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Avalanche behavior in the draining of superfluid helium from the porous material Nuclepore
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Examination of the primary draining curve in studies of the capillary condensatidiiefin the porous
material Nuclepore reveals that lowering the chemical potential when the helium is in the superfluid state
causes the Nuclepore pore spaces to drain in a series of large-scale avalanches in which substantial numbers of
pores(up to ~2.5% of the sampledrain as a single cooperative event, i.e., as an avalanche. In this work we
document the behavior of such avalanches in this porous material for two characteristic diameter pore sizes 200
nm and 30 nm. We examine the relevance of various theoretical models which one might apply to the system
and conclude that none is completely satisfactory.
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[. INTRODUCTION the superfluid may affect the dynamics of pore draining and
the mobility of the adsorbed film that coats the surfaces of

The filling and draining of fluids from the pore spaces of the material.

porous materials is an area of study that has fundamental as /N this previous work and in the work we report here, we

well as practical value. Generally in such capillary conden1@ve taken advantage of several of the properties of the su-
nerfluid to improve our measurements. As we will describe

sation studies, measurements of filling and draining pheno . . ) .

ena involve the measurement of the amount of fluid prese ta\ter, we use the properties OT superfluuj h.ellum tp .pfo"'de

in the adsorbing material as a function of the chemical po_anln situ measure of the chemical potential in the vicinity of
our adsorbing material. This allows a precise measure of

tential of the fluid environment to which the adsorbing ma- h in the chemical ial ol q
terial is exposed. Such measurements typically reveal hysteF— anges in the chemical potential close to saturated vapor
pressure. In addition, the absence of viscosity and conse-

is with the filli d draining havi different functional - S .
esis Wi e Ning anc draining naving a tirerent lunciona ent mobility of the superfluid film allows rapid

dependence on the chemical potential. This difference can ilibrati h ial readil ks ch .
related to the microscopic pore structure of the material, an§auilibration—the porous material readily tracks changes in
hemical potential. In our studies of the hysteretic behavior

such studies are valuable in the characterization of variougf fuid heli in Nucl find th ith X
porous materials. This information is useful in its own right, of superfluid helium In Nuclepore we find that with an in-
and it is of practical value to, for example, the chemical®r¢3s€ I chemical potential pore filling is a continuous pro-
industry, oil recovery, and the soil sciences. Over the years ess, bUt. that for a dec.rease n th.e. chemical potential, pore
number of detailed studies have been conducted with a varf'@"nng mqlqdes a series of S|gn|f|gant avalanche events;
ety of adsorbed species. For example, studies of various p&€- the draining behavior is not continuous. Such avalanche
rous substrates by Everett and his colleadusing nitrogen, ph§rrr1]omena| hao]Ic not bgen seen pre\fn%usly. lanche behavi
argon, and butane demonstrated the fundamental hysteresis | € r€su ts of our observations of the avalanche behavior
behavior of these substrates and provided good examples gpd our interpretations are the primary subjects of this report.

hysteresis subloop#ysteresis loops within hysteresis lopps Here we desc;rlbe these measurements and the series of ex-
and reversal curvege.g., withdrawal of fluid prior to com- periments which probed the properties .Of the (_:aplllar_y con-
plete filling of the porous interior of the material densation avalanches. We will begin with a brief review of

In our work with hysteresis in porous materials, we haveterminology and our technigleThen, a series of result; will
concentrated on a particularly interesting substratebe presented for both the 200 nm gnd 30 nm pore d|qmeter
Nucleporé® Nuclepore is a porous polycarbonate materiaINUCIepore' The avalgnche event sizes, their location in th_e
with a planar geometry perforated by rather well-definedYsteresis loops, their duration, and many o_ther fea_tures will

be documented. In a subsequent pdpee will describe a

nearly cylindrical pores with a relatively narrow pore diam- -~ | ¢ imerfish ; d o turth
eter distribution. We will describe this material further later S€"€S Of eéxperimeritdhat were performed to gain further

in this work. Our working fluid is liquid helium—almost insight into the nature and cause of the avalanches. These

exclusively helium in the superfluid state. We have made thiéh_ow.thatlntergcnonsbetween and among th? fluid reser-
choice because superfluid helium is particularly pure andoirsin the various pores lead to the cooperative phenomena

freely moves through porous materials in response t&'an avalanche.
changes in the chemical potential. The use of such an invis-

cid fluid removes conceptual questions that can arise when

removing viscous fluid from the porous material under study. Figure 1 serves to illustrate the terminology we will use.
We have previously reported hysteresis measurements ®fere we show the fraction of the pores of a porous Nucle-
“He in Nucleporé=® Using superfluid*He as the working pore sample that are filled with the working fluid as a func-
fluid does not affect the macroscopic hysteretic capillarytion of chemical potential. Such a global hysteresis loop re-
condensation in any fundamental way, but the presence afults from a monotonic increase of the chemical potential

IIl. TERMINOLOGY
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235.0 FIG. 1. A global hysteresis loop for 200-nm-

pore-diameter Nuclepore showing the ascending
locus and descending locus resulting from filling
and draining for typical data. The amount of fluid

