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The thermal conductivity of a spin-polarized atomic-hydrogen gas and its accommodation coefficient
on saturated superfiuid He films have been determined experimentally using a cell comprised of coaxial
cylinders. The thermal conductivity was measured for temperatures 0.3 & T &0.4 K and for magnetic
fields 4.00 &H & 7.00 T. The value of the thermal conductivity for spin-polarized hydrogen is 3 X 10
W/K m for T =0.3 K and H =7.00 T. The measured thermal conductivity is independent of the ap-
plied magnetic field, and its magnitude and temperature dependence are in agreement with ab initio cal-
culations for a paramagnetic Bose gas model. No evidence for anomalous transport due to thermal Auc-

tuations in the gas magnetization has been observed. The accommodation coe%cient for spin-polarized
hydrogen upon saturated superAuid He films for 0.2 & T & 0.4 K and 3.00 & H & 7.00 T was found to be
independent of the applied magnetic field and to be given by the expression a, =(0.56+0.06)T. This
value is in agreement with previous measurements of the accommodation and sticking coefficients.

I. INTRODUCTION

The thermal transport phenomena in spin-polarized
atomic-hydrogen gas (denoted HJ, ) allow one to investi-
gate the interactions between atoms in the gas. The
thermal conductivity of spin-polarized hydrogen is a sen-
sitive probe of the cross section for elastic collisions be-
tween hydrogen atoms. These elastic collision cross sec-
tions are determined by the H-H interatomic potential
and the quantum statistics of the colliding atoms. At the
same time, the thermal accommodation of H l on saturat-
ed superAuid He films allows one to investigate the
quantum-mechanical interaction between an atom and a
surface. Both these phenomena are of growing interest as
further progress is made towards the degenerate regime
(Bose-Einstein condensation} in spin-polarized hydrogen.

Over the past two decades increasingly more sophisti-
cated models for the thermal conductivity of spin-
polarized hydrogen have been developed. Early thermo-
dynamic investigations' suggested that the hard-sphere
Bose gas model provided an approximate description of
the kinetic phenomena in H J, . Lhuillier and Laloe then
reported ab initio calculations for the thermal conductivi-
ty and viscosity of spin-polarized hydrogen which ac-
counted for the precise H-H interatomic interaction po-
tential and the nuclear spin statistics of the atoms. Re-
cently, Bashkin suggested that the interaction of a hy-
drogen atom's nuclear spin with thermal Auctuations of
the total nuclear magnetization produces anomalously
low values of the thermal conductivity and viscosity in
HJ, . We shall review these theoretical models in greater
detail in Sec. II.

Surprisingly, elastic collision processes in H$ have nev-
er been quantitatively investigated in the laboratory. Ap-
proximate values of the thermal conductivity for spin-
polarized hydrogen have been observed by several
groups, usually as a byproduct of the measurements of
other physical quantities. Such values were in order-of-

magnitude agreement with hard-sphere Bose gas models.
However, since these measurements were performed in
poorly defined geometries and for imperfectly understood
densities and nuclear polarizations, they a6'ord only qual-
itative comparison with theoretical predictions.

We report in this paper a measurement of the thermal
conductivity of spin-polarized hydrogen performed in a
dedicated experimental cell with coaxial cylinder
geometry. Our measurements investigate the thermal
transport of H$ for a wide range of temperatures, mag-
netic fields, densities, and nuclear polarizations. We find
values of the thermal conductivity in direct agreement
with the paramagnetic Bose gas calculations of Lhuillier
and Laloe. Furthermore, we find no evidence for mag-
netic anomalies in the thermal conductivity. A brief re-
view of the theoretical predictions for transport in H$ is
given in Sec. II, our experimental apparatus and pro-
cedure are described in Secs. III and IV, and a detailed
discussion of our results is presented in Sec. V.

As a natural consequence of our measurement pro-
cedure, we were also able to measure the thermal accom-
modation coefficient of spin-polarized hydrogen upon a
saturated superAuid helium film. Recently, a great deal
of theoretical work has focused upon the interaction be-
tween hydrogen atoms and liquid-helium surfaces. Much
of this work has been motivated by the unusual behavior
predicted for a hydrogen atom incident upon superAuid
helium surfaces. The sticking probability, defined as the
probability that an incident atom makes a transition to a
bound surface state, is expected to vanish in the limit of
zero incident energy. This counterintuitive result, known
as quantum reAection, is attributed to a mismatch be-
tween the incident atom and bound-state wave functions
and is believed to be a universal phenomenon in low-
energy gas-surface interactions.

The accommodation coe%cient measures the incom-
plete equilibration between a gas and a surface; it should
also exhibit unusual low-energy behavior. If one assumes
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that energy is transferred between a gas atom and the
surface only by sticking events, the accommodation
coefficient as a function either of gas temperature or in-
cident atom energy can be directly computed from the
sticking probability. Our measurements of the accornrno-
dation coefficient are in excellent agreement with previ-
ous measurements of the accommodation coefficient as
well as previous measurements of the sticking probabili-
ty for the H $-superAuid He system. These results are
discussed further in Sec. V.

II. THKORKTICAL PREDICTIONS

A. Background

Ehyp 0.0506 T
(y, +y )H H

where Ehyp A X1.402 6Hz is the zero field hyperfine
energy and y, and y are the electron and proton
gyromagnetic ratios for hydrogen.

In the high field limit, the mixing angle 0 is small and
the hyperfine states may be written in approximate form
as

I. &=I~&& —8.Its),
Ib &=Ill&,
Ic&=I'll&+8 IS&),

A gas of hydrogen atoms may be stabilized against the
recombination reaction

H+H~H2+4. 8 eV

by parallel alignment of their electron spins, for example
in an external magnetic field. This system is known as
spin-polarized atomic hydrogen (denoted Hl or Hf ) and
was first created in the laboratory in a superAuid
helium-lined cell within a region of high static magnetic
field. H$ is a weakly interacting Bose gas and is believed
to remain gaseous down to T=O K. Furthermore, for
sufficiently high densities and low temperatures spin-
polarized hydrogen is expected to undergo a transition to
the degenerate regime (Bose Einstein condensation or
BEC). The transition temperature for BEC in weakly in-
teraction Bose gases is nearly identical to the result for
the ideal Bose gas, which is given by the relation

2/3
h n

2mmk 2.612

Here n is the number density of the gas. We refer the
reader to the review articles by Greytak and Kleppner
and Silvera and Walraven for a comprehensive survey of
research on spin-polarized hydrogen.

