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Impurity-helium solids created by injecting deuterium atoms and molecules into supéiflaittave been
studied via x-ray-diffraction and electron-spin-resonafiE8R techniques. X-ray-diffraction measurements
show that these solids are highly porous gel-like structures consisting ofusters with the characteristic
cluster size of 98 30 A. The densities of Pmolecules in the samples arex10?°-3x 10?* cm™2. Each of
the D, 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 solitsibg ESR, we
find thataverageconcentrations of D atoms of ordex110*® cm™2 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 Pclusters. The combined x-ray and ESR data showlte concentrations of D atoms
as large as £ 10'° cm 2 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 Pmolecules by the “brute force method” at low temperatures.
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[. INTRODUCTION helium solids formed from light atoms and molecules failed
to produce reliable resul$'®?°motivated the present work.

By introducing impurity atoms and molecules into a vol-  The creation of macroscopic pure hydrogen-helium solids
ume of superfluid helium, mesoporous impurity-helidm-  inside superfluid helium is a very sophisticated problem.
He) solids can be producéd. These porous solids are very Early work concluded that Im-He solids form properly only
promising for studying the properties of superfluidityte ~ when the condensed solid is immersed in superfluid hefium.
and “He confined in highly disordered environmenfsfor ~ Some material containing hydrogen forms and resides on the
matrix isolation of high concentrations of different free surface of superfluidHe during hydrogen-helium gas mix-
radicals!® and for studies of low temperature chemical tun-ture condensation. Hydrogen-helium solids are expected to
neling reaction:” The structure of impurity-helium solids float on the surface of superfluiiHe due to their small
created by the injection of relatively heavy impurities such agddensity(the density of solid Kis 0.08 g/cmi and the density
neon and krypton atoms and nitrogen molecules has beesf superfluid helium atT=1.5 K is 0.145 g/cr¥). Only
studied via x-ray-diffractiofr 1° and by means of ultrasound when heavier impurities such as Ne atoms grriolecules
propagation through the liquitiHe contained in the pores of are added to hydrogen-helium gas mixtures is it possible to
the sample$®~* It was found that these solids consist of create mixed impurity-helium solids containing atomic and
nanoclusters of impurities with typical size 50—60 A coveredmolecular hydrogen with a density larger than the density of
by one or two layers of solid helium. The nanoclusters areHe I1.1817In contrast to pure hydrogen-helium samples, pure
believed to be assembled into a semirigid porous network ofleuterium-helium samples have densities larger than the den-
clumps connected by strands. The structure appears similaity of He Il and can readily be created inside a volume of
to light aerogel. The pore size distribution is very broad,superfluid helium.
from 80 A to at least 8600 A, and the average density of We have employed x-ray-diffraction and electron-spin-
impurities in the solids is-10°° cm™3, resonancéESR techniques to investigate the structure and

Up to date, no information has been obtained about théehavior of impurity-helium solids created by introducing
structure of impurity-helium solids formed from light atoms deuterium atoms and molecules into superfidide. We
and molecules of hydrogen isotopes, even though thedeave also investigated mixed,INe-He samples to compare
guantum impurity-helium solids are of special interest.the sizes and behavior of clusters created when neon and
Impurity-helium solids with stabilized H and D atoms in deuterium were simultaneously present in the gas mixture.
mixed H,/D, clusters provide an excellent laboratory for From the x-ray-diffraction experiments, we found that
studies of low-temperature chemical reactibns. In par- D,-He and B-Ne-He samples have characteristic impurity
ticular, the exchange tunneling reactionstB,—HD+H  densities of order- 107! cm™ 2 and that they consist of clus-
and D+ HD—D,+H have been used to generate high con-ters of impurities with diameters of order 50-90 A. Using
centrations of hydrogen atoms in impurity-helium sofit8 ESR, we have studied the ground-state spectroscopic param-
In deuterium-helium solids, high concentrations of D atomseters, line shapes, relaxation times, and saturation behavior
were achieved directly after formation. The fact that all pre-of stabilized D atoms in D-BHe and D-B-Ne-He solids.
vious attempts to investigate the structures of impurity-Complementary results from x-ray and ESR measurements
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allowed us to characterize the properties of Im-He solidsof helium gas containing a small fractidgt—5 % of impu-
created with light impurities. The small clusters of Biol-  rity atoms and/or molecules was directed onto the surface of
ecules surrounded by thin layers of solid helium contain thesuperfluid “He contained in a small beaker sitting above a
stabilized D atoms. These clusters aggregate into porous gehain helium bath aff~1.5 K. The distance between the
like structures similar to the structure of Im-He solids createdyyifice of the gas jet source and the surface of Hell was
with heavier atoms and molecul¥s. ~2 cm. The jet penetrated the surface of the liquid helium

Using ESR we also measured the average concentratigfhd a macroscopic snowlike semitransparent material was
of D atoms in D-B-He samples to be-1.56x10'*cm™®and  created. This material fell down through the liquigie to
the local concentratiofin the D, clusters of D atoms to be  form a porous solid at the bottom of the beaker. A jet with a
~2x10" cm 3. High local concentrations of D atoms flux of ~5x 10*° atoms and molecules per second yielded
within D, clusters obtained in this work imply that for tem- —(0.3-0.4 cri of sample in 10 min.
peraturess175 mK this system is close to the regime where  The conditions described above were found to be optimal
the mean distanced(,~38 A) between D atoms is compa- for the preparation of impurity-helium solids. To find these
rable to the thermal de Broglie wavelength for free D atomsconditions, we studied the efficiency of Im-He sample col-

It is found, however, that the recombination rate of deu-iection in superfluid*He as a function of four independent
terium atoms in D-B-He impurity-helium solids is quite parameters. Collection temperatures of the liquid helium
slow® indicating a very small rate of diffusion and hence aere varied fromT=1.2 to 1.8 K: accordingly the helium
high degree of localization of D atoms in Im-He solids. Thisyapor pressure in the Dewar was varied from 0.625 to 12.5
does not augur well for the possible observation of quantuntorr. The flux of the condensed gas mixture was varied from
overlap in these solids unless much higher concentrations afp!® to 1?° atomgmolecule¥s. The concentration of impu-

D atoms can be achieved. Nevertheless studies of D atoms fities in the gas make-up mixtures was varied from 0.1 to
Im-He solids are useful in providing a model system forso, a small fraction in comparison with the amount of he-
Im-He solids containing H atoms. We believe that Im-Heljum gas. The distance between the source orifice and the He
solids containing H atoms and molecules provide much morgyrface in the beaker was varied from 1.5 to 3 cm. The effi-
promising systems for investigating quantum overlap effectgjency of sample collection was determined by monitoring
because of a higher degree of delocalization of H atoms duge collection process visually in a glass Dewar. In particular,
to the highly efficient H-H,—H,+H tunneling exchange it was found that increasing the temperature above 1.5 K led
reaction!®?* to decreased efficiency because the higher vapor pressure

At the present time no one has been able to create Im-Hgauses an increase in scattering of the gas jet. This scattering
solids inside He Il containing exclusively,tand H impuri-  can lead to the impurity atoms or molecules becoming en-
ties. In our laboratory we are developing methods to producgained in the counterflow of the evaporating liquid helium.
such a sample. Our approach will involve the use of magpecreasing the temperature below 1.5 K led to the produc-
netic gradients to draw samples containing the paramagnetifon of unstable samples which tended to explode spontane-
hydrogen atoms into the superfluid helium. Preliminary ex-ously even when surrounded by superfluid helium. More
periments involving manipulation of impurity-helium solids careful quantitative investigations of the sample preparation
via field gradients have recently been performed in ouprocess will be undertaken with a closed cell geonfétry
laboratory:? presently being developed in our laboratory.