E-% 234.5 7 condensed into the pores is measured by a capaci-
O tance technique described in the text. The data
T are shown as a function dB) the third-sound
time of flight and also in terms gb) the chemi-
234.0 [ st ; n cal potential.
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from the empty-pore state to the filled-pore state followed bywhich provided a separate measure of the temperature.

a monotonic decrease to the empty-pore state. In practice, The sample volume typically contained several adsorption
one accomplishes this by enclosing the porous material in aubstrates, each with a different purpose. One substrate was a
sample chamber in which one controls the chemical potentiaingle Nuclepore sheet on which the amount*sfe in the

by controlling the temperature and the vapor pressure of thpores was detected using the capacitive technique. A parallel
working fluid. The primary behavior seen for helium on plate capacitor was made by evaporatiag0 nm of Ag on
Nuclepore is a gradual and smooth filling of the pores witheach side of each planar Nuclepore sample. The Ag film does
increasing chemical potentighscending locysand a much  not block the pore openings at the surf4@eWhen “He
more abrupt draining of the material over a relatively narrowliquid enters the pores, the dielectric constémd therefore
range of chemical potentigtescending locyslt is in this  the capacitangebetween the plates changes. The dielectric
narrow range of rapid draining that we observe the avalancheonstant« of “He is related to the atomic polarizabiftby
events that are the subject of this report. We have investithe Claussius-Mossitti equatibh

gated many of the properties of the hysteretic behavior of

helium in Nuclepore and reported on it previousR/Here _SVm[k—1 R
we will concentrate on the characterization of the avalanche T 4w \kt2)
behavior.

wherea=0.1234 cmi/mol is the polarizability of*He and
V, is the molar volume. The capacitance was measured with
an Andeen-Hagerling self-balancing capacitance bfitige
As we reported previouslyto make hysteresis measure- that operated at 1000 Hz, and the measurements were re-
ments on Nuclepore we utilized a capacitance techiithat  corded by a computer.
is robust and relatively simple. With this we measure the Given the relatively large size of the pores in Nuclepore,
amount of fluid contained in the pores of the material. Thecapillary condensation occurs very close to saturated vapor
presence o$uperfluidliquid “He allows novel techniques to pressure, requiring a sensitive monitor of the chemical po-
be used to measure the chemical potential in the system ari@ntial. As noted, the velocity of the third sound, a wave on
enhances the temperature homogeneity of the sample. It alsoiperfluid“He films in which both the temperature and film
results in a rapid response of the fluid in the pores to changd$ickness oscillate, provides such a monitor. We thermally
in the chemical potential. To monitor the chemical potentialgenerate a third-sound pulse on a flat borosilicate glass mi-
in situ we use third sound* Third sound is a surface-wave croscope slide in the sample volume by driving a current
excitation on a superfluid helium film with a velocity that is pulse of duration W=200 usec through an Ag strip
a function of the chemical potential. Our third-sound detec{18 mmx0.15 mmx50 nm) previously deposited on the
tion schem&® involves thin-film aluminum superconducting glass surface by vacuum evaporation. The current pulse cre-
thermometers and this limits the temperature range for stucates a third-sound wave with temperature amplitude
ies that involve this technique to 1.3<KT<1.8 K. Inprac- ~200-400 K. The wave propagates along the length of
tice this is not a significant limitation. the slide and the temperature fluctuation is detected with a
The results reported here were obtained from a number afurrent-biased Al thermometer (18 m0.15 mm
separate experiments. The temperature was regulated with &h30 nm). Under typical operating conditions the thermom-
integrating temperature controller and drifts on the order of leter has a sensitivitgR/d T~800 /K when operated with
mK were typical over the duration of the measurementsa dc bias current=70 uA. The time of flight r is readily
Three temperature sensors were mounted on the sampleund from the location of the intersection of the rising part
chamber: two carbon resistors—one to monitor the temperasf the received third-sound pulse and the extrapolated
ture and the other to regulate the temperature with electronismooth base line that precedes the arrival of the pulse. With
feedback—and a Lakeshore calibrated Ge thermorteterthe measured time of flight of the pulse, and the known

Ill. TECHNIQUE
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separation of the third-sound driver and detectbg, the In all of the experiments describedHe gas was either

velocity is C;=Ax/7. The square of the superfluid added to or removed from the sample cell at a constant rate,
velocity'®>!®is proportional to the superfluid fraction of the equivalent to changing the adsorbed flat-surface helium film
film (since only the superfluid moveand to the restoring thickness at a rate of 0.5—2 monolayers/h. One monolayer of
force due to the van der Waals interaction, and in this tem-He is taken to have a thickness of 0.36 nm. The adsorption

perature range is given by results did not depend on the flow rate for these small values,
and when the flow was stopped no relaxation effects were
2 <p> ( 14 TS| KevE(3y+48) 2 observed. -
=\— i In typical operation we monitored the capacitance as a
3 L m4d3(d+§)2 yp p p

function of the measured third-sound time of flight. But this

where S is the entropy.L the latent heatkg Boltzmann's timetof-flight measurement required a finite i_nterval of time
constant,m, the mass ofHe, y=27 layeré K, and ¢ and in some cases we made m_uch more rapid measurements
=41.7 layers’’ The middle term represents a correction dueby simply measuring th_e capa_cnance of the drammg Nucle-
to evaporation and condensation effects. The effective supeP°'® sample as a function of time to obtain statistics on the
fluid fraction(ps/p) is slightly reduced from the bulk super- avalanche behavior and to monitor the duration of an ava-
fluid fraction p/p since the binding of*He is very strong lanche.