B. Hyperfine states of hydrogen

Consider a ground-state hydrogen atom in the presence
of a static, uniform magnetic field. When we consider the
Zeeman energies of the electron and proton spins as well
as the hyperfine interaction between these two spins, we
find that the 1s ground state splits into four hyperfine
states, conventionally labeled a through d in order of in-
creasing energy. The spin wave functions of the
hyperfine states are written in the Im, m; ) representation

Ia ) = cos8
I J t ) —sin8

I
1'g ),

I~ &=Ice),
fc &

= cos8
I gg &+sin8

The mixing angle 0 is given by the relation

In this limit, the electron and proton spins are nearly
decoupled. The electron spins of the a and b states are al-
most completely aligned antiparallel to the magnetic
field. When placed in a magnetic field gradient, a and b
atoms feel a force accelerating them towards regions of
strong magnetic field. Conversely the c and d atoms are
nearly aligned parallel to the magnetic field and are at-
tracted to regions of weak magnetic field. Spin-polarized
atomic hydrogen composed of a and b atoms is denoted
Hl, while Hf is used to represent a collection of c and d
atoms. As the work in this paper involves H $, we will re-
strict our discussion of spin-polarized hydrogen to gases
of a and b atoms unless otherwise noted.

C. Interatomic potential

The interaction potential for a pair of ground-state hy-
drogen atoms in a spatially uniform magnetic field may
be written as a sum of several terms:

+Coulomb + ~zeemau+ +hyperfine+ Vdipole

The Vc,„„b term represents the interaction of the
electron and proton charges of both atoms, and it is the
dominant contribution to the pair potential. Using a
variational approach, Kolos and Wolniewicz performed
ab initio calculations of Vc,„&, b for two ground-state hy-
drogen atoms. ' ' Their results for the total electron
spin singlet (S =0) and triplet (S = 1 ) interactions are
the most accurate calculations of any known interatomic
potential (see Fig. l). The singlet potential 'Xg+ is strong-
ly attractive, with a well depth of approximately 55000
K. It supports the bound states of the H2 molecule. On
the other hand, the triplet potential X„+ is weakly repul-
sive and permits the stabilization of H $ against direct
molecular recombination. It, possesses a shallow 6.5-K-
deep well discernible in the expanded view in Fig. 1. Al-
though it supports no bound molecular states, this faintly
attractive well strongly influences the low-energy scatter-
ing of a pair of hydrogen atoms.

The electron spins inQuence the Coulomb energy only
by determining the symmetry of the spatial wave func-
tion, while the nuclear spins play no role whatsoever in
Vc, &, b. Kolos and Wolniewicz have also disregarded
the motion of the nuclei (Born-Oppenheimer approxima-
tion) in their calculations of 'X+ and X„+.



THERMAL CONDUCTIVITY AND ACCOMMODATION. . . 7217

1.00—

0.75—

0.50—

0.25—

—0,25—

a -'i
o-

0—

0 ——

0 1 2 3 4 5
Internuclear Separation t)t]

M =-1
S

zero and may be safely ignored in collisional processes.
We disregard the dipole-dipole interactions because they
are at least 2 orders of magnitude smaller than the
Coulomb interaction.

We shall make the approximation in the high-field lim-
it that the a-a, a-b, and b-b interaction potentials are en-
tirely Coulombic in nature and are all given by the triplet
X„+ interaction calculated by Kolos and Wolniewicz for

zero magnetic field. Note that this assumption implies
the pair interaction potentials in Hl are independent of
the electron and proton spin states of the atoms.

This grossly simplified picture of the interaction ener-
gies in H 1, is suitable for transport calculations, since the
Coulomb interaction is the dominant source of elastic
collisions in the gas. However for description of phenom-
ena in H $ involving inelastic collisions, one generally in-
cludes the spin-dependent interactions we have neglected.

FIG. 1. H-H singlet and triplet interaction potentials in zero
magnetic field. Inset: expanded view of the triplet attractive
well illustrating the Zeeman effect for H = 10 T.

The Vz„,„ term represents the interaction between
the proton and electron magnetic moments and an exter-
nal magnetic field. For a magnetic field of 10 T, the elec-
tronic Zeeman energy introduces an energy shift of ap-
proximately 6.7 K to the triplet potential curves (see Fig.
1). The singlet potential is unaffected if we ignore the nu-
clear spin. Due to the difterence in mass, the Zeeman
effec is nearly 3 orders of magnitude smaller for the pro-
tons than the electrons. Both the electron and proton
Zeeman shifts are independent of the internuclear dis-
tance r.

The electron and proton spins also contribute to the in-
teraction potential through the hyperfine energy. This
interaction is rather weak, as the hyperfine energy Ehyp
corresponds to a temperature of approximately 70 mK.
If we neglect the weak hyperfine interaction of proton
and electron spins on different atoms, then Vhypezfize is in-
dependent of the internuclear separation.

The Vd;, &, term includes the magnetic dipole-dipole
interactions of the electron and proton spins. The
electron-electron dipole energy is the strongest contribu-
tion to Vd;p, &, and is roughly 20 mK in the vicinity of the
shallow attractive well of the triplet Coulomb potential.
Vd p J is therefore also a weak perturbation of the dorn-
inant Coulomb energy.

This description of the interatomic potential applies
quite generally to a gas of ground-state hydrogen atoms
in a uniform magnetic field. Let us now confine our dis-
cussion to H $, an atomic hydrogen gas composed of the
high field seeking hyperfine states a and b. The b atoms
are in a pure electron and proton spin state ( ~

4 g ) ), while
the a atoms have a small admixture of the opposite elec-
tron spin component (~ l4 ) —8

~
t4 ) ).

