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Third International Workshop on Low-Temperature Physics in Microgravity Environment
(CWS-2002)
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The Third International Workshop on Low-Temperature Physics in Microgravity Environment
(CWS-2002 was held at the Chernogolovka Research Center of the Russian Academy

of Sciences from the twelfth through the eighteenth of August 2002. CWS-2002 was one of the
satellite conferences and seminars devoted to some rapidly developing area of low-
temperature physics which are traditionally held in conjunction with the International Conference
on Low-Temperature Physics, which meets once every three {Yeg&3 was held in

Hiroshima, Japan on August 20—27, 2D02WS-2002 was organized by the Institute of Solid
State Physics of the Russian Academy of Scierft®SP RAS and the Space Materials

Science Section of the Space Council of the RAS, with the support of the RAS, the Ministry of
Industry, Science and Technology of the Russian Federation, the Russian Foundation for
Basic Research, and the Russian Aerospace AgéRagaviakosmgs We are also grateful to the
Organizing Committee of LT-28especially to Prof. Shun-ichi Kobayashi and Dr. Kimitoshi

Kono), the U.S. National Aeronautics and Space Administratibi®SA) and Jet Propulsion
Laboratory(JPL) (Dr. M. C. Lee and Dr. U. E. Israelssprand to the INTAS foundation

(Grant 02-MO-263, principal investigator Prof. L. Esquiviadt the Workshop, roundtable
discussions were held with participants from the various projects supported by INTAS in

2001 and 2002. €2003 American Institute of Physic§DOI: 10.1063/1.1542526

An active role in preparing the scientific program and  — nonlinear waves in the bulk and on the surface of
running the Workshop was played by the International Orgaguantum liquids; features of the growth of helium crystals
nization and Program Committee and members of the Locand phenomena occurring on the surface of solid helium;

Committee, the staff of the ISSP RAS, M. Yu. Brazhnikov, V. — nanocluster condensates in superfluid helium;

B. Efimov, A. M. Kokotin, G. V. Kolmakov, N. F. Lazareva, — cryofilms and cryocrystals;

E. V. Lebedeva, A. A. Levchenko, O. I. Levchenko, M. K. — ultracold atoms and particles, Bose—Einstein conden-
Makova, Yu. M. Romanov, and V. B. Shikin. sates.

At the sessions of the CWS-2002 there were around 120  Since only about half of the 72 reports presented at talks
participants from 10 countries: Russia, Ukraine, USA, Fin-and poster sessions were prepared by the authors for publi-
land, Kazakhstan, Denmark, France, England, Japan, arahtion, let us briefly discuss the contents of the most inter-
Gruziya (Georgig, who represented the National Spaceesting of them for a wider audience.

Agencies of Russia, Ukraine, USA, and Japan and also the 1. In their addresses at the opening of the sessions,
administrations of the Academies of Sciences and universiworkshop Chairman Yu. A. Osip’'yan and Rosaviakosmos
ties of a number of countries doing research in low-representative Yu. E. Levitskinoted that in the 45 years
temperature physics and engineering and having a potentialnce the launching of the first artificial Earth satellite from
interest in setting up the corresponding experiments onboarithe Baikonur Test Range, space engineering and technology
spacecraft. Seventy-two reports were presented at the talkeas firmly entered the life of modern socidgatellite com-

and poster sessions, and the abstracts were published in Refunications and television, meteorological service, naviga-
1. Since the volume of papers recommended for publicatiomion, etc). The use of the achievements of modern science in
and revised by the authors in accordance with the remarks &fpace engineering leads to a broader range of practical appli-
the referees is too large to be published in one issueowf  cations of space vehicles, which, in turn, stimulates new ba-
Temperature Physi¢cenly a portion of the final versions sent sic research in orbit. Meanwhile, the high cost of a space
to the Program Committee, those closest to the theme of thexperiment makes it necessary to have a multistage govern-
Workshop, are published in this issue. It is assumed that thment system of competitive selection, providing support in
remainder of the submitted reports will be published in thethe first stage to a broad range of ground-based research to
journal in 2003 without additional refereeing, with a note establish the necessary base for the subsequent choice of the

indicating that they had been presented at CWS-2002. most worthwhile and best-prepared experiments onboard
The theme of the reports presented at the Workshop caspacecraft. All of this must be taken into account in formu-
be briefly summarized as follows: lating long-term plans for space-based research.

— the main trends in low-temperature research in space; Progress in space research owes much to the widespread
plans for doing new basic research and creating the neceadoption of cryogenic techniques. Not only do cryogenic lig-
sary engineering base for doing low-temperature experiuids, primarily liquid oxygen and hydrogen, serve as fuel

ments onboard the International Space Statl&%); elements for space propulsion, but detectors and electronic
— modeling of the heat transfer processes at a solid-devices cooled to helium temperatures make it possible to
liquid helium boundary in a microgravity environment; improve the sensitivity and resolution of the monitoring and
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measuring apparatus by orders of magnitude and thereby fmaratus, in combination with the accumulated experience in
realize the advantages of doing long-term scientific researclow-temperature studies in orbit, made it possible to expand
in orbit under conditions inaccessible to ground-basedhe possibilities of subsequent space experiments.
experiment$. For example, the Infrared Space Laboratory ~ NASAs plans for basic research onboard the ISS in the
(ISO), placed in a highly elliptical orbit by the European coming five years include experiments in low-temperature
Space AgencyESA) in 1995, was based on a cryostat with aand atomic physics, which should be begun in 2005 and
capacity of 2200 liters, filled before launch by superfluid Hecontinue until 2007, and research in gravitational physics,
Il at a temperature of 1.8 K. The detector on the ISO was avith onboard experiments projected to start in 2007. To pro-
set of cooled semiconductor resistors with working temperavide for doing the low-temperature and gravitational research
tures ranging from 1.8 to 10 K. In today’s x-ray spectrom-on an outlying unit of the Japanese research module of the
eters the use of detectors cooled to 65 mK is projetted. 1SS, it will be necessary to install special low-temperature
In the next two years the multiprofile ISS should be equipment(the Low Temperature Microgravity Physics Fa-
completely constructed, including, in particular, the large-cility, LTMPF), the ground-based testing of which is being
scale Russian research segm@® ISS. In 2005-2007, an done at the present time at JPL. LTMPF contains a 180-liter
atomic clock utilizing metal atoms cooled by a laser methodDewar containing superfluid He Il and electronic equipment
to temperatures of hundredths to thousandths of a mifor measurement and control of the temperature, pressure,
crokelvin will be installed onboard. This will improve the liquid helium level, etc. in the Dewar and also for linking
relative resolution in measurements of shiftthe order of  with the external sensors of the radiation environment and
secondstime intervals by several orders of magnitu@i®m accelerometerghe first uni} and two units for control and
10" to 10 *).2 Programs of basic scientific research on-measurement apparatus, including a SQUID magnetometer
board the ISS and also on returnable space packages dm@ precision measurements of the readings of the magnetic
being planned and carried out under the aegis of Rosaviakahermometers. This equipment will be used to conduct two
smos, the national space agencies of the USA, the Europeamdependent experiments on two low-temperature platforms
Union, Japan, China, Canada, Ukraine, and other countriesimultaneously, which are mounted inside the Dewar on spe-
Undoubtedly the discussion of the results of onboard experieial supports fastened to the ends of the cylindrical Dewar.
ments and of the plans for new research in a large auditoriurkach of the platforms can be used for the main experiment
with the participation of young scientists and of researcherand, in its spare time, for one or two additional experiments.
specializing in this specific field of study will make for a According to the presentation, the scientific research at
more efficient selection process for future experiments anthe LTMPF should begin in the second half of 2005. The
will draw in new investigators. This was among the mainDewar will be filled with helium and cooled to 1.7 K on
goals of the Third International Workshop on Low- Earth shortly before launch. The Dewar should operate in
Temperature Physics in Microgravity Environment. orbit for around 4.5 months. Then the LTMPF package will
2. The results of space experiments carried out in the ladbe returned to Earth. A repeat launch of the apparatus into
decade under the aegis of NASA to investigate kinetic pheerbit is projected for 16—22 months later.
nomena in superfluid helium near the point of the phase The first two low-temperature experiments on the ISS
transition of the liquid from the superfluid to the normal statewill be devoted to a study of nonequilibrium phenomena
and plans for new basic research onboard the ISS in theear a phase transition poing: eritical phenomena near,
coming five years were discussed in the reports by Uin He Il (Critical Dynamics in Microgravity, DYNAMX, to
Israelssori, J. Pensinget,and D. Straye?. Three series of determine the behavior of the thermal conductivity near a
experiments were done in 1985, 1992, and 1997. They wersuperfluid—normal liquid interface, where a substantial role
able, in particular, to study the behavior of the specific heats played by nonlinear effectsninimal acceleration is nec-
of superfluid He Il in the immediate proximity of, (less essary to reduce the variations of the pressure along the col-
than 10 ° K from the transition point under equilibrium con- umn of liquid), and b thermodynamic measurements near
ditions) and, accordingly, to refine the values of the param-the liquid—gas critical point irfHe (Microgravity Scaling
eters (critical exponents appearing the theory of second- Theory Experiment, MISTE to determine the critical expo-
order phase transitions and also to investigate the influenagents in the immediate vicinity of the critical poimt,. Ad-
of the pore size on the shift of the transitidn in He Il ditional experiments in this series include measurements of
filling a finely porous sample. We note that in a ground-basedhe heat capacity of He Il at constant heat flux néarfCa-
laboratory the pressure gradient in a column of superfluighacity at constant Q, CQand measurement of the liquid—
liquid 1 cm in height under the influence of the Earth’s grav-vapor coexistence curve 8He nearT,, (Coexistence Curve
ity leads to a shift inT, from its equilibrium value by Experiment, COEX
10" ¢ K, and if one turns to thin films it is necessary to take A second series of experiments in low-temperature phys-
into account the influence of the interaction of the liquid withics at LTMPF include: pa study of boundary effects in He Il
the walls, i.e., making the measurements in microgravity pernear T, (Boundary Effects near the Superfluid Transition,
mitted advancing into a temperature region ngéarwhich  BEST), to investigate the properties of a superfluid in quasi-
was inaccessible in ground-based laboratories. To ensure tlame-dimensional and three-dimensional vapors, to check the
high temperature resolution, at a level-eflx 10" 19K, the  suitability of the dynamic scaling theory, and to study critical
thermometers used were samples of a paramagnetic salt, thmnsport phenomena in vapors;dxperiments with a highly
susceptibility of which was measured by a specially madestable superconducting microwave oscillatBuperconduct-
high-resolution SQUID. The use of such high-resolution aping Microwave Oscillator, SUMQ to study the features of
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the interaction of bodies of different mass at small distancesng (CSRIME) (see Table)land V. A. Shuvalof of Rosavia-
The results of these studies may be of interest for refining thkosmos and in the address S. I. Bondarehkorepresenta-
present-day concepts of the special and general theories ti¥e of the Ukrainian Space Agency.
relativity, and the apparatus itself may be used in future ex- We note that the durations of experiments onboard the
periments with atomic clocks in orbit on the ISS. The com-RS ISS have not yet been established, and discussions of the
petitive selection of the most promising projects for addi-plans continues, so the list in Table | may be altered consid-
tional experiments will continue. erably in the future. For example, the possibility of doing the
Together with the low-temperature LTMPF facility, in series of experiments included in the Kriokompleks, Kipenie,
2005 it is planned to install a package for experiments withand Edinstvo projects, which call for a rather large expendi-
ultracold atoms with laser cooling.aser Cooled Atom Phys- ture of liquid helium in orbit, depends primarily on the
ics, LCAP. The accompanying instrumentation for this ex- choice of the overall organizational concepts for the low-
periment will be designed for a wide range of experimentdemperature research onboard the RS ISS. In the Krioko-
and, foremost, to support long-terfover 1 year experi- mpleks project, the content of which was discussed in the
ments in gravitational physics with the use of a highly stablereport cited as Ref. 8, in order to permit making prolonged
atomic clock(Primary Atomic Clock in Space, PARKSThe  measurements at several temperature levels it is proposed to
launch of PARKS in the second half of 2005 will permit an install, outside the living unit of the RS, three stationary
improvement by one to two orders of magnitude in measurehelium Dewars connected with a system for flooding with
ments of time intervals of the order of seconds in comparisotiquid helium and for collection, storage, and liquefaction of
with the existing capabilities(expected resolution to the cold gas, i.e., effectively it is proposed to assemble on-
10 1€ s) and to start experiments for checking Einstein’s hy-board the RS ISS an autonomous cryogenic station capable
pothesis of the invariance of time, by a comparison of theof simultaneously supplying three different experiments in
working frequency of different clocks at different parts of the orbit, including experiments on heat and mass transfer and
orbit. At the end of 2007 a rubidium atomic clock should bethe dynamics of the formation and motion of gas bubbles in
installed(Rubidium Atomic Clock Experiment, RAQEItis  liquid helium. The project Kipenié® developed by the
assumed that this will give still another order of magnitudeUkrainian Space Agency, calls for the study of boiling pro-
improvement in the time resolution as compared to PARKSesses in a rotating Dewar for studying the features of the
and will thus permit the range of application of the atomicheat transfer at the liquid helium—solid wall boundary under
clock in basic research to be broadened substantially. conditions of reduced gravity, with acceleration a level of
NASAs plans also include the creation of a condensed{10 2-10 °)g.
state laboratory onboard the IS€ondensate Laboratory The projects Geliand Volna share a common task—
Aboard the Space Station, CLAESdesigned for cooling computer modeling and experimental studies of heat and
atoms substantially below 16 K and observing Bose— mass transfer processes in the bulk of a freely boiling liquid
Einstein condensatioBEC) in mixtures of atomic gases in (liquid helium or nitrogehand of phenomena at the interface
reduced gravity. Then, by using cooled rubidium and cesiunbetween the cryogenic liquid and the solid wall under con-
atoms as test masses, one can test the principle of equivditions of microgravity (the mechanisms of boiling, the
lence of gravitational and inertial magQuantum Interfer- growth of bubbles, and the features of the heat transfer in a
ometer Test of Equivalence, QuITEThe competition of two-phase systenSeveral of these problems were discussed
plans for additional experiments in atomic and graviationaliin the reports by A. P. Kryukd¥ and V. I. Polezhae¥* The
physics with the use of the equipment mentioned above wilexperimental study of these topics is also necessary for solv-
continue in 2003. ing practical problems arising in the use of cryogenic liquids
According to the report by Yu. Okudathe Japanese in space propulsion units and in the cooling systems for on-
Space Agency NASDA is also making a competitive selecboard equipment.
tion of proposals for doing low-temperature experiments on-  In the framework of the Soliton project it is proposed to
board the ISS. The list of projects adopted includes the foldo a series of static and dynamic studies of phenomena oc-
lowing: “Studies of non-equilibrium effects near the critical curring on a charged liquid hydrogen surface in a cell of
point,” A. Onuki, Kyoto University; “Non-linear dynamics finite size. As was mentioned in the report by A. A.
on the non-equilibrium open system under control of laser,”"Levchenko'? in a series of ground-based experiments per-
K. Yoshikawa, Kyoto University; “Basic research on crystal formed at ISSP RAS a reconstruction of the shape of the
growth and surface physics of quantum crystals under microliquid surface was observed: when an external pulling elec-
gravity,” Y. Okuda, Tokyo Institute of Technology; “Insta- tric field was increased above a certain critical valtijg, a
bility of shear flow in a liquid near the critical point,” A. hill (solitary standing waveformed on the initially flat, uni-
Onuki, Osaka Prefecture University; “Variation principle for formly charged surface of liquid hydrogen, and the height of
non-equilibrium reaction-diffusion systems under gravity,” the hill increased with increasing field. It follows from the-
K. Kitahara, International Christian University; and, “Struc- oretical calculations that the observed reconstruction of the
ture of particulate layer under microgravity,” K. Nakamura, flat charged surface can be described in terms of the theory
Kyoto University. of second-order phase transitions, where the role of the ex-
3. Plans for research in low-temperature physics andernal force is played not by temperature, as in the usual
cryogenic technique onboard the RS ISS were presented &teatment, but by the pulling electric field. The reconstruction
the Workshop in the report by the M. M. Tsymbalyuk the  is observed under conditions such that the applied electric
Central Scientific Research Institute of Mechanical Engineerfield compensates the force of gravity. The transition to mea-
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TABLE I. The main research topics in low-temperature physics on the Russian segment of the International Space Station.

Name
of experiments

Research content

Main proposed
participants

Gelii (Helium)

Basic research on the helium
interphase surface

MEI, RSC “Energiya,” RSSRI
Gagarin CTC, etc.

\Volna-3 MKS (Wave-3 IS$

Research on heat and mass transfer and
hydrodynamics in a tank containing cryogenic liquid

M. V. Keldysh Research Center, RSC “Energiya,”

RSSRI Gagarin CTC

Kipenie (Boiling)
group of space
experiments

Basic research in the low-temperature physics,
the development of methods and equipment for efficient
and safe performance of cryogenic experiments in the
infrastructure of the RS ISS

CSRIME, MEI, RRC
“KIAE,” Institutes of the RAS
(ISP, IHT, FIAN),
and ILTPE NASU

Edinstvo(Unity)

Basic and applied research in low-temperature
physics and engineering

CSRIME, SRINP MSU, RSC
“Energiya,” and other
organizations

Kryokompleks(Cryocomplex

Implementation of a unified complex of onboard
cryogenic equipment for the simultaneous performance
of several experiments onboard the RS ISS

CSRIME, MEI, RSC “Energiya,”
and other organizations

Soliton

Basic research on nonlinear phenomena
on the condensed hydrogen surface

ISSP RAS, RSC
“Energiya,” RSSRI Gagarin CTC,
and other organizations

Submillimetron

Basic astrophysical research using cryogenic
telescope in the submillimeter band of
electromagnetic waves, inaccessible from Earth

AKTs FIRAS, RSC
“Energiya,” RSSRI Gagarin CTC,
international cooperation

AMS Implementation of basic physical and astrophysical SRINP MSU, RRC
research with the use of an alpha magnetic “Kurchatov Institute,”

spectrometer with a superconducting magnet system international cooperation
BSMK (OSFQ Development of processes for drying biological RAO “Biopreparat,”

preparations using onboard sublimation-
freezing compleXOSFQ

AOOT “Biokhimmash,” RSC “Energiya,”
RSSRI Gagarin CTC

Kriokonservatsiyg Cryopreservation

Development of methods and equipment for
cryogenic preservation of biological
preparations on the RS ISS

“Energiya,” “Biokhimmash,”
“Biopreprat,” Gagarin CTC

“Kristallizator,” (Crystallizep

Research on physical processes of protein
crystallization with the use of cryogenic equipment

CSRIME, IC RAS

Poligon-1(Polygon-2

Development of methods for qualitative and
quantitative determination of pollutants of the
atmosphere and surface of the Earth with the use of
cryogenic IR gas analyzers

CSRIME and other organizations

surements in microgravity, where a substantial role in a celfjating along the liquid hydrogen surface depends on the
of finite size should be played by the interaction of the liquidwave vector, and this, in turn, should strongly influence the
with the walls of the vessel, can qualitatively alter the char-spectrum of nonlinear waves arising on the surface of the
acter of the observed phenomena. This is also indicated byquid under the influence of the alternating force. All of this
the results of control studies of the evolution of the shape oindicates that doing experiments to investigate nonlinear
a surface of a charged film of liquid hydrogen suspendedvaves on charged surfaces of liquid hydrogen onboard the
from the surface of the upper plate of the horizontally situ-space station can substantially broaden the existing ideas
ated parallel-plate capacitor, where the electric and gravitaabout nonlinear phenomena in condensed systems and, in
tional forces act in the same direction. If an alternating elecparticular, lead to an understanding of the features of the
tric field is applied in addition to the static field, then wavespropagation of capillary waves on the surface of a liquid in
will arise on the surface of the liquid. The laboratory experi-microgravity.

ments have demonstrated the possibility of establishing a The projects Submillimetron and AMS are proposed by a
regime of weak wave turbulence at a liquid helium surface abroad international cooperative with the particpation of Rus-
rather high levels of excitation. Moreover, the high-sian and foreign scientists collaborating with ESA and
frequency edge of the Kolmogorov spectrum of oscillationsNASA: in the first-mentioned of these experiments the su-
could be observed, where the wave regime of energy transfegrerconducting radiation detectors and electronics are fur-
gives way to viscous damping. The reconstruction of thenished by foreign scientists, while the preparation of all the
surface markedly alters the shape of the dispersion curveemaining equipment and the launching of the telescope into
w(k), which describes how the frequency of waves propa-orbit is done by the Russian side; in the second of these
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experiments it is assumed that the Russian side will preparéu. E. Israelsson and M. C. Lee, “Use of the International Space Station
0n|y the Superconducting magnet system of the a|pha SpeCA.fOI’ fundamental physics resegrchbok Of Abstracts CWS-200@. 12. -
trometer. A version of the magnet system devised at the Kur- J: F- Pensinger, A. P. Croonquist, F. C. Liu, M. E. Larson, and T. C. Chui,

. . “The Low Temperature Microgravity Physics FacilityBook of Abstracts
chatov Institute of Atomic EnergyKIAE) was presented at CWS—Z(;A(IJZp 1% ure Microgravity Fhys! i

at the Workshop in a r.eport .by N-. A. ChernODIeKOV-. 5D. M. Strayer, H. J. Paik, and M. V. Moody, “Short-range inverse-square
In the last four projects listed in Table |, cryogenic tech- law experiment in spaceBook of Abstracts CWS-2008. 16.

niques are used to provide the required temperature regime%. Okuda, R. Nomura, Y. Suzuki, S. Kimura, and S. Burmistrov, “Ma-

for experiments in biology and Earth physics nipulation of solid—liquid Interface dHe by acoustic radiation pressure,”
4. As may be seen from the previous Section, the reports, 50k Of Abstracts CWS-2008. 23.

. “N. A. Anfimoyv, V. I. Lukjashchenko, V. V. Suvorov, M. M. Tsymbalyuk,
presented at CWS'ZOOZ_ were C0n5|derab|y broa_der_ themat"and B. V. Bodin, “Major directions of research on low temperature phys-
cally than the research in low-temperature physics included ics and engineering on board the Russian segment of the International
in the plans of Rosaviakosmos, NASA, and the other space Space Station,Book of Abstracts CWS-2008. 11.

i i i icsing®S. V. Buskin, V. I. Lukjashchenko, V. V. Suvoroy, I. Yu. Repin, V. A.
agencies for the coming five years. Among the promising ' nenko, orov, i '
areas of study that can be recommended for inclusion in theShuvanv, and Yu. E. Levitskii, “Technological integration of low-
. . temperature studies at the ISS RS and optimization of experimental equip-
list of ground-based research projects supported by the na-pen; » ook of Abstracts CWs-200g. 14.
tional space agencies is research on the property of cryofilmss. 1. Bondarenko, R. V. Gavrylov, V. V. Eremenko, K. V. Rusanov, N. S.
formed by condensation of the substance to be investigatedShcherbakova, I. M. Dergunov, A. P. Kryukov, P. V. Korolyov, Yu. Yu.
on a cold substrate; these are discussed, for example, in thée;yﬁ:;“fx)vgh\/- MI- Zh“';’]V' V Sl’ Khaf'tOL‘Ova K. V. KUtse_”ko_’]}l/- |. Deev,
and V. A. Shuvalov, “Physical research of microgravity influence on
reports by M. A. .StrZhemeChﬁ%land A S, DrObySh.ev'l anq physical phenomenon in cryogenic liquids and general-purpose onboard
the recent new fields of research On the propertles_ of impu- cryogenic facility for realization of this research aboard International
rity nanocluster condensatégels which are formed in the  space Station,Book of Abstracts CWS-2008. 13
condensation of a gaseous flow of superfluid He Il contain°l. M. Dergunov, P. V. Korolyov, A. P. Kryukov, and Yu. Yu. Selyaninova,
Ing a Vaporous Impurlty of the Substance to be Investlgated “SUperﬂUid helium nOiIing in the model of porous structure at miCrOgraV'
(the reports by V. V. Khmelenko, E. A. Popov, and L. P, V" Book of Abstracts CWS-200@. 63. o .
id5-1 . . V. |. Polezhaev and E. B. Soboleva, “Thermal gravity-driven convection
MeZhQV'Deg“ 7) The meCh_an'Sm of formation of the of near-critical fluids in enclosures with different heatin®bok of Ab-
impurity clusters in a cold helium jet, the features of the stracts cws-2002p. 19; A. A. Gorbunov and V. I. Polezhaev,
interaction of these clusters with one another and with the “Isoenthropic equilibrium stability of the near-critical fluid under zero
surrounding medium at temperatures of the order of 1 K, anngfav'ta“onh" BiOK of AbStraCtE CQ’VS'ZODQ- 6|3- ) )
the structure and properties of porous nanocluster systems—2 A: Levehenko, M. Yu. Brazhnikov, G. V. Kolmakov, and L. P. Mezhov-
. . . Deglin, “Capillary turbulence at the charged surface of liquid hydrogen,
gels, the disperse systefskeleton of which is formed by pqok of Abstracts cws-200g. 29.
impurity clusters surrounded by a layer of solidified helium3m. A. strzhemechny, “Properties of quenched hydrogen-based alloys with
and the dispersion medium of which is the liquid helium, the lighter elements from diffraction measurement8gok of Abstracts CWS-
influence of the gravitational environment on the properties 2002 p. 48. i _
. . 1A, Drobyshev, A. Aldijarov, K. Abdykalykov, Sh. Sarsembinov, and
of the condensates forméterrestrial measurements, experi- = ’ ' ’
; ) . . . . A. Shelyagin, “Enthalpy of the hydrogen bonds from measurements made
ments in microgravity are all questions thse eIgmda’uqn on thin water films,"Book of Abstracts CWS-2008. 50.
will be important not only for modern materials science, in-15s, | Kiselev, V. V. Khmelenko, and D. M. Lee, “ESR investigation
cluding condensed-state physics, but also for astrophysicsof hydrogen and deuterium atoms in impurity—helium solidBgok of
and cosmology(dust clouds in space at temperatures of the Abstracts CWS-2009. 37.

order of 3 K, cosmic ice, ett. There is reason to think that = A Popov. J. Eloranta, J. Ahokas, and H. Kunttu, "Emission spectros-
copy of atomic and molecular nitrogen in helium gas jet, bulk liquid He-ll,

'mpumy gels in superfluid He II may be used for accumula- ;4 impurity-helium solids, Book of Abstracts CWS-200@. 38.
tion and storage of free radicaldow-temperature fuel 7L p. Mezhov-Deglin and A. M. Kokotin, “Water—helium condenséie-

cells*® and also for the accumulation and storage of ultra- 8tergeb in liquid helium,” Book of Abstracts CWS-200@. 39.
. . . 1 H
cold neutrons. Achievements in the physics of ultracold neu- V. V. Nesvizhevsky, H. G. Boerner, A. K. Petukhov, H. Abele, S. Baessler,

. . . F. J. Ruess, Th. Stoeferle, A. Westphal, A. M. Gagarsky, G. A. Petrov, and
trons were the SUbJeCt ofa report by V. V. NeSVIZhe\}gm A. V. Strelkov, “Quantum states of neutrons in the Earth’s gravitational

a closeq 'semir?ar. . field,” Book of Abstracts CWS-200@. 55.
Additional information about the workshop CWS-2002

can be found at the site http://www.issp.ac.ru/cws2002/. Yu. A. Osip’yan, Workshop Chairman

Chairman of the Space Materials Science Section of the

1The Third Chernogolovka Workshop on Low Temperature Physics in Space Council of the Russian Academy of Sciences
Mocrogravity Environment CWS-2002, -Book of AbstractSher- )
nogolovka, Russi&2002. L. P. Mezhov-Deglin

2B. Collaudin and N. Rando, “Cryogenics in space: a review of the mis-
sions and technologies,” Cryogenid§, 797 (2000. Chairman of the Program and Local Committees
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The main trends in the evolutionary development of a long-term research program for the
Russian segment of the International Space Stdff$ ISS are elaborated with allowance for
the proposed changes in the final configuration of the ISS, the existing ideas about the
conducting of joint experiments, and the desire of the scientific community for more efficient
programs with real returns on the practical level. The main fields of study in low-
temperature physics and engineering are analyze®0@3 American Institute of Physics.
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The “Long-term program of applied scientific research The necessary scientific/methodological approaches
and experiments planned for the Russian segment of the Irelong with mechanisms for developing and implementing
ternational Space StatidiiRS 1SS” and the “Programs for  scientific and applied research programs have already been
implementation of applied scientific research on the RS ISSvorked out in the planning and execution of the previously
in the deployment period1999—-2003 which were stated mentioned “Program of applied scientific research planned
by Yu. N. Koptev, General Director of the Russian Aerospaceor the Mir orbital complex in the period 1997-1999” and in
Agency (Rosaviakosmgs and Acad. Yu. S. Osipov, Presi- the development of the Nauka—NASA program, in which
dent of the Russian Academy of Scientesere developed 165 projects(selected from 210 proposalfor joint experi-
with an appreciation of the enormous experience of Russiaments on orbital stations in different fields of research were
cosmonauts in the development and practical implementatioproposed to the American side. The projects included in the
of research programs on manned space platforms from thdauka—NASA program were discussed and approved in
1960s to the present. Among these programs were the “Prdhree joint symposia and attracted a great deal of interest in
gram of applied scientific research planned for the Mir or-the international scientific community, but unfortunately they
bital complex in the period 1997-1999,” which was formu- have yet to be implemented.
lated in 1997 on the basis of an open competition of The SECC of Rosaviakosmos consists of 11 sections
proposals. headed by the most authoritative Russian scientists and spe-

The Science and Engineering Coordinating Councilcialists in the corresponding scientific fields. Each section
(SECQ of the Russian Aerospace Agen@yosaviakosmgs  determines the priority of the research projects in its own
which was started in 1994 by a joint resolution of Rosavia-field, with consideration for the proposals for joint studies
kosmos and the Russian Academy of Scien&5S) for the  and commercial contract work which provide the financial
purpose of developing research programs for the long terrbasis for funding the projects recommended for implementa-
and for the deployment stage of the RS ISS on a competitivéon. The coordination of the projects under development and
basis, is working successfully to foster the evolutionary dethe preparation of specific proposals for their practical imple-
velopment and refinement of these programs to reflect thenentation is done by the Section for Complex Analysis and
results of previously performed research and the arrival othe Formation of Programs with the Participation of Scien-
new opportunities. Part of its mission is to develop researclists and Specialists, of the Central Scientific Research Insti-
programs and experiments for manned space platforms artdte of Mechanical EngineeringCSRIME) and the RSC
to provide the scientific and engineering resources requiretEnergiya” named for S. P. Korolev. In the periods between
for carrying them out. In essence the SECC of Rosaviakossessions of the SECC of Rosaviakosmos and its Presidium
mos is a collegial council of experts responsible for the strathe day-to-day work is carried out by the Operative Working
tegic planning of research on manned space platforms. IGroup of the SECC of Rasaviakosmos. A comparison of the
individual cases the Council members join in solving thefunctions of the expert structures of the international parters
most complex and important problems in the tactical planin the creation and utilization of the ISS shows that the
ning and monitoring of the progress in the implementation ofSECC of Rosaviakosmos combines a number of the func-
research on the RS ISS, with the development of specifitions of the Advisory Council of NASA and the Council on
recommendations for the purposeful utilization of the RSthe Utilization of the ISS.

ISS. The currently existing long-term Russian program of ex-
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periments onboard the RS ISS provides for the implementasf the possibility of creating a new type of ultrasensitive
tion of over 300 projects, selected in an open competitiorgravimeter.

from among more than 400 proposals. It was foreseen that Also included in the long-term program is the high-
the chosen research fields would evolve, and it was therefoneriority experiment Submillimetron, which is to make astro-
proposed to hold regular discussions of modifications to th@omical observations in 12 spectral intervals spanning the
long-term program to reflect the current situation in regard taange from 3um to 1.5 mm with the use of a cryogenic
financial, material, and onboard resources, the results afpace telescope with record sensitivity and angular resolu-
completed studies, and new opportunities for joint scientificdion. The importance of basic research in this spectral range
and commercial research. for developing the existing ideas in the fields of extra-

At the present time the possible participation of scien-atmospheric astronomy and astrophysics is due to the fact
tists from the Republic of Belarus in joint projects is underthat the properties of the cold matter of the Universe are
consideration, and a “Joint Russian—Ukrainian program ofmost clearly manifested there, and a study of those properties
scientific research and engineering experiments on the R®ill yield additional information about the evolution of mat-
ISS,” which calls for the completion of 48 topical and mean- ter, stellar and planetary formation processes, and the origin
ingful research studies of scientific and practical interest, hasef life. In the cryogenic telescope the detectors and optics of
been worked out. Particular attention is being paid to findinghe telescope are inside a cryostat containing around 200
mutually agreeable conditions for this cooperation. First, thiditers of liquid helium, which, together with a multistage sys-
refers to defining the mutual obligations and responsibilitiegem of radiation shields and an active cooling system for the
of the participants, the financial arrangements, ensuring thimner shields and the blind of the objective can give an active
confidentiality and protecting intellectual property, and alsolifetime of the telescope in orbit of at least 1 year, according
the rights to the use of the results of the research. It appeats preliminary estimates.
that the principal result of this activity will be the formation In the space biotechnology field the approved program
of joint research programs in various fields of science on ancludes two experiments calling for the utilization of the
mutually beneficial basis. onboard low-temperature equipment. These are the BSMK

Despite the obvious difficulties, the construction of the (OSFQ experiment, which includes the eventual completion
ISS continues. However, the final version of the configura-of the onboard sublimation—freezing complg®SFQ,
tion of the ISS has not yet been agreed upon, and that makeghich is intended for the sublimation drying of biological
it difficult to devise a clear program for utilization of the ISS. preparations under conditions of space flight, and a cryo-
On the other hand, the existing indeterminacy is a stimulugreservation experiment, which is devoted to the develop-
for the international partners to look for more effective formsment of cryogenic methods of preserving biological prepara-
of international cooperation in the utilization of the ISS. Fortions in order to improve the reliability of preserving
example, there is now a discussion of the possibility of de-biological materials investigated and produced onboard.
vising and implementing on the ISS a joint program of Ro- It is proposed to use cryogenic technologies to enhance
saviakosmos, the European Space Age(EE$A), and the the sensitivity of detectors and the resolution of the registra-
European Commission on Space-Related Life and Physicaion apparatus in the experiments carried out as part of the
Sciences. Poligon-1 project, which is devoted to the development of

NASA has issued an initiative for the development of atechnology, methods, and algorithms for the qualitative and
coordinated international program for utilization of the ISS quantitative analysis of pollutants in the atmosphere and on
in the years 2004 -2008. the surface of the Earth.

These circumstances must be taken into account in the Finally, the last of the approved low-temperature experi-
discussion of the plans for the main fields of research imments is the project Volna-3 MK8Nave-3 IS$, which is
low-temperature physics and engineering onboard the R8esigned to study processes of heat and mass transfer and
ISS (see Table )l The topical and promising nature of low- hydrodynamics in a two-phase cryogenic medium during a
temperature research in space is confirmed by analysts ptolonged exposure to a microgravity environment, with the
home and abroad, who say that low-temperature technolayoal of solving problems in the creation and application of
gies are key to the development of space science and engitoposed space propulsion systems.
neering in the new millenium and will largely determine In the preparation of the Joint Russian—Ukrainian Pro-
their direction. This relates both to the creation of precisiongram of Scientific Research and Engineering Experiments on
devices for measurement and control and of a new generdhe Russian Segment of the International Space StaR&h
tion of fuel cells and to the possibility of making inroads into I1SS), scientists at the B. Verkin Institute for Low Tempera-
previously inaccessible areas of scientific research. ture Physics and Engineering, National Academy of Sciences

For example, included in the approved long-term pro-of Ukraine (ILTPE NASU) proposed an experiment called
gram is the project Gdli(Helium), involving proposed stud- Penta—Kipenie, which is included in the KipeniBoiling)
ies of phenomena occurring at the superfluid helium—vaposeries of space experiments which involves the participation
and liquid helium-solid interfaces in microgravity. The of Russian specialists and is designed to study the influence
project Soliton, which is devoted to the study of steady-stat®f microgravity on the boiling of liquid helium and to solve
and dynamic nonlinear phenomena occurring on the chargetthe following problem: to study the growth and breakaway of
surface of liquid hydrogen, may bring about substantial advapor bubbles in liquid helium under various conditions of
vances in the theory of nonlinear phenomena on the liquidjravitation and for different properties of the boiling sur-
surface and, in particular, will provide an experimental checkfaces; to study heat exchange, the stability of boiling regimes
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TABLE I. The main research topics in low-temperature physics and engineering on the Russian segment of the International Space Station.

Provisional name
of experiments

Research
content

Stages to
be completed

Main proposed
participants

Main results of
preliminary
experiments

Gelii (Helium)

Basic research
on the helium
interphase surface

Space experiments
included in the approved
research program. Versions
of practical implementation
are under development

MEI, RSC
“Energiya,” RSSRI
Gagarin CTC, etc.

Topical experiment.
Questions of efficiency
and safety of
implementation remain

Soliton

Basic research
on nonlinear
phenomena on the
condensed hydrogen
surface

Space experiments
included in the approved
research program. Versions
of practical implementation
are under development

IFTT RAN,
RSC “Energiya,”
RSSRI Gagarin CTC

Topical experiment.
Questions of efficiency
and safety of
implementation remain

Submillimetron

Basic astrophysical
research using
cryogenic telescope
in the submillimeter
band of electromagnetic
waves, inaccessible

from Earth.

Space experiments
included in the approved
research program. Versions
of practical implementation
are under development

ARC Physics
Institute RAS, RSC
“Energiya,” RSSRI
Gagarin CTC with

broad intra- and
international cooperation

Topical experiment.
Questions of efficiency
and safety of
implementation remain

\Volna-3 MKS (Wave-3 IS$

Research on heat
and mass transfer
and hydrodynamics
in a cryogenically
cooled tank

Space experiments
included in the approved
program. The necessary
apparatus and equipment

is under development

M. V. Keldysh Research
center, RSC “Energiya,”
RSSRI Gagarin CTC

Topical experiment with
significant scientific and
practical implications.
Recommended for
implementation

BSMK (OSFQ

Development of processes
for drying biological
preparations using
onboard sublimation-
freezing compleXOSFQ

Space experiments included
in approved program.
Agreements reached
on engineering tasks.

Equipment being designed.

RAO “Biopreparat,”
AOOT “Biokhimmash,”
RSC “Energiya,”

RSSRI Gagarin CTC

Topical experiment with
significant scientific and
practical implications.
Recommended for
implementation

Kriokonservatsiya
(Cryopreservation

Development of methods
and equipment for cryogenic
preservation of biological
preparations on the

RS ISS

Space experiment included
in approved program.
Agreements reached on
engineering tasks.
Techniques and equipment
under development

RAO “Biopreparat,”
AOOT “Biokhimmash,”
RSC “Energiya,”

RSSRI Gagarin CTC

Topical experiment with
significant scientific and
practical implications.
Recommended for
implementation

Poligon-1(Polygon-2

Development of methods
for qualitative and
quantitative determination of
pollutants of the compound
and surface of the Earth
with the use of cryogenic
IR gas analyzers

Space experiment included
in approved program.
Agreements on engineering
tasks are in the works

CSRIME

Variants for practical
implementation need
to be worked out

Kipenie (Boiling)
group of space
Experiments

Basic research in the
low-temperature physics,
the development of methods
and equipment for efficient
and safe performance of
cryogenic experiments
in the infrastructure of

the RS ISS

Proposed as part of

the “Joint Russian—Ukrainian

program of scientific and
engineering experiments
on the RS ISS,”
Engineering tasks worked
out an agreed upon

CSRIME, ILTPE NASU,
MEI, ISP RAS, RRC
“Kurchatov Institute,”

ISSP RAS, Physics Institute
RAS, IHTAS with cooperation

Topical group of
experiments with
significant scientific
and practical
implications. Variants
for the efficient
and safe implementation
need to be worked out

Edinstvo(Unity)

Basic and applied research
in low-temperature physics
and engineering

scientific and applied research

Group of space experiments
approved for pin in the
“Long-term program of

on the RS ISS”

CSRIME, SRINP
MSU, RSC
“Energiya” with
cooperation

Variants for practical
implementation need
to be worked out

Kryokompleks
(Cryocomplex

Scientific and applied
research in implementing
a unified complex of
onboard cryogenic equipment
in order to perform a group
of simultaneous low-
temperature experiments

Group of space experiments
proposed for pin in the
“Long-term program of

scientific and applied
research on the RS ISS.”

The engineering tasks

have been worked out

CSRIME, MEI,
RSC “Energiya”
with cooperation

Topical space experiment.
Variants for practical
implementation in the
infrastructure of the

RS ISS need to
be worked out
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TABLE 1. (Continued).

Main results of

Provisional name Research Stages to Main proposed preliminary
of experiments content be completed participants experiments
Fundamental and applied Group of space experiments CSRIME, Topical space experiment
research on physical proposed for pin in the IC RAN recommended for
“Kristallizator” processes of protein “Long-term program of scientific implementation during
(Crystallizeyp crystallization with the and applied research on the deployment
use of cryogenic the RS ISS.” Engineering stage of the RS ISS
equipment tasks have been worked out
Implementation of basic The participation of Russian SRINP MSU, Feasibility and advisability
physical and astrophysical scientists and specialists RRC “Kurchatov of the participation of Russia
AMS research with the use of an in the implementation of the Institute” in implementing the
alpha magnetic spectrometer project has been proposed by project are being
with a superconducting Prof. Samuel Ting assessed

magnet system

to local temperature perturbations, and the dynamics of crisiboard the Progress cargo vessel and a version drawing on the
transitions from the nucleatébubble boiling to the film  resources of the station are being considered.

boiling regime under various conditions of microgravity; to The possibility of using cryogenic techniques in onboard
study the dynamics of the liquid helium—vapor interphaseexperiments in the field of biotechnology is currently under
surface, the heat transfer, and the crisis transitions to the filngctive investigation. In particular, the proposal for the Crys-
boiling regime at a superfluid helium—solid wall boundary gjjizer experiment calls for the use of cryogenic media for
under various conditions of microgravity. In the course of .y stallization of biological macromolecules and for obtain-
reviewing these proposalg It was recqmmendgd that a S.tuq}ﬁg biocrystalline films in microgravity. The goal of the pro-

of nonlinear phenomena in liquid helium be included, Wlthgosed experiments is to study protein crystallization pro-

consideration of the influence of the temperature fields, th : : L
; . cesses in order to obtain structurally perfect protein single
pressure, and the properties of different surfaces on the con-

vection and heat transfer under microgravity conditions. crystal; sglFabIe for x-ray-structurall aqaly3|§.