close to the substrate, and is empirically given by

<P_s>:P_s .
pl p

where the parameters for gld$sre a=0.5 layers and
=1.13 layers/K. Using the measur€d, Eq. (2) is numeri-
cally solved for the film thickness on glass, Finally,

IV. AVALANCHES IN 200 nm NUCLEPORE

_ w ’ 3) In Fig. 2(a), we plot the primary desorption curve for 200

nm Nuclepore aT =1.441 K as a function of the decreasing
third-sound time of flight adHe is slowly removed from the
experimental cell. As the*He removal takes place, the
chemical potential is reduced and the third-sound time of
flight is reducedi.e., the third sound travels faster on a thin-
ner film). At the value of the third-sound time of flight rep-
_ 123 @) resented byr.omer the draining of the pores begins. We plot
d3(d+¢) C andr as a function of time irib) and(c), respectively. For
hysteresis, our previous measurements showed that as long
is used to determine the chemical potential in the samplas the removal rate remains below a characteristic f4de,
chamber. can be removed at different rates, causing the time for com-

Mydw,flat =
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T -l ' T ' T ' T T avalanches in the draining of hysteretic capillary conden-
sated Nuclepore with 200-nm-diam pores is shown in Fig. 3.
For this measuremerfiHe was removed at a steady rate by
pumping on the sample chamber through an impedance at
776.85 S room temperature. The capacitance of a 3.63-capacitor
- formed on the Nuclepore was measured with the capacitance
- . bridge set to average eight internal samples of duration 0.1
— sec each. With the appropriate computer interfacing, the re-
776.80 |- -~ N corded capacitance data points were separated h sec.
When the entire draining is viewed, it appears relatively
smooth, but structure is evident. Figure 3 is a magnified view
of a small part of the draining. The capacitance drops in a
series of steps separated by regions where the capacitance
remains quite steady. We interpret these jumps in the capaci-
776.70 - tance as being due to groups or clusters of pores draining
Y together in a time intervak1l sec. This is the avalanche
- m— phenomena that constitutes the primary subject of this report.
Data obtained with the pumped-bath cryostat contained a
. . . | . | . , . A number of apparatus induced artifacts. To resolve these prob-
2200 2400 2600 2800 3000 lems a new cryostat with a continuously operating 1-K pot
was constructed and we added a number of features to im-
prove the stability of the system. With the new cryostat we
FIG. 3. An observation of avalanche behavior seen in theh@d an increased time interval between helium transfers
pumped-bath cryostat as pores drain in 200-nm-pore-diameter™ 7 days, allowing more data to be collected without seri-
Nuclepore atT=1.524 K. The number of pores involved in an Ously disturbing the system. Finally, in all of the avalanche
avalanche for a given jump in the capacitance illustrated %5  experiments we included 200 sheets of 400 nm Nuclepore
X 10° pores/pF. to serve as a helium film surface reservoir to help to stabilize
the chemical potential. The presence of these larger-pore-size
plete removal[in Figs. 2b) and Zc)] to change, but still Nuclepore sheets was subsequently shown to have no influ-
reproducing the same primary desorption curve(dn To  ence on the hysteresis or avalanches observed in the 200-nm
learn how the pores drain for<r.omer, the ideal way ©Or 30-nm samples we studied.
would be to takeC and r measurements very quickland To identify avalanches, we have used a number of criteria
accurately. In practice, for adequate precision ea@hmea-  based on the capacitance steps seen in the data. These criteria
surement takes-1.5 sec due to the internal averaging set-are somewhat arbitrary, but work well until many of the
ting of the capacitance bridge, while each measurement of Pores .have drained. First, to be considered an a\_/alanche{ the
requires averaging of multiple~(1000) third-sound pulses. capacitance step has to have several stable points on either
Collecting 1000 pulses and fitting the data to extrage- ~ Side of the step. This is the most striking aspect of the ca-
quires ~45 sec. To sample the primary desorption CurVepaC|'tance45teps observed upon draining. While continuously
with a high data density we must either remolide very, ~rémoving “He, few pores empty for a time, and then sud-
very slowly while monitoring bothC and = or measureC ~ denly a group of pores drains i1 sec. After the ava-
alone as a function of timé and remove*He at a more lanche, there is another quiescent period when few pores
reasonable ratébut still more slowly than would show a drain. If the noise level were smaller than all of the ava-
noticeable effect on the hysteresis cuiveEhere were a lanches, this would be the only condition needed. Since it is
number of disadvantages to draining very slowly. First, the0t the size of the jump must be clearly out of the noise to
duration of draining was ultimately limited by the maximum be designated an avalanche. With this condition, we define a
time between helium transfers. Second, removing too slowlyower limit to the size of the observable avalanches below
allowed the temperature fluctuations present in our apparat$hich we cannot unambiguously identify small jumps. If
to influence the behavior of the pore draining. Finally, theMore than three data points are present in a capacitance step,
measurement o€ was much more preciseSC/C~10 8 ~ We do not count this as a single avalanche. The reason for
than the measurement of( 57/ 7~10~%). For these reasons this condition is that we do not want to lump possible mul-
we do not typically measure repetitively when studying tiple _ayalanches into a single large event count. With these
avalanches, but typically only measuevs t to determine conditions it is relatively easy to count avalanches.