In the high field limit, the a-a, a-b, and b-b Coulomb
energies are given by the triplet potential X„+ and are all
perturbed by the M, = —1 Zeernan shift as well as the
hyperfine energies of the individual atoms. Since these
contributions are independent of the internuclear separa-
tion r, they are equivalent to a redefinition of the energy

D. Collision cross sections

Since the interaction potential V(r) is spherically sym-
metric, the orbital angular momentum / i.s a good quan-
tum number during collisions. We consider scattering
via different angular-momentum channels separately and
investigate binary collisions in the gas using the method
of partial waves.

The phase shift 5&(k) associated with the partial wave
of angular momentum I is a function of the relative in-
cident wave vector of the collision. Lhuillier has calcu-
lated the phase shifts for the X„potential of Kolos and
Wolniewicz numerically. The high-energy behavior of 5&

is primarily determined by the repulsive core of the X„+

potential. For energies small compared to the well depth
(k &(0.3S A ') the attractive well moderates the repul-
sive effects of the hard core.

Friend and Etters' and Lantto and Nieminen' have
determined the s-wave scattering length a in spin-
polarized hydrogen to be

5a(k)
a = —lim =0.72 A .

o k
(7)

o,„= g (
—1) (2l+1)sin 5& .k' ~=o

Here o-d and o-,„represent the direct and exchange cross
sections, respectively. Recall that if the particles are dis-
tinguishable the total cross section is given by o.d, while if
the particles are indistinguishable the total cross section
&s ~d+ ~ex-

For transport calculations of gases in thermal equilibri-
urn at temperature T, a more useful quantity is the
Boltzmann averaged cross section'

Since a is positive and small, the interaction between hy-
drogen atoms in H J, is weakly repulsive.

The cross section for binary elastic collisions in spin-
polarized hydrogen are then easily computed from the
phase shifts:

crd= g (2l+1)sin 5&,
4m

k (=o
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K. Simplifying assumptions

Throughout the remainder of this paper, we shall fol-
low other authors in making several simplifying assump-
tions for transport calculations.

The experiments described in this paper were conduct-
ed on a nondegenerate Bose gas. The thermal de Broglie
wavelength A( T)=h /&2rrmkT for the temperature
range studied here was always several orders of magni-
tude smaller than the average interatomic spacing
ro =n ' . Degeneracy effects related to the formation
of the Bose condensate can therefore be ignored and we
may use the Boltzmann transport equation to calculate
the kinetic behavior of Hl.

%'e shall restrict our discussion to dilute gases
(a «ro). This ensures that we need to consider only
binary collisions; multiatom scattering channels, though
important for molecular recombination mechanisms, will
be neglected in our calculations.

Note that for the low temperatures described in this
paper, the s-wave channel is the dominant scattering pro-
cess in the gas. In the low-energy and low-temperature
limits, the relevant elastic cross sections become

o d, a,„~4ma, k —+0,
W"2l[o„],W"2l[o,„] 8~a', T 0.

(12)

(13)

We shall report values of the thermal conductivity for
the hydrodynamic regime ( A, «L ), where A, is the mean
free path and I is the length scale of the macroscopic
temperature gradient applied to the gas. For spin-
polarized hydrogen, the mean free path may be estimated
from the s-wave collision length:

1 1

V'2 ncr

1 1

8l/2 dna. (14)

In this expression, we approximate the total cross section
by its k =0 value. Hence for a gas at T=0.3 K with
number density n =10' atoms/cm, the mean free path
is approximately 1 mm.

F. Paramagnetic Bose gas model

Lhuillier and Laloe modeled H $ as a binary gas mix-
ture of a and b atoms. Recall that, in the high-field limit,
the proton spins serve to distinguish between the atoms,
since the electron spins of the two states are both aligned
antiparallel to the applied magnetic field.

Models that distinguish the a and b atoms predict
transport phenomena that depend upon the nuclear po-
larization a, even though the dependence of the intera-

W"'[o ]—I dye r y
'+ Q'"(yk) (10)

where we have defined k =v mkT /fi and the angular
average

Q'"(k)=2m. f d( cos8)(1—cos'9) (k) .—1 dQ

For calculations of the thermal conductivity, 8" ' ' will
play the dominant role.

tomic potential upon the proton spins has been neglected.
This polarization-dependent behavior emerges solely
from identical particle considerations. Collisions between
pairs of a atoms or pairs of b atoms involve indistinguish-
able particles and have different elastic collision cross sec-
tions than those for a-b collisions, which are between dis-
tinguishable particles. Since a determines the ratio of a-a
and b-b to a-b collisions, the effective overall cross section
and hence the thermal conductivity depends upon the nu-
clear polarization of the gas.

Recall that the coefficient of thermal conductivity mea-
sures the ability of the gas to transport heat from hot to
cold regions. The heat Ilux density dq/dt is defined to be
the energy How in the gas per unit time and unit area.
For a slowly varying temperature distribution T(r) in the
gas, the heat fIux density is directed opposite to the local
temperature gradient

dq = —KVT,
dt

(15)

where the proportionality constant is defined as the
thermal conductivity K. For a spinless monatomic gas,
the thermal conductivity is given by'

25 l/mmKT cc 25m
Kclassical 16 W(p 2)[ ] m 32 U

EEU kC (16)

The thermal conductivity in this model for a gas with ar-
bitrary polarization is

1 —g,a~(a) =~0
1 —gzct

The dimensionless quantities gl and gz are determined
from the collisional cross sections W""[od ],
W" '[cr ] W" '[cr ] W' ' '[o ] and W' ' '[o. „]. In
the T~0 limit, pi~ —,", and $2~ —

—,",.
The results for H$ are displayed in Fig. 2. At tempera-

ture below 0.1 K, the temperature dependence of K is due
to the average velocity of the gas atoms. For higher tem-

Here the specific heat per atom is c, =3k/2.
This simple classical approach must be extended for

the treatment of quantum binary gases with spin. In a
series of three papers in 1982, Lhuillier and Laloe
developed a theory for transport in spin-polarized
Boltzmann gases, one which included the identical parti-
cle effects outlined above. They explored the behavior of
non degenerate gases obeying either Fermi-Dirac or
Bose-Einstein statistics. In their theory, the gas atoms all
possess spin i and are distinguishable only by the quan-
turn number m;. Furthermore, Lhuillier and Laloe as-
sumed that the interatomic potential was spin indepen-
dent. We present here their calculations for spin-
polarized hydrogen, a Bose gas indexed by the i =

