ZaretgEds), Part SI. Czech. J. Phys. vef6, Suppl. S1.(1998, p.

will be examined elsewhere. 6M. Coleman and S. A. Lipa, ifProc. of the 21st Intern. Conf. on Low

. . Temperature Physic$rague, August 8—14, 1996, S. Danis, V. Gregor,
This work has been supported by a Grant for Basic Re- and K. Zareta(Eds), Part Sl. Czech. J. Phys. vel6, Suppl. SI(1996),

search NAG 3-1867, from the National Aeronautics and p. 183.
Space Administration. This article was published in English in the original journal.
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Theory for normal state critical Kapitza resistance of ‘He
R. A. Ferrell

Center for Theoretical Physics of the Department of Physics and Astronomy, University of Maryland,
College Park, Maryland 20742, U3A

J. K. Bhattacharjee

Indian Association for the Cultivation of Science, Jadavpur, Calcutta 700 032, India

S. I. Mukhin

Moscow State Institute for Steel and Alloys, Theoretical Physics Dept., Leninskii prospect 4, 117936 Moscow,
Russid*
Fiz. Nizk. Temp.24, 109-111(February 1998

We study a steady state, bearing a heat cur@gt, In the normal state of liquidHe with
constraining geometry, near the lambda point, at temperatlirggeater than the lambda
temperatureT, . Critical order parameter fluctuations near the boundary are incorporated

in the expression for the non-local thermal resistivity. The Kapitza resistance is manifested by
the additional temperature rise at the boundary, as compared with the bulk-extrapolated
value. Sensitivity of the calculations to the application of the Dirichlet boundary condition is
discussed. ©1998 American Institute of Physids$1063-777X98)00302-9

In the region of the lambda point dHe the critical Here we use the following notations:
Kapitza resistance is a strong function of temperature. This . .
behavior is predicted by theory and has been measured ex- a(k)ff dz exp(—ikz)Q(z)= — 2l Qo,
perimentally. It is puzzling that the recent experimental Hata o k
and the theoretical resuftfor the additional boundary con- .
tribution to the thermal conductivity ofHe just above the @(k)zf dz exp(—ikz)0(2). (6)
\-point show a significant discrepancy. Understanding the —o
physical source of this discrepancy is important for the gen- - .
eral theory of critical fluctuations at a second-order phaseC ombining Eqs(5) and (6) we readily get
transition. In this paper we calculate the Kapitza resistance in 2
a different way from that of Frank and Dofiay modeling a O(k) =12 [p(k, <) = p(0,4)]Qo. ™
boundary with the heat source imbedded in the liquid helium
in the planez=0. Such a source produces the outward flowThe Kapitza resistance is consequently

Q@=Q, sign 2= %' “ 5% W R [ ek -p00] ®)
The resulting temperature distribution would give the gradi- ~ Making use of the bulk thermal conductivity,
o N=p(0u) Lk, ©)
d; =T.(z)=—p(0,k)Q(2), 2 we can approximate the non-local resistivity by
p(k,k)=N" 1+ (klax)?]¥?", (10)

in the absence of any boundary effect, wii(0,x«)
=\"1(0,x) the thermal resistivity, i.e., the reciprocal of the with a=0O(1). Thethermal conductivity critical exponent in
thermal conductivity. Then, the Kapitza resistance is manithe crossover region ig and the critical exponent of the

fested by the difference: correlation length i, é=« 1.
Thus,
0(2)=T(2)~Tx(2). ()
The choice of zero in temperature is irrelevant and does not RK:a_f l (11)
affect this difference. The wave number dependent non-local A

resistivity, p(k, k), determines the spatial derivativ@, (z),
by the operator equation

- 2 (=du
0'(2)=T"(2)-TL(2)=—[p—p(0x)]Q(2). 4 I=—J — [(1+u?)¥?-1]. 12
7 Jo U

In the Fourier representation this becomes

where the definite integral is

_ _ This integral converges at both upper and lower limits
ik@(k)=—[p(k,xk)—p(0,£)]Q(K). (5) due tox/v<1. Integration by parts yields
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2 X (= du in Ref. 2. It suffices to consider the case10 °, for which
f ATz (13 they evidently predicted the valuBc=0.0268 K cn?/W.
Multiplying by Ahlers’3# thermal conductivity at the satu-
Noting that 1-x/2v>1/2, and passing to the new variable rated vapor pressure and at this same temperature, namely,
(u=tany, du=se¢ y), the integral reduces to the Euler \=6.24 10"° W/K-cm we find I5f=1.67x10"* cm. Di-

TV Jo

beta-function,8(m,n): viding by the correlation length
2 (1 1 ) X E=£t7V=1.40<10 8x 10°¥ cm=1.49x10"* cm,
I==8|5.5-n; 7=5. (14)
w272 2v we obtain for the Frank—Dohm theory the coefficiégty
It is convenient to rewrite Eq11) in the form =1.12.
In comparing dathwith the Frank—Dohm theoryLipa
Kzliﬁ (15) and Li noted a significant discrepancy in magnitude. The size
A of the boundary effect that they observed was evidently ap-
with the amplitude of the effective thickness of the critical Proximately five times greater than that predicted by Frank
boundary layer and Dohm. Our treatment, presented above, predicts a stron-
ger effect than that of Frank and Dohm by the factor of 2.1
ler=A& (16) (from A andlgf'?). This factor can be expected to get bigger
given by when we improve our idealized “embedding” theory by in-

_ troducing the Dirichlet boundary condition at the heat
A=al. 17 source. The increase, however, is unlikely to be large enough
From the slope of the log-log plot of Ahler's datae obtain  to account fully for the observed magnitude of the effect.

x=0.46. (18 The work has been supported by NASA Grant NAG3-

This crossover effective exponent is well accounted fort867.
by “quasi-scaling” theory, in which the asymptotic dy-
namic scaling exponent of 0.40 is increased by the factor ofe-mail: rferrel@muppetn.umd.edu
1425, wherez, was found to equal 0.18. This brought the ™ E-mail: sergeimoskow@glasnet.ru
theoretically expected quasi-scaling exponent up to

_ 1J. A. Lipa, Adv. Space Red23, 61(1993; J. A. Lipa and Q. Li, Czech. J.
Xqo=0.40<1.18=0.47, (19 Phys.46, Suppl. S1(1996.

in good accord with the experimental valuexofSubstituting ~ .D- Frank and V. Dohm, Z. Phys. B4, 443 (1991.
3G. Ahlers, inProc. of the XII'th Int. Conf. on Low Temperature Physics

=0.343, which yieldsB(1/2,1/2- »)=7.66 andl=1.673. 4G. Ahlers, inPhysics of Liquid and Solid HeliyniK. H. Benneman and
From the “rule of thumb”® and the two-terme expansioh J. B. Kettersor{Eds), Wesley, New York(1976), vol. 1, Fig. 36.
we havea=2. so thatA=2.35. 5R. A. Ferrell and J. K. Bhattacharjee, Phys. Rev2® 121 (1983.

. . 5R. A. Ferrell, J. Phys(France 32, 85 (1971.
In order to compare this result with the theory of Frank 7g" o Ferrell 'and J. K. Bhattacharjee, J. Low Temp. P 166(1979.

and Dohni we have deduced their value for this coefficient
by reading off the numerical values f& from their Fig. 3  This article was published in English in the original journal.
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Dynamical behavior of He I-He Il interface layer caused by forced heat flow
M. Murakami, K. Kamiya, and T. Sato

Institute of Engineering Mechanics, University of Tsukuba, Tsukuba, Ibaraki 305 *Japan
Fiz. Nizk. Temp.24, 112—-115(February 1998

The appearance and dynamical behavior of a He I-He Il phase interface is investigated
experimentally. The experimental mode in which nearly saturated He | initially at a little bit higher
temperature than the lambda temperature is cooled by sudden evaporative cooling is

primarily employed in the present experiment among several possibilities. In this mode where an
interface appears and propagates downward, some dynamical aspects of an interface layer

can be preferably investigated. The phenomenon is investigated by the application of the schlieren
visualization method, and by measuring the temperature variation by superconductive
temperature sensors and the pressure variation as well as the evaporating vapor flow rate which
can be converted into the cooling rate. 1®98 American Institute of Physics.
[S1063-777X98)00402-7

INTRODUCTION results are primarily discussed in this paper, nearly saturated
He | at a little bit higher temperature than the lambda tem-
perature is cooled by sudden evaporative cooling by evacu-
ing vapor from a free surface with a vacuum pump. The
Cbg(erall view of the experimental setup for the first mode
experiment is schematically given in Fig. 1. An electric valve
ntrols quick opening of the evacuation line connected to a
cuum pump to start vapor evacuation for sudden cooling.
he temperature of He | in the free surface region drops
abruptly to pass the lambda point along the saturated vapor

The \ transition of liquid helium was investigated by
several researchers both theoreticaflgnd experimentally,
in which a phase transition was supposed to be caused
heating. In the present study, the appearance and dynami
behavior of He I-He Il interface generated by imposing
forced heat flow as a means to create spatial inhomogeneigp
is experimentally investigated. A phase interface can emerg_l_a
in such several modes ag;dooling of nearly saturated He |
initially at a little bit higher temperature than the lambda )
temperature by sudden evaporative cooling from a free swjlne’ and then a phase interface appears and Propagates
face, i) cooling of subcooled He I by Joule—Thoms@h-T) downwarq from the free sur_fgce prowdepl that the cooling
heat exchanger during the process of phase conversion hgat flux_|s_larger t_han parasitic heat Ie_ak into the_ cryostat._A
create subcooled He Il where a phase interface proceeéghen‘!atlg illustration of t.he propagation of an interface is
from below, and iij heating of subcooled He Il by a heater. 91Ven in Fig. 2. A well defined phase boundary layer can be
The appearance of an interface was able to be visually Obcgbserved by using the h|gr_1 sensitivity _schllerer_1 wsughzauon
served in every mode. The experimental result conducted if"€thod. The dark and white contrast in a schlieren image is
the first mode is primarily described in the present report! proport!on to the spatial derivative of the refractive index,
Such dynamical aspects of the phenomena as the propagati@h@PProximately of the temperature. For the measurement of
speed of an interface and the dynamical stability are investith® Propagation speed of an interface, we utilize a supercon-
gated by the application of Schlieren visualization methocdUctive sensor made of gold-tin thin film vacuum deposited
and by using a superconductive temperature sensor. It is vRn the side wall of a fine quartz rod with a diameter of 40
sually observed that an interface appears and then propaga#®- The schematic drawing of a sensor is shown in Fig. 3.
downward from a free surface in a cryostat if the coolingThe electric resstapce of a sensing element drastically
heat flux is larger than parasitic heat leak into the cryostatthanges as a function of the temperature around a super-
The propagation speed is measured by a double probe Supé}Qrmal transition region. The sensor has a very high sensi-
conductive sensor and the data is correlated with the coolinfjVity and a high time resolution as small as severa) and
heat flux and the distance from the free surface. It is, howihe active range with a very high temperature sensitivity can
ever, suggested from the present ground experiment that tH€ adjusted so as to cover the lambda point region by care-
dynamical behavior, in particular the dynamical stability, asfully controlling the thickness ratio between gold and tin
well as the appearance is affected by the such gravity effecf§ms. And the minute trimming of the sensitive range can be

as the natural convection and thermal stratification. performed by changing the bias electric current through a
sensing element. The speed of interface propagation is cal-

culated from the time interval of two onset signals of the
resistance variations of two aligned sensing elements, that is
A He |-He Il phase interface was generated by a numbetime-of-flight method. For this purpose, we utilized a double
of methods by imposing forced heat flow in this study, asprobe sensor of which two sensing elements are separated by
mentioned in the introduction, such assudden evaporating about 5 mm in the direction of interface propagation. The
cooling of He 1, i) cooling of subcooled He | by a J-T heat cooling heat flux across a free surface is calculated in terms
exchanger, and Jiheating of subcooled He Il from a hori- of the evaporating vapor flow rate measured with a gas flow
zontal planar heater. In the first mode, of which experimentaimeter and the latent heat of evaporation. Optical visualiza-