The unique properties of Im-He solids containing light  |mpurity-helium samples for x-ray investigation were col-
atoms and molecules may lead to specialized applications. fected in a beryllium beak&! inside a pumped helium cry-
proposal made by NesvizhevsRyis to use B-He and  ostat designed for x-ray-diffraction measurements. The cry-
D,0-He solids as media for obtaining ultracold neutrons.ostat was mounted on a two-circle goniometer and the
Very cold (1 mK) D,-He solids should be able to act as experiment was performed in a standard horizontal scattering
extremely efficient moderators, allowing a two order of mag-geometry. X-ray scattering measurements were carried out
nitude improvement in the available flux of ultracold neu-on beamline X22B at the National Synchrotron Light Source
trons. The solids obtained in our experiments satisfy threet Brookhaven National Laboratory. The energy of the x-rays
essential criteria for such a moderator: nanoscale buildingvas 7.861 keV. The diffraction patterns produced by the
blocks (the clusters high porosity, and low absorption of impurity-helium samples are essentially powder diffraction
neutrons. patterns, so standam26 scans were used for data collec-

Frossati and co-worke?s>® suggested another applica- tion. After impurity-helium sample collection was finished,
tion in which the D-D3-He solids are cooled to low enough the sample was maintained in liquid helium &k
temperatures-{3 mK) in very high magnetic fields to pro- =1.5-4.2 K, or alternatively liquid helium was drained
duce “brute-force” nuclear polarization. Spin polarized deu- from the cell. The latter procedure forms what is known as a
terium nuclei are expected to be able to enhance the effidry” sample, in which the porous solid no longer contains
ciency of fusion reactions involving deuterons. liquid helium.

For subsequent data analysis, standard corrections for po-
larization and sample volume were made. To isolate the scat-
tering due to the Im-He solid sample from the scattering due

We created the impurity-helium solids using a techniqueto liquid helium, the sample cell, and the cryostat windows,
described in more detail elsewhér.In this technique, a jet each experiment consisted of two sets of measurements. First

Il. EXPERIMENTAL METHOD
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the sample was prepared and x-ray measurements were car-
ried out. Then the sample was evaporated by heating the
sample cell to a high temperature, and the measurements
were repeated at low temperature both for the cell filled with
liquid helium and for the empty cell. The former “back-
ground” scans were used for the samples immersed in liquid
helium, while the latter were used for the dry sample. These
background x-ray scans were subtracted from the Im-He e T
sample data. 0 15 30 45
Impurity-helium solids with stabilized D atoms for ESR 20 (deg)

investigations were prepareh situ in a Janis cryostat. . .
Samplgs were produF():ec? by sending a gaseous )r/nixture of FIG. 1. X-ray-diffraction patterns for the as-prepareg-Hbe

. . . o : _ Sample immersed in liquid heliurftop curve, and the dry sample
helium with typically a(1%) admixture of molecular deute (bottom solid curveat T=1.6 K. The dashed line shows the data

rium througrl a high—frequency_ eIec_;tric discharge_f ( for the dry sample after the signal due to the liquid helium captured
=52 MHz, P=70 W) into superfluid helium contained in a in the sample was subtracted, as discussed in the text.

small quartz beaker as described in detail previotisht.the

end of the collection process the Im-He sample occupied ally e ratyres. A LakeShore 330 temperature controller was

qf the cylindrical part .Of. the beaker. After sample Prépara-saq to control and stabilize the temperature of the sample.
tion, the beaker containing the sample was lowered into the

ESR cavity, which was situated at the bottom of the cryostat
in the homogeneous field region of a Varian 7800 electro- lll. EXPERIMENTAL RESULTS
magnet. The volume occupied by the sample inside the cav-
ity was 0.35 cm. The homemade cylindrical cavity was op-
erated in the TE; mode. ESR signals were recorded by ~We performed x-ray investigations on three,-Be
using a continuous wave reflection homodyne spectrometé&amples immediately after preparati@ne formed by using
(Varian E-4 operating near 9.1 GHz. The microwave carrierthe gas mixturg D,]:[He]=1:20 and two by using the gas
frequency was measured by using a frequency couiét  mixture [D,]:[He|=1:40, and one [-Ne-He sample
545) while the field was swept through each resonance. Defformed using the mixturd D,]:[Ne]:[He]=1:4:500. The
rivatives of the ESR absorption lines were detected agliffraction patterns of B-He samples immediately following
~0.32 T by the addition of a small amplitude modulation formation were very weaksee Fig. 1 One of the B-He
field oscillating at 100 kHz. samples(prepared with the gas mixturgD,]:[He]=1:40
Atomic concentrations were measured by comparing thavas drained of superfluid He and gradually warmed from
intensity of the atomic signals with the intensity of a signal1.6 K to 8 K. In this sample the dynamics of the growth of
from a small ruby crystal that was used as a secondary staglusters of B molecules in D-He solids was studied. In the
dard. The ruby crystal was attached permanently to the botase of the B-Ne-He sample, the diffraction pattern was
tom of the microwave cavity. The calibration of the absoluteobserved only alf =1.6 K, because this sample spontane-
value of the number of spins in ruby crystal was made byously decomposed during the process of warming to 4 K
using a standard organic diphenyl-picrylhydragbPPH  while immersed in liquid*He.

" T=1.6 K/

N
o
T

as—prepared

—_
w
T

w
T

Intensity (arb. units)
)

dry sample 2\
[N
.

o

A. X-ray measurements

sample with a known number (2410'") of spins. The cali- We begin by discussing the ,EHe samples. Figure 1
bration measurements were carried ouTat1.35 K andT ~ shows the diffraction data collected immediately after
=1.8 K. sample preparatiofthe “as-prepared” sampjeand the data

A nuclear magnetic resonancNMR) magnetometer for the dry sample. Both measurements were madd at
(“Sentec” type 1001 was used for precise measurements of=1.6 K. The diffraction data for the as-prepared sample is
magnetic field. The distribution of magnetic field in the elec-dominated by a strong and very broad peak centeredbat 2
tromagnet was mapped by removing the cryostat from the=28°. This peak is due to scattering from the liquid helium
magnet gap and moving the NMR probe throughout the gadilling the bulk of the sample cell. A very weak shoulder at
The relative homogeneity of the magnetic field at the valu&§~31° is also observed. As liquid helium is removed from
0.32 T over the volume of the sample was810 . From the sample cell, this feature grows and becomes a well-
the measured ESR signal of DPPH with knowgifactor (g defined peak in the dry sample. The peak é4=31° is at the
=2.0037) at the temperature 1.35 K, the difference of theposition of the(111) Bragg peak of the fcc phase of solig D
magnetic field between the position of the samfitethe  and therefore arises due to the presence of solid deuterium in
center of magnetand the position of the NMR probe located the sample. The Psignal in the as-prepared sample is too
outside cryostat was determined to be 1.58 G. This value hageak to be quantitatively analyzed. Below, we present the
been taken into account in the analysis of all ESR spectra ainalysis of the dry sample data.