The possibility of implementing a comprehensive space SC.IentIfIC and- mdugtngl orgamzauong in a numper of
experiment called EdinstvéUnity) is being discussed. It s countries are participating in the preparation of experiments
oriented toward the joint utilization of a powerful cryomag- onboard the ISS to search for antimatter in space with the use
net system and an extensive complex of scientific instrumerPf @ unique onboard device—an alpha magnetic spectrometer
tation. The proposed program of research includes: a study dthe AMS project. For this it is proposed to use a magnet
the properties of an artificial magnetosphere and its interacsystem based on helium-cooled superconducting solenoids
tion with the ionospheric plasma, neutral gas, and charge@vith a supply of~2500 liters of liquid helium and preci-
particle beams; a study of the physical problems of creatingion instrumentation with cryogenic cooling. At the present
a magnetic radiation shield for spacecraft; a study of the¢ime a decision is being reached as to the feasibility and
force of interaction between an artificial magnetosphere anddvisability of official participation of Russian scientists in
the Earth’s magnetic field and an assessment of the possibihis project.
ity of using it for control of the angular orientation of a It may be seen from what we have said that experiments
spacecraft; a study of the behavior of cryogenic liquids injn the low-temperature physics and engineering have a major
space and the working out of the basic design and construgjace in the research program for the RS ISS. For this reason
tion solutions for the creation of onboard cryogenic equip-he necessary design planning has been done to optimize the

men_lt_r? nd the corlrefspotr;]dmg SC'ent'f'ﬁ apparatu_s. s di arrangements for low-temperature experimentation from the
€ proposal for the f.ryocomplex experiment 1s di- standpoint of efficiency and safety.

rected toward the creation of an efficient cryogenic complex : . -
o A Estimates show that one way to increase the efficiency
for onboard scientific research, and the determination and the,

optimization of algorithms for controlling the working of the of cryogenic research is to €quip a unified cryogenic work-
unified equipment and for solving fundamental problems of'ace(UCWP) on the RS ISS. This would make it possible to
the influence of volume forces, heat exchange, and heat arffmPine the separate low-temperature experiments into a
mass transfer on the structure and physical properties of th@indlé complex with a reasonable expenditure of resources.
liquid state of matter. It is assumed that this project can bdn different versions the UCWP is placed on free-flying mod-
implemented onboard the Progress cargo vessel, possin}eS and on connected service modules incorporated in the
when docked with the RS ISS. The scientific equipment willinfrastructure of the RS ISS. The use of an autonomous free-
be designed to fit within the dimensions of the refilling tanksflying module ensures that the research program will be re-
so that it can be mounted in the compartment in place of onéably and completely carried out but requires additional ma-
of them. Both a version with an autonomous experiment onterial expenditures. One of the possible variants of the
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UCWP concept is to place its main elements and to carry outE-mail: vadim suvorov@hotmail.com

the planned low-temperature experiments on a manned ver-_______

sion of the Progress cargo vessel, since at acceptable reliabif¥: F- Utkin, V. 1. Lukjashchenko, V.. V. Borisov, V. V. Suvorov, and M. M.
ity and demands on the crew it requires the least expense, /mPaluk: J. Low Temp. Phyd1g 183(2000.

and it can be recommended for implementation. Translated by Steve Torstveit
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The Low Temperature Microgravity Physics Facility currently in the design phase is a multiple
user and multiple flight facility intended to provide a long duration low temperature

environment onboard the International Space Station. The Facility will provide a unique platform
for scientific investigations requiring both low temperature and microgravity conditions. It

will be attached to the Japanese Experiment Module’s Exposed Facility and can house two science
instruments each flight. The Facility consists of a 180-liter superfluid helium dewar, a

support enclosure, and control electronics. The facility will be launched full of cryogen, and
retrieved after the cryogen is depleted. Industrial partners are responsible for building the reusable
facility and standard parts of the instruments. Principal Investigators from universities and

other institutions are contracted to develop major parts of the science instrument package. An
overview of the detailed technical capabilities of the facility will be presented in this

paper. ©2003 American Institute of Physic§DOI: 10.1063/1.1542528

INTRODUCTION which mount inside the dewar, and the facility enclosure that
houses the dewar, the electronics and various interface com-
onents.
These interface components will be provided to LTMPF
%y ISS and NASA. They consist of the Grapple Fixture for

The Low Temperature Microgravity Physics Facility
(LTMPF)! is the next step in a series of three very successful
space flight low temperature experiments—The Superflui

Helium Experimertt (1985, the Lambda Poéint Experimeht o Japanese Experiment Modul¢3EM) robotic arm to
(1992, and the Confined Helium Experimént997. This hold onto; the Flight Releasable Attachment Mechanism

series of experiments have proven that very high-resolutior@FRAM) for attaching to the launch carrier and the ISS ro-
experimentation can be implemented in the hostile environbo,[iC arm, and the Payload Interface UfRU) for attaching
ment of space. For example, it was shown that temperaturg, y,o JEM-EF and accessing the 120 V dc electrical power

can be measured o better than 0.1 nK in space using SUPE[RG the communication interfaces. The first of three VME
conducting Quantum Interference DevicgSQUID)

require operating at low temperatures,

the .mi(,:rogravityb(.:ondition :uca(j to the Internatiop_al SPaCehe end of the space station robotic arm also interface with
Station’s (ISS) orbit, open the door to many exciting New o 1 riytyre for transferring the payload to and from the

investigations with the potential of making breakthroughgy, e The maximum power available to the electronics

findings. .'I.'he LTM,P,F is design'ed to broa}den inves,t_igatiqnduring the mission is limited by the ability of the radiators to

opportunltl_es requiring the_se high-resolution capabilities mreject heat of about 235 W. Uplink low rate commands of no
Space. Science selection is done through a NASA Resear¢fy, e than 864 bits/s are provided for the payload through a
AnnouncementNRA) periodically to select investigations 10 1553p interface, and the high-speed downlink telemetry for
fly on each mission. Already, there are six investigations o gata is capable of handling 1.5 Mbps using Ethernet.

planned for the first two flights, but these investigations arérotal mass of the LTMPE is limited to 600 kg and the enve-
not discussed in this paper. To meet the demands of the SCIBpe size is 1.85 m by 0.816 m by 1.037 m.

ence community, the Jet Propulsion Laboratory has partnered
with Ball Aerospace and Technologies Corporati&#TC)
to build the dewar and the facility enclosure. Design-Net
Engineering has been selected to develop the electronics and The dewar contains approximately 180 liters of liquid
software, and Swales Aerospace has been selected to hdlglium and is expected to last about 4.5 months on orbit. The
build the instrument thermal mechanical structure. In the fol-cross section is not cylindrical, but oblong in shape to maxi-
lowing, we will describe an overview of the design and tech-mize the use of the available volume within the Standard
nical capabilities of the facility. Japanese Experiment Module’s Exposed FaciliigM-EP
envelope. This large volume also helps the dewar to stay
below the superfluid transition temperature, without active
SYSTEM DESIGN AND CAPABILITIES evacuation, for 112 hours prior to launch, so that full science
time can be achieved if launched within the first two at-
Figure 1 below shows the LTMPF. It consists of the tempts. If launched at the third and later attempts the onorbit
dewar, the electronics, the radiators, the science instrumensgience time will be reduced. The dewar is designed to op-

DEWAR DESIGN AND CAPABILITIESQ
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Electronic ence device magnetometers. Capability for relatively coarse
FRAM H-Fixture  boxes temperature control is provided using germanium resistance

Grappele \ : thermometers and microwatt heater elements. For more pre-

piy Fixture™—~—, - AN cise control at and near the science cell a paramagnetic salt

g pill coupled to a SQUID with a high-precision heater can
control the temperature to better than 1 nK. There are spare
slots for Investigator's custom electronics boards unique to
their experiment. All boards must conform to the VME 64
standard wit a 6 Uform factor and run with VxWork real
time operating system.

The Facility electronics also include SQUID
preamplifier/controller boxes that on one side interface with
the high-resolution sensors inside the dewar and on the other
a digital interface to a board in a VME chassis. On ascent a
pressure-sensitive device or baroswitch and a battery pack
are used to open a valve that allows the vacuum of space
(above 100,000 fegtto pump on the liquid helium in the
dewar and cool it down. In addition for the first mission a

erate at a base temperature of 1.6 K. It has two 20 cm dianfustom electronics box, the Capacitance Bridge Box, will be

eter openings, one on each end, to allow two separate sciendged to make high-precision measurements of the pressure

instruments to be mounted. Shielded low conductivity wiresand density in one of the experiment cells.

are routed through the dewar vacuum space, while high cur- Because of the ultra-high sensitivity of LTMPF’s science

rent leads and coaxial cables are routed through the vent lireells and sensors the small amounts of heat left behind when

tubing to allow for better heat exchange with the vent gasa charged particle passes through these components repre-

The superfluid in the dewar permits the maintenance of &ents a noise source; measurements from a charged-particle

heat sink(<8 mW) at a stable temperature (1.7+0.05 K monitor can be correlated with the sensor-data noise to re-

over many months. duce their impact. In a similar fashion the accelerometer pro-

vided by the SAMS Project allows comparison of small vi-

brations with increases in signal noise. In this way

Investigators are able to understand and mitigate a couple
The dewar’s Vacuum Shell is the primary structural com-unwanted features of space experiments.

ponent of the LTMPF system. The electronics boxes and

JEM-EF interface are mounted inside aluminum honeycomb\serT DESIGN AND CAPABILITIES

panels that form a rectangular box around the system. The

nadir-, wake, and part of the zenith-facing surfaces are ther- LTMPF provides to each Investigator a standard frame

mal radiators while blankets cover the remaining panels. #n Which to build their cryogenic Insert. The assembled In-

Separate honeycomb pane' is used to Support the re|easamrt fOI‘ eaCh SCience instrument iS 20cm diameter a.nd 45 cm

mechanismFRAM) that attaches LTMPF to its launch car- /ong. An Insert consists of a base pla Cold Plat¢ to

rier. These panels and the thermal design are being providethich is mounted a thermo-mechanical trugse Probe
by BATC. which in turn supports the science cell and its actuators and

sensorgthe Instrument Sensor Package, or)lShe science
team integrates the uniqgue components that they have devel-
oped in their laboratories on the standard Probe; they then
There are three main electronic assemblies each housedtach the many wires and capillaries between the ISP and
in a separate VME box with its own single board computerthe Cold Plate required to control the experiment. The Cold
The Facility Electronic Assembly controls the function of the Plate feeds those connections through a vacuum-tight inter-
dewar and handles power and communication with the JEMface into the Dewar vacuum space and ultimately to the out-
EF. It provides housekeeping data on various parts of theide of the dewar. The Probe interfaces the science instru-
dewar and controls the vent valves of the two instrumentsment package to the dewar providing mechanical support
Small heat pulses can be used to estimate the amount ahd thermal isolation.
helium remaining. In addition, it provides environmental The thermal mechanical structure, or Probe, provides
data on charged particle radiation and acceleration by intemechanical support and thermal isolation to the science in-
facing with an onboard charged particle monitor and a Spacstrument package. It consists of high strength and low ther-
Acceleration Measurement Syste(BAMS) accelerometer mal conductivity struts intercepted by thermal isolation
provided by Glen Research Center. stages made of high thermal conductivity material. It is de-
The two Experiment Electronic Assemblies each controlsigned to support 8 kg of mass during launch and provide
one science instrument. The standard boards support resisrough thermal isolation for the inner most stage to be op-
tance measurements of germanium elements to determine tkeeating at sub-nano-Kelvin stability. Figure 2 shows a picture
temperature; low-, high-, and very high-precision heaterspf one such structure made of stainless steel struts and alu-
high resolution measurements over extremely large dynamiminum thermal isolation stages. In tests, this structure sur-
ranges are made using dc superconducting quantum interferived 7.7 grms random vibration while supporting a 6.2 kg

Dewar Radiators

FIG. 1. The Low Temperature Microgravity Physics Facility overview.

ENCLOSURE DESIGN AND CAPABILITIES

ELECTRONICS CAPABILITIES
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Instrument sensor Insert is launched in a vacuum. During these previous
package Ingert Probe launches, it was necessary to fill the vacuum can with
3He-exchange gas to conduct the heat away from the science
instrument to prevent it from heating up. Once on orbit, the
exchange gas was vented to space and an adsorption pump,
\ with activated charcoal, was used to absorb the rest of the
gas. We inherited the adsorption pump design and modified it
to make it lighter. The operation sequence is also inherited.
----- 3 The adsorption pump’s design and operation are described in
detail by Lyseket al®
Due to their high sensitivity to magnetic fields, SQUIDs

—=c=P==

.........

Dewar vacuum space are usually operated inside a dewar with an external mag-
netic shield. This type of magnetic shield is heavy, weighing
Cold plate Vacuum can perhaps as much as 30 kg. A way to reduce weight is to
locate the shield outside the vacuum can instead. The shield
FIG. 2. Dewar interior. is being developed and will be made of a special magnetic

material—Cryoperm 10which is known to have permeabil-

mass. Each thermal stage has also demonstrated an ability {f ©f 90,000 at low temperatures. Itis expected to weigh less
intercept most of the heat variations from the previous stagdh@n 6 kg and provides a magnetic environment with less
allowing only one part in 7000 to leak through to the nextthan 10 mG of field variation inside.
stage. With 3 stages, this is more than enough to allow ther-
mal control to sub-nano-Kelvin stability. FACILITY, TEST, LAUNCH AND OPERATION

The resonance frequency of the structure together with . . L
ine suppored mass s a imporant prametr i migaing 1€ TS0 f e (TUEE peyios, e euments
the launch-heating problem. It was successfully demons . o !, POWET,
strated by Cuit al® that if this resonance frequency is suf- lemetry, and command interfaces with the ISS is an integral

ficiently higher than the resonance frequency of the dewarpart of the qualification process. This integratipn process
there is very little launch-heating. This implies that most Ofétarts at the Jet Propulsion LaboratagPl) and is com-

the heating arises from the flexing of the mechanical mem_pleted at the launch site where the payload will be launched
n a crossbay carrier in the shuttle following a successful

bers of the instrument package. During testing, the structur rification of Flight Readiness Review. The 1SS Program

shown in Fig. 3 and discussed above had a resonance of o
Hz compared with the 48 Hz resonance expected of thi{‘lll transport the LTMPF Facility Class Payload on an STS
i

dewar. Thus we expect some mitigation of launch heatin ght, perform. al the payload accommodation and accom-
from this structure. odation engineering, and all necessary transportation inte-

gration services.

Then the ISS Program and NASDA IP will install the
LTMPF on ISS as an externally attached payload furnishing

A vacuum can maintains a high vacuum around eactonorbit services to the payload for commanding, telemetry
Insert for thermal isolation purposes. As long as the vacuunand for ancillary data. The LTMPF payload after completing
can is leak tight against the surrounding helium in the dewarits 5 month onorbit mission life will be transferred from the
maintaining a high vacuum should not be a problem, sincéSS to an STS return flight for return of the payload to KSC.
all gases except helium freeze. It has been learned in previFhe payload will be returned to JPL for refurbishment and
ous flights that the science instrument package can heat up iestallation of two new instruments for the next mission.
close to 10 K under the strong vibration of the launch if the

VACUUM CAN AND THE ADSORPTION PUMP

CONCLUSION

The LTMPF currently under development will provide a
unique environment of low temperature and microgravity for
long duration. When the facility is ready for launch of the
first mission in late 2005, it will open up exciting new sci-
ence investigation opportunities onboard the International
Space Station. JPL will provide the necessary infrastructure
and services to enable a user-friendly interface to the scien-
tific community, making easy and low cost access to space a
reality for scientists.

This work is being carried out at the Jet Propulsion
Laboratory, California Institute of Technology under contract
to the National Aeronautics and Space Administration. The
work was funded by NASA's Office of Biological and Physi-
cal Research, Physical Sciences Division. We thank BATC
FIG. 3. A picture of the thermal mechanical structure. for providing the picture in Fig. 1.
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A combined research plan, called “Boiling,” is created on the basis of several cryogenic research
projects developed by experts in Russia and Ukraine for the International Space Station.

The “Boiling” plan includes eight initial experiments aimed at investigating the influence of
microgravity on boiling, heat transfer, and hydrodynamics in liquid helium under normal

or superfluid conditions. The experiments are supposed to be performed with individual cells all
placed inside a single onboard cryogenic experimental facility. The experiments to be

performed as part of the international research program have the following special features:
several artificially simulated microgravity levels produced by rotating the experimental helium
cryostat; visualization of the processes occurring in liquid helium; research on boiling and
hydrodynamics in a large volume of stationary liquid and in a liquid flow through a channel. When
the “Boiling” research plan is completed the onboard cryogenic facility created for the
International Space Station should find applications in further scientific and experimental research
with helium. © 2003 American Institute of Physic§DOI: 10.1063/1.1542529

1. INTRODUCTION 2. ONBOARD CRYOGENIC FACILITY

The history of research on the effect of microgravity on The joint international project is based on the integration
the boiling of liquid helium is further proof of the benefits of of two initial technical concepts. On the one hand the idea is
the Chernogolovka conferences, where the international scto employ in the investigations performed onboard the ISS a
entific community reports and debates new concepts and futniversal helium cryostat, which will contain several experi-
ther development work is given an impetus. After makingmental cells, making it possible to perform scientific research
substantial progress and reaching milestones, such as thsing several controlled MG levelgvhich are produced by
publications by Ukrainiah® and Russiatr® scientists, this rotating the cryostatand visualizing the liquid He-related
initial idea has been transformed into a joint internationalprocessesFig. 1).

Russian and Ukrainian project to investigate liquid helium  On the other hand there is the idea of organizing a uni-
onboard the Russian segment of the International Space Steersal cryogenic workstation onboard the 188e Ref. 7 for
tion (1S9). detailg, where, among other things, in order to increase the

The joint program incorporates the experience gained atumber of experiments that can be performed in space an
five research institutions in both countries, reflecting theiradditional cryostat with liquid helium would be provided to
scientific interests and goals. Now, after the problem hasefill the research cryostats. This project would be imple-
been studied thoroughly and novel approaches have beenented by the Central Research Institute of Machine Build-
developed, this joint program promises to shed light on theng (CRIMB).
effect of microgravity(MG) on heat transfer and hydrody- The rotating research cryostat would contain three to five
namics at boiling of normal and superfluid liquids. experimental cellsFig. 2) (to arrange a step-by-step se-

1063-777X/2003/29(6)/4/$24.00 465 © 2003 American Institute of Physics
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Video-camera ° Video-camera B. The SRDB would implement the “Borbatage” space-
@ | Il Q based experiment
a §°8 / l / S a The objective of this space-based experiment is to obtain
/ | ! / / a video record of vapor-bubble growth on and departure
Experimental cefl 1 " I ! | | |Experimental cell 2 from a single center under excessive pressure in the normal

Liquid heliom  Teommeaionomi]_ Rotating Siyostat state or superfluid helium at four MG levels. The expected
A A result is a determination of the dependence of the bubble

155 body departure diameter and bubble departure rate from liquid he-
gistrati it . . .

fegistration uny lium on the microacceleration and excess vapor pressure.

FIG. 1. Schematic diagram of the helium cryostat with the experimental

cells.

C. The SRDB would implement the “Autowave”
space-based experiment

The objective of this space-based experiment is to obtain
quence of experiments in spaand a video recording sys- (by video recording and temperature measuremesxgeri-
tem. mental data on the direction and speed of propagdtarthe

Both cryostats would be connected to one another by &oiling surface of the boundary between bubble and film
pipeline which feeds normal or superfluid helium from aboiling regimes for normal state liquid helium at four MG
standby cryostat to the research cryostat. This will solve twaevels. Initially, the boiling surface would be heated uni-
problems in performing heat-transfer experiments in spaceformly and bubble-boiling phenomena would occur on it. A
hydrodynamics under a forced supply of liquid helium andiocal thermal disturbancg.e. additional heatingwould cre-
planned refilling of the research cryostat. ate a source for the film regime, which differs in physical

The concept of all space-based experiments includes thgopearance and temperature from the bubble boiling process.
following functions: supplying thermal power to the experi- The newly born source of phenomena can either collapse or
mental cell heaters according to a preset program, recordingover the entire boiling surface, depending on whether the
the component temperature readings, recording the pressudigsturbance rate is below or above a critical level, respec-
drop, identifying boiling phenomena such as nucleation, andively. As a result, the microacceleration dependence of the
propagation of vapor bubbles or vapor-film rearrangement ofritical local thermal disturbance and the dynamic character-
two-phase flow structure. istics of the autowave process at a change of boiling regimes

for normal state liquid helium on surfaces of different dimen-
sional categories can be determined.

3. SPACE-BASED EXPERIMENTAL PLANS
D. The moscow power engineering institute (MPEI) would

A. The special research and development bureau for implement the “Film” space-based experiment
cryogenic technologies (SRDB) would implement the o ) ) _ .
“Bubble” space-based experiment The objective of this space-based experiment is to obtain

by video recording and temperature measuremesxperi-

ental data on the conditions of vapor-film birth, the dynam-

a video record of vapor-bub_ple growth and erartur(_a from s and decay of superfluid liquid helium, and heat transfer at
single center of bubble boiling in normal liquid helium at four MG levels. If the thermal flow density is below the

four MG levels. The expected result is a determination of theCritical value, heat transfer will take place in a regime with

dependence of the dgpgrture die}meter of b“*?b'es and tr&?ngle-phase convection of superfluid liquid helium. Above
bubble departure rate in liquid helium on the microaccelera;

tion in th f —1 (based data f d the critical level a vapor film separating the superfluid liquid
lon n the range tromsp= _5( ased on data from ground- pejium from the heated surface appears. As a result of the
based esperimentso »~10>.

consequent power decrease, a reverse transition occurs and
leads to the decay of the vapor film. The parameters to be
measured in this space-based experiment are the thermal
power, the temperature of the boiling surface, and the mi-
croacceleration. The values to be determined from the video
recording are the outer diameter of the vapor film, the veloc-
ity of the vapor film extension or collapse variations, and the
rate of extension/collapse variations. To obtain superfluid he-
lium boiling under microgravity the He Il must be confined

in the experimental volume containing the heater. We believe
that capillary porous media can be used for this purpose. The
situation depicted in Fig. 3 can occur when He Il boils in a
porous medium.

\\N This problem has been solved in Ref. 8. In the present
FIG. 2. Experimental cell for the “Bubble” experiment: heater body; work the. approgch of Ref. 8 is e).(te.nded to the general case
vacuum insulation2); heating unit(3); center of boiling(4); temperature ~ Of @ helium Il filled system consisting of two vessels con-
sensor(5). nected by a capillary of length The heater is placed at the

The objective of this space-based experiment is to obtai
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This term is due to the viscosity of normal flow in the cap-

— illary and the kinetic effects at the interfaces in the system.
1l = I . P . . .
I q \ L /l TR d As the capillary diameted— 0 and since
p r
p/ _p// §r<1

FIG. 3. He Il column in the capillary of a porous structure: zone | and Ill are

: . X the formula transforms into the latter relation. Thus it is ap-
occupied by vapor; zone Il is occupied by He II.

parent that this phenomenon is similar in nature to the foun-
tain effect.

Analysis of the formulas foah shows thatAh is zero at
top of the left-hand vessel of diametBr,. This vessel is some distance which can be denoted gs:
hermetlcglly_ seal_ed. A vapor film exists between the_ heater d2p' J27RT ST e , 42
and the liquid helium. The left-hand vessel and the side sur | = - —(O 6(—) + _(_) )
face of the capillary are adiabatically insulated. A heat flux is 32 ( P L) r D/ 8RT\Dg
delivered from the heater to the interface through the vapor p'—p" ST

fi_Im. The vapor press_ur@'k; is maintained Cc_Jnstant at _the Thus the difference\h=h, — h,, of the heights of the super-
right-hand vessel of diameté@. The problem is to describe fluid helium columns in the vessels can be both less and

the _tl)_ﬁhaf\/il?r O.f the Tuperﬂufidhheliurgl in this st,)ysften:j. h greater than zero in general. However, if the vessel diameters
he toflowing so ut_|on ofthe problem IS o tained onthe 5.0 ych greater than the capillary diameter, then the follow-
b.as's of the conservation laws given in Ref. 8 and the equqhg peculiarity arises. For zero difference between the
tion 0:] heat ar}:j mas.T, tr.ans-fer-at mtberfaces. heights of the superfluid columns in the vessels the “critical
The He Il flow velocity is given by length” is very small compared with the analogous length for
o d2 (qw/r)\/TRTi Do\ 2 r a single capillary. T_heref(_)re even for_a very small ca_pillary
V'= 3271 O D 3RT length the superfluid helium moves in the vessel with the
n (1_ ,p . _> heater, while in the single capillary the He Il flows toward
p'—p" ST the heater only if the length of the columns is laigeeater

'g(hy—hy) D12 than the critical length If the column length is smaller than
+ p 9N | ?W (_0) , the critical length, the column moves away from the heater
(qw/r)\27RT,] p'ST\ d just as for an ordinary liquid.

The result expected is a determination of the microaccel-
eration dependence of the heat transfer coefficient, the criti-
cal heat flux densities, and the vapor film dynamics index in
superfluid liquid helium.

where h; and h, are the heights of the superfluid helium
columns in the left- and right-hand vessels, respectiveisg;
the diameter of the capillary tub®, is the ideal gas constant
for helium;r is the latent heat of evaporation; amy, is the
heat flux density.

For some h_elght differencah=h, —h, the superfluid E. The moscow institute of physics and engineering (MIPE)
helium velocityV' vanishes. This height difference is given would implement the “Impulse” space-based experiment

by the formulas The objective of this space-based experiment is to obtain

Qw p" r 3271 [Dy\? (by video recording and temperature measuremesrperi-
Ah= E - o —p" ﬁ)p’SToe (F) mental data on the conditions and delay time of bubble and
film boiling for normal liquid helium with different modes of
\/TR’Ti Do) 2 J7 heat supply to the boiling surface at foqr M'G levels.
-0.6——— D aiBs=l The expected results are a determination of the depen-
' 4V2R T dences of the typical delay times in boiling and onset of

Ah heat supply on the microacceleration and the heat pulse
peaks and a determination of the relation between rapid tem-
perature variations on a solid surface and vapor formation in

, liquid helium.

SAT ot stationary regimes of liquid helium boiling at “attacking”
- T{ Cp—p" ST
dzp’x/ZTrRTST(OG(d)Z r ( d )2)

327l r D/  8RT|D,

where AT is he temperature difference along the capillary.

(When the temperature difference in the vessels is much leds The institute for high temperatures of the russian

than the temperature drop along the capillary, the temperaic@demy of sciences  (IHT) would implement the “Pore”
tures in the vessels are independent of degfhis formula ~ SPace-Pased experiment

has the form of the relation for the well-known fountain ef- The objective of this space-based experiment is to obtain
fect: p'gAh=p’'SAT. experimental data on heat transfer and on the size of vapor
However, our formula contains the term bubbles in the normal state liquid helium which is subjected
to boiling on surfaces with different coating geometries at
2 1 | 2 2
—d P 277RT§( 6(2) + T (i) ) four MG levels. The expected result is a determination of the
327l r D/ 8RT\Dg dependence of the heat transfer coefficient, the critical den-
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sity of heat flow, and the average departure size of vapoplan is being prearranged by both parties; mockup versions
bubbles on the microacceleration and the geometry of thef the experimental cells are being investigated; model test-

porous coatings. ing is being performed; and, preliminary ground-based ex-
periments with normal and superfluid LH are being under-

G. The central research institute of machine building taken.

(CRIMB) would implement the “CryoManifold-1" A diverse spectrum of all promising research in low-

and “Cryomanifold-2" space-based experiments temperature physics and techniques under MG conditions,

These experiments are similar to one another. They difwhich would be provided by the onboard cryogenic facility,
fer only by the characteristics of the liquid helium suppliediS & prereqwsﬂe for further elaboration of the concept under
to the experimental cell. The experimental cell is typically adiscussion.
channel which is supplied under excess pressure with quui%_mail_ mail @cryacosmos.com
helium from the standby cryostat. ' y '

The “Cryomanifold-1" experiment would employ nor-
mal state liquid helium at 4.4 K, whereas superfluid helium 1k, v, Rusanov and N. S. Shcherbakova, Fiz. Nizk. Te.140 (1998
at 1.8 K would be used in the “Cryomanifold-2” experiment. [Low Temp. Phys24, 100(1998].

The objective of this space-based experiment is to obtain S: Bond"’("e”'g’v K. Rusanov, and N. Shcherbakova, J. Low Temp. Phys.

. . . 119, 203(2000.
experimental daFa on heaF transfer, the hydraulic resstapce;,s I. Bondarenko, Yu. A. Melenevsky, K. V. Rusanov, and N. S. Shcherba-
and the flow regimes for single- and two-phase flows of lig- kova, Space Science Teds. 134 (2000.

uid helium at different mass flow rates and under the intrinsic*S. Bondarenko, K. Rusanov, and N. Shcherbakov&rateedings of the
microacceleration onboard the ISS. 5th Sino-Russian-Ukrainian Symposium on Space Science and Technol-
. . . ogy, June 6—9, 2000, Kharbin, People’s Republic of CH2@00, Vol. 2,

The expected result is a determination of the dependencep%géll P P reeoo
of the heat transfer coefficients, the hydraulic resistancessv.v. Eremenko, S. I. Bondarenko, E. Ya. Rudavskiy, V. K. Chagovets, Yu.
and the flow regimes for single- and two-phase helium flows A. Melenevskiy, K. V. Rusanov, and N. S. ShcherbakovaPioceedings

: : of the 5th Sino-Russian-Ukrainian Symposium on Space Science and Tech-
on the microacceleration and pressure drop. nology, June 6-9, 2000, Kharbin, People’s Republic of CH2200, Vol.
2, p. 486.
4. CONCLUSIONS 61. M. Dergunov, A. P. Kryukov, and A. A. Gorbunov, J. Low Temp. Phys.
L 119, 403(2000.

The current status of the project is as follows. The on-7s, v, Buskin, V. I. Lukyashenko, V. V. Suvorov, I. Yu. Repin, V. A. Shu-
board cryogenic facility and the experimental cells are in the valov, and Yu. E. Levitskiy, Fiz. Nizk. Temi29, 633 (2003 [Low Temp.
design stage; the relevant documentation is being jointly de—SEh\%S-}fa ‘:'69(200(’3& b Kivukov. Vest. MEL No. 1. 4200
veloped and coordinated by researchers in Russia and' - V- Korolvov and A. P. Kryukov, Vest. MEI, No. 1, 42002.

Ukraine; the contributions to be made by both parties areis article was published in English in the original Russian journal. Repro-

being decided; the implementation of the joint “Boiling” duced here with stylistic changes by AIP.
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The principle of integration of the low-temperature research planned for onboard the Russian
segment of the International Space Statit8S) is discussed in relation to the features

of the cryogenic experiment packages, including the object of study and the cryostatic system.
Systemic questions concerning the creation of a universal cryogenic laboratory on the

orbital station for conducting deep-cooling experiments in the microgravity environment of space
are examined. A block diagram of the laboratory is given, a classification of the equipment

is presented, and the requirements on the experiment packages are discusX@@B American
Institute of Physics.[DOI: 10.1063/1.1542530

1. INTRODUCTION reduces the freight stream and permits the delivery of ex-
changeable experiment packages under normal conditions

The cryogenic eqmpment necessary for Iow-temperatu.rTWithout the need for pre-cooling and the attendant cryostatic
research in outer space is rather costly and cumbersome; Srg/ stemy

addition to a tank of coolant, the cryogenic system in each - . .
. . I — the possibility of carrying out several different ex-
particular case may include separators of the liquid and va- . . i
. . eriments simultaneously;
por and systems for transferring the coolant and for diagnos- . ; . . .
— an increase in the duration of the experiments, since

tics and control, etc. These systems have many elements {Re time of an experimental run is not limited by the supply

common. It is therefore advisable that all of the experiments : .
. . .“of cryoagents that can be delivered from Earth together with

that require deep cooling be grouped together on the station : .
the experiment package;

to create a specialized cryogenic workplace served by a = standardization of the technology for carrying out

single universal cooling system. The presence of such a uni— ) .
. . w-temperature experiments enhances their safety and
versal cryogenic workplace onboard the Russian segment o

the International Space StatigRS ISS makes it possible to make; it possible to arrange for several cooling levels to
conduct a wide class of scientific and engineering studieé:)ermlt more complete utilization of the coolants.
research on the physical properties of cryogenic liquids un-
der conditions of microgravity an_d weightlessness, the_de_velé_ ARRANGEMENT OF THE CRYOGENIC PLATEORM
opment of methods for cryostating large volumes of liquids
at liquid-helium temperatures and of methods for delivering  The first studies of the features of operation of technical
the cryogenic liquids onboard and resupplying the onboardievices containing liquid helium in a space environment
station in the environment of space, the testing of heliumwere carried out back in the 196D®rogress in space tech-
level onboard refrigerators, the development of a technologyology has led to a marked increase in the number of low-
for experimental research using high-power superconductintemperature experiments and in the demands placed on the
systems onboard spacecraft, scientific research in variousnboard cryogenic equipmeht.
fields of knowledge with the use of high-resolution cryo- Analysis shows that the elements can be grouped accord-
genic equipment, etc. ing to their principle of utilization as follows: cryogenic sen-
The presence of a specialized workplace onboard prosors and thermometers, cooled radiation detectors; cryoelec-
vides the prerequisites for optimizing the scientific equip-tronics and magnetometry, high-resolution measuring
ment of each experiment with respect to the following indi-devices; superconducting systems for producing high mag-
cators: reduction of the mass and scale of the experimemtetic fields; autonomous metrological devicéatomic
packages that must be delivered, simplification of the preelocks, frequency standards, etd.hese elements are used in
launch preparations, and enhancing the operational safety @arious combinations both in fundamental scientific research
the onboard equipment. and in engineering experiments on equipment for use in
As compared to having individual low-temperature ex-space, and so their development and refinement in ground-
periments, the integration of the cryogenic equipment on dased laboratories and under the conditions of experiments
single platform provides the following advantages: in space are topical problems in the space engineering and
— multiple use of the basic equipment installed onboardechnology of today.

1063-777X/2003/29(6)/3/$24.00 469 © 2003 American Institute of Physics
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peratures onboard the RS ISS and also for studying the
physical processes in the cryogenic liquids themselves and in
their containers.

In accordance with this, all the equipment of the UCWP
can be divided into several groups:

1. Permanent service equipment—equipment necessary
for conducting all experiments; this includes the cryostatic
system, the system for refilling the tank and the transport of
cryoagents, the apparatus for monitoring the parameters of
the cryoagents and ensuring the safety of the UCWP, the
electrical supply units of the equipment supporting the
FIG. 1. Block diagram of the cryogenic workplace on the RS ISS.  UCWP and the scientific equipment, and units for acquisi-
tion, processing, storage, and transmission of the scientific
and service data.

It is known that any low-temperature experiméot ex- 2. Replaceable service equipment—equipment that is
periment packagein space consists of two parts: the first is modified depending on the nature of the research: refrigera-
the actual low-temperature object to be studieeceiver, tors for liquefying the cold vapor, robotic manipulators for
generator, solenoid, SQUID, cryogenic liquid or solid, etc. mounting, exchanging, and demounting of experiment pack-
and the second is the cryogenic system, which performs sefges and servicing equipment, the working platforms, sup-
vice functions in the creation and maintenance of the reporting framework for mounting the experiment packages,
quired conditions. The second can be many times more exthe specific devices for making observations in the course of
pensive to make than the first. After completion of thean experiment, magnetometers, analyzers for determining the
experiment the equipment is usually all brought down fromcomposition of the internal atmosphere, electric field sensors,
orbit. For this reason it would be advantageous to build aetc.
cryogenic platform on the ISS with common cryogenic 3. The experiment package, which includes the special
equipment, monitoring and diagnostic devices, power sourcequipment designed and delivered by the organizers of an
and devices for data acquisition and contis#te Fig. 1. The  experiment and contains the object of study, speciaavail-
experimental object itself will be delivered to the universalaple in the UCWIPdevices for the monitoring and control of
cryogenic workplacéUCWP) of the station and be mounted the course of the experiment, and special data acquisition
on a suitable unified platform. systems. This equipment must be compatible with the service

In our proposed project it is assumed that there will begystems of the UCWP in all of their parameters and should
three such workplaces onboard the RS ISS; one for resear¢fy; quplicate its capabilities. This equipment may be placed
in the physics of cryogenic liquids and gases, one for studieg,side or outside of the research mod(RM) of the RS ISS.

at high magnetic fields, and one for experiments requiringrhe choice of the specifics of the UCWP will depend on the
the use of cryogenic instrumentation. The astrophysical platbrogram of low-temperature experiments planned

form, with a small spacecraft which can be incorporated in The deployment of the UCWP can be divided into sev-
the infrastructure of the ISS, can be considered separately.eral stages

In spite of't.he _dlverS|ty of experlments,.they have in Stage *—placing the RM into orbit with the UCWP
common the utilization of the same basic equipment onboard . C -
S equipment carried inside a specialized compartment of the

the spacecraft, such as the tanks of cryogenic liquids, th

systems for transporting the liquid and the cold vapor, refrig-ﬁM’ checklng the equ.lpment to make sure IF 'S quklng
properly; placing experiment packages containing their own

erators, the systems for monitoring and controlling the pa! ) ) . e
y 9 9 b yostats into orbit and mounting them on individual work-

rameter of the cryostats, and the systems for scientific dat® latf ‘ formi h . ]
acquisition and processing. In comparison with the systerﬂpg platforms for performing short-term experiments; start-

previously used for conducting cryogenic experiments, thdnd to create the working platform for a particular version of
use of the UCWP makes possible the multiple reuse of thihe UCWP. . ] ]

basic equipment permanently installed onboard the RS ISS, Stage 2-finishing the construction of the working plat-
thus reducing the volume of freight, making it possible tof0rm; completing the systems for replenishing and transport
deliver the experiment packages to the station in “dry” form Of cryoagents; checking the functioning of the robotic ma-
(without cryoagents and extending considerably the dura- nipulator, checking out the scientific equipment; starting the
tion of the experiments. The standardization of the technol€Xperiments on the unified platforms with the use of the
ogy of performing the experiments enhances their safety angryoresources of the UCWP.

makes it possible to organize several cooling levels simulta- Stage 3—executing the program of experiments with the
neously for the purpose of making more complete use of thélse of the expendable cryoresources of the UCWP; starting
expended coolant. This makes the RS ISS more competitiv® utilize the refrigerators.

in a discussion of the possibilities for conducting scientific ~ Stage 4—full-scale utilization of the UCWP. The sched-
and engineering research in space on a commercial basis. e for implementation of each stage will depend on the par-
essence, the UCWP will fulfill the role of a permanent cryo-ticulars of the construction of the working platform and the
genics laboratory intended for the creation of the necessaryeighting capabilities and is determined in the early plan-
operating conditions for conducting experiments at low tem-ning stage.

Fomm————
1 Experiment
—J package

Cryogenic tank

unit
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Requirements on the experiment packages experiment is completetbr terminategl If required, a new

In the first and part of the second stages of deploymeerperiment package is mounted on the same _Working plat-
of the UCWP the experiment packages are delivered withorm: In the second and later stages the mounting, dem"“?‘t'
their own cryostats and the necessary supply of cryogeni g, and exchange .Of packages on the unified platformg will
liquid. The experiment package must meet the requiremen e done by a robotic mgmpglator. The used package will be
of operation in outer space. The electrical supply of the ex_returned to_ Earth or Ut.'l!ZEd m_another way. .
periment package, monitoring of the parameters of the cryo- The gmstmg.smenuflc—engln'eermg apd technollog|cal re-
genic liquids, and the data acquisition and processing argourees in the fields of cryogenic technique, applied super-

handled by the UCWP. The experiment package must adm&onductivity, and cryoelectronics in the Russian Federation
mounting on the outer surface of the RM and and be plug_are sufficient to implement the UCWP concept on the RS

gable into the cable network of the UCWP by the operator inISS. This would reduce the effort required for Russian and

an EVA. The drainage of the cryoagent should be done(oreign scientists to conduct long-term scientific and applied
through mounted nozzles. In the secdpdrtially) and later research.

stages the experiment package is delivered in a warm, “dry”

cryostat. This cryostat is mounted on the unified working

platform and is connected to the cryogenic system of the_ .. vadim suvorov@hotmail.com

UCWP, which provides the required temperature regime for

the experiment by its own resources. The experiment pack-

age is simultaneously connected to the electrical supply and

data acquisition systems. After the circulational cooling sys-

tem is completed, the experiment packages can be delivereti. B. Fradkov and V. F. Troitskj Tr. Fiz. Inst. Akad. Nauk SSSFFIAN)

onboard without a cryostat. 77,85(1974. _ _
2C. Jewell, “Overview of cryogenic develompement in ESA,”Rreceed-
. ings of the Sixth European Symposium on Space Environmental Control
Replacement of the experiment packages SystemsNoordwijk, The Netherlands, May 20—-22, 1997, p. 447.
. . 3B. Collaudi d N. Rando, C id®, 797 (2002.
In the first and second stages the demounting of an ex- oflaudin an ando, tryogent (2002

periment package is done by the operator in an EVA after theranslated by Steve Torstveit
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The objective of ISLESinverse-square law experiment in spaiseto perform a null test of

Newton’s law on the ISS with a resolution of one part ir® # ranges from 10@m to 1 mm.

ISLES will be sensitive enough to detect axions with the strongest allowed coupling and to

test the string-theory prediction witR=5 um. To accomplish these goals on the rather noisy
International Space Station, the experiment is set up to provide immunity from the vibrations

and other common-mode accelerations. The measures to be applied for reducing the effects of
disturbances will be described in this presentation. As designed, the experiment will be

cooled to less tha2 K in NASA's low temperature facility the LTMPF, allowing superconducting
magnetic levitation in microgravity to obtain very soft, low-loss suspension of the test

masses. The low-damping magnetic levitation, combined with a low-noise SQUID, leads to
extremely low intrinsic noise in the detector. To minimize Newtonian errors, ISLES employs a
near-null source of gravity, a circular disk of large diameter-to-thickness ratio. Two test

masses, also disk-shaped, are suspended on the two sides of the source mass at a distance of 100
um to 1 mm. The signal is detected by a supercon-ducting differential accelerometer,

making a highly sensitive sensor of the gravity force generated by the source mag6039
American Institute of Physics[DOI: 10.1063/1.1542531

1. OBJECTIVES OF ISLES in 10°~10*. However, due to difficulties associated with de-
signing sensitive short-range experiments, the range below 1
The Newtonian inverse-square law (1law) of gravity ~ mm has been left largely unexploréd.
is a cornerstone of general relativi(GR). Its validity has Figure 1 shows the existing limit for tests of the 4faw
been impressively demonstrated by astronomical observat ranges below 1 mm and the expected sensitivity of our
tions in the solar system, exceeding a level of sensitivity foproposed experiment ISLES for the International Space Sta-
violations of one part in fat 10—1¢ km. In the wake of tion (ISS), plotted as a function of range, where the total
interests in searching for a “fifth force”, the past two de- potential is written as
cades has seen increased activities on Earth in testing the
> . . GM )
1/r< law on the laboratory and geological scales. The experi-  V/(r)=— —(1+ae ™). )
mental limit at ranges of 1 cit°km now stands at one part r

Violations predicted by various theories are also indicated.
The expected resolution of ISLES on the ISS|ig=1
X107° at A=100 um *mm and|a|=1x10"2 at A=10
pm. At 100 um, this represents an improvement over the

2—
19 Hoyle et al.(2001) existing limit$ by over six orders of magnitude. ISLES
[String thoory %, reaches four orders of magnitude beyond the level aimed at
1001 ™ "‘-..,j;0ng etal. by Long et al2 in their ongoing laboratory experiment. The

improvement at ranges less than 10® is even greater. As
indicated on Fig. 1, the ISLES experiment is capable of de-
1072 tecting the axion with highest allowed couplingd=3
x 10719 and will test a string theory prediction witR,
=5 um. ISLES is based on the superconducting gravity gra-
diometer technology fully developed at the University of
.................. Maryland?
1076, . : . ; However, obtaining the sensitivities displayed in Fig. 1
8 540975 2 5 1074 2 5403 for ISLES on the ISS is a nontrivial task. The vibration en-
A, m vironment observed on the ISS, as seen in the data presently
being transmitted down from orbit, is over 100 times worse
FIG. 1. Sensitivity of ISLES and the existing limits. than that observed in an Earth-bound laboratory. The tech-

10747
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niques we intend to apply to reach the sensitivities depicted 4

in Fig. 1 are the main topics of this paper. Again, we shall be

describing techniques that have been developed earlier for
other experiments at the University of Maryland, techniques [
that will be adapted to the ISS for ISLES.

— Lr2

2. SCIENTIFIC VALUE OF SHORT-RANGE 1/r? LAW TEST

Test of general relativity

Existence of a short-range mass-mass interaction implies
a violation of the 12 law, a cornerstone of GR. Such a force
may, or may not, have composition dependence. Therefore,
the 12 law could be violated even when the equivalence
principle (EP) holds rigorously. So ISLES will complement
STEP (satellite test of the equivalence principlend other
EP experiments that aim at testing the EP to high resolution
at ranges near the Earth’s radius or longer 10* km.

6.3cm

Test of string theories

Source
we  Mass

Lo22

String theories can be consistently formulated only in
nine spatial dimensions. Because the space we observe is ¥
three-dimensional, the extra dimensions must be somehow
hidden. If there aren compact dimensions with radi,,
R,,...,R,, Gauss’s law implies that the Planck mads, is
related to a fundamental scaié, by

M2~M2""R,R,...R,. (2)

In the string theory, as we reduce the distances probed to The axion could also solve the major open question in

shorter than one of the rad®;, a new dimension opens up astrophysics: the composition of dark matter. Galactic rota-

and changes thedependence of the gravitational force law. tion curves and inflation theory require that there should be
One theoretically well-motivated value fof, is 1 TeV,  more mass in the universe than is observed. Although neu-

which solves the gauge hierarchy problem, namely, gravity isrino mass, MACHO$MAssive Compact Halo Objegtsand

so weak compared to the other forces. For two large dimenmany hypothetical particles have been offered as explana-

sions of similar size, one obtaii®; ~R,~1 mm> Cosmo- tions, the solution remains elusive. The axion is one of the

logical and_astrophysical constraints give a bould.  strongest candidates for the cold dark méaier.
>100TeV®’ while the most stringent boundM,

>1_7OO TeV, comes from the evolution of neutron sfars. 3. PRINCIPLE OF THE EXPERIMENT
This most stringent bound correspondsRo~R,<<40 nm. _
While this range is beyond the reach of ISLES, there ardléwtonian null source

cosmological assumptions going into these bounds, and a T maximize the masses that can be brought to distances
null result from ISLES would supply independent confirma-of 100 um from each other, flat disk geometry is used for

FIG. 2. Configuration of the source and test masses.

tion of the model being tested. both the source and test masses, as is done by eoat’
An infinite plane slab is a Newtonian null source in that the
Search for the axion gravity force it exerts on a nearby mass does not depend on

Th dard model of icle phvsi ull the distance between the mass and the slab. We approximate
e standard model of particle physics successtully acg ., 5 nuil source by using a circular disk of sufficiently

counts for all existing particle data; however, it has one Sefarge diameter. Figure 2 shows the configuration of the

rious blemish: the strong CP problem. Strong interactions argrce and test masses with associated coils and capacitor
such that parity(P), time reversalT), and charge conjuga- plates

tion (C) symmetries are automatically conserved in perturba-
tion theory. However, non-perturbative effects induce viola-
tions of P and CRparameterized by a dimensionless angle
), but no such violations have been observed in strong in- Two disk-shaped superconducting test masses are sus-
teractions. An attractive resolution of this problem is developpended on the two sides of the source mass using magnetic
in Ref. 9. One ramification of their theory is the existence offorces and are coupled magnetically to form a differential
a new light-mass boson, tlexion'® The axion mediates a accelerometer. The motions induced in the test masses are
short-range mass-mass interaction. The experimental uppédetected by sensing coil § andLg, in Fig. 2).

bound #<3x 1019 corresponds to a violation of ther#/ On Earth it is difficult to suspend two flat disks on op-
law at the leve|a|~10"% atA=1 mm, a force strength that posite sides of the source mass at such proximity without
is within reach for ISLES as depicted in Fig. 1. significantly modifying the geometry and stiffening the dif-

Levitated test masses
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FIG. 3. Newtonian and Yukawa signals versus source position.
. . . ) Shield Super-
ferential mode, thus degrading the resolution of the experi- tensioning conducting
. . 53
ment. In microgravity on the ISS, each test mass can be screw i ,,,§§ accelerometer
suspended by applying only minute forces from a pancake o %
coil (Lg; or Lsy) and from a small ring coil (g, or Lg,)
coupled to a narrow slanted rim of the test mass. X
j 11.0cm ]

Second harmonic detection FIG. 4. Cross-section of the ISLES apparatus.