—,
' pro-

ton spins.
Solution of the Boltzmann equation for this model re-

veals that the thermal conductivity for the unpolarized
gas (a=0) is given by

25 v'rrmkT CU

16 W"2l[o„]+-,'W"2l[o ] m
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The atomic hydrogen enters a 0.5-in. -diam stainless-
steel cross arm immersed in the liquid-helium bath of the
refrigerator. This cross arm is insulated from the liquid
helium by a coating composed of Stycast 1266 epoxy
impregnated with 0.5-pm glass spheres. This cross arm
connects the discharge region with an on-axis fill line that
is thermally anchored to the stages of the dilution refri-
gerator en route to the experimental cell.

The operation of this atomic hydrogen source is de-
scribed in detail elsewhere. ' In the experiments de-
scribed in this paper, the atomic hydrogen source
delivered roughly S —8X 10' atoms per s to the experi-
mental cell.

C. Thermal conductivity cell

The experimental cell is located at the mixing chamber
terminus of the hydrogen fill line. It is mounted on an
oxygen-free, high-conductivity (OFHC) copper support
labeled in Fig. 5 as the multiport cell. The atomic hydro-
gen fIux passes from the mixing chamber through a
0.438-in. -i.d. fill line to a rectangular copper block locat-
ed at the center of the superconducting solenoid. This
copper block has five circular measurement ports, one of
each side and one on-axis port with bottom access. Three
of the side ports are unused and are sealed with blank
OFHC copper Ganges.

The bottom port houses an OFHC copper assembly
listed in Fig. 5 as the thermal conductivity insert. The
insert possesses a coaxial cylinder geometry. The base of
the insert forms an outer cylinder with radius r, =0.79
cm and length 4.45 cm. This outer cylinder is thermally

atomic H flux

anchored to the multiport cell. The inner cylinder is a
solid OFHC copper rod of radius r& =0.16 cm and length
I =3.18 cm. This rod is suspended by monofilament
Kevlar thread approximately 6 mm above the bottom of
the outer cylinder. A chip resistor thermometer (see
below) is located in each end of the inner cylinder. Al-
though not shown, four coiled manganin wires, 0.0031 in.
diameter and approximately S cm long when uncoiled,
lead from each thermometer to an electrical feedthrough
(also not shown) in the bottom of the outer cylinder, and
ultimately to room-temperature electronics.

This geometry ensures that the inner cylinder is
thermally isolated from the outer cylinder and the rest of
the experimental cell. Measurements with an empty cell
indicate that the intrinsic heat leak from the central post
to the base of the insert is on the order of 10 W/K.
This occurs primarily through the coiled electrical leads.

This insert utilizes a modified hot wire technique to
measure gaseous thermal conductivities. The outer
cylinder is kept at constant temperature T by the dilution
refrigerator, and the region between the two cylinders
filled with spin-polarized hydrogen. The power Q neces-
sary to maintain the inner cylinder at temperature
T+hT is measured. When corrected for stray heat
leaks, Q represents the heat transport by the gas from the
hot inner cylinder to the cold outer cylinder. For small
temperature di6'erential hT in the hydrodynamic regime,
the ratio Q/AT is thus proportional to the thermal con-
ductivity ~ of the gas.

Each OFHC copper component of the cell was etched
in a dilute solution of nitric acid to remove deposits from
the machining process from the inner walls of the experi-
mental cell. In addition, all surfaces in the experimental
cell are coated with a saturated superAuid He film dur-
ing normal operation. A small puddle of liquid He, typi-
cally less than 0.25 mm deep, forms in the base of the
outer cylinder.

D. Pressure and temperature sensors

—H fill line

trigger
bolometer

pres
trans

outer
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inner c
tern p T+~T

FIG. 5. Thermal conductivity cell.
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The pressure, and hence the density computed from
the ideal gas law, of the spin-polarized hydrogen samples
is measured by a capacitive pressure transducer mounted
on the remaining side port of the experimental cell. This
cryogenic pressure sensor is based upon a design first
developed by I.andau and coworkers. The active ele-
ment of the pressure transducer is a circular, 0.0005-in. -

thick Aexible Kapton " membrane. A 1.75-cm-diam elec-
trode (50 A chromium under 450 A gold) is deposited on
one side of the membrane. A 1.90-cm-diam circular brass
fixed electrode is separated from the Aexible electrode by
an annular 0.5-ml Kapton spacer. The resulting parallel
plate capacitor has a capacitance of approximately 60 pF
at room temperature, with stray capacitances to ground
of roughly 40 pF. Changes in the pressure of the gas in
the cell produce deAections of the Kapton membrane,
which in turn alters the capacitance of the pressure trans-
ducei .

The capacitance of the pressure transducer is measured
by a cryogenic tunnel diode oscillator of the design
developed by Van Degrift. A biased tunnel diode (Czen-
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eral Electric BD5) drives a resonant LC circuit composed
of an isolation transformer and the pressure transducer.
A small portion of the approximately 4.35-MHz reso-
nance oscillation is leaked to two broadband 30 dB
amplifiers (Avantek GPD201) in the room-temperature
electronics. This amplified signal is mixed and filtered to
a roughly 30-kHz oscillation whose frequency is mea-
sured by a Philips PM6654 frequency counter.

The response of the pressure transducer is calibrated
for 0.2 ~ T ~ 0.4 K against the saturated vapor pressure
of He. The frequency deviation of the oscillator is
linearly dependent upon the pressure to at least 50 mtorr,
with a response of 114+2 Hz per mtorr. The frequency
of the pressure transducer-tunnel diode oscillator is stable
to within 0.05 Hz, or 0.01 ppm of the resonance frequen-
cy, over several hours. The pressure transducer is hence
sensitive to changes of 4X10 torr. For ideal gases at
T =0.3 K, this corresponds to density changes of 1 X 10'
crn

The baseline (empty cell) frequency of the pressure
transducer varies slightly with the temperature of the
mixing chamber. This is perhaps due to slight mechani-
cal contraction in the isolation transformer or a small
temperature dependence in the dielectric constant of the
transformer coil form.

