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We have used x-ray diffraction and ultrasound techniques to study the structure of mesoporous impurity—
helium solids created after the injection of impurity particles,(Be, N,, Kr) into a volume of superfluidHe.
Clusters of impurities with size of order 520 A and density~10?° impurities/cn? were observed by x-ray
diffraction. The presence of a wide distribution of pore sizes in Im—He solids was revealed by ultré8dund
to 8600 A) and by small-angle x-ray scatteri@ to>400 A). Both x-ray and ultrasound methods detected
irreversible structural changes when samples were warmed ahoev2.17 K. This is ascribed to the aggre-
gation of small clusters caused by thermally activated diffusion. In addition to being of fundamental interest,
the properties of the unique porous media studied in this work may be relevant to investigations of low
temperature chemical reactions, storage of free radicals, matrix isolation spectroscopy, and sujéefluid
contained in the pores of an extremely compliant medium.
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[. INTRODUCTION samples and also the opportunity to observe chemical reac-
tions in a solid matrix when the behavior of the solid matrix

The investigation of nanostructured materials is a rapidlyis determined by zero-point motidfi-*? Introducing the
developing research field. A great deal of progress has begroducts of a nitrogen—helium radiofrequency discharge into
achieved in studies of isolated neutral atoms or moleculesuperfluid helium permits production of Im—He samples con-
and nanoclusters of atoms and molecules in liquid and solithining N atoms with relative concentrations unattainable by
helium1~* Studies of the spectral characteristics of singleother techniques. For example, relative concentrations of ni-
atoms or molecules have provided a great deal of informatrogen atoms isolated by localized heliUpN]/[He]) in the
tion about the structure of helium surrounding these impurisolid matrix can be as high as approximately 49dhe en-
ties. The impurities can be divided into two classes accordingrgy density stored in this Imn—He sample is comparable to
to the sign of the chemical potential inside the helium matrix.that of chemical explosive's.
It is positive for alkali atoms and electrons and it is negative Macroscopic solid samples formed by injecting impurities
for most other particles, in particular inert gas atoms andnto superfluid helium are metastable solid phases built from
more complex molecules such as Bnd N.. Alkali-helium  coalescing clusters of the impurity particles surrounded by
potentials have a more extended repulsive core and a weaksolidified helium layers. The preponderance of evidence sug-
attractive tail than the rare gas—helium potential. Rare gagests that aggregates of these clusters are mesoporous solids,
atoms as well as Nand D, molecules tend to compress similar to extremely porous aerogels. Both are formed by
helium atoms in shells around the impurity. It has been sugdiffusion limited aggregation processes. It is quite reasonable
gested by a number of authors that the first two layers ofhat highly branching structures are formed for the case of
localized helium around a spherical impurity particle can belm—He solids. The helium layers surrounding each impurity
thought of as a solid in the radial direction but that the he-particle or cluster are expected to be quite thin. They result
lium atoms are relatively free to translate in the azimuthalfrom the strong van der Waals attractive pressure associated
direction. The same general behavior could be expected fawith each impurity particle or cluster. At a sufficiently long
nonspherical particles. distance from the impurity, the effective pressure becomes

When inert gases or gases such as nitrogen are introducathaller than the bulk solidification pressure of helium which
as impurity particles into liquid helium, we can produce is greater than 25 atmospheres. Therefore the model of bulk
stable impurity—helium(Im—He) clusters, which make it solid helium with embedded impurities does not apply for
possible to create macroscopic Im—He samples consisting ¢fn—He solids except under compression. Instead, the close
impurity atoms isolated by localized heliuin® There is the  proximity of liquid helium to every impurity or impurity
possibility of observing collective effects caused by the in-cluster favors a porous branching structure. In recent years
teraction between stabilized impurity particles in Im—He superfluid helium in porous materials has been a subject of
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active theoretical and experimental investigatith. Finite THigh Poser

size effects can shift or smear the superfluid transition in REsource | | —— GasMixture
liquid helium. Various porous materials affect the critical be- L

havior of helium neafT, . Furthermore, sound propagation T To pumping system
in superfluid helium has been extensively used in probing the =

structure of a number of porous materials, including vycor Spectrometer RF discharge
and different porosity aerogel§-*®The sound attenuation in 7 electrodes
liquid helium absorbed in a porous solid reflects the dissipa- Ultrasound d TenoEis

tion in the system, and its temperature and frequency depen- Cell — Jet

dence is related to the characteristic pore size. The important Germanium 7 ]

feature of Im—He solids as compared to other porous mate- Thermometer

rials is that the interaction potential between helium and im- Liquid

purities is well characterized. They also give us a unique Helium Fountain
opportunity to observe the properties of liquid helium in a U Pump

porous medium consisting partially of localized helium. U

Our previous reports on sound attenuation in helium in
Im—He solids point to the presence of a distribution of pore k|G, 1. Experimental setup for preparation of impurity-helium
sizes in Im-He samplé$:? In the present work we have solid samples for ultrasound studies.
employed ultrasound propagation and x-ray diffraction to in-
vestigate the structural properties of Im—He solids. We haveénhe Chernogolovka groufp'® A gas jet of helium containing
concentrated on molecular impurities such gsaNd D,, and  a small fraction(0.5—1 % of impurity atoms or molecules
inert gas impurities such as Ne and Kr in these experimentsvas directed onto superfluid helium contained in a small
We have found that both x-ray and ultrasound measurementfewar beaker sitting in the main helium glass dewa at
lead to a consistent description of the properties of these-1.5 K. The helium vapor pressure in the dewar was main-
solids. tained at 4—5 Torr by a high speed rotary pump. Figure 1

