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Measurements have been made in the temperature range 1-3 K of the thermal boundary resistance Ry
between copper and solid ‘He, H,, D,, and Ne. The data for solid Ne agree within ~20% with the acoustic
mismatch theory. However, the magnitude of Ry to solid H, or D, is found to be anomalously small, as for
liquid or solid He, which is consistent with the earlier, complementary measurements of phonon reflection

coefficients by Buechner and Maris.

I. INTRODUCTION

An acoustic mismatch model has been devel-
oped~S to explain the origin of the thermal bound-
ary resistance that exists in the presence of non-
electronic heat transport across the interface be-
tween dissimilar materials. This model, which is
discussed in Sec. II, predicts the boundary re-
sistance between a variety of solids with an ac-
curacy of order 10% in the temperature range from
0.01 to 100 K using no adjustable parameters.* &7
Somewhat less quantitatively, the model also ap-
pears to be valid for the interface between liquid
helium and carefully prepared copper,® but only
for temperatures 7< 0.1 K. At higher tempera-
tures the measured boundary resistance Ry is
less than that calculated from the model. At 1-2
K the discrepancy is a factor of~ 100.

Recent measurements® indicate that the acoustic
mismatch mechanism does contribute to the heat
transfer from a solid to liquid helium near 1 K,
but that a second, unknown mechanism dominates
the process. The unknown mechanism is very
frequency dependent,'® and it is this frequency
dependence which is reflected in the rather abrupt
change in R between 0.1 and 1 K. Transverse as
well as longitudinal phonons incident on the inter-
face from the solid contribute to the thermal ex-
change!! in a process which is inelastic or non-
linear as evidence by the frequency conversion
of the phonons.' As helium is added to the inter-
face a monolayer at a time, the unknown mechan-
ism appears to be activated at roughly the second
monolayer.'?

The dominant heat-transfer mechanism has not
been identified. One question that has been asked
in an attempt to limit the possible choice is
whether the anomaly occurs for materials other
than liquid *He. It has been demonstrated that R
near 1 K is essentially the same for liquid or solid
*He or “He, and that the measured R is indeed
anomalously low for solid helium.'*!* The mag-

nitude of R, to gaseous helium is also the same
as for the liquid and solid,® but of course this
measurement involves a thin layer of helium on
the interface. The implication is that the unknown
heat-transfer mechanism is active whenever
helium is present, independent of the isotope or
physical state.

The reflections of phonons from interfaces with
solid H,, D,, and Ne have been observed using
ballistic phonon pulses.!* The results are sum-
marized in Table I as the ratio of the measured
reflection coefficient divided by that calculated
using the acoustic mismatch model. The au-
thors'*!® remark that the data suggest an anomal-
ously small R, will exist to solid H, and D, as for
He, but that R, to solid Ne will be in accord with
the acoustic mismatch theory. In view of the
importance of these observations and of the un-
certainty in the values quoted in Table I, we
have measured R, to solid He, H,, D,, and Ne in
the temperature range of the anomaly using a
steady-state technique. The two types of mea-
surements are actually complimentary since they
probe phonons incident on the interface from the
cell wall at essentially two different angles,
namely ~0° for the pulse technique and = 45° for
the steady-state technique.

In Sec. II we briefly review the theory. Sec-
tion III discusses the experimental technique,
while Sec. IV presents the experimental results.
A discussion of these results follows in Sec. V.
In brief we find good agreement between the Ne
data and the acoustic mismatch model, while R
to solid H, or D, is anomalously small.

II. ACOUSTIC MISMATCH MODEL

The calculation of the heat flux Q across an in-
terface®'® is similar to the calculation of the heat
current along a dielectric rod. One integrates
over all phonon frequencies (giving a 7° depen-
dence) and over all directions of phonon propa-
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TABLE I. Ratio of a measured phonon reflection coefficient to the calculated reflection coef-
ficient between Si and several samples, as taken from Ref. 14 for phonons having a character-
istic temperature of 6—7 K. A ratio of 1.0 would signify agreement with the acoustic mismatch
theory. Except as indicated, the uncertainty is about +0.05.