the details of the behavior of the sample filling fraction dur- W€ estimate the approximate number of pores that are
ing draining. involved in an avalanche using the approximate pore density

for Nucleporep=3x10° pores/cr, the area of the capaci-
tors for the case just showA=3.63 cn¥, the empty capaci-
tance, C,=772.8333 pF, and the full capacitanc€;
Our first measurements to observe avalanches were car=777.2747 pF. For an avalanche of si¥€, the fraction of
ried out in a pumped-bath cyrostat. A typical observation ofthe available pores that emptied4sA C/(C;— C,), neglect-

776.90

¥
|

C (pF)

776.75

776.65

t (sec)

A. Measurements
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ing the film remaining on the surfaces of the empty poresx10~2 pF. As the draining proceeds, determining where the
(10% effec}. The number of pores that drain is this fraction gvalanches occurs becomes more difficult. By the time win-
of the total number of pores between the capacitor plates, gow shown in Fig. 4) and Fig. %e), SC=3x10"3 pF.

While the noise floor on the capacitance signal was not im-
AC . (5) proved significantly over the pumped-bath insert results, the
Ci—Ce long-term stability of the draining was improved, and small

. . valanches were visible that were n n previously.
For this caseN/AC=2.45<10® pores/pF. This means the avalanches were visible that were not seen previously

smallest resolvable avalanche involves5.9x 10* pores, Using the criteria notepl earlier, we identify 2.44 ava-
. >' lanches for the data in Fig. 4. The avalanche size versus
and the largest observed avalanche involve8.5X10

pores all draining ins1 sec. The duration of the avalanche filling plot is shown in Fig. 6 and reflects improved stabilit_y
events is an interesting question and we will return to it. ForPVer that seen for the pumped-path datg. f\valanche sizes
the data we have discussed so far, the time interval betwedRN9€ OVEr three orders of magnitude, with fopF<acC
measurements is 1 sec, which implies that the avalanches <10_~ PF. Using Eq. (5 for this data set,N=2.47
have a duration no longer thanl sec. X 10° pores/pF. Even though this capacitor has a different
In Fig. 4, we show a set of data for 200-nm-pore diameterea (3.33 crf), the total change from empty to full is also
Nuclepore taken af=1.476 K. Further expanded views of different(4.037 pF, causing the sensitiviti)l/AC to be the
various sections of the data shown in Figé)44(c), 4(d), same value as before. The number of pores that participate in
and 4e) are shown in Fig. 5. These avalanche data are typithe various avalanches are shown on the right axis of Fig. 6.
cal of all of the data taken with the improved apparatus.There appear to be three regions of interest. In the first, in the
Fluctuations in the capacitance that were due to the longarbitrary range 695.0 pEC<695.2 pF or 0 pKCiy,
term manostat-induced temperature oscillations from the-C<0.2 pF, avalanches begin as pores start to drain and
pumped-bath cryostat were eliminated. In Figb)4(notice  the data obtained in this range contains 70 avalanches. Here
the y axis only spans 0.01 pFwe show that very small the avalanches start very small and increase in size until the
avalanches were already visible before significant drainindargest avalanches are observed. This initial region is shown
occurred. In this regiofshown in Fig. Bb)] the noise levelis in the inset in Fig. 6(where thex axis is essentially re-
8C=3X10* pF. As the draining begirsu~ tcomer, Fig.  versed. The second region 694.0 pFC<695.0 pF con-
4(c)] the size of the avalanches increases. The largest avéins the largest avalanches observed during pore draining.
lanches occur near the end of Figic} and heresC=1 These 18 avalanches accounted for 24.8% of the total fluid

N=Ap
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10" T . —— — drained. After the largest avalanches, the avalanche sizes be-
gin to decrease. This decrease in overall size is accompanied
o 1107 by a spread i\ C of about one-half an order of magnitude in
A size. Finally, wherC=692.0 pF &80% of the pore drain-
et . ing has occurrex] any further avalanches in the system are
» S ) indistinguishable from the noise in the capacitance measure-
[ PSR : ment, 5C.
_.g‘-:'.%,.”,’{{' 4 . Each of the avalanches shown in Fig. 4 has a size
AC gt Y10 =AC, which we have shown as a function of the amount of
(pF) St . o g . |N “He in the pores in Fig. 6. To learn about the time interval
S . between avalanches, we plot the avalanche sieg a func-
10°F Do ' s ER tion of the size of the time interval until the next avalanche
‘ sc | o ] ; At in Fig. 7. If a large avalanche caused the system to be-
TE .4¢ LI come more stable than a small avalanche, the data in Fig. 7
o e , ' 10 would be expected to show a trend of an increasingth
107 10" w1 increasingAt. The data show, somewhat unexpectedly, that
Cu-€ H this is not the case.
10-4 1 Il 1 L Il L 1

692.0 692.5 693.0 693.5 694.0 694.5 695.0 695.5

C (pF)

B. Statistics for 200 nm Nuclepore

Next, we define a size distribution functid(s), where
s=AC and the probability of an avalanche with size be-
tweens and s+ds is D(s)ds. In some systems with ava-
lanches, the functioB (s) can display power law behavidt.

