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Deuterium atoms and molecules in nanoclusters of molecular deuterium
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Impurity-helium solids created by injecting deuterium atoms and molecules into superfluid4He have been
studied via x-ray-diffraction and electron-spin-resonance~ESR! techniques. X-ray-diffraction measurements
show that these solids are highly porous gel-like structures consisting of D2 clusters with the characteristic
cluster size of 90630 Å. The densities of D2 molecules in the samples are 731020–331021 cm23. Each of
the D2 clusters are either partially or totally surrounded by thin layers of adsorbed helium which may play an
important role in preventing the coalescence of the clusters into larger crystallites of solid D2. Using ESR, we
find thataverageconcentrations of D atoms of order 131018 cm23 can be achieved in our samples. Measure-
ments of the ground-state spectroscopic parameters and relaxation times of atomic deuterium show that the D
atoms reside in the D2 clusters. The combined x-ray and ESR data show thatlocal concentrations of D atoms
as large as 231019 cm23 are obtained in our experiments. The highly porous deuterium nanostructures studied
in this work are promising for the production of high concentrations of ultracold neutrons and for significant
nuclear polarization of D2 molecules by the ‘‘brute force method’’ at low temperatures.

DOI: 10.1103/PhysRevB.69.104201 PACS number~s!: 67.40.Yv, 67.40.Mj, 62.65.1k
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I. INTRODUCTION

By introducing impurity atoms and molecules into a vo
ume of superfluid helium, mesoporous impurity-helium~Im-
He! solids can be produced.1,2 These porous solids are ver
promising for studying the properties of superfluidity of3He
and 4He confined in highly disordered environments,3,4 for
matrix isolation of high concentrations of different fre
radicals,1,5 and for studies of low temperature chemical tu
neling reactions.6,7 The structure of impurity-helium solid
created by the injection of relatively heavy impurities such
neon and krypton atoms and nitrogen molecules has b
studied via x-ray-diffraction8–10 and by means of ultrasoun
propagation through the liquid4He contained in the pores o
the samples.10–14 It was found that these solids consist
nanoclusters of impurities with typical size 50–60 Å cover
by one or two layers of solid helium. The nanoclusters
believed to be assembled into a semirigid porous networ
clumps connected by strands. The structure appears sim
to light aerogel. The pore size distribution is very broa
from 80 Å to at least 8600 Å, and the average density
impurities in the solids is;1020 cm23.

Up to date, no information has been obtained about
structure of impurity-helium solids formed from light atom
and molecules of hydrogen isotopes, even though th
quantum impurity-helium solids are of special intere
Impurity-helium solids with stabilized H and D atoms
mixed H2 /D2 clusters provide an excellent laboratory f
studies of low-temperature chemical reactions.15–17 In par-
ticular, the exchange tunneling reactions D1H2→HD1H
and D1HD→D21H have been used to generate high co
centrations of hydrogen atoms in impurity-helium solids.18,19

In deuterium-helium solids, high concentrations of D ato
were achieved directly after formation. The fact that all p
vious attempts to investigate the structures of impur
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helium solids formed from light atoms and molecules fail
to produce reliable results10,13,20motivated the present work

The creation of macroscopic pure hydrogen-helium so
inside superfluid helium is a very sophisticated proble
Early work concluded that Im-He solids form properly on
when the condensed solid is immersed in superfluid heliu2

Some material containing hydrogen forms and resides on
surface of superfluid4He during hydrogen-helium gas mix
ture condensation. Hydrogen-helium solids are expecte
float on the surface of superfluid4He due to their small
density~the density of solid H2 is 0.08 g/cm3 and the density
of superfluid helium atT51.5 K is 0.145 g/cm3). Only
when heavier impurities such as Ne atoms or D2 molecules
are added to hydrogen-helium gas mixtures is it possible
create mixed impurity-helium solids containing atomic a
molecular hydrogen with a density larger than the density
He II.16,17 In contrast to pure hydrogen-helium samples, pu
deuterium-helium samples have densities larger than the
sity of He II and can readily be created inside a volume
superfluid helium.

We have employed x-ray-diffraction and electron-sp
resonance~ESR! techniques to investigate the structure a
behavior of impurity-helium solids created by introducin
deuterium atoms and molecules into superfluid4He. We
have also investigated mixed D2-Ne-He samples to compar
the sizes and behavior of clusters created when neon
deuterium were simultaneously present in the gas mixtur

From the x-ray-diffraction experiments, we found th
D2-He and D2-Ne-He samples have characteristic impur
densities of order;1021 cm23 and that they consist of clus
ters of impurities with diameters of order 50–90 Å. Usin
ESR, we have studied the ground-state spectroscopic pa
eters, line shapes, relaxation times, and saturation beha
of stabilized D atoms in D-D2-He and D-D2-Ne-He solids.
Complementary results from x-ray and ESR measurem
©2004 The American Physical Society01-1
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allowed us to characterize the properties of Im-He so
created with light impurities. The small clusters of D2 mol-
ecules surrounded by thin layers of solid helium contain
stabilized D atoms. These clusters aggregate into porous
like structures similar to the structure of Im-He solids crea
with heavier atoms and molecules.10

Using ESR we also measured the average concentra
of D atoms in D-D2-He samples to be;1.531018 cm23 and
the local concentration~in the D2 clusters! of D atoms to be
;231019 cm23. High local concentrations of D atom
within D2 clusters obtained in this work imply that for tem
peratures<175 mK this system is close to the regime whe
the mean distance (dm;38 Å) between D atoms is compa
rable to the thermal de Broglie wavelength for free D atom

It is found, however, that the recombination rate of de
terium atoms in D-D2-He impurity-helium solids is quite
slow,16 indicating a very small rate of diffusion and hence
high degree of localization of D atoms in Im-He solids. Th
does not augur well for the possible observation of quan
overlap in these solids unless much higher concentration
D atoms can be achieved. Nevertheless studies of D atom
Im-He solids are useful in providing a model system
Im-He solids containing H atoms. We believe that Im-H
solids containing H atoms and molecules provide much m
promising systems for investigating quantum overlap effe
because of a higher degree of delocalization of H atoms
to the highly efficient H1H2→H21H tunneling exchange
reaction.16,21

At the present time no one has been able to create Im
solids inside He II containing exclusively H2 and H impuri-
ties. In our laboratory we are developing methods to prod
such a sample. Our approach will involve the use of m
netic gradients to draw samples containing the paramagn
hydrogen atoms into the superfluid helium. Preliminary e
periments involving manipulation of impurity-helium solid
via field gradients have recently been performed in
laboratory.22

The unique properties of Im-He solids containing lig
atoms and molecules may lead to specialized application
proposal made by Nesvizhevsky23 is to use D2-He and
D2O-He solids as media for obtaining ultracold neutro
Very cold ~1 mK! D2-He solids should be able to act a
extremely efficient moderators, allowing a two order of ma
nitude improvement in the available flux of ultracold ne
trons. The solids obtained in our experiments satisfy th
essential criteria for such a moderator: nanoscale build
blocks ~the clusters!, high porosity, and low absorption o
neutrons.

Frossati and co-workers24–26 suggested another applica
tion in which the D-D2-He solids are cooled to low enoug
temperatures (;3 mK) in very high magnetic fields to pro
duce ‘‘brute-force’’ nuclear polarization. Spin polarized de
terium nuclei are expected to be able to enhance the
ciency of fusion reactions involving deuterons.