D atoms recorded at low temperatures. First, we note that our highly porous samples possess a

By reducing the supply of liquid helium into the variable very large internal surface because of the nanometer scale of
temperature insefi/TI) of our cryostat we lowered the level the typical impurity block of which these samples are built.
of liquid helium. When the level was below the ESR cavity Therefore it is expected that a significant amount of helium
we investigated dry impurity-helium samples at differentis trapped on the Psurface and in the sample pores even
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Slio16 K WoR G o e for the scattering vectdk from a collection of such clusters
oy ’ YL randomly oriented in space is given by the Debye scattering
T equatior®

.3
L
5 sin(krmp)
=2 I=1,PVe MY D f2(k) 1% 1)
:'”:) m n krmn
s
£ 0 k2 Here P=cog(26) is the polarization factoly = 1/sin(20) is
the sample volume correction,,, is the distance between

the mth and nth atoms, andf(k) is the atomic factor of
deuterium. The factoe 2M arises due to lattice dynamics
effects and is discussed later. The calculated diffraction pat-

FIG. 2. X-ray-diffraction pattern indicated by open circles for i d th il i f the stack
the dry D,-He sample, where the signal due to the liquid helium _erns were averaged over the possible positions or the stack-

captured in the sample has been subtracted. The temperature is 19 faullts 'n, the cluster. ) .
K. The solid line is the result of the calculation for 90 A clusters To simplify the calculations, rotational degrees of free-

with stacking faults, as described in the text. The dashed line is thg0m of the B molecules in the clusters were disregarded.
result of the calculation for a 2:1 mixture of 75 A fcc and hcp Thus, we considered model structures that had two deute-
clusters with no defects. The positions of the Bragg peaks in the fc€lUm atoms located at each point of the close-packed lattice
and hcp bulk solid B are shown at the top of the figure. of the cluster. This approximation is chiefly justified by the
almost spherical molecular charge distribution of
when liquid helium is drained from the sample cell. Indeed,deuteriunt’ We also note that this simplified model was
a broad background closely resembling the scattering signdreviously found to adequately describe the experimental re-
of liquid helium is clearly present underneath the deuteriunfults for N-He samples in the range of scattering vectors
peak in the dry-sample data of Fig. 1. When an appropriateljficcessible in our work?
scaled liquid helium background is subtracted from the dry \We used the standard harmonic approximation to take into
sample data, no signal is left in a broad range of scatteringccount the lattice dynamics effects. In this approximation,
angles. The best results, shown with the dashed curve in Fige diffracted intensity is reduced by a facer®, where
1, were obtained assuming that approximately 8% of the he2M = 12h2T sir?()[d(x)+x/4]/(mkozr?).2  Here  x
lium initially present in the cell remains in the dry sample. = 6,,/T, ®(x)=1/x[ge(e— 1) *de, mis the mass of the
After the helium signal subtraction, virtually no scattering D, molecule, andd,,~109 K is the Debye temperature of
intensity is left for 5%<26<25°. This result strongly sug- deuteriun?® This approximation almost certainly underesti-
gests that this broad background can indeed be attributed toates the thermal vibrations in our samples because a sub-
helium scattering. stantial fraction of molecules reside at the cluster surfaces.
The x-ray signal remaining after the background subtracQuantum effects should also reduce the observed intensity.
tion described above can be attributed to scattering from deuAle note, however, that introduction of tee?™ factor does
terium. This intensity is shown on an expanded scale in Fignot affect the cluster size obtained in our calculations, and
2. Solid D, crystallizes in the fcc, hcp, and mixed close- changes the calculated density of By a factor less than 1.5.
packed structures, depending on the volume fraction of paraAle therefore conclude that errors due to the inadequate treat-
D, and on the cooling rate during sample preparationment of the lattice dynamics do not affect our analysis sig-
proceduré’ Features characteristic of these structures araificantly.
clearly seen in the data of Fig. 2, most notably the broad The best agreement with the experimental data shown in
peaks at thé111) and (200 Bragg peak positions of the fcc Fig. 2 was obtained for clusters consisting-efl1 500 D,
solid D, (26~31° and X~36°, respectively A weaker but molecules(diameter~90 A). The solid line in Fig. 2 shows
still identifiable signal is also present at tfE00) and(101) the calculation made for 90 A clusters, modeling 60% of the
hcp Bragg peak positions ¢2-29.5° and 33.5°). Similar clusters with a randomly stacked structure and 40% of the
diffraction patterns were previously observed in impurity- clusters with an fcc structure containing three twin faults.
helium samples composed of heavy impurities crystallized inThe number of defects in the clusters given above should, of
close-packed structures, such as Ng, &hd Kr®1°Analysis  course, be taken only as an estimate. We note that the defects
of the x-ray data in these samples has shown that they consigte necessary to explain the experimental data, because cal-
of nanometer-scale clusters of the impurity atoms assembletllations for defect-free clusters reproducing the width of the
into a rigid porous network1® The close-packed structures (111) fcc peak always produce much narrow2e0) fcc and
of these clusters were found to possess a large number ¢£01) hcp peaks than those found experimentally. To illus-
stacking-fault defects. trate this point, the calculation for a 2:1 mixture of 75 A fcc
In the presence of defects, there is no simple quantitativand hcp clusters with no defects is shown in Fig. 2 as a
relationship between the width of the diffraction profiles anddashed line. Clearly, it is in worse qualitative agreement with
the cluster size. To determine the typical Bluster size and the experimental results than the calculation for clusters with
the density of our samples, we follow the analysis of Refsdefects. We note that all the calculations using the close-
8, 10. We consider close-packed clustéice or hcp con-  packed models underestimate the diffraction signal fér 2
taining a specified number of stacking faults. The intensity>34°. Some possible reasons for this discrepancy are the

104201-4



DEUTERIUM ATOMS AND MOLECULES IN . .. PHYSICAL REVIEW B69, 104201 (2004

disregard of the rotational degrees of freedom of tharidl-
ecules, the restriction of the trial structures to the close-
packed type, and errors in the model used for the background
subtraction procedure.

The lower limit on the cluster size can be estimated from
the calculations for defect-free clusters discussed above be-
cause disordered clusters always produce broader peaks than
the ideal clusters of the same size. The upper limit on the
cluster size can be estimated from the calculation for clusters

" (100} (111) (10134 (200)
il

N w - [3,]
T

—_
T

Intensity (arb. units)

o

. _ 1=32K
20 25 30 35 40 45

with random close-packed structuféhe most disordered 20 (deg)
clusters. Such calculations averaged over a number of ran-
dom distributions of the defects produce(HLl) fcc peak FIG. 3. X-ray-diffraction patterns for the dry,EHe sample at