Primary thermometry is provided by a capacitive He
melting curve thermometer of the type developed by
Greywall and Busch. The thermometer is thermally
anchored to the mixing chamber; its capacitance is mea-
sured by another tunnel diode oscillator. Pressures are
measured to within 3 mbar, which corresponds to tem-
peratures accurate to within 0.25 mK.

Secondary thermometry is provided by four wire resis-
tance measurement of Dale Electronics model RCWP-
575 1.00 kQ 1% surface mount chip resistors. The tem-
perature and magnetic field response of these thermome-
ters has been reported by Li and coworkers. Four chip
thermometers are found throughout the experimental
cell: one on the mixing chamber, one on the exterior of
the thermal conductivity insert, and on each end on the
inner cylinder of the thermal conductivity insert. In
practice, one of the inner cylinder thermometers is used
as a heater. The thermal contact between these ther-
mometers and the central post itself is approximately
10 W/K and is primarily due to the bulk and surface
thermal resistance of the intervening thin epoxy film used
to afIix the thermometers.

The mixing chamber and exterior insert thermometers
are calibrated against the He melting curve thermome-
ter, while the central post thermometers are calibrated
versus the mixing chamber thermometers with He in the
experimental cell. The high thermal conductivity of the
helium vapor serves to lock the temperature of the inner
cylinder to that of the outer cylinder.

IV. PROCEDURE

A. Theory of operation

In the measurements described in this paper, a sample
of spin-polarized hydrogen is introduced to the experi-

mental cell, where it fills the annular region between the
inner and outer cylinders of the thermal conductivity in-
sert. The mixing chamber, multiport cell, and outer
cylinder are all maintained via a servo loop at a constant
temperature T. A separate servo loop maintains the
inner cylinder at a slightly warmer temperature T +hT.
The steady-state dc current I „,and voltage V „,sup-

plies to the central post heater are measured in a stan-
dard four-wire configuration to eliminate the effects of
lead resistances. The ohmic heating supplied to maintain
the temperature differential AT is then

Q „,(T, AT, n)=I „,V „, . (25)

Qgas(T, b, T, n)=Q „,—bQ (26)

where b,g represents corrections due to stray heat leaks
and external heat sources. We shall examine b,g in more
detail in Sec. V. For small temperature differentials, Q „
is proportional to AT so we define the thermal conduc-
tance (not to be confused with the thermal conductivity
l~)

K,s(T, n)=

Note that E,z is a function of the temperature and densi-
ty of the gas.

The variation of EC,z with density may be divided into
three transport regimes: ballistic (also known as free
molecular), transition, and hydrodynamic. These regimes
are characterized by the relative lengths of the mean free
path A, and the transport distance d, which in our experi-
mental cell is simply the distance (0.64 cm) between the
inner and outer cylinders.

In the hydrodynamic regime (A, «d), heat conduction
is completely governed by the many collisions required to
traverse the transport distance. The thermal conduc-
tance is density independent and is proportional to the
thermal conductivity ~. For a coaxial cylinder geometry
ignoring end efFects,

~hp( )
2mLii

ln(r, Irh )
(28)

For rarified gases in the ballistic regime (A, ))d), col-
lisions play no role in heat transport. Instead, gas atoms
carry energy directly from one wall to another. Further
complicating the situation is the fact that gas atoms imp-
inging upon a surface do not come into complete thermal
equilibrium with the surface. One can phenomenologi-
cally describe the incomplete equilibration between gas a
substrate by a single parameter a„known as the accorn-
modation coefBcient. For our experimental cell, heat
transport is limited by the surface area of the inner
cylinder and the thermal conductance in the ballistic re-
gime may be written as

As indicated above, Q „, varies with temperature, the
temperature difFerential, and gas density. We then define

gs», the actual power conducted by the gas from inner
to outer cylinder, by
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IC,~&'(n) =a,' (2mrhL. ) (2k) . (29)
1 2 2 X

sin P+ cosP ——
27T 0 T~

2 —1/2

dP . (35)

We have defined an effective accommodation coefFicient
a,' which differs from a, due to the following fact: the
atoms carrying energy from one cylinder may fail to fully
accommodate at the other cylinder and can actually re-
turn to redeposit their energy on the original surface. If
the atoms scatter from the surfaces in a completely
diffuse manner, then the effective accommodation
coem.cient rejects the relative surface areas of the inner
and outer cylinders:

a,aeff
1+(1—a, )(rl, /r, )

Note that K,ff is independent of the intrinsic thermal
conductivity ~ and is proportional to the density.

For intermediate densities in the transition regime
(A, -d), the behavior of K,s is more complicated. Both
ballistic transport and collisions are important channels
for heat conduction. Lees and Liu and Lord modeled
this problem for a pair of concentric cylinders, and they
found the best agreement with experimental data to be
given by the form

g &rans
( n )—

eff
1 1

~hyd( ) ~ball(n) (31)

~hyg 2~L]c
inn

(32)

where the dimensionless parameter 5 is given by

r, +rf, —x +Q[r, (x+r&) ][r, —(—x r&) ]-
2T Tg

(33)

The ballistic regime result for an off-axis inner cylinder
ignoring end effects is

K,z" =a,' (2nr&L)g (2k), (34)

where the dimensionless parameter g is given by the in-
tegral

The expression presented above were calculated for an
ideal coaxial cylinder geometry and ignore end and off-
axis alignment effects. Exact numerical solution of the
temperature distribution including end effects in our ex-
perimental cell indicate that the thermal conductance in
the hydrodynamic regime is 5% greater than the ideal re-
sult. In the ballistic regime, end effects merely introduce
a correction from the area of the inner cylinder end caps,
which also add a 5%%uo upwards correction to the thermal
conductance for our experimental cell.