II. EXPERIMENTAL METHOD

We created the impurity-helium solids using a techniq
described in more detail elsewhere.2,10 In this technique, a jet
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of helium gas containing a small fraction~1–5 %! of impu-
rity atoms and/or molecules was directed onto the surfac
superfluid 4He contained in a small beaker sitting above
main helium bath atT;1.5 K. The distance between th
orifice of the gas jet source and the surface of He II w
;2 cm. The jet penetrated the surface of the liquid heliu
and a macroscopic snowlike semitransparent material
created. This material fell down through the liquid4He to
form a porous solid at the bottom of the beaker. A jet with
flux of ;531019 atoms and molecules per second yield
;0.3–0.4 cm3 of sample in 10 min.

The conditions described above were found to be optim
for the preparation of impurity-helium solids. To find the
conditions, we studied the efficiency of Im-He sample c
lection in superfluid4He as a function of four independen
parameters. Collection temperatures of the liquid heli
were varied fromT51.2 to 1.8 K; accordingly the helium
vapor pressure in the Dewar was varied from 0.625 to 1
Torr. The flux of the condensed gas mixture was varied fr
1018 to 1020 atoms~molecules!/s. The concentration of impu
rities in the gas make-up mixtures was varied from 0.1
5%, a small fraction in comparison with the amount of h
lium gas. The distance between the source orifice and the
surface in the beaker was varied from 1.5 to 3 cm. The e
ciency of sample collection was determined by monitori
the collection process visually in a glass Dewar. In particu
it was found that increasing the temperature above 1.5 K
to decreased efficiency because the higher vapor pres
causes an increase in scattering of the gas jet. This scatte
can lead to the impurity atoms or molecules becoming
trained in the counterflow of the evaporating liquid helium
Decreasing the temperature below 1.5 K led to the prod
tion of unstable samples which tended to explode sponta
ously even when surrounded by superfluid helium. Mo
careful quantitative investigations of the sample prepara
process will be undertaken with a closed cell geometr26

presently being developed in our laboratory.
Impurity-helium samples for x-ray investigation were co

lected in a beryllium beaker8,10 inside a pumped helium cry
ostat designed for x-ray-diffraction measurements. The c
ostat was mounted on a two-circle goniometer and
experiment was performed in a standard horizontal scatte
geometry. X-ray scattering measurements were carried
on beamline X22B at the National Synchrotron Light Sour
at Brookhaven National Laboratory. The energy of the x-ra
was 7.861 keV. The diffraction patterns produced by
impurity-helium samples are essentially powder diffracti
patterns, so standardu –2u scans were used for data colle
tion. After impurity-helium sample collection was finishe
the sample was maintained in liquid helium atT
51.5–4.2 K, or alternatively liquid helium was draine
from the cell. The latter procedure forms what is known a
‘‘dry’’ sample, in which the porous solid no longer contain
liquid helium.

For subsequent data analysis, standard corrections for
larization and sample volume were made. To isolate the s
tering due to the Im-He solid sample from the scattering d
to liquid helium, the sample cell, and the cryostat window
each experiment consisted of two sets of measurements.
1-2



c
t

e
it
-
u
es
-H

R
.
e
-
(
a

a
ra
th
ta

tro
a
-

by
et
ie

D
a
n

th
a
ta
bo
te
b

o
c
th
a
lu

th

d
h

a

le
l

ity
n

was
ple.

s

m
of

s
e-
K

ter

t
is

t 2
m
at
m
ell-

m in
oo
the

s a
le of
ilt.
um
en

ta
red

DEUTERIUM ATOMS AND MOLECULES IN . . . PHYSICAL REVIEW B69, 104201 ~2004!
the sample was prepared and x-ray measurements were
ried out. Then the sample was evaporated by heating
sample cell to a high temperature, and the measurem
were repeated at low temperature both for the cell filled w
liquid helium and for the empty cell. The former ‘‘back
ground’’ scans were used for the samples immersed in liq
helium, while the latter were used for the dry sample. Th
background x-ray scans were subtracted from the Im
sample data.

Impurity-helium solids with stabilized D atoms for ES
investigations were preparedin situ in a Janis cryostat
Samples were produced by sending a gaseous mixtur
helium with typically a~1%! admixture of molecular deute
rium through a high-frequency electric dischargef
552 MHz, P570 W) into superfluid helium contained in
small quartz beaker as described in detail previously.15 At the
end of the collection process the Im-He sample occupied
of the cylindrical part of the beaker. After sample prepa
tion, the beaker containing the sample was lowered into
ESR cavity, which was situated at the bottom of the cryos
in the homogeneous field region of a Varian 7800 elec
magnet. The volume occupied by the sample inside the c
ity was 0.35 cm3. The homemade cylindrical cavity was op
erated in the TE011 mode. ESR signals were recorded
using a continuous wave reflection homodyne spectrom
~Varian E-4! operating near 9.1 GHz. The microwave carr
frequency was measured by using a frequency counter~EIP
545! while the field was swept through each resonance.
rivatives of the ESR absorption lines were detected
;0.32 T by the addition of a small amplitude modulatio
field oscillating at 100 kHz.

Atomic concentrations were measured by comparing
intensity of the atomic signals with the intensity of a sign
from a small ruby crystal that was used as a secondary s
dard. The ruby crystal was attached permanently to the
tom of the microwave cavity. The calibration of the absolu
value of the number of spins in ruby crystal was made
using a standard organic diphenyl-picrylhydrazil~DPPH!
sample with a known number (2.431017) of spins. The cali-
bration measurements were carried out atT51.35 K andT
51.8 K.

A nuclear magnetic resonance~NMR! magnetometer
~‘‘Sentec’’ type 1001! was used for precise measurements
magnetic field. The distribution of magnetic field in the ele
tromagnet was mapped by removing the cryostat from
magnet gap and moving the NMR probe throughout the g
The relative homogeneity of the magnetic field at the va
0.32 T over the volume of the sample was 3.131026. From
the measured ESR signal of DPPH with knowng factor (g
52.0037) at the temperature 1.35 K, the difference of
magnetic field between the position of the sample~in the
center of magnet! and the position of the NMR probe locate
outside cryostat was determined to be 1.58 G. This value
been taken into account in the analysis of all ESR spectr
D atoms recorded at low temperatures.

By reducing the supply of liquid helium into the variab
temperature insert~VTI ! of our cryostat we lowered the leve
of liquid helium. When the level was below the ESR cav
we investigated dry impurity-helium samples at differe
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temperatures. A LakeShore 330 temperature controller
used to control and stabilize the temperature of the sam

III. EXPERIMENTAL RESULTS

A. X-ray measurements

We performed x-ray investigations on three D2-He
samples immediately after preparation~one formed by using
the gas mixture@D2#:@He#51:20 and two by using the ga
mixture @D2#:@He#51:40!, and one D2-Ne-He sample
~formed using the mixture@D2#:@Ne#:@He#51:4:500!. The
diffraction patterns of D2-He samples immediately following
formation were very weak~see Fig. 1!. One of the D2-He
samples~prepared with the gas mixture@D2#:@He#51:40!
was drained of superfluid He and gradually warmed fro
1.6 K to 8 K. In this sample the dynamics of the growth
clusters of D2 molecules in D2-He solids was studied. In the
case of the D2-Ne-He sample, the diffraction pattern wa
observed only atT51.6 K, because this sample spontan
ously decomposed during the process of warming to 4
while immersed in liquid4He.