As the source mass is driven at frequerigyalong the

symmetry axis, the first-order Newtonian fields arising from q h i h ic field b q
the finite diameter of the source mass are canceled upo‘?‘n ges. These eflects cause the magnetic fields to be trapped,

differential measurement, leaving only a second-order errof®Ntributing to damping of the motions through flux creep.
The situation improves dramatically in orbit. The gravity

at 2fs. By symmetry, the Yukawa signal also appears a . : . .
2f S:I'heysegond h;’rmonic detectior? combinedpF\)Nith thdevel is reduced by five to six orders of magnitude, so the test

common-mode rejection ratilCMRR) of the detector, re- masses can be supported with weaker magnetic springs, per-

duces source-detector vibration coupling by over 300 dB. mitting the realization of both the lowest resonance fre-
quency and lowest dissipation. Our calculations show that,

_ even on such a relatively noisy platform as the ISS, the space
Expected signal experiment will have at least 100 times better resolution over

The design allows a source displacement+§0 um. the ground experiment.
The differential acceleration signals expected from the New-
tonian force(with correction to 10%and the Yukawa force 4. EXPERIMENTAL HARDWARE
with |a@|=10"° and A=100 um are plotted in Fig. 3 as a
function of the source mass position. The rms amplitude o
the Yukawa signal corresponding tat&0-um displacement Figure 4 shows a cross-sectional view of the apparatus.
is 1.2 10 Y m/<. The rms amplitude of the Newtonian er- The entire housing is fabricated from niobium. The source
ror term arising from the finite diameter of the source mass ignass is made out of tantalum, which closely matches Nb in
1.0x 10 *¥m/s? before compensation. While these force am-thermal contraction. This source disk is suspended by canti-
plitudes at Z5 are similar, the Newtonian error will be com- lever springs at the edge and driven magnetically. A thin Nb
puted and removed to less than 10% as depicted in Fig. $hield provides electrostatic and magnetic shielding between
which is straightforward. the source and each test mass. The test masses are suspended
and aligned by magnetic fields from various coils. Two aux-
iliary three-axis superconducting accelerometers are
mounted on opposite sides of the housing to provide linear
Sensitive experiments searching for weak forces invariand angular acceleration signals.
ably require soft suspension for the measurement degree of The entire assembly weighs 6.0 kg and fits within the
freedom, for which superconducting magnetic levitation of-20-cm diameter envelope of the LTMPF instrument wedle
fers great promise. Levitation in Earth’s gravity, on the otherFig. 5. The masses need not be caged during launch and ISS
hand, requires a large magnetic field that tends to couple tmaneuvers since their sway space will be limited=80 um
the measurement axis through metrology errors, and thusy mechanical stops.
stiffens the mode. The large value of magnetic field also  The ISLES cryogenic and electrical requirements will be
makes the suspension more dissipative. Fields close to thmet with the standard LTMPF provision with minor modifi-
critical field H, of the superconductor must be used to levi-cations. The entire apparatus is fastened to the second-stage
tate the masses on Earth. Surface impurities will reddge thermal platform of the cryo-insert of LTMP@Fig. 5). That
locally. The magnetic field will also be stronger near sharpplatform and the instrument will be temperature stabilized to

Pverview of the apparatus

Need for low gravity
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- B0 > LTMPF Dewar ) el the test masses are separated by a basé#r®e45 mm. The

- / position of each test mass is measured by a capacitor plate
located near its centdsee Fig. 2 The equilibrium spacing
between the source and each test mass isufi0They are
shielded from each other by means of a 1ar&-thick Nb
shield, located at 2wm from the surface of the test mass.
The source mass is driven magnetically by coupling a small
ac current to a superconducting circuit carrying a large per-
sistent current.

. E;p'erument
Helium bath 3 0m cans

FIG. 5. The ISP mounted on the cryo-insert. Superconducting circuitry and setup procedure

Schematics of the superconducting circuits for the detec-

5 uK. The orientation of the detector is chosen so that its{Of @reé shown in Fig. 6. These circuits are similar to the
sensitive axis is aligned with the pitdly) axis of the ISS Standard differencing circuit used in the SGQhe test
when LTMPF is mounted on JEM-EF. This orientation re-masses are suspended radially by storing persistent currents

duces the centrifugal acceleration noise almost a hundredrt @1dlgz in ring coilsLg, andLg, and the pancake cails,
fold. as shown in Fig. 6a. Due to the slanted rim of the test

masses, currentisy; and g, will exert an axially outward
force on the test masses. This force is balanced by the axially
inward forces provided by the currents in the sensing, align-
The source mass is a disk 2.0 mm thick by 140 mm inment, and feedback circuits, shown in Figs. 6b—d. The sus-
diameter, with mas#$1 =510 9. The source mass, cantilever pension is stable for all degrees of freedom, except for roll
springs, and rim are machined out of a single plate of Ta. Tabout the sensitive axes.
is chosen for its high densit§16.6 g/cnd), which increases The scale factors of the component accelerometers are
the signal, and its relatively higH.. Each test mass is a Nb matched by adjusting currentg; andlg, in pancake coils
disk 0.25 mm thick by 63 mm in diameter, with a rim 0.25 I5; andls,, as shown in Fig. 6b. The SQUID measures the
mm thick by 2.0 mm wide, which has 5° slant from the axis. differential acceleratiom, or gravity gradient, along thg
The mass of each test massris- 7.5 g. For the 10Qsm gap, axis. To align an individual test mass parallel to its shield and

Source and test masses

Rs Rs Rs

LR Iy é”nglm' Lra Lsy "31 éHSE Is2| Ls2

000 SO0~
(a) Radial suspension circuit (b) Sensing circuit
Rs R Rs . R

'y ‘;'.\’8 A
h
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{c) Alignment circuit (d) Feedback circuit

FIG. 6. Superconducting circuits for the detector.
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to also align its axis parallel to the axis of the other mass,
two alignment circuits are provided for each test mass, one
per degree of freedom. Figure 6¢ shows the alignment circuit
of test mass 1 about the axis. This alignment is accom-
plished by tuning currentk,;; and|l 41, in remotely coupled
pancake coild 41, andL,;, (see also Fig. 2 Note that the
unique property of long-term stability of persistent currents
in superconductors preserves the CMRR tuning over long
periods. FIG. 7. Superconducting circuit for the axis of the coupled three-axis
The balance procedure matches the linear components 8fxliary accelerometers.
the scale factors but does not completely match the nonlin-
earity. This mismatched nonlinearity is troublesome since it
down-converts the wide-band acceleration noise to the sign&QUIDs per degree of freedom, to measure three linggr (
frequency. A standard approach to suppressing the nonlineaand two angular ¢;) acceleration components, as well as a
ity is applying a negative feedback to the test masses, whicgiravity gradient component’;).
actively stiffens the mode. The feedback circuit is given in Figure 7 shows the superconducting circuit for yraxis
Fig. 6d. The common-mod¢CM) and differential-mode of the auxiliary accelerometers. The four pancake coils sepa-
(DM) outputsigc andirp are fed back to the test masses. rated along thg axis are combined to sum and difference the
The CM output is derived from the auxiliary accelerometerssignals. The CM and DM signals correspondatoandI’y, ,
Currentsl ¢, andl ¢, are adjusted to null the effect of the CM respectively. The gravity gradient signal is used to monitor
feedback on the DM output. and remove gravitational disturbances from the detector. The
pancake coils separated along thendz axes are combined
in similar circuits to measure, and «,, anda, and a,,
Coarse and fine heat-switches respectively. The only component that is not measured, is
which is not needed for error compensation.
The intrinsic noise of the accelerometersf&t0.02 Hz,

Due to the high vibration levels of the ISS
(>10°m/(s*-Hz"), a special provision must be made to assuming the noise spectrum of commercial Quantum De-
be able to control the magnetic fluxes trapped in variou 9 p

S 12/ £y -11 1 1/2
superconducting loops with adequate precision. Coarse heai'—%nxlség llJllD(Sj’l(sg:_'esf}z)(f) dl 621]9 ~3n:</(le:| 121 i)z’ HSfi 1(,;))
switches, denoted by;;’s, warm up a short length of the Nb ra z'"), andSp(f)~ s “Hz™ ™).
wire to a resistanc®~1 m(), resulting in anL/R time of
about 10 ms. These coarse switches are used to store currentsD
o . . : 5. "DYNAMIC NOISE REJECTION
initially to obtain, for example, the desired spring constants
for the suspended masses. Fine heat-switches, denoted Byor compensation

hij’s, couple a low-resistance path wil;~0.1u) to the Linear and angular accelerations are rejected t6°10

qrcmt, resuI'Flng in atime conste_mt of about 100 s. With 1—msand to 104 m, respectively, by adjusting persistent currents
time resolution of the heat-switch, fluxes can then be ad-

) q in %0 This added =  th 4 in the sensing and alignment circuits as described above. To
Justed to one part in T0 This added precision of the rapPed jmprove the acceleration rejection further, we apply an error
currents gives the ability to match the scale factors t6°10

an th ”» ~foradi ting i compensation technique that has been demonstrated with the
and to align the sen_smve axes t‘.) adian, resulting in an SGG?* The linear and angular accelerations of the platform,
initial CMRR of 1 in all three linear degrees of freedom.

Y itchH< in Fig. 6b i q h measured by the auxiliary accelerometers, are multiplied by
eat-switchHsp in Fig. 6b Is turned on to protect the the predetermined error coefficients and subtracted from the

SQUID from a current surge whenever a current is adjuste@ye e cor output to achieve a further reduction of noise by the
in the sensing circuit. The ogtput heat-switchég.’s and _ factor 16. By applying the compensation factor3l@emon-
Hip's are turned on to passively damp the corresponding aieq in the laboratory, we should be able to achieve a net

modes in.the event Iargg moti.ons of the te.st.magses are €EMRR of 16 for linear acceleration and a net error coeffi-
cited. While we expect this tuning to maintain its high degreecient of 10°" m for angular acceleration.

of noise rejection throughout the 5-month period of the ex- To determine the dynamic error coefficients, accelera-

periment on ISS, we use the vibrationally noisy periods Oftions in all degrees of freedom must be provided. If active

Shuttleldockings and orbit rEbﬁOStS' when gravity df':\ta AlGibration isolation is implemented as described in the next
unusable or degraded, to test the CMRR and to readjust CUction, a six-axis shaker will be built into the isolation sys-

rent values, as found necessary. tem that can also be used to apply a sinusoidal acceleration

signal in each degree of freedom. If we opt not to employ the
vibration isolation system, we will use the ISS vibration
noise itself to shake the detector. The accelerations will be
Figure 4 shows two three-axis auxiliary superconductingandom and cross-correlated between degrees of freedom.
accelerometers mounted symmetrically on the two sides dflowever, we can apply a well-established procedure in elec-
the housing. Each test mass is a hollow 20-gram Nb cubéyical engineering for determining the transfer functions for a
suspended and sensed by Nb pancake coils adjacent to its siultiple-input system using noise alotie.
faces. The suspension of the cube is stable in all degrees of Due to the short but finite baseliné=2.45 mn), the
freedom. The accelerometers are coupled to SQUIDs, twa/r? law detector is a gravity gradiometer that is sensitive to

Auxiliary superconducting accelerometers
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o TABLE |. Metrol .
Q 28 etrology errors
) = Error,
-g _?‘8 "‘“‘\,\ . Source Allowance B .
:'é' _60 S 1078 m /s?
S EEE il
s 1072 10! 10° 10 102 Baseline 25 pm 1.0
Frequency, Hz Source mass
FIG. 8. Frequency response of the vibration isolation system foy thes: Finite diameter 10% 12
(1) Passive isolation(2) Active wi/translation loop closing(3) Active w/6 . . .
DOF loop closing. Suspension spring 20% 2.4
Radial taper 2.5 pm 7.8
. . , . . . . Radial density variation 1074 0.2
attitude modulation of Earth’s gravity gradient, gravity noise
from ISS, and centrifugal accelerations. Fortunately, the aux Test masses
iliary gradiometer measures exactly the same gradient nois Rim dimension 2.5 um 1.7
except for gravity disturbances from nearby objdetd m). Total etror 13

This gravity gradient noise can thus be removed from the
detector output by applying the above correlation method.

radial positioning of the test masses are greatly relaxed by
Vibration isolation  (option ) the cylindrical symmetry. The total metrology error is 1.5

, : : X 10 ' m/<.
With the residual acceleration errors compensated, the 10 m/-sz . . .
The dimensional tolerances are achievable using hand

most important dynamic error source is the nonlinearity Ofla ina of the parts. Eabrication of the test masses with a
the scale factors. Vibration isolation of the detector is an PP 9 parts.

. . . . ; lan rim will requir ial pr re. On ibili
alternative way of suppressing the nonlinearity noise. slanted equire a special procedure. One possibility

An active vibration isolation system, combined with a = machining the entire structure in a single piece by com-

. o ) . bining regular machining with electric discharge machining.
single-stage passive isolation, was studied for LTMPF by nott?er %ossibility i n?achining the disk angd the fim a%

Ball Aerospace & Technologies Corp. As LTMPF is designedA : e ; .
A : separate pieces and then diffusion-bonding them in a vacuum
presently, the sway space is limited 3 mm. This sway
; I : - . .__oven.
amplitude limit constrains our ability to extend the isolation
to below 0.1 Hz. Eight D-strut isolators were used to attach
the facility frame to the payload interface unit. These isola-ntrinsic instrument noise

tors provide a 40-dB/decade attenuation from 1 to 200 HZ.  The intrinsic power spectral density of a superconduct-

Each isolator is also equipped with a voice-coil actuator tong gifferential accelerometer can be writtéfias
provide active isolation. The outputs of the superconducting

. 2

accelerometers are fed back to these actuators. S.(F)= E ksTwp n wp

The result is shown in Fig. 8. The first curve is the pas- a Qb 27B
sive isolation provided by the eight D-strut isolators. The

! . wherem is the mass of each test mass; =2#7fp andQp
first active systemicurve 2) employs only control over the are the differential mode resonance frequency and quality

. ?&ctor, B is the electromechanical energy coupling coeffi-
(curve3) employs closed-loop control over all six degrees of . . . . g
cient, n is the electrical energy coupling coefficient of the

freedom. The isolation system provides only a 10-dB isola-, . . ;
tion at 0.05 Hz. Its main advantage comes from the reductioSQUID’ andE,(f) is the input energy resolution of the

'Souip.

of high-frequency acceleration noise, reducing the nonlinear- Equation(3) shows that the differential-mode frequency

Ity noise. fp is a critical parameter for the intrinsic noise. The micro-
gravity environment on ISS, in principle, allows a suspen-
6. ERROR BUDGET sion 1@ times softer than on the ground, which corresponds
to fp<0.01 Hz. On the other hand, the differential acceler-
ometer’s response to platform vibrations must be minimized
Table I lists the metrology errors estimated using a nuto reduce errors caused by electric charge on the test mass,
merical model. The effects from the finite diameter of theby patch-effect fields, by self-gravity of the ISS, and most
source and the dynamic mass of the suspension springs araportantly by the nonlinearity of the scale factors. Ideally,
corrected to 10 and 20%, respectively. Linear taper and linene would like to increase the common-mode frequehicy
ear density variation of the source produce second-order ees much as possible, while keepifhg low. Unfortunately,
rors, which become negligible. the nonlinearity of the coils couples a fraction of the CM
The test masses tend to rotate slowly about the sensitivetiffness to DM, providing a practical limitfc/fp<4. This
axis, further averaging out the asymmetry about the axislimitation forces us to make a compromise. The test masses
Hence only the radial taper and the radial density variatiormust remain free before a feedback loop is closed either to
are important. Due to the null nature of the source, test mashe test masses or to the isolator, since otherwise there will
metrology is not important, except for the extended rim. Thebe no signal to feed back. Moreover, we need to keep the test
rim dimension is corrected to 2/mm. The requirements on mass excursion te=10 um. These considerations require

Ea(f) |, ()

Metrology errors
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FIG. 10. Nonlinearity error foy axis: actual(uppey, with active isolation

FIG. 9. Linear acceleration along axis: actual(uppe) and with active (middle). and with feedbackiowe.

isolation (lower).

isolation or feedback, which is $Qtimes higher than the
intrinsic noise of the instrument at 0.01 Hz. The middle
%urve shows the result of applying the active isolation. At
ANy S . .01 Hz, the nonlinearity noise is at<10” ¥m/(s?- Hz*?).

that 11=12~4.7mA and 115=15~47MA gives o o000 e shows the nonlinearity noise expected in the

=0.05Hz a_ndfc=_0.2 Hz. For feedback oper_atlon_ of the detector under a feedback control that stiffens the common
detector, this choice of mode frequencies, with signal fre-

guencyf=0.02 Hz, minimizes the total dynamic noise. The mode freql_Jency to 10 Hz. . .

. ; . Assuming that the above acceleration noise represents

radial translational mode frequency is found to-b@.06 Hz. . . .
. : .the actual noise that will be experienced by the ISLES de-
The test masses are free to roll about their axes. Rolling wil . . ’
tend to average out azimuthal asymmetries of the source a ctor, we find a total acceleration noise to be_ 6.3
Ln ey o . 10" *¥*m/(s?- HZ'?) at f=0.02 Hz for the feedback option,
the test masses. If active vibration isolation is provided, the Y 1 - oo

. . ) ) ~ and 5. 10" *m/($>- Hz?) at f=0.05 Hz for the vibration
optimum frequencies shift slightly tof=0.05Hz, f, isolation option
=0.1Hz andf-=0.4 Hz. We compute the intrinsic noise for pron.
these two sets of frequencies.

The design values for the other parameters of 4.
are: T=2K, m=7.5g, Qp=10°, B=7=0.5, andE,(f) Helium tide is absent due to the Earth-fixed orientation
=10 3%1+0.1Hz/f) J/Hz. The SQUID energy resolution of the ISS. Helium sloshing is of minor concern since it is
corresponds to the flux noise, sBbyHz 2 originally  expected to occur at a sufficiently low frequeney2.5 mHz.
specified in LTMPF science requirement document, and coThe gravity gradiometer along the axis will be used to
incides with the performance typically obtained from com-monitor gravitational disturbances of the experiment. The
mercially available dc SQUIDs. We assume that this SQUIDgravity noise from modulation of the Earth’s gravity gradient
noise level can be achieved for ISLES. With the above paand ISS self-gravity, including the activities of astronauts,
rameter values, we finfy%(f)=7.0x 10" *m/($?-HZz'? for  will be taken out, along with the centrifugal acceleration, by
f=0.02Hz andf,=0.05Hz (for feedback and S;/Z(f) the error measurement and compensation scheme.
=10.8x10" ¥*m/(s?>- HZ'?) for f=0.05Hz andfy=0.1Hz
(for vibration iSOlatiOl). Magnetic crosstalk

fc=0.2Hz andfp=0.05Hz. The result represents a stiff-
ness reduction by f0from the ground experiment.
Analysis of ISLES circuits for the masses chosen show

Gravity noise

Trapped flux is not of concern if the flux is strongly
pinned. Cooling and performing the experiment in a low

The upper curve of Fig. 9 shows tlgeaxis linear accel- magnetic field will minimize flux creep. For this purpose,
eration spectrum measured by a SAMS Il accelerometer ihTMPF is equipped with a cryoperm shield. Material pro-
the US Lab of ISS on a typical day. The lower curve is thecessing and the insertion of flux dams can reduce flux motion
acceleration spectrum with active isolation, the curve beinghat might be induced by the incidence of charged particles
generated by filtering the acceleration spectrum with the rein orbit.
sponse function given in Fig. 8. The noise is quietest at  With the high magnetic field required to drive the source
~0.01 Hz, with a value of 10" ® m/(s*>- Hz?). This noise mass, magnetic crosstalk between the source and the detector
will be reduced to X 10~ **m/(s*>- Hz'?) by the net CMRR is a very important potential source of error. To solve this
of 108. The angular acceleration noise is reduced to 2problem, the entire housing is machined out of Nb and a Nb
X 10™ ¥ m/(s?- Hz'?) by the error coefficient of 10’ m. The  shield is provided between the source and each test mass.
centrifugal acceleration noise is negligible. High-purity Nb will be used. The Nb will be heat-treated to

Using the nonlinearity coefficient measured in the SGGbring the material very close to a type-I superconductor, thus
(Ref. 4, we estimate the nonlinearity-induced noise as plot-minimizing flux penetration. The superconducting shield is
ted in Fig. 10. The upper curve is the noise without activeexpected to provide over 200 dB isolatibhThis isolation,

Acceleration noise



Low Temp. Phys. 29 (6), June 2003 D. M. Strayer 479

combined with 60 dB rejection expected from the secondlABLE Il. Error budaet.

harmonic detection, should provide the required isolation be Error, 107'% m /s2
tween the source drive signal and the test masses in excess Error source
260 dB. w /feedback w /isolation
Metrology 15 15
Electric charge effects Random (50 days) (90 days)
. . o . Intrinsi
Levitated test masses in orbit will accumulate electric mnsie % »
charge from cosmic rays and from high-energy protons, a ISS vibration 23 21
the spacecraft traverses through the South Atlantic Anomaly Gravity noise < <1
Scaling from the charge computed for STEP test ma$ses,
. . Vibration coupling <1 <t
we find that the total charge accumulated in each ISLES tes
mass over the entire duration of the experiment will®@e Magnetic coupling <10 <10
~1.5x10 **C. In deriving this number, we used a charge Electric charge <10 <10
trapping efficiency 10% that of STEP to account for the dif-
Other (30% margin) 33 41

ference in shape, the ISLES test masses are extremely th
(250 um) and do not trap charge as efficiently as the muct, Total 52 64
thicker STEP test masses.

The charge trapped in the test mass will induce image
charges on the neighboring coils and superconducting
ground planes. Most of the trapped charge will appear on the
surfaces of the test masses facing the shields since the gap'/@! errors
smallest therg~20 um). This will generate a differential Table Il combines all the errors for the two scenarios:
force Q%/eA, wheree, is the permittivity of vacuum anf. e with feedback and the other with vibration isolation. To
is the area of the test mass. The force results in the maximum,quce the random noise to the levels listed, a 90-days inte-

differential displacement at the end of the mission: gration was assumed. The vibration isolation approach does
Q? 1 not reduce the total noise, but is worth considering because it
xD'mang—A — ~7X 10°° m. (4) greatly simplifies the detector design and operation. It allows

0"t Mawp the use of a slightly stiffer suspension, which will reduce the

A differential displacement affects the CMRR through mis-disturbances from the trapped charge. Therefore, we plan to
matches in the coil areas, gaps and currents. With the initidhave a trade study at the beginning of the flight definition
coil gap of 10 “m and a mismatch of 10%, we find that the phase, comparing the risks and benefits, and the costs of
CMRR is affected by 7 ppm at most. This should allow theimplementing these approaches.

passive CMRR to remain at the required level of° 10

throughout the mission. So ISLES does not require a dis-

charging system. To make sure that the trapped charge re- EXPECTED RESOLUTION
mains below the threshold, the charge will be measured after

each 30-days data run and the test masses will be discharged, Bv equating the noise with the expected Yukawa sianal
if necessary, by simply pushing them against the shields. Yy €q 9 P gnal,

This may necessitate a recalibration of the detector. We compute the minimum detectalile. Figure 1 shows the

Energetic charged particles will also impart momentuml_g error plotted as a fun_ct|o_n of _for t_he feedbaqk ap-
and cause heating of the test masses. These effects Wé:}g)ach. The -case with actlvg isolation |si\éery similar. The
found to be less important than the electrostatic force forbesflresolutlon of ISLES isja|=1x10" at \=100
STEP. In addition, patch-effect potential will be modulated#™ ~MM- ISLES will test the 1F law with a resolution of
as charge builds up in the test masses, causing a time-varyidg ~_ at A=10 um. Figure 1 shows that the string theory
acceleration. These ac disturbances occur mostly outside tfgsedicted violation withR,=5 um will be detected and ax-
signal band and therefore are averaged out. The Casimi@ns with strength 10-100 times below the maximum will be
force is not of concern for the present experiment where théetected.

gap between the masses is much mopeni®’ ISLES will use the SGG technology fully developed at
the University of Maryland. The SGG has been used to per-

_ form a null test of Newton’s law at a sensitivity ten times
Temperature noise beyond that of the other methods at 1-meter distafhdée

The modulation of the penetration depth of a superconinstrument proposed for ISLES is very similar to the existing
ductor with temperature and residual thermal expansion coSGG and will apply noise-compensating techniques already
efficients for different materials give rise to temperature sendemonstrated on the SGG. The experimental procedure and
sitivity in a superconducting accelerometer. These occugrror analysis are also similar to those in the meter-scafe 1/
through temperature gradients as well as mismatches in tHew test, also previously carried out with the SGG.
accelerometer¥ From our experience with the SGG, how- For the modest cost of the ISS experiment, the scientific
ever, this noise is expected to be negligible with the platforngain from ISLES is tremendous. ISLES constitutes a new
temperature stabilized to aK. test of general relativity in the hitherto largely untested range
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The results of a numerical simulation of Rayleigh-ABed convection irfHe near the

thermodynamic critical point are presented. The mathematical model includes the full
Navier—Stokes equations with two-scale splitting of the pressure and the van der Waals equation
of state. The existing experimental data e are used in the simulation. The “real” Rayleigh

and Prandtl numbers are estimated on the basis of the scaling laws. Itis shown that to simulate
the experiments more closely these “real” similarity criteria must concur for the physical

media and the model. The Rayleigh number characterizing convection onset is determined from
the calculations. This number is shown to be in good agreement with the existing experimental
and theoretical values. @003 American Institute of Physics.
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1. INTRODUCTION T P
Near a thermodynamic critical point media known as Pt telUnT (% 1)T((9T)pVU

near-critical fluids display distinctive thermodynamic and ki-

netic properties® There is an asymptotic discrepancy in the +

specific heat at constant pressure, the isothermal compress-

ibility, and the thermal expansion coefficient. On the other

hand the heat diffusion coefficient tends to zero. These ab- X

normal properties cause distinctive heat transfer and interest-

ing hydrodynamic effects as compared with a perfect gas.

Yo Yo vo—1)M?
Re PrV()\VT)+ Re

: 2
27]D2—V<§ n— é) (VU)Z), ()

We shall perform a numerical simulation of gravity- P=pT/(1—bp)—ap? a=9/8, b=1/3, (4
driven thermal convection on the basis of a hydrodynamic
model using the van der Waals equation of state. The classi- P=(P)+ y,M 2p, (5)

cal problem of steady-state Rayleigh-Bed convection
(with heating from below well-known for a perfect ga3,
will be solved for a near-critical fluid and the results will be —
: 4 . pdv=0. (6)
compared with experimental data. The parameters used in Jv
the numerical simulation will be estimated on the basis of the

physical properties of helium, and in_the!imit the mode! fluid Herep, U, D, andT are the density, the velocity, the strain

will tend toyvard a re_al _ﬂmd. Rayle|gh_—_Bard convection  o:q tensor, and the pressure, respectivelyP), andp are

has been simulated in intense near-critical fidwse shall  q total pressure, the volume-averaged pressure, and the dy-

investigate the onset of convection. namic pressure, respectively;is the mass force accelera-
tion; », ¢, and A are the coefficients of dynamic and bulk
viscosity and the thermal conductivity, respectively; athal,

2. MATHEMATICAL MODEL OF AN IMPERFECT GAS is an element of volume and is the total volume. Dimen-

gSionless values are marked with primes. The characteristic

. ! H ! H ! ! H
tion for an imperfect gas with the van der Waals equation oisclak?s are: length’, velocity U", time 1'/U’, strain rate
state are used. Two-scale splitting of the pressure intd /!’; the acceleration of Earth's gravig/, the critical val-

volume-average and dynamic parts is uSddtegral mass U€SPc andT¢, andhg, 79, andc,, for a perfect gasp’

balance is used to close the equations. The governing equa-R /#g» R is the gas constant for a perfect gas, aridis

tions in dimensionless form afe: the molar mass. Primes denote dimensional values; the sub-
script ¢ denotes critical values and the subscript 0 denotes

The full Navier—Stokes equations and the energy equ

dp _ values for a perfect gas.
at +V(pU)=0, & The dimensionless parametefthe ratio of specific
heats, the characteristic temperature difference, and the Rey-
p—U+p(UV)U=—Vp+i 2V(7D) nolds, Mach, Prandtl, and Rayleigh numbers for a perfect
ot Re gas are
V(z {)VU + Ra
—Vizn— o R&PY B’ 0’ UK U’
3 Pro Re yo=1+ —, Re=2— M-

@ Co' T Te 70 BT
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The total pressurd® is decomposed into two par{s
volume-averaged componeff) and a dynamic component 0.3
p), and the parts are normalized using different scales

(B'p.T. for (P) andp.U’? for p). Splitting and two-scale O'2r
representations of the pressure and a large time step are used 01k
to simulate acoustic and low-speed flows. L
For conditions close to a critical isochore the near- 0 | ) ) .
critical features are associated with the temperature distance -3 -2 -1
from the critical point(or the reduced temperatyre= (T’ log &
Nt - . o
_TC)TC : The coefficient\ increases as—0 and is given FIG. 1. Computed fit of the thermal conductivity(10) (solid line) and the
by the relation experimental valuegmarks'® as functions of the reduced temperatari
logarithmic coordinates.
N=1+Ae" Y, (8)

The experimental data of Ref. 10 permit finding the spe-
the coefficientn is assumed to be constant, afid 0. cific heatc, at constant pressure and the thermal expansion
The Rayleigh and Prandtl numbers characterize convegoefficient 8 according to the relationgin dimensionless

tion motion. As the critical point is approached, these simi-form)

larity criteria tend to infinity, while the values of Ra and Prin _ _

the governing equations based on the perfect-gas parameters =G, B_.C”(y_ 1)/[(1?L8)(6P/&T)”]' . (1D
remain unchanged. To describe near-critical convection comlhen the experimental Rayleigh number, which takes ac-
pletely we shall consider the “real” Rayleigh number Ra count of the real physical properties, is

and the “real” Prandtl number Pr which take account of Ra =RaBcyZ/ (N ). (12

the real physical properties near the critical point. They arg .o 7— PLI(B'p!

) ) cT.) is the compressibility factor. The
denoted by the subscriptand expressed by the scaling laws |,ssical specific-heat ratio for a perfect gag=1.67 is
(near-critical isochoré

used. The value of Ra is estimated on the basis of the experi-

2 1 yp—11l+e\l ments performed in Refs. 8 and 9 and the properties of he-
Rafzgs*1 —+ XRa, lium far from the critical point. We shall take the typical
Yo Yo & temperature differenc®’ from the experimental range and
_ for definiteness we shall use the value 2B. We havel’
1 y—11+e\1l . e ,
Pr.= y—+ ” %P (99 =0.1cm, g,=9.8x10 cm/g, ©'=10°K, 7=16.7
0 0

X 1078 g/(cm-s), \(=1.73x10"* W/(cm-K), c/,=3.12
The numbers Raand Pr diverge asymptotically as the criti- X 10" erg/(K-g). The experimental values of the Prandtl

cal point is approached: number Pr are taken from Ref. 10 and then Pr can be ob-
tained from Eq.(9). Consequently, the values which take
Ra /Ra~g! ?—», Pr/Pr-g? 1—o(y<1), account of the physical properties are=Raix 10 and Pr
=0.501.
as e—0.

The results reveal discrepancies, which increase des
creases, between the experimental and model similarity cri-

3. THE PHYSICAL PROPERTIES OF HELIUM AND THE teria. These discrepancies are probably due to the equation of
RAYLEIGH-BENARD CONVECTION PARAMETERS NEAR state. The van der Waals and other analytic equations of this
THE CRITICAL POINT type, for example, the Redlich—Kwong equation used in Ref.

11, give fixed critical exponents which are different from the
experimental values. The scaled equations of state supported

. . _ 3 . _
~0.117 MPa. We shall consider Rayleigh-Bed convec- by the renormalization-group thedfy*3 give the best agree

tion in *He, which has been studied experimentally in Refs. é{)nent between the theoretical and experimental exponents,

and 9. We use the physical propertieslde at reduced tem- ut they are applicable only asympto.tically where 1. We
peratures X 10 *<e=<0.2.2° We take the model parameters cannot employ any scaled equation in our work because

. varies over a wide range.
from the available data. . .
, . We shall use the van der Waals equation of state, setting
We fit the relation(8) to the data on the thermal conduc- . . )
o . . . S the simulation parameters for differeatso that locally the
tivity N’, using the dimensionless quantity=\"/\, where

; : experimental and “real” model similarity criteria are equal to
\¢ is a scale value. The constants ¢, and\ characterize b y . q
the best fit one another. For example, fer=0.03 the experimental val-

ues are Ra=1.27x 10* and Py=12.4. As follows from Eq.
N=1+0.014Q —0-645 (100 (9 these values correspond to Ra5.4 and P+0.986,
which should be used in the governing equations. As shown
normalized by the scal@(=1.73<10"* W/(cm-K). The  in Fig. 2, the experimental and model similarity criteria are
curve(10) is plotted in Fig. 1 in comparison with the experi- equal to one another locally at=0.03. To investigate near-
mental points from Ref 10. The agreement is good. critical convection near other temperature distances from the

The critical point in ®He is characterized by the
parametefs’ T.=3.3189 K, p.=0.0414 g/cm, and P,
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3F % b FIG. 3. The Nusselt number Nu versus the “real” Rayleigh number Ra
| % (mark9 and a linear fit(solid line) near convection onset.
& of X,
8 reached. Then the bottom surface is slowly heated to the next
I value of ® and integration is continued up to another steady-
1 state regime. This process gives a set of stationary solutions
i for different values 0of®. These solutions give the Rayleigh
& number Ragnset Characterizing convection onset. We ex-
0 _3' ! _'2 ! _'1 trapolated the Nusselt number Nu to N for which con-
log & vection is absent. The Rdependence of Nu should be linear

when convection starts. The extrapolation gives the threshold
FIG. 2. The “real” Rayleigh number Raa) and Prandtl number Ptb) in value R@onset: 1804. The relation between Nu and rRa
the model fluid with local similarity tdHe (solid line9 and in®He (marks : :

shown in Fig. 3.
versuse. . . .

The results obtained here are in good agreement with the

experimental dafs’ and calculation for stability problems
critical point the parameters Ra and Pr must be reevaluatdtl compressible media. As predicted, the value obtained for
and the results used in the governing equations. Though th8a onsetiS Slightly larger than the classical value for incom-
numbers Ra and Pr do not take account of the physical progressible fluidg1708 because the adiabatic temperature gra-
erties of helium far from the critical point, they do ensuredient is different from zero. These results show that the gen-
that convection processes in the physical and near-criticaral approach developed above for simulating near-critical
model fluids correspond to one another near a certain tenglynamics gives excellent agreement between heat transfer in

perature. the model and real fluids under the experimental conditions.
4. SIMULATION OF NEAR-CRITICAL RAYLEIGH-BE NARD 5. DISCUSSION AND CONCLUSIONS
CONVECTION

The mathematical model for simulating near-critical dy-
We used the mathematical model described above to penamics and fitting existing experimental data for helium, the
form a 2D simulation of steady-state Rayleigh-aBed con-  results of a simulation of gravity-driven convection, and an
vection in helium along the critical isochore close to experi-approach for realizing the results obtained were presented.
ments in a flat Rayleigh—Bard cell (height—1 mm, Numerical simulation was performed using a new 2D nu-
diamter—57 mm®® The temperature of the top plate was merical computer code based on the full Navier—Stokes
kept fixed; the bottom plate was heated very slowly so as t@quations with two-scale splitting of the pressure and the van
have a quasisteady state at every moment in time. der Waals equation of state. The scaling laws were used to
We simulated a part of the whole céd square with 1  estimate the “real” similarity criteria based on the physical
mm edgescontaining only a single roll. The conditions were properties of near-critical fluids. It was shown that to simu-
assumed to be nonviscous and adiabatic at the verticdte the experimental conditions more closely the “real”
boundaries and viscous and isothermal at the horizontdRayleigh and Prandtl numbers for the physical media and the
boundaries. The temperature of the top surface was 0.33 Kiodel must concur.
above the critical value and the temperature of the bottom Steady-state Rayleigh—Bard convection of helium
surface was higher by some amout. The parameters near the critical isochore, which has been investigated ex-
=0.1, Re=8.33x10°, Pr=0.814, y,=1.67, and M=10"3 perimentally, was simulated. The Rayleigh number charac-
were used. The temperature differe@eand, consequently, terizing convection onset was determined from numerical
the Rayleigh number Ra vary. We us€@l=(5.79-6.11) data. This number is shown to be in good agreement with
X10 % (corresponding to the dimensional value3’ existing experimental and theoretical values.
=19.2-20.7uK) and Ra=45.0-47.6, respectively. The However, the “real” Rayleigh and Prandtl numbers de-
values of Ra and Pr give “real” similarity criteria Rand  scribe the dynamics and heat transfer completely only for an
Pr. which are the same as the experimental values. incompressible fluidin the Oberbeck—Boussinesque model
The integration of the governing equations is started afhe analysis of simulated near-critical convection in the gen-
the smallest value P and continued until a steady-state is eral case requires further elaboration taking account of the
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compressibility of the medium. In Ref. 14 it was shown thatRussian Foundation for Basic Resear¢Grant 03-01-
in a near-critical fluid the effect of compressibility and an 00682.
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The results of a modeling of the boiling of superfluid helium in a microgravity environment are
presented. The evolution of the vapor film on the surface of a cylindrical heater placed

inside a thick-walled cylinder with porous walls is analyzed. The methods of molecular kinetic
theory are used to describe the heat and mass transfer on the interphase surface. The

equation of motion of the vapor—liquid interphase surface is solved. The influence of the
parameters of the experiment on the characteristics of the vapor film is studied. The results of the
calculation for microgravity and terrestrial environments are compare@0@3 American

Institute of Physics.[DOI: 10.1063/1.1542533

1. INTRODUCTION International Space StatidifiSS), for example. For simplic-

) ity we shall analyze the heat and mass transfer processes in
The formation and growth of vapor bubbles on the sur-a gne-dimensional approximation.

face of a heater immersed in a liquid upon boiling has been
studied for a long while. Several models have been proposed
for describing these processes. However, these models hafe
been developed mainly for the situation in which heat is  In a microgravity environment it is necessary to have a
transferred to the liquid—vapor interphase surface from theystem for producing a pressure difference analogous to the
liquid side. At high heat flux densities the opposite situationhydrostatic difference under terrestrial conditions. For mod-
can be realized: the heater is surrounded by a vapor layegling the boiling processes of superfluid helium in micro-
and the heat is transferred to the surrounding liquid througlyravity, we use a capillary—porous medigFig. 1). A cylin-

the vapor—liquid interphase boundary. It is well known thatdrical heater of radiu®,, is placed inside a coaxial thick-
the boiling of He Il is accompanied by the formation of a walled cylindrical tubgenvelope of radiusR, and thickness
vapor film around the heater, i.e., it takes place only in theL. Channels of radiu®, are made through the wall of this
form of film boiling. Thus heat is transferred to the He Il envelope. The number of channels is determined by the po-
through the vapor-liquid interphase surface. The heat angbsity u, i.e., the ratio of the transverse cross section of all
mass transfer at this surface are interrelated processes. Tt capillaries to the inner surface area of the envelope. The
heat transfer efficiency in superfluid helium is very high, andinterior space and the capillaries of the porous medium are
because of this the heat transfer from the heater to the boundntirely filled with superfluid helium. The cell is in theoreti-
ary of the superfluid helium at high heat fluxes should becal weightlessness. Because of the good wetting, the outer
limited by phenomena occurring at the vapor—He Il inter-surface of the porous tube is also coated by a film of super-
phase surface, unlike the case of ordinary liquids. The temfuid liquid.

perature of the heater surface can be considerably higher At a heat flux density,, above a certain critical value a
than the temperature of the vapor—He Il interphase surfacesapor film of radiusR, will be formed on the surface of the
leading to a nonequilibrium situation at the surface of aheater. The vapor pressure in the outer volume of the experi-
heater immersed in superfluid helium. Under these condimental cell is maintained at a constant legl. In the cal-
tions the use of the methods of continuum mechanics is not

always justified, whereas an approach based on molecular

kinetic theory permits a correct analysis of processes occur- o o Y L .
ring at any degree of disequilibrium. o rc o ToPo

We have previously analyzed the evolution of the Capillaries o

STATEMENT OF THE PROBLEM

vapor—He Il interphase surface under terrestrial conditions. : oo L

On Earth the pressure difference in the liquid depends on the ggg{}grg;,dy T 4 ! |
acceleration of gravity. Accordingly, both the peak and the g S ke =r 2R
recovery heat fluxes are determined by the hydrostatic head. Vapor film = 3 F_‘-‘_f'

At a shallow immersion depth of the heater in He Il the T X A B

thickness of the vapor film increases rapidly with increasing XA o o

. . - - 3 7
heat flux, leading to a shape instability. In order to study R X5 P Lo

vapor films of large thickness at different heat fluxes, itis 7777
necessary to do the study in a microgravity environment. FIG. 1. Model of the experimental cell.
Such an environment can be realized in experiments on the

1063-777X/2003/29(6)/4/$24.00 485 © 2003 American Institute of Physics
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culation we analyze the evolution of the vapor film uponandp’ [kg/m?] is the density of the liquid. The initial con-
changes in the flux density and pressure and in the geometrj:ﬁ,[ionS atr=0 areR, =R, andR=0, whereR
W ’ W

dimensions of the cell. It is assumed that the other thermoc-)f the heater.

physical and hydrodynamic parameters needed in the calcu- Nonequilibrium effects at the interphase boundary are

lation are known or to be specified. described by a formula obtained on the basis of the Boltz-
mann kinetic equation:

is the radius

3. DESCRIPTION OF THE MODEL Ira
™41
A complete mathematical description of the proposed P1=0.5Pgi| 1+ I+ —F, 2
p p prop P., /ZRTi

model of the experimental cell consists of three parts. The

first part, the description of the vapor film, includes the con-where P] [Pd is the pressure in the vapor filnPg
servation equations for this medium in cylindrical coordi- = P<(T}) [Pal is the saturation pressure at the corresponding
nates and also the equation of state. This part of the calculaemperatureq; [W/m?] is the heat flux from the heater to
tion can be done using the Boltzmann kinetic equation. Thehe interphase surfacd} is the gas constant for helium
second part is the description of the behavior of the liquid ir[J/(kg. K)1, andT; [K] is the temperature of the liquid near
the inner cavity. For this, a system of conservation equationge interphase surface.

for an incompressible liquid is written in cylindrical coordi- The heat and mass transfer and the hydrodynamics are
nates with allowance for the peculiarities of the hydrody-described by special equations for superfluid helium. The
namics and heat transfer in superfluid helium. Finally, therelation for the energy flux in He Il without allowance for
third part of the calculations, which yields the parameters ofjissipative processes gives a relation between the heat flux

the system in the capillaries of the porous body, includes th@nd the velocity of the liquid in the capillariés:
conservation equations for an incompressible liquid flowing

in channels of circular cross section, with the specifics of the Go=p'S(V,—V)T 3)

heat transfer and hydrodynamics in He Il taken into account. 0 " '

This system of equations is closed by universal and speciavhere qo [W/m?] is the heat flux in the capillariess

conditions of compatibility at the interphase surfaces in thd J/(kg-K) ] is the entropy of the liquidy, [m/g] is the ve-

cavity and on the outer surface of the capillary—porous bodylocity of the normal component of He Il in the capillari€s,

The heat flux at the surface of the heater and the vapor prefK] is the temperature of the liquid at the outer surface of the

sure in the outer region are treated as boundary conditions gforous body, and [K] is the temperature of the liquid at

the problem. In the numerical calculations these quantitieghe inner surface of the porous tube. Thys-V is the rela-

are assumed given. tive velocity of the liquid in the capillaries, antl= JTqTy
Thus the proposed mathematical description consists diK] is the mean temperature of the liquid in the capillary.

a rather large number of partial differential equations. It  The velocity of the liquid and the pressure difference in

looks extremely difficult to obtain an analytical solution of the channel are interrelated. The acceleration of the liquid is

this system, and the numerical solution of the complete sysnsignificant. The flow of the normal component is assumed

tem of equations entails the accumulation of computationalo be steady. It is also assumed that a laminar flow regime is

errors. Moreover, the algorithmization of the solution of therealized. The motion of the normal component is described

system of partial differential equations is a rather laboriougy the Hagen—Poiseuille equation:

process. Therefore, to simplify the system of equations we

make some assumptiong:wae consider the one-dimensional 327LV,
problem in a cylindrical coordinate system) Wwe assume Po—PbZ(z—Rk)z- (4)

that the external heat transfer and heat loss are negligiple; ¢

the thermophysical properties of the liquid are independenwhereL=R,—R, [m] is the length of the capillaryR;, is
of temperature; dall of the energy released by the heater isthe outer radius of the porous tube [ Pa s] is the viscosity
expended on the evaporation of He Il on the outer surface o®f the normal motion of the He II, anig, [m] is the radius of

the capillary—porous cylinder. the capillqry. . o
The motion of the vapor-liquid boundary is described  The difference of the pressuress in the capillaries is re-
by an ordinary differential equatich: lated to the temperature difference’by
. L, (Ro\ (RiRp?[1 1| Pi—Pg Py—Po=p'S(Tp—To). (5)
(RiRy+ Rl)'”(R—l) Tt R_(z) B R_i - P Equations(3)—(5) show that the heat transfer is related

(1 o the dynamical processes in the capillaries.
- The heat transfer in the cavity of a porous tube filled
Here R, [m] is the radius of the vapor filmR=d?R/d7®  with superfluid helium is described by the Gorter—Mellink
[m/s’] and R=dR/dr=V, [m/s] are the acceleration and equation®
velocity of the interphase surface, respectivBly[m] is the

inner radius of the capillary—porous tuli®, [Pa is the pres- 2 ’ R, 2\ -1
(T1=To)| 1-| = :
0

sure of the liquid near the interphase surfaeg[P4| is the P=—
pressure on the inner surface of the capillary—porous body, R, f(T)

(6)
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wheref(T) is the Gorter—Mellink integral mutual friction Such characteristics of the evolution of a vapor film as
function. The stability of equationd)—(6) is closed by the the velocity of the interphase surface, the pressure in the
conservation relations: film, and the steady-state radius of the film depend on the

parameters of the cell. As an example, one of these depen-
R, R, uRy dences is.sho.w.n. in Fig. 2. These results were obtained for
B=Owg » %o~ w, g V1=VR—. (7)  the following initial data:q,,=21000 W/nf, R,=0.001 m,
1 Ko 1 R,=0.01 m, ©=0.5, L=0.01 m, P,=3169 Pa, andT,
The universal condition of compatibility for the momen- =2 K.
tum flux at the interphase surface has the form The hydraulic resistance of the channels depends on the
diameter(4). A steady state of the film is established for
- R certain values of the radius of the capillariég €5 um, ...,
—=P]— 277—1, (8 Ry=10 um). The difference of the pressures in the capillar-
Ry Ry ies corresponds to the velocity of the normal component de-
The system of equationd)—(8) describes the transfer termined by the heat flux. This is seen from E(®—(5).
processes in the experimental cel): leeat transfer in the The pressure difference of the liquid in the cavity of the
vapor film, in the cavity surrounded by the cylindrical enve- capillary—porous tube becomes equal to zero in the steady-
lope, and in the liquid-filled capillaries;) lWynamical effects state stage. The normal component in the capillaries moves
due to the flow of liquid and surface tension; kinetic ef-  counter to the superfluid component, which has no viscosity.
fects on the interphase surface. This counterflow ensures the stationarity of the liquid as a
As the above system of equations is difficult to solvewhole.
analytically, we have used numerical methods to solve this If the radius of the capillaries is small enougR(
problem. <5 um), the vapor film cannot grow. The hydraulic resis-
tance and surface tension become greater than the pressure
difference between the vapor spaces. In this case the super-
fluid liquid is overheated, undergoes a transition to the He |
The problem of film boiling of superfluid helium in a State, and then evaporates. If the radius of the capillaries is

porous structure model in microgravity is solved here firstlarge enoughRy=15 um), the thickness of the vapor film
Among the peculiarities of this problem is the fact that theincreases rapidly. In this case the stationarity condition is not
pressure difference in the liquid depends not only on thettained, and the liquid flows out of the inner cavity.
geometric parameters of the cell but also on the heat flux and Analogous data were obtained for the other geometric
the external conditions. The temperature of the liquid defParameters. It follows from these calculations that the value
pends on the external pressure. The pressure difference in tRé the steady-state radius of the film increases with increas-
liquid is due to kinetic effects at the interphase surfé@e  ing inner radius of the sheath, radius of the heater, and po-
Importantly, the main influence on the evolution of the vaporfosity and with decreasing length of the capillaries. The
film is the heat flux. choice of the dimensions of the heater also depends on the
The results of an analysis of the behavior of the transienyolume of the inner cavity. The evolution of a vapor film is
characteristics of the process are presented below. The ma@@verned by the heat flux and the pressure in the cryostat.
dynamical processes occur at the initial time. When a heathese quantities can be changed during the experiment.
flux greater than a certain critical value is turned (onthis The influence of the heat flux density on the evolution of
analysis it is assumealpriori that the surface of the heater is the vapor film is shown in Fig. 3. The initial data were taken
surrounded by a vapor filthe vapor film grows, the vapor the same as for the calculations presented in Fig. 2Rfor
pressure increases, and the liquid is accelerated. As the thicke 10 um. The steady-state radius of the film and the rate of
ness of the film increases, the heat flux arriving at the intergrowth of the vapor film increase with increasing heat flux,
phase surface and the force of surface tension decrease. While the time of the transient stage decreases. The kinetic

Pi+

4. RESULTS AND DISCUSSION
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FIG. 2. Influence of the capillary radius on the evolution of the vapor film: FIG. 3. Influence of the heat flux on the evolution of the vapor film:
R=5 (1), 10 (2), and 15um (3). gw=1C (1), 10° (2), 10* (3), 10° W/n?® (4).
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6 vapor pressure in the cryost&, . Thus in an experimental
study the values of these quantities must be strictly con-
5r trolled.
£ 4l A comparison of the results of a calculation of the evo-
E P,=3169Pa (T,=2K) lution of the vapor film in the microgravity and terrestrial
é 3 environments is shown in Fig. 5. The radius of the heater, the
s 3 heat flux, and the temperature of the liquid were taken the
E 2 Pb/z 664.6Pa (T,=1.57K) same in both calculations qf=18100 W/cmd, P,
- =664.6 PaR,=95.5um). The other parameters were cho-
1 sen such that the values of the steady-state radii of these
: s . . films were equal Ry=0.02 m, ©=0.5, L=0.1092 m, R
0 2 4 6 8 10 =10 um; depth of immersion under terrestrial conditions
Time, s h=0.028 m).