Sample Longitudinal phonons Transverse phonons
Liquid ‘He 0.84 0.65
Solid ‘He 0.87 0.69
Solid H, 0.84 0.70
Solid D, 0.84 0.75
Solid Ne 0.78 (+£0.10) 0.90 (+0.20)

gation, then sums over the two transverse and
one longitudinal modes. But, instead of the pho-
non mean free path, one inserts the transmission
probability «(6) for a phonon incident on the inter-
face at angle 6. The result is @/A=(4B)™ (T3~ T?)
=B'T3AT=R§AT if AT<<T, where T, and T,
are the temperatures on the two sides of the in-
terface, A is its area, and B is an explicit func-
tion of the densities and phonon velocities in the
two media.

The most frequently voiced criticism of this
model is the problem of determining T, and T,
or, equivalently, of knowing the spectra of pho-
nons incident on the interface. The problem may
be visualized by assuming a dielectric crystalline
rod bisected by an imaginary plane perpendicular
to its axis. The above model, naively applied,
would predict a boundary resistance across the
imaginary interface.? A similar difficulty arises
in thermal conductivity calculations when the
phonon mean free path is much longer than the
sample dimensions. For the case of R, this prob-
lem is avoided theoretically by assuming the
presence of an appropriate spatial decay of the
phonon distribution on both sides of the inter-
face.!™!® Experimentally we avoid this problem
by using metals of large thermal conductivity.
Then the phonons incident on the interface from
one side are produced by and are characteristic of
the large, nearly isothermal sea of conduction
electrons on that side of the boundary.

The electrons, however, play one additional
role which must be taken into account. As in the
analogous case in optics, phonons incident from
the liquified or solidified gas have a critical angle
beyond which there is normally total reflection
from the interface. The process of reflection
produces a disturbance in the second material
which does not propagate away from the boundary.
If a mechanism is present which absorbs or
scatters phonons in the second material, a net
heat transport across the interface will occur.
Since electrons absorb phonons, this process will

occur for He, H,, D,, or Ne in contact with cop-
per. Khalatnikov was aware of this process in his
original theory.! However, he included only those
phonons incident just beyond the critical angle and
assumed that the appropriate absorption coef-
ficient was essentially infinite. We, on the other
hand, include all incident phonons in the modified
acoustic mismatch model'® and use for the ab-
sorption coefficient the measured electron-phonon
interaction constant for copper.!® The result is
shown in Fig. 1 which gives the variation of R ;73
between the several liquified or solidified gases
and copper as a function of phonon attenuation ™!,
The value of /™! caused by the conduction electrons
is indicated by the arrow. Other parameters used
in the calculations are summarized in Table II.
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FIG. 1. Thermal boundary resistance Rp at a copper
surface, multiplied by the cube of the temperature T,
as a function of the phonon mean free path ! and phonon
wavelength A in the copper. He-L,, He-L,, and He-S
refer to liquid ‘He at 2 atm pressure, liquid ‘He at 22
atm pressure, and solid ‘He at 37 atm pressure. The
arrow indicates the value of A/l contributed by the con-
duction electrons of the copper.
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TABLE II. Values of densities p and phonon velocities
¢ used in calculating the thermal boundary resistances
plotted in Fig. 1. Over the pressure range covered by
the experiment there is little change in these values for
the solidified gases. Thus a single calculated Rp is suf-
ficient for comparison of theory and experiment.

Material p (g/cm®) ¢; (cm/sec) ¢, (cm/sec)
Cu 8.96 4.83x10°% 2,39x10°2
‘He (0 atm)®  0.145 2.38 x10*

He (22 atm)® 0,170 3.43 x10*

‘He (37 atm) © 0.200 5.3 x10* 2.5 x10*
H, ¢ 0.0882 1.95x10°  1.15x10°
D, ¢ 0.200 1.78 x10° 1.0 x10°
Ne® 1.507 1.13x10°  6.33 x10%

2 0. L. Anderson, in Physical Acoustics, edited by
W. P, Mason (Academic, New York, 1965), Vol. III B,
p. 43,

bJ. Wilks, Properties of Liquid and Solid Helium
(Oxford U.P., London, 1967).