FIG. 6. Avalanche sizes=AC) for the data shown in Fig. 4, A power law relation
T=1.476 K. The left axis shows the change in capacitance in an

avalanche and the right side is an estimate of the number of pores
involved in the avalanche. In the inset, we show an expanded view

of the first avalanche that occurred by plotti@y,,,—C on the
bottom axis, wher€;,,;, = 695.1934(note that the axis in the inset

is flipped from that of the main figuye

D(s)=As" (6)

indicates that there is no characteristic size scale in the re-
gion of the power law behavior. This can be compared to, for

example, exponential behavibr(s)=Be %%, wheres, is a
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FIG. 7. The size¢=AC) of a given avalanche vs the amount of ol i
time, At, between it and the next avalanche for 200-nm-pore- 010.5 10 10°
diameter Nuclepore af =1.458 K. The data show that the time s (pF) s (pF)

between avalanches did not depend on the size of the avalanche.

FIG. 8. Statistics for avalanches in the 200 nm Nuclepore. The
characteristic size scale. If two different systems can be chakotal numberN* of avalanches larger than sizeis plotted as a
acterized by the same power law I0(s), these two systems function of s. The solid squares include all of the avalanches
are said to be in the same universality class. counted. The open circles ih), (c), and(d) include only the initial

In order to determine iD(s) has a power law relationship avalanches before the largest avalanche occurs in each case. The

with respect to avalanche size, we use a technique that réines in(c) and(d) are lines with slopes reported in Table I. The
quires no binning. For the particular set of avalanches opolid lines fit all of the avalanche data; dashed lines fit the initial
interest, the total numbeé{* of avalanches larger than sige avalanche data prior to the occurrence of the maximum sized ava-
is plotted as a function of If N* ~s™ for a range of, then lanche. These results are from several experiments with three dif-

a log-log plot of the data will, of course, result in a straight ferent Nuclepore samples; ib) and(c) the same sample was used.

line in the range of power law behavior. To relate the expo+he entire avalanche data set and the initial avalanches show
nentm, to the exponentr in Eq. (6) we use apparent power law behavior. Such relatively clear power
law behavior is not commonly observed. The initial regions
appear consistent with each other, but the slopes of the entire
data sets are not consistent. On the other hand, the more
noisy results from the pumped-bath cyrodtaig. 8@a)] and

If N*~s™ for D(s)~s%, thena=m-1. also the results from one run with the 1-K-pot cryosfa.

In Fig. 8, the results for several different sets of avalanch&(b)] do not show such clear power law behavior. The sta-
data are shown. Some experimental results obtained with thstics for all of the other data sets we collected are similar to
pumped-bath cryostat are shown in Figa)g while the rest those shown in Fig. @) and Fig. 8b). One day separated the
of the data shown were taken using the 1-K-pot cryostat. Irflata runs shown in Fig.(B) and Fig. &) and in one case the
each panel, the solid squares represent all of the avalanchgttistics obeys a power law while in the other they do not.
counted during the draining. The open circles shown in FigsWhile both had the same pumpir(ge., helium removal
8(b), 8(c), and &d) use only the initial avalanchdse., those rate, for the data of Fig.(8) the averaging setting resulted
that took place prior to the measurement of the maximunfPout 1.15 sec of averaging per data point, and for the data
size avalanche in each data)se&n example of the initial Of Fig. 8(c) a longer averaging of about 2 sec was used.
avalanches[Fig. 8(c), circleg are those withCy,;—C Based on our many observations, we doubt that the
<0.2 pF, shown in the inset of Fig. 6. The reason that Figa@veraging time selected is significant. Table | summarizes
8(a) did not have results for this initial avalanche region isthe exponents for the straight lines shown in Fi¢c)&nd
because not enough avalanches were present to be record&i- 8d).
In Fig. 9, we show the avalanche sizes for each of the data
sets reported in Fig. 8.

The results for the statistics need to be considered with Although the presence of power law behavior is not an
care. In some cases, as we see in Fig) 8nd Fig. &d), both  unambiguous feature of the data, it is useful to compare these

Smax A
N*=L D(s)ds=—— (Shax—s“""). (7

C. Comparison to theoretical models
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is removed from the Nuclepore, more and more pores be-
come empty. The configuration of filled pores changes and
this can modify the avalanche behavior. In ideal SOC mod-
els, after an avalanche event, the sandpile still looks about
the same, and the avalanches can continue as long as sand is
added. This is not possible in thiée/Nuclepore system; re-
moval of “*He continuously changes the system and eventu-
ally all of the pores will be empty. Given these differences
and oura values, we conclude that SOC is not likely to be a
relevant model for the Nuclepore avalanches.