We begin by discussing the D2-He samples. Figure 1
shows the diffraction data collected immediately af
sample preparation~the ‘‘as-prepared’’ sample! and the data
for the dry sample. Both measurements were made aT
51.6 K. The diffraction data for the as-prepared sample
dominated by a strong and very broad peak centered au
'28°. This peak is due to scattering from the liquid heliu
filling the bulk of the sample cell. A very weak shoulder
2u'31° is also observed. As liquid helium is removed fro
the sample cell, this feature grows and becomes a w
defined peak in the dry sample. The peak at 2u'31° is at the
position of the~111! Bragg peak of the fcc phase of solid D2
and therefore arises due to the presence of solid deuteriu
the sample. The D2 signal in the as-prepared sample is t
weak to be quantitatively analyzed. Below, we present
analysis of the dry sample data.

First, we note that our highly porous samples posses
very large internal surface because of the nanometer sca
the typical impurity block of which these samples are bu
Therefore it is expected that a significant amount of heli
is trapped on the D2 surface and in the sample pores ev

FIG. 1. X-ray-diffraction patterns for the as-prepared D2-He
sample immersed in liquid helium~top curve!, and the dry sample
~bottom solid curve! at T51.6 K. The dashed line shows the da
for the dry sample after the signal due to the liquid helium captu
in the sample was subtracted, as discussed in the text.
1-3
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when liquid helium is drained from the sample cell. Indee
a broad background closely resembling the scattering si
of liquid helium is clearly present underneath the deuteri
peak in the dry-sample data of Fig. 1. When an appropria
scaled liquid helium background is subtracted from the
sample data, no signal is left in a broad range of scatte
angles. The best results, shown with the dashed curve in
1, were obtained assuming that approximately 8% of the
lium initially present in the cell remains in the dry samp
After the helium signal subtraction, virtually no scatterin
intensity is left for 5°,2u,25°. This result strongly sug
gests that this broad background can indeed be attribute
helium scattering.

The x-ray signal remaining after the background subtr
tion described above can be attributed to scattering from d
terium. This intensity is shown on an expanded scale in F
2. Solid D2 crystallizes in the fcc, hcp, and mixed clos
packed structures, depending on the volume fraction of p
D2 and on the cooling rate during sample preparat
procedure.27 Features characteristic of these structures
clearly seen in the data of Fig. 2, most notably the bro
peaks at the~111! and~200! Bragg peak positions of the fc
solid D2 (2u'31° and 2u'36°, respectively!. A weaker but
still identifiable signal is also present at the~100! and ~101!
hcp Bragg peak positions (2u'29.5° and 33.5°). Similar
diffraction patterns were previously observed in impuri
helium samples composed of heavy impurities crystallized
close-packed structures, such as Ne, N2, and Kr.8,10Analysis
of the x-ray data in these samples has shown that they co
of nanometer-scale clusters of the impurity atoms assem
into a rigid porous network.8,10 The close-packed structure
of these clusters were found to possess a large numbe
stacking-fault defects.

In the presence of defects, there is no simple quantita
relationship between the width of the diffraction profiles a
the cluster size. To determine the typical D2 cluster size and
the density of our samples, we follow the analysis of Re
8, 10. We consider close-packed clusters~fcc or hcp! con-
taining a specified number of stacking faults. The intens

FIG. 2. X-ray-diffraction pattern indicated by open circles f
the dry D2-He sample, where the signal due to the liquid heliu
captured in the sample has been subtracted. The temperature
K. The solid line is the result of the calculation for 90 Å cluste
with stacking faults, as described in the text. The dashed line is
result of the calculation for a 2:1 mixture of 75 Å fcc and h
clusters with no defects. The positions of the Bragg peaks in the
and hcp bulk solid D2 are shown at the top of the figure.
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for the scattering vectork from a collection of such cluster
randomly oriented in space is given by the Debye scatte
equation28

I 5I 0PVe22M(
m

(
n

f 2~k!
sin~krmn!

krmn
. ~1!

Here P5cos2(2u) is the polarization factor,V51/sin(2u) is
the sample volume correction,r mn is the distance betwee
the mth and nth atoms, andf (k) is the atomic factor of
deuterium. The factore22M arises due to lattice dynamic
effects and is discussed later. The calculated diffraction p
terns were averaged over the possible positions of the st
ing faults in the cluster.

To simplify the calculations, rotational degrees of fre
dom of the D2 molecules in the clusters were disregarde
Thus, we considered model structures that had two de
rium atoms located at each point of the close-packed lat
of the cluster. This approximation is chiefly justified by th
almost spherical molecular charge distribution
deuterium.29 We also note that this simplified model wa
previously found to adequately describe the experimenta
sults for N2-He samples in the range of scattering vecto
accessible in our work.10

We used the standard harmonic approximation to take
account the lattice dynamics effects. In this approximati
the diffracted intensity is reduced by a factore22M, where
2M512h2T sin2(u)@F(x)1x/4#/(mkum

2 l2).28 Here x
5um /T, F(x)51/x*0

xe(ee21)21de, m is the mass of the
D2 molecule, andum'109 K is the Debye temperature o
deuterium.29 This approximation almost certainly underes
mates the thermal vibrations in our samples because a
stantial fraction of molecules reside at the cluster surfac
Quantum effects should also reduce the observed inten
We note, however, that introduction of thee22M factor does
not affect the cluster size obtained in our calculations, a
changes the calculated density of D2 by a factor less than 1.5
We therefore conclude that errors due to the inadequate t
ment of the lattice dynamics do not affect our analysis s
nificantly.

The best agreement with the experimental data show
Fig. 2 was obtained for clusters consisting of;11 500 D2
molecules~diameter;90 Å). The solid line in Fig. 2 shows
the calculation made for 90 Å clusters, modeling 60% of t
clusters with a randomly stacked structure and 40% of
clusters with an fcc structure containing three twin faul
The number of defects in the clusters given above should
course, be taken only as an estimate. We note that the de
are necessary to explain the experimental data, because
culations for defect-free clusters reproducing the width of
~111! fcc peak always produce much narrower~200! fcc and
~101! hcp peaks than those found experimentally. To illu
trate this point, the calculation for a 2:1 mixture of 75 Å fc
and hcp clusters with no defects is shown in Fig. 2 a
dashed line. Clearly, it is in worse qualitative agreement w
the experimental results than the calculation for clusters w
defects. We note that all the calculations using the clo
packed models underestimate the diffraction signal foru
.34°. Some possible reasons for this discrepancy are
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disregard of the rotational degrees of freedom of the D2 mol-
ecules, the restriction of the trial structures to the clo
packed type, and errors in the model used for the backgro
subtraction procedure.