EXPERIMENTAL APPARATUS AND PROCEDURE
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S Pressure o Sensing element (Vacuum deposited Gold-Tin
x Son reguiating va thin film on 40 u m diameter quartz fibre)
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FIG. 1. Overall view of the experimental setup for the first experimental

) ) 5mm
mode, evaporative cooling of He I.

tion to make the local density or the temperature variatiorf'G' 3. Schematic drawing of a superconductive temperature s&sisglte
. .. L . . . probe typé.

around an interface visible is applied to investigate the dy-

namical stability of it during propagation.

therﬁwaz;?z elj(iﬁgrr;lrjnnflﬁltéu;{ :eglelf:r\i,\tl)lg:j ttr;?npre?gt'uiiozs(ﬂaitinuously decreases a little below the lambda point through
q P P ' e period of evacuation. It should be noted that data from

only sll_ghtly higher temperature than the lambda temperafhe superconductive sensor does not exactly indicate the tem-
ture, with the vapor pressure control valve system. Just b

fore the start of evaporative cooling. the vapor control Valvsﬁerature variation in particular in the region across an inter-
is closed for the fol?owin measurge'ment o? the vapor ﬂowface. The data should be rather considered to be subject to
9 b both effects of the heat transfer coefficient between the sens-

rate. Then the measurements of the flow meter, the vapor

. nﬂ element and surrounding mediuide | or He Il) and of
pressure sensor and the superconductive sensor are starteq, |

response to the start of evaporative cooling. Visual observa-he temperature. The reason for this is that t_he sensor gener
tion is also carried out through a pair of optical windows of ates small amount of heat d.ue to Joule hegtmg, and thus the
the cryostat temperatgre of thg element itself must pe_hlgher thar_1 that of
' surrounding medium when a sensor is immersed in He |
because of poor heat transfer coefficient between the sensing
element and He I. The element temperature rapidly drops
The data acquisition starts in response to the signal oflown to the surrounding temperature in He Il because of so
quick valve opening. A typical example of the data is showncalled super thermal conduction in He Il. Thus, the variation
in Fig. 4, where the variation of the vapor pressure and thef the superconductive sensor output shown in Fig. 4 is much
data from the superconductive sensor located at 10 cm beloaxaggerated as compared with that of the temperature in par-
a free surface are plotted against the time. It is seen from thicular in the transition region. It is, however, fair to consider
figure that the vapor pressure once drops upon the start of tHbat the variation of the data except in the transition region is
evacuation and then further decreases very slowly during athat of the temperature. It is seen that the temperature little
experimental run for about 20 s. This result indicates that thelrops before the arrival of an interface and it further drops
temperature of a free surface once drops down to the lambdguite slowly behind the interface in He Il phase. The latter
point to result in generating a phase interface and then corseems to indicate that He Il behind an interface layer is in the

RESULTS AND DISCUSSION

Vapor evacuation v r v 0.0014
P 3300 L Ti=2.18K )
4 * 4 * v Z = 10cm 2 0.0012 ]

! . =0.0177W/

A v He |-He i Interface 7 e : S T o001 E

. z : Jemperature Sensor Output] 9.0006
Test section g : N & E
. 5000 bt Y " el 0.0004 9
-
Temperature sensor I \,"_m e o ] 0,000 :;-;

rus 0

0 08 16 23 32 4

. Ti
Oscilloscope ime (sec)

FIG. 4. Typical example of the experimental data; the time variations of the
FIG. 2. Schematic illustration of a propagating interface downward and avapor pressure and the output from the superconductive sensor located at 10
superconductive temperature sensor. cm below a free surfacd;=2.18 K, q=0.0177 W/cr.
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FIG. 6. Interface speed as a function of distance from a free surface.
T;=2.18 K, q=0.0166 W/cm and 0.0302 W/crh

superfluid breakdown state where small temperature gradient
develops due to the effect of tangled mass of quantized vor-
tices. Thus, we reached some conclusion as follows: He

transfer toward an interface is highly confined within a nar- - ? )
T ; : ._._small cooling rate an interface layer once appeared is found
row region just in front of an interface in He |. There exists . . .
: ) . to terminate propagation halfway in the Dewar and then
a very small temperature gradient in He 1l phase behind an . L . )
radually to disappear remaining stationary. The thickness of

interface and the temperature of a free surface also dro . : . .
: : . an interface layer seems to increase as the propagation with
quite slowly during an experimental run. .
the lapse of time.

'_I'he varlafuon of the .'”tefface propagation Spe.Ed with the A phase boundary is also observed through high sensi-
cooling rate is shown in Fig. 5. Here, the cooling rate is,. . ; : o )
. . vity Schlieren visualization in the case of cooling of sub-

corrected to compensate the parasitic heat leak into the He

) . . ooled (pressurized He | by a J-T cooler in the subcool
bath in the following manner as the cooling rate converte
: " . cryostat, where subcooled He Il develops from the bottom of
from the vapor flow rate minus the parasitic heat leak. Thi

. S . Sthe test section. It is found that after the J—T cooling is
means that there exists a minimum cooling rate, equal to thgto ed a phase boundary turns into an unsteadyv irreqular
parasitic heat leak, below which no interface appears. The bp P y y g

propagation speed is measured by a double probe sensor I|(3):31ttern and then gradually disappears as a result of tempera-

cated at 20 or 8 cm from a free surface, respectively. It jg e Nse due to parasitic heat input.

confirmed that a He I-He Il interface propagates downward  This study is carried out as a part of “Space Utilization
with a speed of several centimeters per second in direct preerontiers Joint Research Projects” promoted by NASDA Ja-

portion to the cooling heat flux and the speed varies with theyan, and Japan Space Utilization Promotion Center.
distance from a free surface. In Fig. 6 the interface speed is

plotted as a function of distance from a free surface for two

cases of the cooling rates. It is seen that the interface speeg_ma”: murakami@superhe2.kz tsukuba.ac.jp
decreases approximately in inverse proportion to the distance

from a free surface except in the very initial phase of propa-

gation near a free surface. It is experimentally suggested thaitG Ahlers and F. Liu, J. Low Temp. Phys05, 255 (1996
the propagation speed is finite at the beginning of propagaza onuk, 3. Low Temp. Phys104 133 (1996. '
tion from a free surface and then it approaches to the in-G. Ahlers, Rev. Mod. Phys2, 489 (1980.

versely proportional law. This article was published in English in the original journal.

It is found from Schlieren visualization pictures that a
hase boundary layer propagates quite stably provided that
e cooling rate is larger than a critical value. In the case of
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Propagation of short nonlinear second-sound pulses through He-Il in one- and three-
dimensional geometry

V. B. Efimov, G. V. Kolmakov, A. S. Kuliev, and L. P. Mezhov-Deglin

Institute of Solid State Physics RAS, 142432, Chernogolovka, Moscow distr.,*Russia
Fiz. Nizk. Temp.24, 116—121(February 1998

The results of an experimental study of the evolution of the shape of nonlinear second-sound
pulses in superfluid He-Il are reported. The pulses propagate in thg2ligeometry

and along a cryoacoustic waveguide filled with liquid heli(omasi-1D geometry at temperatures
corresponding to the negative, positive, or zero nonlinearity coefficient. A strong dependence
of the shape of the propagating pulse on the dimensionality of the wave was observed.

The finite size of the heatégenerator of a soundaffects the profile of a short[3 pulse even at
distances many times greater than the heater size, which restricts the minimal width of the
excited pulse. The experimental data are compared with the results of numerical simulations.
© 1998 American Institute of Physids$1063-777X98)00502-7

INTRODUCTION d do
@=Cp o= In(cg ﬁ)'
The waves of the entropysecond soundare macro-
scopic quantum effects which may be observed in a super-
fluid liquid and perfect crystals? The properties of the sec- Here o is the entropy per unit of mass. The sign of the
ond sound in a superfluidHe (He-ll) were studied nonlinearity coefficientr depends on temperature of the he-
extensively, both experimentally and theoretically. More re-lium bath? «>0 at T<T,=1.88 K as in ordinary matter,
cently, the attention has been focused on the study of norand a<0 atT ,<T<T,.
linear acoustic properties of superfluid HexT. At temperatures of the bath close Tq the three-wave
We report here on experimental and theoretical investiinteraction is smal[becausd’(k,k; ,k;) —0] and one must
gations of the peculiarities of nonlinear evolution of a soli-account for the next nonlinear term in the expansion of the
tary second-sound pulse in He-Il under different geometricagvolution equation over the amplitudes of the sound. This
conditions of excitation and propagation of the pulse. term is proportional to the vertex of four-waves interaction
As can be seen from further comparison of the shape of */(k.k1.kz k3) of the second sound. _
the recorded pulse with the results of computer simulations, N real experiments the amplitude of the excited second-

one must take into account not only the strong nonlinearity?OUNd WavessTma,, is restricted from above by the condi-

of He-ll, but also finite dimensions of the heatgenerator tions of film boiling of the superfluid near the generator
of the second soundind receivexbolometey (heate): from our measurements of the heat pulses with du-

Evolution with time of the propagating second-soundration 7.~ 10 us the critical value of the heat flux density is

pulse is defined by dispersive and nonlinear properties of thg0 25 Wicnt, which corresponds 6T pg<10 mK in the_
. : L .__temperature range of the measurements. At such amplitudes
superfluid and geometrical conditions of the propagation. : S L
. . . . . . of the second sound the four-wave interaction is sufficiently
From the analytical point of view, the partial differential

, ) ; weak and the conditiofl’®|§T2_,<c,/L holds. Accord-
equat_lon that describes the eyolutlon of _the shape of a Wavfre]gly, atT=T, no changes in the shape of a traveling pulse
traveling through an unrestricted medium can be recon

. . _~~""have been observed at distances from the heater to the bo-
sFructeq unambiguously from two important proper_tles. th%meter up toL~10 cm. One can therefore observe a “bal-
dispersion law of the wave (k) and the vertex function of jigsic travel of the pulse from the generator to the detector
nonlinear self-interactio’(k,ky,kz), which is the ampli-  \ithout any evolution of its shape at bath temperatures
tude characterizing the strength of three-wave interaétion. T~T. . in contrast to the casE=T .. when the nonlinear

For the second sound in superflfile at temperatures yransformation of the pulse is significant and the shock

T>0.9 K (roton second soundut not very close td (SO second-sound wave is formed at small distances from the
that w<c,/&, when¢ is correlation lengthand at frequen- peater.

cies lower than the inverse time which characterizes phonon- At temperatures very close fB, the nonlinearity coef-
roton interaction,w<C,/Cy7,_p, the spectrumw(k) is a  ficient tends to infinity according to the power law
linear function of the wave vectds, w(k) =cok (herec; and  o~¢ ™1, wheree=(T,—T)/T, is the reduced temperatufe.

c, are velocities of the first- and second-sound waves of\ear the lambda point the nonlinear properties of the second
infinitely small amplitud@® The vertexI' can be evaluated sound therefore play the crucial role even for a wave with a
from the Landau equations of two-fluid hydrodynamics usingsmall amplitudé’.

the method similar to Ref. 9 which giveF(k,kq,k5) Since the second sound has linear dispersion law and a
= consta(kk.k,)2, wherea is the nonlinearity coefficient of square root-like dependence of the verféxon the wave
the second sound, vectors, the evolution of the shape of one-dimensional
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second-sound pulséT(x,t) is governed by the Burgers 3
equation’
35T 8T 9?6T

gt Tt TR e @

Qao0oom
i
rrrrre

nonon o
0 &NO
veuw

The last term describes the dissipation of the wave and is
introduced to preserve the turnover of the wave front. Here
is the damping coefficient.