¢D. S. Greywall, Phys. Rev. A 3, 2106 (1971).

4 R. Wanner and H. Meyer, J. Low Temp. Phys. 11,
715 (1973).

€ R. Balzer, D. S. Kupperman, and R. O. Simmons,
Phys. Rev. B 4, 3636 (1971).

III. EXPERIMENTAL TECHNIQUE

The boundary resistance measurements were
made in the parallel-plate cell shown in Fig. 2.
Thus the samples were sandwiched between two
plates of high-purity copper. The faces of the
copper plates were mechanically polished optically
flat and then vacuum annealed. Small Mylar
spacers kept the plates separated while the outer
wall of fiber glass reinforced epoxy®® was added.

A calibrated germanium resistance thermometer
was screwed into each plate. Each thermometer
was permanently inserted within a cylindrical
copper holder; the manganin leads were thermally
grounded to this cylinder, to the top plate of the
cell, and to the He bath. The electrical heaters
were enclosed within copper-foil boxes to contain
any infrared radiation from hot heater wires. The
superconducting leads from the lower heater were
thermally grounded to the He bath.

Two access ports were provided through the
lower plate to the sample space as shown in Fig.
2. The 0.025-cm-i.d. copper-nickel fill line went
to one port and the other was sealed off after it
was determined that the fill line was continuous.
The fill line was thermally isolated from the He
bath except by one copper link near the top of the
cell. An electrical heater was wrapped around the
fill line and bonded to it with GE7031 varnish. An
epoxy joint was placed in the fill line near the cell
so that the lower copper plate of the cell would be
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FIG. 2. Thermal boundary resistance cell. C,
annealed copper plates; S, sample space; E, epoxy-
fiberglass wall; J, fill line with electrical isolation; T,
copper mounts for calibrated germanium resistance
thermometers; H, electrical heaters; F, portion of
copper flange. Heater H, actually extended across the
bottom of the cell.

electrically isolated. This permitted capacitance
measurements to be made on the cell as described
below.

The cell was screwed to a copper flange which in
turn was in direct contact with a He bath. This
threaded joint was soldered with Ga to provide
good electronic thermal contact. The bath could
be pumped below 1 K and provided the relatively
large refrigeration needed for the measurements.

In making a measurement the top plate of the
cell was regulated at temperature T, using the
heater H,. The temperature of the bottom plate
was checked to be certain it also read 7T, (i.e.,
no spurious heat leaks were present). Heat Q
was then applied to H, and the temperature T,
of the bottom plate read. The total thermal im-
pedance Z across the cell was calculated from
ZT*=A(T%~ T9/4Q. The quantity (ZT°) was cal-
culated in this way to remove most of the ex-
pected temperature dependence and to avoid de-
fining and calculating AT and T (see Sec. II).

The thermal impedance of the empty cell was
measured, which gave Z7°~ 1.2 x 10*T in units of
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cm?K*/W between 1 and 2 K. This shunting im-
pedance caused less than 2% error in the mea-
surements involving liquid HeI, and a negligible
error for all other measurements.

The cell was filled at pressures up to 60 atm by
passing the gas directly from a storage cylinder
through a liquid-nitrogen cooled molecular-sieve
trap to the cell. The starting purities were
99.9995% for H, and He, 99.995% for Ne, and 99.5%
for D,. The neon was of nominal isotopic com-
position. The cell was flushed with the sample gas
and pumped to a vacuum several times at room
temperature before the final filling. The cell was
then pressurized and the bath (and cell) cooled
slowly until the fill line froze, after which the fill-
line heater was turned off and cooling proceeded at
constant sample volume. The pressure in the cell
could be monitored by measuring the capacitance
between the two copper plates of the cell. This
was done with a guarded capacitance bridge;
the capacitance versus pressure calibration was
carried out with liquid He in the cell.

The total thermal impedance across the cell may
be represented by the resistive circuit shown as
an inset in Fig. 3. Here R, is the thermal re-
sistance of the wall which was discussed above.