It was determined that Im—He (kmNe, N,) samples shows a setup for preparation of Im—He samples in our ul-
consist of the clusters of impurities of order520 A and  trasound experiments.
characteristic impurity density of 10°° cm™3. This is con- The gas entered through a stainless steel capillary with
sistent with the previous set of x-ray experiments where ifinner diameter of 1.6 mm surrounded by a vacuum jacket
was determined that for a freshly prepared Ne-He sample thgith a heater at the bottom end. The diameter of the hole at
characteristic size of a constituent building blocks of thisthe end of the capillary was 0.7 mm. The nozzle of the cap-
porous material is 6820 A 2! This does not rule out the illary was located 2 cm above the surface of the superfluid
possibility that smaller clusters or single molecules may behelium in the small quartz dewar mentioned above, which
present in the sample. In the present work, x-ray measureacted as the collection beaker. To prevent the freezing of
ments monitored the aggregation of the impurities via diffu-impurities in the nozzle we heated the end of the capillary by
sion during the warming of the sample. X-ray powder pat-an annular heaterR=10Q). In order to keep the level of
terns of the clusters of impurities were observed as théelium in the beaker constant, a continuously operating foun-
clusters increased in size during the warming of the sampl&ain pump was used to transport cold superfluid helium into
Drastic irreversible changes were observed when samplafe beaker from the main liquid helium bath. When the gas
were heated above thg, of bulk helium. This is explained mixture jet impinged onto the surface, a macroscopic
by the speeding up of the thermally activated diffusion insnowflake-like semitransparent material was created. This
that temperature regime because of the poor thermal condufell down through the liquid and then congealed, forming a
tivity of liquid helium. porous impurity—helium solid in the experimental cell. If

In a different set of experiments, this process of aggregafree radicals(such as deuterium or nitrogen atomgere to
tion of impurities during the warm-up was monitored by be studied, a quartz inlet tube with 0.7 mm orifice at the
sound attenuation measurements using 1, 3, and 5 MHz ubottom was used to transport the gas sample down to the low
trasound via a pulse time-of-flight technique. Other usefutemperature region. Near the end of this tube was a high
information regarding Im—He solids was also obtained in thepower RF(60 MHz) discharge for dissociation of molecules.
ultrasound experiments. For example, the distribution of the
pore sizes in the samples was found to be between 80 and
8600 A. This is consistent with the pore size distribution we

obtained from small-angle x-ray scattering in a Ne—He For the case of the ultrasound experiments, the sample
sample, which was determined to range from 80 A toWas collected between the transducers of the ultrasound cell.

=400 A. The centers of transducers werés cm below the level of
helium in the beaker. Two cells of a similar design were used
Il. EXPERIMENTAL METHOD (see Fig. 2 The first one employed-cut quartz crystal$s
MHz fundamentgl placed 1.57 cm apart. Each of these was
pushed against the parallel walls of the cell by two springs,
The technique for creating impurity—helium solids in a one of which served as a central electrode. The ground was
volume of superfluid*He was similar to that developed by provided by the brass body of the cell. The second cell used

B. Ultrasound experiment

A. Preparation of porous impurity —helium solids
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between the voltage and the vibration amplitufiéscord-
1 ing to the definition of attenuatioa,
dB/cm) = (201) - log=2 1
2 a(dB/em) =(201)-log ", @
3 wherel is the length of the cell.
~ ~ The second part of the signal was split again into two
' parts to obtain the 0° and 90° componerAg, and Agg-.
4 They where used to determine the phase of the signal
L~
5 tan(¢) = Ao/ Agpe - 2
[ Once the initial speed of sound was measured at the tem-
6 peratureT, from the pulse transit timey, changes in veloc-
1 ity were calculated from the phase of the received signal,
i T)— (T
. - Av:l/(qu( )= ¢(To)| .
w
/ wherel is the length of the cell. With typical samples the
changes in velocity of a few parts per million could be re-
solved. A second oscilloscope was used to display the signal
on a longer time scale. It registered up to 12 echoes of the
\\ 8 signal in the first cell but only three echoes in the second

one.

FIG. 2. Experimental cell: 1, Atomic and molecular source; 2, For temperature measurements, a calibrated germanium
impurity—helium jet; 3, surface of liquid helium; 4, quartz dewar; 5, resistor was used. The thermometer was located inside the
quartz funnel; 6, impurity—helium solid; 7, ultrasound cell; 8, ger- base of the cell just outside the path of the ultrasonic pulses
manium thermomete(Ref. 20. so that the effect of the temperature difference between the
thermometer site and the sound path was minimized. Ultra-
sound measurements were performed during a slow warmup

with a rate of 10%-10 ¢ K/s. The warmup rate was con-

apart. For more effective collection of the sampl_e betwe.EQrolled by constricting the pumping line and was the slowest
transducers in the cell, we used a quartz funnel with two S'dﬁear theT
>\ .

plates which was placed between the endplates of the cell.
We could monitor the presence of the sample in the cell and
its homogeneity visually through slits on the sides of the
glass dewars. In these experiments the impurities used were X-ray scattering measurements were carried out on beam-
Ne, Kr and molecular B and/or N. Gas mixtures of line X20A at the National Synchrotron Light Source at
Im:He=1:100 were used to dilute the impurity particles andBrookhaven National Laboratory. In—He samples were pro-
therefore prevent them from forming macroscopic impurityduced inside a pumped helium cryostat{1.4-300 K) de-
granules as they passed from the source to the surface of te@gned for x-ray diffraction measurements. The cryostat was
liquid helium. The total flux of the gas mixtures was mounted on a two-circle goniometer, and the experiments
(4-6)x 10" particles/s. Samples with a visible volume be- were performed in a standard horizontal scattering geometry.
tween 1.2 and 1.7 ctnwere usually employed. In general The energy of x rays was 8 keV. Figure 3 shows a diagram of
the samples extended through the entire distance between ttiee insert for a variable temperature cryostat designed for
transducers. x-ray diffraction measurements. The technique of sample
The ultrasonic measurements were made using a hom@reparation was identical to that used in the ultrasound ex-
dyne phase-sensitive spectrometer. A continuously operatingeriments. The only difference was that the sample was col-
oscillator was gated to providing transmitter pulses oflected in a beryllium caf
4-12 us. The amplitude of the input signal could be varied After the sample collection was finished, the sample could
from 1 to 100 V at the resonant frequency or at the oddoe maintained in liquid helium at=1.5-4.2 K, or liquid
harmonics of the transmitting crystal. The ultrasonic pulseéhelium could be drained from the cell. The latter corre-
was received by a receiver crystal, amplified and split in twosponded to a “dry” sample. In this case the temperature of
parts, one of which was used to directly measure the attenuhe insert could be controlled in the range=1.5-300 K.
ation by recording the amplitude of the signal on a digitalFor the temperature measurements, we used the same germa-
oscilloscope. The attenuation was determined by the ratio afium thermometer that was used in the ultrasound experi-
the signal voltag® at the receiving transducer to the applied ments. In this case it was placed just outside of the beryllium
voltage at the transmittdd,. (We assume a linear relation can(see Fig. 3.