The lower limit on the cluster size can be estimated fr
the calculations for defect-free clusters discussed above
cause disordered clusters always produce broader peaks
the ideal clusters of the same size. The upper limit on
cluster size can be estimated from the calculation for clus
with random close-packed structure~the most disordered
clusters!. Such calculations averaged over a number of r
dom distributions of the defects produce a~111! fcc peak
which is narrower than the one observed experimentally
clusters 130 Å in diameter and larger. Thus, we conclude
the typical size of the D2 building block in our samples is
between 75 Å and 130 Å, with the most likely size of 90
It is also possible that a small fraction of the clusters c
tained in the samples are of smaller sizes. From the comp
son of the intensity calculated using our best model~the solid
line in Fig. 2! with the scattering from liquid helium, we
estimate that the average deuterium density in the samp
;2.531021 molecules/cm23. This is approximately 12
times smaller than the density of bulk solid D2.

The density of as-prepared samples must be much sm
than that of the dry samples since the intensity of the2
signal is very small in the former~see Fig. 1!. Assuming that
the as-prepared samples contain D2 clusters of the same siz
as those in the dry samples, one can estimate~from Fig. 1!
that the integrated D2 signal is roughly an order of magn
tude smaller in the as-prepared samples. Thus, a rough
mate of the deuterium density in these samples
;1020 cm23. However, we note that our measurements la
the sensitivity necessary to detect smaller D2 clusters in the
as-prepared samples, and therefore the actual D2 density in
these samples can be significantly larger.

Similar to the previously investigated Ne-He and N2-He
samples,8,10 the D2-He samples exhibit the nanoscale size
a typical impurity-species building block and low volum
density. Thus, these samples must be highly porous and
sess a large internal surface. In fact, if we assume that the
D2 sample discussed above consists of a collection of
connected 90 Å clusters, its internal deuterium surfa
should be;50 m2 per cm3. The interaction energy of he
lium with the solid D2 substrate is of the order of 20 K,30 and
therefore an atomic layer of helium is expected to be trap
on the surface of our sample. Such an adsorbed monolay
helium can account for approximately a quarter of all t
helium trapped in the sample. The remaining helium mus
contained in the sample pores. While the above calcula
probably overestimates the sample internal surface, it is c
that a significant fraction of the trapped helium is adsorb
on the sample surface. The adsorbed helium should sur
at elevated temperatures, especially in the samples mad
heavy impurities (N2, Kr, etc.!.

The dry D2 samples are stable atT51.6 K. The samples
however, quickly coalesce and form a powder with a mac
scopic grain size at higher temperatures. Figure 3 shows
data for T53.2 K. The background due to liquid helium
trapped in this sample~3.5% of the bulk helium density! is
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subtracted from these data. A mixture of the fcc and h
structures is observed, consistent with earlier studies of b
deuterium.27

Finally, we briefly discuss experiments with a mixe
D2-Ne-He sample. The sample was prepared using a 1:4
Ne-D2-He gas mixture. The x-ray-diffraction pattern for th
sample immersed in liquid helium is shown in Fig. 4~a!. The
liquid helium background is subtracted. The diffraction p
tern consists of two overlapping peaks indicating that b
neon and deuterium clusters are present in the sample.
cause the peaks overlap, it is impossible to determ
whether mixed clusters exist in the sample. We find that
neon signal~the peak at larger scattering angles! can be de-
scribed very satisfactorily using a model structure consist
of ;50 Å fcc clusters, each with four deformation-typ
stacking faults. The result of this model calculation is sho
as a solid line in Fig. 4~a!. To obtain the deuterium signal, w

FIG. 3. X-ray-diffraction patterns for the dry D2-He sample at
T51.6 K andT53.2 K. The signal due to the liquid helium cap
tured in the sample is subtracted as discussed in the text.

FIG. 4. ~a! X-ray-diffraction pattern for the D2-Ne-He sample at
T51.6 K. Liquid helium background is subtracted. The solid line
the result of the calculation for 50 Å neon clusters with faults,
described in the text.~b! The same data with the calculated ne
signal subtracted. The solid line is the result of the calculation
75 Å compressed D2 clusters with faults, as described in the tex
1-5
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TABLE I. Initial concentrationsna , ESR linewidthsDHpp , and magnetic parameters for D atoms in Im-He solids obtained from
work. All spectra were recorded at a microwave power ofPc52.25mW. Additional results for samples marked with superscript numbers
presented in Figs. 5–10.

Gas mixture Sample na,
per cm3

DHpp ,
Gauss

g-factor DW, MHz A, MHz

@D2#:@He#51:20 D-D2-He(1) 1.531018 1.8–1.9 2.002202(16) 326.431(56) 217.621(38)
@D2#:@He#51:20 D-D2-He 1.231018 1.8–1.9
@D2#:@He#51:20 D-D2-He 1.231018 1.8–1.9
@D2#:@He#51:100 D-D2- He(2) 6.531017 1.7–1.8 2.002197(17) 326.482(63) 217.655(42)
@D2#:@He#51:100 D-D2-He 4.031017 1.7–1.8 2.002219(26) 326.505(40) 217.670(26)
@D2#:@He#51:100 D-D2-He(3) 4.531017 1.7–1.8 2.002170~34! 326.494~97! 217.663~65!

@Ne#:@D2#:@He#51:4:500 D-D2-Ne-He(4) 1.531017 2.1 2.002227(37) 326.406(98) 217.604(65)
@Ne#:@D2#:@He#51:4:500 D-D2-Ne-He 231017 2.2–2.4 2.002204(28) 326.494(53) 217.663(35)
@Ne#:@D2#:@He#51:4:500 D-D2-Ne-He 1.531017 1.9
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subtract the calculated neon signal from the data. The re
obtained is shown in Fig. 4~b!. These data can be describe
using a model structure with;75 Å fcc D2 clusters with five
deformation-type faults@as indicated by the solid line in Fig
4~b!#. However, to fit the data the calculated deuterium pe
must be shifted to larger scattering angles by;0.8°. While
this shift can simply result from an inadequate modeling
the neon signal, it may also indicate that the cluster aver
lattice constant is smaller by; 1-2 % than that of solid D2
~the clusters are compressed!. Thus it is possible that a sma
admixture of neon is present in the D2 clusters. Using the
ratio of the neon and deuterium signals to the scattering
nal of liquid helium, and utilizing the structural models d
scribed above, we find the neon atom and deuterium m
ecule densities to be 331019 atoms/cm3 and 7
31020 molecules/cm3, respectively.

In summary, x-ray scattering studies described ab
show that the D2-He and D2-Ne-He samples prepared in ou
work are highly porous solids with nanometer-scale typi
building blocks. The samples exhibit strongly disorder
structures. The typical deuterium cluster size is estimate
be ; 90 Å in the dry deuterium sample investigated a
;75 Å in the D2-Ne-He sample immersed in liquid helium
In these samples, the deuterium densities are;2.531021 and
;731020 molecules/cm3, respectively. A significant amoun
of helium is trapped in the dry samples at low temperatu
We argue that a large fraction of this helium is adsorbed
the internal sample surface.

B. ESR measurements

We also performed ESR investigations of the samp
formed by injecting into He II three different gas mixtures
@D2#:@He#51:20, @D2#:@He#51:100, and @Ne#:
@D2#:@He#51:4:500. Three samples formed from each g
mixture were studied. The rf discharge was adjusted to m
mize the concentration of stabilized atoms in each resul
sample. The initial concentrationsna , ESR linewidths
DHpp , gyromagnetic ratiosg, zero-field hyperfine splittings
DW, and hyperfine constantsA of deuterium atoms in Im-He
solids investigated in this work are presented in Table I. T
reproducibility of the initial concentrations of D atom
10420
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formed by each particular gas mixture was better than 30
and the reproducibility of the ESR linewidth was;20%.