Ry is the boundary resistance, R, is the bulk
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FIG. 3. Thermal impedance Z of the cell, multiplied
by T3, vs temperature T. O, liquid ‘He at 2 atm; ®,
liquid ‘He at 22 atm; x, solid *He at 37 atm. The
dashed line represents ZT3 for liquid ‘He after cor-

recting for the temperature drop within the copper plates.

The insert shows the several contributions to the ther-
mal impedance Z of the cell as discussed in the text.

thermal resistance of the copperplates, and L/x

is the bulk thermal resistance of the sample. The
influence of R, and L/« will be discussed in Sec.
IV. In the ratio L/k, « is the thermal conductivity
of the sample and L is the separation between the
two plates of the cell. A capacitance measure-
ment gave L =(5.8+0.6) X 103 ¢m, the uncertainty
being related to the unknown effect of fringing
fields during the measurement.

The parallel-plate arrangement of Fig. 2 pro-
duces one additional source of uncertainty. If the
phonon mean free path within the sample is greater
than L, then the quantity 2R ;T3 is modified’ to
Ry T*2-w), where @ is an average transmission
coefficient from the copper into the sample. This
is important only for Ne, for which % =0.29.

IV. RESULTS

The data for liquid and solid “He are shown in
Fig. 3. These samples were measured both to
characterize and to test the cell. Looking first at
the liquid data at pressures of 2 and 22 atm, the
abrupt change in Z7° near 2 K is associated with
the superfluid transition. Above ~2 K the liquid
is normal (HelI), and to good accuracy ZT°=LT%/k
since R, and R, represent only 1% effects. The
k of Hel obtained from Fig. 3 agrees within 15%
with the measurements of Kerrisk and Keller,*
as does the pressure coefficient. For T < 2K the
helium is superfluid, thus, ZT°=2R;T°+2R,T>.
As will be discussed below, the term 2R, T* re-
lated to the copper is not negligible for this case.
Correction of the liquid-He II data for 2R, T° gives
the dashed line shown in Fig. 3. Thus for liquid
“He at 2 or 22 atm in the range 1-2 K, R,=17T"35
in units of cm? K/W for our samples. This is a
rather typical temperature dependence and mag-
nitude when compared with previous measure-
ments.?

The data for solid *He in Fig. 3 show an in-
crease in ZT® above that of HeIl. Assuming this
increase is related to L/k we deduce a value for
k of solid “He which is in good agreement with
earlier measurements.?*»?* In brief, the cell
provides reliable, quantitative data.

Figure 4 shows the data of ZT° for solid H,, D,
and Ne for temperatures up to 6 K. The highesttem-
perature data were taken primarily to obtain a value
for R, T°. Since the maximum in « for solid Ne is near
2 K, the magnitude of « above 2 K is nearly in-
dependent of sample preparation.?® Hence the
quantity LT%/k is known. (It is appreciable in the
present measurements only for 7= 3.5 K.) Then,
assuming that 2R ; T° is of order 15 cm*K*/W
throughout the temperature range and thus of
minor importance above ~3 K, one can deduce
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FIG. 4. Thermal impedance Z of the cell, multiplied
by T3, vs temperature. Ne: x, 8.5 atm;O and @,
10 atm. D,: A, 34 atm; A, 17.7 atm; closed hexagon,
4.8 atm. Hy: ¥, 0 atm;d, 1 atm;V, 22 atm; open
hexagon, 45.6 atm.

that 2R, 7°=1.2 cm®*K*/W. This is in qualitative
agreement with the value estimated for this cell
design. Subtracting this quantity from the raw
data of ZT® for T <2 K gives the dashed line in
Fig. 3 for liquid He II, and gives the corrected
data for H,, D,, and Ne shown in Fig. 5.