which is narrower than the one observed experimentally foT=1.6 K andT=3.2 K. The signal due to the liquid helium cap-
clusters 130 A in diameter and larger. Thus, we conclude thatired in the sample is subtracted as discussed in the text.
the typical size of the B building block in our samples is
between 75 A and 130 A, with the most likely size of 90 A. subtracted from these data. A mixture of the fcc and hcp
It is also possible that a small fraction of the clusters con-structures is observed, consistent with earlier studies of bulk
tained in the samples are of smaller sizes. From the comparieuteriun?’
son of the intensity calculated using our best mdtte solid Finally, we briefly discuss experiments with a mixed
line in Fig. 2 with the scattering from liquid helium, we D,-Ne-He sample. The sample was prepared using a 1:4:500
estimate that the average deuterium density in the sample e-D,-He gas mixture. The x-ray-diffraction pattern for this
~2.5x 10% molecules/cm®. This is approximately 12 sample immersed in liquid helium is shown in Figa$ The
times smaller than the density of bulk solig.D liquid helium background is subtracted. The diffraction pat-
The density of as-prepared samples must be much smallégrn consists of two overlapping peaks indicating that both
than that of the dry samples since the intensity of the D neon and deuterium clusters are present in the sample. Be-
signal is very small in the formégsee Fig. 1. Assuming that cause the peaks overlap, it is impossible to determine
the as-prepared samples containdlusters of the same size whether mixed clusters exist in the sample. We find that the
as those in the dry samples, one can estinf@ten Fig. 1) neon signalthe peak at larger scattering anglesn be de-
that the integrated Psignal is roughly an order of magni- scribed very satisfactorily using a model structure consisting
tude smaller in the as-prepared samples. Thus, a rough estif ~50 A fcc clusters, each with four deformation-type
mate of the deuterium density in these samples istacking faults. The result of this model calculation is shown
~10%° cm™3. However, we note that our measurements lackas a solid line in Fig. ). To obtain the deuterium signal, we
the sensitivity necessary to detect smallerdusters in the
as-prepared samples, and therefore the actyaddhsity in D,~Ne—He sample
these samples can be significantly larger. ' ;
Similar to the previously investigated Ne-He and-Ne
sample$°the D,-He samples exhibit the nanoscale size of
a typical impurity-species building block and low volume
density. Thus, these samples must be highly porous and pos-
sess a large internal surface. In fact, if we assume that the dry
D, sample discussed above consists of a collection of dis-
connected 90 A clusters, its internal deuterium surface
should be~50 n? percn?. The interaction energy of he-
lium with the solid D, substrate is of the order of 20¥ and
therefore an atomic layer of helium is expected to be trapped
on the surface of our sample. Such an adsorbed monolayer of
helium can account for approximately a quarter of all the
helium trapped in the sample. The remaining helium must be
contained in the sample pores. While the above calculation
probably overestimates the sample internal surface, it is clear
that a significant fraction of the trapped helium is adsorbed
on the sample surface. The adsorbed helium should survive
at elevated temperatures, especially in the samples made of
heavy impurities (B, Kr, etc). FIG. 4. (a) X-ray-diffraction pattern for the BNe-He sample at
The dry D, samples are stable &t=1.6 K. The samples, T=1.6 K. Liquid helium background is subtracted. The solid line is
however, quickly coalesce and form a powder with a macrothe result of the calculation for 50 A neon clusters with faults, as
scopic grain size at higher temperatures. Figure 3 shows th#escribed in the textb) The same data with the calculated neon
data for T=3.2 K. The background due to liquid helium signal subtracted. The solid line is the result of the calculation for
trapped in this samplé3.5% of the bulk helium densityis 75 A compressed Pclusters with faults, as described in the text.

Intensity (arb. units)

Y, extracted D, peak |

Intensity (arb. units)

20 25 30 35 40 45 50
26 (deg)
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TABLE I. Initial concentrationsn,, ESR linewidthsAH,,, and magnetic parameters for D atoms in Im-He solids obtained from this
work. All spectra were recorded at a microwave powePof 2.25 uW. Additional results for samples marked with superscript numbers are
presented in Figs. 5-10.

Gas mixture Sample Na, AHyp, g-factor AW, MHz A, MHz

per cn? Gauss
[D,]:[He]=1:20 D-D,-He 1.5x10%® 1.8-1.9 2.002202(16) 326.431(56) 217.621(38)
[D,]:[He]=1:20 D-D,-He 1.2 10'8 1.8-1.9
[D,]:[He]=1:20 D-D,-He 1.2<10% 1.8-1.9
[D,]:[He]=1:100 D-D,- He® 6.5x 10" 1.7-1.8 2.002197(17) 326.482(63) 217.655(42)
[D,]:[He]=1:100 D-D-He 4.0< 10Y 1.7-1.8 2.002219(26) 326.505(40) 217.670(26)
[D,]:[He]=1:100 D-D,-He® 4.5x 10" 1.7-1.8 2.00217@4) 326.49497) 217.66365)
[Ne]:[D,]:[He]=1:4:500 D-D-Ne-Hé? 1.5x 10" 2.1 2.002227(37) 326.406(98) 217.604(65)
[Ne]:[D,]:[He]=1:4:500 D-D-Ne-He 2x 10" 2.2-2.4 2.002204(28) 326.494(53) 217.663(35)
[Ne]:[D,]:[He]=1:4:500 D-D-Ne-He 1.5¢ 10" 1.9

subtract the calculated neon signal from the data. The resulbrmed by each particular gas mixture was better than 30%,
obtained is shown in Fig.(8). These data can be described and the reproducibility of the ESR linewidth was20%.

using a model structure witk 75 A fcc D, clusters with five

deformation-type faultgas indicated by the solid line in Fig. 1. Measurements of g factor and A values of D atoms

4(b)]. However, to fit the data the calculated deuterium peak in Im-He solids

must be shifted to larger scattering angles-b§.8°. While

. . . ) ) Figure 5a) shows a plot of the energy levels of deuterium
this shift can simply result from an inadequate modeling ofyioms versus magnetic field. The dependence of the D atom

the neon signal, it may also indicate that the cluster averaggnergy levels on magnetic field was calculated following the
lattice constant is smaller by 1-2 % than that of solid B pyeijt-Rabi formula® For D atoms this formula can be writ-
(the clusters are compresget@ihus it is possible that a small tap, in the following form:

admixture of neon is present in the, Blusters. Using the
ratio of the neon and deuterium signals to the scattering sig- AW AW AMX
nal of liquid helium, and utilizing the structural models de- E(FM)=—+guogHM£——1/1+ ——+x2% (2
. | . 6 2 3
scribed above, we find the neon atom and deuterium mol-
ecule densites to be >310%atoms/cd and 7  whereE(F,M) is the energy of the D atom state with the
x 107° molecules/crfy, respectively. total angular momentunf and its projectionM along the
In summary, x-ray scattering studies described abovenagnetic field, AW is the zero-field hyperfine splitting be-
show that the B-He and D-Ne-He samples prepared in our tween the two multipletss =3 andF =3, andx is given by
work are highly porous solids with nanometer-scale typical
building blocks. The samples exhibit strongly disordered 0;— 0
structures. The typical deuterium cluster size is estimated to X= AW MoH. €
be ~ 90 A in the dry deuterium sample investigated and
~75 A in the D-Ne-He sample immersed in liquid helium. In the above expressiom is the Bohr magneton, and the
In these samples, the deuterium densities-a2e5x 10?1 and  spectroscopic splitting factorg; and g, are related to the
~7x10?° molecules/cry, respectively. A significant amount electron and nuclear magnetic momeptsand x, by
of helium is trapped in the dry samples at low temperatures.
We argue that a large fraction of this helium is adsorbed on w3=—Gspods 1= —0 Mol (4)
the internal sample surface.