Off-axis rnisalignrnent of the inner cylinder by a dis-
placement x also slightly modifies our ideal results. In
the hydrodynamics regime, transport without end effects
becomes

For our experimental cell, even an unreasonably large
oF-axis displacement of 0.2 cm (nearly a third of the sepa-
ration between cylinders) introduces only a 4%%uo increase
in either regime from the ideal on-axis result.

B. Measurements

We performed a calibration check of our apparatus by
measuring the thermal conductivity of gaseous He for
0.3~ T~0.5 K and gaseous He for 0.75~ T ~0.9 K.
Our measurements, reported elsewhere, ' were in excel-
lent agreement with both ab initio theoretical calcula-
tions ' and previous experimental results at higher
temperatures. These measurements suggest that sys-
tematic errors associated with our experimental ap-
paratus are less than 5%.

We then performed heat transport measurements of
spin-polarized hydrogen in a 7.00-T magnetic field for
temperatures ranging from 0.2 to 0.4 K, and at 0.37 K
for magnetic fields from 3.00 to 7.00 T. We measured
thermal transport for samples with densities up to
2 X 10' cm and nuclear polarizations up to 98%.

At each value of the temperature and magnetic field,
we performed measurements according to the following
procedure. We generate the standard temperature
differential in the experimental cell (outer cylinder tem-
perature T, inner cylinder temperature T +6T). Before
introducing any H$ into the experimental cell, we mea-
sure baseline values of the central post heater current
Ib„, and voltage Vb„,. We then operate the hydrogen
discharge and fill the cell with H $. When the density has
reached a suitable initial level, we turn off the discharge.
Due to well-understood recombination and relaxation
processes in the gas, the sample will decay with lifetimes
ranging from one to several hours. We periodically
record the pressure p of the gas, the temperatures T;„„„
and T,„„,of the coaxial cylinders, and the current I „,
and voltage V „, applied to the inner cylinder heater.
These measurements were generally repeated every 10
seconds. Measurement data are shown in Fig. 6 for a H$
sample created at T =0.309 K and 8=7.00 T.

Since collision times in Hl are rapid (10ps) in compar-
ison to the density decay times (10 —10 s), we expect
that these Hl samples are always in thermal equilibrium.
Our measurements of Q „,(t) then represent the steady-
state transport for a gas at density n (t).

For all of the Hf measurements, the experimental cell
and lower fill line are coated with a saturated superAuid
He film. We create this film by introducing 99.99% pur-

ity He gas from a room-temperature gas handling sys-
tem. The gas is cryopumped into the hydrogen fill line
and the experimental cell; at dilution refrigerator temper-
atures, it condenses upon the inner surfaces of the fill line
and cell. Approximately 16 mmol of He gas is required
to form a saturated film for our experimental apparatus.
We attribute this relatively large quantity of helium to
the extensive surface area of the copper sinter in the fill
line. We qualitatively monitor the film thickness in the
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FIG. 6. Pressure, temperature, and applied power data taken
for a H $ sample at T =0.309 K and H =7.OOT.

nb ng
a(t) =

nb+n,
(37)

The density n (t) and the nuclear polarization a(t) calcu-
lated in this fashion for a T =0.309 K and H =7.00 T
gas is shown in Fig. 7. Slight discrepancies between ex-
perimental data and our model (such as those observable

bulk and on the surface. K„,K,b, Gb, and G, are com-
pletely determined ' ' from the temperature, the magnet-
ic field, and the area to volume ratio of the experimental
cell (A„II/V„II=5.94 cm '). The surface two-body re-
laxation rate constant 6, also depends upon the angle be-
tween the magnetic field and the surface normal. Since
the surfaces inside the experimental cell do not possess
any predominant orientation with respect to the magnetic
field, we have chosen to use the angular average of G, . In
this model we have also ignored three-body recombina-
tion processes, as they become important only for densi-
ties greater than 10' cm

We determine the nuclear polarization a(t) by match-
ing the observed density decay n(t)=plkT with the
simulated total density n„(t)=n, +nb determined from
this model. Only two parameters are adjusted: the initial
nuclear polarization and the one-body relaxation rate R.
The initial total density is determined from the observed
decay profile. The nuclear polarization is then easily
found from the a and b densities:

experimental cell by measuring the energy required to
heat and completely evaporate the helium film from the
inner cylinder.

0.8

0.6—

V. RESULTS

In this section we describe the procedure used to ex-
tract the thermal conductivity i«(T) and accommodation
coefficient a, ( T) from the experimental data.

A. Density n ( t) and nuclear polarization a(t)

We determine the development of the nuclear polariza-
tion a(t) of a H J, sample directly from the time evolution
of the density n (t). This is possible because the rate con-
stants of the relaxation and recombination processes are
well known.

We model the H$ sample as a binary gas of I2 and b
atoms with densities n, and nb. The time evolution of
this gas is then governed by the coupled first-order
difFerential equations:

dna =R(n, nb)+2K„n +K bn nbdt

+(G, +Gb )(n, —nb),
(36)

dnb 2 2=R (nb —n, )+K,bn, nb+(G, +G„)(nb n, ) . —
dt
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R is the one-body relaxation rate constant, E„and EC,b
are the two-body recombination rate constants, and Gb
and 6, are the two-body relaxation rate constants in the

FICx. 7. The time evolution of the density (a) and nuclear po-
larization (b) of a H $ sample. Plotted points represent measure-
ments, solid lines represent the results of the model described in
the text.
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in the figure near t =25 min) represent uncertainties of
approximately 5% in our determination of the nuclear
polarization a.

B. Power corrections KQ

Qleak Qnoise +Qfilm Ibase +base (39)

These baseline powers are roughly 100 nW at 0.4 K, but
drop to 5 nW at 0.2 K.

The remaining term in b, Q arises from the decay of the
spin-polarized hydrogen sample. Each hydrogen atom
that is lost to the H$ gas becomes one half of a Hz mole-
cule, which promptly freezes on the surfaces of the exper-
imental cell. During this process, 4.8 eV of recombina-
tion energy is released per molecule. As the H$ sample
decays, the total recombination power produced in the
cell by the formation of molecular hydrogen is given by

For our measurements of the thermal transport in
spin-polarized hydrogen, it is important to note that the
HJ gas transports heat from the inner cylinder's helium
film to the outer cylinder's helium film. Corrections b, Q
to the measured power Q „,must not only include the
effects of the intrinsic cell heat leak and electrical noise,
but also include heat Row through the helium film as well
as heat deposited by the formation of molecular H2 dur-
ing the decay of a H$ sample. These corrections are il-
lustrated in the block diagram in Fig. 8.