LiINbO; transducerd1l MHz fundamental placed 1.47 cm

C. X-ray scattering measurements
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Z FIG. 4. X-ray diffraction pattern for the N-He sample im-
mersed in liquid helium al=1.5 K. Liquid helium signal is sub-
tracted k is momentum transfeg is the lattice constant of solid N
\m The solid line is the result of the calculation for 50 A cluster with
\\ \W,_ four stacking faults, as discussed in the text. The dashed line shows

the calculation made for a 30 A ideal fcc cluster.

and x-ray measurements were carried out. Then, the sample

’B/ 4 was evaporated by heating the sample cell to a high tempera-
1

O

ture, and the measurements were repeated both for the cell
filled with liquid helium, and for the empty cell. The former
“background” scans were used for the samples immersed in
liquid helium, while the latter were used for the “dry”

\ samples. These background x-ray scans were subtracted from
3

~d

6\
] Ill. RESULTS
\ A. X-ray data and interpretation of x-ray results

the Im—He data.

8 i In this section, we report x-ray diffraction studies of

\ N,, Ne, and DB impurity—helium solids. In a previous
paper’! we have reported x-ray studies of Ne samples and

{0 preliminary results for the Nand Kr samples. Here we ex-
\ tend the investigation of the Ne—He solids to samples pre-

pared under different initial conditions, and also report the
results of small-angle scattering experiments. The analysis of
the N, data is given, and the Dsamples are briefly dis-
FIG. 3. The diagram of insert for a variable temperature Oxfordcssed.
cryostat: 1, vacuum jacket; 2, capillary; 3, calibrated orifice; 4, X-ray diffraction patterns produced by the Im-He
heater; 5, di_electric screen; 6, beryllium can _vvith Im—He Sample;samples contain broad diffraction peaks at the Bragg peak
and germanium thermometer, 7, rods for vertical movement of the,jtions characteristic of the bulk crystal structure of the
car_n, 8, stalnle_ss steel protective tube with a hole for x-ray accesEmre Im solids. These broad peaks indicate that very small
(9); 10, fountain pump. clusters of the impurity atoms are present in our samfjles.
Figure 4 shows the diffraction data for the-NHe sample
Im—He samples studied in our experiments containecit T=1.5 K. Before the data collection, the sample was
small clusters of impurity atoms with randomly distributed compressed by heating abovig . The sample was sur-
orientations?! Therefore, the diffraction patterns produced rounded by liquid helium at all times. The liquid helium
by these samples are essentially powder diffraction patternsjgnal has been subtracted from the data. The data were col-
and standard—26 scans were used for data collection. Mo- lected in the vicinity of thg111) and (200 peaks character-
mentum transfers from 0.4 A to 2.8 A~! were accessed. istic of cubic solid nitrogen. As in all the x-ray figures shown
We have also carried out studies at smaller scattering anglelselow, Fig. 4 shows the intensity scattered into the solid
in which data at momentum transfers as small as 0.015 A angle corresponding to a chosen momentum transfer; correc-
were collected. For the subsequent data analysis, standatidns for polarization and sample volume were also made. In
corrections for solid angle, polarization, and sample volumeaddition, the intensity is normalized by the division by the
were made. To isolate the scattering due to the Im—Hequare of the atomic factor of nitrogen. The notable features
samples from the scattering due to liquid helium, the samplef the data of Fig. 4 are a broad peak at {fh#&1) position
cell, and the cryostat windows, each experiment consisted dka~10.88), and thabsenceof the peak at th€200) posi-
two sets of measurements. First, the sample was prepargidn (ka~12.57). As was shown in Ref. 21, this means that
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the N, clusters in our Im—He samples do not possess the
ideal fcc structure of the bulk J\ but contain a substantial
number of defects. This observation is also in agreement
with earlier electron diffraction studies of free clusters pro-
duced in supersonic jeté%

In the presence of defects, there is no simple quantitative
relation between the width of the diffraction profiles and the
cluster size. To determine the typica} Mluster size in our
samples, we follow the analysis of Ref. 21. We consider fcc
clusters containing a specified number of stacking faults, as
discussed in Ref. 21. The intensity at the scattering vdctor
from a collection of such clusters randomly oriented in space
is given by the Debye scattering equafidn

FIG. 5. X-ray diffraction pattern for the different Ne—He
samples after preparation in liquid heliumTat 1.5 K. Liquid he-
lium signal is subtracted.