We next examine a model based on the random field Ising
model (RFIM) discussed in detail by Sethna and
co-workers’?2|n this model, Sethnat al. study a system of
spins and find that avalanches occur, with the avalanche be-
havior dependent on the relative strength of the interaction
between spins), and the strength of the random fields,
When randomness dominatd®/J>1, each spin acts inde-
pendently and there are no avalanches. The limiting case of
R/J— is the Preisach mod&lof noninteracting spins. As
R/J decreases, interactions cause spins to interact and to flip
in groups(i.e., avalanches occurThe avalanche size distri-
bution has power law behavior for small avalanches, but for
larges, D(s) is exponentially cut off. A4R/J approaches a
critical ratio (R./J.~2.23 in three dimensionsthe cutoff is

FIG. 9. Avalanche sizes for each experimental run shown in FigPushed to larges. At R;/J. the avalanche size distribution

8.

shows a power law behavior. In the notation of Sethna
et al?! the power law exponent is+ o34 if integrated over

avalanche size distributions to the predictions of a number othe entire external field and the exponentig only a small
models of avalanche behavior. The first theory we address igortion of the external field is examined. WheR/J
self-organized criticalitfSOQ.?° Bak et al. proposed SOC <R./J., an infinite avalanche is present. An infinite ava-
as a very general model that would account for power lawianche is one that involves most of the spins in the system.
behavior in certain paramete(such as the power spectrim For three dimensions, Sethna and co-workers find..6 and

for different systems without the need for a traditional 7+ o86=2.03 in simulations with systems of size*l4pins.

second-order phase transition. In thde/Nuclepore system,

In the two-dimensional case of RFIM studied by Perkovic

we may have present the basic features required. First, et al,?? the RFIM seems to show many orders of power law
parameter, the chemical potential, is slowly reduced. For &ehavior before the exponential cut off appears eveRfdr

range of the chemical potential, this is somewhat analogoukarger than the critical value. But the scaling forms are not
to slowly adding sand to a sandpile. Decreasing the chemicatell known. Fortunately, the exponents appear to be inde-

potential makes the system unstable, and an avalanche geendent of the exact scaling form usédFor the two-
curs. In experiments with sandpiles, avalanches increase tlitmensional case Perkovet al. report values of=3/2 and
system stability. In our case as shown in Fig. 7, this is aps+ oB6=2. Comparison between the RFIM model and our
parently not the case. For the two-dimensional sandpile, Bakxperimental results must be made with caution. Even if the

et al. found D(s)~s™ 19, different from our exponents; 2

RFIM holds for avalanches of superfluid He draining from

<a<-—1.5. There are some qualitative differences betweemuclepore, it is unknown how close the valueJéR in this
SOC and theé*He/Nuclepore system. In SOC, avalanches ofsystem is to the critical./R.. Away from J./R., power

any size can occur at any tim@mited by the system size

law behavior is expected to be cut off. Due to the finite

In Nuclepore, as seen in Fig. 6 sometimes only small avanumber of vertical intersectiohsamong pores, Nuclepore
lanches will occur C~695.2 pF) and sometimes only large presumably behaves as a two-dimensional network and

avalanches will occur@~694.5 pF). Furthermore, &He

should be compared with the two-dimensional case of the

TABLE I. Summary of exponents for the data in Fig. 8.

Figure Curve srange(pF) m a
8(c) All (squares 0.0044-0.050 —0.943+0.002 —1.943
8(c) Initial (circles 1.9x 10 *-0.0156 —0.539+0.004 —1.539
8(d) All (squarep 2.4x10 %-0.0119 —0.698+0.003 —1.698
8(d) Initial (circles 7%x10°5-0.0119 —0.533+0.004 —1.533
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6948 — . : . : this system. The predictions_ of the RFIM are consistent with
the exponents we observe in the cases where we see power
g law behavior.
6947 [ - Before ending this discussion on avalanche statistics, we
. discuss a final model that applies directly to capillary con-
 — densation systems. Guyer and Mc@4have developed a
694.6 - 7 capillary condensation modéCCM) with pore-pore interac-
S . . tions. This model demonstrates hysteresis due to these inter-
6945 - . | actions even though the individual pores in the model are not
L . hysteretic. In the CCM model, Guyer and McCall find that
o PR avalanches are present and that power law behavior may be
694.4 |- . u expected in the avalanche size distributfdrthe predicted
. exponents have not yet been reported. The origin of the in-
— teractions among the individual pores in Nuclepore is an
694.3 [ hre—— ] interesting question. One source of these interactions is
1

j thought to be pore-pore intersections; the draining of one
pore causes an intersecting pore to drain. Based on our re-
sults with  more complicated Nuclepore substrate
geometrie&® we have learned that the presencesaperfluid
5000 10000 15000 “He enables a more complicated interaction between pores
t (sec) than simple direct pore-pore intersections, an interaction mo-
o tivated by the presence of fluctuations in the superfluid he-
FIG. 10. Short-time-interval measurements reveal the durationj,m film caused by pore draining. Guyer and McCG3Have

of al"a'ar’]“:hi events on 200 “(;“ ’\h'UC'eFk’lofgaﬂdME’ K for 'a(r)gf developed a separate model that is consistent with some of
avalanches.*He was removed through impedanZe=1.5x 1 the experimental observations.

cm 2 while measuring the capacitance every 0.27 sec.

694.2

D. Additional measurements: Avalanche duration and

RFIM. Because our measurements of scaling are made over a measurements nearT

limited range of avalanche sizes, the slope of the lines in Fig.