The plus sign in Eq(2) is used wherF =2, and the minus
sign whenF = . The allowed transitions withM = +1 and
Al,=0 (wherel, is the projection of nuclear spin along the

?’nagnetic fieldﬁ) give the three hyperfine structure lines of

formed by injecting into He Il three different gas mixtures— : : )
[D,]:[He]=1:20, [D,]:[He]=1:100, and  [Nel: tgiaio[r)ratom ESR spectruffrig. 5@)] in the (F,M) represen

[D,]:[He]=1:4:500. Three samples formed from each gas

B. ESR measurements

We also performed ESR investigations of the sample

mixture were studied. The rf discharge was adjusted to maxi- (F=3M=2F=1iM=1) 1,=1

mize the concentration of stabilized atoms in each resulting ‘

sample. The initial concentrations,, ESR linewidths (F=3M=LicF=iM=-1) 1,=0

AH,,, gyromagnetic ratios, zero-field hyperfine splittings ’ ' e

AW, and hyperfine constangsof deuterium atoms in Im-He (F=3M=—1coF=3M==3%) 1,=-1
’ H 1 z

solids investigated in this work are presented in Table I. The
reproducibility of the initial concentrations of D atoms Energy values corresponding to these transitions are given by
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FIG. 5. Magnetic energy levels and allowedNI==*1, Al,
=0) transitions of D atoms in high external magnetic fields
ESR spectra of D atoms in as-prepared BHEe (sample No. 2, see
Table ) (b), and D-D,-Ne-He(sample No. 4, see Tablg (c); solids
created by the gaseous mixture§D,]:[He]=1:100 and

PHYSICAL REVIEW B69, 104201 (2004

wherexy, Xq, andx_; correspond to the nuclear spin states
I,=1, 0, —1, respectively. The values of frequencies,,
vg, v1 and magnetic fieldsl _;, Hy, H4 were measured for
the center of each resonance line for D atoms in Im-He sol-
ids. To obtaing; and AW a procedure similar to the one
described in Ref. 32 was used. All the fundamental physical
constants as well as thgg value for these calculations were
taken from Ref. 33.

The  abbreviations e,=hv;+uH;, e_=hv_,
+wuH_4, and the definitionr=x,/x_;=H./H_; were
used for the inversion of Eq$5) and(7) into equations

I AW?— (14 x;)e, AW+e? =0, (8)
—Ix_JAW?+(r—x,)e_AW+re? =0. 9)
Summing these equations leads to
e +re?
AW (10

~ xy(e,t+e )t+e_—re_’

A quadratic equation ix; is formed by substitution of Eq.
(10) into Eq. (8),

axi+bx;+c=0, (12)
with
a=e,e_(e,+e_)(e,—re_),

b=2%(e? +re?)?+e,e_[(e,—re_)’—r(e,+e_)?],

c=re,e_(e,+te_)(e,—re_).

Thenx,; can be easily found from Edq11) and substituted
into Eq. (10) to determineAW. The g-factor values can be
obtained from Eq(3). The g-factor valuesAW values and

[D,]:[Ne]:[He]=4:1:500, respectively. These spectra were obtainechyperfine constanté (Ref. 39 for deuterium atoms in dif-

at T=1.375 K and klystron frequencfy=9.064 GHz.

AW 2
hV]_:T 1+Xl+ 1+ §X1+Xl _/.L|Hl, (5)
AW 2 2
hVOZT 1+ §X0+XO+ 1_§X0+XO _/.L|H0,
(6)
w 2 )
hV,l:T _1+X*l+ 1_§X,1+X71 _/.,L|H,1,
(7)

ferent impurity-helium solids obtained by the above proce-
dure are listed in Table I. Table Il presents data for free D
atoms and D atoms stabilized in different matrices at low
temperatures taken from Refs. 32, 35—37. BHactor val-

ues of D atoms stabilized in D-EHe and in D-B-Ne-He
solids are close to each othsee Table)land very similar to

the g-factor values obtained for D atoms in solig Bhatrices

and in the gas phagsee Table Il. This leads to the conclu-
sion that most stabilized D atoms in the Im-He samples in-
vestigated are not immediately adjacent to Ne atoms but are
surrounded by solid Por condensed helium. The following
saturation test of ESR signals of D atoms distinguishes these
cases.

TABLE Il. Magnetic parameters for free D atoms and D atoms jnabd Ne matrices.

Sample g-factor AW, MHz A, MHz Citation
D in gas phase 2.002268Y) 327.38430230) 218.25620(20) 35
D in D, matrix 2.002318) 326.5727) 217.7X18) 36
D in D, matrix 2.00220(16) 328.29 218.86(15) 32
D in Ne matrix 2.00201) unavailable 219.Q) 37
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L e B e B A B — on the square root of the microwave power entering the cav-
i a ity. Each of the experimental lines for D atoms in Im-He
samples was fitted by a Lorentzian curve. From these fits the
.y 1 amplitudes and linewidths were obtained. Only for the small-
‘.g s est powers £0.25 uW) is AH,, constant and the amplitude
o’ s © App™ VP as expected for an unsaturated ESR transition. For

oome® ] microwave powerP.=0.25uW the linewidths of all lines
grow, although in the D-BNe-He sample the degree of
saturation of the side lines is larger than for the central line
[see Fig. 63)]. Investigation of the behavior of linewidths

(& 4
1

linewidth, G
N

-
T
1

0F ; I I ; ; and peak-to-peak amplitudes of the D atom ESR derivative
25| b signals as functions of the square root of the microwave
2 ; o ©° 4 3 power allows us to estimate the times for spin-spin relaxation
€ 20F o X o o 3 (T,) and spin-lattice relaxationT(;) of D atoms in Im-He
g . oX X X ] solids. The spin-spin relaxation time is calculated from the
:} [ X 3 linewidth below saturation by means of the expres&ion
o [ o ]
210F g .« E 1.3131x 1077
2ob 8% s oa o ® 1 =" gAH,, 12
& 05 2t * E 9aHRpp
00 e ] whereg is the electronig factor andAH , is the linewidth
0 1 2 3 4 5 obtained from the peak-to-peak separation for the derivative

power"” (W) ESR signal. For the D-PHe sample, the linewidth at the
lowest power is 1.5 Gsee Fig. 63)], giving a value ofT,
=4.4x10 8 s. For estimating the value of, we deter-
mined the maximum value of the peak amplitude of the de-
rivative signal in the Fig. ®). The value ofT,; was then
calculated by means of the expressfbn

FIG. 6. LinewidthAH,, (a) and amplitudeA,, (b) of the first
derivative of the hyperfine ESR components of D atoms in D-
D,-He sampleg(No. 2, see Table)l(V:l,=+1, O:1,=0, A:l,=
—1) and in D-B-Ne-He samplé€No. 4, see Table)l(closedV:l,
=+1, closedO:1,=0, closedA:1,=—1) as functions of the

square root of microwave power.
a P 1.97x 10 7AH,,

2. Saturation of ESR signals of D atoms T= gH2 (13
1

We usually observed the three-component spectra of D _ , _ L
atoms in Im-He solids in which the central line amplitude WhereH is the magnitude of the microwave magnetic field

exceeded those of the low-field and high-field litg& Fig- N the cavity when the amplitude of the ESR signal is a
ures §b) and 5c) show the ESR spectra of D atoms in as- Maximum. From Fig. @) the value of the power corre-

prepared D-B-He and D-B-Ne-He samples that were taken SPOnding to the maximum amplitude of the signalPg,
at a temperature of =1.37 K with microwave powelP, =6.25uW. The relation between the microwave magnetic

~2.254W. In these experiments the D,Be sample was field and the microwave power absorbed in the caRityis®*

created by introducing the gas mixtuf®,]:[He]=1:100 Vv
with beam flux 5<10'° s~ from the discharge region into H2=2X10*P.Q7S, (14)
superfluid helium and the D-ENe-He sample was created Vs

in the same manner by_introduction01gf the gas mixturgyhereH is the microwave field in gaus®, is the micro-
[D2]:[NeJ:[He]=4:1:500 with flux 6<107s " A similar  \yaye power in wattsQ is the cavity quality factory is the
ratio between central line and side line amplitudes was Obﬁlling factor, V.=8.3 cn? is the cavity volume, andV

served in D atoms stabilized in solid deuterium Bt  _535 o3 is the sample volume. The fiIIing’factOf;