| =IOE E fz(k)smlik—rmn). (4) There are several sources of systematic errors associated
mon fmn with our determination of the characteristic cluster size of
50 A. Lattice dynamics effects, for example, were ignored
Herer ., is the distance between tineth andnth atoms, in our calculation. A rough estimate of the Debye—Waller
and f(k) is the atomic form factor of nitrogen. The calcu- factor based on the Debye temperature of bulk solid nitrogen
lated diffraction patterns were averaged over the differen{T,~79 K) indicates that the Debye—Waller correction
positions of the stacking faults in the cluster. does not change results of our calculations. However, ther-
Model calculations for the N-He samples are, in general, mal vibrations in our highly disordered samples in which a
more complicated than the calculations for Ne—He samplesubstantial fraction of molecules reside near the cluster sur-
considered in Ref. 21 because Molecules possess rota- faces are likely to be larger. Another possible source for sys-
tional degrees of freedom, and therefore the rotational ordelematic errors is the restriction of the trial structures to the
of these molecules has to be considered. To address thfisc type. More complex atomic arrangements can, in prin-
problem, we have carried out calculations for the ideal fcceiple, be realized.
clusters using both the actual positions of the nitrogen atoms The prevalent cluster size of the,Nsample discussed
in the crystal structure, and also in the approximation forabove, 50 A, is similar to the size of the Ne clusters ob-
which the N molecules were replaced by two nitrogen at-tained in Ref. 21. The nitrogen atom density of 1
oms located at the center of mass of the molecule. The difx 10°° cm™2 determined from the comparison of the inten-
ference between the calculated results in the momentursities of the nitrogen peaks to the liquid helium signal is also
transfer range of Fig. 4 was much smaller than the experisimilar to the density of the previously characterized Ne
mental errors. Therefore, in the calculations for the clustersamples. However, samples grown under different prepara-
with faults, we used the simplified model with two nitrogen tion conditions exhibited different sample densities as well as
atoms located at each point of the corresponding fcc latticelifferent widths of the diffraction peaks. The samples dis-
with stacking fault defects. cussed above exhibited some of the broadest peaks that were
The best agreement with the experimental data shown idetected reliably. Samples with significantly broader diffrac-
Fig. 4 was obtained for clusters consisting-e2500 mol-  tion peaks, even if successfully prepared, would be undetect-
ecules(diameter~50 A). The solid line in Fig. 4 shows the able in our experiments because of large experimental errors.
calculation made for a cluster with 2352 molecules contain- Samples with narrower peaks were, on the other hand,
ing four stacking faults of the deformation type. The dashedrequently obtained. Figure 5 demonstrates, for example, that
line shows the calculation made for an ideal fcc cluster oheon samples with diffraction peaks 2 times as narrow as the
450 molecules(diameter ~30 A). The latter calculation one in Fig. 4 were observed. This corresponds to the neon
gives the low limit on the cluster size because disorderedluster size roughly twice as large as that obtained from the
clusters always produce broader peaks than ideal clusters dhta of Fig. 4. We conclude that large variations of the preva-
the same size. The upper limit on the cluster size can bknt cluster size can be achieved by varying preparation con-
estimated from the calculation for clusters with randomditions.
closely packed structuré&he number of faults equals the  The x-ray techniques employed in this work are not able
number of closely packed laygrsSuch calculations aver- to identify very small clusters or single atoms and molecules
aged over a large number of random distributions of the dein the Im—He solids. Magnetic resonance methods now being
fects produce a peak width similar to the experimental widthdeveloped at Cornell are expected to provide complementary
for clusters 80 A in diameter. The agreement with the exinformation on these very small units.
perimental data in this case, however, is much worse than for Raising the temperature of the sample also results in sub-
the calculation shown in Fig. 4. Therefore, a conservativestantial changes in the sample structure. Figure 6 shows
estimate for the typical cluster size in the Bample of Fig.  x-ray diffraction patterns for a Ne—He sampleTat 1.5 K,
4 is 5020 A. The minimum number of stacking faults re- and subsequent patterns takeMat4.2 K. The first pattern
quired to explain the experimental data is three. at T=4.2 K was taken immediately after the sample was
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FIG. 6 _X—r_ay dh_‘fraction patterns for the Ne—He '_samp!es im- FIG. 7. X-ray diffraction pattern for the Dsample aT=8 K.
mersed in liquid helium af=1.5 KandT=4.2 K. Liquid helium
S'fgnall.(;sNSUthrﬁCtTd“s momem%"_";frgnifea's tthilam_ce COS_SttaTt presents the intensity scattered into the solid angle corre-
o' Solid Te. 1he fower curve al==4. was taken iImmediately  ¢honding to a chosen momentum transfer. To interpret these
after the sample was warmed up. The higher curv@a#.2 K . : .
. results, we first notice that the Im—He samples most likely
was taken 15 min afterwards. o ; . .
contain impurity clusters of a variety of sizes. The fact that
no characteristic maxima are observed in the data of Fig. 8
warmed up, and the second pattern was taketb min  confirms this suggestion. Second, we recall that in multiscale
afterwards. We applied the same corrections as those usegistems with distinct surfaces, such as aerogels and polymers
for the data of Fig. 4. Increasing temperature results in thén solutions, the scattered intensity at small angles
growth of intensity and narrowing of the width of the diffrac- often obeys a power law in the magnitude of the scattering
tion peaks. The integrated intensity of the cluster peakwector,k
grows by a factor of 1.9 as the sample is heated ffbm L
=1.5 KtoT=4.2 K, and the intensity increases by another I(k)~k™¢, ()

10% as the sample is kept &t=4.2 K for 15 minutes. The whered can vary from 0 to 4527 For momentum transfers

|nttegra_te(1h|nteln3|tty IS prg;:r(])rtlopal tt?] the_ toral tnum:oer ?fcorresponding to length scales smaller than the characteristic
aloms In the clusters, and therelore the simplest explanatiofl, ¢ qf the building block in the system=4. For the length

of ?ts groyyth _is the aggregation of the impurities or CIUSter?‘scales large enough for the system to be considered uniform,
of impurities in the Im—He samples as well as MacroscopiGy_ 5 Eor the intermediate length scales, the valuel d-

settling of the suspension. In addition, the shape of the d'f(%ends on the exact microstructure of the system investigated.

&r the special case of mass fractalsequals the fractal

the clusters. The model with a fixed cluster size results iR .. fractalsd=6—d,, whereds is the surface fractal di-
lower quality fits to the experimental data at high tempera-

C ) mension (X d<4).
tpre;(see the top curve in F'g'. 3, .Ref. )ZJTherefore, in all We use Eq(5) to interpret the small-angle scattering data.
likelihood, the clusters grow with increasing temperature.

For momentum transfers larger thgr-0.08 A™%, thel (k)
We have also attempted to preparg-Bie samples. In all curve appears to follow thie™* law reasonably well, as in-

cases, no detectable diffraction intensity was found immedi-, - 4 by the solid line in Fig. 8. This gives the character-

ately after the sample preparation. The absence of a diffrac-

. . . istic size of the building blockithe impurity cluster of
tion signal from as-prepared samples most likely results frong30 A. This number is in reasonable agreement with the typi-

insufficient data collection times in our experiments; more . ) . .
cal impurity cluster size estimated above. Because of the

precise mea_suremems are undgr way. After heatmg théamall but systematic deviation of the data of Fig. 8 from the
sample toT=4.2 K in liquid helium, narrow deuterium

peaks from macroscopic deuterium particles with fcc struc-

5

ture were always detected. One of these peaks that was ob- 10

served in a “dry” D,—He solid atT=8 K is shown in Fig. =104

7. The observation of the fcc structure, which is thermody- E 10°

namically unstable abovE€=4 K, is consistent with previ- £

ous studies of rapidly cooled deuterium sampfeShe ap- =210° ¢

pearance of narrow peaks in,BHe solids after warming to £

4.2 K indicates the rapid formation of large crystallites. This é o

behavior differs from that of the heavier Im—He solids where =1

the clusters grow in size more gradually. 107" :
0.01 002 o005 0.1 o2 05 1

Finally, we discuss results of small-angle x-ray scattering Kk A
measurements for the purpose of investigating the possible
multiscale behavior of our system. Figure 8 shows the x-ray FIG. 8. Small-angle x-ray diffraction pattern for the Ne Im—He
intensity in a Ne—He sample @=1.5 K where the liquid sample aff=1.5 K. Liquid helium signal is subtracted. The solid
helium background has been subtracted. As usual, this figuiie is the fit to thek™* law.
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k™% law, it is difficult to determine the exact crossover _ %o (@ .