If T#T, (a#0), the nonlinear evolution leads to the
creation of a shock at the profile of the traveling pulse. The
width of the shock front; is defined by the nonlinear term Y
and the dissipative ternds= w/@AT. The velocity of shock 05
propagation is;=c,+ a«AT/2 (Refs. 1 and 2 At large dis- 0 20 40 €0
tancesL from the heater, the profile of a 1D shock wave, Time , us

acquires the final form presgnted by a triangle. The deDeIWZ_IG. 1. Evolution with the distance of the one-dimensional second-sound
dence of the length of the trlang(duratmn of the pUISQ') pulse propagating in a long capillary. The bath temperaturg=i.02 K
and its height(the temperature jump at the shock fraxit) (@<0). The emitted heat power @=20 W/cn?, 7,=10 us. The distance
can be described by a universal power law, L if measured in cm.

r=constalL)¥?2 AT=constal) 2 2
where the constants depend on the former shape of thsehown in Fig. 1. It can be seen that for the pulse with initial

second-sound wave. It is important to note that the evolutior‘;’lmpmucjem—~3 mK the shock is formed at the back side of

of the developed shoc ke, e dependence of e [ [LSE %2 -0 e, T Gebendence e
parameters of the triangle on distapég governed only by b y

the value of the nonlinearity coefficient and does not depengxpresspnsz_). Ata>0 thg ShQCk appears at the.front of the
on the value of the dissipation. The entropy production pulse(which is a general situation in classic nonlinear acous-

rate dSdt at the shock front due to dissipation proc:ess,<as:“CS)|':i ure 2 shows the evolution of the second-sound pulse
remains finite as dissipation coefficiemttends to zero, be- 9 P

cause the small value @f is compensated for by a big gra- prffgi \7\;/;;,[10'5 K_ ;’Voltg V\'/r/];:?imag c:r?sa't;n??jvi\g;n:j:m
dient, ST’ ~AT/d;. Because of this circumstance, the coef-9=2 Q=20.

ficient u does not enter in the expressiai. =2.5cmand hea_t pulse duratiep=10 us. We see that.the
slope of the profilesa=AT/7 does not depend oR: in
accordance with the general relatiot®), the value a
2. RESULTS OF THE INVESTIGATIONS =Cylal.
We see from Figs. 1 and 2 that the pulses traveling in a
The changes in shape of a solitary second-sound pulsgapillary are followed by oscillating tails with the amplitudes
have been studied as a function of duration of the electrigf the order less than the amplitude of the pulse. The appear-
pulse 7, applied to a heater, as a function of emitted heatance of these tails could be attributed to the nonideality of
power Q and the distancd between the source and the the experimental cell: the heater consists of a rectangular thin
superconducting bolometer at three temperatures which cometal film 1.2< 2 mm; its dimensions are therefore less than

respond to positiveat T=1.5 K), negative T=2.02K) and  the inner diameter of a capillary. The tails appear because of
zero (T=1.88 K) values of the nonlinearity coefficient

The experiments were performed under three different geo-
metrical conditions: g one dimensional(1D) geometry, 7
when the second-sound pulse travels along the cryoacoustic -
waveguide—a long capillary with inner diametér= 3 mm
filled with superfluid helium; b*“an open” (3D) geometry,
when a spherical pulse propagates through a bulk of the lig-
uid, and ¢ combined geometry, when a formerly excited 3D
spherical pulse enters into a capillary placed at some distance
from the source and after that propagates along the wave-

Amplitude , mK

on?crm
OOOOD

Amplitude , mK
W
L]

guide as a quasi-1D wave. 1 e/ d

a) Experiments on the propagation of 1D second-sound 0
pulse have been divided by two parts. At the beginning, we -1 ! 1 ]
studied the evolution of the pulse shape with increasing dis- -10 0 10 20 30 40 50 60
tancelL at a constant powe® and duration of a rectangular Time , us

electrical pulser,=10 us. The distancé was increased by ) ) ) o )
FIG. 2. Change in the shape of the one-dimensional pulse with increasing

a step from_0'7 cm to 8.5 cm. ) emitted heat powe® from 2.4 W/cnt to 20.2 W/cn at a fixed distance
The typical dependence of the shape on the disténce rom the heaterL=2.5cm and 7,=10us. The bath temperature is

measured at the bath temperatufe=2.02 K (@<0) is T=1.50K (a>0).
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the multiple reflection of the heater-irradiated nonplanar

>

wave from the walls of the capillary. The subsequent com- ‘-'o :; ‘.3‘ a
puter simulation revealed the influence of the geometrical At 7
nonideality of the cell in the region near the heater on the g 9 &
shape of the recorded pulse. Z 8 -E.':‘-A\‘f . &.:.vr,;;,m};-::- oo

b) Open(3D) geometry. g 7 ' &s"‘k“

An evolution of shape of the spherical pulse propagating < gl 1 1 xR L1
in the bulk of liquid helium with increasing power and elec- 0 20 40 60 80 100
tric pulse duration has been studied at three different tem- Time , us
peraturesT=1.50K (L=4.7 cm), 1.88 K and 2.02 Kin 18
two latter cases =5.8 cm). The pulse was generated by the '> R e b
same heater immersed in superfluid helium. S 14} &

It is knowrP that the second-sound wave generated in P = .‘ .
He-Il by a point source heated by a rectangular electric pulse 8 10 Fwy«' ) er
consists of a heating pulgeompression wave in the roton ‘—‘-;_ _‘_ <7
gag followed by a cooling wavdrarefaction wave in the £ R o’
gas. In the linear approximation the amplitude of the trav- < 2 AT . ST S R S O S
eling spherical pulse decreases®&&,.,~1/R with increas- Y 20 40 60 80 100
ing distanceR. Allowance for nonlinearity leads to slow Time , ps
(logarithmig corrections to this dependenttn the case of a 10
shock wave we have\ T~ (1+ const(InR))™R, where the < > c
exponentm depends on the asymptotic shape of the wave '9 9 oy
(and, hence, on the sign of the nonlinearity coeffigieand ® . R ey
the constant in the latter relation is defined by initial condi- 3 8 pPrasdiile v, f‘.’:":’\%“."'&*
tions. = 7L Y .

The shape of the bipolar pulse that was generated in g R
He-1l at T=1.88 K by the heat pulse of the same duration 6 T RO N VOO NS TONI N TUN NN O
7e=10 us and the evolution of the shape with changing non- 0 20 40 60 80 100
linearity coefficient are illustrated in Fig. 3. The distances Time , ps

fixed L=5.8 cm, and the heat dens“y changes slightly fromFIG. 3. Detected profile of the[3 second-sound pulse at various tempera-
Q=23W/cnf at T=202K (upper graph tO tures. The distanceL=5.8cm, r,=10us. 8 T=2.02K (a<0)
Q=21Wi/cnt at T=1.88K (middle graph, and to Q=23Wicnf; b) T=1.88K («=0), Q=21 Wicnf; c) T=1.50K (a
Q=16 Wicn? at T=1.50 K (bottom graph We see that the >0), Q=16 Wicnf.

final shape of the bipolar nonlinear pulse depends signifi-

cantly on the sign of the nonlinearity coefficient. df>0,

! heater with a radiub. We assumed that a rectangular elec-
two shock r at the profile of th the front of ) . . .
0 shocks appear at the profile of the pulaethe front o tric pulse is applied to the heater. The problem involved can

the compression wave and at the back side of the rarefactiqge mapped to a well-known problem of the wave equation

\%?Ve' I a<t0t,' thg shoc(l; appeafrsﬂ?t themmldd'[ltatrc])f thre] puklsefor a scalar fielde by introducing the hydrodynamic poten-
€ asymptotic dependence of the Jumyf at the shoc tial using the relatiorV ¢ =p/S. Herep is a momentum per

front at large distances is defined by the final shape of th nit of mass of relative motion of the normal and superfluid

bipolar pulse: the exponent of the logarithmic factor= components of He-Il, an8 is the entropy of a unit volume.

—1/2in the case of the proﬂle with two shocks at the_ edgesrg boundary conditions for the potentiaexpress the con-

of the pulse andn=—1 in the case of the profile with a iy ity of the heat flux at the surface of the heater.

discontinuity in the middle. _ The analyses of the solution show that, in contrast with
In the experiments with spherical 3D pulses we haveipe gne-dimensional case, the shape of generated 3D second-

observed an unexpected dependence of the shape of the tg;,nd pulse is defined by an integral relation and, in general,

corded pulse on the duratian of an electric pulséin con- s proportional to a time derivativéQ/dt with the exponen-
trast to the one-dimensional cas# 7. is less than a char- tjally decaying post-action with characteristic time
acteristic time 7o~20us, the detected bipolar pulse is r ~b/c,. For a rectangular heat pulse the observed profile

presented by coupled heating and cooling pulses. But if of the second-sound wave that propagates through a liquid is
exceedsr, one could observe a shell between the heatingjiven by two uncoupled thermal peaks #>7,. If 7,

and cooling wavega region with a zero deviation of the <7y, the peaks overlap and the nonlinearity results in an

temperature from the temperature of the baithe duration  additional broadening of the propagating pulse.