8 may vyield incorrect values for the power law predicted by 1. Avalanche duration

the RFIM. Regardless, we compareé oB5=2 to the power In order to measure the duration of the largest avalanches,

law reported for the set of data including all of the ava-we used a shorter averaging time with the capacitance bridge
lanches, where we measure exponents of 1.94 and 1.70. Tlhed at the same time increased the impeddruetween the
presence of the many small avalanches at the end of th®ughing pump and the sample cell, which resulted in a
avalanche sequenddig. 6, C<693 pF) strongly affects slower removal of helium from the sample cell. We only
this exponent. The first value 1.94 is very close to 2, themeasured duration data for the largest of the avalanches.
value predicted by the RFIM. The second value is furtherThese results are shown in Fig. 10. A drawback of using a
from the prediction. A more consistent exponent for theseshorter averaging time is an increased amount of noise in the
two sets of avalanches is the power law that includes avadata. For the data shown in Fig. 10 the Andeen-Hagerling
lanches in the initial draining evenf§ig. 9c): C>695.0; bridge was set so that the time between the measurement of
Fig. 9d): C>155.75 pH where we found values of 1.54 the data points is\t~0.27 sec, and between 3000 sdc

and 1.53. Comparing this to the size distribution exponents16000 sec,~5x10* capacitance values were recorded.
r=1.5 for a narrow range of fieltchemical potentialin the  The results clearly show that the largest avalanches have a

RFIM, the agreement appears to be rather good. duration of about 1.3 sec, and the duration is clearly re-
Our exponents are not inconsistent with those predictegolved.
by the RFIM. The question is, can tH#de/Nuclepore ava- The duration of 1.3 sec for the largest avalanches to occur

lanches be described by the RFIM? The RFIM consists ofs somewhat surprising. For an avalanche to occur, pores
interacting elements in a random field. The randomness imust drain in a cooperative event. For this to take place,
Nuclepore is due to the complicated pore structure and theome interaction must exist among the pores. To predict the
intersections between the pores. We can change this randomdration of an avalanche event, we consider two effddis:
ness by using a different realization of the porous materialthe time required for a pore to drain aif#) the potential

i.e., by using a different pore size. Results for 30-nm-diammechanisms of communication among the pores during pore
pores are reported later in this paper. The presence of RFIMraining. Pores ultimately must drain by the flow of helium
behavior also requires the presence of an interaction betwedihim at the pore openinggnoring evaporation For a pore of
and among the elements of the systém., the pores in our lengthL and radiusR, a volume of fluid of density equal to
case. Extensive experiments probing the nature of pore-porerR?Lp must drain by means of the flow of a film of thick-
interactions that prove that such pore-pore interactions areessd moving no faster than a maximum velocity,. The
present will be reported separately. So far, based on all dime required for this is given by mass conservation,
our work, we can only conclude that the RFikbydescribe  27Rdpwt=7R?Lp, where we have assumed that one end
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of the pore is slightly larger that the other and the pore drainsvill not be a linear function of position across the sample; it
through this end. If the two ends of a pore are precisely thavill be more random, extending the time estimate somewhat.
same diameter, this may not be the case, and may lead to dius, it appears as if the avalanches may involve the sequen-
overestimate of the time required to drain by a factor of 2 tial draining of pores and this draining likely has a substan-
Thus,t=RLp/2dpws~10 */v.. If we assum® a value for  tially “in-series” aspect. This brings up the possibility that
the critical velocityv.~0.2 m/sec, then~5Xx10"% secis ©One might be able to observe the spatial evolution of such
the time interval required for a single typical pore to drain. If avalanches as they progress across the substrate.

some global evente.g., vibration of the apparatusiere the A final alternative is a model that requires direct pore-
cause of the avalanche event, one might expect that pordé®re interactions in the material. Since the pores are filled
close the draining threshold would be simultaneously stimuand (for the case of 200-nm-pore-diameter Nucleponger-

lated to drain and this would be a very rapid event. This issect each other an average of 5 times, the draining of one
clearly not the case. A model for superfluid film motivated pore may perturb nearby pores. Consideration of this effect
draining has been developed by Guyer and Mc€alihis  leads to a similar prediction for the duration of an avalanche
model predicts avalanche behavior stimulated by the leadingvent as pores that intersect sequentially drain. A rapid time-
and trailing edge of the excess fluid emitted onto the surfacéesolved measurement technique is required to establish con-
of the Nuclepore during a pore draining event. clusively whether such “in-series” effects are pres&hfn

Some form of communication leading to sequential stimu-experiment with the proper geometry and with the time reso-
lation must be present to cause the avalanche to require sudiion to observe such behavior if it is present is under con-
an extended period of time. Two possibilities come to mind:Struction.