The data for solid Ne were quite reproducible
from sample to sample as may be seen in Fig. 4.
This was not true for either the solid H, or solid
D,. It is our opinion that the H, and D, samples
were highly strained. Annealing the samples did
not help, although after each anneal the samples
were cooled in a highly constrained enviroment.
Solidifying the samples at pressures ranging
from ~ 0-46 atm did not help, nor is there a sys-
tematic shift in Z7° with pressure. Both the H,
and D, data fit quite accurately a temperature de-
pendence of the form Z73=a+b7T. For example,
ZT®=14+27 T cm?K*/W for D, at 34 atm. If we
assume the second term is related to L/« and is
dominated by the scattering of phonons by the static
strain fields of dislocations,?® we deduce a dis-
location density of ~ 10'! em™ which is reasonable
for a highly strained material. If the remaining
portion of ZT*® were related to the boundary re-
sistance, we would have 2R, T°~ 1 for solid H,
and 2R T*~ 15 for solid D,. This explanation of
ZT? is of course pure speculation. What is more
certain is that the solid H, and D, samples, in
our configuration, did not behave the same as
solid He and Ne.

A final remark should be added concerning solid
Ne. Folinsbee?” attempted to carry out a mea-
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FIG. 5. Thermal impedance of cell corrected for
temperature drop in the copper plates and multiplied by
T3. The symbols are the same as in Fig. 4. The arrows
on the right-hand side indicate the values of 2RgT? cal-
culated from the acoustic mismatch theory as in Fig. 1.
For Ne there is some uncertainty in this value as dis-
cussed in the text.

surement similar to the present measurements.
Unfortunately the filling conditions were such that
the pressure in the cell was very close to zero,
and hence the cell may have been only partially
filled. (From the initial conditions the cell should
have been nearly full.) Thus his values of 2RT®
provided only an upper limit. But more important-
ly, 2R, T° was found to be independent of tem-
perature from 0.4 to 1.2 K. Combining this in-
formation with that of Fig. 5, the temperature
dependence of R for Ne from 0.4 to 2 K is found
to vary quite accurately as 73, The magnitude of
2R p T° measured by Folinsbee was 17 cm?K*/W,
or about 13% larger than the present measure-
ments.

V. DISCUSSION

The values of 2R 5 T? calculated from the acoustic
mismatch theory (Fig. 1) are indicated on the
right-hand edge of Fig. 5. It is again emphasized
that no adjustable parameters are used in the
calculation, the magnitude of the phonon attenu-
ation I™! is that contributed by the conduction elec-
trons. The ratios of the calculated values of R, T°
to the experimental values for each material are
given in Table III. For solid H, and D, the smaller
value is related to the Z7T? actually measured near
1 K and is a lower limit, while the larger value
is related to the 2Rz T° deduced if dislocations
are assumed to be present in the sample as dis-
cussed in Sec. IV and is an upper limit. For solid
Ne, the range indicates the uncertainty related
to the use of'® 2Ry T® or (2~ W)Ry T®, as dis-
cussed in Sec. III, since the phonon mean free



14 THERMAL BOUNDARY RESISTANCE TO SOLID HELIUM,... 4119

TABLE III. Ratio R, of the calculated boundary resis-
tance divided by the measured value for a copper bound-
ary, and the ratio 7, (an upper limit) of the measured
phonon transmission coefficient divided by the calculated
value as obtained from Ref. 14 for phonons having a
characteristic temperature of 6—~7 K. For 7, we have
used an average value consisting of a 20% contribution
from longitudinal phonons and an 80% contribution from
transverse phonons. Also given is the quantum param-
eter n, which is roughly the ratio of the zero-point kin-
etic energy of the atom (molecule) divided by its potential
energy.

Sample 7y 7y n
Liquid *He ® 83 b 0.18°¢
Solid *He 13 14 0.18°¢
Solid H, 2-100 7.6 0.076 ¢
Solid D, 2-4 3.7 0.035¢
Solid Ne 1.170.1 1.5+0.6 0.0049 ¢

? Liquid at low pressure.

b This should be a large but finite value since the pho-
nons are not incident at precisely 0°.

€ L. H. Nosanow, L. J. Parish, and F. J. Pinski, Phys.
Rev. B 11, 191 (1975).

d calculated using Lennard-Jones parameters taken
from AIP Handbook, 3rd Ed. (McGraw-Hill, New York,
1972), pp. 2—238.

path in the Ne is not known.