1. Measurements of g factor and A values of D atoms
in Im-He solids

Figure 5~a! shows a plot of the energy levels of deuteriu
atoms versus magnetic field. The dependence of the D a
energy levels on magnetic field was calculated following
Breit-Rabi formula.31 For D atoms this formula can be writ
ten in the following form:

E~F,M !5
DW

6
1gIm0HM6

DW

2
A11

4Mx

3
1x2, ~2!

whereE(F,M ) is the energy of the D atom state with th
total angular momentumF and its projectionM along the
magnetic field,DW is the zero-field hyperfine splitting be
tween the two multiplets,F5 3

2 andF5 1
2 , andx is given by

x5
gJ2gI

DW
m0H. ~3!

In the above expression,m0 is the Bohr magneton, and th
spectroscopic splitting factorsgJ and gI are related to the
electron and nuclear magnetic momentsmW J andmW I by

mW J52gJm0JW , mW I52gIm0IW. ~4!

The plus sign in Eq.~2! is used whenF5 3
2 , and the minus

sign whenF5 1
2 . The allowed transitions withDM561 and

DI z50 ~whereI z is the projection of nuclear spin along th
magnetic fieldHW ) give the three hyperfine structure lines
the D atom ESR spectrum@Fig. 5~a!# in the (F,M ) represen-
tation:

~F5 3
2 ,M5 3

2 ↔F5 1
2 ,M5 1

2 !, I z51,

~F5 3
2 ,M5 1

2 ↔F5 1
2 ,M52 1

2 !, I z50,

~F5 3
2 ,M52 1

2 ↔F5 3
2 ,M52 3

2 !, I z521.

Energy values corresponding to these transitions are give
1-6
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hn15
DW

2 S 11x11A11
2

3
x11x1

2D 2m IH1 , ~5!

hn05
DW

2 SA11
2

3
x01x0

21A12
2

3
x01x0

2 D 2m IH0 ,

~6!

hn215
DW

2 S 211x211A12
2

3
x211x21

2 D 2m IH21 ,

~7!

FIG. 5. Magnetic energy levels and allowed (DM561, DI z

50) transitions of D atoms in high external magnetic fields~a!,
ESR spectra of D atoms in as-prepared D-D2-He ~sample No. 2, see
Table I! ~b!, and D-D2-Ne-He~sample No. 4, see Table I! ~c!; solids
created by the gaseous mixtures@D2#:@He#51:100 and
@D2#:@Ne#:@He#54:1:500, respectively. These spectra were obtai
at T51.375 K and klystron frequencyf k59.064 GHz.
10420
wherex1 , x0, andx21 correspond to the nuclear spin stat
I z51, 0, 21, respectively. The values of frequenciesn21 ,
n0 , n1 and magnetic fieldsH21 , H0 , H1 were measured for
the center of each resonance line for D atoms in Im-He s
ids. To obtaingJ and DW a procedure similar to the on
described in Ref. 32 was used. All the fundamental phys
constants as well as thegI value for these calculations wer
taken from Ref. 33.

The abbreviations e15hn11m IH1 , e25hn21
1m IH21, and the definitionr 5x1 /x215H1 /H21 were
used for the inversion of Eqs.~5! and ~7! into equations

1
3 x1DW22~11x1!e1DW1e1

2 50, ~8!

2 1
3 x21DW21~r 2x1!e2DW1re2

2 50. ~9!

Summing these equations leads to

DW5
e1

2 1re2
2

x1~e11e2!1e22re2
. ~10!

A quadratic equation inx1 is formed by substitution of Eq
~10! into Eq. ~8!,

ax1
21bx11c50, ~11!

with

a5e1e2~e11e2!~e12re2!,

b5 1
3 ~e1

2 1re2
2 !21e1e2@~e12re2!22r ~e11e2!2#,

c5re1e2~e11e2!~e12re2!.

Then x1 can be easily found from Eq.~11! and substituted
into Eq. ~10! to determineDW. The g-factor values can be
obtained from Eq.~3!. The g-factor values,DW values and
hyperfine constantsA ~Ref. 34! for deuterium atoms in dif-
ferent impurity-helium solids obtained by the above proc
dure are listed in Table I. Table II presents data for free
atoms and D atoms stabilized in different matrices at l
temperatures taken from Refs. 32, 35–37. Theg-factor val-
ues of D atoms stabilized in D-D2-He and in D-D2-Ne-He
solids are close to each other~see Table I! and very similar to
theg-factor values obtained for D atoms in solid D2 matrices
and in the gas phase~see Table II!. This leads to the conclu
sion that most stabilized D atoms in the Im-He samples
vestigated are not immediately adjacent to Ne atoms but
surrounded by solid D2 or condensed helium. The following
saturation test of ESR signals of D atoms distinguishes th
cases.

d

TABLE II. Magnetic parameters for free D atoms and D atoms in D2 and Ne matrices.

Sample g-factor DW, MHz A, MHz Citation

D in gas phase 2.002256~24! 327.384302~30! 218.256201~20! 35
D in D2 matrix 2.00231~8! 326.57~27! 217.71~18! 36
D in D2 matrix 2.00220(16) 328.29 218.86(15) 32
D in Ne matrix 2.0020~1! unavailable 219.0~1! 37
1-7
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E. P. BERNARDet al. PHYSICAL REVIEW B 69, 104201 ~2004!
2. Saturation of ESR signals of D atoms

We usually observed the three-component spectra o
atoms in Im-He solids in which the central line amplitu
exceeded those of the low-field and high-field lines.15,17 Fig-
ures 5~b! and 5~c! show the ESR spectra of D atoms in a
prepared D-D2-He and D-D2-Ne-He samples that were take
at a temperature ofT51.37 K with microwave powerPc
;2.25mW. In these experiments the D-D2-He sample was
created by introducing the gas mixture@D2#:@He#51:100
with beam flux 531019 s21 from the discharge region into
superfluid helium and the D-D2-Ne-He sample was create
in the same manner by introduction of the gas mixtu
@D2#:@Ne#:@He#54:1:500 with flux 631019 s21. A similar
ratio between central line and side line amplitudes was
served in D atoms stabilized in solid deuterium atT
;1.35 K.32,36,38This effect was explained by more efficie
saturation of the side lines relative to the central line beca
of differences in the effective relaxation rates for the tran
tions between the corresponding sublevel pairs. This dif
ence arises when the relaxation rates for the electron
nuclear spins in the deuterium atoms are comparable.38 In the
case of our samples the increase in the effective relaxa
rate for sublevel pairs via additional channels should
greater for the transition (F5 3

2 , M5 1
2 ↔F5 1

2 ,M52 1
2 ),

I z50, corresponding to the central line. We carried out
vestigations of the saturation of the D atom ESR signa
different Im-He solids. Figure 6 shows the dependence of
amplitudes and line widths as obtained from the derivat
signals~see Fig. 5! of each of the three ESR lines of D atom