In this block diagram, Qi„k and Q„„„represent the in-
trinsic cell heat leak and electrical noise corrections, Qsim
represents the heat leak through the He film, and Q',",","
and Q'„","' represent the recombination heat deposited on
both the inner and outer cylinder helium films. One can
see from the diagram that the actual heat fIux transport-
ed by the gas is given by Q „=Q „,—EQ, where

~Q =Qi-k —Q....+Qsi (38)

We have determined the first three terms in the above
expression experimentally. The baseline heat leak
Ib„,Vb„„measured prior to the introduction of Hj, in-
cludes Qsi as well as the other hydrogen-independent
terms Qi„i, and Q„„„.Recent measurement of the H-He
cross section suggest that Qsi is only very weakly
dependent upon the hydrogen density for our experimen-
tal conditions. We may replace all three by this mea-
sured baseline heat leak:

~ „, 4.8 eV dn
ii (40)

where V„ll =25.0 cm is the volume of the experimental
cell. If we assume that the recombination power is de-
posited uniformly across the surfaces of the experimental
cell, the power deposited upon the inner and outer
cylinders is given by

Q
' inner

rec

~ inner

~ inner + ~ outer

' tot
rec

and

' outer
rec

~ outer

~ inner + ~ outer

' tot
rec

(41)

where A;„„„=3.33 cm and Aou„, =145.3 cm are the
surface areas of the inner cylinder and the outer cylinder
assembly (outer cylinder, multiport cell, and fill line). As
much as 100 pW is deposited on the cell surfaces during
the initial rapid recombination segment of n (t); 100 nW
is typical for the relaxation bottlenecked regime where
values of dn Idt are considerably smaller.

C. Temperature difFerential B,T

The true temperature differential across the gas is not
the temperature difference of the inner and outer
cylinders, but the difference in the helium film tempera-
tures:

film film~T= Tinner Touter (42)

We have been careful to distinguish the film temperature
from the temperature of the underlying substrate because
of the presence of a thermal boundary resistance, known
as the Kapitza resistance. The Kapitza resistance is in-
versely proportional to the area of the boundary and is
due to the mismatch of phonon dispersion relations in the
helium film and the OFHC copper substrate. For bulk
liquid He and copper, the Kapitza thermal resistivity is
given in the 0.2—0.5 K temperature range by the expres-
sion

4.0X10 m K /W
K T3

(43)

Since the power transported across the inner cylinder-
heliurn film boundary is Q „,—Qi„i, +Q„„„,the tem-
perature differential at the inner cylinder is

Qnoise
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rec
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cylinder
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Qgas
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FIG. 8. Block diagram of
to fridge

power and temperature correc-
tions.

film

leak
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film
Tinner Tinner

=+It ~ inner ( Q meas Q ieak +Q noise ) (44)
0.25—

Similarly, the temperature differential at the outer cell is

film tot
Touter Touter +K ~ outer ( Qmeas Qleak +Qnoise + Q rec )

(45)

These temperature corrections are important only in the
rapid recombination segment of a H $ sample decay; even
then these corrections are less than 2 mK. In general,
our measurements were taken for temperature
differentials AT between 20 and 40 mK.

0.20—

0.15—

0.10—

0.05—

D. Thermal conductance E,&(n )

E. Accommodation coefBcient a,

The effective accommodation coefficient a,' may be
calculated from the behavior of K,s(n), particularly at
low density. Recall that the density variation of the
thermal conductance may be written

1 B=A+ —,
K,ir(n) n

(46)

where the definitions of the parameters A and B in terms
of the thermal conductivity a and effective accommoda-
tion coefficient a,' are

1n(r, /ri, )

2+I.a'

and

B= 1

a,' (2~rhL)(u /4)(2k)

(47)

In order to determine a,', we determine the best least-
squares linear fit to 1/K, tr versus 1/n, and extract the
effective accommodation coefficient from the slope B.

The intrinsic accommodation coefficient a, is then
given by

Once the power Q „and temperature differential b, T
across the spin-polarized hydrogen sample are deter-
mined, the thermal conductance K,tr=Qs„/AT is easily
computed. Recall however that our expressions for
K ff ( n ) in terms of the thermal conductivity it and the
effective accommodation coefficient a, are valid only
when Qs„ is proportional to the temperature difFerential
6T. We verified that our measurements are indeed
within this linear regime. For temperature differentials
up to approximately 40 mK, we found K,ff to be indepen-
dent of the temperature differential.

0—

0. 1 0.2 0.3 0.4 0,5

FIG. 9. Accommodation coefficient of H$ on superAuid He
films as a function of temperature. The solid line a, (T)=0.56T
represents the least-squares linear fit. The dashed lines

a, (T)=0.50T and a, (T)=0.62T indicate uncertainty in the
linear dependence of the accommodation coefficient.

F. Thermal conductivity a

temperature T is expressed in K. The uncertainty in
a, (T) arises from the scatter in the data. Helffrich and
coworkers have measured the accommodation coefficient
on helium surfaces for 0.1 —0.4 K using a parallel plate
geometry and found a, ( T) =0.50T.

These results for the accommodation coefficient are
also in close agreement with values of the sticking proba-
bility s(T) for this temperature regime. Theoretical cal-
culations ' and experimental measurements of the
sticking probability for 0. 15 & T & 0.53 K report
s ( T) =0.33T—0.35T. These measurements correspond
to accommodation coefficients a, ( T)=0.50T —0.53 T,
which are in excellent agreement with the measurements
by Helffrich et al. and the measurements reported in this
paper. Although recent work by Berkhout and Wal-
raven suggest that the sticking probability is given by
s =0.65T in this temperature regime, this is not in agree-
ment with accommodation coefficient measurements.