~1.35 K32%%This effect was explained by more efficient _ 5’062 for our sample in the quartz lined cavity widh
saturation of the side lines relative to the central line because 2700 was calculated by using a computer program

qf differences in the effective r_elaxation rates_for thg tra_nsi—CST MICROWAVE STUDIO™. When we placed the above
tions between the corresponding sublevel pairs. This differ;

ence arises when the relaxation rates for the electron anpda rameters into Ed14) it became

nuclear spins in the deuterium atoms are compar&itethe H2=7.9P,. (15)
case of our samples the increase in the effective relaxation

rate for sublevel pairs via additional channels should bdrom Eqgs(13) and(15) for D atoms in the D-R-He sample
greater for the transitonH=3, M=3—F=3 M=-1), for P.=6.25uW, we estimateT;=3x10 °s. Similar
I,=0, corresponding to the central line. We carried out in-analysis of the results for D atoms in the D-Ne-He
vestigations of the saturation of the D atom ESR signal insample gave lower values fof,=3.1X 108s and T,
different Im-He solids. Figure 6 shows the dependence of the=0.727x10 % s. The relatively small values ¢F, for D
amplitudes and line widths as obtained from the derivativeatoms in Im-He solids confirm that the atoms are captured in
signals(see Fig. % of each of the three ESR lines of D atoms clusters of  molecules rather than isolated in liquid and
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0 100 200 300 400 500 600 FIG. 8. Temperature dependence of the width of ESR lines of D
time (min) atoms in a D-B-He solid (sample No. 3, Table)l

FIG. 7. Time dependence of the linewidths of hyperfine compo-gms down to x 10 cm™2 and the width of ESR lines from
nents for D atoms in D-pHe solid (sample No. 2, Table)! 7 g4 1 55 G(see Fig. 8 We can estimate the local concen-
E;}LZT;Nlo’ f#;;g’l((ﬁo!;v_ ,}): inf élgseDC;gf:\'e:'g'eclzgle'z tration of D atoms in B clusters by assuming that the de-
Al :pil) obtained at tempell’aiur-ﬁ=:,[ 375 K and microwave Cr€ase of the line width is due to the reduction of the dipole-

czo ' dipole interaction between the D atoms. The dipole-dipole
powerP.=2.25 uW.

broadening of ESR lines in an fcc lattice is giverfby

solid helium. In the latter case thig value would be much _ T
larger. For example isolated Cs atoms in solid helium have AHga=2.3guoVS(ST )0, (16

T,~1-2 s% is i - -
1 ) ) ~whereAHyq is in gauss and, is the concentration of atoms
We observed saturation of ESR signals of D atoms ingf spin S Hence for D atoms in an fcc lattice,=2.7

Im-He solids at lower microwave power levelsP{ % 10!%H 4. From the results shown in Fig. 8 the value of
~6.25 W) than were needed to saturate D atoms in a solidyH,, is found to be equal to 0.25 G, so the local concentra-

D, matrix (P.~1000uW)* at the same temperaturd (  tion of D atoms in a cluster is found to be at leagt6.7
~1.35 K). This observation might be explained by the dis-yx 108 cm=3.

order in the B within the nanoclusters in Im-He solids dis-
rupting spin-lattice relaxation between magnetic sublevels of
D atoms. Other explanations, such as changes in the phonon Bv doublv i . he derivati f the ESR ab
spectrum due to the small cluster size, and deuterium atoms 3|/ ou ]}/mtegratmg tde srlva:clves of the : absorp-
residing on the surface of the clusters, are also possible. 10N lines of D atoms and ruby reference signals, we esti-
mated the average concentration of D atoms in impurity-
3. Shape and widths of ESR lines of D atoms in Im-He solids ~ N€lium samples. The time dependences of the average
concentrations of D atoms in our D,EHe samples and D-

The ESR absorption lines of D atoms stabilized in D-p__Ne-He sample are displayed in Fig. 9. Usually concen-
D,-He and D-B3-Ne-He solids are fitted well by Lorentzian

curves, giving parameters of amplitude and width. The time o B B it i m i B e B

4. Measurements of D atom concentrations

dependence of the linewidths of D atoms in different Im-He 181 ]
solids during evolution of the samples is shown in Fig. 7. A va‘ 14} i
small increase over time of the linewidth of D atoms in the & 1ol } ]
D-D,-Ne-He sample was observedTat 1.375 K. After two °

hours the linewidths of the D atoms became equal to 2.2-2.4 * 1.0} .
G in the D-D,-Ne-He sample and 1.7-1.8 G in the D-Ble Sosl i
sample. The broadening of the ESR lines of trapped free g8

radicals in a solid matrix is determined by spin-lattice relax- § 06| —ﬁﬁ % % 7
ation, spin density, matrix anisotropy, interaction with nuclei § 0.4 ﬁ % %

of neighboring molecules, and the experimental conditions L]

under which the data were takéegree of saturation, rate of o2 "B wERE waw  ww LN
passage, and the modulation parameténsour experiments L
we used conditions which did not broaden the natural line- 0 60 120 180 240_ 300 3_60 420 480 540 600 660
width of D atoms in Im-He solids, so we could attempt to time (min)

determine the dipole-dipole broadening due to the electron g 9. Time dependence of the average concentration of D
spin-spin interactions between D atoms. In one experimentioms(at T=1.375 K) in Im-He samples prepared from gas mix-
while warming a D-B-He sample with initial D atom con-  tures [D,]:[He]=1:20 (open diamonds, sample No. 1, Table |
centration 4.5 10" percn? from 1.35 K © 4 K we ob-  [D,]:[He]=1:100 (open squares, sample No. 2, Table dnd
served a decrease of the average concentration of the D dB,]:[Ne]:[He]=4:1:500(closed squares, sample No. 4, Table |
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N0 S L L LALLM about the structure of these solids. X-ray-diffraction mea-
i 1 surements show that our samples are built gf dhd Ne
—~ 25 7 blocks with a nanometer-scale characteristic size. The best
= 20'_ % ] agreement with the experimental x-ray data for the dry
*;; L } D,-He solids shown in Fig. 2 was obtained for a collection of
£ 15} - ~90 A clusters each consisting ef 11500 O, molecules
§ : % arranged in randomly stacked and fault containing fcc struc-
© 10 . tures. The average density of h the dry D,-He sample is
3 [ & [] T found to be 2.% 10?* molecules/cri For the as-prepared
5 05 i ] D,-He samples the intensity of the,@luster peak is very
= X TR L small (approximately 1/10 that of the dry samplét is dif-
15 20 25 30 35 40 45 5.0 ficult to determine the size of the clusters in this case because
temperature (K) of poor signal to noise ratio. Assuming that the cluster sizes

in the as-prepared sample are equal to those in the dry

FIG. 10. The temperature dependence of the number of D atomsample, we find that the average density gfrBolecules in
in different Im-He solids: sample No. fopen diamondsand  the as-prepared sample-isl0?° cm 3. However, due to the
sample No. 2(open squargsare D-D-He solids, sample No. 4 \veak diffraction signal, deuterium clusters significantly
(closed squargss a D-D,-Ne-He solid. smaller than 90 A cannot be experimentally detected in the

as-prepared Ppsamples. Thus, the actual, Density in this

trations of D atoms in D-B-He samples were larger than in sample can be significantly larger thar?16m 3.
D-D,-Ne-He samples. The highest average concentration of Analysis of x-ray data for the as-prepared mixed
D atoms stabilized in D'E)He solids Shortly after prepara- DZ-Ne-He Sampk{see F|g 45h0ws that separate nanoclus-
tion, 1.5<10'*cm™%, was achieved in experiments on ters of D, molecules and Ne atoms are present in the sample.
samples created from the gas mixt{i®,]:[He]=1:20. The  The experimental diffraction pattern is best described by a
impurity-helium solids with these high concentrations of D superposition of peaks originating from50 A Ne fcc clus-
atoms were very stable in superfluid heliumTat 1.375 K ters and~75 A D, fcc clusters. In both cases the clusters
during the full time of observation~«300 min). were found to contain stacking faults. The densities of mo-