In a microgravity environment the steady state is rapidly
attained. The pressure difference in the liquid depends on the
heat flux, on the velocity of the liquid, and the present posi-

. tion of the interphase surface. In contrast to terrestrial con-
effects at the interphase surface are governed by the heat ﬂ%ﬁ‘tions the behavior of the system in microgravity is deter-

iﬁ)' Eer?ftlhe preds?.lljre d|(f;feren|;:e n th? (t:_ap|lllar|es I(Ijipert]?ls Mined mainly by the heat flux. Under terrestrial conditions

e<e7z; V\;J/)r(n?nth '? ;a IUIS or 6: rela |ve3/ smfa eta Ythe pressure difference in the liquid is a function of the im-
(w ) the hydraulic resistance and surtace tension o sjon depth of the heater and is independent of the heat
prevent the growth of the vapor film.

The infl f1h in th tat thqux. It should be noted that on Earth the steady state is
'€ Influence ot the vapor pressure in the cryostat on g , o after the oscillations are depressed out by the forces
evolution of the vapor film is shown in Fig. 4. The initial

. of viscous friction. This depression occurs over a signifi-

data are the same as before, but the heat flux dengjty . R
o cantly longer time scale than that shown in Fig. 5.

=1000 W/nf. The calculations show that the steady-state y long g
radius increases with increasing vapor pressure. The time of
the transient stage also increases. This tendency can be &-CONCLUSION
trllbuted to the following causes. The temperature of the lig- Calculations have shown that the vapor film can evolve
uid depends on the vapor pressure. At the outer surface the

superfluid liquid is maintained close to a state of saturationacCorOIing to three scenarios:
P 4 " 1) the radius of the vapor film does not increase, on

T_he properties of the_superﬂwd helium, viz., the OIenSIty'account of the hydraulic resistance of the capillaries and the
viscosity, surface tension, and entropy, are temperature d%'ffect of surface tension-

pendent. The saturated vapor pressure is strongly tempera- 2) the vapor film grows rather rapidly, causing the liquid

ture dependent. Therefore, if the. vapor pressure decreases P&/ be expelled from the capillaries onto the outer surface of
a factor of 4.7, for example, as in Fig. 4, the entropy of the

o the surrounding envelope;
B A consan valie ™ 3 a sty sate of e fim s esabished
b The pressure difference in the liquid is due to kinetic

dance with L?Iit'9n$3) Ia nd (4).tUIttr|]mar:eg/, trlet.adgmodnal def“fects at the interphase surfaces. This pressure difference
pressure, which is analogous to the hydrostatic head un %Irepends on the heat flux.

terrestrial conditions, increases as well. Consequently, the The foregoing calculations in the framework of the pro-

steady-state radius of the vapor film should be smaller for ) o
P,=664.6 Pa than foP,= 3169 Pa, posed model of the experimental cell, which is intended for

These results show that the radius of the vapor film i research in a microgravity environment, show that oscilla-
. - P Sions of the vapor film do not arise when the heater is turned
very sensitive to variations of the heat flay, and to the on
This study was supported by the Russian Foundation for
Basic Research, Project No. 02-02-16311.

FIG. 4. Influence of the vapor pressure on the evolution of the vapor film.
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We describe a quantum computer based on electrons supported by a helium film and localized
laterally by small electrodes. Each quantum (pjtibit) is made of combinations of the

ground and first excited state of an electron trapped in the image potential well at the surface.
Mechanisms for preparing the initial state of the qubit, operations with the qubits, and a
proposed readout are described. This system is, in principle, capable afp&eations in a
decoherence time. @003 American Institute of Physic§DOI: 10.1063/1.1542534

1. INTRODUCTION 2. ELECTRONS ON HELIUM

In a quantum computer two stationary states of a quan-  Electrons are bound to the surface of liquid helium by
tum system are identified with classical bits 0 and 1. Eacfihe dielectric image potential. Arepuls“_/e Pgull potential that
quantum bit(qubit) is made up of a superposition of these can be represented to a good approximatiotyase for z

two quantum states. The state of tite qubit <0 prevents them from penetrating into liquid helium. The
hydrogenic-like potential foz>0 is
— . 2 2_
y=al0)+b[1); [a|*+[b]*=1. @ V=—Ae4msgz, A=(xk—1)/4(k+1), ®)
In the majority of operations,,=0, 1 or 2" 2, wherez is the coordinate normal to the surface, anis the

A quantum computer is a superposition of all qubit dielectric constant of helium. The energy levels form a Ryd-
states. A simple superposition is a product of individual qubitberg spectrumE,,= —R/n?. The parameters for liquidHe
states. The general state of a quantum computer is an eare A;=0.00521,R;=0.37 meV, and the effective Bohr ra-
tangled state, a state that cannot be made of a product dfus isag=10.2 nm. The average separations of the electron

individual qubits. An example is the state from the surface aréz)=15.3 and 61 nm for the ground and
o first excited state, respectively. The transition frequency be-
2774]01) +(10)). (2)  tween the ground and first excited state is 70 GHz. These

transitions can be shifted with a Stark field applied normal to
the surface. The potentials are shown in Fig. 1 for applied
electric fieldsF >0, F=0 andF<0.

One method of producing an entangled state is by using
controlled NOT(CNOT) gate. This gate consists of a control
bit and a target bit. If a control bit if0) the target bit is
unchanged, while if the control bit i4) the components of
the target bif0) and|1) change td1) and|0), respectively. A
CNOT gate is described below. An example of an entangling  We identify the ground and first excited states of these

3. DESIGN OF THE COMPUTER

operation is with the first bit as the control bit electrons with the statg®) and|1), respectively. In order to
1 1 address and control the qubits each electron must be local-
27Y4|0)+[1))[1)=2""4|01)+|10)). (3 ized laterally. This will be accomplished by locating elec-

The general state is written as

F>

\1’22 a]|XJ>, ; |a]|2=1, (4)

where each basis vectpr;) is one of the 2 permutations of

the zeros and ones representing separate qubits. In the final  m=2
state one of these basis vectors is the answer to the calcula-

tion. The entangled state collapses when one of the qubits is 159 gHz
read. For the most general algorithms all qubits must be read
out simultaneously.

We describe here a proposed quantum computer that
uses laterally confined electrons on the surface of a liquid
helium film as qubits and describe operations with these quIEIG 1. The potentials and energy levels with and without an electric field
bits including a s_imu_ltaneous readout. A full Qescriptipn Ofappiied norn[:al o the surface.gyrhe grounti£1) and excited 1= 2)
quantum computing is beyond the scope of this paJéris energy levels are indicated schematically for each potential. The potential
concept was first introduced by Platzman and Dykrhan.  for an extracting field <0 is also shown as a dashed line.

m=1

1063-777X/2003/29(6)/3/$24.00 489 © 2003 American Institute of Physics
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trons above microelectrodgposts that are separated by Tunnel diode electron source
about 1um. The electrons will be separated from the posts Transition edge
Uppef plate 5 / detector

by an~1 um thick helium film. Lateral confinement results ; F: q

from the image potentials of the posts and the potential ap-
plied on the posts. The electron will be in the ground state Liquid helium film
for lateral motion. i

A schematic of posts and electrons for a four-qubit sys-

tem is shown in F|g. 2. A voltage applied .to a given post Lower plate Posts  Helium level detector
controls the Stark field for the corresponding electron. An
array of posts with leads has been fabricated. FIG. 3. Schematic of the cell. The upper plate includes detectors used in the

A schematic of our cell is shown in Fig. 3. The plates readout. The lower plate includes the posts and is covered with the helium
T film. The electrons float over the posts about 10 nm above the surface of the

form the top and bottom of an enlarged waveguide that transs;qjiym fiim.

mits sub-mm radiation to the electrons. Superconducting

micro-bolometers will be located at the top of the guide to

detect electrons that are allowed to escape from the posts. #on is the Coulomb interaction between neighboring elec-
tunnel-diode electron-emission source will be located abové&ons. The dipolar component of the direct interaction poten-
the electron detectors. Electrons will be loaded onto the filnfial between qubits andj is

through a hole in the detec'tor chip, and one electroq will be V(z, zj)~(e2/81-rs0d3)(zi—zj)2, )
trapped over each post by image and applied potentials. The

helium film thickness will be measured with a capacitorWhered is the electron separation, argis the separation of
made of metal strips deposited on the ground plane. Théheith electron from the helium surface. Start with one qubit

system will be operated at 10 mK to increase coherenct the statel0) and the other in the stat&). Next apply the
times of the qubit states. same Stark fields to both qubits so that the st{dés and

|10y would be degenerate. In this condition the system will

oscillate between the two states at a frequency given by the
4. OPERATIONS interaction energy, which in first order is given by
e?a3/4meod®. This frequency is-10° Hz for a separation of
1 um. By leaving the electric fields in this condition for one
half cycle of this oscillation, the two qubits will swap states.
It will be difficult to tune neighboring qubits to precisely
édentical Stark shifts, and in practice we may sweep the Stark
shift of one qubit through resonance with a neighboring qu-

Data input The operation would normally begin with all
gubits in the ground state. Then initial data will be input by
preparing each qubit in some admixture of sta@sand 1)
by Stark shifting individual qubits into resonance with mi-
crowave radiation for a predetermined time. The state of th

i ill . : : ha
aubttwil be bit. In this case, the final state of the qubit will depend on the
W =c0g6,/2)|0) ~i sin(6,/2)| 1), (6)  rate at which the electric field is swept through the resonance
where 6,=Q7,, Q=eE4(1|z|2)/% is the Rabi frequency, condition.
Ey is the strength of the rf field, and, is the time thenth A two-qubit CNOT gate can be operated as follows. The

energy for the target bit to make a transition depends whether

qubit is in resonance with the microwave field. ; 4 Y i
Quantum gatesin general, computations will be imple- the separation of the electrons is increased or decreased in
’ the transition. The transition frequency is

mented by applying pulses of radiation to interacting qubits.
We illustrate a potential operating mode of the system by  Ap=Apy*(e?/8me d®h)(z,—2;)?, 8

describing two qubits operated as a SWAP gate. The interac- . .
g d P ¢ respectively, when the control bit is in tH&) or |0) state.

HereA v, is the frequency in the absence of interactidns,
Planck’s constant, and subscripts refer to the ground and ex-

Conducting plane cited states. By applying radiation at one of the frequencies,
Electron a transition will or will not occur depending on the state of
Vacuum \ & . & the control bit. The control bit is Stark shifted out of reso-
= - ' nance.
I Ih Readout For the general case the states of all qubits
Liquid He . .
must be read within the time scale set by the plasma fre-
Conducting plane 8% quency~100 GHz. We describe here our initial proposal for
Insulator ' a destructive readout pending research into other schemes.
We will apply a short,~1 ns, ramp of an extracting electric
Substrate field to all qubits. The potential for a fixed value of extract-
ing field is shown in Fig. 1. The tunneling probability is

< exponential in the time-dependent barrier height and width.
All electrons in the uppefl) state will tunnel through the

- faf b i el ) o “barrier within a short period of time when this probability
. 2. The geometry of a four-qubit system with electrons above the mi- . . . . )
crostructure and the helium film. The drawing is not to scale. Optimal di-becomes sufficiently large. For this extracting field the tun

mensions arel~h~1 um. Control potentiald/,, are applied on the micro- neling prObabi”ty will be negligibly small for electrons_ i_n
electrodes. the ground0) state. After the ramp is removed the remaining
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electrons will be in the ground state. Subsequently, an ex-

tracting field sufficiently large so that electrons in the ground t=4
state will tunnel from the surfacewill be applied sequen- === =2
tially to each post. AO) will be registered for each electron T o 1=3
detected by the transition-edge bolometer ant) dor those
states that are empty.
=2

5. DECOHERENCE

T,: Logic operations must be accomplished in less time N m=1 B -1

than it takes for the interactions of the qubit with the envi-

r_onment to destroy the phase_co.herence of th? state funﬁTG. 4. Energy level schematic. The integerlabels the hydrogenic-like
tions. For electrons ofiHe the lifetime of the excited state states, and the integérabels lateral states, which represent harmonic os-
|1) is limited by interactions with ripplons and coupling to cillator states or Landau levels in a magnetic field. The hatched region
phonons in the bulk quuid. These processes are discussed imdicates the band of plasma oscillations associated with each level.

detail by Dykmanetal® The electron-ripplon coupling ) o _ )
Hamiltonian is Decay can occur with the emission of two ripplons with

opposite wavevectors and the excitation of a harmonic level
He=€E, 6, 9) nearest in energy to thig) state plus plasmons. This yields

whereE, is the normal component of the electric field that T1~1 msec.

includes both the applied field and variations in the helium  The dominanfl; decay mechanism is the emission of a
dielectric image field due to surface distortions, ahig the ~ Phonon into the bulk liquid with the excitation of harmonic
amplitude of the surface height variation. The average rm&nergy levels. The coupling is through phonon-induced
thermal fluctuation of the surface is modulation of the image potential of an electron and leads to
_ 12 . a decay time~30 usec.

or=(kgT/0)"*=2X10"" cm. (10 T,: The phase of the wave-function varies[B/(t)

The transition from the excited to ground state requires at €¢(t) |t/%, whereU and ¢ are the energy of a state and
ripplon with a wave vectoe agl, For a single electron on the electrostatic potential, respectively. Dephasing occurs
bulk helium a radiationless transition occurs with the energydue to a decay of the phase difference between the two qubit
absorbed by electron plane-wave states for motion parallel tgtates|1) and [0). The dominant dephasing mechanism is
the surface and momentum absorbed by ripplons. For thigstimated to be Johnson noise in the micro-electrodes. For a
case a calculation df; yields 25 Q) resistor afT =1 K attached to the posts, the dephasing
time is estimated to b&,~100usec. A two-ripplon scatter-

-1 2
Ty '=Av(dr/ap)%, (11) ing process modulates the energy of the states and leads to
whereAv is the transition frequency. AT=10mK, ér/ag ~ T2~10msec.
=103, andT,;=10us. The author wishes to acknowledge Mark Dykman and

For electrons confined by posts, the lateral states aréohn Goodkind for helpful conversations. This work was
harmonic oscillator states of the image potential well of thesupported in part by NSF Grant EIS-0085922.
posts. These are separated in energy byw,
~h(eE, l4meomh)¥2~1 K for E; =500 V/cm. For interact-
ing electrons there is a band of plasma oscillations associate
with each harmonic oscillator level, which for a crystal array
with a separation of Jum has a bandwidth that is 300 mK. 14 review of concepts for quantum computers is given in Fortschr. Phys.
The frequencyw, can be tuned so the transititdh)—|0) is 48, 9-11(2000.
incommensurate in energy with the excitation to the plasmonzp- M. Platzman and M. I. Dykman, Scien284, 1967(1999.
band of any harmoni level and suppresses this channel for: = Sevle 0 W, Ceodknd by Rt 2sions,
decay. This is illustrated in Fig. 4. The separation of energy
levels for lateral motion can also be accomplished with thernis article was published in English in the original Russian journal. Repro-
application of a magnetic field. duced here with stylistic changes by AIP.
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Manipulation of a “*He solid—liquid interface by acoustic radiation pressure
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Acoustic radiation pressure is thought to be very useful for tliel experiments under
microgravity. We observed the manipulation oftée solid—liquid interface by an acoustic wave.
We applied a sound pulse in a direction perpendicular to the flat interface between two
transducers. At low temperatures the interface moved in the sound direction. We also checked
how the interface moved when sound was applied parallel to the interface. The interface
dynamics during and after the sound pulse were recorded with a high speed CCD caniz083 ©
American Institute of Physics[DOI: 10.1063/1.1542535

1. INTRODUCTION

In a microgravity environment it is very important to
control an object without making direct contact with it.
Acoustic radiation pressure is a useful tool for this purpose.
It has been used to investigate the dynamics of liquid drbps
and for passive stabilization of liquid capillary briddes-
der low-gravity conditions.

For crystal growth under microgravity it is difficult to
hold and control a crystal in the proper position. Once a
crystal detaches from the wall and starts to move freely it iFIG. 2. *He crystallization induced by a sound wave from the solid side.
very difficult to stop the crystal, especially in a superfluid
with no viscosity. It would be very helpful to be able to

control the motion of &He crystal easily. This technique will . L -
cal representations radiation pressure is interpreted as mo-

also be useq to study new types of dynamics, such as thr%entum transfer from phonons to the interfdd&e used a
shape evolution of a rotating quantum crystal under micro;

. - o high-speed CCD camera to record the interface dynamics

gravity, collision or friction beween two quantum crystals, | ~.
: L ; during and after a sound pulse.

and so on. Acoustic radiation pressure is thought to be a
good way to manipulate a crystal.

We have found that a sound wave can be used to ma-
nipulate &'He solid—liquid interface, which is known to have
ultrahigh mobility>® When a sound pulse was applied from
the liquid side to a flat interface the solid melted at all tem-  The experiments were performed in a cell cooled with a
peratures below 1.2 K. But when the sound pulse was apdilution refrigerator. The cell had optical access from room
plied from the solid side the solid melted above 750 mK andemperature and we could observe fie crystal down to
grew below this temperatufe. These interface motions were 50 mK. Two longitudinal transducers facing one another
driven by acoustic radiation pressure. In quantum mechaniwvere prepared in a cell. Their resonance frequency was about

2. EXPERIMENTAL RESULTS AND DISCUSSION

FIG. 1. Melting of a*He crystal induced by a sound wave from the liquid
side. FIG. 3. Melting of a*He crystal induced by a sound wave left to right.

1063-777X/2003/29(6)/3/$24.00 492 © 2003 American Institute of Physics
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FIG. 4. *He crystallization induced by a sound wave from left to right.

10 MHz and the separation distance was 10 mm. The sound
directions were vertical. A largéHe crystal was grown in the
cell and occupied the lower half-space. The solid—liquid in-
terface was adjusted to be midway between the two trans-
ducers. Because of gravity it was horizontally flat when no
sound was present. A sound pulse was applied to the inter-
face from the liquid side or downward by the upper trans-
ducer and from the solid side or upward by the lower trans-
ducer. In addition we set up two other transducers. Their
sound direction was horizontal or parallel to the interface.
One was for longitudinal sound and the other for transverse
sound.

Figure 1 shows the shape of a solid-liquid interface
when a sound wave was applied from the liquid side. Melt-
ing was induced near the center of the cell, where the sound
wave was actually applied. The temperature was about 150
mK and the typical sound power density was about
200 W/nf. When sound was applied from the solid side at
the same temperature, the crystal grew as shown in Fig. 2.
Therefore at these low temperatures the interface was pushed
in the direction of the sound. We could easily induce crystal-
lization and melting by changing the direction of the acoustic
wave.

We also applied sound horizontally and checked the re-
sponse of the interface. The sound direction was parallel to
the interface in this case. Longitudinal sound was applied
from left to right near 150 mK and it stochastically induced
melting (Fig. 3) or crystallization(Fig. 4) near the trans-
ducer. These observations support the idea that acoustic ra-
diation pressure caused the interface motion. The interface
motion was driven not because the solid or liquid was ther-

Nomura et al.

493

mOdynam'Ca"y favored but because the interface felt th(?ZIG. 6. High-speed solid-liquid interface dynamics triggered by a sound

force directly exerted by the sound wave. The initial tiny pulse from the liquid side. The white rectangle in the first panel is the region
slope of the interface probably determined whether crystallishown in the subsequent panels. The numbers indicate the times in

elapsed after the sound pulse.

zation or melting was induced. When transverse sound was
applied from right to left it always induced crystallization
(Fig. 5 because it can propagate only through the solid.
Using a high-speed CCD camera, the interface dynamics
was recorded during and after a sound pulse. A 1 msec sound
pulse was applied at=0 from the liquid side. First it in-
duced downward motion of the interface. Then the interface

FIG. 5. *He crystallization induced by a transverse sound wave from right to0SCillated around the equilibrium position as shown in Fig. 6.

left.

The white rectangle in the first panel is the region shown in
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the subsequent panels. The temperature was 380 mK in this
case. When the sound pulse was applied from the solid side
it induced upward motion of the interface first, as shown in
Fig. 7. These observations demonstrated that an acoustic
wave can excite interface oscillation or crystallization.

What will happen when we make a sm#He crystal and
apply a sound wave to it? Will the crystal melt or move in
the sound direction? It will be very interesting to see if we
can move not only the solid-liquid interface but also the
crystal itself. If this is possible, radiation pressue can be used
to manipulate’He crystals in a microgravity environment.

3. SUMMARY

We have demonstrated that a sound wave can be used to
manipulate &He solid—liquid interface. The interface mo-
tion triggered by acoustic radiation pressure was recorded
with a high-speed CCD camera. In the future we shall check
whether we can manipulate not only the interface but also
the crystal itself by means of acoustic pressure.

This work is partly funded by the “Ground-Based Re-
search Announcement for Space Utilization” promoted by
the Japan Space Forum.
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The Hamiltonian formalism in two-fluid hydrodynamics is generalized to the caddest*He
superfluid mixtures. The resulting formalism is used to calculate the amplitude of the three-

wave interaction for second sound and the nonlinearity coefficient of second sound in He Il with
a ®He impurity. It is shown that the temperature at which the nonlinearity coefficient of the
second sound changes sign from negative to positive is lowered from 1.88 to 1.7 K when a 10%
He impurity is added to the superfluftie. Thus for weakkHe—2He solutions there exists

a rather wide interval of temperatures below the superfluid transition tempefgtunewhich the
nonlinearity coefficient of the second sound is negative, and the shock front is formed at the
trailing edge of the nonlinear second-sound heating wave2083 American Institute of Physics.
[DOI: 10.1063/1.1542536

1. INTRODUCTION Expression(1) for the nonlinearity coefficient of sec-

nd sound in pure He Il does not apply in the case of super-

uid mixtures, since the hydrodynamic equations themselves

‘have a different form for therhTo calculate the nonlinearity
coefficient of second sound in a mixture it is convenient to

qfvrite the hydrodynamic equations in Hamiltonian variables.
n

sound of durationr~10 us and amplitudeST~10"2 K is this paper the Hamiltonian formalism set forth for pure He

transformed into a shock wave over a distance of the order (H n Refs. 5 and 11_ IS generahzed tq the case of sup_erflmd
1 cm from the sourcd. mixtures. The Hamiltonian approach is convenient for inves-

In pure He Il the nonlinearity coefficient, which de- tigating the properties of nonlinear waves because it allows

termines the dependence of the second-sound velocity on e to calculate in a unified manner not only the nonlinearity

wave amplitudesT, U,=uU,(1+adT) (where Uy is the coefﬁmentsfgf _flrstt arl1d sgg_ct{nd solrn;jtrt?ut also thtgglr mtercobn—
second-sound velocity in the case of small amplijuds Version coetficients. In addition, ail of these quantiies can be
- . calculated directly in the form in which they appear in the
given by the expressidn S . . )
wave kinetic equations used in the study of acoustic
4 il 2 dor L turbulence’
a= o7 N Yo7 | (1) The nonlinear hydrodynamic equations of superfluid

ST
_ . _ . mixtures were analyzed previously in Ref. 12 without the use
where o is the entropy of a unit mass of liquid. The coeffi- of the canonical formalism.

cient « appears in the Burgers equation describing the evo-
Iution3 of a weakly nonlinear one-dimensional traveling
wav%.qe nonlinearit - . . 2. HAMILTONIAN FORMALISM IN THE HYDRODYNAMICHS
y coefficient of rotonic second sound IS OF SUPERFLUID MIXTURES

strongly temperature dependent. In pure He Il at the satu-
rated vapor pressure the coefficieat is negative for It is known'! that the equations of two-fluid hydrody-
1.88 K<T<T, and positive forT<<1.88 K. The coefficient namics of pure He Il admit formulation in the language of
a changes sign ai =T ,=1.88 K. Because of this, at tem- canonical variables. In such a description the role of the
peratures above, a shock fron{temperature discontinuity Hamiltonian is played by the total energy of the liquid in a
can form on the trailing edge of the second-sound heatingtationary reference frame, and the pairs of mutually conju-
wave; this is a property specific to second sotnd. gate canonical variables afe,p), (3,S), and (y,f). Herep

In this paper we study the influence #ie impurities on  is the density of the liquidS is the entropy of a unit volume
the nonlinear properties of second sound in superfluid He llof liquid, ¢ is the superfluid velocity potentiaB is the phase
Research on nonlinear second-sound waves in superfluicariable conjugate to the entrody, and v and f are the
mixtures is of independent interest and is also important irClebsch variablés describing the vortical motion of the nor-
connection with the study of the interaction between first-mal component. The change to normal coordinates—the am-
and second-sound wav&s: the properties of acoustic turbu- plitudes of the traveling waves of first and second sound—is
lence in superfluid heliurfi;® and also studies of the nonlin- described by the corresponding canonical transformations.
ear phenomena in superfluid mixtures near the tricriticalThe amplitude of the nonlinear interaction of the second-
point 10 sound waves, which is proportional to the nonlinearity coef-

We investigate the nonlinear properties of second—sounﬁ
waves in superfluid®He containing®He impurities. It is
known that second sound in He Il is characterized by con
siderably stronger nonlinear properties than ordindingt)
sound. For example, a traveling pulse of rotonic secon

1063-777X/2003/29(6)/4/$24.00 495 © 2003 American Institute of Physics
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ficient , is calculated as a coefficient in the expansion of the . sH SH  6H SH
Hamiltonian in powers of the normal coordinates. f=— y=——5 6=, \=——. ()
. . - Sy of O\ OS¢
An “expanded” formalism suitable for describing the _ _ o _
hydrodynamics of superfluid mixtures includes additional ~ Equations(5) with the Hamiltonian(2) give the equa-
variables: the impurity concentrationand the phase vari- tions of motion of the liquid in terms of the canonical vari-
able \ conjugate to it. As compared to the conventionalables:

formulation;* this description has the feature that the pres-  ,— _ gjyj 6)

ence of an impurityand, hence, the appearance of an addi- ’

tional pair of variables in the hydrodynamic equatiodees . 1, 27

not give rise to a new acoustic mode, since the impurity ¢~ H# T 2VsT PG @)

atoms take part in only the normal motion of the ligdid. ,

Consequently, the potential should be defined so that the S=—div(Svy), ()

velocity of the impurities coincides with the velocity, of .

the normal component. This condition gives an additional B=—T—VaVB, ©

constraint on the hydrodynamic equations formulated in ca- f=—div(fv,) (10)
. . . . . n/»

nonical variables. Thus is not an independent variable and,

in principle, can be eliminated from the final equations of  y=-v,Vy, (11

motion. However, in our calculations it will be more conve-

nient to use the expanded set of variables including the po-

tential A in explicit form. An analogous situation arises, for .

example, when the nonisentropic motion of a normal fluid is A= —V,VA——. (13

described in the language of canonical variabtegle note P

that the Hamiltonian formalism for superfluid mixtures canEquations(6), (8), and(12) are the continuity equations for

be obtained by starting from the Lagrangian formulation ofthe density of the liquid, the entropy, and the impurity con-

the hydrodynamic equations of mixtures, in analogy to howcentration. When definitio(8) is taken into account, Eq7)

this is done in Refs. 11 and 14 for the two-fluid hydrodynam-is the same as the equation of superfluid motion for mixtures

ics of pure He II. from Ref. 1. The well-known equations of the normal com-
Let us turn to the formulation of a canonical formalism ponent follow from definition4) and Eqgs(7)—(13).

in the hydrodynamics of mixtures. The Hamiltonian can be ~ Thus the system of canonical equatioff® with the

chosen in the form the total energy of the liquid expressed iffamiltonian(2) is equivalent to the complete system of hy-
terms of canonical variables: drodynamic equations for a superfluid mixture.

e=—div(ev,), (12

H=f d3r(£pv§+ p-Vs+Eo(p,Se.p) |. 2

2 3. NORMAL COORDINATES
HereEqy(p,w,e,p) is the energy per unit volume of liquid in
the reference frame moving at the velocity of the super-
fluid componentg = pc is the impurity density, and is the
concentration of the impurity by mass. We retain the usu
definition of the superfluid velocity:

For describing the evolution of the shape of a wave it is
convenient to change to new variables: the normal coordi-
ates of the linearized system of equatiqe$—(13), i.e.,
a{;ariables in terms of which the traveling waves do not inter-
act in the linear approximatioh'® In the problem under con-
Ve=Vo (3)  sideration the role of the normal coordinates is played by the
wave amplitudes of the first and second sound.
and the momentum of the relative motion is expressed in  gglow we shall have need of the explicit form of the
terms of the canonical variables as transformations to the new coordinates. As the exact expres-
p=SVB+fVy+eVA. (4) siqn for the transformatipn is e_xtremely _awkward, we shall
write out an approximation to it neglecting terms of order
The energyE, obeys the familiar thermodynamic relation  u2/u? (whereu; is the first-sound velocityand also quanti-
ties proportional to the coefficient of thermal expansion
dBp=TdSt udp+2Zdct (va—vs)dp, =p‘e((9;p)/ﬂT), which are assumed small. Furtheprmore, in
whereu is the chemical potential of the mixture, aids the  this paper we restrict the calculation to the nonlinearity co-
thermodynamic variable conjugate to the impurity concentraefficient of second sound. We therefore neglect terms con-
tion. The momentum of a unit mass of liquid in the stationarytaining a factor of the wave amplitude of the first sound.

reference frame is Thus the expressions given below for the transformation
o to the normal coordinates are correct at temperatures not too
I=pVe+p. close to the superfluid transition temperatidte. Near T,

The canonical equations for the pairs of mutua”y Conju-the coefficient of the-rmal expanSi()ﬂOf the ||qu|d increﬁ.lses
gate variables have the standard fofandot denotes a time (in absolute valupwithout bound, so that the approximate

derivative formula (14) becomes inapplicable. In calculating the non-
linearity coefficienta of the second sound nedr, one
oH oH . oH . 6H should make the change to normal coordinates using formu-

P= 5o ¢~ " 5p S= Ek B="%s las in which the coefficienk is taken into account exactly.
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We also assume that the waves are propagating in a nothe bulk of the liquid. The term proportional to the third
moving liquid. Then the Clebsch variablésindy can be set power of the amplitudeb, describes the nonlinear interac-
equal to zero. tion of second-sound waves—the decay of a wave with wave

For the Fourier components of the deviations of the cavectork into two waves with wave vectods; andk,, and
nonical variables from the equilibrium values in the approxi-the inverse process of confluence of two waves into one:
mation adopted, the transformation under discussion has the

following form: H®= > Vi «bib b Sy . +c.C., (18
kvkllk2 N2 1 "2 1 2
J
5pk=C(a—Z) B(w)(b+b*,), where c.c. stands for the complex conjugate of the first term

on the right-hand side of the equation.

cap An invariant quantity in the theory is the three-wave
5Sk:S( 1+ - %> B(w)(be+Db%y), interaction amplitud&/y  «, taken on the resonance surface

c &p k—kl—k2=O, w—wl—w2=0. (19)
5‘9k:8( 2% B(w)(by+b%y), This is what is calculated below.

According to Eq.(18), the interaction amplitude of the

. pn  Cdp second-sound wavey, , multiplies a product of three
ik =Uz0 ——”+——)B<w)(bk—btk>, _ kg kg MUTPIES & _
ps p dC normal coordinated, in the cubic partH'*’ of the Hamil-
= tonian. In the general case of arbitrary impurity concentra-

ikﬁk=—/B(w)(bk—b’ik), tion the calculation leads to an extremely awkward expres-

Uao(da/IT) sion for the interaction amplitude. For a weak solutian (
o 1 ,(cap\® _ (daldc) Lo 97 _<1) t_k;e expres?io? accurate to quantities of first order in the
i ST U3 b ac Uc(aa/aT) c e ’ impurity concentratiort is

N a2 (8%a19T?) 30°c
XB(w)(bg—b%,). (14 Vi =1 —— ——
2 2 (daldT) 2(daldT)

Hereo=o—c(doldc), by is the normalized amplitude of a
second-sound wave with wave vectgrand w = u,K is the
frequency of the second-sound wave. The velocity of second
sound in the mixture is given by the well-known relafion

X

e
2.9¢°p  ps

1 dp a(aa/ac)) ¢z p,

pdc  IT\daldT

o2 97 o2 5 d Z\| ps p\cdp
L2l t fo— — || =41+ — |- —
, \daldT ac p daldT ac p/| pn pn/ p dcC
Us9= .
? Po_[C 9P : poc  d (1) pusc/dp\ d |1
ps \pdc +———|—|+ —|—|—
2(daldT) dT \ p, 2 ac) dp \ pn
The normalizing factor 1/2
2 9 12 pC J 1 (kklkz)
200 pn ([ 9p\2]| = (20
- Mmaz2z 2 Jc 32,112
B(w) ( P PP (15) Pn/ 1) (220 p

was chosen such that the canonical equations written in thIn expreSS|on.(20) we have changed to new independent
normal coordinateb. take the form t('ﬁermodynamm yanables: the presspregemperaturd’, and

k mass concentratioo.
. ~oH The desired nonlinearity coefficieat for second sound
by =—i by (16) is proportional to the three-wave interaction amplitude

Vi k, k,- It can be shown that these two quantities are con-

The normalizing volume is chosen equal to unity. The,acted by the relation

Hamiltonian written in the approximation quadratic in the

amplitudesb, takes the standard diagonal form v o« quad(k,ky ky) M2
, . ke 33 (901aT)Vp[pnlpet (91N plainc)?]
H®=2 abf?. (17 (21
A calculation of the temperature dependence of the co-
4. INTERACTION OF SECOND-SOUND WAVES efficient @ according to formulag20) and(21) for a solution

with a molar concentration dHe of x=10% at the saturated

In calculating the nonlinear interaction coefficient of vapor pressure shows that the temperaflijyeat which the
second-sound waves we shall follow the general method afionlinearity coefficient changes sign from negative to posi-
canonical variable¥!® The Hamiltonian(2) is expanded in a tive is lowered to 1.7 K. Thus an admixture of 10%e in
power series in the normal coordinatbg, i.e., H=H® He Il is analogous, from the standpoint of altering the non-
+H®+ ... The zeroth- and first-order terms can be elimi-linear properties of second sound, to increasing the pressure
nated. The quadratic part® is given by Eq.(17) and cor- in the liquid toP~10 atm?® The data of Ref. 17 were used
responds to the propagation of linear second-sound waves in the calculations. For concentrated solutions additional
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The proximity effect is responsible for the existence of a transition region with graded variation
of the superfluid component density instead of a sharp boundary at the level where the
hydrostatic pressure induces a He ll-He | phase transition. Under microgravity the characteristic
length of this effect increases and the conditions become more conducive for performing
measurements in the transition region. The problem of expanding the thermodynamic potential in
a power series near a He ll-He | interface is considered. The critical size of the superfluid
region is determined. @003 American Institute of Physic§DOI: 10.1063/1.1542537

1. INTRODUCTION Bo

V.=(a2)’?W,, Wi=-— T

Bo\|?2 Ao
i) + 2)

According to the phase diagram #fe hydrostatic pres-

ks)ure is responsible f_or_the phase transition HelHe I. But It is convenient to introduce the parametdr=CW¥/A,
ecause of the proximity effect a transition zone, where the: 1-BVZA dt th fici dB
density of the superfluid component varies gradually, instead o'o/Ao and to express the coefficiems andB, as
of a sharp boundary is formed between the superfluid and 1.11X 1016
normal liquids at the level where thepressure is reached. Afm
The superfluidity penetrates into the normal regiohThe

characteristic length of this effect & =6.5% 10 % cm!

erg K*4/3,

1_
By=3.52x10 % erg-cm-K =23,

1+M/3
2. MICROGRAVITY Then Eq.(1) can be put into the dimensionless form
The width of the transition zongts heigh} is estimated d2w
to be severalfold greater thafy, i.e. it is of the order of d—gzi|§|4’3\lf—(1—M)|§|2’3\I'3—M\I’5=0, 3

102 cm. This value is quite macroscopic but nevertheless
so small that nobody has been able to study this region eXvhere{ =2/, and y="V/V
perimentally. The sole attempt made thug feas unsuccess-
ful. ggMzgg(l+M/3)3/loy
More conducive conditions for measurements in the
transition region at a He Il-He | boundary can be achieved Wam=Véo/&g(1+ M/3)V10%, (Ref. 3).
in a microgravity environment, sincégzgg’Sa*Z’E’, where
£0=2.73<10"8 cm-K?® and a=pg/|dP, /dT|. That is, to
decreaseg by a factor of 10 the width of the transition
region must be increased to centimeters and to dectebge
a factor of 3< 10’ the height must be of the order of 10 cm.

gM -

The GP equation is based on a power-series expansion of
the thermodynamic potential. If this expansion is constructed
with respect to the ratio of the wave function to its equilib-
rium value, then the expansion becomes invalid at the He
ll-He | boundary where this ratio becomes infirlt&his
problem does not occur for E¢B) and for the corresponding
power-series expansion with respect ¥/W g, because
W4 is temperature- and coordinate-independénte com-
pareV 4, with ¥, the quantityaz in Eq. (2) is replaced by

The Ginzburg—Pitaevski{GP) equation for*He under  (&/&5)¥(1+M/3)*'9). These quantities have the dimen-
hydrostatic pressure can be written in the fofmeglecting sion of temperature, but the latter is temperature- and

3. THE WAVE-FUNCTION UNITS AND THE “¥=0
PROBLEM”

flow and assumingl to be a positive function coordinate-independent.
2 2 In these units the asymptotic solutipBg. (2)] has the
he d°W s
ﬁﬁﬂ‘A‘P—B\PB—C\I’s:O, (1) form o=

where A and B are dependent on the distanzefrom the

boundary ¢>0 is the superfluid regiorg<<0 is the normal 4 ~RiTICAL SIZES OF THE SUPERFLUID REGION

region, A=+ A,(a|z|)*® (the minus sign is for the normal

region andB=B(«|z|)?®. The asymptotic solution deep in The superfluid region must contain enough of the super-
the superfluid regionz> &) is fluid component for superfluid to be present in the normal

1063-777X/2003/29(6)/2/$24.00 499 © 2003 American Institute of Physics
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region. That is why the sizE ¢ (the heigh} of the superfluid
region has a critical value such thathf;<Hg., then the

L. Kiknadze and Yu. Mamaladze

j
l,= f x8533 {x)dx=0.37001,
0

density of the superfluid component is zero in the entire ves-

sel (more accurately for the casd>1, see below It is
determined by the equation

+J,0.3

3 3

5 hg’f’) | 0.3( 5 h?/a) =0,
4

the first variant of which was obtained in Ref. ig.=2.29

whenh,= (Refs. 2 and bandh,.=2.55 wherh,=0 (Ref.

5) (—H,<z<Hg, H, is the size of the normal regiom

=H/&gnm). Let us consider the cases—hg.<hg. and h,

3 3
Jo.g( 5 hglcg) | 0.3( 3 hy?