point, and therefore the error of the estimate of the building £ H

block size from the small-angle data is probably significant. > 307 Mw,.-b%
Another important feature of the data shown in Fig. 8 is = £ ot poputett :

the absence of saturatiod 0 regime at small values ok. s 20 _-" &

This means that the system is not uniform up to length scales 5 =" bf&

of 400 A, and therefore pores larger than 400 A are present e 10 t ¢

in the systent’ (We can exclude the presence of a significant =

fraction of impurity clusters of such a large size from data 0

collected at larger momentum transfers, see Fig.6the T 30 r )

intermediate regime (0.0¥5k<0.08), it is tempting to fit 9

the data to Eq(5) and try to extract the fractal dimension @ 50 }

characteristic to our Im—He samples. We note, however, that ?

the range ofk accessible in our experiments is not large 2 8"8 %

enough to make a meaningful estimatedofWe leave, there- § 10 00 ©°

fore, the question of whether our samples possess a fractal 1]

structure as a subject of future work. < 9 : ! ; |

In summary, the x-ray data described above suggest that 1.0 1.3 1.6 1.9 2.2
the microstructure of the Im—He samples consists of building
blocks (impurity cluster$ with a distribution of block sizes.
The typical building block size in the Ne and,Nm-He FIG. 9. The behavior of ultrasound attenuation in liquid helium
samples is 50-60 A. Clusters significantly larger thanconfined in different impurity—helium solid€a) in Kr—He solid
100 A are not present in as-prepared samples. The samplésolid squares in Ne—He solid(triangles; (b) in N,—He solid
however, contain a pore distribution from 80 A to 400 A in (open circley in D,—He solid(open squargs
diameter, or even larger. Samples with different densities and
different typical block sizes can be grown under different
preparation conditions. In particular, Ne clusters with sizes
times larger than those described above can be grown. Wit
increasing temperature, the density of the Ne—He an

Np—He samples grows because of the aggregation of impu['hese pores there are large channels in which the behavior of

rities as well as becaqse of macroscopic settling of the SUShe helium is close to bulk helium. It is reasonable that these
pension. The cluster size grows and the cluster structure d%})res should exist, especially if we take into account the

Temperature [K]

The characteristic temperature behavior of attenuation in
ifferent heavy Im—He samples can be explained by the pe-
liarities of structure of this porous material, which is char-
cterized by a wide distribution of the pore sizes. Among

fects anneal as the temperature increases. These results gigy, q of collecting Im—He solids. This is a highly nonequi-
further confirmed by the ultrasound measurements descrlbq rium process in which the impurity particles cooled by the

in the next section. helium vapor enter the superfluid helium where they stick
together after random collisions with each other. So in this
process, as the model of aggregation of the small particles
into clusters predict€ highly ramified (branching fractal
Figure 9 shows the results of 5 MHz ultrasound measurestructures can be created.
ments(in the first cel) at T=1.1-2.2 K in different Im—He The accumulation of Im—He samples is characterized by
solids (Im=D,, N,, Ne, Ki) just after preparation. The at- the existence of a convective flow of helium which moves
tenuation of sound in the presence of Im-He sampies the pieces of Im—He solid from a location where impurity
such heavy impurities as Ne,,NKr) is larger than in bulk particles first hit the surface of the helium to the bottom and
helium at low temperatures and increases rapidly with temto the walls of the cell. Later these small pieces of porous
perature, after which it reaches a plateau and then afittie = material stick together to form the macroscopic Im—He solid.
goes through a sharp maximum. Whereas heavy Im—H&he constituent blocks of these structures are impurity par-
samples all have similar characteristic features, theHe ticles and/or clusters of impurity particles encapsulated by
solid behaves quite differently. In the latter case, we do nobne or two shells of localized helium. They could coalesce
observe any measurable effect on the speed of sblad  inhomogeneously, however. Therefore macroscopic voids
the attenuation has a behavior similar to that of bulk liquidmight be created between them, which can then lead to the
helium, although slightly 1 dB/cm) higher. The samples formation of large channels in the final sample. We suggest
produced with heavy impurities are much denser than thé¢hat during the process of injection, impurity atoms and mol-
ones with the B impurity. In the case of the heavy impuri- ecules from the gas phase enter superfifiite and form
ties, investigations became impossible above temperature inosely connected semirigid network structures. A large vol-
the neighborhood of 1.4 K because of extremely high attenuame fraction of this sample is filled with liquid helium. It is
ation. Therefore, for those samples we were forced to inpossible for any small, isolated impurity—helium clusters
crease the amplitude of the transmitted pulses to very largaith a small number of impurities as a core to be captured
(up to 100 V) values. inside the rigid structure as they move through the liquid. We

B. Ultrasound data and interpretation
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should notice that this Im—He solid preserves its form unless TABLE I. Values of T; and T, (see tex for different Im—He

removed from the liquid helium. In this latter case it hassolids and corresponding pore siZ@sNote that calculations oR

been observed visually to compress by up to 60%. can also be performed for temperatures intermediate betWeen
The motion of a fluid in a porous medium during acousticandT,.

measurements depends on the pore size and the fluid’s prop=

erties. Biot created the basic theoretical framework for soungample Ty (K) Ry (nm) T2 (K) R, (nm)
propagation in porous materid$.It was successfully ap- Kr—He 1.2 530 1.56 210
plied to ultrasound experiments in superfluid helium in vari-\._pe 1.35 320 1.73 150

ous porous medi& mc_ludlng light agrogel. The main pa- \ e 11 860 158 240
rameter used to describe the behavior of sound in liquid in
porous materials is the viscous penetration depth