of electric pulsery at which the shell appears depends only  In order to evaluate the broadening we made a com-

slightly on the temperature of the bath. puter simulation of the generation of linear second-sound
In order to explain the appearance of the shell we conpulse, taking into account the real geometry of the heater

sidered a simple theoretical model which describes the ger{flat rectangular filmn This gave the value ofy~20 us,

eration of linear second-sound pulse=0) by a spherical consistent with the measurements results.
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FIG. 4. The shape of the second-sound pulses detected at the far end of the Time , us
capillary in the experiment with combined geometries. The bath temperature
T=2.02K, the heat pulse duratiorr,=10us. Q=24 W/cnt (a), b
Q=9.2 W/cnt (b), Q=20 W/cnf (c). 6 =0
4 - L= 1 ks
The results of such treatment can be used immediately ’E‘ tfi “““
only at T=T, because the action of nonlinearity is ignored. < 2 -t
As follows from previous considerations, the change in the =)
duration of the pulse a&# 0 is logarithmically small at fi- =
nite distances, so the measured timemust depend slowly %-2 =
on the temperature. This conclusion has been confirmed by < -4
our observations. 2
¢) The combined geometry. -6 ISR N NS T N W i —
In these experiments the heater was placed at a distance 0 4 .?_ 12 16 20
of 1 cm outside the capillary. The heater generated a nearly ime , us

spherical bipolar wave that can enter through the open edgsc. 5. Results of computer simulation of the evolution with distance of the
of the capillary and propagate along it as a 1D wave. TheD second-sound pulse. The distaricés measured in cm. The rectangular
profile of the pulse was measured at the far end of the cappulse, the bath temperature Ts=1.6 K («>0) (a). The sine-like initial
illary. This technique makes it possible to create quasi-oneUise: the bath temperatureTs=2.1 K («<0) (b).

dimensional bipolar second-sound pulse. As in pure spheri-

cal case, such a pulse propagates “ballistically"Tat T, to the signal recorded from the bolomeléie see that the

and two shocks appear at the edges of the pul3e<dr,, or evolution of the second-sound pulses obtained in humerical

the ShOCk,iS formed in the middle of the pulseTat T, . simulations coincide qualitatively with the results of obser-
Evolution of the shape of the pulse that propagates .tions.

through a capillary with increasing heat pow&=2.4, 9.2
and 20.2 W/crf) is shown in Fig. 4. The duration of the
electric pulse is.= 10 us (short puls¢ and the length of the
capillary is ~5 cm. The temperature of the liquid helium Thus, the results of experimental and theoretical studies
bath isT=2.02 K («<0). have shown that the shape of excited second-sound waves
Computer simulations of the nonlinear evolution of a 1Dand their evolution due to nonlinear properties of superfluid
pulse with distance was performed in the framework of thehelium depend strongly on the dimensionality of the wave
Burgers equation. Two cases have been studied:ractan- and geometrical conditions of the generation and propagation
gular pulse was excited by a plane infinite heater anthé  of the wave, as well as on the temperature of the liquid-
initial condition for the wave is given by a sine-like function helium bath. For B pulses the influence of the finite dimen-
(a simulation of the combined geometry sions of the source of the wave can not be ignored even at
The results of calculations for this case are shown in Figlarge distances.
5. In case p the bath temperature is assumed to be Despite the relative simplicity of the equation that gov-
T=1.6 K and the initial amplitude of the pulse is 5 mK. We erns the evolution of the second-sound pulge Burgers
see a formation of the shock at the front of the pulse at a&quation, it exhibits a very interesting behavior. The char-
distance from the open edge of the capillary 3 cm. acter of the evolution and the final shape of the pulse can
In case b the bath temperature iB=2.1 K. The shock vary significantly under various conditions of the experi-
appears at the center of the wafie accordance with our ment.
previous considerationsThe jump of the temperatur&T It is interesting to note that the dependence of the
decreases in inverse proportion to the distadce~1/L. I'(k,kq,ky) function on the wave vectors of the second-
(Note that the direction of the axes on the two last plots is sound waved ~ (IT;_; ;)Y?is typical of a wide class of
inverse with respect to previous plots; Figs. 1-4 correspongroblems of the nonlinear wave propagation, and the Burgers

3. CONCLUDING REMARKS
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equation appears in many problems in nonlinear physics. Iditions of generation and at the final stage there exists only
principle, this makes it possible to use the second sound inne parameteAT, which changes with distance. This could
superfluid helium as an object for model study of many ofimprove the accuracy of interpretation of the experimental
nonlinear processes in optics and acoustics, in plasma phydata.
ics, etc. Thus, the experiments with short second-sound pulse

Interesting applications of the Burgers equation are als@erformed under microgravity conditions could give, in prin-
found in the theory of turbulenc®.The experiments with ciple, more accurate information about the behavior of the
nonlinear second sound could be useful for developing thisuperfluid near and far from the phase transition. This work
theory. was supported in part by INTAS Grant 93-3645.

Short nonlinear second-sound pulses could be very use-
ful in investigations of dynamic phenomena very close to the E-mail: german@issp.ac.ru
lambda point: when a monochromatic second sound is emit-________
ted by a heater to which a sinusoidal voltage is applied, all(_l.glg.aLandau and E. M. LifshitsFluid Mechanics Pergamon, London
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We are currently building a prototype for a new test of critical-point universality at the lambda
transition in“He, which is to be performed in microgravity conditions. The flight

experiment will measure the second-sound velocity as a function of temperature at pressures
from 1 to 30 bars in the region close to the lambda line. The critical exponents and other
parameters characterizing the behavior of the superfluid density will be determined from the
measurements. The microgravity measurements will be quite extensive, probably taking 30 days to
complete. In addition to the superfluid density, some measurements of the specific heat will

be made using the low-g simulator at the Jet Propulsion Laboratory. The results of the superfluid
density and specific heat measurements will be used to compare the asymptotic exponents

and other universal aspects of the superfluid density with the theoretical predictions currently
established by renormalization group techniques. 1998 American Institute of Physics.
[S1063-777X98)00602-1

INTRODUCTION transition is not a single critical point but rather is a line of
transitions obtained by varying the hydrostatic pressure. It is
One of the major successes of the modern theory of compssible to measure the critical exponent of the superfluid
tinuous phase transitions is the calculation of exponentgensity with exceptional ease and accuracy due to a unique
which characterize the singular behavior of thermodynamiGyaye motion termed second sound, in which the temperature
properties near the transition temperature. Due to substantigf ihe jiquid rather than its pressure oscillates. Over the years
theoretical difficulties, so far there exists no exact treatmen}nany measurements of the velocity of second sound have
of critical phenomena in three dimensions. Consequently thBeen made, but only recently have attempts been made to
calt_:ulationg of exponents are app_roxi_mate in alllcases of €Xccess the deep asymptotic region, close to the transition,
perimental interest. The renormalization-grdii)” theory where the theoretical predictions are most accurate. Now it is

QOes, however, make a nymber of exact pred|gt|ons Concgnﬂfossible to operate with the reduced temperature as small as
ing the nature of the critical exponents. One is that within 08, a factor of 1000 less than in earlier experiments. Pre-

broad limits the critical exponents are constants independent | ground-based experimehisdicate that the critical ex-

of microscopic interaction or of macroscopic thermodynamic . )
arameters. They are said to be universal, depending only ODonent for the superfluid density can be measured to better
P ' ' Ean 1 part in 16, This is about an order of magnitude better

the number of degrees of freedom of the order parameter ari . ible with h ¢ f K
the number of spatial dimensions of the system. The transi- an 1S possibie with any other exponent, for any kKnown
tion from superfluid to normal fluid helium, the lambda tran- physical sys_tem. With care, perhaps even higher accuracy
sition, offers the best opportunity to verify this exact predic—Can be obtained. ) .
tion with experiment. For example, near the lambda Unfortunately, the presence of gravity acting on the ex-
transition, the critical exponent of the superfluid density, perimental cell reduces the_ reliability of the analys_ls of the
ps=po(P)t ™%, is predicted to be a universal constant C|oseresults. Th(_a effects of gravity can be capcelled to first order
to 2/3, wheret=1—T/T,(P) is the reduced temperature by measuring the temperatu_'ll'g at the m|ddle of the ce_II,
measuring the distance from the transition temperaffye, ~NOWeVver, close to the transition, gravity plays a dominant
By contrast, the amplitudp,(P) is a nonuniversal quantity role in determining the apparent velocity of the wave, even
depending on the pressufe, of the isobar on which(t) is I small cells. Fort= 10~ " second-order effects become im-
measured. Along with the critical exponents, certain ratios oPortant. Specifically the terri¥ps must be included in the
amplitudes of thermodynamic quantities are also predicted tgifferential equation describing second solingurther re-
be universaf. Most data are roughly consistent with the pre- duction in cell size, below about 1 mm height, is inhibited by
dicted universality, i.e., with constant values of the criticalthe presence of finite effects which distort the singular be-
exponents and amplitude ratios. However, in virtually allhavior of interest. To obtain a more accurate reflection of the
systems of interest the level of testing is very weak. Even iridealized fluid behavior it is necessary to substantially reduce
the case of the lambda transition of helium, where the mosthe effect of gravity in the experiment by performing the
advanced tests have been performsome anomalies have experiment in microgravity conditions.
been detected. Great care must be exercised in the interpretation of such
Unlike continuous transitions in other fluids, the lambdaexperiments. At higher pressures, non-asymptotic corrections
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to the superfluid density become more important, leading tavhere the critical exponent for the superfluid densitycan
an effective exponent which varies with presst@early it  be shown to be equal to the critical exponent for the corre-
is very important to distinguish between this nonuniversalation length,», by the Josephson relationship. Also,
effect and a violation of universality. Fortunately, a correc- A*
tion scheme has been develofdtised on RG calculations, Cpo=B+— |t|‘“(1+a§|t|A+...) 2
which can be used to separate the nonuniversal from the «
universal effects in a quantitative way. Its utility has alreadywherea is the critical exponent for the heat capacity at con-
been demonstrated on existing data over a restricted temperéant pressure and the signs refer toT>T, or T<T,,
ture rang€. Part of the project will include a theoretical ef- respectively. Within the RG calculation, the quantitigs,
fort to improve the accuracy of this approach and define it§, A*, A~, as well as the correction amplitudas, a; , a;
limits more clearly. turn out to depend on th@ressure depend@rgarameters of
To apply the correction, supplementary measurements ghe statistical distributiorp(¥) whereas the critical expo-
specific heatC,,, or thermal expansiong,, are needed at nentsy, « and the correction exponentare universal, i.e.,
all pressures of interest. Measurements performed in the Jg{dependent of these parameters. Certain ratios of the non-
Propulsion Laboratory’s lovg- simulator of the expansivity unijversal amplitudes, however, are predicted to be universal
at various pressures will provide the needed data for the cols well, for exampleA*/A™, af/a; , a,/a; . The analysis
rection terms to the asymptotic behavior. If a pressure depertonsists of two steps: first, to extract from the data those
dence of the superfluid density exponent along the lambdguantities that are predicted to be universal, and to determine
line is established, this would constitute a substantial probtheir pressure dependence; second, to compare the measured
lem for condensed matter theory: one of the central results afalues of these quantities with those predicted by RG calcu-
the RG theory on which the modern view of phase transifations. Such analyses have previously been perfotrfad
tions is built would have been violated. Agreement withthe superfluid transition otHe at a level of quality limited
theory would represent the strongest support yet obtained. by the accuracy of the ddt& available about 20 years ago.
The representations gfs and C, according to(1) and
1. UNIVERSALITY (2) are approximate in the sense that there exists a whole
series(Wegner seried) of additional correction terms of the
One of the major achievements of the RG théamas  form t2, 134, etc. along with other terms. An appropriate
the proof of the universality hypothesisof the critical be-  application of the RG method makes it possible to sum up
havior and the specification of the characteristics of the unitpjg Wegner series and to represent the correction terms in a
versality classes. Critical points of different physical systemg|osed functional fornf:®*>This representation is more com-
having the same dimensionality and the same number of dqﬂete and more accurate than the standard fekmand (2)
grees of freedom of the order parameter are predicted t@hjle containing the same number of nonuniversal param-
belong to the same universality class with identical criticaleters. It includes accurate field-theoretic functions obtained
exponents, Scaling functions and Certain I’atiOS Of amplitude§ia high_order perturbation theory and Bore| resumma{ﬁ)n.
of singular thermodynamic quantitié-hese universal prop- part of the planned theoretical effort is to calculate not only
erties are predicted to be independent of the strength of thye universal amplitude ratios but also the resummed func-
interaction and can be calculated by RG methods on th@onal form of the correction terms more accurately by means
basis of a statistical distributiop(¥) for the order param-  of the field-theoretic RG approach. This will provide a more
eter ¥. For example, the lambda transition tfie is gov-  reliable basis for the combined non-asymptotic analyses of
erned by the two-componeftomplex wave function¥ of  the data fops andC, (or B,) and will allow one to perform
the Bose condensate and should have universal propertigscontrolled analysis over a larger temperature range outside
that are identical with those of two-component spin systemsghe small asymptotic region. Furthermore it is planned to
In particular, these properties should be independent of they,dy the effect of additional correction terms arising from a

pressureP at which the lambda transition occurs. This pre-possible cut-off dependence of the statistical distribution
diction can be tested by measuring thermodynamic quantitieg(y).