Figure 10 shows the results of measuring the numbers gecular deuterium and atomic neon were found to be 7
D atoms in dry Im-He samples at different temperatures 102° molecules/crt and 3x 10'° atoms/cr, respectively.
Usually the first measurement of the number of atoms in dryn the mixed D-Ne-He solids, the clusters appear to contain
SampleS af~2-25kK gave results similar to those for the a |arger fraction of Qas Compared with Nd: DZ]/[Ne]:zg)
wet sample. Further increasing the temperature of thehan was present in the gas jet used for the sample prepara-
samples initiated diffusion of D atoms and their recombina+jgn ([D,]/[Ne]=4). This fact may be explained by the pres-
tion. For example, in one dry D-PHe sample formed from  ence of very small Ne clusters in these samples, which would
gas mixtureg D,]:[He]=1:20 a small decrease in the number have given a very broad x-ray-diffraction signal but would
of D atoms was observed dt=2.8 K. The complete de- not have substantially contributed to the main peak of Ne
struction of this dry D-R-He sample occurred all  clusters. We have no other evidence for this, however, and

~3.4 K. At this temperature the number of D atoms de-we believe that further experiments are required to resolve
creased more than one order of magnitude fromx2@"to  this discrepancy.

2.0x10'. Microcrystallites of solid deuterium form from X-ray scattering studies show that the,-Be and
merging D, nanoclusters as the,EHe sample collaps€S.  D,-Ne-He samples are highly porous solids with typical
Only very low concentrations of stabilized D atoms survivedpuilding blocks in the nanometer size range. During draining
within these microcrystallites. The number of D atoms stabiof the liguid helium from the samples, we observed growth
lized in these microcrystallites was constant in the temperain the size of the B clusters and an increase of the average
ture rangeT~4.0-5.3 K. The process of destruction of density of O, molecules in the sample. The highest density is
Im-He solids is rather fast. By using the CW ESR method Wefound to be 2.5 10°* molecules/cr in the dry D-He
are only able to precisely register the signals of stabilizedsample. A significant amount of helium is found to be
atoms just before and just after destruction of the Im-Herapped in the dry P-He sample at low temperaturés.5—
solids. To investigate the fast process of destruction of thg 2 k), and a large fraction of this helium is adsorbed on the
Im-He solids we are planning to use a pulsed x-band ESRample internal surfaces. The adsorbed helium may be an
apparatus, the construction of which is now under way in oUimportant factor preventing the coalescence of dusters
laboratory. and collapse of our highly porous samples.
The highly porous B-He solids are very promising for
IV DISCUSSION the production of high concentrations_ of ultracold neutrons at
very low temperatures. As proposed in Ref. 23, the cold neu-
The results obtained by x-ray scattering foy-Be and  trons are effectively cooled by collisions with nanoclusters of
D,-Ne-He solids and by ESR spectroscopy for pHBe and  low-absorbing materials dt=1 mK. Major cryogenic prob-
D-D,-Ne-He solids allow us to reach important conclusionslems must be solved for this technique to be viable.
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Another possible application of porous-Ble solids isthe (N is the number of B molecules in 1 criof solid deute-
achievement of significant nuclear polarization of the D rium). There are approximately seven stabilized D atoms in a
molecules at low temperatures by the brute-forcetypical D, cluster, which has a diameter of 90 AN(
method?*~?® The latter may be important to applications of ~ 11500 molecules of ).
nuclear fusion because of the increase by 50% of the cross As discussed above, our x-ray experiments on the as-
section of the neutron-lean reaction for nuclear-spin polarprepared B samples provide only a rough estimate of the
ized reagent§! The small clusters provide a very large sur- owest possible B concentration. Using this estimate
face area, leading to intimate thermal contact between the D~ 107° cm™3), we find that the relative concentration of the
molecules and an external helium bath. The lowest energp atoms in the B clusters should be
rotational state of P will be J=0. This state will contain

=0 andl =2 nuclear spin states in the proportion 1:5. The [D] 1.5x10' cm 3
I =2 molecules will be spin active down to the lowest tem- Np= D 5 — =1.5x10 2. (19
peratures so that substantial nuclear polarizations can be [De] 10°° cm

achieved in magnetic fields of 10 T at temperatures near
mK, which can be reached with a well designed dilution
refrigerator.

An important motivation for studies of atomic deuterium
in impurity-helium solids has been the possibility of achiev-

?Jsing Eqg.(18), we find that the local concentration of the D
atoms calculated in this approximation is very largg:
~4.5x10?° cm™2. Such a large value df, clearly contra-
dicts the resulin;=0.67x10*® cm™2 obtained from the de-
creasing ESR linewidth of D atoms during the destruction of

ing high local concentrations of atomic deuterium. High con- " D-D,-He sample. These observations are consistent with
centrations of D atoms in D-Pnanoclusters might give rise . pie.
our previous remark that x-ray measurements may grossly

to quantum overlap of the deuterium atom wave functions, . . .
To work toward this goal, we carried out investigations of Dunderestlmate the density of the as-prepargdsamples if

atoms stabilized in D-BHe and D-DB-Ne-He solids by S?GS:;WE;S ?ﬁ;ég%sluifrtﬁéree:%:ge srz?)m_(ej:s :Jhszt'tl)rl]eﬂ:ae .
ESR. It was found that thg factors and hyperfine interac- y Pies. u's, ; provide possi Vi

tions of D atoms in the D-PHe solids and in the D- dence that most of the Dclusters in the as-prepared, D

Ne. , . samples are smaller than 90 A.
D,-Ne-He solids are similar to each other and very close to In the mixed §-Ne-He sample immersed in liquid he-

those obtained for D atoms stabilized in a solid, D | ) ; 0. 3
matrix 323" From the investigation of the saturation behavior UM the density of B molecules is 7.5 10 cm " as ob-
tained from the x-ray results. If we again assume that all D

of the ESR lines of the D atoms, a relatively short SIC)m_atoms are stabilized in Ixlusters, then the relative concen
. . . — >< 73 . ' - , -
lattice relaxation timeT,;=3X10"" s, was found. All these tration of the D atoms isng—2x10:/7.5X 107°=2.6

observations show that D atoms were mainly stabilized in->< 104 The local rati D at b |
side D, clusters. This result is further corroborated by ESR - Ihe local concentration of L atoms may be calcu-