12 produced by injecting heavy impurities in superfluid helium
Svisc= (2l @py) ™5, ®  are characterized by the presence of pores of large size—from
150 nm to 860 nm. It should be pointed out that from the

analysis of the low temperature part of attenuation, we can
estimate sizes only for pores of larger diameter in the case
where increasing attenuation is observed. Information about

where 7 is the viscosity of*He, p,, is the density of the
normal component, and is the frequency of ultrasound. In
superfluid helium the normal fluid fraction changes from al-

rr;1ost zerfo to olnseo(t))etween ibOOK an? 2'?'\/}'("_'(:&‘@”% tOTh' the smallest pores is much harder to obtain because ahove
change from hm to nm for Z sound. ThiS,ynere unlocking would take place, sound propagates not
allows us to givea quahtatlv_e explanation of the behz_;lwor 0fonly through these small pores but also through helium in the
the attenuation of sound in Im—He samples, which arqarge size channels
tho:?tr]r:;)lok\)/\?ezltr?gﬂptgr;tirryeg?rﬂoeuﬁoa:(:g?gfrﬁponent of he This model is supported by investigations of sound at-
LT . : tenuation in the B-He sample but at different sound fre-
lium is locked to the walls of the solid matrix. Therefore the b P

main effect of the fluid is to change the effective density quuenmes(Flg. 10. A decrease in frequency leads to a de-

i dia and the attenuation i I Warmina | Cgclrjease of attenuation for the potesas well as for the large
€ porous media and the attenuation IS smail. WWarming 1€acg, gnnels where bulk behavior is expected. The smaller the
to a decrease of the viscous penetration defil. as p,

. ; L frequency, the larger the viscous penetration depth, accord-
INcreases with temperature so that, w_hen Itis (_:om_parable g to Eq.(6), which leads to more normal fluid being locked
the 3|z_eR of a pa”'cu'?f set of por_e(im a distribution Of_ and lower attenuationT; corresponds to the temperature
pore sizek t_he decoupling of a portion of the normal fiuid where unlocking starts to occur in the largest pofiescor-
occurs. During the process of warming up we observed

‘ the low f . ¢ hich th ?esponds to the temperature where domination by the large
;:_rossover Irom € OV\,’[ requ?ncky ;eglrr:ﬁ, or whic . N e|_r|1'channels and the very smallest pores takes effect. There will
Ire normal component was focked In the pores ol IM—Fe&,, 5 gistribution of pore sizes, but unlocking occurs for a

solids to the high frequency regime where more and mor%iven pore siz&R when 8.~ R, whered,;. is given by Eq.

normal fluid became unlocked from walls of the pores.(6)_ Note from this equation that the temperature dependence

Therefore sound attenuation caused by the friction of the;’ o . via p, and 5. We have calculated the value 6f
visC n " ISC

lsi)yli%rsmcz;ftrir:(c’:;n ?lilﬂuilr?cerstggywti)tﬁctaeTne eurglt?ﬁlée(lj_gtr?,lrg égﬁfrom Fig. 10 atT, for each of the frequencieg¢=1.6 Kat
pidly Ir P —— 3 MHz andT,=1.48 K at 5 MH2 and find that they are
the temperature of this crossover at which attenuation started

rapidly increasingrl;. Further warming leads to decoupling

of helium in a greater number of pores as smaller and smaller g ) .
pores begin to play a role with increasing temperature. At a M @y
certain temperature the ultrasound waves in those pores be- € T, l %ﬁ
come very attenuated and only the sound propagating in the Lo A mufﬁj-
largest channels can be detected. For this case helium is al- ear o0 EREEET |
most like bulk helium and does not feel the effect of the ? T1 Tz_ ’ _%
walls, in the sense that most of the liquid is far from the S LT T
walls. In addition, sound can propagate through the smallest So t l LT é
pores formed at the earliest stage of the creation of the § N L %
sample. Helium in these very small pores is still locked to B 9900000000000000660660400000099° %
the solid matrix and attenuation is low and almost indepen- o . . l °
dent of temperature. The above considerations lead to the 01 o 13 16 1.9 29

behavior of attenuation resembling that in bulk liquid he-
lium, meaning that attenuation is almost independent of tem-
perature. Let us call this temperature, at which attenuation FiG. 10. The behavior of ultrasound attenuation in liquid he-
reaches a plateal, (Figs. 9, 10. lium: in bulk (open circles and confined in B-He solid at 3.16

By calculating viscous penetration depths TgrandT,,  MHz (solid squares at 5.33 MHz(open squar@s The attenuation
we can find the corresponding pore siZR={4,;s). These oscillations here and in other similar data are not understood. See
results, inferred from Fig. 9, are shown in Table I. SampleRef. 20.

Temperature [K]
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both equal to 240 nm. Note that for a given value Rf 40 r
~ dyise» T2 Will occur at a higher temperature for the lower = a
fr.equency(3 MHz) as can be seen b_y equating the right-hand § 30 _.,_.,,.=§
sides of Eq(6) for the two frequencies. Note that, for the 3, Pt
ultrasound data at 3 MHz is slightly obscured by small at- c 20 | /;@Dmnm““"”
tenuation oscillations, which are not presently understood. A 2 _;djf
similar comparison was not possible for the casel pfbe- g ;,E';:
causeT, is not well defined in the 3 MHz data. g 07 oet

Im—He samples formed in our experiments have a variety <
of different ratios between the volumes of the porous part 0
and the large channels. Compressing these samples leadstoa —~ 10
decrease in the volume of the large channels, which in turn g 8 L b
increases the attenuation, as was detected in previous o
experiments? 26 Lo

Analysis of sound propagation in Im—He solids thus = RPN |
shows a distribution of the sizes of channels containing su- = 40 B LOW IR
perfluid helium, including very large channels, in which the 2 2 | St |
helium behavior is close to that of bulk helium. The ap- g o . . . .

proach used above can only give information about the pres-
ence of relatively large pores with size comparable to the 1.0 1.3 1.6 1.9 2.2
viscous penetration depth at temperatures between 1.1 and
2.17 K. In order to obtain information about the smallest
pores in which normal helium is locked to the surface of FIG. 11. The attenuation of ultrasound in liquid heliufa) in
Im—He solid through most of the temperature range investiN,—He solids[after preparationfopen squargs after crossing\
gated, we determined the width of the attenuation peak neamint and cooling dowrsolid squared; (b) in bulk helium (solid
the\ point. This attenuation peak corresponds to the destrugsircles, in D,—He and D—BQ-He solids[after preparation of both
tion of superfluidity in the smallest pores in the immediatesolids (open circle§], after crossingh point and cooling down
neighborhood of the. point. The onset of this peak occurs D.—He (solid triangle$, after crossingy point and cooling down
when the correlation length in helium becomes comparabl®—D.—He (open trianglep

to the pore size. Josephson’s relaffbfor helium gives the

temperature dependence of the correlation length in heliurghe \ point and cooling them down again did not lead to any