=0. Employing the method suggested in Ref. 6 we obtain an

approximate solution of Eqg.(3) in the form ¢
=c\{do %% /023, wherej=2.8541. Analysis of the co-
efficient ¢ shows that forM>1 the sizehg. is not critical
and that two other critical sizes exidt;,;,,, above which
superfluidity becomes possible, ahd, above which super-
fluidity becomes stabld), > hin:

o h L (M_l)Z |% —3/10

min= Ns¢ +WE '

R 3 (M-1)2 |3]7310 .

tr= Nsg +1_6TE ’ ©)
where

j
l,= J xJ3 ox)dx=0.91627,
0

j
l3= J x"°33 (x)dx=0.16790.
0
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The excitations of trapped atoms with a Bose—Einstein condensate in a trap are determined

by the conservation of the total numbers of phonons and rotons of the atomic motion, and these
properties depend on the presence of a gravitational fiel®0@3 American Institute of

Physics. [DOI: 10.1063/1.1542538

1. INTRODUCTION energy of a phonon with the momentumof an atom in a

Phonon-like excitations of atoms in traps are observecﬁecmngUIGlr trap, expressed by the well-known equation

experimentally. If a trap is put into rotation, a new form of Bk
the atomic motior(rotong can be expected to appear.*ie ka=7n—2 arcsin———,
the same maxon—roton excitations are followed by vortices. VZ2mUg

They are defined as singular points of a velocity fi&ld
XV(r)=0, connected with the condition that the amplitude
o vanisheszy(r)=0212 In the present paper we shall study
the properties of an atomic Bose—Einstein conden&He)

in a trap in the rotationalpotentia) stage of nonsingular
excitations. We shall show that the roton properties of a gas Kmax N

in a trap follow from the conservation of the total number of  [H,M]=0, M= > e tﬁk+2 Ly,

photons and rotons in our model. The additional potential K =1

energy of the trapped atoms is due to atoms entering from N

the oqtside of the BEC \./ia.the inpreasing phonon and roton [H,K]=0, K:E L2, )
energies due to the gravitational field; these contributions are i=1

estimated below.

where U, is the trap potential and is the trap width. In
reality, phonons and rotons transform into one another and
the relation between them is given by the integral of motion

H=Hort th+ th—rot

2. PHONONS AND ROTONS of the system(1) represented by the HamiltoniaH. The
. ) . rotational variables can be mapped onto a couple of Fermi
The translational energ¥i,, and the orbital rotational ,nerators for each=1,2, ... N orbital angular momentum
energy H,,: of the atoms can be separated if the origin Ofoperators by means of the mapping
coordinates is taken as the point of “equilibrium,” such as
the center of a circl€2D) or a spherg3D). Each of theN 2L,=a*ta—b*b, L,=a"b, L_=b"a,
atoms in a trap contributes to the phonon motion, due to the
interaction between them, and to rotations. Therefore we {a,a}={a, b}={b, b}=0,
shall represent the Hamiltonian Nfatoms as the sum of the et -
translational energ$,,, the rotational energ¥t,o;, and the {a”,aj={b", b}=1.{a,b"}=0

rotation—translation interaction ener@py ot (we drop thei superscripts and show only a very simple
Kmax one-particle versiorl{— h of the model in the next few for-
Hpn= > oK) . mulas. The latter definitions lead to the relations
K
N [afa+b™b, a"a—b"b]=0, [a*a+b*b, a"b]=0,
Hrot:iZl ﬁﬂLQLiz +U(r), so that the initialh can be written in boson—fermion vari-
N ables withL?—a*a+b™b for each atom in our mapping
Kmax N
_ = i i QO
th—rot—\m; FkEi Lyt e L), D h=wy" y+ fa*a—%b*bﬂLF(a*bdﬂrgb*b*a),

[ ¥ 1= B, [ LL1=2L,8, [LL, LY=L &, T -
) ) . h, +-(a’a—b"b)|=[h,a"a+b"b]=0,

[Ll, Li]=—L%s;. A [ ]

Here () is the rotational energyk. is the upper level of a where the fermion energid3, , contain the fermion kinetic

trap with a potentiall; L are orbital angular momentum energies. These relations hold for largg,,, So that the

operators;['y is the phonon-roton interactiom (k) is the  numberm, of trapped levels satisfies the inequalihy>1,

1063-777X/2003/29(6)/4/$24.00 501 © 2003 American Institute of Physics
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just as in experiments. Returning to the total Hamiltoritgn
the thermodynamic parametegsand v now correspond to
the integrals of motiorK and M

kmax

H= K= oM =Hp_ ot 2 g i (k)= v]
N

+> [0%a7a+0%b ],
i=1

Q —Qab M+, M+= ,LL V/2

{a,a}={b", bj}=4

for the partition functions of a system. The latter may be
represented as a path integral for the grand Gibbs distribution ,3 oy

Q=Trexd — B(H— puK—vM)]
N
=f ]_k[ Dy Dy ]| Da*Da,Db¥Db; expS,
i=1

B
S=J Ldt
0

over all the bosony, * (and fermiona,a*, b,b*) trajecto-
ries, satsifying periodidand antiperiodit boundary condi-
tions on[0, B] for eachk (andi). The Lagrangiark respre-
sents all the degrees of freedom of the syst&nin the usual
way. The integral over all fermiona(b) fields inQ may be
calculated exactly as Def(S).*° Therefore we obtain a path
integral over the variableg, and «; with the effective ac-
tion S for everyk

Q=f l_k[ D i D expSed 0, ),

Se(0,8)=Spn+ N InDet Ry,

s [ d
Soh= J; i Tgr o exty hdt,
B L Ty /N
“\ Tyt N L ,
L,=—d/dt-0Q2, L_=—d/dt—QP .

The semiclassical equations of motion

55t S
S Oy

are used for the extremal trajectorieslf* and y{ that de-

)

scribe the effective translational modes in the roton field. In 2%

the N>1 limit the transformation,— Ny, and W
—>\/N</;[f leads to the renormalized acti@y

Ser— Seft=N(Spnt In Det Ry || vNj )

so that the equation of motiof8) in a new scale of boson
trajectories is

D. B. Baranov and V. S. Yarunin

S /d )
5[rljk (517[1: (St+Tr|n Rk)— dt+(1)k_1/ l,bk(t)
B 1 OR )_
Tr( Ry U (D =0, 4

where the formula In DeR,=Tr In R, was used. SincK¥ is
an integral of motion for1), the first relations for the ther-
modynamic parameters are

1 aseﬁ aRk)
— Tr Ry — . 5
B o E ‘ )
Similarly, the second relation is
1 aSeﬁ 1 _1 IR JB 5
M=25 ETr(Rk | w7t ©

The calculation of the trace Tr in Eg&l)—(6) is performed
as done ift® both in the matrix and path integral sense

L. o) Lyt o
o L[t o Lt
0 Ty (L+
X ka,kc 0 =Tr{ In 0
(L;l 0
o Lt
0 Ty ™™ _1_|_I T
. Ty O 2

(Ly T2y L i) (L —TZ gLty

The particular time-independent SOIUtiOﬁX/EO*—)l//g , (,//E

— g is similar to the “slow” trajectories in superfluidHe
theory! associated with the Bose—Einstein condensation
(BEC) in a quantum liquid. Similarly, thes , ¢ trajectories
correspond to the BEC of atoms in a trap observed experi-
mentally in the last few yeafsUsing the BEC assumption
we obtain

SpIan=TrIn{(

0
L_

1
w1 2m

T

T—To=L L_—T3¢l?

and the variational equatioid) becomes

e Bl L% B Q5

W= 2(2 tanh— > —tanhE e uil

Q5 =(QZ+4TG| g2, @)
while the integrals of motio’K andM are now

1 K B Q
K__E tanhz :U«++T +tanh§(ﬂ—7 +2,

1 p K p . )
M—EEK tanhE V+7 —tanhE V+7 +2+|{ﬂk| .

These equations determine the BEC ordering in a trap via the
trajectoriesyg , o and the chemical potentials, v in terms
of the energieso(k), Q, andT’.
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The right-hand side of E(7) can be represented as
I sinhAj—Ag)

“97 20, coshAd coshA; ’

B

A§=§

Q5
g

, M+:Mi£
- 2

and for a weak phonon-roton interactidip<<(Q) the ap-
proximation

2rq ¥4l
Qi '
holds, so that sintd; —A,)<1. Therefore

Ii<woQq, Qo= VOQ2+4|yo|T]. (8)

(O

ap<1

This means that the BEC trajectories exist only if the
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FIG. 1. The deformation of the trap potential. The dashed and solid lines are
for a parabolic trap potential in free spaddy) and in a gravitational field

phonon-roton interaction is weak. It is noteworthy that for(y u.).

an interactionl” between polar atoms in ferroelectric media,

represented by the same model(&s the inequalit§}

I'?> w0,

where w and () are the radiation and two-level system fre-

For a finite trap(10) the commutator of the total Hamiltonian
H=th+ Hrot+ Hpn—rot With the Hamiltonian of the gravita-

quencies, respectively, is the dipole cooperation condition. Iional field Hy is different from zero:

the opposite case the inequal{8) follows from the previous
formulas as the condition for Eq$4)—(6) to have a BEC
solution, and the condition of a high BEC densiby| |

>T1", is also satisfied. The complete relations between th?:oll

parameters of the theory are

Lo 0 ap<1 (9)
— << g, <1,
lol [yl 0

[th+ Hrot+ th—rothg] #0.

The deformation of the trap potential is shown in Fig. 1.
owing Ref. 7 we conclude that the gravitational field is
manifested as a decrease of the upper léygl and a shift

of the energy levels in the trap. In particular, the critical
temperature and the number of condensate particles were
compared for an ideal bose gas in a frégr a gravitational

where the BEC conditioni8) and the square-root decay are field and for a microgravity environment. It was shown that

taken into account. The left-hand side of KEg). leads to the
formula (8).

3. TRAPPED ATOMS IN A GRAVITATIONAL FIELD

the gravitational field decreases the condensate fraction and
increases the critical temperature if the total number of par-
ticles in the trap is constant.

4. CONCLUSIONS

Now we are going to seek the properties of trapped at-

oms (BEC) in a gravitational field. Let us consider a pure

phonon Hamiltoniari{ gh (no gravitational fielgl for a finite

A dilute gas of interacting bosons in a magnetic trap
under rotation was considered as a system with Hamiltonian

trap potential. In this case the ordinary commutation relas{ (1), (2) consisting of three terms: a phonon Hamiltonian
tions for the phonon operators does not hold and can beiph, a Hamiltonian for the roton excitatior®,,, and a

written in the form

[WK,W:]Zf(\Pk,\P:), (10)

Hamiltonian for the phonon-roton interactid,,_.o;. The
partition function of the system was written as a path integral
over boson and fermion trajectories with integrals of motion

wheref (¥, ¥\) is a polynomial function of the operators (2). Integrating over fermions gave the semiclassical equa-

¥, and¥, . Now the Hamiltoniary=mgz of the gravi-

tions of motion for the boson trajectory in the ground state

tational field in coordinate space can be written in terms ofaind their integrals of motion. The conclusions following

double-quantized operatobg, b, as
Hg = Cb|:r bk s

wherec is a constant. After diagonalizatidiy can be rep-
resented in terms of the phonon operatdrs, ¥,

b= a ¥+ BV
by = a, ¥y + B ¥y,

Hg: Cl+ CZ\P;\I’k‘i‘ C3(\P|:rq,: +\qu}k)'

from Eqgs.(4)—(9) are:

a) for given I'y the inequality(8) can be satisfied for
large| |, so that rotons decrease the BEC density;

b) the fewer BEC bosonp/3|, the larger the rotational
angular momentum of an atom in a given trap will be.

These conclusions agree with Popov’'s réstiiat the
zero points of a boson trajectofy=0 are the starting points
for vortices in superfluidHe. As for the influence of gravity,
we note that ga gravitational field decreases the BEC den-
sity in the trap.
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Impurity-helium solids(Im—He solid$ are porous solids created by injecting a beam of mixed
helium and impurity gases into superflfide. In this work we use electron spin resonance

(ESR techniques to investigate Im—He solids containing atoms and molecules of hydrogen and/
or deuterium. We have performed studies of low temperatlire1(.35 K) tunnelling

chemical reactions in which deuterium atoms replace the hydrogen atoms boupdinHD
molecules to produce lardeip to 7.5< 10" cm™3) and relatively stable concentrations

of free hydrogen atoms. The time dependence of H and D atom concentrations has been
investigated for Im—He samples with different initial ratios of hydrogen and deuterium ranging
from 1:20 to 1:1. The satellite ESR lines associated with the dipolar coupling of electron

spins of H and D atoms to the nuclear moments of the hydrogen nuclei found in neighboring
molecules have been observed in Im—He solids. The forbidden hyperfine transition of

atomic hydrogen involving the mutual spin flips of electrons and protons has also been observed.
© 2003 American Institute of Physic§DOI: 10.1063/1.1542539

1. INTRODUCTION is four orders of magnitude lowerk,=1.8x10 3cm?®
o _ ~mol~.s7! (Ref. 7 leading to a much lower recombination
Investigations of hydrogen and deuterium atoms, stabizate Therefore it is possible to create a larger concentration

lized in solid matrices at low temperatures, have attracted thgs b atoms in solid D as compared with concentrations of H
attention of scientists for many years. Possible quantum efs; s in solid H.7° The exchange tunnelling reactions
fects associated with these systems are of special interest.

Quantum behavior is expected when the thermal de Broglie D+H;—HD+H <)
Wavelgngth of the atoms becomes comparaple with their in- D+HD—D,+H )
terparticle spacing. For the case of H atoms in the gas phase,

this condition is satisfied for a concentration of 2.6lead to the possibility of creating high concentrations of H
X 10cm™® at a temperature of 30 mKFor the case of a atoms in solid mixtures of § and D, at low
solid phase, the temperature for the onset of any quantuigmperature&'®**When an H atom is surrounded by shell
effect may be lower because of the possibility of a largerof D, molecules, it becomes very stable because it can nei-
effective mass. It is always desirable for investigations ofther migrate through the solid ,Dnor react further with B
quantum behavior to generate the highest possible concentry the reaction

tions of.H or D atc.)ms.in solid matrixe;. Unfprtunately, from H+D,—HD+D (5)

the earliest investigations of H atoms in solid,Ht became

clear that some tunnelling processes and molecular recombat low temperatures, since it is an endothermic reaction.
nation could lead to a decrease in the concentration of stabordonet al®*? suggested that high concentrations of H at-
lized H atoms® The detailed investigations of the processesoms could be stabilized at low temperatures by means of
of quantum diffusion and tunnelling reactions of H atoms inreactions(3) and (4). In their approach, a gas mixture of
solid H, at T=1.35-4.2 K were performed by Ivlieet al®>  hydrogen, deuterium and helium gas was transported through
and later by Miyazaket al*~® They established that the de- a radio frequency discharge onto the surface of superfluid He
cay of H atoms could take place in solid, By tunnelling ~ contained in a small beaker, at a temperature 1.5 K. The jet
migration, in which H atoms tunnel through a chain of H Of impurity and helium gases penetrates the surface of the

molecules according to the reaction superfluid He, and then forms a snow-like solid which settles
to the bottom of the collection beaker. This solid became
H+Hy—Hy+H, (1) known as an Im—He solit?** In the case of heavy impuri-

thereby travelling through the solid,Ho recombine with €S, Im—He solids are built from a loosely connected aggre-
another H atom. The reaction rate constlnt for reaction gation of nanoclusters of impurities each surrounded by one

(1) was found to bek;=18cn?-mol t.s°! at T=4.2K4 O two layers of solid helium. These aggregates form ex-
This value remains the same even when the temperature tlgemely porous solids mtq which liquid .hellum e'asny and
lowered to 1.9 K, confirming that tunnelling reactions arecompletely penetrates. This system, having the high thermal

involved. The behavior of D atoms in solid,Ds different conductance and the high thermal capacitance of superfluid
The rate constant for the reaction 2 helium, allows preparation and storage of very high concen-

trations of stabilized atoms. To this date the structures of
D+D,—D,+D (2 Im—He solids for light impurities such as hydrogen and deu-

1063-777X/2003/29(6)/5/$24.00 505 © 2003 American Institute of Physics
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terium atoms and molecules are not fully determined. Our #:—"b Electrical
preliminary x-ray investigations of >-He samples showed qu il == connectors
the presence of nanoclusters of b these solid$® There- SHINER

fore it is reasonable to assume that the structure of Im—He

solids formed from light impurities is similar to that of Quartz

Im—He solids formed from heavy impuritie§Ne, N,, insert i Source of atom
Kr).**17n this work we have studied impurity—helium sol- j— and molecules
ids formed by light impurities, namely hydrogen and deute-

rium atoms and molecules. The method of electron spin reso- Elf?g?;?:ﬁ? fgr

nance(ESR was used for detailed studies of H and D atoms 9 QB /Teﬂon blades
stabilized in Im—He solids. We have performed studies of the Beaker holder %ﬁg

exchange tunnelling chemical reactiof® and (4) to pro- Impurity-Helium _/Quartz beaker
duce large(up to 7.5< 10" cm™3) and relatively stable con- sample LI

centrations of H atoms. The kinetics of these reactions have

been investigated for Im—He samples formed by introducing

gas mixtures with different initial ratios of Ho D,, ranging Coaxes
from 1:20 to 1:1, into He Il. We determined the exact posi-

tions of the H and D lines by using precise measurements of Level of liquid
the magnetic field. Satellite ESR lines associated with the /helium
dipolar coupling of the electron spins of H and D atoms to
the nuclear moments of hydrogen nuclei in neighboring mol-
ecules have been observed. This observation allows us to
determine the distances between stabilized H or D atoms and
neighboring HD or H molecules in Im—He solid® From

the analysis of line widths and the saturation behavior of H
and D signals, we estimate the spin-spin relaxation fime
and the spin-lattice relaxation time, of H and D atoms in

Capacitance
Fountain pump — level meter

Im—He solids.
ESR cell
2. EXPERIMENTAL METHOD Coulling
. . : . loop ESR cavity
The experiments were performed in a Janis cryostat with
a variable temperature insei¥Tl). The lower part of the Ruby Modulation
cryostat was installed between the pole pieces of a Varian  Fountain pump coils

electromagnet for these ESR investigations. The home-made

insert for the creation and investigation of Im—He solids withFIG. 1. Low temperature insert for Im—He sample preparation and ESR
stabiized atoms shown in Fig. 1 was placed into the VTI"SIgalons Tre s beaer s e o e Eok 012 s
The details of the experimental procedure were described in
our previous work”*°For sample preparation, a gas mixture
of H,, D,, and He was transported from a room temperature

gas handling system to the cryogenic region. To provide H

and D atoms, high power radio frequency was applied to theavity. The ruby was used as a secondary standard for the
electrodes around the quartz capillary carrying the mixedalibration of the measurements of the number of stabilized
gases. The jetdN/dt~5x109s 1) of impurity atoms and H and D atoms in Im—He solids. The calibration of the ab-
molecules as well as helium gas emerged from a s(@alb  solute value of number of atoms was made by using a DPPH
mm) orifice and then penetrated the surface of superfluidample with a known number (2410") of spins with mea-
helium in the collection beaker. The temperature duringsurements being carried out Bit= 1.35 K. Special measure-
sample preparation was 1.5 K. The liquid helium level in thements were made to determine the dependence of the signal
beaker was maintained by a fountain pump connected to thef the small calibration sample of DPPH on the position
main helium bath of the VTI. At the top of the beaker was aalong the axis of the cavity. This dependence is consistent
funnel that caught the sample as it emerged from the quartwith the calculated distribution of the microwave magnetic
capillary. A set of teflon blades was employed to scrape théield in the cavity. ESR signals were measured using a
sample from the funnel while the beaker was rotated so thaCW reflection homodyne spectrometdt, € 9.12 GHz, f o4

the sample could fall to the bottom of the cylindrical part of =100 kHz). All measurements have been done for Im—He
the beaker. During a period of 10 minutes an impurity—samples at temperatures of 1.35 K and 1.8 K. A calibrated Ge
helium solid sample with volume 0.35 éwas formed inthe thermometer was used for temperature measurements. Con-
beaker. Following this process, the beaker with the samplénuously pumping the VTI while supplying liquid helium
was lowered into the ESR cavity, which was situated near thérom the main bath allows us to conduct long term investi-
bottom of the VTI in the homogeneous field region of the gations of the Im—He samples. In this paper we present re-
electromagnet. We used a cylindrical cavity operating in aaction kinetics studies of H and D atoms which continued for
TEp11 mode. A ruby crystal was attached to the bottom of the~8 hours afT =1.35K.
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FIG. 2. ESR spectra of H and D atoms for an Im—He solid prepared from

the gaseous mixture #4D,:He=1:4:100. Spectra observed at1.8 K,

182 min after sample collection. The width of each of the main hydrogen
and deuterium lines is 3 G. Seven fold magnification of the forbidden line is

shown in the inset.

3. RESULTS

Figure 2 shows the ESR derivative spectra of H and

atoms in Im—He solids prepared from an initial gas mixtureIattice relaxation timer,

in the ratio of H:D,:He=1:4:100. The positions of ob-
served lines are shown in Table I.
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FIG. 3. Microwave power saturation behavior for different ESR lines of H
and D atoms in Im—He solid &t=1.35 K(see Fig. 2 H, (®), D; (O), H;
(V). Im—He solid was formed by initial gas mixture, HD,:He=1:4:100.

solids. The observed line width is far larger than the inho-
mogeneous broadening expected from our magnétl G).

e used a saturation method for determination of the spin-
for H and D atoms in Im—He sol-
ids. For estimating ;, we determined the dependence of the
signal amplitude on the square root of microwave power as

The allowed H and D lines are each accompanied by tW?)Iotted in Fig. 3 for hydrogen and deuterium atoms. Values

satellite lines. The intensity of the small forbidden hydrogen
line H; is about 200 times smaller than that of the allowed
hydrogen lines. Figure 3 shows the microwave power satug

ration behavior of H and D atoms in Im—He solids. Unlike

the behavior of H atoms produced by radiolysis in solid
H,,™ H atoms in Im—He solids saturate at a larger micro-
wave power~16 uW. ESR signals were normally measured

at a microwave power-5 uW, significantly below the satu-
ration limit.

The spin-spin relaxation timé&, is calculated from the
line-width below saturation by means of the expres&ion

2
T ’
3 7Apr

where vy is the gyromagnetic ratio, andH,, is the line

T2 (6)

width obtained from the peak to peak separation for the de

rivative of the ESR signal. The line width of ESR lines for H
and D atoms was found to be 3 Gee Fig. 2, leading to a
value of T,=2.2x10 s for H and D atoms in our Im—He

TABLE I. Observed positions of ESR lines for H and D atoms in Im—He
solids atT=1.8 K and a frequency 9.12 GHz.

Line Transition (F, mF) Field, G
H1 11 < O 2976.3
H2 10 o (-1 3484.7
Hf 10 & 00 3205.7
D, (3/2,3/2) & (1/2,1/2) 3171.7
D, (3/2,12) < (12, ~ 12 3247 4
D, (3/2, - 1/2) & (3/2,-3/2) 3326.9

of T, were determined by means of an expression for the
maximum values of the peak amplitude of the derivative
ignaf®

1.98<107 "AH,

Ti= (7)
gH3

where g is the spectroscopic splitting factor. For H and D
atomsg=2. We performed calculations of the microwave
magnetic field according to the equatdn
2__ —3 VC
HI=2X10°PQ7n-, (8)
Vs
whereP is the microwave poweR is the quality factor;y is
the filling factor; V. is the cavity volume, and/y is the
sample volume. When we substitute the geometric param-
eters for our cavity, expressid8) become§-|f=8P. From
the plot in Fig. 3 we obtained the value of the poviRgg,,
=16uW for which the amplitude of the derivative of the
ESR signal of the H atoms has a maximum value. From the
expression(7) we then find a value ofT;=(2.3+0.5)
X 10" 3s for H atoms in Im—He solids. For D atomp
=25uW, see also Fig. Bwe find a valueT;=(1.5+0.5)
x 10 3s. The relatively small values of; for D and H
atoms in Im—He solids show that the atoms are stabilized in
solid clusters of mixtures HD and,Dmolecules, rather than
being isolated in liquid and solid helium. In latter case, the
T, values should be much larg@r.
We also investigated the evolution of Im—He solids con-
taining H and D atoms as well as;HHD, and D, molecules
in an attempt to maximize the H atom concentration. The
investigations were performed for a variety of initial gas
mixtures of B, D,, and He. The initial H:D, ratio was
varied from 1:20 to 1:1. The ratio of the concentration of the
impurity gases to the He gas in the mixtures was always
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determined after a waiting period of 500 minutes following sample collec-

tion.

further reduces the number of D atoms and increases the
number of H atoms. Figure 4a shows that the increase in the
15 G\Q\O\“C‘—-O-e—e-e&e@_@e number of H atoms is smaller than the decrease in the num-
°© ber of D atoms. This observation could be explained by re-
combination of H atoms. In this process, the hydrogen atoms

] ! 1 Jd L
100 200 300 400 500 migrate through the solid via reactidf) or the reaction
Time in minutes

Concentration (x 1017/ cm 3)

] ) H+HD—HD+H. (9)
FIG. 4. Time dependence of the concentration of H at¢@sand D atoms

(O) in Im-He solids at temperatufe=1.35 K prepared from different ini- -~ A syccession of these reactions allows the transport of H
tial mixtures: H:D,:He=1:20:420(a); H,:D,:He=1:2:60(b). . . L . h
atoms to neighboring positions in the Im—He solid where
they recombine to form Hor HD molecules via the reac-
equal to 1:20. The yields of H and D atoms leaving the radidions:
frequency discharge were proportional to the concentrations
of H, and D, in the initial gas mixturé? Figure 4 shows the H+D—HD (10
.time evolution of the H and D.c'o'ncen'Frations in Im—He sol- H+H—H,. (11)
ids formed by two different initial mixtures. Immediately
after preparation of all the Im—He samples, a large enhancérhis mechanism is supported by the results of investigations
ment of the concentration of H atoms relative to D atomsof Im—He samples prepared from the gas mixture
was observed compared with the ratio of b D, in the  H,:D,:He=1:2:60(see Fig. 4h In this sample the concen-
initial gas mixture. This fact indicates that at the earliesttration of H, and HD molecules is about one order of mag-
stages of sample preparation Bt 1.5K, a fast exchange nitude larger compared with the former sample, so therefore
tunnelling reaction leads to a large reduction in the numbereactions(1) and (9) should accelerate the recombination
of D atoms and a corresponding increase in the number of drocesse$10) and (11). It can be seen that the decay of D
atoms. According to the calculation by Takayanagial??>  atoms is more rapid and the H atom population also decays
the rate constant for reactiof3) is found to be 5.4 steadily, throughout the experiment. The exchange tunnelling
x 10 2cm®-mol1.s7 1, so that the enhancements of the H reactions can be used to produce very large concentrations of
atom concentrations are attributed to this reaction with a timatomic hydrogen in our samples. As discussed earlier, these
constant on the order of a few minutes for our samples. Latelarge concentrations could allow us to enter the regime
on, a steady increase of the ratio H:D takes place over where the thermal de Broglie wave-length becomes compa-
period of hours, during the storage of our Im—He sample atable to the spacing between H atoms, provided that the tem-
T=1.35K. The kinetics of the changing concentrations of Hperature is low enough. In our experiments we have investi-
and D atoms for the sample prepared from the initial gagated samples obtained from a variety of initial gas mixtures
mixture H,:D,:He=1:20:420 is similar to that observed by to determine the one which yields the highest hydrogen atom
Lukashevichet al1° and Miyazakiet al!! for atoms trapped concentration. The experimental plots shown in Fig. 5 corre-
in solid H,—D, mixtures. The concentration of H atoms spond to the H and D atom average concentrations after a
grows, but the concentration of D atoms is decaying, just astorage time~500 minutes following initial sample prepara-
in our Im—He studies. At this stage we believe that the betion. For the optimal gas mixture #D,:He=1:4:100, the
havior of atoms in our solid is governed by reactighwith  largest H atom concentration (73.0)x 10’ cm™2 was ob-
rate constant 1810 3cm®-mol 1.s7! (Ref. 22 which tained. We are planning investigations with even longer stor-
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Impurity-helium solids(Im—He solid$ are porous solids created by injecting a beam of mixed
helium and impurity gases into superflfide. In this work we use electron spin resonance

(ESR techniques to investigate Im—He solids containing atoms and molecules of hydrogen and/
or deuterium. We have performed studies of low temperatlire1(.35 K) tunnelling

chemical reactions in which deuterium atoms replace the hydrogen atoms boupdinHD
molecules to produce lardeip to 7.5< 10" cm™3) and relatively stable concentrations

of free hydrogen atoms. The time dependence of H and D atom concentrations has been
investigated for Im—He samples with different initial ratios of hydrogen and deuterium ranging
from 1:20 to 1:1. The satellite ESR lines associated with the dipolar coupling of electron

spins of H and D atoms to the nuclear moments of the hydrogen nuclei found in neighboring
molecules have been observed in Im—He solids. The forbidden hyperfine transition of

atomic hydrogen involving the mutual spin flips of electrons and protons has also been observed.
© 2003 American Institute of Physic§DOI: 10.1063/1.1542539

1. INTRODUCTION is four orders of magnitude lowerk,=1.8x10 3cm?®
o _ ~mol~.s7! (Ref. 7 leading to a much lower recombination
Investigations of hydrogen and deuterium atoms, stabizate Therefore it is possible to create a larger concentration

lized in solid matrices at low temperatures, have attracted thgs b atoms in solid D as compared with concentrations of H
attention of scientists for many years. Possible quantum efs; s in solid H.7° The exchange tunnelling reactions
fects associated with these systems are of special interest.

Quantum behavior is expected when the thermal de Broglie D+H;—HD+H <)
Wavelgngth of the atoms becomes comparaple with their in- D+HD—D,+H )
terparticle spacing. For the case of H atoms in the gas phase,

this condition is satisfied for a concentration of 2.6lead to the possibility of creating high concentrations of H
X 10cm™® at a temperature of 30 mKFor the case of a atoms in solid mixtures of § and D, at low
solid phase, the temperature for the onset of any quantuigmperature&'®**When an H atom is surrounded by shell
effect may be lower because of the possibility of a largerof D, molecules, it becomes very stable because it can nei-
effective mass. It is always desirable for investigations ofther migrate through the solid ,Dnor react further with B
quantum behavior to generate the highest possible concentry the reaction

tions of.H or D atc.)ms.in solid matrixe;. Unfprtunately, from H+D,—HD+D (5)

the earliest investigations of H atoms in solid,Ht became

clear that some tunnelling processes and molecular recombat low temperatures, since it is an endothermic reaction.
nation could lead to a decrease in the concentration of stabordonet al®*? suggested that high concentrations of H at-
lized H atoms® The detailed investigations of the processesoms could be stabilized at low temperatures by means of
of quantum diffusion and tunnelling reactions of H atoms inreactions(3) and (4). In their approach, a gas mixture of
solid H, at T=1.35-4.2 K were performed by Ivlieet al®>  hydrogen, deuterium and helium gas was transported through
and later by Miyazaket al*~® They established that the de- a radio frequency discharge onto the surface of superfluid He
cay of H atoms could take place in solid, By tunnelling ~ contained in a small beaker, at a temperature 1.5 K. The jet
migration, in which H atoms tunnel through a chain of H Of impurity and helium gases penetrates the surface of the

molecules according to the reaction superfluid He, and then forms a snow-like solid which settles
to the bottom of the collection beaker. This solid became
H+Hy—Hy+H, (1) known as an Im—He solit?** In the case of heavy impuri-

thereby travelling through the solid,Ho recombine with €S, Im—He solids are built from a loosely connected aggre-
another H atom. The reaction rate constlnt for reaction gation of nanoclusters of impurities each surrounded by one

(1) was found to bek;=18cn?-mol t.s°! at T=4.2K4 O two layers of solid helium. These aggregates form ex-
This value remains the same even when the temperature tlgemely porous solids mtq which liquid .hellum e'asny and
lowered to 1.9 K, confirming that tunnelling reactions arecompletely penetrates. This system, having the high thermal

involved. The behavior of D atoms in solid,Ds different conductance and the high thermal capacitance of superfluid
The rate constant for the reaction 2 helium, allows preparation and storage of very high concen-

trations of stabilized atoms. To this date the structures of
D+D,—D,+D (2 Im—He solids for light impurities such as hydrogen and deu-

1063-777X/2003/29(6)/5/$24.00 505 © 2003 American Institute of Physics
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terium atoms and molecules are not fully determined. Our #:—"b Electrical
preliminary x-ray investigations of >-He samples showed qu il == connectors
the presence of nanoclusters of b these solid$® There- SHINER

fore it is reasonable to assume that the structure of Im—He

solids formed from light impurities is similar to that of Quartz

Im—He solids formed from heavy impuritie§Ne, N,, insert i Source of atom
Kr).**17n this work we have studied impurity—helium sol- j— and molecules
ids formed by light impurities, namely hydrogen and deute-

rium atoms and molecules. The method of electron spin reso- Elf?g?;?:ﬁ? fgr

nance(ESR was used for detailed studies of H and D atoms 9 QB /Teﬂon blades
stabilized in Im—He solids. We have performed studies of the Beaker holder %ﬁg

exchange tunnelling chemical reactiof® and (4) to pro- Impurity-Helium _/Quartz beaker
duce large(up to 7.5< 10" cm™3) and relatively stable con- sample LI

centrations of H atoms. The kinetics of these reactions have

been investigated for Im—He samples formed by introducing

gas mixtures with different initial ratios of Ho D,, ranging Coaxes
from 1:20 to 1:1, into He Il. We determined the exact posi-

tions of the H and D lines by using precise measurements of Level of liquid
the magnetic field. Satellite ESR lines associated with the /helium
dipolar coupling of the electron spins of H and D atoms to
the nuclear moments of hydrogen nuclei in neighboring mol-
ecules have been observed. This observation allows us to
determine the distances between stabilized H or D atoms and
neighboring HD or H molecules in Im—He solid® From

the analysis of line widths and the saturation behavior of H
and D signals, we estimate the spin-spin relaxation fime
and the spin-lattice relaxation time, of H and D atoms in

Capacitance
Fountain pump — level meter

Im—He solids.
ESR cell
2. EXPERIMENTAL METHOD Coulling
. . : . loop ESR cavity
The experiments were performed in a Janis cryostat with
a variable temperature insei¥Tl). The lower part of the Ruby Modulation
cryostat was installed between the pole pieces of a Varian  Fountain pump coils

electromagnet for these ESR investigations. The home-made

insert for the creation and investigation of Im—He solids withFIG. 1. Low temperature insert for Im—He sample preparation and ESR
stabiized atoms shown in Fig. 1 was placed into the VTI"SIgalons Tre s beaer s e o e Eok 012 s
The details of the experimental procedure were described in
our previous work”*°For sample preparation, a gas mixture
of H,, D,, and He was transported from a room temperature

gas handling system to the cryogenic region. To provide H

and D atoms, high power radio frequency was applied to theavity. The ruby was used as a secondary standard for the
electrodes around the quartz capillary carrying the mixedalibration of the measurements of the number of stabilized
gases. The jetdN/dt~5x109s 1) of impurity atoms and H and D atoms in Im—He solids. The calibration of the ab-
molecules as well as helium gas emerged from a s(@alb  solute value of number of atoms was made by using a DPPH
mm) orifice and then penetrated the surface of superfluidample with a known number (2410") of spins with mea-
helium in the collection beaker. The temperature duringsurements being carried out Bit= 1.35 K. Special measure-
sample preparation was 1.5 K. The liquid helium level in thements were made to determine the dependence of the signal
beaker was maintained by a fountain pump connected to thef the small calibration sample of DPPH on the position
main helium bath of the VTI. At the top of the beaker was aalong the axis of the cavity. This dependence is consistent
funnel that caught the sample as it emerged from the quartwith the calculated distribution of the microwave magnetic
capillary. A set of teflon blades was employed to scrape théield in the cavity. ESR signals were measured using a
sample from the funnel while the beaker was rotated so thaCW reflection homodyne spectrometdt, € 9.12 GHz, f o4

the sample could fall to the bottom of the cylindrical part of =100 kHz). All measurements have been done for Im—He
the beaker. During a period of 10 minutes an impurity—samples at temperatures of 1.35 K and 1.8 K. A calibrated Ge
helium solid sample with volume 0.35 éwas formed inthe thermometer was used for temperature measurements. Con-
beaker. Following this process, the beaker with the samplénuously pumping the VTI while supplying liquid helium
was lowered into the ESR cavity, which was situated near thérom the main bath allows us to conduct long term investi-
bottom of the VTI in the homogeneous field region of the gations of the Im—He samples. In this paper we present re-
electromagnet. We used a cylindrical cavity operating in aaction kinetics studies of H and D atoms which continued for
TEp11 mode. A ruby crystal was attached to the bottom of the~8 hours afT =1.35K.
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FIG. 2. ESR spectra of H and D atoms for an Im—He solid prepared from

the gaseous mixture #4D,:He=1:4:100. Spectra observed at1.8 K,

182 min after sample collection. The width of each of the main hydrogen
and deuterium lines is 3 G. Seven fold magnification of the forbidden line is

shown in the inset.

3. RESULTS

Figure 2 shows the ESR derivative spectra of H and

atoms in Im—He solids prepared from an initial gas mixtureIattice relaxation timer,

in the ratio of H:D,:He=1:4:100. The positions of ob-
served lines are shown in Table I.
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FIG. 3. Microwave power saturation behavior for different ESR lines of H
and D atoms in Im—He solid &t=1.35 K(see Fig. 2 H, (®), D; (O), H;
(V). Im—He solid was formed by initial gas mixture, HD,:He=1:4:100.

solids. The observed line width is far larger than the inho-
mogeneous broadening expected from our magnétl G).

e used a saturation method for determination of the spin-
for H and D atoms in Im—He sol-
ids. For estimating ;, we determined the dependence of the
signal amplitude on the square root of microwave power as

The allowed H and D lines are each accompanied by tW?)Iotted in Fig. 3 for hydrogen and deuterium atoms. Values

satellite lines. The intensity of the small forbidden hydrogen
line H; is about 200 times smaller than that of the allowed
hydrogen lines. Figure 3 shows the microwave power satug

ration behavior of H and D atoms in Im—He solids. Unlike

the behavior of H atoms produced by radiolysis in solid
H,,™ H atoms in Im—He solids saturate at a larger micro-
wave power~16 uW. ESR signals were normally measured

at a microwave power-5 uW, significantly below the satu-
ration limit.

The spin-spin relaxation timé&, is calculated from the
line-width below saturation by means of the expres&ion

2
T ’
3 7Apr

where vy is the gyromagnetic ratio, andH,, is the line

T2 (6)

width obtained from the peak to peak separation for the de

rivative of the ESR signal. The line width of ESR lines for H
and D atoms was found to be 3 Gee Fig. 2, leading to a
value of T,=2.2x10 s for H and D atoms in our Im—He

TABLE I. Observed positions of ESR lines for H and D atoms in Im—He
solids atT=1.8 K and a frequency 9.12 GHz.

Line Transition (F, mF) Field, G
H1 11 < O 2976.3
H2 10 o (-1 3484.7
Hf 10 & 00 3205.7
D, (3/2,3/2) & (1/2,1/2) 3171.7
D, (3/2,12) < (12, ~ 12 3247 4
D, (3/2, - 1/2) & (3/2,-3/2) 3326.9

of T, were determined by means of an expression for the
maximum values of the peak amplitude of the derivative
ignaf®

1.98<107 "AH,

Ti= (7)
gH3

where g is the spectroscopic splitting factor. For H and D
atomsg=2. We performed calculations of the microwave
magnetic field according to the equatdn
2__ —3 VC
HI=2X10°PQ7n-, (8)
Vs
whereP is the microwave poweR is the quality factor;y is
the filling factor; V. is the cavity volume, and/y is the
sample volume. When we substitute the geometric param-
eters for our cavity, expressid8) become§-|f=8P. From
the plot in Fig. 3 we obtained the value of the poviRgg,,
=16uW for which the amplitude of the derivative of the
ESR signal of the H atoms has a maximum value. From the
expression(7) we then find a value ofT;=(2.3+0.5)
X 10" 3s for H atoms in Im—He solids. For D atomp
=25uW, see also Fig. Bwe find a valueT;=(1.5+0.5)
x 10 3s. The relatively small values of; for D and H
atoms in Im—He solids show that the atoms are stabilized in
solid clusters of mixtures HD and,Dmolecules, rather than
being isolated in liquid and solid helium. In latter case, the
T, values should be much larg@r.
We also investigated the evolution of Im—He solids con-
taining H and D atoms as well as;HHD, and D, molecules
in an attempt to maximize the H atom concentration. The
investigations were performed for a variety of initial gas
mixtures of B, D,, and He. The initial H:D, ratio was
varied from 1:20 to 1:1. The ratio of the concentration of the
impurity gases to the He gas in the mixtures was always
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determined after a waiting period of 500 minutes following sample collec-

tion.

further reduces the number of D atoms and increases the
number of H atoms. Figure 4a shows that the increase in the
15 G\Q\O\“C‘—-O-e—e-e&e@_@e number of H atoms is smaller than the decrease in the num-
°© ber of D atoms. This observation could be explained by re-
combination of H atoms. In this process, the hydrogen atoms

] ! 1 Jd L
100 200 300 400 500 migrate through the solid via reactidf) or the reaction
Time in minutes

Concentration (x 1017/ cm 3)

] ) H+HD—HD+H. (9)
FIG. 4. Time dependence of the concentration of H at¢@sand D atoms

(O) in Im-He solids at temperatufe=1.35 K prepared from different ini- -~ A syccession of these reactions allows the transport of H
tial mixtures: H:D,:He=1:20:420(a); H,:D,:He=1:2:60(b). . . L . h
atoms to neighboring positions in the Im—He solid where
they recombine to form Hor HD molecules via the reac-
equal to 1:20. The yields of H and D atoms leaving the radidions:
frequency discharge were proportional to the concentrations
of H, and D, in the initial gas mixturé? Figure 4 shows the H+D—HD (10
.time evolution of the H and D.c'o'ncen'Frations in Im—He sol- H+H—H,. (11)
ids formed by two different initial mixtures. Immediately
after preparation of all the Im—He samples, a large enhancérhis mechanism is supported by the results of investigations
ment of the concentration of H atoms relative to D atomsof Im—He samples prepared from the gas mixture
was observed compared with the ratio of b D, in the  H,:D,:He=1:2:60(see Fig. 4h In this sample the concen-
initial gas mixture. This fact indicates that at the earliesttration of H, and HD molecules is about one order of mag-
stages of sample preparation Bt 1.5K, a fast exchange nitude larger compared with the former sample, so therefore
tunnelling reaction leads to a large reduction in the numbereactions(1) and (9) should accelerate the recombination
of D atoms and a corresponding increase in the number of drocesse$10) and (11). It can be seen that the decay of D
atoms. According to the calculation by Takayanagial??>  atoms is more rapid and the H atom population also decays
the rate constant for reactiof3) is found to be 5.4 steadily, throughout the experiment. The exchange tunnelling
x 10 2cm®-mol1.s7 1, so that the enhancements of the H reactions can be used to produce very large concentrations of
atom concentrations are attributed to this reaction with a timatomic hydrogen in our samples. As discussed earlier, these
constant on the order of a few minutes for our samples. Latelarge concentrations could allow us to enter the regime
on, a steady increase of the ratio H:D takes place over where the thermal de Broglie wave-length becomes compa-
period of hours, during the storage of our Im—He sample atable to the spacing between H atoms, provided that the tem-
T=1.35K. The kinetics of the changing concentrations of Hperature is low enough. In our experiments we have investi-
and D atoms for the sample prepared from the initial gagated samples obtained from a variety of initial gas mixtures
mixture H,:D,:He=1:20:420 is similar to that observed by to determine the one which yields the highest hydrogen atom
Lukashevichet al1° and Miyazakiet al!! for atoms trapped concentration. The experimental plots shown in Fig. 5 corre-
in solid H,—D, mixtures. The concentration of H atoms spond to the H and D atom average concentrations after a
grows, but the concentration of D atoms is decaying, just astorage time~500 minutes following initial sample prepara-
in our Im—He studies. At this stage we believe that the betion. For the optimal gas mixture #D,:He=1:4:100, the
havior of atoms in our solid is governed by reactighwith  largest H atom concentration (73.0)x 10’ cm™2 was ob-
rate constant 1810 3cm®-mol 1.s7! (Ref. 22 which tained. We are planning investigations with even longer stor-
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Optical emission studies of a discharged nitrogen—helium gas injected into superfluid helium
near 1.5 K are described. Analysis of atomécgroup and molecular Vegard—Kaplan transitions
clearly indicates that the emitting species are embedded inside nitrogen clusters. Cluster
formation is most efficient in the crater formed on the liquid surface. Model calculations based
on the classical bubble model and density functional theory suggest that under the
experimental conditions only clusters consisting of more than 1000 molecules have sufficient
kinetic energy for stable cavity formation to occur inside liquid helium. The results

obtained suggest that impurity—helium solids formation is a consequence of extensive clustering
in the gas jet. ©2003 American Institute of Physic§DOI: 10.1063/1.1542540

1. INTRODUCTION Although the physical characteristics of Im—He solids

) . . have been rather extensively studied for years, their forma-
~ The experimental approach to stabilizing atoms by in+jon mechanism and structure are not understood on a mo-
jecting an impurity—helium(im-He) gas jet into superfluid  |ocyiar scale.

helium (He 1I) was first developed by Gordon, Mezhov-  rhe model suggested by Gordon and Shestakov ascribes
Deglin, and Pugachev in 1_97‘4'l'he advantages of this ap- e formation of metastable Im—He condensates to an
proach are due to the efficient precooling of the gas jet priofy,_pe solid phase(IHSP) consisting of van der Waals
to its immersion into He Il, the high degree of dispersion of; ity helium clusters Im(He)where the particles “stick
the impurity particles, and the efficient heat dissipation byi,gether,” i.e. a bare impurity atom or molecule surrounded
He II. Consequently, stabilization of reactive atof H, ' gojid layers of He atoms in a superlattice-like
D) with exceedingly high densities has been achieved as insrangement!4 Of course, this is a very hypothetical model,
dicated by optical emlssmnsan'd electron paramagnetic resQghich for example neglects entirely the role of impurity clus-
nance(EPR measurements? Since its discovery the ofigi- tars in the formation of these solids.

nal approach has undergone rapid advancement and The gpjective of the present study is to develop new
semitransparent gel-llke_ _substances with He/lm ratlps Ofnsights into our understanding of Im—He condensates,
12-60 and thermal stability up to 68 K are now routinely 5 o6nq other things, their formation mechanism. Instead of

grown. Although their interior is filled with liquid He, these |,5ing at the solids themselves, we shall focus on the pro-
macroscopic condensates are historically called impurity+ogges taking place inside the Im—He gas jet from the dis-

. . 1-9 . . . .
helium solids(IHS).*~> An interesting extension to the cited charge zone to its final immersion in He II. The following

series of investigations is the recent work ]a%y Mezhov—isges are addressdi:the extent of cluster formation in the
Deglin and Kokotin on helium—water condensite. as jet, (i) the interaction of the impurity particlegbare
Studies of the thermal properties of IHS have shown thabmg or molecules, small clustewith a liquid helium sur-
the presence of-0.5 mole % of an impurity (B, Kr) in @ tace andiii) the factors controlling their probability of pen-
condensate completely suppresses the convective flow of thg ating into bulk liquid helium under the experimental con-
liquid He filling the condensafe” It was supposed on this gitions. In what follows we shall describe our spectroscopic

basis that IHS consist of a porous network structure anghpsernyations in nitrogen—helium gas jets and present the re-
therefore resemble highly porous aerogels filled with liquidg s of model calculations of the solvation of nitrogen spe-
He. More recently, a series of structural studies by Le€'jes in He II.

group at Cornell University has provided strong support for
this hypothesis. Using ultrasound and x-ray diffraction tech-2 EXPERIMENTAL METHODS
nigues to complement one another it has been shown that

Im—He solids are indeed mesoporous with characteristic im-  Our experimental setup consists of a liquid He bath cry-
purity cluster size close to 6 nm, average impurity densityostat fitted with a set of quartz windowBig. 1). The inner
~10?° cm 3, and a wide pore-size distribution ranging from diameter of the He bath is 120 mm. The bath holds 7 liters of

8 to 860 nmt1~13 liquid He, which allows operation for more than 12 h. By

1063-777X/2003/29(6)/5/$24.00 510 © 2003 American Institute of Physics
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able crater. Special attention was devoted to selective collec-
tion of emission from three distinct observations zones: the
2 gas jet, the crater, and the bulk He Il. For this purpose, in
some experiments the quartz funnel was blocked with a
black painted Pyrex cover in order to allow light collection
solely from the bulk He II.