such as the superfluid density, the specific hea€,, and
the thermal expansion coefficiedf, . The latter is knowhto
exhibit the same critical behavior &, . In a highly quanti- 2. SECOND SOUND
tative analysis of critical phenomena, non-asymptotic correc-

tions are inevitable because data must be taken a finite di?fat
tance from the transition temperature. The amplitudes of th
correction terms are predicted to be nonuniversal and a

expected to increase with increasing pres§dfeThus the and the end walls. Second-sound detectors based on rf

test of universality in the h|gh—prgssurg region will be SQUID technology with sensitivities of less than
planned at the outset as an analysis including non—asymptotg0

The central part of the experiment is a cylindrical reso-
or filled with high purity liquid helium. The sample cham-
r%er forms a second-sound resonator with a quality faQor,
S/pically over 1 000. The is limited by losses in the fluid

) . . 10 K/\/Hz are already in routine laboratory use. For a
correction terms. These terms contain both universal an

. o ight experiment the maximum signal/noise ratio is desirable
nonuniversal parameters. More specifically, close to the trar}-0 decrease the measuring time. For this reason the sensin
sition temperatureT, (P), RG theory predicts that 9 : 9

element will be coupled to an improved sensitivity dc squid
ps=polt|"(1+a,t|*+...) (1) magnetometer. Also to be evaluated is the two-stage SQUID

87 Low Temp. Phys. 24 (2), February 1998 Nissen et al. 87



D frequency plus harmonics of the cavity are measured. Values

B A B in the range 1 to 500 Hz are expected. Frequency and tem-
/ perature measurements are continued until the transition is
reached, marked by loss of the signal. A number of tempera-

ture sweeps at a given pressure will be performed to check
for errors in the data and to estimate the uncertainties in the

C/ E results. Additional checks on the transition temperature will
be made by observing the response of the cell to pulsed heat
FIG. 1. Second-sound resonator) Aelium, B paramagnetic salt, )il inputs applied with the second-sound generator. The pressure
line, D) pickup coil, B driving coil and astatic coil. would then be reset and the measurement sequence repeated.

In each resonant frequency measurementQhairve of the

readout scheme being developed at Goddard, which pron{_esonator would be scanned to improve the accuracy of the

ises even lower nois€.The second-sound resonator will uti- detel':m;]natllgréof thte(;:fr:lt;al freql:jency. q s h
lize a magnetically driven paramagnetic salt as a low dissi- shouid be noted that Second-sound measurements have

pation second-sound generator already been made to within 20 nK of the transition in

The resonator is attached to a high resolution paramagground experiment’%fl Thus there_is no additional need to
netic salt thermometer and a superconducting pressure coflemonstrate feasibility of the basic measurement technique.

troller. The proposed experiment makes full use of the high-l;]he proEIem IS ;0 redu_ce the 2%:‘199 Igravn_atlonal d%orltlon
resolution thermomet®y developed primarily for the that makes such experiments difficult to interpret. Only a

Lambda Point Experimert PE)*° and the Confined Helium layer of the sample about 0.2 mm thick can be considered to
Experiment(CHEX)?° flight programs. The present status of be that close to the transition; the rest is further away due to
the high resolution thermometry is that the noise level is seihe shift '.nTK(I.D) caused by the hydrostatlc head. In space,
by intrinsic thermal fluctuation phenomena. In the CHEXJ[_hg3 effective thickness of this Iayerwnl grow to about 10 ¢m,
configuration this leads to a limiting resolution of aboutf'l_IIng the_whole resonator. This measurement .WOUId also
109K in a 1 Hz bandwidth. Integration over longer peri- give new mforr_ngtlon on a second parameter of Interest, the
ods allows resolutions deep in the 28 range with the ulti- damping coefficient of the thermal wave. The behavior of

mate performance set by sensor and electronics drift. Thg1is quantity near the trangition_ ?S of importance in the test-
pressure transducer is currently under development witH'9 of the theory of dynamic critical phenomena.
separate NASA funding and has not yet been flown. It rep-
resents a significant development effort, but all elements o
the device exist in other applications. The main parts of the  To perform the tests of the universality prediction for the
sensor element are derived from the gravitational wave desuperfluid density it is necessary to have information on the
tector at Stanford where displacements of 10m are moni-  heat capacity behavigor Bp) over a limited range. We plan
tored. This demonstrated sensitivity far exceeds our needso use the lowg simulator at JPL for these measurements.
Closed loop pressure control at resolutions of 4@as not  The volume over which the effective gravity environment
yet been demonstrated, but bandwidth requirements are egan be reduced to the 0.01 g level in the simulator is limited
tremely modest, less than 1 Hz, so little difficulty is ex- to about 0.5 cubic centimeter. Due to the necessarily small
pected. sample volume we believe the highest quality data can be
This assembly will be placed within a multi-stage ther- obtained by performing expansion coefficient measurements,
mal enclosure similar to that flown on the LPE. The onlywhich relate directly to heat capacity data. Following Muel-
significant change in this part of the apparatus will be the uséer et al,'® the expansion coefficient measurements will be
of a tighter thermal link between the cell and the inner staggerformed using a standard “hot volume” technique in
of thermal isolation. This change will allow a faster responsewhich the sample helium in the low-gravity simulator is con-
thermal control loop on the cell, and more rapid cooling fornected via a small capillary to a second volume containing a
repeating temperature scans. The walls of the enclosure willigh resolution pressure gauge. The temperature of the hot
be maintained near 1.7 K to allow operation of the samplesolume chamber is changed in response to a small change in
chamber at various temperatures along the lambda line. Thithe sample volume temperature such that the pressure is held
basic operating temperature will be maintained by using a&onstant. The expansion coefficient is calculated from the
superfluid helium cryostat with a long hold tim@0-50 applied change in temperature in the sample cell and the
day9 which is needed for completing the measurements at aalculated change in density of the hot volume as deduced
number of different pressures. from it's change in volume. A pressure regulation of 0.15
To perform the experiment, the pressure is first set at thenbar has been demonstrated routinely with this technique
desired value by adjusting the reference pressure of the cogerresponding to a temperature noise in the sample chamber
troller system using high pressuféle gas. This level of of about 0.3 nK at a pressure of 10 bar and 3 nK at a pressure
pressure adjustment need only be done relatively crudelyof 1 bar. We plan to take data from 1 bar up to 30 bar. Due
say to an accuracy of about 1%. Once set, this pressure neetdsthe very large magnetic field present in the Igveimula-
to be held constant to within about 1 part in®lGsing the tor, temperatures are measured using melting curve
internal controller. Next, the temperature of the cell is raisecthermometry?”> The demonstrated resolution of these ther-
ever closer to the lambda point and the fundamental resonantometers is about 3 nK in a 1-Hz bandwidth. The proposed

. EXPANSIVITY
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Hydrodynamic impulse and energy of vortex tangle in superfluid turbulent He-llI
S. K. Nemirovskii and V. A. Lushnikov

Institute of Thermophysics, Lavrentyeva Are. 1, 630090 Novosibirsk, Russia
Fiz. Nizk. Temp.24, 127—-131(February 1998

The average hydrodynamic impul&ar Lamb impulsg Jy, in the counterflowing, superfluid,

turbulent He-II and the kinetic enerdy, which is associated with the chaotic vortex filaments, are
calculated. These quantities are defined as averages of the classical quantities taken over the
stochastic vortex loop distribution. The averaging procedure was performed by using the Gaussian
model of the chaotic vortex tangle elaborated earlier. Calculations show that the guantity

has only a component in the direction of external counterflow veldcityated, e.g., by a heater

As for the energy, it is shown that besides the usual local contribution, the qu&ntity

includes additional terms due to a long-range interaction. Some dynamic properties of the turbulent
He-1l due to the impulse and energy of the vortex configuration, such as suppression of the
superfluid density and decrease in the velocity of the second sound that propagates in the superfluid
turbulent He-ll, are discussed. @998 American Institute of Physid§1063-777X98)00702-9

1. INTRODUCTION 3, and 6. Besides this ordinary anisotropy, there is a more
subtle anisotropy connected with the average polarization of

It is widely appreciated that a chaotic tangle of quantizedthe vortex loops. Furthermore, there is some proof that aver-

vortex filaments[vortex tangle(VT)] or superfluid turbu- age curvature of the vortex lines is of the order of the inverse

lence(ST) appears in the superfluid component whenever thénterline space and the coefficient of this proportionality was

velocity of flow (or counterflow; see Fig.)lexceeds a fairly obtained in the numerical simulations made by SchWarz.

small, critical value(see, e.g., Ref.)1 The presence of a The master idea of my proposal is to construct a trial distri-

vortex tangle essentially changes the hydrodynamic propebution function(TDF) in the space of the vortex loops of the

ties of superfluid heliunisee, e.g., Refs. 2 and.3Accord- most general form, which satisfies all of the established

ingly, the phenomena are studied in the framework of soproperties of the VT. We assume that this trial distribution

called phenomenological theoff?T) which was pioneered function will enable us to calculate any physical quantities

by Feynmafiand Viner and greatly modified by Schwafz. due to the VT.

The PT describes ST in terms of the total length of vortex  In this paper we calculate the average hydrodynamic im-

lines or vortex line densityVLD) %(t) and of the structure pulse (or Lamb impuls¢ Jy in the counterflowing, super-

parameters of the VT. Knowledge of these quantities allowsluid, turbulent He-ll and the average kinetic eneEyhich

us to calculate some of the hydrodynamic characteristics dé associated with the chaotic vortex filaments.

superfluid turbulent He-II such as mutual friction, sound at-

tenuation, etc. There exist many other physical quantities

con_nt_acted vyith the_ dis_tribution of the filamer_lts and withz' CONSTRUCTION OF THE TRIAL DISTRIBUTION

their interaction, which is related to other physical phenom+ncTion

ena that cannot be expressed in terms of the PT. The relevant

phenomena should be covered by appropriate stochastic According to general prescriptions, the average of any

theory of chaotic vortex filaments. Of course, the most hon-quantity (.#({s;(¢;)})), which depends on the vortex loop

est way to develop such a theory is to study stochastic dyeonfigurations, is

namics of vortex filaments on the basis of the equations of

motion with a source of chaos. However, due to extremely _ P A el e

involved dynamics of vortex lines this method seems to be <"/))({%(§J)})>_{SJ%)} AASENAUSED- @

almost hopeless. We would like to offer another approach.