Temperature [K]

nearr, : observable changes in attenuation of sound. This allows us to
T2 conclude that structural changes take place primarily after

§(t)=§o|t|’§:—B cm , (7) heating the samplesbovethe N point, where liquid helium
h2pg(t) does not have a thermal conductivity high enough to serve as

a thermal bath to smooth out the local temperature variations
r%aused by recombination of atorte large effedtor by as-
Lﬁociations of molecules of impuritiga smaller effegt

wherem, kg, and# are the mass of a helium atom, Boltz-
mann’s constant and Planck’s constant, respectively. Fro
Fig. 9 we can say that the onset of broadening of the atten ) : :
ati%n peak for thye hM-He sample studied is gtzz 1K Figure 11b) shows the attenuation of sound in fresh
which gives the characteristic size of the pores from the arP—D2—He and in D—He samples which were later cycled
gument above as-80 A. This is reasonably close to 50 above the\ point. The .former sam_ple, which contains D
+20 A, the size of the clusters from which our Im—He sol- &toms, was prepared with an RF discharge. The attenuation
ids are built, as obtained from x-ray studies. of sound in both of these fresh samples was identical. Warm-

Under certain favorable circumstances we were able té"g samples above the point and cooling them down led to
produce D—N,—He samples without any of the large chan-a slight increase of attenuation by2 dB and~1.35 dB
nels and in this case we did not observe the plateau in thter D—D,—He and D—He, respectively, but the characteris-
temperature dependence of the attenuatiowe are plan- tic behavior of attenuation did not chan@ewas still similar
ning further investigations of this phenomenon. to that in pure helium

Now we shall discuss the factors affecting the structural The difference in change of attenuation in D~e and
stability of Im—He samples. Changes in the structure shoul®,—He samples can be explained by the occurrence of re-
lead to changes in the attenuation of ultrasound. The comeombination of stabilized D atoms which release4.5 eV
parison of attenuation in freshly prepared samples and iper each recombination. This is much greater than the heat of
those cycled abov&, showed that crossing the transition  aggregation associated with van der Waals forces between
always gives a somewhat larger attenuation. deuterium molecules. Therefore the heat of recombination of

Figure 11a) displays the sound attenuation in g-NHe D atoms may initiate and accelerate the thermal diffusion of
solid. Here we observed a very pronounced effect of increaseeighboring deuterium atoms and molecules. This leads to
of attenuation after the sample is cycled aboveNtmint. In association of neighboring impurity particles and creation of
contrast, warming the samples to temperatures slidglglgw  regions with a larger concentration of Im—He sample thereby
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leading to increased attenuation. This is similar to the effect 300 r
observed in the heavier Im—He solids. g a o

The difference of the characteristic behavior of sound at- <, P,
tenuation in D—He and heavier Im—He samples can be ex- a 200 r :
plained by the difference in rigidity of these samples. Only in c MmAM“ 58
the case of heavier impurities is it possible, as a result of % Fe o,
larger Im—Im and Im—He van der Waals interactions, to cre- 2 100
ate a rather rlgl_d, although still somewhat (_:c_Jmpllant, porous % o oo0o Wwwww
structure. That is why we observe the additional attenuation
due to sloshing of the normal component of helium relative 0.0 ' ' ' ' ' !
to the normal helium viscously clamped to the semirigid po- 05 r b
rous network. In the case of deuterium impurities, van der %%o%o
Waals forces associated with the-ED, and D,—He interac- 04 ulln, :
tions are much smaller and closer to the He—He interaction. £ A:M,;%% :
As a result very compliant p-He solids can be formed in g 03T “ﬁ"%c% %
f[he supe_:rfluid heli_u_m. In fact, zero point energy pla_ys a ma- > 01 b %*ﬁ}a ¥
jor role in determining the properties of Im—He solids con- = ‘%‘i‘% ©
taining the lightest impurities. Hence these Im—He solids in- L 0.0 \ . . W

yolving light impurities are quantum solids. The small 50 —40 —-30 —20 1.0 00 10
increase of sound attenuation in,-EHe samples compared
with bulk helium can be explained by an increase in the
effective density of the medium compared with pure bulk £ 12 The behavior of attenuatic@a) and velocity (b) of
helium. But there is no clear evidence of viscous l0sses ifyjrasound in liquid helium neax point: in bulk (open circley in
the surface layers of liquid helium in the sample pores in thisy,_N,—He solid (open triangles For the B—N,—He solid the
case, as opposed to results in the Im—He solids involving thgttenuation is shifted up by 10 dB/cm.
heavier impurities. ) ) ) o )
Finally, we consider the behavior of the sound attenuatiory hese studies provide a new perspective for matrix isolation
in helium in Im—He solids near thk point. The results of in solidified helium. The big advantage of the Im—He solids
measurements of attenuation near Thefor Im—He samples 1S that a large variety of atoms or molecules can be used to

(Im=Ne, N,, Kr) shows that the maxima of attenuation nearbhua'lltOl (tjr;e ;gg.crl](boo?]e:h(g threé Ig‘r;:ﬂoensgé?]gl.?z'nlst aslsa%arl)ep:ar'?h
the A point for these samples are much broader than fo} , depending preparatl tons, ples wi

liquid helium (see Figs. 9 and 30making the precise deter- different nanostructures can be prepared. To understand the

L e o9 . properties of the Im—He samples it is necessary to determine
mination of the position of the maxima impossible. We can;, ..~ ;
lude f his d hat there | anifi hift of th their microscopic structure.
conclude from this data that there Is no significant shift of the 1, tne present work, we have been investigating the struc-