Note that the accommodation coefficient is found to be
independent of the applied magnetic field (see Fig. 10).
This is not surprising, as the van der Waals interaction
between the incident hydrogen atom and the superAuid
He surface is independent of the proton and electron

spins of the hydrogen atom.

1+rh /r,
ac =ac

ff1+a,' r&/r,
(48)

The thermal conductivity ~ may be extracted from the
behavior of K,a(n) in the transition and hydrodynamic
regimes. Recall that

Computations of a, for each H $ sample are collected and
displayed in Fig. 9.

Our results for the accommodation coefficient of H$
on saturated superAuid He films for 0.2 & T &0.4 K are
in good agreement with previous measurements. In this
regime, we find that a, (T)=(0.56+0.06)T where the

= An+B,
eff

(49)

where A and B are defined as before. If we fit the
behavior of n/K, ff versus n to a straight line with fixed
intercept B (as determined during calculations of a,' ),
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FIG. 10. Magnetic field dependence at 0.37 K of a, for H$
on super6uid He films.

the slope A is inversely proportional to the thermal con-
ductivity v. We perform these calculations for every H$
sample that enters the transition regime (densities
n ) 8 X 10' cm ); the results for Ir( T) are shown in Figs.
11 and 12.

Our results for the thermal conductivity represent the
first measurements of thermal transport in gaseous spin-
polarized hydrogen. As one can see in Fig. 11, the
behavior of ~ for Hl samples at 7.00 T are in rough
agreement with the calculations by Lhuillier for an unpo-
larized binary Bose gas indexed by the nuclear spin i =

—,',
which suggests that distinguishability effects for the a and
b atoms in H$ may indeed be important for thermal
transport at these temperatures.

The lack of samples of Ht, with both high-density and
high nuclear polarization does not allow us to comment

0.008—
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E~0.004—

0.002—

0—
0.30 0.32 0.34 0.36 0.38 0.40
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FIG. 11. Thermal conductivity of H$ as a function of tem-
perature for H =7.0T. The solid and dashed lines represent the
thermal conductivities for the unpolarized and completely po-
larized binary gas model.

FIG. 12. Thermal conductivity of H$ as a function of mag-
netic field for T =0.370 K. The solid and dashed lines
represent the thermal conductivities for the unpolarized and
completely polarized binary gas model.

upon the polarization dependence of ~. The data reduc-
tion technique outlined in the previous section assumed
that the thermal conductivity ~ remained constant during
a sample decay. Since the nuclear polarization o; in fact
evolves from 0% to nearly 100% during a sample decay,
our technique is not strictly accurate if we consider the
possibility that ~ is a function of a. However, if we mod-
el the polarization dependence of the thermal conductivi-
ty by the weakly varying Lhuillier and Laloe result for
the binary gas model

(50)

we cannot distinguish the predicted behavior of K,ff fr orn
our polarization-independent calculations (see Fig. 13)
within the measurement error.

The apparent magnetic field dependence of the thermal
conductivity is inconclusive, due to the large error bars
on the data at low magnetic field. The large uncertainties
are due to the fact that these samples were at lower densi-
ty and do not extend very far into the transition regime
where thermal conductivities ~ are easily determined.
Recall that in the binary gas model the thermal conduc-
tivity is independent of the magnetic field. In the binary
gas model, the -=lectron and proton spins affect the
thermal transport only through quantum indistinguisha-
bility effects, and the predicted transport coefFicients are
independent of the magnetic field. If the thermal conduc-
tivity is truly dependent upon the magnetic field, perhaps
spin-dependent contributions to the H-H interaction po-
tential must be considered in models of transport in spin
polarized hydrogen.

However, we can conclude that anomalies in the
thermal transport due to spin-wave effects are not ob-
served in spin-polarized hydrogen. None of the expected
signatures of spin-wave-moderated transport—
suppression of ~ by 2 orders of magnitude, linear depen-
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FIG 1 3 E ff( n ) for H $ at 0.309 K and 7.00T. The solid line
indicates the behavior of K,ff for polarization-independent
thermal conductivity n. The dashed line is the behavior of E,ff

for the binary gas model. The dash-dotted line represents the
predicted behavior of K,ff for the spin-wave-moderated trans-
port model.

dence upon the magnetic field, and strong dependence on
the nuclear polarization —were observed. To illustrate
this fact, the expected behavior of X,s(n, a) for this
transport model is shown by the dash-dotted line in Fig.
13. In addition, the thermal conductivity a appears to
decrease with increased magnetic field; exactly the oppo-
site effect to that predicted by the spin-wave transport
model.

Recall, however, that the theoretical calculations of
spin-wave-moderated transport assumed a magnon popu-
lation in thermal equilibrium with the gas. If thermal
equilibration times for spin waves in HJ, are long com-
pared with density decay times (10 s), then it is possible
that thermal magnon populations never naturally evolve
in Hl. In any event, it is clear that a reevaluation of this

transport model is warranted by the experimental results
presented here.

VI. CONCLUSION

The measurements described in this paper have clearly
shown that thermal transport in HJ, is governed by
diffusive collisions and strongly suggest that identical
particle effects play a role in determining the elastic col-
lision cross sections in the gas. Furthermore, our results
demonstrate that dramatically enhanced scattering due to
collective e6'ects does not occur in H J, .

A close reexamination of the collective effects trans-
port model proposed by Baskin is certainly warranted by
our experimental results. Definitive conclusions regard-
ing other models of thermal transport in H$ must wait
for precise measurements of the variation of ~ with nu-
clear polarization and applied magnetic Geld. Such mea-
surements require the production of highly nuclear polar-
ized samples with densities deep into the transition re-
gime, and preferably in the hydrodynamic regime. The
most direct route to the production of such samples in-
volves the combination of a larger measurement cell and
a more prolific atomic hydrogen source, which in turn re-
quires a dilution refrigerator with greater cooling power.

Measurements of other transport coefFicients in the
gas, such as the viscosity g, should also provide insights
into the elastic collision mechanisms in spin-polarized hy-
drogen. In principle, experiments involving the damping
by the gas of a vibrating wire or cylinder would allow one
to measure the viscosity of the gas. However, geometric
constraints may make such experiments infeasible.
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