FIG. 6. LinewidthDHpp ~a! and amplitudeApp ~b! of the first
derivative of the hyperfine ESR components of D atoms in
D2-He sample~No. 2, see Table I! (,:I z511, s:I z50, n:I z5
21) and in D-D2-Ne-He sample~No. 4, see Table I! ~closed,:I z

511, closeds:I z50, closedn:I z521) as functions of the
square root of microwave power.
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on the square root of the microwave power entering the c
ity. Each of the experimental lines for D atoms in Im-H
samples was fitted by a Lorentzian curve. From these fits
amplitudes and linewidths were obtained. Only for the sm
est powers (<0.25mW) is DHpp constant and the amplitud
App}APc as expected for an unsaturated ESR transition.
microwave powerPc>0.25mW the linewidths of all lines
grow, although in the D-D2-Ne-He sample the degree o
saturation of the side lines is larger than for the central l
@see Fig. 6~a!#. Investigation of the behavior of linewidth
and peak-to-peak amplitudes of the D atom ESR deriva
signals as functions of the square root of the microwa
power allows us to estimate the times for spin-spin relaxat
(T2) and spin-lattice relaxation (T1) of D atoms in Im-He
solids. The spin-spin relaxation time is calculated from t
linewidth below saturation by means of the expression34

T25
1.313131027

gDHpp
, ~12!

whereg is the electronicg factor andDHpp is the linewidth
obtained from the peak-to-peak separation for the deriva
ESR signal. For the D-D2-He sample, the linewidth at the
lowest power is 1.5 G@see Fig. 6~a!#, giving a value ofT2
54.431028 s. For estimating the value ofT1 we deter-
mined the maximum value of the peak amplitude of the
rivative signal in the Fig. 6~b!. The value ofT1 was then
calculated by means of the expression34

T15
1.9731027DHpp

gH1
2

, ~13!

whereH1 is the magnitude of the microwave magnetic fie
in the cavity when the amplitude of the ESR signal is
maximum. From Fig. 6~b! the value of the power corre
sponding to the maximum amplitude of the signal isPcm
56.25mW. The relation between the microwave magne
field and the microwave power absorbed in the cavityPc is34

H1
25231023PcQh

Vc

Vs
, ~14!

whereH1 is the microwave field in gauss,Pc is the micro-
wave power in watts,Q is the cavity quality factor,h is the
filling factor, Vc58.3 cm3 is the cavity volume, andVs
50.35 cm3 is the sample volume. The filling factorh
50.062 for our sample in the quartz lined cavity withQ
52700 was calculated by using a computer progr
CST MICROWAVE STUDIOTM. When we placed the abov
parameters into Eq.~14! it became

H1
257.9Pc . ~15!

From Eqs.~13! and~15! for D atoms in the D-D2-He sample
for Pc56.25mW, we estimateT15331023 s. Similar
analysis of the results for D atoms in the D-D2-Ne-He
sample gave lower values forT253.131028 s and T1
50.72731023 s. The relatively small values ofT1 for D
atoms in Im-He solids confirm that the atoms are capture
clusters of D2 molecules rather than isolated in liquid an

-
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DEUTERIUM ATOMS AND MOLECULES IN . . . PHYSICAL REVIEW B69, 104201 ~2004!
solid helium. In the latter case theT1 value would be much
larger. For example isolated Cs atoms in solid helium h
T1;1 –2 s.39

We observed saturation of ESR signals of D atoms
Im-He solids at lower microwave power levels (Pc
;6.25mW) than were needed to saturate D atoms in a s
D2 matrix (Pc;1000mW)38 at the same temperature (T
;1.35 K). This observation might be explained by the d
order in the D2 within the nanoclusters in Im-He solids dis
rupting spin-lattice relaxation between magnetic sublevel
D atoms. Other explanations, such as changes in the ph
spectrum due to the small cluster size, and deuterium at
residing on the surface of the clusters, are also possible

3. Shape and widths of ESR lines of D atoms in Im-He solids

The ESR absorption lines of D atoms stabilized in
D2-He and D-D2-Ne-He solids are fitted well by Lorentzia
curves, giving parameters of amplitude and width. The ti
dependence of the linewidths of D atoms in different Im-
solids during evolution of the samples is shown in Fig. 7
small increase over time of the linewidth of D atoms in t
D-D2-Ne-He sample was observed atT51.375 K. After two
hours the linewidths of the D atoms became equal to 2.2–
G in the D-D2-Ne-He sample and 1.7–1.8 G in the D-D2-He
sample. The broadening of the ESR lines of trapped f
radicals in a solid matrix is determined by spin-lattice rela
ation, spin density, matrix anisotropy, interaction with nuc
of neighboring molecules, and the experimental conditio
under which the data were taken~degree of saturation, rate o
passage, and the modulation parameters!. In our experiments
we used conditions which did not broaden the natural li
width of D atoms in Im-He solids, so we could attempt
determine the dipole-dipole broadening due to the elec
spin-spin interactions between D atoms. In one experim
while warming a D-D2-He sample with initial D atom con
centration 4.531017 per cm3 from 1.35 K to 4 K we ob-
served a decrease of the average concentration of the D

FIG. 7. Time dependence of the linewidths of hyperfine com
nents for D atoms in D-D2-He solid ~sample No. 2, Table I!
(,:I z511, s:I z50, n:I z521) and in D-D2-Ne-He solid
~sample No. 4, Table I! ~closed,:I z511, closeds:I z50, closed
n:I z521) obtained at temperatureT51.375 K and microwave
powerPc52.25mW.
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oms down to 231016 cm23 and the width of ESR lines from
1.8 to 1.55 G~see Fig. 8!. We can estimate the local conce
tration of D atoms in D2 clusters by assuming that the d
crease of the line width is due to the reduction of the dipo
dipole interaction between the D atoms. The dipole-dip
broadening of ESR lines in an fcc lattice is given by40

DHdd52.3gm0AS~S11!nl , ~16!

whereDHdd is in gauss andnl is the concentration of atom
of spin S. Hence for D atoms in an fcc latticenl52.7
31019DHdd . From the results shown in Fig. 8 the value
DHdd is found to be equal to 0.25 G, so the local concent
tion of D atoms in a cluster is found to be at leastnl56.7
31018 cm23.

4. Measurements of D atom concentrations

By doubly integrating the derivatives of the ESR abso
tion lines of D atoms and ruby reference signals, we e
mated the average concentration of D atoms in impur
helium samples. The time dependences of the aver
concentrations of D atoms in our D-D2-He samples and D-
D2-Ne-He sample are displayed in Fig. 9. Usually conce

-

FIG. 8. Temperature dependence of the width of ESR lines o
atoms in a D-D2-He solid ~sample No. 3, Table I!.

FIG. 9. Time dependence of the average concentration o
atoms~at T51.375 K) in Im-He samples prepared from gas mi
tures @D2#:@He#51:20 ~open diamonds, sample No. 1, Table!,
@D2#:@He#51:100 ~open squares, sample No. 2, Table I! and
@D2#:@Ne#:@He#54:1:500~closed squares, sample No. 4, Table I!.
1-9
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E. P. BERNARDet al. PHYSICAL REVIEW B 69, 104201 ~2004!
trations of D atoms in D-D2-He samples were larger than
D-D2-Ne-He samples. The highest average concentratio
D atoms stabilized in D-D2-He solids shortly after prepara
tion, 1.531018 cm23, was achieved in experiments o
samples created from the gas mixture@D2#:@He#51:20. The
impurity-helium solids with these high concentrations of
atoms were very stable in superfluid helium atT51.375 K
during the full time of observation (;300 min).