The main idea and main strategy are the following. DespitéHere A({s;(¢;)}) is the probability of the vortex tangle to

the fact that phenomenological theory deals with averag@ave a particular configuratiofs;(¢;)}. The meaning of

quantity #(t), this approach, supplemented by experimentasummation over all vortex loop configuratioE%(gj)} in Eq.

results and by some speculations, gives some informatiofll) will be clear from further analysis.

concerning the arrangement of the VT. We know that the VT~ We make the usual assumption in statistical physics that

consists of closed loof#abelled bys;(£); see Fig. 2, which  all configurations corresponding to the same macroscopic

are uniformly distributed in space and which have the totaktate have equal probabilities. Thus, the probability

length *Z(t) per unit volume. From acoustical experiments it ({s;(&;)}) for vortex tangle to have a particular configura-

follows that filaments are distributed in an anisotropic man-tion {s;(¢;)} should be proportional to Mijoweq,» Where

ner, and that quantitative characteristics of this anisotropW owed IS the number of allowed configurations, which, of

can be expressed by some structure paramé&eesRefs. 1, course, is infinite:
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,i j 7. E Vortex tangle Nauowedxfj[ f Z({s(8)}) - constantfs;(£)}. ©)
n The constraints entering this relation are expressed by delta

X functions that give fixed properties of the VT. For instance,
z
)

the constraintﬁ((sj’(g)z—l) shows that the parametéris

the arc length. However, this condition leads to an intractable
theory. We will use a trick known from the theory of poly-
mer chaingsee, e.g., Ref.)7 namely, we will relax the rig-
orous condition and change the delta function by continuous
FIG. 1. Turbulent counterflow in He-Il. The normal component flows from (Ggussmhdlst-nbu_tmn of the link length Wlth the same value
the heater carrying a heat flug= STV, ; the superfluid component flows Of integral. This trick leads to the expression for the number

toward the heater. Total mass fla p,V,+ psV,=0. Also shown are the  Of allowed configurations
axes used in this paper; tkeaxis is directed along the normal velocky, ,

. ; 7
the x andy axes are arbitrary; however, symmetry betweeandy is )
Natowed LT | “({s(&hexg —2a |
i

Second sound probe

/
assumed. Usual measured quantities are the temperature drop or/and pres- S
sure, attenuation, and velocity of the second sound that propagates at differ-
ent angles through the counterflow, shape of heat pulses, etc. In the same manner we are able to introduce other

known properties of the VT structure. The detailed calcula-
tions will be published elsewhefewe can now write the

final expression for the probability of configurations

zdf)- (4)

As(EphH )

Nallowed Nallowedxf f/{S(K)}EXF(—(/,{S(K)}) (5)
By “allowed configurations” Nyoweq We mean only the Here s(«) is a one-dimensional Fourier transfdfnof the
configurations that lead to the correct values for all averagevariables(¢), and the Lagrangiar¥{s(«)} is
guantities known from experiment and numerical simula-
tions. _ _ _ As(k)}= E S,”(‘(K)A“ﬁ(x)sf(;(). (6)
Formally, it can be expressed as a path integral in the k#0
space of three-dimensiondtlosed curves supplemented |, nractice, to calculate various averages it is convenient to
with some constraints connected to the properties of the VT o with the characteristidgenerating functional (CP),

which is defined as the average

2~V 'll Lléo W({Pj(K)}):<eX[{—; ,;0 P].“(K)Sj’lt(_K))>.

Accordingly, our Lagrangian has a quadratic fofim s(«)].
Consequently, the trial distribution function is a Gaussian
function, calculation of the CF can be made by using a full
square procedure to give the result

W({P](K)}):eX% — 2 ;0 Piu(K)NfLV(K)PJV(_ K)) .
<Polarization> o

The elements of the matriX{*“(«) are specified from calcu-

lation of the total length, anisotropy coefficient, curvature,

and polarization. Their explicit form is written in Ref. 8. The

typical shape of the averaged curve is shown in Fig. 2.
Thus we reached our goal and have written the expres-

FIG. 2. A snapshot of the average vortex loop obtained from analysis of th&i0N for the trial CF, which enables us to calculate any aver-

statistical properties. The position of the vortex line element is described asige vortex filament configuration.

si(¢;), where¢; is the arc Iengthsj’(gj):dsj(gj)/dg-£ is the tangent vector,

unit vector along the vortex Iine#’(gj)=dzq(§j)/d§j is the local curvature

vector; vector productios; (¢;) X §/(¢)) is binormal, which is responsible

for the mutual orientation of the tangent vector and the vector of curvature3. HYDRODYNAMIC IMPULSE OF THE VORTEX TANGLE

Close(A¢<R, whereR is the mean curvatuyearts of the line are sepa-

rated in D space by a distana®. The distant partsR<A¢) are separated As an illustration of the developed theory we would like

in 3D space by a distance {ZRA £)Y? (with a correction due to the close- to discuss hydrodynamic impulse of vortex tanglewhich
nes$. The latter property reflects a random walk structure of the vortex. .
loops. As a whole, the loop is not isotropic and has a “pancake” shape. S defined as

addition, it has a total polarizatioff's/ (¢;) X §/(&)d¢;), forcing the loop to p P

drift along the vectolW,, and to produce nonzero superfluid mass flow in the Jy= sz 2 f s(&)X Sf(g.)dg. . (8)
z direction(Sec. 3. 2 j =) 155 J
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Heater Vortex tangle ApKITa?(4—1,)?

f(T)= (12
- Pncgﬂs
'svns Decreasing the second-sound velocity in the counterflowing
XV He-1l has been actually observed about two decades ago by
l ;" Vidal et al1° To the best of our knowledge, there was only

y an attempt to consider this effect theoretically by M¥hl,
who explained the change in the second-sound velocity by
Second sound introducing the imaginary part into the Hall-Vinen constant.

. However, aside from some numerical disagreement, the
emitter ; ; ) !
Mehl’s theory did not explain the strong,,s dependence in
FIG. 3. lllustration of the transverse experiment. Small perpendicular deviathe experimental data. Let us compare our reSlJ]_D with
tion 6V, of the counterflow velocity/,s changes the orientation of polar- \/idal’s experiment. Using the data on the structure param-
ization of the vortex tangle, whereas the vortex line density and mean cur:
vature do not change in the first ordera,... eters, we find that, e.g., at the temperature 1.44 K the value
of the function f(T) is about 620%cn’. Using the fre-
quency w=4.3rad/s in Ref. 10 and/,,s=2 cm/s, we find

thatAu,/u,~4x10 4, which is very close to the observed
The quantityly is closely related to the momentum of the 5 e.

fluid (see Ref. 9 The average«jg(gj)XSi (&;)) is immedi-

ately evaluated by CFk7) to give the result 4 ENERGY OF THE VORTEX TANGLE

P pxlia, v 9 In this section we calculate the average energy of the
v 2 PsVs- ( . L. . -
PnC2B, stochastic vortex loop distributed according to the distribu-

tion function(5). The general expression associated with the

Note that the coefficient includes no fitting parameters
gbp I|near vortices can be written as follovisee, e.g., Ref.)9

but only the characteristics known from the phenomenologi-
cal theory(see Ref. B The relation(9) shows that the vortex 1 2 s
tangle induces the superfluid current directed against the ex- E= < 2 J’ psVsd >

ternal superfluid current. This should be expected since there

is a preferable polarization of the vortex loops. In the experi- psK S (&)s (&)
ments this additional superfluid current manifests itself as a - . J j Is(&)—si(&)] (&)
suppression of the superfluid density. This effect is@a 3

analog of the well-known Kosterlitz—Thouless effect exceptin 3D Fourier space the average eneigy(13) can be re-
that distribution of the vortex lines is not calculated but isWritten as

written with reference to the experimental data. k>
- < 2 & fk(2w w ), ], 5@

Since superfluid density enters the expression for
second-sound velocity, it seems attractive to detect it using

transverse second sound test{fgg. 3). To do this, we must x dgdg; exp(ik(s(f-) —Sj(§j))>. (14)
first evaluate transverse change of fheand, secondly, de-

velop the theory to match it to the nonstationary case. Th€omparing(14) and(7), it is possible to express the energy
general theory asserts that while applying a harmonic exter= in terms of the characteristic functional:

dgidgj>. (13)

nal second-sound field, suppression of superfluid density be- pek? d3k L
comes a function of frequenay in the form (B)=—"%— > fk 272 fo fo dé;dg;
1]
Apy(w)= ( 5JX) ! (10) 52w
pslw X —. .
oV 1+ (0)—s: _
S/ transv IwT‘] XI5P|D[(§|)I5P]0[(§J) equk(sl(o) Sj(o))] (15)

Here the transversesy/ 8Vy)yansviS half that given by re- Here the set oP.(£) in CE W({P.(&' is again deter-
lation (9). The quantityr, is the time of relaxation of the .~ "\ iy o h?a(lg%flth@-funé&o;(sgn)}) 'S agal

superfluid currentl,,, which can be found from dynamical

considerations. Expressingl/dt with the help of the equa- Pi(&)=KO(E)O(&— &), Pi(&))=Ko(&)0(&— &),
tion of motion of the vortex line elements and then evaluat- P (£)=0, n+#i] (16)
ing various averages by our trial distribution function, we n=n ' -
obtain the following final result for the change of the second-The relation(16) implies that we choose in the integrand in

sound velocity. the exponent of CF only the points lying in the interval from
Performing all of the described procedures, we find thaD to & on thei-curve and from O t@; on thej-curve. In the
the relative change is evaluation of self-energy of the same lodp;j, one has to

distinguish the pointg; , and assume them to be, e §.,and
_ 2 1 ) ’
Auz/uz=—1( T)(V Jo7). (19) &' . Further results concern the case of the only loop of
Here the functionf(T) consists of the structure parameterslength L. Omitting cumbersome calculations, we write the
of the vortex tangle final result in the form
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2 R inertia of the “joint” mass should lead to the appearance of
1- —4 (fo—fy) |In ™ elastic waves, B analog of the Tkachenko waves.
0

pk’L R pkiL
E= In —
4 a, 4w J4
priL 2fs 2y f, 5. CONCLUSION
am | (Jo—1)V2757%c3, " m—1)v?| Based on the trial distribution function in the space of
17) vortex loops comprising a superfluid turbulence in He-ll a

hydrodynamic impulse, as well as energy of vortex tangle.
where the quantitiet are expressed in terms of the structure Some dynamic properties of the turbulent He-Il, due to the

parameters of the VT as follows: impulse and energy of vortex configuration such as suppres-
arcsing sion of the superfluid density and decrease in the velocity of
fl(,8)=[2(3—,82)]1’2T, (199  the second sound that, propagate in the superfluid turbulent
He-ll, have been discussed.
1 This work was funded in part by the Russian Fund for
fa(B)= [2(3- )" Fundamental Research, Grant No. 96-02-19414.
arcsing * . . :
X| —V1-B°+(2—B%) ———|, (20 E-mail: nemirov@otani.thermo.nsk.su
B YWe used D Fourier transforng;(«) of curvess;(§) since various prop-

erties of the VT, such as the mean curvature, polarization, anisotropy, etc.,

Vv1- ,32 arcsin are expressed via the derivativessif¢) of different orders.
f3(B)=[2(3—pH 1% -
3 182 ﬁ3 ’
TEEEYTE IR. J. Donnely,Quantized Vortices in Helium ,lICambridge Universi
B=N(= 1) (22) Press(1991). ¥ i v