The collected light was focused onto the entrance slit of
a 0.3 m spectrograptActon) equipped with 2400, 600, and
600 lines/nm gratings, blazed at 240, 300, and 500 nm, re-
spectively. The spectra were recorded with a thermoelectri-
cally cooled Charge—Coupled—Devi¢@CD) camera(Prin-
ceton Instrumenjsattached to the spectrograph. Depending
on the grating, the spectral bandwidth on the detector was
30, 120, or 120 nm, respectively. A high-grade UV quartz
He Il 5 optical fiber bundle was used for more selective light collec-
tion from different parts of the jet or bulk He II.

-

W

! i 6 3. EXPERIMENTAL RESULTS

3.1. Characteristics of the jet

FIG. 1. Experimental setup for injecting Im—He mixtures into superfluid After passing throught the rf discharge zone the

helium: cryogenic discharge sourc#); quartz tube(2); liquid nitrogen nitrogen—helium gas mixture undergoes laminar flow in

cooled induction coil3); nozzle(4); fountain pump(5); temperature sensor . . oo A

6): He Il level gauge(?). dense cold helium gagdensity 3<10~ atoms/cm, T
=1.7 K), forming a well-collimated jetFig. 2). The periph-
eral part of the jet is rather cold, but its core is relatively hot

pumping the helium reservoir with a one-stage mechanic nd less luminescent. We measured the velocity of the jet at

pump (20 liters/g the lowest accessible temperature is close =77 K and cryostat pressure 5. mbar. The measurement
to 1.4 K. The He vapor pressure inside the cryostat wadvas performed by adjusting the discharge to pulse duration
measured with an absolute pressure transd{M&S Instru-

ments, Baratron model 622The temperature was measured

with a silicon diode sensor and Lake Shore 330 temperature —  »
controller.

A cryogenic discharge source, an optical cell, and tem- D
perature sensors were placed inside the cryostat with inser-
tion in a way that allows for mutually independent operation 3
of the instrumentation. This type of insertion makes it pos-
sible to adjust the separation between the discharge tube ori- &
fice and the He surface in the sample cell over the range :

2—20 cm. An induction coil installed coaxially around the
liquid nitrogen cooled quartz discharge tube 2 cm from the
nozzle excited an electrodeless discharge. A home-made
pulse generator, operating near 40 MHz, was connected to
the coil, thereby providing a 10-70 W rf discharge with 8
pulse duration ranging from 4s up to continuous operation.

Nitrogen and helium gases with 99(9%% nominal pu-
rity were premixed in a stainless steel cylinder. A mechanical ;
membrane regulator was used to provide a constant gas flow _| r
with accuracy better than 5% for a typical gas flow rate of ] ":
5x 10'° particles/s with pressure drop in the gas cylinder PV
from 5 to 0.2 bars. The optical measurement cell consists of 6
a 40 mm in diameter quartz funnel attached to a standard
10X 10 mm quartz optical cuvette. A fountain pump, which
supplied superfluid helium from the bottom of the cryostat,
maintained the He Il level in the sample cell constant.

The experiments were performed by passing a mixture
of molecular nitrogen, diluted to 0.3-3% by helium gas,
through the discharge zone. The discharged gas escap€$. 2. Photograph of the nitrogen-helium jet penetrating into bulk He II. A

: : chematic view of the optical cell is also shown: the core of theJgt
throth a 0.8 mm in diameter nozzle and flows thrOthSeripheraI part of the jef2); crater (3); black painted Pyrex funngW);

_dense_ cold helium gas, forming an intensely gl_owing jet. Th%uartz funnel(5); quartz cuvett&6); light collection zoneg7). The dotted
jet strikes the He Il surface and produces a visually observarrows show the circulation of liquid He.

BN
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200 us and pulse repetition rate 500 MHz. Under these con-
ditions the emission was monitored 5 cm from the discharge L S s
tube orifice with a photomultiplier tube fitted with a horizon- EES
tal 1.5 mm slit. The flow velocity was estimated to be A
v=70 m/s on the basis of the observed phase shift with B S \
respect to the pulse train. / oo
When it strikes the He Il surface the jet stops and pro- : ‘
duces a well-defined crater. The crater is the most strongly
emitting region due to efficient collisional processes, which
in turn promote aggregation of impurities and recombination
of nitrogen atoms. The intensity of the emission decreases
dramatically in the bulk He Il even at distances a few milli-
meters below the crater. When the distance between the
nozzle and the He Il surface increased to 10 cm or more we
observed a transition from laminar floftop par} to purely
turbulent flow(bottom part, which is visually characterized
by a jet bottom that is shaggy.

Intensity, arb. units

3.2. Emission spectra

The main monitored emissions were the atomic transi- 520 522 524 526
tion N(?’D-%S) (a group, green aftergloyand the Vegard— Wavelength, nm
3g+_yls+
Kaplan sySt_emA 2u -X 2g (b_'FJe and UV ‘fiftergl(_)w of FIG. 4. The effect of the gas mixture on tRB—*S emission of atomic
molecular nitrogen. Both transitions are forbidden in the gasydrogen. N/He=1/400 (solid line), 1/100 (dotted lind. A grating with
phase and thus serve as sensitive probes for various pre4o0 grooves/mm was uséd). N, /He=1/100 (dotted ling, 1/30 (dashed
cesses related to the formation of impurity clusters and IHSIne)- A grating with 600 grooves/mm e also usbyl The arrow indicates
. the gas phase position of the transitionThe stick spectrum represents
. A section of the Vegard—Kapan bapd ob I presented S ions in a solid nitrogen matf.
in Fig. 3. The spectra are almost identical, regardless of the

location of the emittefgas jet, crater, bulkand are charac-

terized by linewidths~1nm and a consistent red shift of this paper, the spectrum obtained from explosion of a
~360 cm* from the corresponding gas-phase line. As de-elium—nitrogen condensate is provided for reference. Apart
scribed in the experimental section, special care was taken ¥ym the broad and so far unassigned background features,
eliminate stray light from the other parts of the cryostat.this spectrum clearly resembles the others. These observa-
Although the spectroscopy of the IHS falls outside the scopgions strongly suggest that radiative recombination of nitro-
gen atoms, leading to the Vegard—Kaplan band, occurs in
very similar environments in all detection zones.

o-6 0-7 The strongly forbidden greemx group emission of
atomic nitrogen was detected even in the gas jet far from the
liquid helium surface. Ther group emission collected near
the crater was very intense and the spectrum contained three
peaks centered at 521, 522, and 523 (m®e Fig. 4 This
observation provides additional support for the idea that in-
stead of monitoring transitions of more or less isolated gas-
phase species, the spectra are strongly affected by cluster
formation in the gas jet before it enters He Il. No significant
changes in thex group emission were observed when the
signal was collected from bulk He II. Increasing the/Ne

ratio of the gas mixture from 0.3 to 3% shifted thegroup
emission towards 523 nm in the gas phase. We performed
spectroscopic studies on other atomic and molecular transi-
tions such as NP-2D), the first positive system
(B31-A3%) of N,, O(*s-1D), the Herzberg | bands
(A-X) of O,, and theg, y, and§ bands of NO. These data,
which will be published separately, are consistent with the
present observations.

Intensity, arb. units

240 280 320 360
Wavelength, nm

FIG. 3. A section of the Vegard—Kaplan emission band of molecular nitro-4' DISCUSSION

gen collected from the gas j&), bulk He 1l (b), and upon explosion of the In the present work we focus our attention on the
nitrogen—helium solid(c). The numbers refer to the quantum labels

(v'—v"). The stick spectra show the line positions in the gas pkialsek Vegard_—KapIar(V—_K) emi_SSion system in the UV range for
columnsg”) and in the solid nitrogen matrigray column&). two main reasons(i) previous spectroscopic measurements
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in IHS were restricted to the visible rarf’gand (ii) we ex-

pected to observe recombination of atomic nitrogen in bulk 0.04-

He Il and in nitrogen—helium solid by monitoring radiative ‘TE L P

decay of the metastable®S, state of the N molecule(triplet S5 02l He

exciton in the IHS cageDetecting the V—K emission in the ?3 ’

gas phase is a rather challenging task and would require very S i Vo e

high-purity gases, especially free of any oxygen-containing & O

impurities. Moreover, the discharge needs to be operated un- Ny

der special condition¥® Quite surprisingly, we observed _0.02 ,

rather intense V—K emission from the gas jet even in the ' 10 15

presence of oxygen impurities. Equally demonstrative is the

observation that the V—K lines are red-shifted with respect to 0.06

their pure gas-phase counterpaft3his would strongly sug- 0.04

gest that the emission originates from recombination of at- ZC ’ P

oms embedded in impurity particles. Coletti and Borfot 0,02 He

studied V—K emission in a solid nitrogen matrix. They ob- §

served quite intense emission at 20 K with a lifetime of the 3 o Vol—He

order of ~1 ms. Similarly to our findings in the nitrogen—

helium jet, the V—K lines in solid nitrogen are red-shifted ~0.02

from the gas phase by 350 crh T B
Spin and parity selection rules for electric-dipole transi- 25 30 35

tions strongly forbid the atomiczog,,zv 37-Syp) transitions R, A

of nitrogen; observations of these transitions are attributed t@|c. 5. The density profiles of liquid He near a ground state nitrogen atom
electric quadrupole transitions. TRBs5, and?D5, states lie  (top panel and a molecular nitrogen cluster with=1000 (bottom panel
19224 cm! and 19233 cmit (2.38 eV} above the483,2 are shown. The corresponding pair potentials are also shown.

ground state and their computed lifetimes are 44 h and 17 h,

respectivelyt® Thus pure atomic emission within the time of

flight of the jet should be undetectable under the conditiongyas more than 10 cm and the jet did not reach the surface.
of the present experiments. Therefore some process takinge attribute this observation to the onset of turbulent flow.
place in the gas jet is dramatically affecting the transition  \jsyal observations during preparation of the IHS
probability and consequently decreasing the lifetime of theshowed that some small particles penetrate into the bulk He
atomic transition. Aggregation of nitrogen molecules around directly from the jet. However, most of the impurities tend
the emitter would obviously be such a process. In fact, unlikgo float on the surface and stick to the walls of the quartz cell,
in the gas phase the green emission in irradiated solid nitrogrow on the walls, and finally sink to the bottom. In the
gen is the most prominent spectral feattfrén solid nitrogen  following we assume that the penetration of an impurity into
this emission consists of eight main lines, the strongest lyingiquid He depends on the particle kinetic energy, which in the
at 522 nm(zero-phonon lingand 523-525 nn{phonon-  present case is determined by the velocity of the propagating
induced wing. Furthermore, the lifetime fD—*S emission  jet. More precisely, the kinetic energy should exceed the sol-
in solid nitrogen is 40 & The similarity between our spectra vation energy of the given species. This energy can be esti-
and the spectrum obtained in solid nitrogen is obvious almated using the classical bubble model:

ready at the highest dilution, and becomes stronger as the 5

nitrogen content increasésee Fig. 5. Ep(Rp) =Vn-nd Rp) +47R; v, D

An important factor promoting nucleation and cluster,\hereR, is the bubble radius ang is the surface tension
formation in a jet is the jet’s ability to switch from laminar to (yne=3.6X 10" JIn?). Neglecting all dissipative processes

turbulent flow as temperature decreases. Let the jet be af,q van der Waals attraction we can obtain a lower bound on
incompressible flow through dense helium gas. The Reyge critical velocity required for a species to penetrate into
nolds number is defined by the straightforward relat\n e liquid:

=vD/v. Herev is the velocity of the jetD is the diameter
of the jet(pipe flow), and v is the kinematic viscositythe V> 4Rp(my/m) 2 2
viscosity divided by the densityAs the temperature of the
nitrogen—helium jet decreases from the initial vallie
=80 K to T=10 K (the temperature a few mm above the He
Il surface, the kinematic viscosity of the jet decreases by

factor of 25. In pipe flow chagactzerized hy=70 m/s, D Ro=3.6 A22 By assuming a perfect spherical cluster
20'09,)5 m. (89 K)=1.8x10 " m7/s, and »(10 K)=6 ity N=1000, a sharp edge, andp=1 glcn?
x10">m‘/s, the jet should switch from laminarRe  _( 0217 molecules/&, we obtain a radius of 22.2 A. The

=210 atT=80 K) to turbulent R.=5600 atT=10 K)  gftective interaction potential can be formulated as
flow. Indeed, we observed a shaggy jet front near the He I

surface. Moreover, the shaggy front was clearly seen even _ , IS 43 s
when the distance between the He Il surface and the nozzle Ver()= | pny(r WVua|r=r'dr”. (3)

To estimate the radius of the cavity produced by a solvated
cluster we need to evaluate the interaction potential of a clus-
ter in liquid helium. Here we rely on the approximatg-N
e Lennard—JonegLJ) potential with e=18 cm ! and
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We computed the solvation of impurity RD) and N¢S) amorphous materials. Aerogel-like IHS produced from Ne,
atoms and a (B 1ggo Cluster in liquid helium using the den- Ar, Kr, and N, impurities are one such example.

sity functional theory® Figure 5 shows the results for a bare We wish to thank David M. Lee and Vladimir Khme-
N atom and a (B9 Cluster in a spherical cavity. We can lenko for fruitful discussions on impurity helium solids. This
now estimate the critical velocities for a single atoR,( work was funded by the Academy of Finland.

=4 A) and a clusterR,=22.2 A). Substituting into Eq(1)
yieldsvy>400 m/s andy>70 m/s for the atom amd clus-
ter, respectively. We emphasize that we neglected all other————

dissipative processes, such as ripplon and shock-wave prog gordon, L. . Mezhov-Deglin, and O. F. Pugachev, JETP 1663
duction. Consequently, the real values should be even larger.(1974.

On the other hand van der Waals binding should slightly E. B. Gordon, A. A. Peimenev, O. F. Pugachev, and V. V. Khmelenko,
favor solvation. Although our theoretical treatment is rela- 3JEI.ETBl.3 éf}%ﬁz\fz\/ﬁl}fﬁzé lenko, A. A, Pelmenev, E. A Popov, and O. F.
tively crude, it clearly shows that under the experimental pygachev, Chem. Phys. Leti55 301 (1989.

conditions seeding bare atoms into bulk helium by using a*E. B. Gordon, V. V. Khmelenko, A. A. Pelmenev, E. A. Popov, O. F.

slowly propagating gas jet is not feasible. Pugachev, and A. F. Shestakov, Chem. Phy$) 411 (1993.
SR. E. Boltnev, E. B. Gordon, V. V. Khmelenko, I. N. Krushinskaya, M. V.

Martynenko, A. A. Pelmenev, E. A. Popov, and A. F. Shestakov, Chem.
Phys.189, 367(1994.
5. SUMMARY 5M. V. Martynenko, V. N. Novikov, A. A. Pelmeneyv, E. A. Popov, and E. V.

. . L. . . Shilov, Bull. Moscow Univer3, 53(1996.
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Optical emission studies of a discharged nitrogen—helium gas injected into superfluid helium
near 1.5 K are described. Analysis of atomécgroup and molecular Vegard—Kaplan transitions
clearly indicates that the emitting species are embedded inside nitrogen clusters. Cluster
formation is most efficient in the crater formed on the liquid surface. Model calculations based
on the classical bubble model and density functional theory suggest that under the
experimental conditions only clusters consisting of more than 1000 molecules have sufficient
kinetic energy for stable cavity formation to occur inside liquid helium. The results

obtained suggest that impurity—helium solids formation is a consequence of extensive clustering
in the gas jet. ©2003 American Institute of Physic§DOI: 10.1063/1.1542540

1. INTRODUCTION Although the physical characteristics of Im—He solids

) . . have been rather extensively studied for years, their forma-
~ The experimental approach to stabilizing atoms by in+jon mechanism and structure are not understood on a mo-
jecting an impurity—helium(im-He) gas jet into superfluid  |ocyiar scale.

helium (He 1I) was first developed by Gordon, Mezhov-  rhe model suggested by Gordon and Shestakov ascribes
Deglin, and Pugachev in 1_97‘4'l'he advantages of this ap- e formation of metastable Im—He condensates to an
proach are due to the efficient precooling of the gas jet priofy,_pe solid phase(IHSP) consisting of van der Waals
to its immersion into He Il, the high degree of dispersion of; ity helium clusters Im(He)where the particles “stick
the impurity particles, and the efficient heat dissipation byi,gether,” i.e. a bare impurity atom or molecule surrounded
He II. Consequently, stabilization of reactive atof H, ' gojid layers of He atoms in a superlattice-like
D) with exceedingly high densities has been achieved as insrangement!4 Of course, this is a very hypothetical model,
dicated by optical emlssmnsan'd electron paramagnetic resQghich for example neglects entirely the role of impurity clus-
nance(EPR measurements? Since its discovery the ofigi- tars in the formation of these solids.

nal approach has undergone rapid advancement and The gpjective of the present study is to develop new
semitransparent gel-llke_ _substances with He/lm ratlps Ofnsights into our understanding of Im—He condensates,
12-60 and thermal stability up to 68 K are now routinely 5 o6nq other things, their formation mechanism. Instead of

grown. Although their interior is filled with liquid He, these |,5ing at the solids themselves, we shall focus on the pro-
macroscopic condensates are historically called impurity+ogges taking place inside the Im—He gas jet from the dis-

. . 1-9 . . . .
helium solids(IHS).*~> An interesting extension to the cited charge zone to its final immersion in He II. The following

series of investigations is the recent work ]a%y Mezhov—isges are addressdi:the extent of cluster formation in the
Deglin and Kokotin on helium—water condensite. as jet, (i) the interaction of the impurity particlegbare
Studies of the thermal properties of IHS have shown thabmg or molecules, small clustewith a liquid helium sur-
the presence of-0.5 mole % of an impurity (B, Kr) in @ tace andiii) the factors controlling their probability of pen-
condensate completely suppresses the convective flow of thg ating into bulk liquid helium under the experimental con-
liquid He filling the condensafe” It was supposed on this gitions. In what follows we shall describe our spectroscopic

basis that IHS consist of a porous network structure anghpsernyations in nitrogen—helium gas jets and present the re-
therefore resemble highly porous aerogels filled with liquidg s of model calculations of the solvation of nitrogen spe-
He. More recently, a series of structural studies by Le€'jes in He II.

group at Cornell University has provided strong support for
this hypothesis. Using ultrasound and x-ray diffraction tech-2 EXPERIMENTAL METHODS
nigues to complement one another it has been shown that

Im—He solids are indeed mesoporous with characteristic im-  Our experimental setup consists of a liquid He bath cry-
purity cluster size close to 6 nm, average impurity densityostat fitted with a set of quartz windowBig. 1). The inner
~10?° cm 3, and a wide pore-size distribution ranging from diameter of the He bath is 120 mm. The bath holds 7 liters of

8 to 860 nmt1~13 liquid He, which allows operation for more than 12 h. By

1063-777X/2003/29(6)/5/$24.00 510 © 2003 American Institute of Physics
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able crater. Special attention was devoted to selective collec-
tion of emission from three distinct observations zones: the
2 gas jet, the crater, and the bulk He Il. For this purpose, in
some experiments the quartz funnel was blocked with a
black painted Pyrex cover in order to allow light collection
solely from the bulk He II.

The collected light was focused onto the entrance slit of
a 0.3 m spectrograptActon) equipped with 2400, 600, and
600 lines/nm gratings, blazed at 240, 300, and 500 nm, re-
spectively. The spectra were recorded with a thermoelectri-
cally cooled Charge—Coupled—Devi¢@CD) camera(Prin-
ceton Instrumenjsattached to the spectrograph. Depending
on the grating, the spectral bandwidth on the detector was
30, 120, or 120 nm, respectively. A high-grade UV quartz
He Il 5 optical fiber bundle was used for more selective light collec-
tion from different parts of the jet or bulk He II.

-

W

! i 6 3. EXPERIMENTAL RESULTS

3.1. Characteristics of the jet

FIG. 1. Experimental setup for injecting Im—He mixtures into superfluid After passing throught the rf discharge zone the

helium: cryogenic discharge sourc#); quartz tube(2); liquid nitrogen nitrogen—helium gas mixture undergoes laminar flow in

cooled induction coil3); nozzle(4); fountain pump(5); temperature sensor . . oo A

6): He Il level gauge(?). dense cold helium gagdensity 3<10~ atoms/cm, T
=1.7 K), forming a well-collimated jetFig. 2). The periph-
eral part of the jet is rather cold, but its core is relatively hot

pumping the helium reservoir with a one-stage mechanic nd less luminescent. We measured the velocity of the jet at

pump (20 liters/g the lowest accessible temperature is close =77 K and cryostat pressure 5. mbar. The measurement
to 1.4 K. The He vapor pressure inside the cryostat wadvas performed by adjusting the discharge to pulse duration
measured with an absolute pressure transd{M&S Instru-

ments, Baratron model 622The temperature was measured

with a silicon diode sensor and Lake Shore 330 temperature —  »
controller.

A cryogenic discharge source, an optical cell, and tem- D
perature sensors were placed inside the cryostat with inser-
tion in a way that allows for mutually independent operation 3
of the instrumentation. This type of insertion makes it pos-
sible to adjust the separation between the discharge tube ori- &
fice and the He surface in the sample cell over the range :

2—20 cm. An induction coil installed coaxially around the
liquid nitrogen cooled quartz discharge tube 2 cm from the
nozzle excited an electrodeless discharge. A home-made
pulse generator, operating near 40 MHz, was connected to
the coil, thereby providing a 10-70 W rf discharge with 8
pulse duration ranging from 4s up to continuous operation.

Nitrogen and helium gases with 99(9%% nominal pu-
rity were premixed in a stainless steel cylinder. A mechanical ;
membrane regulator was used to provide a constant gas flow _| r
with accuracy better than 5% for a typical gas flow rate of ] ":
5x 10'° particles/s with pressure drop in the gas cylinder PV
from 5 to 0.2 bars. The optical measurement cell consists of 6
a 40 mm in diameter quartz funnel attached to a standard
10X 10 mm quartz optical cuvette. A fountain pump, which
supplied superfluid helium from the bottom of the cryostat,
maintained the He Il level in the sample cell constant.

The experiments were performed by passing a mixture
of molecular nitrogen, diluted to 0.3-3% by helium gas,
through the discharge zone. The discharged gas escap€$. 2. Photograph of the nitrogen-helium jet penetrating into bulk He II. A

: : chematic view of the optical cell is also shown: the core of theJgt
throth a 0.8 mm in diameter nozzle and flows thrOthSeripheraI part of the jef2); crater (3); black painted Pyrex funngW);

_dense_ cold helium gas, forming an intensely gl_owing jet. Th%uartz funnel(5); quartz cuvett&6); light collection zoneg7). The dotted
jet strikes the He Il surface and produces a visually observarrows show the circulation of liquid He.

BN




512 Low Temp. Phys. 29 (6), June 2003 Popov et al.

200 us and pulse repetition rate 500 MHz. Under these con-
ditions the emission was monitored 5 cm from the discharge L S s
tube orifice with a photomultiplier tube fitted with a horizon- EES
tal 1.5 mm slit. The flow velocity was estimated to be A
v=70 m/s on the basis of the observed phase shift with B S \
respect to the pulse train. / oo
When it strikes the He Il surface the jet stops and pro- : ‘
duces a well-defined crater. The crater is the most strongly
emitting region due to efficient collisional processes, which
in turn promote aggregation of impurities and recombination
of nitrogen atoms. The intensity of the emission decreases
dramatically in the bulk He Il even at distances a few milli-
meters below the crater. When the distance between the
nozzle and the He Il surface increased to 10 cm or more we
observed a transition from laminar floftop par} to purely
turbulent flow(bottom part, which is visually characterized
by a jet bottom that is shaggy.

Intensity, arb. units

3.2. Emission spectra

The main monitored emissions were the atomic transi- 520 522 524 526
tion N(?’D-%S) (a group, green aftergloyand the Vegard— Wavelength, nm
3g+_yls+
Kaplan sySt_emA 2u -X 2g (b_'FJe and UV ‘fiftergl(_)w of FIG. 4. The effect of the gas mixture on tRB—*S emission of atomic
molecular nitrogen. Both transitions are forbidden in the gasydrogen. N/He=1/400 (solid line), 1/100 (dotted lind. A grating with
phase and thus serve as sensitive probes for various pre4o0 grooves/mm was uséd). N, /He=1/100 (dotted ling, 1/30 (dashed
cesses related to the formation of impurity clusters and IHSIne)- A grating with 600 grooves/mm e also usbyl The arrow indicates
. the gas phase position of the transitionThe stick spectrum represents
. A section of the Vegard—Kapan bapd ob I presented S ions in a solid nitrogen matf.
in Fig. 3. The spectra are almost identical, regardless of the

location of the emittefgas jet, crater, bulkand are charac-

terized by linewidths~1nm and a consistent red shift of this paper, the spectrum obtained from explosion of a
~360 cm* from the corresponding gas-phase line. As de-elium—nitrogen condensate is provided for reference. Apart
scribed in the experimental section, special care was taken ¥ym the broad and so far unassigned background features,
eliminate stray light from the other parts of the cryostat.this spectrum clearly resembles the others. These observa-
Although the spectroscopy of the IHS falls outside the scopgions strongly suggest that radiative recombination of nitro-
gen atoms, leading to the Vegard—Kaplan band, occurs in
very similar environments in all detection zones.

o-6 0-7 The strongly forbidden greemx group emission of
atomic nitrogen was detected even in the gas jet far from the
liquid helium surface. Ther group emission collected near
the crater was very intense and the spectrum contained three
peaks centered at 521, 522, and 523 (m®e Fig. 4 This
observation provides additional support for the idea that in-
stead of monitoring transitions of more or less isolated gas-
phase species, the spectra are strongly affected by cluster
formation in the gas jet before it enters He Il. No significant
changes in thex group emission were observed when the
signal was collected from bulk He II. Increasing the/Ne

ratio of the gas mixture from 0.3 to 3% shifted thegroup
emission towards 523 nm in the gas phase. We performed
spectroscopic studies on other atomic and molecular transi-
tions such as NP-2D), the first positive system
(B31-A3%) of N,, O(*s-1D), the Herzberg | bands
(A-X) of O,, and theg, y, and§ bands of NO. These data,
which will be published separately, are consistent with the
present observations.

Intensity, arb. units

240 280 320 360
Wavelength, nm

FIG. 3. A section of the Vegard—Kaplan emission band of molecular nitro-4' DISCUSSION

gen collected from the gas j&), bulk He 1l (b), and upon explosion of the In the present work we focus our attention on the
nitrogen—helium solid(c). The numbers refer to the quantum labels

(v'—v"). The stick spectra show the line positions in the gas pkialsek Vegard_—KapIar(V—_K) emi_SSion system in the UV range for
columnsg”) and in the solid nitrogen matrigray column&). two main reasons(i) previous spectroscopic measurements
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in IHS were restricted to the visible rarf’gand (ii) we ex-

pected to observe recombination of atomic nitrogen in bulk 0.04-

He Il and in nitrogen—helium solid by monitoring radiative ‘TE L P

decay of the metastable®S, state of the N molecule(triplet S5 02l He

exciton in the IHS cageDetecting the V—K emission in the ?3 ’

gas phase is a rather challenging task and would require very S i Vo e

high-purity gases, especially free of any oxygen-containing & O

impurities. Moreover, the discharge needs to be operated un- Ny

der special condition¥® Quite surprisingly, we observed _0.02 ,

rather intense V—K emission from the gas jet even in the ' 10 15

presence of oxygen impurities. Equally demonstrative is the

observation that the V—K lines are red-shifted with respect to 0.06

their pure gas-phase counterpaft3his would strongly sug- 0.04

gest that the emission originates from recombination of at- ZC ’ P

oms embedded in impurity particles. Coletti and Borfot 0,02 He

studied V—K emission in a solid nitrogen matrix. They ob- §

served quite intense emission at 20 K with a lifetime of the 3 o Vol—He

order of ~1 ms. Similarly to our findings in the nitrogen—

helium jet, the V—K lines in solid nitrogen are red-shifted ~0.02

from the gas phase by 350 crh T B
Spin and parity selection rules for electric-dipole transi- 25 30 35

tions strongly forbid the atomiczog,,zv 37-Syp) transitions R, A

of nitrogen; observations of these transitions are attributed t@|c. 5. The density profiles of liquid He near a ground state nitrogen atom
electric quadrupole transitions. TRBs5, and?D5, states lie  (top panel and a molecular nitrogen cluster with=1000 (bottom panel
19224 cm! and 19233 cmit (2.38 eV} above the483,2 are shown. The corresponding pair potentials are also shown.

ground state and their computed lifetimes are 44 h and 17 h,

respectivelyt® Thus pure atomic emission within the time of

flight of the jet should be undetectable under the conditiongyas more than 10 cm and the jet did not reach the surface.
of the present experiments. Therefore some process takinge attribute this observation to the onset of turbulent flow.
place in the gas jet is dramatically affecting the transition  \jsyal observations during preparation of the IHS
probability and consequently decreasing the lifetime of theshowed that some small particles penetrate into the bulk He
atomic transition. Aggregation of nitrogen molecules around directly from the jet. However, most of the impurities tend
the emitter would obviously be such a process. In fact, unlikgo float on the surface and stick to the walls of the quartz cell,
in the gas phase the green emission in irradiated solid nitrogrow on the walls, and finally sink to the bottom. In the
gen is the most prominent spectral feattfrén solid nitrogen  following we assume that the penetration of an impurity into
this emission consists of eight main lines, the strongest lyingiquid He depends on the particle kinetic energy, which in the
at 522 nm(zero-phonon lingand 523-525 nn{phonon-  present case is determined by the velocity of the propagating
induced wing. Furthermore, the lifetime fD—*S emission  jet. More precisely, the kinetic energy should exceed the sol-
in solid nitrogen is 40 & The similarity between our spectra vation energy of the given species. This energy can be esti-
and the spectrum obtained in solid nitrogen is obvious almated using the classical bubble model:

ready at the highest dilution, and becomes stronger as the 5

nitrogen content increasésee Fig. 5. Ep(Rp) =Vn-nd Rp) +47R; v, D

An important factor promoting nucleation and cluster,\hereR, is the bubble radius ang is the surface tension
formation in a jet is the jet’s ability to switch from laminar to (yne=3.6X 10" JIn?). Neglecting all dissipative processes

turbulent flow as temperature decreases. Let the jet be af,q van der Waals attraction we can obtain a lower bound on
incompressible flow through dense helium gas. The Reyge critical velocity required for a species to penetrate into
nolds number is defined by the straightforward relat\n e liquid:

=vD/v. Herev is the velocity of the jetD is the diameter
of the jet(pipe flow), and v is the kinematic viscositythe V> 4Rp(my/m) 2 2
viscosity divided by the densityAs the temperature of the
nitrogen—helium jet decreases from the initial vallie
=80 K to T=10 K (the temperature a few mm above the He
Il surface, the kinematic viscosity of the jet decreases by

factor of 25. In pipe flow chagactzerized hy=70 m/s, D Ro=3.6 A22 By assuming a perfect spherical cluster
20'09,)5 m. (89 K)=1.8x10 " m7/s, and »(10 K)=6 ity N=1000, a sharp edge, andp=1 glcn?
x10">m‘/s, the jet should switch from laminarRe  _( 0217 molecules/&, we obtain a radius of 22.2 A. The

=210 atT=80 K) to turbulent R.=5600 atT=10 K)  gftective interaction potential can be formulated as
flow. Indeed, we observed a shaggy jet front near the He I

surface. Moreover, the shaggy front was clearly seen even _ , IS 43 s
when the distance between the He Il surface and the nozzle Ver()= | pny(r WVua|r=r'dr”. (3)

To estimate the radius of the cavity produced by a solvated
cluster we need to evaluate the interaction potential of a clus-
ter in liquid helium. Here we rely on the approximatg-N
e Lennard—JonegLJ) potential with e=18 cm ! and
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We computed the solvation of impurity RD) and N¢S) amorphous materials. Aerogel-like IHS produced from Ne,
atoms and a (B 1ggo Cluster in liquid helium using the den- Ar, Kr, and N, impurities are one such example.

sity functional theory® Figure 5 shows the results for a bare We wish to thank David M. Lee and Vladimir Khme-
N atom and a (B9 Cluster in a spherical cavity. We can lenko for fruitful discussions on impurity helium solids. This
now estimate the critical velocities for a single atoR,( work was funded by the Academy of Finland.

=4 A) and a clusterR,=22.2 A). Substituting into Eq(1)
yieldsvy>400 m/s andy>70 m/s for the atom amd clus-
ter, respectively. We emphasize that we neglected all other————

dissipative processes, such as ripplon and shock-wave prog gordon, L. . Mezhov-Deglin, and O. F. Pugachev, JETP 1663
duction. Consequently, the real values should be even larger.(1974.

On the other hand van der Waals binding should slightly E. B. Gordon, A. A. Peimenev, O. F. Pugachev, and V. V. Khmelenko,
favor solvation. Although our theoretical treatment is rela- 3JEI.ETBl.3 éf}%ﬁz\fz\/ﬁl}fﬁzé lenko, A. A, Pelmenev, E. A Popov, and O. F.
tively crude, it clearly shows that under the experimental pygachev, Chem. Phys. Leti55 301 (1989.

conditions seeding bare atoms into bulk helium by using a*E. B. Gordon, V. V. Khmelenko, A. A. Pelmenev, E. A. Popov, O. F.

slowly propagating gas jet is not feasible. Pugachev, and A. F. Shestakov, Chem. Phy$) 411 (1993.
SR. E. Boltnev, E. B. Gordon, V. V. Khmelenko, I. N. Krushinskaya, M. V.

Martynenko, A. A. Pelmenev, E. A. Popov, and A. F. Shestakov, Chem.
Phys.189, 367(1994.
5. SUMMARY 5M. V. Martynenko, V. N. Novikov, A. A. Pelmeneyv, E. A. Popov, and E. V.

. . L. . . Shilov, Bull. Moscow Univer3, 53(1996.
We have described optical emission studies on dis-r. E. Boltnev, I. N. Krushinskaya, M. V. Martynenko, A. A. Pelmenev,

charged nitrogen—helium gas mixtures under experimental E. A. Popov, and V. V. Khmelenko, Fiz. Nizk. Tem®3, 753(1997) [Low

conditions where the IHS are typically prepared. Analysis of ,TémP- Phys23, 567 (1997].

the observed atomid I’OU[) and molecular Veoard— R. E. Boltney, I. N. Krushinskaya, A. A. Pelmeneyv, D. Yu. Stolyarov, and
. ag o g T V. V. Khmelenko, Chem. Phys. LetB05 217(1999.

Kaplan transitions clearly indicates that these emissionsS’E. A. Popov, A. A. Pelmenev, and E. B. Gordon, J. Low Temp. Phyd.

originate from nitrogen clusters or matrix-like particles in- 10367 (2000. ' '

stead of isolated atoms or molecules. Cluster formation takes’: P- Mezhov-Deglin and A. M. Kokotin, J. Low Temp. Phykl9 385

place glready in the dlscharge_zone, and it is most efficient atg | “kiselev, V. V. Khmelenko, D. A. Geller, D. M. Lee, and J. R.

the point where the gas jet strikes the surface of He Il and a Beamish, J. Low Temp. Phy&6, 874 (2000.

well-defined crater is formed. The enhancement of emissioff'S. I. Kiselev, V. V. Khmelenko, and D. M. Lee, Fiz. Nizk. Teng6, 874

. . . : : 2000 [Low Temp. Phys26, 641(2000].
intensity at the jet bottom is attributed to a change fromls(sl I.?(i[selev v \ff Khrzelenko D(. M.OEee V. Kiryukhin, R. E. Boltnev

laminar to turbulent jet flow. and E. B Gordon, Phys. Rev. &, 24517(2009).

The penetration of chemical species into liquid He Il **E. B. Gordon and A. F. Shestakov, Fiz. Nizk. Ten28, 5 (2000 [Low
was discussed within the classical bubble model. The com. Temp. Phys26, (2000].
puted critical velocity, 400 m/s, needed for solvation of ami_‘ |\E/|'. :;"r'gsirl’o‘\],' fhgms'r';irrlr{ii fn?gl?f?/'”esov Chem. Phys. L&ag
bare N atom clearly exceeds the measured velocity of the jet, 343 (1989. ' o ' ' T
and only clusters consisting of at least 1000 molecules caHA. Loftus and K. H. Krupenie, J. Phys. Chem. Ref. Détal13(1977).
have sufficient kinetic energy to overcome the barrier forizg- %O'Egi,vi’;?tAAthSt‘;”lf\‘lzglcgzg-ng{:é Lff?'(fgg%lm'
sblecaiy formaton nbulk e I From e xperinntl o 11 L Szt oo o s
tion of impurity clusters, i.e. the building blocks of IHS, D.S. Tinti and G. W. Robinson, J. Chem. Phy8, 3229(1968.
occurs via extensive clustering in the jet and, most effi- P Habitz, K. T. Tang, and J. P. Toennies, Chem. Phys. 1B5t.461
ciently, in a crater. Coalescence of these nanosize clustes (:.LgEEI?r.anta, N. Schwentner, and V. A. Apkarian, J. Chem. Pt1/&.4039
inside He Il then leads to the formation of macroscopic con- (2002.
densates. Finally, the deposition of an impurity—helium jet**O. Oehler, D. A. Smith, and K. Dressler, J. Chem. PIf.2097(1977.
into liquid helium through its surface could be utilized for this article was published in English in the original Russian journal. Repro-

efficient production of mass-selected neutral clusters anduced here with stylistic changes by AIP.

*E-mail: Henrik.Kunttu@jyu.fi



LOW TEMPERATURE PHYSICS VOLUME 29, NUMBER 6 JUNE 2003

Transformation of watergel samples in liquid helium
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It is found that the shape and structure of watergel samples formed in the condensation of
gaseou$He containing a water vapor impurity on the surface of superfluid He Il cooled to

1.4 K depend substantially not only on the conditions of admission of the mixture but also

on the construction of the experimental cell. The results of observations of the evolution of
samples prepared in a wide cell, 29 mm in diameter, at a low rate of admission of the mixture
are presented. @003 American Institute of Physic§DOI: 10.1063/1.1582331

1. INTRODUCTION admitted to the Dewar from the supply linéAt a vapor
, , ) pressure above the liquid &~200 Torr, the samples begin
In this report we briefly discuss the results of a study of;, decompose aT~2.5 K, and when the pressure in the

the properties of samples of an impurity—helium water conpeyar is increased to 760 Torr the temperature of decompo-
densatgwatergel formed in superfluid He 11 in the conden- itinn increases to 4 K.

sation of a flow of gaseou#He containing a water vapor As we pointed out in Refs. 1-3, a comparison of the

impurity on the surface of a liquid cooled to 1.4 K. The raqits of our studies with the existing data in the literature
observations were made in two cells of different construc—(see e.g., the papers by Khmelersteal* and Popoet al®
tion, the second cell hawna 4 times greater surface area of 5 the Jiterature cited thergisuggests that in a dense vapor
the liquid He Il on which the gas flow is condensed as comyqye the He II surface the individual,& molecules coa-
pared with the first cell. It is found that increasing the diam-jg5ce nto clusters with an average diameter of the order of
eter of the working cell leads to a qualitative change in thegeyera| nanometers, so that the impurity—helium condensate
shape and structure of the samples formed in He II, i.e., thg arerge) formed in the He Il consists of nanoclusters of
kinetics of_ the processes governing t_he formation of the,,ter surrounded by a layer of solid heliuan der Waals
sample of impurity—helium condensate in He Il depends SUbéompIexe$ forming the disperse phase of the watergel,

stantially on the diameter of the cell and the admission cong e the superfluid He Il filling the pores between clusters
ditions, primarily on the pressure differenad® between the ¢ es as the dispersion medium.

inside of the cell and the external Dewar, which determines
the velocity of the gas flow.