— — 4y — 8 -3
studies of Im-He solids containing H and D atoms along Withlated as n= (3% 10%)(2.6x 10 . )=8x10%cm°.  For
H, and D, molecules. Satellite ESR lines on H and D reso-CompParison, the local concentration calculated from the ESR

nances were associated with simultaneous spin flips 0|]lHEWIdth of D atoms is 6.X 10 cm"*. These two values

atomic electrons and protons on neighboring HD and H are in agreement with each other, confirming the accuracy of

moleculest® We have measured the average concentrationg‘e determination of the Ddensity by the x-ray method

of D atoms via ESR in D-pHe and D-B-Ne-He samples when the diffraction signals are large enough. In these

For as-prepared D-pPHe samples the highest average Con_samples, the number (.)f D atoms in each Bugter N
centration of D atoms achieved was % 50 cm™3. The ~9000 molecules of B is equal to two. Hence this system

draining of the liquid helium from the D-PHe sample at should be very stable at low temperatures. The very small
T=1.5-2.5 K does not usually change the concentration opumber of deuterium atoms In a cluster s taken to be a
the stabilized D atoms. Using the,Odensity in the dry consequence.of t_he very small slz€ of the Q{fanoclu.s'ters.
samples obtained in  the x-ra2 measurements (2 All Im-He solids investigated which contained stabilized D
% 105)1 cm2), and assuming that all>/the stabilized D atoméatoms were stable in superfluid helium. Even after draining

o . . liquid helium from these porous samplesTat2— 3.2 K the
reside in the D clusters, we estimate that the relative con- . . o ;
. . . Im-He solids still maintained stable concentrations of D at-
centration of D atoms in Pclusters is

oms. Only after warming the dry samples above 3.4 K did

complete destruction of the samples occur, with rapid recom-
[D] 1.5x10® cm3 L, bination of most of the stabilized D atoms.

Np= = =6X10"". 17 ; - )
[D,] 25x10% cm 3 If the atoms in the clusters were free and sufficiently nu

merous, then effects associated with quantum overlap could

The density of deuterium molecules within the clustersP® observed. Fora dry DEHe gample with a local concen-
should be similar to the density of bulk solid deuterium. tration of D atomsn,=1.8x 10*° atoms/cm the mean dis-

: . o 1083
Therefore the local concentration of D atoms in @usters tance between atoms inside, Blusters isdy,=10%/3n; A

can be determined as ~38 A. The thermal de Broglie wavelength,
n=Nnp=(3X10% cm 3)(6x10 4)=1.8x 10" cm 3 _ 27
(19 A= N i 0
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for free D atoms then will be comparable to the mean disBose-Einstein condensation. This is very speculative. Unfor-

tance between atoms at=175 mK. tunately it is less likely that quantum fluid behavior can be
Larger nanoclusters containing hidgical concentrations — exhibited in Im-He solids containing D atoms.

of D atoms are probably needed to supply a sufficient num-

ber of atoms to manifest effects of quantum overlap. Alter- V. CONCLUSIONS

natively, one could work at very low temperatures where the The light impurity-helium solids created by introducing

averagecqncentraﬂon of D atoms throughout the Sampledeuterium atoms and molecules into superfluid helium have
could provide enough quantum ov_erlap. U_nfortunately,_D at'been investigated by x-ray diffraction and ESR methods. D
oms have a very slow recombination rate in Im-He solids as : o : : NN

. . C atoms are mainly stabilized in JDclusters with sizes
demonstrated in our ESR experiments. This indicates that thg75_90 A The average densitv of.Dmolecules in
D atoms are highly localized within the clusters and also. | 9 y 2

v hali e i 1om-3
have little likelihood of jumping from cluster to cluster. impurity-helium solids is~ 10" cm . These small clusters

Therefore we are pessimistic about the possibility of observplc deuterium assemble into a porous gel-like structure in a

ing effects of quantum overlap and the potential for seein manner similar to the case for the impurity-helium solids

any manifestation of Fermi-Dirac statistics. On the Othe%:ontalnmg heavier atoms and molecules. In this guantum

hand, studies of the D-BHe impurity-helium solids can system, clusters with high local concentrations of stabilized

. . : . . S D atoms can be created. In the clusters with the highest local
provide some guidance in preparing for investigations of the

, . . . . : concentration £ 1.8x 10'° cm™ %) observed in this work, the
H-H,-He impurity-helium solids, which are more likely to . e .
. mean distance between D atoms insidg Elusters is
manifest quantum overlap effects.

The difference in behavior of atomic hydrogen impurities~38 A. From the long recombination times we find in this

compared with atomic deuterium impurities are quite signifi-mzrilr(’ tﬂzn?ur?wtog\q/zrlsaeergf;gc?se r;a;hegewilé\lgf:lhzigﬁg dthi‘;’:t
cant. In the Im-He solids containing Ne and H atoms, th q P y y

recombination of hydrogen was found to be quite rapid, ir?lm'He solids, as oppo_sgd to_the_case for free D _atoms. A
somewhat more promising situation seems to exist for H

spite of the fact that the hydrogen was extremely dilute. On toms. which at least in the case of a H-Ne imourity-

the other hand, very slow recombination rates for D atoms . ™~ " . . H mpurity

were observed in previous wdfkand this work(see Fig. 9 . el!um_ solid, h_ave a much more rapid recqmbm_atmn rate,
o ér]dmatmg possible delocalization. Im-He solids with only H

The discrepancy between the speeds of H atom recombin . o e ; S
tion and D recombination deserves further investigation. Thié"md H impurities are difficult to achieve, but this will be the

may be related to the extreme difference in the exchanggu?JeCt C.JI f‘#UITe resele_lcrjch in tth'.s .Iaborato:y. | b
tunneling reaction rates for D,—D,+D and H+H, mpurity-helium solids containing Pmolecules may be

—H,+H as calculated by Takayanagt al,*> who calcu- used to achieve high deuterium nuclear polarizations. In this

lated that the hydrogen reaction proceeds four orders of ma vork, we have demonstrated that thg Molecules tend to

nitude faster than that for deuterium. The difference impliesf luster in t|n¥hcryst}alllte$30 A, V¥h'Ch ?'Vefsf. Igrgte r:letts:Jr—
that the H atoms in K clusters are far more delocaliZéd ace areas, thereby providing extremely elficient heat trans-

than D atoms in D clusters. On the basis of this delocaliza- port. T_his a.HOWS for coqling_ the sample to very IOV\.’ tempera-
tion the hydrogen atoms are much more likely to interact an ures in h'gh. mag.netlc fl_eld$brutg _force polarization
overlap with each other, leading to possible quantum flui inally, impurity-helium solids containing Dmay be even-
behavior. Another question that must be considered i ually used to enhance a flux of ulfracold neutrons.
whether or not hydrogen atoms can travel betwegrtlds-
ters.

Thus the Im-He solids provide us with two different  We would like to thank NASA for its support through
model quantum systems. The first, a boson system, corré&rant No. NAG 3-2871. This work was also supported by
sponds to the Im-He solids containing delocalized hydrogemorth Atlantic Treaty Organization under a grant awarded in
atoms. The second, a fermion system, corresponds to tH#002(R.E.B), and by the A. P. Sloan Foundati¢viK.). We
Im-He solids containing much higher concentrations ofalso wish to thank P. Borbat and G. Codner for extremely
heavier and more localized deuterium atoms. The best thatseful conversations and help with the ESR experiments, and
can be hoped for is that H atoms in Im-He solids can underg®. Keimer for the use of his x-ray cryostat.
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