A point for helium-filled porous heavy Im—He solids. ture of the porous Im—He solids by means of ultrasound
On the other hand, Fig. 12 shows the behavior of theyropagation through liquid helium contained in the pores and
velocity and attenuation of ultrasourtdnly 5 MHz data is  vig x-ray diffraction studies. Upon the introduction of impu-
presenteflin the mixed B—N,—He solids. The width of at- rity particles in superfluid helium the single impurities or
tenuation peak neax point is only slightly broader than for small clusters of impurities surrounded by a couple of layers
pure helium. That makes it possible to determine the moref ocalized helium play a dominant role. The early ESR and
precise position of the center of the peak. It appears that thgptical spectroscopy ddt¥’ are consistent with this idea.
shift of peak with respect to bulk helium i80.2 mK, butat These small Im—He clusters are believed to be assembled
the same time the reproducibility of the measurements of théhto a highly porous structure consisting of clumps con-
sound attenuation maximum in liquid helium from run to run nected by strands. If the impurity clusters are very close to
is about~0.1 mK. Therefore based on these experimentsne another, then a fairly rigid structure might exist. This
we can say that the shift in the onset of superfluidy inporous structure would then have some features in common
D,—N,—He solids is on the order of 0.2 mK, which is similar with aerogel, which has been extensively used in the studies
to that for a very light aerogel~0.3 mK in 0.5% dense of superfluid helium in constricted geometries. Our analysis
silica arogel®). Note that Fig. 12 reflects the fact that the of the x-ray and ultrasound data in this work is consistent
attenuation peak in bulk helium is 0.08 mK below thex with the above description. We found that the heavier impu-
point3? rities (Ne, N,, Kr) tend to create clusters of order 50
+20 A to form mesoporous material with an estimated im-
purity density~10°° cm™3. In our ultrasound experiments a
IV. DISCUSSION AND CONCLUSION. wide distribution of the pore sizes from 80 to 8600 A were
observed. This data was confirmed by small-angle x-ray scat-
Im—He solids have opened up a variety of intriguing pos-tering, where we established the presence of the pores from
sibilities for experimental investigations of the quantumg80 A to>400 A.
properties of helium, as well as for studying atoms, mol- Irreversible changes in attenuation upon heating of
ecules and small clusters stabilized in solidified helium.Im—He samples and in diffraction patterns during the warm-

Temperature [mK]
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00000 00000 conductivity of liquid helium i.n the pores becomes dramati-
00009 0009000 cally smaller as _the sample is heated throdgh Thus the _
Qe ‘00000. ® % heat of aggregation can lead to local hot spots which contrib-
0’@..82. .00 ute to higher diffusion rates in these localized regions, a

A 8% 0% © .. .0 O situation which is favorable to the formation of larger impu-

. 000 O .:...09 O rity clusters. It is therefore to be expected from this crude
02 ..'. O model that heating the sample aboVg and then cooling

OL0Re ® (@. (&) . . ; L
Q0 00e % 0... O back would lead to irreversible behavior. This is exactly what
c?ooo go%oo 00° 095 has been observed in the present work. The expected time

evolution according to this model for a sample is shown
schematically in Fig. 13.

00000 o0 000000 For the case of atomic free radical impurities, the very
0 0000 0080000 large amount of heat released during molecular recombina-
0000996 0 0-0¢ : - -
00000 085 00.00 c)0 tion enhances the effects described above. For very high con-
000::. O O.. 08 centrations of free radicals, the sample will spontaneously
B 0@ :.:90@ ..80 explode. Theoretical studies of the stability of atomic free
. 00O 0.®. :.:..O radicals(such as N atomsin a molecular solid (B) were
8%0 0. :.. @.o reviewed by Jackson many years &ga\ static statistical
© 0°%%e @ 0.0..000 theory showed that radical concentrations up to 10% were
000 0000 00" 9% possible. On the other hand, a dynamical statistical theory

involving chain reactions gave maximum concentrations of
N in solid N, of less than 0.1%. Further analysis of thermal
stability of small specimengsize <1 um) of molecular
nitrogen which contain trapped nitrogen atoms gave an upper
limit of 1% for concentration of N atom® The Im—He sol-

0.0 000 00 ids greatly exceed this latter limit, as mentioned above.
C . 080 8.':8 88 The importance of this work is that it shows quite clearly
008... @..80 () the necessity of maintaining the impurity—helium solids at
8 00008033008 o temperatures below the lambda temperature to prevent ex-
O 00 0880 000%000 cessive recombination for the free radical impurities and also
00 0Q000 00 (%) to prevent structural changes in all samples. This is espe-

FIG. 13. The model of Im—He solid formatiofA). On forma-
tion, the impurities are mainly isolated from one another by helium

cially significant for purposes of any applications requiring
energy storage.
The work described herein provides new opportunities to

atoms in the solidbblack circle$. Superfluid liquid helium con- | . fi ina behavior f f
tained in the poreggray circles transports heat efficientlyB) As explore various types of interesting behavior for a new set o

the sample is warmed up, diffusion allows impurities to :'zlggregaté:’or,Ous materials. Fpr ex'ample, the supgrfluid transitipn of
slowly. The associated heat is carried away by superfluid heliumNelium can be studied within the constrained geometries of

(C). As the sample is warmed above tfig, the diffusion rate the impurity—helium solids. We observed a definite broaden-
increases. Larger aggregates form. The heat of aggregation can Hd in the A peak in measurements of sound attenuation vs

longer be carried away by liquid helium far>T, . More diffusion ~ temperature. This broadening increases with increasing
takes place and even larger aggregates form. sample density. A small shift of the transition temperature

(AT~0.2 mK) was first noted for B-N,—He samples.

ing aboveT, are attributed to thermal diffusion: As the
samples warm, thermal diffusion of helium atoms in the sur-
rounding coatings and of the impurities themselves speeds We would like to thank NASA for its support through
up. The impurity clusters slowly grow in size. This effect is grant NAG 8-1445. This work was also supported by A.P.
enhanced by release of the heat of aggregation of the impsloan FoundatiortV.K.), RFBR grant 99-03-3326(R.E.B)

rity clusters. This effect has also been studied by opticand Leading Scientific Group Support grant 00-15-97400
spectroscopy below, .1° A dramatic increase in the growth (E.B.G). We also wish to thank John Beamish, Drew Geller,
rate of the impurity clusters is expected to occur for temperaGavin Lawes, Jeevak Parpia, and John Reppy for very useful
tures above the superfluid transitidn because the thermal suggestions and discussions.
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