A comparison of the results of the observations in thex, EXPERIMENTAL RESULTS AND DISCUSSION
different cells indicates that for all the watergel samples stud- _
ied the existence region of the condensate is limited to hegannples in the narrow cell
lium temperatures, and the decomposition of the sample is In the first series of experiments a cylindrical glass
accompanied by the formation of a fine-grained powder ofcell with an inner diameter of 9 mm was used for the mea-
ice (apparently amorphous icat the bottom of the glass cell surements. It was found that at a low rate of admission of the
and individual grains on the walls. The total volume of thegaseous mixtureXP~0.2—0.5 Torr) a semitransparent con-
grains formed in the decomposition is approximately twodensate cloud formed beneath the surface of the superfluid
orders of magnitude lower than the volume of the initialHe Il cooled down to 1.4 K. The cloud slowly shifted down-
condensate, and consequently, the water content in the bulkard, and in a time of the order of 10 min it was transformed
of the impurity—helium condensate does not exceednto an immobile iceberg of oval shape, having an average
10%° molecules/cr The temperature at which the decompo-diameter equal to the diameter of the cell and suspended in
sition is observed depends strongly on the pressure and profite volume of the liquid at the walls of the cell.
erties of the surrounding medium: in the vapor above the At a constant temperature the shape of the iceberg re-
superfluid liquid the samples extracted from the He Il beginmained practically unchanged for several hours. However,
to decompose on heating above 1.8 K, whereas in the bulk affhen the temperature of the liquid was raised to 1.8 K, the
the liquid they can exist even in the normal fluid He |, andapparent(visua) diameter of the iceberg decreased mono-
the temperature at which the active decomposition of theonically by ~10-20%, the iceberg slid down the walls of
water condensate in He | is observed depends strongly on thbe cell and got hung up on the thermometers mounted in the
pressurgwe recall that, unlike the case of the superfluid, acell. As the temperature was raised further, the transition of
temperature gradient of the order of 1 K/cm can exist along &he liquid from He Il to He | was not accompanied by no-
column of normal fluid; this is observed, for example, whenticeable changes of the volume of the samples.
the pumping out of the vapor is stopped and wdkie is The “dry” icebergs extracted from the superfluid liquid

1063-777X/2003/29(6)/4/$24.00 515 © 2003 American Institute of Physics
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in an atmosphere of gaseofide at a pressure close to the and a layer of powdered ice collected on the bottom of the
saturated vapor pressure above He Il decomposed upon he#st tube. In a number of cases we were able to observe
ing above 1.8 K. The decomposition was accompanied byndividual fragments of unmelted condensate, of the order of
the formation of a fine-grained powdered ice on the bottoml—2 mm in size, which floated beneath the surface and
of the cell and by the release of a rather large amount oPlunged into the interior of the liquid as the He Il level in the
gaseous helium. This explains why the icebergs jumped ai§st tube was decreased smoothly.

the liquid level was decreased smoothly: The upper part of

the immobile iceberg could protrude 1-2 mm above the Hesamples in the wide cell

Il surface before plunging down and again becoming sus-

pended about 1 cm beneath the surface of the liquid. Nesvizhevskii, a specialist in cold neutron physics, led to the

By repeating the gdmlssmn process several times, Witlea of trying to use He ll-impregnated porous nanocluster
could prepare several icebergs lying one on top of another 'sttems cooled to a temperature-of mK for the accumu-

the. bulk of the He II._When the He I level was Iowergd lation and storage of cold neutroh$his, of course, requires
rapidly, the decomposition of the part of the uppermost 'Ce1arge samples with a volume of the order o 1OI?, pre-

berg protruding above the surface of the liquid could lead t ared from substances with practically no neutron absorp-
a jumplike increase in the pressure in the closed cell t ivity (heavy water, deuterium, oxygen, @tc.
~20 Torr. As a result, the liquid together with the icebergs As a first step toward implementing this idea, we de-

floating in the cell were forced through a smatt L mm)  cigeq 1o explore the influence of the size of the cell on the
opening in the bottom of the cell into the outer test tube f'”edproperties of water condensate samples. The samples were
with He II. The extrusion of icebergs-6 mm in diameter 5 ehared in a thin-walled glass test tube with an inner diam-
through a small opening led to decomposition of the condengier of 2.9 cm and a height of 10 cm, with a flat Teflon

sate and to the formation of a fine powder that settled on th@vasher(substrath.S cm in diameter placed at the bottom of
bottom of the test tube. it. Two carbon resistance thermometers were mounted at the
As we mentioned in the Introduction, in the bulk of the ~anter of the washer and at a distaneg cm above its sur-
He | at a vapor pressure above the liquidko 200 Torr the  ¢506 1o permit monitoring of the temperature distribution in
icebergs apparentlyvisually) decomposed when the tem- e working cell. A flow of gaseouHe containing a water
perature of the surrounding liquid was raised to 2.5 K. TheVapor impurity entered along a glass tube with an inner di-
“He saturated vapor pressure at this temperature is around ABneter of 1.9 cm, the lower end of which was placed a dis-
Torr, so that the decomposition of the condensate is Not aGance of 2—4 cm above the surface of the substrate. The
companied by the formation of bubbles of gasedHe,  scheme used for preparing the mixture remained as before:
which can be observed when helium samples decompose E‘aseous helium at room temperature was passed through a
the vapor above He Il in a closed cell partially filled with layer of water, and then the gas flow containing the water

liquid and communicating with the outer test tube through a,apor impurity was directed through a coupling sleeve with a
small opening in the floor of the cell. When the pressurecytoff valve and into a glass tube.

above the He | column in the cell was increased to 760 Torr,  Opservations showed that the optimal situation for our

the temperature of decomposition of the icebergs increaseglirposes was one in which the level of superfluid He Il in
to 4 K. the working cell during the admission of the mixture was
The onset of low-frequency thermoacoustic oscillations— 1 ¢cm above the edge of the admission tube, and the differ-
in the working cell in the region of the transition of the liquid ence of the vapor pressures in the tube and outer Dewar was
from the superfluid to the normal state was accompanied by p~0.1—-0.3 Torr. During the preparation of the samples
oscillations of the He I level in the cell and, hence, by ver-the He Il temperature was held constant at 1.4 K to within
tical oscillations of the iceberg, which is entrained by thehundredths of a degree. Changing the admission conditions
normal liquid. From this we could estimate that the surfacenad a noticeable effect on the shape and structure of the
of the iceberg was not more than 3% higher than the densitgamples that formed. In the majority of cases, as soon as the
of the surround liquid; this number is in agreement with thevalve for admission of the mixture was opened, a sample
above estimates of the water content in the impurity—he”umesembling a snow pile or, more precisely, a pillar began to
condensate in respect to the volumes of the icebergs and tigow on the surface of the Teflon washer under the tube; this
powdered ice formed when they decompose. sample was made up of materials falling from the end of the
Finally, at a high rate of admission of the impurity tube in the form of flakes of the order of 1 mm in size and
(AP=1Torr) a semitransparent layer of condensate, whiclvibrating elastic filaments up to 1 cm long. The diameter of
is wetted well by the superfluid, began to grow along the Hethe base of the pillar was close to the diameter of the tube,
lI-vapor interface from the walls of the cell towards the while the height was determined by the admission t{the
center. If the admission process was continued, then after thgoper end of the pillar could enter the tyb& addition to
formation of a solid layer of condensate on the surface of thehe flakes and filaments, we have also observed the forma-
liquid the pressure in the cell increased in a jump by morgion in a tube of semitransparent “clouds” of condensate
than an order of magnitude, and the entire contents of thaith a characteristic size close to the diameter of the tube
cell (the condensate and the He ilere forced out of the and which formed beneath the surface of the liquid and
volume of the cell into the outer test tube through the openmoved slowly down along the walls of the tutsee frame 1
ing in the floor of the cell. Then the pressure in the cell fell,in Fig. 1; the arrow indicates the He Il leyeFor clarity we
the superfluid He 1l from the test tube again filled the cell,specifically chose the rarer case in which an oval cloud is

A discussion of the properties of watergel with V. V.
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FIG. 1. Formation and evolution of a watergel sample on a Teflon substrate in the wide cell. The arrows in the first three frames indicate the |efiidof super

He Ilin the cell. The temperature of the liquid was maintained at a con$tait40 K. The frames go from left to right=—cloud of watergel at the exit from

the admission tube2—a sample formed when the cloud falls onto the substi@&teevolution of the shape of the sample as the He Il level is lowered;
4—decomposition of the impurity—helium water condensate in helium vapor at a substrate temperature of 2.18 K, a temperature at the level of the upper
thermometer of 2.6 K, and a temperature of the He Il at the bottom of the working cell of 1.4 K, i.e., the vapor pressure in theRelRviésTorr.

formed in the tube at the start of the admission process anlijuid that solidifies at the saturated vapor pressure at a con-
then leaves the tubdrame 1 and slowly sinks to the sub- siderably lower temperatureAs in the experiments with the
strate(frame 2, since in a photograph it would be rather hard narrow cell, the transition from water to alcohol did not lead
to distinguish the oval iceberg from the background of theto a qualitative change in the properties of the impurity—
pile formed by the flakes. The thermometer placed at thdelium condensate, i.e., the preparation of a sample with
center of the substrate and the thermometer mounted on characteristic dimensions of XQL0X 10 cm will require fur-
post above the surface of the Teflon washer are clearly vigher refinement of the sample preparation scheme. It is pos-
ible in the photographs. The date and the real time of obsessible that in order to obtain samples of the necessary shape,
vation are indicated in the left- and right-hand corners, rethe condensate will have to be pressed into the working cell,
spectively. as was done in Ref. 4. A series of experiments with deute-

If the cloud or, more precisely, oval iceberg at the exitrium samples in the wide cell is planned for the near future.
from the tube fell onto the pile of ice flakes, it made a de-
pression in the surface of the pilas when a dense snowball CONCLUSION
is dropped on fallen snowi.e., the mechanical properties Research on the properties of impurity—helium conden-
and density of the pile and iceberg are noticeably differentsates, i.e., novel nanocluster systems existing only at low
Heating the liquid to a temperatuiie>1.8 K led to partial temperatures, has expanded markedly in recent years. Pos-
homogenization of such samples. However, in all cases thsible uses for these materials in modern science and technol-
diameter of the sample was close to the diameter of the tub@gy are being explored, e.g., for studying the kinetics of
so that we were unable to prepare a sample that uniformlyeactions between free radicals at low temperatures, for pre-
filled the entire surface of the substrate, as we would havearing low-temperature fuel elements containing free radi-
liked. cals on the basis of helium—impurity condensétés, accu-

The evolution of the shape of the sample as the He Imulating and storing ultracold neutrohsnd for obtaining
level was lowered smoothly at a constant temperaflire suspended clouds of ultradisperse metallic powder by the
~1.40 K is illustrated by frame 3. We see that in the vaporevaporation of a metal suspension in gaseties at helium
above the liquid the protruding part of the sample graduallytemperaturegsuch clouds are used for visualizing the distri-
decomposed, so that the height of the pillar gradually debution of Abrikosov vortices in superconductprs
creased. It is seen that grains of amorphous ice appeared on Our research experience has shown that the structure and
the surface and remained even after the complete decompproperties of impurity—helium condensate samples depend
sition of the condensatérame 4 and the raising of the substantially on the preparation technique and the properties
temperature above 4.2 K. The temperature of the superfluidf the surrounding medium. For this reason it would be ex-
He Il in this experiment was held constant, but on the lastremely interesting to conduct experiments on the prepara-
frame the liquid level was almost 1 cm below the Teflontion and properties of such condensates in a microgravity
washer, so that the temperature registered by the thermorenvironment, where the structure of levitating and superfluid
eter at the center of the substrate was 2.18 K, while thesamples will be determined primarily by the features of the
temperature at the level of the second thermometer waisiteraction between van der Waals complexes, which form
2.6 K. neutral nanoclusters coated with a layer of solidified helium.

At high rates of admissionAP>1 Torr) a plane layer These studies were done with the support of the Russian
of condensate forms at the He II—-vapor interface, growing-oundation for Basic Research, the Moscow District Gov-
from the wall towards the center of the tube. As in the nar-ernment(Grant 01-02-97037 and the Ministry of Industry
row cell, the formation of a continuous layer at the phaseand Science of the Russian Federation.
boundary led to a jumplike growth of the pressure in the tube  The authors thank their laboratory colleagues G. V. Kol-
and to destruction of the condensate layer. makov, A. A. Levchenko, V. B. Efimov, A. V. Lokhov, V. N.

In two trial experiments we replaced the watarhighly ~ Khlopinskii, and M. Yu. Brazhnikov for their interest and
polar liquid that tends to form clusters in the saturated vapoassistance in this study and V. V. Nesvizhevsky for helpful
even at room temperatupdsy ethyl alcohol(a slightly polar  discussions.
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The EPR spectra of CH CH,D, CHD,, and CDL radicals in a H matrix have been observed

in the temperature range 1.6—4.2 K. The radicals were obtained by condensation of two

gas flows on a cold substrate: deuterium mixed with 2 mol % methane passed through a discharge
and pure hydrogen bypassing the discharge. The &l CHD, spectra were found to be a
superposition of two spectra: high- and low-temperature. A transformation of the shape of 4he CD
and CHD spectra with decreasing sample temperature was observed. This was attributed to

a change in the populations of the lowest rotational states of the radicals. Compared to the known
results for deuterated methyl radicals in Ar, the present observations suggest the existence of

a barrier hindering the rotation of radicals in solig.HO 2003 American Institute of Physics.

[DOI: 10.1063/1.1582334

1. INTRODUCTION The present study is concerned with deuterated methyl
radicals in a different matrix in order to clarify whether the

The methyl radical (Ck) isolated in various matrices effect found iff occurs in other matrices and to obtain new

has been extensively studied by EPR since the late 19%0s. experimental results which would be helpful in verifying the

At low temperatures near 4.2 K the EPR spectrum of thefree rotation modet.

radical is well-known to consist of four lines with equal in-

tensity 1:1:1:1 instead of with the binomial intensity distri-

bution 1:3:3:1. This effect was first explained by McConhel. 2. RESULTS AND DISCUSSION

The equal intensity of four lines was attributed to the sym-

metry requirements of the wave functions. According to Mc-5 thin-walled bottom of a quartz finger filed with liquid
Connel and Freécth_ree_ protons move around & @i0lecu-  pejiym. Located at the center of the microwave cavity in an
lar axis in the matrix in a three-fold potential well with @ gpr spectrometer, the bottom is used as a substrate. Both the
finite barrier height. The lowest torsional rotational energy,¢ gas dischargechannelA) and the matrix gas flowing
level is split into two levels: a lower Ievell with symmtedy through a separate inlet tube to bypass the gas discharge
and a doubly degenerate upper level with symm@&ryAt  (channelB) can be cooled down to liquid-nitrogen tempera-
sufficiently low temperatures only the lowest spin-rotationaly;re. The products of the gas discharge are fed, without in-
A state with four symmetric nondegenerate nuclear spifermediate feed tubes, directly onto the substrate in vacuum
functions is populated. Thus the EPR spectrum is a 1:1:1:§5 prevent their decomposition on the tube walls. Thus the
quartet. The rotation is considered to be a tunneling transisamme is obtained directly in the cavity of the EPR spec-
tion and may occur even at liquid-helium temperatures. Inrometer, allowing EPR observation of the sample during
such tunneling rotation not only the state but also th&  condensation and making it possible to study short-lived cen-
nuclear spin states appear when the next higher rotationgrs(e.qg. free radicalsdue to the gas discharge products. The
levels are considered. The EPR transitions corresponding @xperimental setup has been described in previous p&pers.
these states were first observed in Ref. 5 for an isolated me- |n the present experiments molecular deuteriun)(D
thyl radical. In contrast to Ckithere are only a few studies mixed with 2 mol % methane (CHl was prepared in a glass
on deuterated methyl radicals (gDCH,D, and CHB}). A vessel and passed through the chamelith the discharge
spectrum of seven components with a “nonbinomial” distri- on. Simultaneously, Hwas fed through the channBl The
bution has been predicted for the ¢iadical at low enough  atter flow was much larger than the discharge flow, thereby
temperatures. A septet has been observed in 2188trix'®  providing an admixture of Pas small as about 1:30 in aH

at 4.2 K and solid Ar at 13 K.Even though these experi- matrix. A pulsed discharge was used with an off-duty factor
mental results are consistent with the above-mentioned thef 10. The substrate temperature during deposition was 4.2
oretical scheme, a different configuration has been observed. Figure 1 shows the EPR spectrum of a sample of sojid H
in Ref. 5 for CDy in Ar at 4.2 K showing a strong singlet with trapped radicals. The experimental spectrum shows
superimposed on a weak septet. The authors explained thejeven strong lines due to the gEadical and weak lines due
results with a new model based on a free, three-dimensionalp CH;, CH,D, and CHD radicals. High-field lines with a
quantum rotor with no hindering barrier present. Theyhigher gain are superimposed. The outermost peak is a high-
pointed out that when the Pauli principle is applied the elecfield component of the Cispectrum which is composed of
tronic state has to be included in order to obtain the correctour lines of equal intensity and has been studied in,a H
overall exchange symmetry for bosons. matrix® Three equally spaced lines are present in the@H

The solid samples were obtained by gas condensation on

1063-777X/2003/29(6)/3/$24.00 519 © 2003 American Institute of Physics
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f=9349.98 MHz
42K

T=42K

A T
CD3
B,G 3375 3355

3335 3315 31K
FIG. 1. The EPR spectrum of a solid, ldample with trapped methyl radi-
cals. The substrate temperature during depostionTyas-4.2 K.
spectrum. These are a triplet due to the hypertitie) split-

-—

tings of two hydrogen nuclei, a major triplet, and one minor
deuterium triplet. One peak on the left-hand side of the high-
gain spectrum is a purely CH:omponent, while its right-
hand neighbor is composed of the outermost left-hand CD
component, a CHP line, and a CH transition atmg
= —1/2. At high enough temperatures the CiHpectrum is
a double quintet. Thus the spectrum in Fig. 2 is a superposi-
tion of several spectra.

We have found that the seven glines have the same
linewidth AH=0.86(6) G with hf splitting SH=3.59 G.
Except for the central line, the relative intensity ratio
1:3:6.5:12:6.5:3:1 is close to the “binomial” intensity distri-
bution 1:3:6:7:6:3:1. In Ref. 5 it was observed that at tem-
peratures above 10 K the intensity distribution for OB Ar
is almost “binomial” and is due to not only thé=0 popu-
lation but also higher rotational levels. When the temperature
was lowered to 4.1 K the central line increased while the
other six lines decreased rapidly in intensity. As a result, the
intensity of the central peak relative to its neighbor reached B
15. It was shown that the spectrum corresponding toJthe
=0 rotational level is a singlet. We can conclude from ourFIG. 2. The central part of the temperature-dependent EPR spectra of a CD
study that the spectrum of GOn H, at 4.2 K is a superpo- rTad|c::aL|1 |2nKa H matrix. The substrate temperature during deposition was
sition of a high-temperature nearly “binomial” spectrum and >~
a low-temperature singlet. The above-mentioned; Gplec-
trum with four equal lines correspondsde-0 and is there-
fore a low-temperature spectrum. Such a difference betweemethyl isotopomers (CH CH,D, and CHDB) with excess
the CH; and CD; spectra is not surprising because the en-deuterium atoms have been studied previously by discharge
ergy gap between thie=0 andJ=1 rotational states for free flow/mass spectrometry.
CHj; is twice the CIQ gap. Therefore thd=1 state of the Figure 2 shows the central part of the £Bpectrum
CD; radical is not populated at low temperatures close to 4btained at several temperatures. The central peak mith
K. We also found that the CHPDspectrum is actually a su- =0 clearly increases rapidly with decreasing temperature
perposition of high- and low-temperature spectra. This willwith respect to the neighboring transitions. We plotted satu-
become clear below when we describe temperature effectsation curves, i.e. the intensities of the central and neighbor-
We have not been able to draw any conclusions about thimg lines versus the microwave power, and we found that at
CH,D spectrum appearance because the centraDQHplet 4.2 K and 1.6 K the high-temperature spectrum shows no
could not be seen because of the strongs;Gansitions  saturation in the experimental power range, whereas the cen-
which are superimposed on it. According to Fig. 1 thetral peak starts to saturate at 4.2 K, reaching prominent satu-
amount of CI is well above that of the other radicals. We ration at 1.6 K. Such a difference in the saturation behavior
estimated the yields of the deuterated methyl radicals witlbetween the lines is further evidence that the central peak is
respect to the CHyield. These were found to be 35:1 for actually a superposition of transitions due to different states.
CDs;, 2:1 for CHD,, and 1.3:1 for CHD. Therefore we Figure 3 shows the change in the shape of the high-field
conclude that methane in our discharge was almost conmguintet of the CHD spectrum. The outermost left-hand tran-
pletely deuterated through the intermediate productsBCH sition (mg(D)= —2) of CHD, is superimposed on the out-
and CHD to the final product CD. The reactions of the ermost right-hand line of the G high-field triplet. Here D

2.2K

1.6K
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CHD, well as the CHD quintet changes to a triplet as temperature
| | l ! cD, decreases. This change from a high- to a low-temperature
CH,D T spectrum for CHD corresponds very well to a GDradical

I — in H,.
3. CONCLUSIONS
42K
The present results not only verify the effect of tempera-
ture on the shape of the Ghand CHD, spectra first ob-
served in AP In addition, comparing the temperature ranges
for these spectral transformations 10—-4.2 K and 4.2-1.6 K in
3.5K Ar and H, yields new information. Since the spectrum

changes which we discuss are due mainly to changes in the

population of the lowest statds=0 andJ=1 of the trapped
radicals, the difference in the range suggests that the energy
interval between the above rotational states is larger in Ar
than in H. In turn, the decrease of this interval for a trapped
molecule as compared with a free molecule is due to hinder-
21K ing of the rotation of the molecule in the matrix. Since the
CD;—H, interaction energy is lower than that of GbAr,
the rotation of CR3 in H, should be freer, i.e. the effect on
the rotation of the radical should be weaker in Ar. Indeed,
solid H, is well known to have a smaller effect on the pa-
rameters of various radicals than many other matrices. How-
1.6K ever, our result suggests that the phonon-rotation coupling
for CHD, and CD, molecules in H is surprisingly large.
This unexpected conclusion requires further theoretical and
experimental study.

FIG. 3. Temperature-dependent high-field quintet of the spectrum of ,CHD *
matrix-isolated in solid K. The substrate temperature during deposition
wasTg,=4.2 K.
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The structure and morphology of low-temperature quench condensed binary alloys of hydrogen
with argon and krypton were studied by powder x-ray diffraction. The nominal hydrogen

fraction c in both systems was varied from 0 to 50%; the condensation was performed at 5-6 K;
both as-prepared and annealed samples were examined by x-ray diffraction. Few reflections
(and often only onecan be unambiguously detected for the as-grown alloy samples. In Kr—H
condensates with<10% the x-ray patterns show fine-grain krypton-rich crystallites with

a rather high actual hydrogen content as estimated from Vegard’s law. For high nominal hydrogen
fractions €=10%) no reflections attributable to the krypton lattice were recorded and the
incoherent background showed no characteristic swelling around the position dfllhe
reflection from pure Kr; instead, the reflections from a hydrogen-rich hcp phase were

distinct. As the temperature was steadily raised the hydrogen reflections disappeared first. Then
at a certain temperature the samples underwent an abrupt transformation as a result of

which heat was released and larger x-ray detectable textured krypton crystallites were formed. In
the as-grown Ar—K samples only th€111) reflections from the argon-rich phase were

recorded. Warmup led to the same consequences, i.e. hydrogen effusion followed by
recrystallization. In both systems the recrystallization onset temperature depends substantially on
the nominal hydrogen fraction in the gas. The shift of the lattice parameter in the as-grown
argon-based phases suggests strong suppression of the quantum nature of hydrogen in the argon
lattice environment. The experimental findings viewed as a whole can be construed as

evidence of the fact that quench-condensed hydrogen-containing alloys morphologically resemble
helium-impurity solids(gels whose structure and morphology are currently being studied at
Cornell University. © 2003 American Institute of Physic§DOI: 10.1063/1.1582335

1. INTRODUCTION Subsequently, studies at Cordeflled to the conclusion that
. . these materials are highly porous amorphous media made u
Binary systems such as mixtures of hydrogen and rare . any p b de up
. . . . . of particles or small clusters surrounded by layers of helium,
gas (RG) species are interesting for solid state physics be- " . e
) L LT . . “which could be considered to be solidified because of the
cause the relative simplicity of the basic interactions in-

. . . . external forces due to the impurity—helium interaction. Since
volved permits an unambiguous interpretation of the phe- ) .
drogen cannot guarantee heat removal as in superfluid

nomena observed. Because of the large difference in th ; . . o
He, in order to get a hydrogen—impurity solid it seems

molecular parameters- and ¢ between hydrogen and the hwhil h d . f th di
heavier rare gas atoms one can hardly expect an appreaciaBYQrt while to try quench condensation of the corresponding

equilibrium low-pressure solubility in the solid of these mix- Mixture at high deposition rates. So, one of our main objec-

tures at both ends of the fraction range. Only the appplicatiofiVéS Was to look for possible highly amorphized states in

of a considerable pressure makes some of these mixtur&@9th systems. On the basis of the known mismatch of the
form stoichiometric compounds like Arg, (Ref. 1 or a molecular parameters between the heavier rare gas atoms and

series of such compounds in hydrogen—methane mixtureshydrogen we expected to obtain condensates whose proper-
There are other high-pressure hydrogen-based compounti§S would resemble those of impurity—helium solige!s.

(cf. Schouten’s review) The low mutual miscibility of hy- Apart from this main objective we wanted to elucidate
drogen with the heavier rare gas species might be helpful i#he structural consequences of admixing heavy RG species to
producing hydrogen-based self-sustained condensed medfa/drogen and quench condensing the mixture. This is impor-
This idea with *He as the binding material was first tant for several reasons. It was of greatest interest to deter-
suggestetl and subsequently implementedin Cher-  mine the equilibrium miscibility edge on the RG side, which
nogolovka, Russia. The preparation technique consists ii$ important for low-temperature thermodynamic investiga-
blowing a jet of the species chosen into superfitkig. The tions of dilutions of various molecular species in solid hy-
pivotal factor is the extremely high thermal conductivity of drogen(cf. the overview by Manzheliet al*°).

superfluid helium, which enables rapid dissipation of the en-  In the present paper we report the results of powder
ergy accompanying the particles in the jet. These helium-x-ray studies of the binary systems Arytdnd Kr—H, for
impurity solids with different impurities were extensively concentrations rich in the rare gas elements. Special attention
studied later by Gordon’s groufior references see Ref).6 was paid to the structure and phase state of the samples and

1063-777X/2003/29(6)/5/$24.00 522 © 2003 American Institute of Physics
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the effect of the deposition rate of the gas mixtures. These (111) Kr
results are analyzed in the light of possible hydrogen— a pure Kr
impurity solids(gels.

2. EXPERIMENTAL

The structural studies were performed with a DRON-3M
x-ray diffractometer equipped with a liquid-helium cryostat.
FeK, radiation was used. Diffractometer control and data
acquisition and processing were performed from a PC.
Samples were produced by condensing gas mixtures with
known composition directly in the solid phase onto a flat ) . ) . . X
copper substrate at temperature 5 or 6 K. This procedure 30 32 34 36 38
allowed us to suppress hydrogen’s natural tendency to grow 20, deg
into large single crystals and instead to obtain 0.1 mm thick

polycrystal samples with coherent scattering area of the ordér'G. 1(; Fragment of x-ray powder patterns from pure krypten and

of 10°4=10"5 c¢m in size. The H, Ar, and Kr gases used Kr—20%H, (b), botrl obtained by que_ncr_l deposmon_ from gas onto a flat
Y The fracti f | hvd in th copper substrate dt=5 K. The arrows indicate reﬂe_ctlons from the respec-

were 99.99% pure. € Tracton of normal hydrogen in th&;e crystal planes. Note the absence of Kr reflections from the hydrogen-

Ar—H, and Kr—H, gas mixtures was varied from 1 to 50%. doped as-grown sample.
The relative error in the composition of the binary gas mix-
tures did not exceed 5% with respect to the amount of hy-

drogen introduced. . . .. typical of systems with well-formed short-range order, were
The sample preparation procedures employed in this ingresent in the incoherent background. Third, even though the
vestigation was based on our experience in working Withyyqrogen fraction in the mixture was lower, we saw distinct
solid hydrogefi” and hydrogen doped with netrand SOMe  reflections from a crystal phase that could be attributed to a
other simple mo'eC”'?@The condensate was grown in tWo pyqrogen crystal, possibly with nonzero krypton content
deposition regimes differing by the amount of material in &g 1) The substantial qualitative changes in the diffraction
single gas deposition burst. In one regime every depos't'oBatterns between 4 and 10% allowed us to infer that the
step resultedni a 3 to 4torr pressure drop inside the gas gamples with 10% and higher nominal hydrogen content
mixing chamber; in the other regime the pressure drop Wagaye an unusual morphology. To all appearances the krypton-
typically twice as large. In order to avoid selective freeze-out;., phase in those as-grown samples was in an amorphous
of the less volatile rare gas component from the gas mixturg/anq highly dispersed state, while part of the hydrogen
flowing from the chamber to the substrate the temperature Gf,c(ion with a relatively low krypton content was crystal-
the filling duct was maintained at a sufficiently high level |i;o4 into a fine-grained textured phase, which was record-
close to room temperature. To this end the thin-walled stainzo by x-rays. The hydrogen-rich phase observed within the
less steel filling capillary was connected to the cooling cham-range of 10—40% nominal concentrations was nonstrained
ber through a teflon capillary. _ and structurally perfect; thé002) reflection had a small
_ The samples were examined by x-ray powder diffractionyigih of 0.1-0.15°. Variations of the deposition rate did not
immediately after deposition and then after steppeq WarMuBect the sample’s parameters. By applying the straightfor-
(every 5 or 10 Kto 50 K. The temperature was stabilized 0 \arg Viegard law, i.e. using the cube root of the molar vol-

within 0.05 K at every working point. Because the number,me of pure krypton and hydrogen, we estimated the actual
of recordable reflections was small and individual reflectlonskrypton concentration, in hcp H, to be around 4%. It
; :

from different phases overlapped with one another the latticg o4 pe added here that the angular position of the mixed
parameter was determined with an error that was appreciablyysta|s depends not only on the impurity concentration but
larger than is t_yplcal for x-ray studies of pure cryocrystals,;iso on the stacking-fault densiy, which could be quite
but the error did not exceett 0.05%. high, especially in freshly grown samples. It is quite safe to
evaluate the impurity concentration using t0@2) reflection
of a hcp structure, because it is the position of this reflection
One of the main goals of this work was to determine thethat is unaffected by stacking faultsThe fcc (111) reflec-
structural state of as-grown samples and, when possible, t&on, which we have at our disposal for the Kr-rich phases
evaluate the limiting solubility of hydrogen in the two rare shifts to higher angles owing to stacking fadttsThe (111)
gas solids under the condensation conditions specified abovegflection from pure quench condensed krypton in Fig. 1 is
The structure of freshly grown samples differed substantiallyappreciably shifted to larger angles. Attributing this shift to
for different nominal hydrogen contentsin the gas mixture.  stacking faults we fintf that a corresponds to on average
11+ 3 planes beween faults, which is a very high density but
fairly consistent with the reflection width and intensity. The
In experiments with elevated hydrogen contert ( strong effect of stacking faults on the position of #id1)
=10-40%) we obtained patterns with rather unexpectedeflection makes the estimate of the actual hydrogen concen-
properties. First, not all as-grown samples deposited 6 K tration uncertain, and it tends to be underestimated because
substrate produced reflections characteristic of a krypton latoth factors(impurities and faults shift the (111) line to
tice. Second, no smeared maxirt@iffuse halg, which are  higher angles.

Intensity

b Kr-20% H, (002) Hy

3. RESULTS AND DISCUSSION

A. Krypton
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FIG. 3. Annealing onset temperatures of Kr—~¢D) and Ar—H, (®) alloys

FIG. 2. Effect of warmup on the structural state of a Kr—309loy, as a function of the nominal hydrogen fraction in the source gas mixture.

quench deposited at=5 K. All patterns were recorded without a filter to
see the evolution of the sample more clearly. Pattayris from a sample

freshly quench deposited at 5 K; only tl@02) reflection from the basal o . .
plane of the hexagonal hydrogen-rich lattice can be seen; aefection 5% may be considered as constant and corresponding to the

from hydrogen is seen at smaller angles. The pattésnshrough(d) cor- absolute lattice instability edge. The uncorrected Vegard's

respond to annealing temperatures 35, 43, and 48 K, respectively. law gives an appreciable hydrogen concentrati¢hl, in
Kr)=(1.4=0.3)%, the presence of hydrogen being mani-
fested in a slight lattice constriction. However, it should be

There is another consideration that should be taken int&ept in mind that this estimate neglects stacking faults. The
account when Vegard’s law is used to estimate the actyal Hreflections observed were all the more intense, the lower the
content in Kr. As will be shown below, when,Hlissolves in  nominal hydrogen fraction. Irrespective of the condensation
an argon lattice the quantum nature of the hydrogen molrate the reflections were broadened, which suggests small
ecules is strongly suppressed. Although we do not have digrain sizes and a high concentration of lattice defects.
rect unambiguous evidence for Kr-based mixtures, it seems The gas deposition rate was manifested primarily in the
quite reasonable to assume that this consideration is als@riations of the temperaturEs where recrystallization and
applicable for the Kr matrix. If the zero-point motion of the annealing of amorphous specimens occurred. In general, the
hydrogen molecules is ignored, then the lattice parametesrystallization temperature was somewhat higher at higher
appearing in Vegard'’s law should be calculated not from theeondensation rates. Thus, for the low-rate condensation re-
actual molar content of jbut rather from the value af3,'®>  gime crystallization of the apparently amorphous
wherec=2.96 A is the van der Waals radius of the hydro- Kr—20%H, condensate was observed at 35 K. At double the
gen molecule. deposition rate crystallization started at around 40 K.

When samples with a high nominal hydrogen content A more pronounced dependence of the crystallization
were warmed up to 14 K or higher, the reflection from theonset temperature for krypton-based mixtures was observed
hydrogen phase disappearémbmparea and b in Fig. 2). by varying the composition of the source mixtur€sg. 3).
When the temperature was increased to 30 K, a very broaB8amples with 10 to 25% Jistarted to recrystallize at 35—40
and weak reflection identified as thEL]) reflection from the K. The crystal phase in recrystallized samples was strained
krypton-rich phase appearddurve c). As the temperature and imperfect; this was inferred from the broad and low-
was raised still higher, the reflection grew in intensity andintensity reflections. Keeping the samples %oh even at the
became narrowecurved). It can be surmised that hydrogen crystallization onset temperature resulted in complete recrys-
effusion from krypton started within this temperature rangetallization, the intensity and width of the Kr reflections ap-
At a certain temperatur€, abrupt annealing an@e)crystal-  proaching the values observed previously for pure krypton. A
lization occurred, which was manifested as much higher inslight temperature increase considerably quickened the pro-
tensities and smaller widths of the reflection. cess. Samples with the nominal hydrogen content ranging

The traced, ¢, andd in Fig. 2 can be used to evaluate from 30 to 40% recrystallized at higher temperatures in the
the actual concentratior,, in the Kr-rich phase at higher range 45-55 KFig. 3). The curve for the Kr—k system has
temperatures. Here we must take into account the numeroaskink at lowerc values, which might reflect the basic dif-
stacking faults which are inevitably present in the sampleferences in the structure and morphology between samples
Assuming their density to be the same-1/11 as that found grown from hydrogen-dilute and hydrogen-concentrated gas
in the quench condensed sample of Fig. 1, we obigjn mixtures. The distinct shift of the crystallization onset tem-
=(3.820.4)% at 35 K and (3.50.5)% at 43 K(We made perature to higher values at higher nominal hydrogen frac-
use of the lattice parameters measured for pure Kr at differtions indicates that hydrogen tends to stabilize the unusual
ent temperatures by Losee and Simmhsfter the quick  amorphous krypton phase in as-grown samples.
recrystallization is complete@draced), the sample should be The latest results obtained by the Cornell grotiishow
virtually hydrogen-free. Indeed, to within the total error, thethat morphologically the so-called impurity—helium solids
position of the(111) line is identical to the position for pure are highly amorphous media where the impurities form a
Kr at the same temperature; this implies that the stackingmultiply connected network of separate atonmsmers,
fault and impurity concentrations are close to zero. chains, nanoparticles, and so on isolated from one another by

For lower nominal hydrogen fractions€10%) we saw layers of helium, presumably in the solid state. Basically, the
only reflections that could be attributed to tti4.1) line from  impurity system can be treated as a non-self-sustained gel,
a krypton-rich cubic lattice with a somewhat smaller latticewhich is stabilized at low enough temperatures by the helium
parameter than in pure krypton. Within a rather large uncerspacer layers. As the sample is warmed up, the impurity frac-
tainty, the respective lattice parameter shiftsder1,2, and tion starts to coalesce and the latent heat causes helium
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FIG. 4. The cubic lattice parameter of the krypton-rich phases in Kr—H
mixturesversusthe nominal hydrogen fraction in the source gt open  FIG. 5. Effect of hydrogen impurities on the angular postion and intensity of
and filled circles are, respectively, for as-grown and completely annealethe (111 reflection from quench grown Ar—Hsamples: pure argo(a);
samples The long-dash curve shows the uncorrected Vegard law for thiscondensates with nominal hydrogen fractions of 1@sand 30%(c).
sytem. The dotted curve is the corrected Vegard (fwan explanation see
the argon subsection in Seg. 3

temperature we identified this reflection as tidl) line

from the hydrogen-rich fraction. Over the entire nominal H
atoms to effuse, which in turn causes an abrupt reorganizgpncentration range we did not identify any reflections from
tion of the material. In many respects, the hydrogenthe hydrogen-rich phase, either upon condensation or after
containing krypton-based mixtures studied in this work re-annealing fo 1 h at 10-12 K.
semble impurity—helium media. There is some evidence The above findings allow us to conclude the following.
confirming this assumption, among other things, the highlysince it is unlikely that hydrogen formed a superfine-grain
amorphous state of the krypton-rich phase: the strong depe@hase we surmise that,Hentered completely into the argon
dence of the crystallization onset temperatdig on the |attice as well as the hydrogen—argon gel, whose existence
nominal and, presumably, actual hydrogen concentrationgannot be ruled out. The following facts support this assump-
and the very existence dfs at which a sample undergoes tjon: 1) reflections from as-grown condensates are weaker
radical and fast reconstruction. What can be said for sure ignd wider than those from pure as-grown samplesefec-
that hydrogen is a factor that stabilizes those amorphougons from the argon-rich phase are substantially shifted to
states. larger angles than for pure argon; 8 considerable increase

In Fig. 4 we plot the post-annealing lattice parameter of the recrystallization onset temperature with increasing

of the samples as a function of the nominal hydrogen frachominal hydrogen fraction was observed. At the same time
tion ¢ in the gas mixture. All values af were determined at  gnnealing of the samples resulted not only in higher intensi-
5 K. The *final” value of a is virtually independent of.  tjes and smaller widths of the reflections but also a substan-
Assuming no stacking faults and using the corrected Vegtig| shift to smaller angles, i.e. larger lattice parameters of the
ard’s law (dotted ling we evaluate the actual hydrogen con- grgon Jattice, closer to the values typical for pure crystalline
centrationxy to be close to 1%the uncorrected Vegard's argon. The effect of annealing on the intensities and line
law yields 4%. This figure is the ultimate estimate of the yigths of the argon matrix is clearly demonstrated in Fig. 6.

equilibrium solubility of H, in solid crystalline krypton. Annealing atT>20 K resulted in stronger and narrower re-
flections from thg(111) plane of the argon matrix. A shift of
B. Argon this line to smaller angles is clearly seen, which again means

- an increase in the lattice parameter. Figure 7 shows the effect
The structural characteristics of as-grown A-EDN- ot v rogen impurities on the cubic lattice paramedeof
densates differ considerably from those observed for Kr—H o Ar matrix in as-grown and annealed samples. An unusual

condensa_tes. There was an impor?ant peculiarity: the brightﬁnding is thata in the as-grown argon-based phase, where a
est reflectionst111) from the Ar cubic phase an@02) from finite hydrogen concentration is expectedsisallerthan in

the hexagonal biphase—overlap, which makes it difficult to annealed samples, which are presumably devoid of hydrogen

identify reflections. Other reflections could not be used beimpurities, opposite to what can be expected from a straight-

cause, just as in the Kr—system, they were absent, which ¢,\a14 Viegard line, whose slog@owever smajl must be

might be indicative of texture even in very fine-grained qitive This fact suggests the following reasoning. The in-
samples. Therefore some conclusions for the Ar-sistem

are less reliable than for the KroHystem.
We call attention to the following findings for the Ar—H
mixtures. First, irrespective of the growth regime, for nomi-

Ar-H2

nal hydrogen concentrations up ¢e=50% mixed samples 10001 -
gave reflections that were broader and weaker than pure solid %
argon prepared under similar deposition conditi¢iig. 5). E; 500+

c

) : b
Pure argon was easily annealed at a comparatively low tem- WWWWW
perature around 16 K. The annealing onset temperature in- 0 / v Y <
creased almost linearly with but always remained lower 34 36 38 40 42
than for the Kr—H system(Fig. 3). Second, although the 20, deg

assignment of the only recordable reflection was dUblou‘lﬁ—IG. 6. Effect of annealing on the intensity and half-width of {141

(GaUSSian d_e_ConV0|Uti0n always gave On_ly one)lihﬂigin_g reflection in the Ar—H system. Tracéa) is from an as-grown Ar—20%H
from its position and the general behavior as a function otondensate; tracg) is from the same sample upon annealing.
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5.32 differences in the morphology and structure of as-grown
o samples, including the actual hydrogen content in the phases
............. ’ rich in both rare gasegRe)crystallization occurred rather
------------- quickly, releasing an appreciable amount of latent heat.
--------- 3. On the basis of the above experimental findings we
believe that the states formed in as-grown samples are in
many respects analogs of helium—impurity medigls.
These mixtures, which comprise two substances differing
: strongly with respect to the molecular parameters and are
530F Ar-Hp self-sustaining at low temperatures, have a highly amorphous
: structure and undergo explosive separation at a certain tem-
perature whose value depends on the impurity employed.
4. As-grown Ar—H condensates exhibited a weaker ten-
dency to form hydrogen—impurity media than Kr-based

531 *

a A

5.29r : A A A samples. This finding can also be an indirect confirmation of
A A the assumption made, since the difference in the Krsy$-
L . ! . ! tem is larger than in the Ar—Hsystem, so that the latter
0 10 20 30 40 50 system should be more likely to form the standard substitu-
¢, mol.%H, tional solid mixtures.

N _ _ This work was funded by the CRDfrant UP2-2445-
FIG. 7. The cubic lattice parameter of krypton-phases in Ag-phixtures H-02). We thank V. V. Kh lenko f icati hi
versusthe nominal hydrogen fraction in the source gas for freshly depositeoK -02). . € than - meilenko tor Comm_umca Ing his
specimengA); annealed specimerd). The dashed curve shows the un- results prior to publication and A. A. Solodovnik for valuable

corrected Vegard law for this system; the dotted curve is the corrected Vegliscussions.
gard law(for an explanation see the argon subsection in Sec. 3

. . . *E-mail: galtsov@ilt.kharkov.ua
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The thermal conductivity of a solid parahydrogen crystal with methane admixtures was measured
in the temperature range 1.5 to 8 K. Solid samples were grown from the gas mixtures at 13 K.
The concentration of CHadmixture molecules in the gas varied from 5 to 570 ppm. A very broad
thermal conductivity peak with an absolute value of about 110MWAK) was observed at 2.6 K.

The data were interpreted using Callaway’s model with resonance scattering of phonons by
quasilocal vibrations of Cjdmolecules and phonon—grain boundary and phonon—phonon
scattering. As grain boundary scattering increases, the broadening of the peak decreases. The
analysis shows that a solid mixture pfH, and CH, is a heterogeneous solution for ¢H
concentration higher than 0.1 ppm. @03 American Institute of Physics.

[DOI: 10.1063/1.1582336

Crystalline parahydrogen can be used as an “inert” ma-was measured by the steady-state flow method in the tem-
trix to study the dynamics of matrix-isolated atoms and mol-perature range 1.5-8 K. The samples were prepared using
ecules and their interaction with the crystal environnient. H, gas(99.9999 vol.%, Messer Coand CH, gas(99.5%.

The thermal conductivity is very sensitive to the dynamicThe chemical impurities in H were Q=<0.5 ppm, N
impurity—matrix interaction. At liquid-helium tempertures <0.5 ppm, HO=<0.5 ppm, HG<0.1 ppm, CO(CQ
(T<O®) the inelastic anharmonic phonon—phononpro-  <0.1 ppm. The CH gas contained 1.76% GB, 0.12%
cesses inp-H, freeze out. A considerable fraction of the CHD;, 0.043% N, and 0.007% @. Parahydrogen contain-
p-H, molecules are in the rotational ground state. As a reing less than 0.2% orthohydrogen was obtained by conver-
sult, a defect-free purp-H, crystal has a very high thermal sion of L-H, in contact with Fe(OH) below 20 K. The gas
conductivity®=® The introduction of even small amounts of mixtures were prepared in a stainless steel vessel at room
molecular or atomic impurity decreases strongly the valugemperature. The error in the estimated Gidncentration in
and temperature dependence of the thermal conductivitthe mixture was less than 20%. Optical polarized light obser-
K(T) at temperatures near the phonon p&ak.The main  vation showed that the solid samples all consisted of several
source of phonon scattering is the dynamic disorder proftwo or three parts, which differed with respect to the direc-
duced in the crystal by the sharp mass difference between thi@ons of thec axis of their hcp lattice. Unlike purp-H,, the
substitution impurity and the matrix molecule. Another fac-p-H,—CH, samples were multicolored and their colors
tor reducingK(T) could be resonance phonon scattering bychanged with the angle between the light polarization vector
molecular clusters—orthohydrogen clusters or impurity mol-and thec axis.

ecules with rotational degrees of freedoht? K(T) was measured for several pyseH, samples and

In the present studit(T) of purep-H, and CH,-doped  (p-H,)(;-¢)(CH,). solutions. The Chl concentration ¢) in
p-H, was measured to determine how the rotational motiorthe initial gas mixture varied from 5 to 570 ppm. The experi-
of the CH, molecules affectsK(T) in p-H,. A CH, mol-  mental temperature dependen&dd’) for purep-H, in this
ecule in a H matrix can be treated as a heavy point defectwork and in the published ddt& are shown in Fig. 1K(T)
[(Mcp,—my,/my,)=7] and as a weakly hindered quantum for pure p-H, at temperatures near the phonon peak agrees
CH, rotor? Strong resonance phonon scattering by the rowell with the published dat& but it is one-tenth the record-
tational CH, excitations has been detected previously. It ishigh value reported ii. The good agreement observed for
manifested as a dip in the temperature depend&ifd® for  the thermal conductivity in purp-H, measured in three in-
solid krypton with CH impurity.** dependent experiments could be due to the close isotopic

The experiment was performed using a specially de{natura) compositions of the klgas used in this work. In
signed liquid?He cryostat® The samples were prepared and other wordsK(T) at its peak was limited by phonon scatter-
K(T) was measured directly in a glass amgél7 mm in  ing by H, isotopes, mainly HD molecules. The isotopic ratio
diameter and 67 mm longn the sample chamber of the R=[D]/[H] for H, with the natural composition is
cryostat. The samples were grown frgrvH, gas near 13 K. (1.39-1.56) 10" 4. Mass-spectrometric analysis of, Hjas
After controlled cooling down to 4.2 KK(T) of the sample showed that HD molecules were present in the initial gas.

1063-777X/2003/29(6)/3/$24.00 527 © 2003 American Institute of Physics
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FIG. 2. The temperature dependence of the thermal conductivity of parahy-

. ) ) o drogen with a CH admixture. The points are our experimental data for pure

1 7 parahydrogen; the solid lines are the theoretical calculations#®.1, 1,
T,K and 10 ppm CHin p-H,.

FIG. 1. The temperature dependence of the thermal conductivity of solid
parahydrogenO (Ref. 8; @ (Ref. 9; ¢, A (Ref. ?—for p-H, with 0.2% . . )
0-H, and p-H, with 0.34% o-H,, respectively;*, *—present data for the Debye approximation to describe the phonon spectrum.

samples 1 and 2, respectively. In solid p-H, the resistive processes are due to phonon-
phonon scatterind) processes4,(x,T)), scattering by the

The large difference between the record-high valué 6F) boundaries of crystalline grains and low-angle boundaries

and the results of this study can be interpreted as an isotopic
effect in K(T) for p-H,. The isotopic composition of H
was not specified in Ref. 8. However, judging from the value
of the K(T) peak the HD content in fis an order of mag-
nitude lower than in gas with the natural isotopic composi-
tion. At temperatures below the phonon peak the structural 100} i
imperfections of the sample affe&t(T). Above the peak 1 ]
K(T) is influenced byU processes which are in turn sensi-
tive to the hcp lattice anisotropy @fH,.® The contribution

of the CH, impurity to K(T) in solid p-H, can be detected
only if it exceeds the isotopic effect. Figure 2 shows the
calculated (T) curves forp-H, with different CH, concen-
trations (0.1, 1, and 10 ppinassuming that the CHmol-
ecules scatter phonons as heavy point defects.