The ratios of Table III may be compared to the
phonon reflection measurements of Ref. 14 if it
is assumed that all phonons not detected in re-
flection are transmitted across the interface. The
ratios of the resulting transmission coefficients,
which are upper limits, divided by the calculated
values, are also included in Table III. The data
from the two types of experiments agree qualita-
tively even though the phonons used in Ref. 14 have
an angle of incidence from the Si near 0° while the
dominant phonons in the present work have a pre-
dominant angle of incidence from the Cu of ~ 45°.

The phonons employed in the work of Ref. 14 had
a characteristic temperature of 6-7 K. After the
present paper had been submitted, additional data
became available from Buechner and Maris®® on
the reflection coefficients between Si and solid H,
for phonons having an estimated characteristic
temperature as low as 2 K. The reflection co-
efficient was larger near 2 K than near 6-7 K,
giving a ratio 7, of Table III of ~ 3.3 for the lower-
temperature (lower frequency) phonons. This
behavior appears not to occur for a SrF, - H,
(or D,) interface.'® If this behavior were present
for a Cu-H, interface, it would be obscured in the
present work by the bulk thermal resistance of the
samples.

The question remains whether the unknown ther-
mal transfer mechanism is present at the Cu-Ne

interface. The experimental data for this inter-
face agree with the acoustic mismatch theory to
~17% as is typical for an interface between most
“ordinary” solids.*®” For interfaces with He, H,,
or D,, on the other hand, the discrepancy is
greater than 100%, which suggests that the
anomaly is limited to those materials. Alterna-
tively it may be that the anomaly is masked in the
case of Ne because of the large contribution to
heat transfer by the parallel acoustic mismatch
mechanism. In other words (ZT3);% . ca

= (2RT®)coustic mismateh + (2R T)zomalous » from which

(2R T®)anomatous = 100 cm?K*/W. Thus the anomalous
heat-transfer mechanism would have to be an
order of magnitude smaller to Ne as compared to
He. In brief the unknown heat-transfer mechanism
is either absent or greatly diminished for an in-
terface involving Ne. The mechanism appears to
be present only in those liquids or solids most
commonly referred to as quantum liquids or quan-
tum solids. An indication of the quantum nature
of the samples is given in Table III by the param-
eter n, which is approximately the ratio of the
zero-point kinetic energy to the potential energy
of the atom or molecule.

Several mechanisms have been proposed to ex-
plain the anomalously large heat transfer. As one
example, it has been suggested that the acoustic
mismatch theory could explain the small R, T3
if the phonon attenuation /"' (Fig. 1) in the copper
is sufficiently large,?® perhaps in a region very
close to the interface. However this effect de-
pends primarily on the properties of the copper,
not the sample.!® Since the anomalous heat trans-
fer is present at the same copper surface for He
or H,, but not Ne, this suggestion may be elimin-
ated as the dominant mechanism. To be more
specific, the relative effect on the several sam-
ples of increasing I™* can be seen in Fig. 1 for the
acoustic mismatch mechanism. Obviously the
same value of A/l cannot fit both the H, (D,) and
Ne data.

It has been proposed® that the atoms of the wall
of atomic mass M may undergo a direct collision
with the atoms (molecules) of the sample of atomic
mass m such that the average transmission co-
efficient varies as Mm (M +m)™2. This is not con-
sistent with the variation of R, T° between He, H,,
D,, and Ne observed in Ref. 14 and in the present
work.

It has been suggested® that there may be a cor-
relation between the transmission coefficient and
p/c, where p and ¢ are the density and average
sound velocity in the sample. This contrasts with
the dependence pc found in the acoustic mismatch
model. The p/c relationship is not compatible
with the present results nor, of course, is pc.
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It might also be noted that the phonon velocity and
critical angle are large for H, or D,, but small
for He or Ne. Only the mass (not number) den-
sities, as well as the quantum parameter of
Table III, appear to change significantly between
the anomalous materials He, H,, and D, and the
normal Ne.

A number of authors®® have suggested that the
anomalous heat transfer mechanism is related to
some type of excitation close to or at the inter-
face. Little can be said here in regard to this
idea except that the excitation must be present
for He, H,, or D,, but must be absent or nearly
absent for Ne.

*Research supported in part by the National Science
Foundation under Grant No. DMR-72-03026.
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