Let us examine expressiofl7). The first term on its 2J. T. Tough, inProgress in Low Temperature Physi@ F. Brewer(Ed),
. S . . North Holland(1982, p. 133.
right side is the energy per unit length of the straight vortex 3S. K. Nemirovskii and W. Fiszdon, Rev. Mod. Phgg, No. 1, 37(1995.

filament (see, e.g., Ref.)Imultiplied by its length. In this 4R, p. Feynman, iProgress in Low Temperature Physics. J. Gorter
form it is frequently used in the theory of superfluid turbu- 5(Ed')’ North Holland(1955, vol. 1, p. 17. N
lence(see, e.g., Ref.)3But there are additional terms. The ~W-F. Vinen, Proc. R. Soc. London, Ser240, 114(1957); ibid. 240, 128
d term is also logarithmically large. We assume tha%(1957); ibid. 242, 493(1957; ibid. 243 400(1958.
secona term 9 ily 1arge. : K. W. Schwarz, Phys. Rev. B8, 245(1978); ibid. 31, 5782(1985; ibid.
this contribution comes from accidental self-crossing of re- 38, 2398(1988.
mote (along the ling parts of the vortex filament. The third “M. Doi and S. F. EdwardsThe Theory of Polymer DynamicSlarendon
_ ; R, Press, Oxford1986.
and fourth terms result from long range interaction; they areg Nemirovski, Gzech. J. Phys. Vol 4uppl. S1 (1996: Phys. Rev.
smaller (about 10% than the logarithmic terms. The third g ypmitteq.
term is of special interest. It appears due to the polarizatiorfG. K. Batchelor An Introduction to Fluid Mechanig€Cambridge Univer-
of the vortex loop and its presence implies that there is some sity Press(1967). _
elasticity of the vortex tangle in thé, . direction. The results ,-- & Vidal, C. R. Acad SciB275 609 (1972
, ; J. B. Mehl, Phys. Rev. A0, 601(1974.
of the previous section show that the presence of the VT
leads to the appearance of a correction of the superfluid defis article was published in English in the original journal. It was edited by
sity. Therefore, combination of the longitudinal elasticity ands. J. Amoretty.
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Helium flow in a confined region caused by heating under zero gravity: approaches
based on molecular kinetics and mechanics of continuous media

A. A. Gorbunov and V. |. Polezhaev

Institute for Problems in Mechanics, Russian Academy of Sciences, 117526 Moscow*, Russia

A. P. Kryukov and I. N. Shishkova

Moscow Power Engineering Institute, 111250 Moscow, Rtissia
Fiz. Nizk. Temp.24, 132—135(February 1998

Helium flow in an enclosure caused by sudden heating of the enclosure walls is considered.
Boltzmann’s equation and complete time-dependent Navier—Stokes equations with appropriate
boundary conditions are integrated numerically. It is shown that the results of calculations
obtained by using these methods for a steady-state flow are clos&@99® American Institute of
Physics[S1063-777X98)00802-0

INTRODUCTION pair of parallel planes, we assume that one of the additional
k|%Ianes(referred to as the lower wallpasses through the
axis, and they-axis is directed towards the other additional
ane (referred to as the upper wallWe denote byl the

Heat- and mass transfer at low temperatures can tal
place under the conditions when the temperature of a heatina

surface differs considerably from the temperature of a cryo tion bet the left and riaht wall d Hovih
gen in contact with this surface. Film boiling of helium is an Separat!on bet\‘l’v"ee”th € lett an d“lg wa S”a” ythe
example of such a process. Film boiling is observed in gySeparation between the upper and lower walls.

In the two-dimensional case, we assume that the upper

perfluid helium(Hell) for large values of heat flux. The tem- L .
perature of the heater and Hell differ by one or even twoz.ind lower walls are also rigid and impermeable and that a

orders of magnitude in this case. Such conditions are resp0|1f11(e":‘:r t(:-[,\rr]nperature _d|st;|but!on I'.S _[natuhn;taﬂn: d a(tj_trhe_s_? walls.
sible for considerable deviations from equilibrium and com- urther, assuming for simplicity —handi = lm,

plicate an analysis of corresponding transport processes. we F;Utp m=0|'76 kg/n? at.nd le=3 thogscgr;it{oﬂd t]:am-
In this communication, we analyze heat transfer in thePratlre scaes, respectively and cho ' m for

vapor region confined by surfaces with considerably differ-the scale of length.

ing temperatures. The molecular-kinetic approach based on

the solution of Boltzmann’s equation can be used for this

purpose. Although this method is cumbersome, it is free 0BASIC EQUATIONS AND METHODS OF SOLUTION
limitations associated with the extent of departure from equi- I
o . . Molecular-Kinetic Approach

librium in transport processé<. At the same time, methods

and mathematical apparatus have been developed for prob- Boltzmann’s kinetic equatio(BKE) in a time-dependent
lems of mechanics and heat transfer in a continuous coniwo-dimensional problem has the form
pressible medium. These approaches were successfully Jf Jf

tested and used for a number of probléfmsOur main task —+ &t E— =1, (1)
is to determine the extent of matching of the results obtained Jt 28 ay

by different methods and to find the region of applicability of where f=f(&,x,y,t) is the molecular velocity distribution

these methods for helium flow in an enclosure. function, £ the velocity vector of a particlénelium atom, x
andy are the coordinates along tlxe andy-axes,t is the

FORMULATION OF THE PROBLEM time, and

Let us consider an enclosure confined between two par-

— ¥4

allel planes(henceforth referred to as enclosure walsd J_Lz( f'fi—ff1)[—&[bdQ
filled with a stationary gas under zero gravity conditions. We
denote the temperature and density of the ga$ handp,, . denotes the collision integral. In writing the expression for

For definiteness, we refer to these planes as the left and righite collision integral, we have used the notation introduced
wall, assume that the walls are rigid and unpenetrable, andy Kogan®

suppose that, starting from a certain instant of time, the tem- The solution of Eq(1) leads to the molecular velocity
peratures of the left and right walls in the absence of heatlistribution function. Macroscopic parametéssich as den-
sources in the bulk have the valugés=4K andT,=2K, sity, temperature, pressure, mass and energy fllaesde-
respectively. termined as moments of the distribution function.

In the space containing the enclosure, we introduce a We believe that the method of direct numerical solution
system of Cartesian coordinates whose origin lies on the letvf Boltzmann’s equation used here is one of the most rigor-
wall, and thex-axis is directed to the right wall. If we con- ous methods. A detailed description of this method can be
sider a fragment of the enclosure confined additionally by dound, for example, in Ref. 1.
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FIG. 1. Time variation of density@) and temperaturé) profiles for a fim  FIG. 2. Isolines of densitya) and temperaturéb) for a steady-state flow:
of thickness 10 for H>L: direct numerical solution of BKEsolid curves molecular-kinetic approactsolid curves and the approach based on con-
and moments method of solution of BKBashed curves tinuous media mechanidgashed curves

In formulating the boundary conditions, we assume that viscous gas for the appropriate choice of scales of dimen-
complete energy accommodation of molecules takes place gional variables and corresponding normalization in the form
the enclosure walls, and the molecules are reflected diffusely.
Thus, the distribution function for reflected particles is aﬂ
semi-Maxwellian with zero transport velocity. The density of Jt

such a distribution is determined from the zero- flow condi- . . . .

tion, i.e., from the condition of equality of impinging and wheret is the time,U the ve_ctor of requwe_d vanabl_es_whose

reflected mass fluxes. The intermolecular interaction poteng_omponent_s are _the velocity a_md normalized Napierian Ing.i'

tial is taken as for elastic spheres. rithms of d_|men5|onless_den3|ty an_d temperature,_ the matrix

L.(U) defines convective derivatives, the matiix,(U)

specifies the wave and dissipative properties, the matrix

L4(U) characterizes diffusion, and Res Reynolds number
We shall describe the flow of the gas by the system offor the velocity of sound.

dynamic equations for a viscous gas, including the Navier— The initial and boundary conditions for velocity and

Stokes equations of motion, the energy balance equation, artdmperature follow from the formulation of the problem, and

the continuity equation, assuming that the equation of statthe value of density at the boundary is determined from the

for the gas is determined by the Clapeyron formigee, for  continuity equation.

example, Ref. ¥ The system of Eqg2) can be solved numerically by the
For simplicity, we consider the one-dimensional casemethod based on the finite-difference approximation of this

and write the dimensionless system of dynamic equations fasystem(see Refs. 3 and)5

2

+1L UaU-i-lL U(?U_O 2
RQ; W() Ré d( )(9)(2_ 1()

oU
+LC(U)_ IX

oX

Approach Based on Continuous Media Mechanics
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DISCUSSION OF RESULTS small and moderate values of heat fluxes, there is no
need to obtain new kinetic solution since the well-known
tested relations can be usézke, for example, Ref.)8

The internal region of the flow can be analyzed to a high

degree of accuracy by using the methods of mechanics

of continuous media.

3) Under strongly nonequilibrium conditions, the kinetic
approach becomes essential. Thus, for large heat fluxes
observed, for example, for boiling of superfluid helium,
calculations without kinetic solutions can lead to consid-
erable errors. Some problems such as that involving
evaporation—condensation cannot be formulated cor-
rectly without using the molecular-kinetic approach.

The results of solution of one-dimensional problems for
a steady-state flow show that the coordinate dependences FOZS
density and temperature obtained on the basis of molecular=
kinetic approach and the approach based on the mechanics of
continuous media are close.

The molecular-kinetic approach allows us to analyze(
flows with evaporation—condensation along with the solution
of problems with impenetrable interfaces. Figure 1 illustrates
the solution of such a problem in which the right wall is the
superfluid helium—vapor interface.

Figure 2 shows isolines for temperatifég. 2(a)] and
density[Fig. 2(b)] fields for a gas with a steady-state flow in
the cavity under investigation for two-dimensional problems.  This research was carried out under the RFFI project No.
Solid curves correspond to the molecular-kinetic approachg7-01-00124 and the project TM—16 of the contract NAS
while the dashed curves correspond to the approach based 86—-10110 between NASA and Russian Space Agency.
the mechanics of continuous media. It can be seen that these
methods give virtually identical results. R . .