The experimental curvels(T) for purep-H, and three
p-H,—CH, samples are shown in Fig. B(T) for a sample
with 500 ppm CH is only slightly lower than for pur@-H,
and is even higher than for the sample with 28 ppm,CH 10
The CH, effect onK(T) in p-H, is found to be weak. One
reason for this could be the very low solubility of ¢kh
solid H, (less than 0.1 ppimThe experimental samples were
heterogeneous solid solutions. The main factors limiting the
thermal conductivity are phonon scattering by grain bound-
aries, HD impurity, andJ processes. We note that the spec- _ _ o
troscopy of matrix-isolated molecules in solid, Bamples 1 7
with 10 ppm grown aff~8 K detected no significant devia- T,K

tion of CH, from a random configuration distributidr?. N
FIG. 3. The temperature dependence of the thermal conductivity of

The experimental results were analyzed using CaIIaZp—HZ)(l,C)(CH4)C. The points are the experimental data: pure hydrogen

way'’s theory allowing for the special role of phonon—phonongampie 2(*); c=28 ppm CH (#); c=116 ppm CH (O): c¢=500 ppm
scattering processes in the thermal conductivity and usingH, (A). The solid lines are the best-fit curves.

K, W/(m-K)




Low Temp. Phys. 29 (6), June 2003

TABLE |. The best-fit parameters, the phonon mean-free pathoundary

scattering, the HD concentratio, and the parameteis, andE found by

analyzing the experimental results f&(T) in different samples of pure
p-H, andp-H,—CH,.

Sampl 3 L Ay E, K
ample , Ppm , Mmm T3 ,

P PP 107K %"

p-H,, sample 1 300440 | 0.5740.05 | 4.20 36

p-H,, sample 2 300440 | 1.1120.05 | 2.1 36
p-H+28 ppm CH, 300440 | 0.3440.05 | 4.80 36
p-H,+116 ppm CH, 300240 | 0.17£0.05 | 4.20 36
p—H2+500 ppm CH, 30040 0.71£0.05 4.20 36

(78(x,T)), and scattering due to isotopic disordéy HD
molecule$ (7,(x,T)):

et (T =75 (%, T) + 75 2(x, T) + 77 (X, T).

The characteristics of three-phonthand N processes are
determined only by the properties of the hcp lattice gfdid
are virtually independent of the impurity molecules at low

concentrations:
5 X, T)=ACT3 EM, 7 1 (x, T) = AgX2TE.

The parameterd; andE depend on the heat flow direction
with respect to thec axis of the hcp lattice of K1® The

boundary scattering is dependent on the mean crystal grain

size L: Tgl(x,T)=s/L, where s is the sound speed. The
intensity of N processes is taken frdm(Ay=6.7x10° s~ *
SKT).

The scattering due to isotopic disorder is characterized,

by the Rayleigh relaxation rate
f( Am)2 Q

my. | 4nss
whereé is the HD concentratiorf) is the volume per atom,

al
My,
andAm=1 for HD impurity in H,. The fit parameters used
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The new measurements f&¢(T) in pure p-H, have
been interpreted as a manifestation of the isotopic effect.
K(T) in the samples prepared by depositing gas mixtures
(P-H2)(1-¢)(CHy)¢ in the intervalc=5—570 ppm at tem-
peratures near the triple point pfH, varied only slightly
with concentration. Because of the low solubility of £
p-H, we were unabléunlike in the Kr—CH caseé to detect
resonance phonon scattering by the rotational excitations of
the CH, molecules(a dip in the temperature dependence of
K(T) of solid H, with CH, impurity). The upper limit of
CH, solubility in solid p-H, was estimated from the thermal
conductivity values. It does not exceed 0.1 ppm.

We are grateful to Professor V. G. Manzhelii and Dr. B.
Ya. Gorodilov for helpful discussions. The work described in
this paper was made possible in part by grant N 2M/78-2000
from the Ukrainian Ministry of Education and Science.

*E-mail: krivehikov@ilt.kharkov.ua

1T. Momose, M. Miki, T. Wakabayashi, T. Shida, M.-Ch. Chan, S. S. Lee,
and T. Oka, J. Chem. Phy$07, 7707 (1997).

2M. Miki and T. Momose, Fiz. Nizk. Temp26, 899 (2000 [Low Temp.
Phys.26, 661 (2000].

3H. Katsuki and T. Momose, Phys. Rev.&83, 3286(2000.

4J. Z. Li, M. Suzuki, M. Katsuragawa, and K. Hakuta, J. Chem. Phy§,
930(2002.

5R. J. Hinde, D. T. Anderson, S. Tam, and M. E. Fajardo, Chem. Phys. Lett.
356, 355(2002.

SR. W. Hill and B. Schneidmesser, Z. Phys. Chefilunich) 16, 257

(1958.

R. G. Bohn and C. F. Mate, Phys. Rev.282121(1970.

N. N. Zholonko, B. Ya. Gorodilov, and A. I. Krivchikov, JETP Le®5,

167(1992.

9B. Ya. Gorodilov, O. A. Korolyuk, A. I. Krivchikov, and V. G. Manzhelii,

J. Low Temp. Phys119 497 (2000.

V. G. Manzhelii, B. Ya. Gorodilov, and A. I. Krivchikov, Fiz. Nizk. Temp.

22, 174(1996 [Low Temp. Phys22, 131 (1996].

0. A. Korolyuk, B Ya. Gorodilov, A. I. Krivchikov, and V. G. Manzhelii,
Fiz. Nizk. Temp.25, 944 (1999 [Low Temp. Phys25, 708(1999].

12B. Ya. Gorodilov and V. B. Koksheneyv, J. Low Temp. Phg&, 45 (1990.

BT, N. Antsygina, V. A. Slyusarev, and K. A. Chishko, Zh. Eksp. Teor. Fiz.
87(2), 555(1998 [JETP114, 303(1998].

14V, V. Dudkin, B. Ya. Gorodilov, A. I. Krivchikov, and V. G. Manzhelii,
Fiz. Nizk. Temp.26, 1023(2000 [Low Temp. Phys26, 762 (2000].

8

to match the calculated curves and the experimental resultsa. jenwski and P. Stachowiak, Cryogenigg, 601 (1992.

were the HD concentratiofiand the parametets, A, , and
E (see Table)l It was assumed fop-H,-CH, samples that

the parametek characterizes the structure of defects in the

sample'® L varied nearly five-foldsee Table)l This varia-

160. A. Korolyuk, B. Ya. Gorodilov, A. I. Krivchikov, A. S. Pirogov, and V.
V. Dudkin, J. Low Temp. Physl11, 515(1998.

T, N. Antsygina, B. Ya. Gorodilov, N. N. Zholonko, A. I. Krivchikov, and
V. G. Manzhelii, Fiz. Nizk. Temp18, 417 (1992 [Low Temp. Phys18,
283(1992)].

tion of L in samples prepared from the gas mixtures'®0. A. Korolyuk, A. I. Krivchikov, and B. Ya. Gorodilov, J. Low Temp.
p-H,-CH, indicates that the density of low-angle boundaries Pnys-122 203(200D.

in the sample increases as a result of stress appearing Whefis article was published in English in the original Russian journal Repro-

the crystal is grown and cooled.

duced here with stylistic changes by AlP.



LOW TEMPERATURE PHYSICS VOLUME 29, NUMBER 6 JUNE 2003

Vibrational dynamic and thermodynamic characteristics of metal—hydrogen superlattices
S. B. Feodosyev,* I. A. Gospodarev, V. |. Grishaev, and E. S. Syrkin

B. Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences
of Ukraine, 47 Lenin Ave., Kharkov, 61103, Ukraine
(Submitted December 19, 2002

Fiz. Nizk. Temp.29, 710-714(June 2008

The phonon spectra and vibrational thermodynamic characteristics of Pd—H superlattices are
investigated. Our calculations show that the neutron scattering and calorimetric data are consistent
with one another and make it possible to explain for such systems the atomic mean-square
amplitudes and the correlations between them2@3 American Institute of Physics.
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1. INTRODUCTION 2. INTERATOMIC INTERACTION AND PHONON SPECIFIC

HEAT IN PD—H SOLUTIONS
It has been known since the mid-1800s that metals, es-

pecially palladium, absorb hydrogen. This knowledge is  1he palladium crystal lattice is cubic face-centered. The
widely used in applications, among other things, for purify-dissolved hydrogen atoms occupy octahedral posttians
ing hydrogen. In the 1970s and then again at the end of th@t nigh hydrogen concentrations one can talk about super-
1980s there was a natural explosion in the study of the phys#tructural ordering of the solution.
cal properties of Pd. As a result many of these properties Here we study two kinds of S_UCh superstructures: the
were investigated very explicitly and in detddlee, for ex- first corresponds to atoms occupying sites or the centers of
ample Ref. 1 However, the crystal-lattice dynamics and thethe edges of cubes in the Pd lattice, while the centers of the
vibrational properties of such systems have not been adtubes remain emptfR filling); the other corresponds to the
equately studied. case where the centers of cubes also are fiNédilling). R
Among existing results we mention neutron diffraction filling corresponds to Pdgs; V filling corresponds to PdH.
investigations of the dispersion law for phonons in the solid" V filling two fcc lattices with the same period are im-
solution PdD g3 performed in 1974.0n this basis it is pos- Mersed in one another with detrusiondy/2 along the edges
sible to judge the interatomic interaction and the vibrational©f & cube @ is the lattice constantR filling corresponds to
spectrum of hydrogenated palladium. It is known that thethe formation in V filling of a periodic(with period ao)
contribution of lattice vibrations to the different dynamic and Systém of vacancies in the hydrogen sublattice. _
thermodynamic characteristics of Pd—H can be substantial " Ref. 4 the force constants of pure Pd were determined
and even determining. Therefore it is important and topicaffom neutron scattering data. The phonon density of states
to compare the data obtained in Ref. 2 to the results of dif#¥(w) so constructed for palladium is essentially identical to
ferent mesurements of these properties. that calculated in the approximation of a central interaction
In a recently published workthe temperature depen- between nearest neighbors. It reconfirms that for close-
dence of the specific heat of Pdi#as measured for different packed crystals the interatomic interaction, as a rule, can be
hydrogen concentrations It was found that aT=10 K the described in this approximation. The interaction potential
specific heat increases with) while the electronic compo- ®(hT’) between atoms occupying their equilibrium posi-
nent decreases sharplythe temperature dependence astionsr andr’ can taken to be a pair interaction and isotropic:
T—0 in Ref. 3 atx=0.71 also shows this direcllyThe sign ~ ®(1T')=¢(4A), whereA=r—r". .
of the change in the lattice contribution to the specific heat ~ Then the force-constants matidx;(r,r ') is
with increasingx is not obvious fronf.Actually, an increase AA,
in the lattice constant by approximately 5% should notice- ~ Pi(r,T")=®i(A)=—a(A) —7= —B(A) ik, (1)
ably weaken the interaction between Pd atoms and reduce _ _
the vibrational frequency making the determining contribu-where ;. is the Kronecker delta function; the parameters
tion to the lattice specific heat. But the appearance of nevand 3 characterize, respectively, the central and noncentral
neighbors(hydrogen atomsaround these atoms closer than interactions between the atoms:

other Pd atoms can compensate this bond weakening. More- o' (A)

over, it is important to determine how such weakening of the  B(A)= A a(A)=¢"(A)—B(A). 2
interatomic interactiortif it occurs) affects the atomic vibra-

tional amplitudes, i.e. the stability of the crystal lattice. Figure 1 shows the force constaatand B together with

Microscopic calculations are necessary to answer thesthe Einstein frequency of an fcc crystal with a central
guestions concerning the vibrational thermodynamic charamearest-neighbors interaction as functions of the interatomic
teristics of crystal structures such as Pd—H. This paper iglistance (lattice constant For definiteness the Lennard—
devoted to such calculations for high and uniformly distrib-Jones potential is taken far(A). Since we are interested in
uted hydrogen concentrations in palladium. the change in the force constants as the lattice swells, for

1063-777X/2003/29(6)/4/$24.00 530 © 2003 American Institute of Physics
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FIG. 1. Relative variation with increasing lattice constant of the interatomic L L L
interaction potentialp, the force constanta and 8, and the Einstein vibra- 0 25 50 75 100 125
tional frequencyw, of palladium atoms. All quantities are given in relative T.K
units: a(a) = we(ag) = —@(ag) =1 (ag~3.88 A is the lattice constant of B
pure PJ. FIG. 2. Temperature dependences of the phonon specific heat of pure Pd

(solid line), PdH, ;5 (the dashed line represents R fillingand PdH(the
dot—dash line represents V filling

A>Ay (o' (Ap)=0), the results presented here are appli-

cable in a wider range than for the Lennard—Jones potentidf hydrogenized palladium but it is noticeably lower than for
because forA>A, a van der Waals interatomic attraction pure Pd. This should increase the specific heat at low tem-
(¢~A"5) is typical in most crystals. The values a{A,) peratures.

andwe(Ag) are assumed to be 1 uhiB(Ay) is given in the The results of more accurate calculations of the tempera-
units ap=a(Ay)] and ¢(Ay)=—1. It is evident that as the ture dependence of the phonon specific heat of Pd—H solid
lattice constant increases froay=3.88 A (the lattice con-  solutions are presented in Figs. 2 and 3. The calculations
stant of pure PHto ay~4.03 A (palladium with hydrogen were performed by the Jacobi-matrix methddusing the
concentration 0.7-1.0; see, e.g., Ref.tie central interac- force constantg3). Figure 2 showsC,(T) for pure palla-

tion between Pd atoms decreases by more than a factor ofddum (solid line) and for the solutions PdH the dashed line

in magnitude and the Einstein frequency of the palladiums for x=0.75 (R filling) and the dots are fox=1.00 (V
atoms decreases by approximately a factor of 1.5. The nediling). Actually, when hydrogen is implanted the phonon
tron scattering data of Ref*2can be used to reconstruct the specific heat noticeably increases because the lattice constant
interatomic interaction constants in Pd—H solid solutionsincreases by approximately 5%.

According to these data the maximum frequency of the Figure 3 shows the temperature dependences of the dif-
acoustic band is~6 THz (the maximum vibrational fre- ferenceAC,(T) of the specific heats of hydrogenized Pd and
quency of the lattice in pure palladium4s7 THz); the gap pure Pd. The top panel shows these functions in a wide tem-
width is ~6 THz; and, the maximum frequency of optical perature range and the bottom panel show these functions at
vibrations is ~21 THz. Since hydrogen is approximately low temperatures.

106.4 times lighter than palladium, the gap width is quite In both panels the curves and 2 show the values of
small, and the dispersion of optical phonons is considerableAC,(T) for R and V filling, respectively. The fact that the

it can be assumed that the interaction between palladium anglirve 1 lies above the curvé is apparent in our model; for
hydrogen atoms is much weaker than the-Hed interaction.  the same value of the lattice constant R filling corresponds to
The force constants obtained from the data in R&fae in  a more “open” structure. To determine how such a non-
good agreement with the above estimates based on the analyionotonic concentration dependence of the specific heat can
sis of the interatomic interaction potential. If the force con-actually be observed it is natural to investigate the concen-
stant describing the central interaction between the nearegfation dependence of the lattice constant in the indicated
neighbors in a pure palladium lattice is taken to be 1, then weoncentration range. Comparing the curdesnd 2 with the
obtain for a Pd—H solution temperature dependence of the electronic specific heat of
pure palladiumh* (curve 3—the dashed line at the bottom of
the figure shows that already at~10-12 K the increase in
Bpap=0.05; Bpg.nu=Bu_n=0. (3)  the phonon part of the specific heat can compenaate

On the basis of these force constants it can be assumégown to zerg decrease of the electronic component. This

that hydrogenization should increase noticeably the Iow-reSUIt agrees witfland at any rate qualitatively explains the
ffect.

temperature phonon specific heat of palladium. In reality, thé
vibrations of the heavy Pd atoms, whose interaction is two
times weaker than in a pure palladium lattice because of MEAN-SQUARE AMPLITUDES AND CORRELATION

lattice “swelling,” make the main contribution to this prop- OF ATOMIC VIBRATIONS IN PD-H SOLID SOLUTIONS

erty. The additional interaction between palladium and hy-  The increase in the lattice constant with hydrogen satu-
drogen is much weaker than even the attenuated interactiaation of Pd crystals and the resulting decrease in the force
between the metal atoms. The Einstein vibrational frequencgonstants of palladium atoms should, at first glance, result in
of palladium atoms will be higher, because of the-Pd  an increase of the vibrational amplitudes of these atoms; this
interaction, than that shown in Fig. 1 for the lattice constantan destabilize the lattice. To study this we calculated the

adepd~O.48; ap%H~O.12; CYHHHNO.OS;
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FIG. 3. The difference of the lattice specific heats of hydrogenized Pd and
pure Pd: curvel is for R filling; curve?2 is for V filling. The dependences
AC,(T) in a wide temperature range are presented at the top. These depen-

dences at low temperatures are presented at the bdtianan enlarged Y 100 200 300
scalg. The dashed curve3 is the electronic specific heat of pure T, K
palladium®*

FIG. 4. The temperture dependences of the mean-square amplitudes and
correlations of the displacements. The cur@esorrespond to pure Pd; the
continuous line is the mean-square amplitude, the dashed line is the corre-
lation of the displacements of the atoms«<PBd. The curvesl and 1’
mean-square atomic vibrational amplitudes for palladiunmcorrespond to the mean-square amplitudes of the Pd atoms in the solution
and hydrogen using the same models and the same JacoBit.ss; the curves2 and2’ are for hydrogen atoms in the same solution
matrix method. (curves1’ and?2’ correspond to the displacements toward the center of a
cube, which is vacant in this cgsehe long-dash curves show the correla-

The mean-square atomic vibrational amlitudes in a CrySfions of the displacements PdPd; the short-dash curve is for PH; and,

tal lattice are one of the main characteristics of a crystal. Innhe dotted curve is for H-H. The curves3 and 4 are the mean-square
addition, the stability and melting temperature of a crystalvibrational amplitudes of palladium and hydrogen atoms, respectively, in a
can be judged on the basis of their behavior. These valugiH solution(V filling).

determine the dispersion of sound and electromagnetic

waves in a crystal. The mean-square amplitude of an atom

with the position vector in the crystallographic direction  function tensor of the latticeT, is the temperature; anél,and

is determined as the diagonal eleméfar i=k andr=r") k are Planck’s and Boltzmann’s constant, respectively.

V(UZ(N)[)7, where(|u?(r)|)+ is the mean-square displace- The results of a calculation of the tempearture depen-
ment, of the correlation matrigu;(r)u,(r’)|)+ given by dence of the mean-square amplitude by the Jacobi-matrix
method are displayed in Fig. &olid lineg. The curvesO
% 1 NN correspond to pure Pd. The curvésl’, and 3 show the
(ui(Nu(r)])y1=—— —cot%( _) mean-square amplitudes for Pd in the presence of hydrogen
2ym(rym(r’) Jon 2kT (the curve3 corresponds to V filling, all other curves corre-

1 spond to R filling. Curvel corresponds to the displacement
X 1M G (A5 1) dA. (4  of a Pd? atom(in any direction and a P& atom toward
™ the nearest hydrogen atom; the cufiveshows the displace-
ments of P&) toward the center of a cub@ filling va-
Herem(r) is the mass of an atom with the position veatpr cancy. This is why the curvd’ lies slightly above the curve
\ is the squared eigenfrequenayi(A,r,r’) is the Green’s 1. The curved), 1’, and3 are all essentially identical to one
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another. The curveg and 2’ show the mean-square vibra- calorimetri¢ data are mutually consistent. In particular we

tional amplitudes of hydrogen atoms in a direction alonghave shown that the weakening of the interatomic interac-

(curve 2) and perpendiculafcurve 2) the edge whose cen- tions by an increase in the lattice constant as a result of

ter it occupies. The curvé4, virtually coinciding with curve hydrogen implantation in palladium noticeably increases the

2, corresponds to the mean-square amplitude of a hydroggmhonon contribution to the low-temperature specific heat.

atom for V filling. Here we have obtained a result which is For T=10-12 K this phonon contribution to the specific

unexpected at first glance: the change of the mean-squateat compensates the decrease in the specific heat as a result

vibrational amplitudes of palladium atoms in a Pd—H solu-of hydrogenization of palladiurh?

tion, as compared to pure Pd, is very small. Because of the It has been shown that at temperatures up to 400 K the

huge mass difference between palladium and hydrogen thmean-square amplitudes of palladium and hydrogen are neg-

mean-square amplitudes of the unit cell in Pd—H solutiondigible compared with the lattice consta(8.88 A for pure

and pure palladium are essentially the same. The lattice gfalladium and~4.03 A for strongly hydrogenized palla-

such solutions will be essentially just as stable as the latticdium), showing that this compound has a large margin of

of pure palladium. stability. Thus the weakening of the interatomic interaction
To understand why a weakening of the interatomic inter-by hydrogenization of the metal does not noticeably increase

action has not led to any noticeable increase of the vibrathe amplitude of the eigenoscillations of the metal, and be-

tional amplitudes of palladium we shall consider the correla-cause of the strong correlation between the displacements of

tions of the displacements in our systems. To compare sudifhe neighboring atoms RdH the palladium atoms “shake”

correlations to the mean-square amplitude of a correlation ithe light hydrogen atoms.

is convenient to usg{|u;(r)u,(r’)|)+, where the radicand is

determined by the relat|(_)1m). The temperatur_e dep_endences*E_ma”: feodosiev@ilt kharkov.ua

of such functions for displacements of neighboring atoms)t,ese data are also given and analyzeH in,

along the line connecting therfwhen the correlation is 2since our results are only qualitative we did not consider the accuracy of

maximun) are also shown in Fig. &ashed lines the long the calculations of the force constants based on the déta in.

dashes correspond to the corerlation of the displacements

Pd— Pd; the short dashes correspond to—Rd; and, the

dots correspond to #H. The data are essentially the same LHydrogen in Metals\Vols. 1 and 2, edited by G. Alefeld and J. Mb

for R and V filling. The diagrams of the displacement corre- Springer-Verlag, New York1978.

lations are not shown on the V filling fragment_ 2J. M. Rowe, J. J. Rush, H. G. Smith, M. M. Mostoller, and H. E. Flotow,
The 'a.“ge Correl.atlor.l of the dlspla_cement&Pld shows 3E|hfré§fa\g.l_:2r3a?aal,zl\j.7 I(:1u9k7u?1.a, V. Syvokon, and M. Kubota, Physica B

that considerable vibrational energy is transferred from pal- 554 585 1266(2000.

ladium to hydrogen atoms. The amplitudes of the Pd atoms'A. P. Miller and B. N. Brockhouse, Can. J. Phyi§, 704 (1971).

essentially do not increase as the interatomic interaction deZV. I Peresada, iPhysics of the Condensed Stéite Russiaf, Kharkov

; At ; ; 1968, p. 172.
creases durmg hydrOgemzatlon with the palladlum atomsegl. I.?;’e[r)esada and V. N. Afanas’ev, ZHkﬁ). Teor. Fiz58, 135(1970

“shaking” the hydrogen atoms. [Sov. Phys. JETBL 78 (1970)].
V. I. Peresada, V. N. Afanas’ev, and V. S. Borovikov, Fiz. Nizk. Terhp.
4. CONCLUSIONS 461 (1979 [Sov. J. Low Temp. Physdl, 227(1975].
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A negative contribution of the CHimpurity to the thermal expansion of a solution was observed

in dilatometric studies of the solid solutions K0.76%CH,, Kr+5.25%CH,, and Kr+10.5%

CH, at 1-23 K. It was shown that the negative contribution is due to changes in the occupancy

of the ground state of th& modification of isolated Ckimolecules. The contributions of the

CH, impurity singles and clusters to the thermal expansion were estimated assuming them to be
independent of one another. The contribution of the singles to the thermal expansion of the

solid solution was found to be negative. The energies of the first excited rotational states

were determined for singles and two- and three-body clusters of @blecules. ©2003

American Institute of Physics[DOI: 10.1063/1.1582338

1. INTRODUCTION obtain contributions not only from the origin&l modifica-
tions of CH, but from thegE, T—A conversions also. Con-
version is a much slower process than thermalization of the
rotational spectra of the CHnodifications. The thermal ex-
pansion of the solution is determined by the competition be-

h Pci - fween two contributions—the phonon contribution respon-
nuclear spin of carbofrC is zero and the nuclear spin of the gjhje for the thermal expansion of the crystal lattice and the

hydrogen atom i$=1/2, the rotational levels can have three ¢ ihtion of the rotational motion of the molecules. In the
types of symmetry corresponding to the total nuclear spin of.. case the first contribution is positive and the other is
methane. As a result, there are three modifications of thgggative(at sufficiently low temperaturgsif the character-
tetrahedral Cli molecules §, T, andE) with total nuclear jgiic thermalization time is considerably shorter than the
spin 2, 1, and 0, respectively. For high-lying rotational levelsg 54 cteristic conversion time, the latter can be estimated
the equilibrium concentrations of these nuclear spinsCH o the time dependence of the sample length with rapidly
modifications are in the ratio 5:9:2. The modification has varying temperature. Negative thermal expansion induced by

the lowest-energy rotational state. This state is five-fold defhe YKO mechanisf® has been observed experimentally
generate and characterized by the rotational quantum numbSF“y in solid CH, at liquid-helium temperaturés®

J=0. The levels with different symmetries relative to the
nuclei do not combine much with each otfédevertheless,

in experiments the spin modifications of ¢CHrre observed to impurity and to solid Kr—CH solutions in particular. In the

undergo mutual transformatiorisonversio. The transfor-  |atter case a Cmolecule is in the octahedral crystal field

mation rate is largely dependent on the conditions eXpe”broduced by spherically symmetric Kr molecules.

enced by the molecule. The conversion mechanism is not ¢ the above reasoning is correct, the Chfpurity

completely understood yet. _ should make a negative contribution to the thermal expan-
According to the theoretical calculations performed bysion coefficient of the solid solution Kr—GHat low tem-

Yamamoto, Kataoka, and Okaftajn high-symmetry crystal peratures. Using the dependence of the rotational energy

fields a transit_ion of Cli molecules into the rotational ghectrym of CHj on the crystal field in the disordered phase,
ground state {=0) is accompanied by a reduction of the \ye can estimate the energy barriers hindering the rotation of

multipole part of the molecular interaction and thus leads tOCH4 molecules in solid Kr. In addition, the time dependence
an increase in the crystal volume as the temperature dey , Kr—CH, solid sample length as a function of the

creasesa negative thermal expansion coefficleWe shall o herature of the environment around the sample was

call this effect the YKO mechanism. It can readily be ex-gy,4ied to obtain information on the conversion rate of,CH
plained by recalling that the rotational ground state-Q) of molecules.

a free CH molecule is characterized by a spherically sym-

metric probability distribution function, anq the_refore the > EXPERIMENT

CH, molecule has a zero octupole moment in this state. In &

crystal the CH molecule in this state is closer to being To answer the questions raised in this study we have
spherical than molecules in other states and hence hasperformed a dilatometric investigation of the thermal expan-
lower effective octupole moment. As temperature decreasesjon of the solid solutions K¢0.76%), Kr+5.25%, and Kr
the increasing occupancy of the rotatiords+0 state can +10.5% CH, at 1-23 K. At these temperatures the solubil-

This is a study of the thermal expansion of solid Kr
solutions containing 0.76, 5.2, and 10.5 mol%/CH CH,
molecule is a regular tetrahedron formed by hydrogmo-
tium) atoms with a carbon atom at the center. Since th

The above considerations pertain to disordered sublat-
tices of solid CH and some crystals including GHas an

1063-777X/2003/29(6)/6/$24.00 534 © 2003 American Institute of Physics
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ity of methane in krypton is about 80%The CH, concen- 1
tration in the solution Kt 0.76% CH is such that the con-
centration of isolated CH molecules to the thermal 0 x

P /‘,\
expansion of the solid solution predominates. The solutions Kr+10.5% CH,

Kr+0.25% CH, and Kr+ 10.5% CH, were intended to study
the contributions of clusters of two or three ¢£hholecules “ _o
to the thermal expansion. The linear thermal expansion co-

0
efficient of the solid solutions Kr—CHwvas measured with a o Ll Kr+0.76% CH,
high-sensitivity ~capacitance dilatometer %20 ° cm T
resolution.® The krypton used99.937%) contained the im- 8 _4t
purities Ar (0.012%), N, (0.046%), and G (0.005%). The <
purity of the gas was checked chromatographically. The -5t /
methane used to prepare the solid solutions Krz@hHin- Kr + 5.95% CH
tained N (0.03%) and Q (<0.01% ). The solution was -6 970y .
prepared at room temperature in a special stainless steel mea-
suring vessel. The rated composition of the solution was -7 5 10 1E 50
checked with a gas chromatograph. The solid samples were T, K

grown in a glass ampul of the measuring cell of the dilatom- - _ _ _ _

eter by condensation directly from the solid phase 88 K. FIG. _1._ The contrlbu_tlons o_f impurity CHto the linear thermal expansion
oefficient of the solid solutions Kr—CH

The growth rate was about 2 mm/h. Growth was checked

visually. The samples were transparent and had no visible

defects. A sample was then separated by thermal etchinfgveen the thermal expansion coefficients of the solid solu-

from the glass ampul walls to make a polycrystalline cylin-tions and the Kr matrix ¢x,) is found asA a= aso— ay; -

der about 22 mm in diameter and 24.6 mm (Kr The temperature dependenceat is shown in Fig. 1. It

+0.76% CH), 31 mm (Kr+-5.25% CH), and 24.9 mm s interesting thal« is negative for all solutions in the entire

(Kr+10.5% CH,) high. The grain size was about 1 mm. The temperature range. However, this result is not surprising if

thermal expansion was measured a|0ng the Cy|inder axigve extend the thermal expansion calculations of Refs. 2 and

The dilatometer was also used to measure the thermal expad-for solid CH, to our solutions; this extension is quite valid.

sion of the matrix(so"d Kr) grown by the same technique_ ACCOfding to neutron diffraction data for the solid solutions

The thermal expansion of the solutions was studied undefr—CHj,**** the rotational spectrum of GHn solid Kr is

isothermal conditions in the range 1—-23 K. Temperature wa¥ery close to that of orientationally disordered £hol-

measured with germanium resistance thermometers. A digcules in solid Cl. The dependence of the rotational spec-

tinctive feature of the experimental technique is that thetrum of CH, molecules in the disordered sublattices of solid

Samp|e temperature was Changed by abrupﬂy increasing th’gethane on the Coefficiemg characterizing the Crystal field

power fed to the heater, after which the power was kepvalue is shown in Fig. 2.

constant. The time to measure the new temperature and the

length of the sample varied from 0.5 to 1.5 h. The tempera- —— == ==
ture and length data were recorded every minute, computer- | A2T1T1A2 Y1 Atz AaaTEAz
processed in real-time, and displayed as plots and numerical
data. The change-over to a new temperature was automatic
and occurred after the sample attained a “stable” state where 1401 T2
its temperature changed by not more than 0.01 K in 10 min.
The measurements were performed with increasing and de- 120
creasing temperature. _
100} A2A2
4
3. RESULTS AND DISCUSSION " 8of T PNJ12Tamt
The contribution of the Cllimpurity to the thermal ex- 60 | T1T2 7211
pansion coefficient of the solutions Kr—GHan be esti- RoT2 Tona T~
mated if information about the thermal expansion coefficient 40l ET2T2E | [ AT TIA2
i i i i ; ¢ T2T2
of the matrix(pure solid Kj is available. To reduce the in- 2T oSk EraTaE
fluence of experimental systematic errors we performed our oo EE T
own investigation of the thermal expansion coefficient of #4711 — ]
pure Kr at 1-25 K(this krypton was used in our solid solu- 0 | , :
tions). Our coefficients and the published ogauary within -3 ) -1 0 1 2 3
7% over the entire temperature range. The thermal expan- fe

sion coefficientsag, of the solid solutions K+ 0.76% ) _ , ,
FIG. 2. The rotational spectrum of GHmolecules in a solid solution

CH,, Kr+5.25% CH, and Kr+10.5% CH were investi- Kr—CH, and in pure solid Chl: Kr—CH, (Ref. 13 (©); Kr—CH, (Ref. 10

gate(_j- _The Cll impurity decrease_s the therm_al EXpansion(x); o, is the symmetry of the sublattice of the antiferrorotational phase of
coefficient below that of pure solid Kr. The difference be- solid CH, (Ref. 3 (curves.
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The authors of Refs 1 and 2 believe that the crystal field o 1.0+t
value corresponding to the section of the rotation spectrum -
<
3
<

on the linef,=1.25(solid line in Fig. 2 matches best the :
experimental data on the rotational levels of Cid disor- N‘a s
dered sublattices.
An investigation of inelastic neutron scattering by the /
solid solution Kr#-0.76% CH, revealed the energy position
of the peaks in the rotational transitions of £ The -2.0
rotational energy level8 measured from the ground state ' ' ' ' ' '
=0 are shown in Fig. Zcrosses Unfortunately, at present 14 16 18 20 22 24 26 28
there are no published experimental data on the higher- T.K
energy part of the rotational spectrum of Ch a Kr—CH, FIG. 4. Specific contributions of various clusters to the thermal expansion of
solution. Since the rotational spectra of Ch the solid  the solid solutions Kr—Cli(n—concentration of singles, pairs, and triples,
solutions Kr—CIj and in the disordered phase are Veryrespectively(a). Low temperature fragn_1ent of the specific c_ontributions of
Close?’:g we shall use the spectrum for the disordered pI,h,le(\{)anous clusters to the thermal expansion of the solid solution Kr-®H
in our calculations of the CHbehavior in Kr—CH.
The authors of Refs. 2 and 3 mentioned above, are of the
opinion that the negative thermal expansion of solid,G$1 tions always contain clusters of molecules. Assuming the
due to a decrease in the noncentral molecular interactionontribution of the impurity singles and clusters to the ther-
when the molecule passes into the ground state. The proces®l expansion to be independent of one another and the CH
is energetically favorable because the rotational ground statmolecules to be randomly distributed in the fcc lattice of the
of the A modification has the lowest energy. The excess therKr matrix and using the method proposed in Ref. 12, we
mal expansion\« is thus dependent on the concentration ofcalculated the number of clusters consisting of one, two, and
the A modification in the ground state. The temperature dethree impurity molecules in solutions with 0.76, 5.25, and
pendences of th& modification(solid line) and the equilib- 10.5% CH,. Then the concentration of the GHingles is
rium occupancy of its ground statbroken ling are shown 0.69% in Kr in the solid solution Kr 0.76% CH,, 2.74% in
in Fig. 3. The curves were calculated for the equilibriumKr in Kr+5.25% CH, and 2.77% in Kr in Kr
composition of the spin modifications. The calculation was+10.5% CH,. AssumingA«a of a solid solution to be the
based on the rotational Kr—GHpectrum obtained from ex- sum of the contributions from single, double, and triple
perimental inelastic neutron scattering data for the stateslusters and knowing the content of the clusters in a solution,
with J=1 andJ=2. The values foJ=3 were taken from we can estimate their specific contributions with respect
the rotational spectrum®As can be judged from the figure, to the concentrationn of singles, pairs, and triples,
the contribution of the YKO mechanism should be observedespectively(Fig. 4). The contributions of various clusters to
at the temperatures of our experiments as the occupancy tie thermal expansion of each solid solution are shown
the J=0 level appreciably changes at these temperaturesn Fig. 5 [(a) Kr+0.76% CH,, (b) Kr+5.25% CH,,
This conclusion agrees with the behavior of the excess thelc) Kr+10.5% CH].
mal expansion coefficient of the solid solutions Kr It should be noted that before starting the calculations
+0.76% CH, and Kr+5.25% CH, (Fig. 1). we had to construct a correspondence between each value of
Apart from single impurity molecules, real solid solu- the temperature and an experimental value of the thermal
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2.0 Triple clusters have only a slight effect on the thermal ex-
15k a pansion of the solid solutions Kr—GH
1.0+ Pairs
T o5k \ Triples 4. CONTRIBUTION OF MATRIX-ISOLATED CH , MOLECULES
x / TO THE THERMAL EXPANSION OF THE SOLID
‘.’o 0 SOLUTIONS KR—CH,
.05 \:/” In this section we shall concentrate on the behavior of
2 _10k / the thermal expansion of the solid solutions Kr—QOhhere
' Singles the main contribution to the thermal expansion is due to the
-1.5F Kr+0.76 % CH, two lowest rotational levels.
If we extend the YKO mechanisi explaining the na-
-2.0f ture of negative thermal expansion of solid £td the inter-
-25 L L L L petation of the behavior of CHmpurity in a solid solution
5 10 15 20 Kr—CH, which is not concentrated, the negative contribution
50 T.K of the impurity moelcules to the thermal expansion of
. b the solid solution Kr—CH is no longer surprising. This
1.5 Pairs extension is quite reasonable. According to neutron
i diffractometry®*! data for the solid solutions Kr—CH the
- 1.0 rotational spectrum of CHin solid Kr is close to that of
Ix 0.5 Triples orientationally disordered CHmolecules in the antiferroro-
< tational phasé.This fact is completely consistent with theo-
'y 0] retical predictiong:*®
T _05 The authors of Refs. 2 and 3 believe that the crystal field
2 / value corresponding to the rotational spectrum on the section
-1.0F Kr +5.25 % CH, on the linef.=1.25(the solid line in Fig. 2 correlates best
15k with the experimental rotational levels of Glih the antifer-
rorotational phase. The energies of the peaks of the rotational
-2.0 - transitions in CH were found from inelastic neutron scatter-
o5 . ! ! . ing datd®!! for the solid solution K#0.76% CH,. The ro-
5 10 15 20 tational level energies of CHmeasured from the ground
T K stateJ=0%! are shown in Fig. Acrosses We can infer
2.0 from the figure that the CHrotational spectrum in the anti-
ferrorotational phase and the Ckbtational spectrum in the
1.5 solution Kr—CH, are fairly close, but in the solid solution
1.0 Kr—CH, the section on the liné,=1.5 gives better agree-
T ment between the calculations and the experimental(tata
¥ 05 broken line in Fig. 2 On the basis of the similarity of the
< 0 rotational spectra of CHin the solid solution Kr—Ch and
e Kr + 10.5 % CH in the antiferrorotational phage,we shall use the spectrum
= -0.5 ¢ in the antiferrorotational phase in our calculations of the be-
< _qol havior of CH, in the solid solutions Kr—Ckl In Ref. 14 a
special case is considered, where the free energy of the sys-
-1.5 tem can be written as a sum of the free energies of the trans-
20k lational lattice vibrations and the rotational motion of the
molecules. In this case the contributidB of the rotational
-2.5 : ' : : motion of noninteracting ClHmolecules to the volume ther-
5 10 15 20 mal expansion coefficient of the solid solutions Kr—LCtan
T.K be expressed as
FIG. 5. Contributions of clusters consisting of 1, 2, and 3 impurity methane cxNa
molecules to the thermal expansion of tﬁe solutions- B(r7602 Cg (a); Ap=3Aa= VkT? {<E2F>_<EF><E>}' (1)

Kr+5.25% CH (b); Kr+10.5% CH (c).

HereV is the molar volumey is the compressibility of the
solution,c is the molar concentration of the Glh the solid
solution Kr—CH,, andN, is Avogadro’s number. Thermody-

expansion coefficient. For this, polynomial functions were fitgmic averaging is performed over the Ciétational spec-
to the experimental values @f(T) for all solutions.

trum,

According to our calculations the GHsingles make the
main contribution to the negative thermal expansion of the
solutions. Pair clusters make a large positive contribution.

<--->:Ei (...)gie_Ei/kT/ S g BT @
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FIG. 6. Low-temperature part of the computed temperature dependence @G, 7. Computed dependences used to estimdEg_; in the libration
the excess thermal expansion coefficient of the solutioft K76% CH,: spectra of single Cimoleculeg([), two-body cluster¢A), and three-body
twelve low-lying rotational level¢1), two-level systen{2). clusters(O).

whereE; andg; are, respectively, the energy and the degenwhereg, andg, are the degeneracies of the ground and first
eracy of the energy levels of GHI',=— dInE;/dInVisthe  excited states.
Gruneisen parameter of thi¢h rotational level of CH. The approximate equality sign in E) is used because
Unfortunately, we cannot use this expression to make ghe factor enclosed in brackets is equal to approximately 1.
quantitative comparison of the calculations and the experiour estimates show that at 1.5-2.7 K the bracketed factor
mental data or\«, since the calculation involves contradic- yaries from 1.00078 to 1.024. Since the isothermal com-
tory values ofl’; from different published sourceg.g. see pressibility y and the molar volumeV are practically
Refs. 3 and 1p Therefore we reduced our task and tried totemperature-independent in this interval, in our calculation
estimate the energy gap between the ground and first excitest AE,_; we rewrite Eq.(3) as
rotational states of the GHmnolecules from our experimental
results. As the first step we found the temperature below
which the contribution of thd>1 levels toA« of the solu- 1
tions Kr+0.76% CH, is negligible. For this, we calculated In(|Aa|T2)=B—AEO_1?, (4)
[see Eq.(1)] A« for the case where only the two lowest
levels A1A1 andT1T1 are involved in thermal expansion
(Fig. 2). The temperature dependence\ef calculated for an  whereB is the temperature-independent part. Equatiris
equilibrium distribution of the spin modifications of GHs  a linear dependence onTlLivhere AE,_; is the slope coef-
shown in Fig 6. Thd'; values can be found from the rota- ficient. Using Eq.(4) we foundAE,_, for the solid solution
tional spectra of the orientationally disordered Lhhol-  Kr+0.76% CH,, which appears to be 11.23 K. The solution
ecules Oy, spatial symmetryin the antiferrorotational phase Kr+0.76% CH, was chosen because it has the lowest con-
of solid methandFig. 2). tent of two- and three-body clusters. Similarly, using E.
Curvelis Aa(T) with twelve low-lying rotational lev-  we foundAE,_; for the specific contributions of single mol-
els (Fig. 6); curve 2 is calculated for a spectrum with only ecules and two- and three-body clusters to the thermal ex-
the two lowest levels. It is evident that both thermal expan-pansion of our solutionésee Fig. 7.
sion coefficients are identical below 2.7 K.
Denoting the energy gap between the grouAdAl)

and first excited T1T1) states byAE,_, and the Graeisen
( ) WMEo_y TABLE I. The values ofAE,_; obtained for single moleculesAES_,),

coefficient calculated with respect to the ground state wao-body clusters §E7_), and three-body clusterd €]_,).
T'o_1, Eq. (1) can be written as ° -

Concentration AES K AEP  x ATk
f CH 1Y% 0-1 0-1 0-1
CXN g O 5 mol.
__ATA L AE2 @ AEo_y/T
A= VKT I'o_1AEG_ €
VKT go 0.3 11.61 - -
_2 »
g, 3.2 11.57 11.0 -
X| 1+ =g ABo-a/T . .
Jo 6.5 11.50 10.9 10.32
This study 11.09 10.96 10.85
%CX_NAZ%FO AEZ e AF-1/T ®)
3VKT Yo - *Data from the diagram in Ref. 11.
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The values obtained foAE,_; for single molecules two- and three-body clusters. The results were compared
(AE;_,), two-body clusters £Ef_.), and three-body clus- with the published data.
ters (AE{_,) are shown in Table |. For comparison the table _ _
also contains the corresponding energies calculated from inf-mail- aalex@ilt.kharkov.ua
elastic neutron scattering data®t 4 K. S
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York (1945.
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a negative contribution to the thermal expansion of the solu- Tolkachev, Phys. Status Solidi B3, K111 (1976.

tion, the value of the contribution being nonproportionally °A. N. Aleksandrovskii, V. B. Kokshenev, V. G. manzhelii, and A. M.
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. ST ' . (1978].

Assuming a random distribution of the GHmpurity V. G. Manzhelii, A. I. Prokhvatilov, I. Ya. Minchina, and L. D. Yantsevich,
over the fcc lattice of krypton we found the contributions of Handbook of CryocrystajsBegell House, New York1996.
single molecules and two- and three-body clusters to theSA'V' Soldatov, V. I. Kuchnev, A. M. Tolkachev, A. N. Aleksandrovskii, A.

. . . Yu. Ivanov, and I. Ya. Minchina, Prib. Tekh kEp. 4, 237 (1990.

thermal expansion (_)f the solut_|0ns. We_ fognd that singleés~"r Tiford and C. A. Swenson, Phys. R&.719(1972,
molecules made mainly a negative contribution. As the, CH 198, Asmussen, M. Prager, W. Press, H. Blank, and C. J. Carlile, J. Chem.
concentration increases, the negative contribution of th%Phys.97, 1332(1992.
single molecules is partially compensated by the positive (Eigg;musse”' W. Press, M. Prager, and H. Blank, J. Chem. BBy258
contnbunop of . two-bpdy clusters. Thus, in IQW- 2R E. Behringer, J. Chem. Phy28, 537 (1958.
concentration solid solutions Kr—GHhe thermal expansion 13K. Nishiyama and T. Yamamoto, J. Chem. Ph§8, 1001(1973.
is determined by the competition between the positive con**A. N AIeks_andrgvskii, E. A. Kosobutskaya, V. G. Manzhelii, and Yu. A.
tributions due to the thermal expansion of the matrix lattice (Flrgéngﬁn’ Fiz. Nizk. Temp10, 1001 (1984 [Low Temp. Phys10, 522
aﬂd tWO'bOdy ClU_SterS on the_ one hand and the negative COmA cabana, G. B. Savitsky, and D. F. Hornig, J. Chem. PBfs.2042
tribution due to single impurity molecules on the other. (1963.

Using our experimental data on the thermal expansion of’!- Yaf-} "rfmckh'nav Ej/- G. ManZﬂ?“g Mk I Bagat?"?(“’ O. V. Sklyar, D. A.
a solid solution with the highest concentration of single im- E\I"_ziv %ei?poﬁr?;szgﬂ'sgéé%oﬁ enko, Fiz. Nizk. Terag, 773 (2003
purity molecules (K#0.76% CH,) we estimated the energy '
gap between the ground and first excited rotational stateSmis article was published in English in the original Russian journal. Repro-

Also, AEy_; was found for single impurity molecules and duced here with stylistic changes by AIP.

5. CONCLUSIONS
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