Figure 10 shows the results of measuring the number
D atoms in dry Im-He samples at different temperatur
Usually the first measurement of the number of atoms in
samples atT;2 –2.5 K gave results similar to those for th
wet sample. Further increasing the temperature of
samples initiated diffusion of D atoms and their recombin
tion. For example, in one dry D-D2-He sample formed from
gas mixture@D2#:@He#51:20 a small decrease in the numb
of D atoms was observed atT52.8 K. The complete de
struction of this dry D-D2-He sample occurred atT
;3.4 K. At this temperature the number of D atoms d
creased more than one order of magnitude from 2.131017 to
2.031016. Microcrystallites of solid deuterium form from
merging D2 nanoclusters as the D2-He sample collapses.10

Only very low concentrations of stabilized D atoms surviv
within these microcrystallites. The number of D atoms sta
lized in these microcrystallites was constant in the tempe
ture rangeT;4.0–5.3 K. The process of destruction
Im-He solids is rather fast. By using the CW ESR method
are only able to precisely register the signals of stabiliz
atoms just before and just after destruction of the Im-
solids. To investigate the fast process of destruction of
Im-He solids we are planning to use a pulsed x-band E
apparatus, the construction of which is now under way in
laboratory.

IV. DISCUSSION

The results obtained by x-ray scattering for D2-He and
D2-Ne-He solids and by ESR spectroscopy for D-D2-He and
D-D2-Ne-He solids allow us to reach important conclusio

FIG. 10. The temperature dependence of the number of D at
in different Im-He solids: sample No. 1~open diamonds! and
sample No. 2~open squares! are D-D2-He solids, sample No. 4
~closed squares! is a D-D2-Ne-He solid.
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about the structure of these solids. X-ray-diffraction me
surements show that our samples are built of D2 and Ne
blocks with a nanometer-scale characteristic size. The
agreement with the experimental x-ray data for the d
D2-He solids shown in Fig. 2 was obtained for a collection
;90 Å clusters each consisting of;11 500 D2 molecules
arranged in randomly stacked and fault containing fcc str
tures. The average density of D2 in the dry D2-He sample is
found to be 2.531021 molecules/cm3. For the as-prepared
D2-He samples the intensity of the D2 cluster peak is very
small ~approximately 1/10 that of the dry sample!. It is dif-
ficult to determine the size of the clusters in this case beca
of poor signal to noise ratio. Assuming that the cluster si
in the as-prepared sample are equal to those in the
sample, we find that the average density of D2 molecules in
the as-prepared sample is;1020 cm23. However, due to the
weak diffraction signal, deuterium clusters significan
smaller than 90 Å cannot be experimentally detected in
as-prepared D2 samples. Thus, the actual D2 density in this
sample can be significantly larger than 1020 cm23.

Analysis of x-ray data for the as-prepared mix
D2-Ne-He sample~see Fig. 4! shows that separate nanoclu
ters of D2 molecules and Ne atoms are present in the sam
The experimental diffraction pattern is best described b
superposition of peaks originating from;50 Å Ne fcc clus-
ters and;75 Å D2 fcc clusters. In both cases the cluste
were found to contain stacking faults. The densities of m
lecular deuterium and atomic neon were found to be
31020 molecules/cm3 and 331019 atoms/cm3, respectively.
In the mixed D2-Ne-He solids, the clusters appear to conta
a larger fraction of D2 as compared with Ne (@D2#/@Ne#523!
than was present in the gas jet used for the sample prep
tion (@D2#/@Ne#54!. This fact may be explained by the pre
ence of very small Ne clusters in these samples, which wo
have given a very broad x-ray-diffraction signal but wou
not have substantially contributed to the main peak of
clusters. We have no other evidence for this, however,
we believe that further experiments are required to reso
this discrepancy.

X-ray scattering studies show that the D2-He and
D2-Ne-He samples are highly porous solids with typic
building blocks in the nanometer size range. During drain
of the liquid helium from the samples, we observed grow
in the size of the D2 clusters and an increase of the avera
density of D2 molecules in the sample. The highest density
found to be 2.531021 molecules/cm3 in the dry D2-He
sample. A significant amount of helium is found to b
trapped in the dry D2-He sample at low temperatures~1.5–
3.2 K!, and a large fraction of this helium is adsorbed on t
sample internal surfaces. The adsorbed helium may be
important factor preventing the coalescence of D2 clusters
and collapse of our highly porous samples.

The highly porous D2-He solids are very promising fo
the production of high concentrations of ultracold neutrons
very low temperatures. As proposed in Ref. 23, the cold n
trons are effectively cooled by collisions with nanoclusters
low-absorbing materials atT51 mK. Major cryogenic prob-
lems must be solved for this technique to be viable.

s
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Another possible application of porous D2-He solids is the
achievement of significant nuclear polarization of the2
molecules at low temperatures by the brute-fo
method.24–26 The latter may be important to applications
nuclear fusion because of the increase by 50% of the c
section of the neutron-lean reaction for nuclear-spin po
ized reagents.41 The small clusters provide a very large su
face area, leading to intimate thermal contact between the2
molecules and an external helium bath. The lowest ene
rotational state of D2 will be J50. This state will contain
I 50 andI 52 nuclear spin states in the proportion 1:5. T
I 52 molecules will be spin active down to the lowest te
peratures so that substantial nuclear polarizations can
achieved in magnetic fields of 10 T at temperatures nea
mK, which can be reached with a well designed diluti
refrigerator.

An important motivation for studies of atomic deuteriu
in impurity-helium solids has been the possibility of achie
ing high local concentrations of atomic deuterium. High co
centrations of D atoms in D-D2 nanoclusters might give ris
to quantum overlap of the deuterium atom wave functio
To work toward this goal, we carried out investigations of
atoms stabilized in D-D2-He and D-D2-Ne-He solids by
ESR. It was found that theg factors and hyperfine interac
tions of D atoms in the D-D2-He solids and in the D-
D2-Ne-He solids are similar to each other and very close
those obtained for D atoms stabilized in a solid D2
matrix.32,37 From the investigation of the saturation behav
of the ESR lines of the D atoms, a relatively short sp
lattice relaxation time,T15331023 s, was found. All these
observations show that D atoms were mainly stabilized
side D2 clusters. This result is further corroborated by ES
studies of Im-He solids containing H and D atoms along w
H2 and D2 molecules. Satellite ESR lines on H and D res
nances were associated with simultaneous spin flips
atomic electrons and protons on neighboring HD and2
molecules.16 We have measured the average concentrat
of D atoms via ESR in D-D2-He and D-D2-Ne-He samples.
For as-prepared D-D2-He samples the highest average co
centration of D atoms achieved was 1.531018 cm23. The
draining of the liquid helium from the D-D2-He sample at
T51.5–2.5 K does not usually change the concentration
the stabilized D atoms. Using the D2 density in the dry
samples obtained in the x-ray measurements (
31021 cm23), and assuming that all the stabilized D atom
reside in the D2 clusters, we estimate that the relative co
centration of D atoms in D2 clusters is

nD5
@D#

@D2#
5

1.531018 cm23

2.531021 cm23
5631024. ~17!