. . E-mail: polezh@ipmnet.ru

A comparison of the results of the solution of one- and«« g mail: kryukov@kryos.mpei.ac.ru
two-dimensional problems shows that in spite of the small
size of enclosures in the flows under investigation, both the, _ . , _

" . ] . V. V. Aristov and F. G. Tcheremissin®irect Numerical Solution of the
mOIe_CU|ar kinetic method and the eql_'latlons fora C(_)ntmuous Boltzmann Kinetic Equatiofin Russian, Computing Center of Russian
medium can be used for an analysis of such regions. Theacademy of Sciences, Mosco@®992.
equations for a continuous medius are solved with the?V. V. Aristov, A. P. Kryukov, F. G. Tcheremissine, and I. N. Shishkova,

boundary conditions obtained by molecular-kinetic methods,Z"- Vychisl. Mat. Mat. Fiz.30, 1093(1991.
V. |. Polezhaev, Izv. Akad. Nauk SSSR, MZhG, No. 2, 12967.

(e'g" the Valu?S of temperature jumps at phgse bour];dar'es“A. P. Kryukov and I. N. ShishkovaBook of Abstracts, 20th Int. Symp. on
In conclusion, we can propose the following recommen- Rarefied Gas Dynamic8eijing, China, August 19—281996.
dations for an analysis of heat transfer in gaseous heIiuniA- A. Gorbunov, Izv. RAN, MZhG, No. 3, Seminaf2997.

under strongly nonequilibrium conditions. x%N?) Kogan, Rarefied Gas Dynamicfin Russiar, Nauka, Moscow

(1) At the initial stage of the solution of the problem, tem- L. G. Loitsyanskii,Fluid Mechanicgin Russiaﬂ, Nauka, Moscow(1987.
. . - ... 85T. M. Muratova and D. A. Labuntsov, Teplofiz. Vys. Tenp959(1969.

perature jumps at interfaces should be determined with

the help of the molecular-kinetic method. In the case ofTranslated by R. S. Wadhwa
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Adsorption of gaseous helium near T , at low pressures
G. V. Kachalin, A. P. Kryukov, and S. B. Nesterov

Moscow Power Engineering Institute (Technical University), 111250 Moscow, Russia
Fiz. Nizk. Temp.24, 136—139(February 1998

Cryosorption of helium isotopesile and*He) on thin layers of solid argon at low gas

pressures in the bulk is studied experimentally upon a change in the layer temperature from 4.2
to 2 K. It is shown that the sorption isostere fitte displays anomalous behavior near the
temperatureT, of transition of liquid*He into superfluid state. An abrupt change in pressure is
observed for &He film thickness corresponding approximately to two monolayers. In

experiments on cryosorption of gaseolide on an argon layer for 3He film thickness
corresponding approximately to one monolayer, the pressure in the bulk varies monotonically over
the entire temperature interval. @98 American Institute of Physid§1063-777X98)00902-5

INTRODUCTION ostat, and its level in the bath is controlled by level indicators

. . made of a superconducting wire.
A large number of works have been published in recent The sorbent(argon in the present caseryolayer is

years on the properties of _thin helium _Iayers adsorbed Ofoymed as a result of condensation of the gas on the inner
various Egrous substances like gllass, silicagels, aefoge's' a8flrface of the vacuum module. The gas is supplied through
zeql|tesl. However, the adsorpyon of gaseous helium ON e inlet tube equipped with an atomizer consisting of three
solid surface has not been studied extensively for a low 'n'1ayers of a 64«m mesh, which allows the formation of a

tial pressure of gaseous helium. cryolayer of uniform thickness. Gaseous helium is let in after

The present paper aims at studying the behavior of SO"he formation of a cryolayer of given thickness. The helium

tion isosteres for helium isotopes on argon gry(_)layers at teméoncentration is determined in relative un@s=(Vye/Var)
peratures close to the poinj, of transition of liquid*He into

. -100%, whereVy, and V,, denote the volume of gaseous
superfluid state. helium and argon respectively under normal conditions.
After the equilibrium pressure has been established in
gaseous helium over the cryolayer, the sorption isostere is
determined at 4.2K, i.e., the dependencePf (1/T)

Experiments on studying the cryosorption of helium nearwhereP is the helium pressure over the cryolayer ang
T, were carried out on a high-vacuum setup on which meathe temperature of the cryolayes investigated for a con-
surements could be made at low temperatures. The schemagtant helium concentration in the bulk of the module. The
diagram of the experimental set-up is shown in Figa) &nd  pressureP is determined with the help of ionization pressure
1(b). transducers LM-3-2, and the bath temperafliis varied by
The main element of the setup is a cryoblock consistingpumping vapor of liquid helium surrounding the vacuum
of a commercial helium cryostat KG-60/300-1 and contain-module. The value ofl is determined from the saturated
ing a vacuum module. The vacuum module is a copperapor pressure of liquid helium which is measured by a mer-
sphere of diameter 270 mm and wall thickness 1 fiffig.  cury cup manometer, and is controlled by the readings of
1(a)] or a cylinder with a detachable cryopati€ig. 1(b)]. resistance thermometers fastened to the outer wall of the
The use of a spherical module is dictated by the need tyacuum chamber.
ensure a uniform deposition of the sorbent layer on the sur- The sorption isostere in IR vs. T~ coordinates is a
face of the cryopanel. However, on account of the hydro-Straight line whose slope gives the value of the heat of sorp-
static pressure under terrestrial conditions, the lambda trariion.
sition in the upper part of the sphere occurs at a slightly
h|gher_ temperature than in the lower part. Suc_h a tempe_r 5|SCUSSION OF EXPERIMENTAL RESULTS
ture difference along the cryopanel can be avoided by using
a cylindrical module with a plane cryopanel. However, a  Figure 2 shows the experimental dependences
uniform deposition of the sorbent cannot be ensured in thiqg P=f_(1/T) obtained while measuring the sorption of he-
case. A brief analysis carried out by us reveals that a unifornium isotopes’He and*He on argon cryolayers formed under
sorbent layer can be deposited near the lambda point undétentical conditiongspherical module
ideal isothermal conditions not only in our experiments, but It can be seen from the figure that near the phase transi-
in principle if precise temperature measurements are made tion point T,=2.172 K of *He into superfluid state in the
a spherical module under zero gravity conditions. outer bath, the pressufe of gaseougHe over the cryolayer
The vacuum module is evacuated preliminarily throughdecreases abruptly by a factor ef2 (see the isostere for
the connecting tube from an external station consisting of £=10.16%).
turbomolecular pump VMN-150 and a mechanical pump  In the same temperature interval, the pressure of gaseous
2NVR-5DM. Liquid helium is then introduced into the cry- 2He varies monotonically with decreasing temperature, and

EXPERIMENTAL TECHNIQUE
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TABLE I. Helium concentrationC in argon for which a monolayer of
helium is formed at the solid argon surface.

To pumping system Concentration, %

. 4
Gas — Equation He *He
DRK 4.94 53
Langmuir 6.09 4.81
BET 5.84 4.81

In the concentration range 3.40-5.87% ftile and
4.00-4.81% for’He, all three equationsLangmuir, BET
and DRK describe the experimental dependenddd)
quite satisfactorily.

Calculated values of the capacity of argon monolayer for
sorption of*He and®He are presented in Table I. It can be
seen that the values of the monolayer capa€lty deter-
mined by various methods fdtHe and®He on filfrgon are

. — . . quite close and lie in the range 4.94-6.09% féte and
fufe' &) ﬁf,’,']ﬁ;'ﬁﬁ‘ﬁg) p"’i‘ggliﬁé‘;’}f’gff,ifﬂ)eﬁéﬁﬁe,ﬁ'gfiﬁ?ﬁalﬁo"s‘i;{ii E;To\',clm 4.81- 5.30% forHe. It follows hence that the thickness of
sphere(5), hollow cylinder(6), and cryopane(7). “He film on argon surface under conditions when a pressure

discontinuity is observed on the straight lineRr=f(1/T) in
the vicinity of T, corresponds to about two monolayers.
hence the sorption isosteree for C=4.81% is described The abrupt decrease in the pressure of gasébiesin
by a straight line. Thus an analysis of Fig. 2 reveals that thehe working volume as a result of cooling of the liquid below
observed pressure jump is characteristic of the systerif, can be explained as follows.
argon-4He for C=10.16%. It is well knowr? that even thin films of helium formed

In order to interpret the obtained experimental data, weon a solid surface as a result of sorption are quite mobile in
must know the properties of the absorbing substrate, includeontrast to the adsorbed layers of other gases. It was shown
ing the helium concentratio® for which a helium mono- by McCormick et al® that an argon layer deposited on a
layer is formed on the surface of solid argon, i.e., the capaceopper surface has a very high thermal conductivity and ef-
ity of the monolayer. In order to determine the latter, wefectively removes the heat released during adsorption of he-
used the Langmuir equation, the Brunauer—Emmett—Tellelium. Studies by Chaet al.” revealed that the temperature of
(BET) equation, and the Dubinin—Radushkevich—Kaganetransition to the superfluid state for helium contained in the
(DRK) equatior®~*?The knowledge of the monolayer capac- pores of sorbents like aerogel is 2.167 K, i.e., close to the
ity is essential for understanding the processes occurring aialue of T, for the bulk liquid. According to the experimen-
the surface of a cryolayer upon a decrease in temperature tal results presented in a recent publication by Kulestal.

3 a b
10 107
P, (He) =1(T') 4.81%
J 4.64% .
qodysIIIIIIIIIIIIIIIIIS sl g
. 10.16% i 10 \
8 6.91% oo 0.99% \ § 4.00%
- % LY = e \
s ° = :
107 £ 879 . . l\ 10
5.02%\ *
30
10'8 4..0. 1 Il : 1 1 .
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FIG. 2. Isosteres of sorption 8He (a) and®He (b) on argon cryolayer for various helium concentrati@(€6).
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the thermal conductivity of unsaturated helium films on the(2) During cryosorption of’He on a layer of solid argon

surface of porous glass increases shatply four orders of formed under identical conditions for a capacity of about
magnitude upon an increase in the concentration ‘dfe one monolayer, no sharp variation is observed in pres-
atoms at the surface or a decrease in the substrate tempera- sure over the cryolayer in the vicinity df, for “He in
ture. In particular, such a jump is obserffett about 1.1 K the bulk.

for a concentration of 34.zmole He/nf. This research was carried out under the project TM-16 in

In the light of the experimental data presented above, accordance with the contract NAS 15-10110 between NASA
sharp decrease in the pressure of gasébliesover the argon  and the Russian Space Agency.
layer upon a cooling of the working volume beldw can be
attributed to a considerable increase in the mobility of he-
lium film adsorbed on the argon surface and penetration of
helium into tiny pores. This increases the sorption capacity
of the sorbent layer and hence to a displacement of dynamic—
equilibrium towards decreasing volume concentratiofi-te L ,

in th bove the crvolaver. A practically constant L. S: Gurevich, S. B. Nesterov, A. P. Kryukov, and A. |. Bychkov, Plasma

atoms in the gas abov ryolayer. A p y Devices Op.1, 247 (1991).
value of slope of the isosteres before and after the pressurés. B. Nesterov and A. P. Kryukov, Vopr. At. Nauki Tekhn., Ser. Ter-
jump indicates that the heat of sorption remains unchangedmoyad. Sintez134(?) (1994.

] :
after filling of the microscopic pores. E. Wallen, J. Vac. Sci. Techndl5(2), 265(1997.
9 pic p 4S. B. Nesterov and A. P. Kryukov, Vacuugto be published
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