The density of deuterium molecules within the cluste
should be similar to the density of bulk solid deuteriu
Therefore the local concentration of D atoms in D2 clusters
can be determined as

nl5NnD5~331022 cm23!~631024!51.831019 cm23

~18!
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(N is the number of D2 molecules in 1 cm3 of solid deute-
rium!. There are approximately seven stabilized D atoms
typical D2 cluster, which has a diameter of 90 Å (N
;11 500 molecules of D2).

As discussed above, our x-ray experiments on the
prepared D2 samples provide only a rough estimate of t
lowest possible D2 concentration. Using this estimat
(;1020 cm23), we find that the relative concentration of th
D atoms in the D2 clusters should be

nD5
@D#

@D2#
5

1.531018 cm23

1020 cm23
51.531022. ~19!

Using Eq.~18!, we find that the local concentration of the
atoms calculated in this approximation is very large:nl
;4.531020 cm23. Such a large value ofnl clearly contra-
dicts the resultnl50.6731019 cm23 obtained from the de-
creasing ESR linewidth of D atoms during the destruction
our D-D2-He sample. These observations are consistent w
our previous remark that x-ray measurements may gro
underestimate the density of the as-prepared D2 samples if
one assumes that the D2 cluster size is the same as that in t
dry samples. These results, therefore, provide possible
dence that most of the D2 clusters in the as-prepared D2
samples are smaller than 90 Å.

In the mixed D2-Ne-He sample immersed in liquid he
lium, the density of D2 molecules is 7.531020 cm23 as ob-
tained from the x-ray results. If we again assume that al
atoms are stabilized in D2 clusters, then the relative concen
tration of the D atoms isnD5231017/7.53102052.6
31024. The local concentration of D atoms may be calc
lated as nl5(331022)(2.631024)5831018 cm23. For
comparison, the local concentration calculated from the E
linewidth of D atoms is 6.731018 cm23. These two values
are in agreement with each other, confirming the accurac
the determination of the D2 density by the x-ray method
when the diffraction signals are large enough. In the
samples, the number of D atoms in each D2 cluster (N
;9000 molecules of D2) is equal to two. Hence this system
should be very stable at low temperatures. The very sm
number of deuterium atoms in a cluster is taken to be
consequence of the very small size of the D-D2 nanoclusters.
All Im-He solids investigated which contained stabilized
atoms were stable in superfluid helium. Even after drain
liquid helium from these porous samples atT;223.2 K the
Im-He solids still maintained stable concentrations of D
oms. Only after warming the dry samples above 3.4 K
complete destruction of the samples occur, with rapid reco
bination of most of the stabilized D atoms.

If the atoms in the clusters were free and sufficiently n
merous, then effects associated with quantum overlap co
be observed. For a dry D-D2-He sample with a local concen
tration of D atomsnl51.831019 atoms/cm3 the mean dis-
tance between atoms inside D2 clusters isdm5108/A3 n l Å
;38 Å. The thermal de Broglie wavelength,

L~T!5A2p\2

mkT
, ~20!
1-11
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for free D atoms then will be comparable to the mean d
tance between atoms atT5175 mK.

Larger nanoclusters containing highlocal concentrations
of D atoms are probably needed to supply a sufficient nu
ber of atoms to manifest effects of quantum overlap. Alt
natively, one could work at very low temperatures where
averageconcentration of D atoms throughout the sam
could provide enough quantum overlap. Unfortunately, D
oms have a very slow recombination rate in Im-He solids
demonstrated in our ESR experiments. This indicates tha
D atoms are highly localized within the clusters and a
have little likelihood of jumping from cluster to cluste
Therefore we are pessimistic about the possibility of obse
ing effects of quantum overlap and the potential for see
any manifestation of Fermi-Dirac statistics. On the oth
hand, studies of the D-D2-He impurity-helium solids can
provide some guidance in preparing for investigations of
H-H2-He impurity-helium solids, which are more likely t
manifest quantum overlap effects.

The difference in behavior of atomic hydrogen impuriti
compared with atomic deuterium impurities are quite sign
cant. In the Im-He solids containing Ne and H atoms,
recombination of hydrogen was found to be quite rapid,
spite of the fact that the hydrogen was extremely dilute.
the other hand, very slow recombination rates for D ato
were observed in previous work16 and this work~see Fig. 9!.
The discrepancy between the speeds of H atom recomb
tion and D recombination deserves further investigation. T
may be related to the extreme difference in the excha
tunneling reaction rates for D1D2→D21D and H1H2
→H21H as calculated by Takayanagiet al.,42 who calcu-
lated that the hydrogen reaction proceeds four orders of m
nitude faster than that for deuterium. The difference impl
that the H atoms in H2 clusters are far more delocalized21

than D atoms in D2 clusters. On the basis of this delocaliz
tion the hydrogen atoms are much more likely to interact a
overlap with each other, leading to possible quantum fl
behavior. Another question that must be considered
whether or not hydrogen atoms can travel between H2 clus-
ters.

Thus the Im-He solids provide us with two differe
model quantum systems. The first, a boson system, co
sponds to the Im-He solids containing delocalized hydro
atoms. The second, a fermion system, corresponds to
Im-He solids containing much higher concentrations
heavier and more localized deuterium atoms. The best
can be hoped for is that H atoms in Im-He solids can unde
nd

.F

an

n

10420
-

-
-
e

t-
s
he
o

-
g
r

e

-
e
n
n
s

a-
is
e

g-
s

d
d
is

e-
n
he
f
at
o

Bose-Einstein condensation. This is very speculative. Un
tunately it is less likely that quantum fluid behavior can
exhibited in Im-He solids containing D atoms.

V. CONCLUSIONS

The light impurity-helium solids created by introducin
deuterium atoms and molecules into superfluid helium h
been investigated by x-ray diffraction and ESR methods
atoms are mainly stabilized in D2 clusters with sizes
;75–90 Å. The average density of D2 molecules in
impurity-helium solids is;1021 cm23. These small clusters
of deuterium assemble into a porous gel-like structure i
manner similar to the case for the impurity-helium soli
containing heavier atoms and molecules. In this quant
system, clusters with high local concentrations of stabiliz
D atoms can be created. In the clusters with the highest lo
concentration (;1.831019 cm23) observed in this work, the
mean distance between D atoms inside D2 clusters is
;38 Å. From the long recombination times we find in th
work, the D atoms seem to be rather well localized so t
their quantum overlap effects may be severely limited
Im-He solids, as opposed to the case for free D atoms
somewhat more promising situation seems to exist for
atoms, which at least in the case of a H-H2-Ne impurity-
helium solid, have a much more rapid recombination ra
indicating possible delocalization. Im-He solids with only
and H2 impurities are difficult to achieve, but this will be th
subject of future research in this laboratory.

Impurity-helium solids containing D2 molecules may be
used to achieve high deuterium nuclear polarizations. In
work, we have demonstrated that the D2 molecules tend to
cluster in tiny crystallites;90 Å, which gives large net sur
face areas, thereby providing extremely efficient heat tra
port. This allows for cooling the sample to very low temper
tures in high magnetic fields~brute force polarization!.
Finally, impurity-helium solids containing D2 may be even-
tually used to enhance a flux of ultracold neutrons.
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