(1) direct pore-pore interaction within the porous material or ~ Finally, we should note that our observation of the pres-
(2) the superfluid film that resides on the planar surfaces ognce of small avalanches suggests that pore-pore intersec-
the Nuclepore. The fluid that reaches the surface of th&ons may not be essential to the presence of avalanches. The
Nuclepore creates an increase in film thickness as a result 6mall avalanches we observe involve a relatively small num-
the draining of a pore. This can move across the surface ashgr of pores. If these are distributed across the satnaleer
disturbance, i.e., as a third-sound wave, at a spegd than being in a small clusterthey will be too far apart for
~1.5 m/sec for the temperature and film thickness rangegirect pOfe-pore contact. We haVe demonstrated that th|S iS
used in this work, resulting in a transit time for the sampleindeed the cadeand we will describe the details of these
(~2 cm) of~1 msec. This estimate is for third sound on a €xperiments more fully separatelyi/e are led to conclude
smooth substrate. Index-of-refraction efféotsill slow the  that pore-pore intersections and the presence of the mobile
propagation. Including index-of-refraction effects increasedielium film are both relevant to avalanche phenomena.

the time estimate to several msec. So if we were to imagine
that asingle pore were to stimulate an avalanche by the
propagation of asingle pore-draining-induced third-sound Another test of the avalanche behavior was to determine
wave that spanned the Nuclepore surface, then the avalanctiee effect of a substantial reduction in the superfluid density
duration should be at most several msec rather than thiey changing the temperature. At temperaturesT, , super-

~1 sec that is observed. Our expectation upon seeing avdluid is no longer present. Without superfluid present, we
lanches was that such a single-pore draining event mightéxpected that avalanches might not occur at all and perhaps
stimulate a prompt multipore avalanche. Such a model seentke time constants associated with nonavalanche draining
inconsistent with the data. Such a model is also perhapsight change substantially. Unfortunately, due to the design
problematic as the amplitude of third sound radiating out-of the 1-K pot and sample celtlesigned folT~1.5 K op-
ward will diminish quickly. eratior), the temperature regulation far=T, was not ad-

A modification of this model is the following. Presume equately stable to look for avalanches. The highest tempera-
that the draining of a single pore creates a third-sound waveure at which we were able to stabilize the temperature was
that propagates locally and the avalanche event proceeds fy=2.061=0.001 K. A hysteresis loop at this temperature
a series of prompt pore draining events. A pore drains irwas recorded by measuring the pressure of the sample cell
~5x10"* sec. This is followed by a third-sound wave that with a 1000-torr Baratron gauge. This monitor of the chemi-
stimulates a nearby pore to drain releasing another thirdeal potential was necessary since the third-sound thermom-
sound wave. With % 10° pores involved in a typical ava- eters were no longer in the superconducting transition region
lanche event, such a pore+s10 3 cm away from a neigh- (third sound would be extremely hard to see at this tempera-
bor pore that will be stimulated to drain. Third sound reachesure in any event The draining results for removi% *He
the neighbor pore in-1 usec following the initiation of the at T=2.061 K are shown in Fig. 11. This particular Nucle-
close-neighbor draining. So the typical pore-to-pore stimulapore sample had a capacitor with an area of 0.98. émthe
tion requires no more than5x 10" sec. But all the pores inset, the region shown for 234.8 gfC<234.9 pF had the
must be reached. We can roughly estimate the time requireldrgest avalanches for experiments run at lower temperature.
by multiplying the number of pores likely to drain along, In Fig. 6, we see that the largest avalanches with a capacitor
say, one edge of the measuring capaciter2(5x 10°), by  of area 3.33 crhare~0.1 pF. This should correspond to an
the duration of a pore draining event 56X 10" 4 sec) yield- avalanche of 0.029 pF for a capacitor of area 0.98.cm
ing about 1.25 sec. This is reasonably close to the observedlearly no avalanches anywhere near this large occurred at
avalanche duration. Clearly the sequence of pore draininf=2.061 K. This avalanche run took less time than others

2. Temperature dependence
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that we have measured. Here, the capacitance drops fromolr:]i'g;inlz'thAeV?rl]ir;ﬁ::ZT O(EZ?IEY;dVigu:ngvgelgl{m r;z?l;wﬂ _‘rNh”e
235.0 pF to 234.2 pF in-2000 sec. SincdC=1.223 pF, 9 P por pressue

. S =1.524 K. The inset is a zigzag pattern that might be expected if
0,
:jhls m(::]ans 6.6/0 .Of theAVOIume drains Ind2080 sec._ For th?he pressure in the sample cell increased after an avalanche, and
aFa S Own in Fig. 11,/He was removed about twice a_s .then needed to be reduced before the next avalanche could occur.
quickly as in the case of the other measurements, but it ighis is not observed in the data.

unlikely that this is the reason for the disappearance of ava-

lanches. Such changes in tele withdrawal rate at lower =3.9708 torr. Equating the chemical potential of the film to

temperatures did not SUPPress avqlanches. We conclude tr}ﬂb chemical potential of the vapor, we fiieglecting the
asT—T,, the avalanches either disappear or are eX"emel}’etardation effedt

heavily suppressed. We will see a similar suppression for
results in the presence dHe-*He mixtures when we study —yld3~TIn(P/Py). )

the avalanche behavior of 30 nm Nuclepore. . )
Since the pressure is very close to saturated vapor pressure,

3. Other measurement techniques Po— P is small. Expansion of Eg8) results in

In our study of avalanche behavior we intentionally mea- vPo
suredC vst to minimize the time interval between measure- Po—P= T_dg ©)
ments of the capacitance. As noted earlier, we used third-
sound time of flightr to monitor the chemical potential and We see that a larger value 8,— P in Fig. 12 corresponds
relatively precise determinations af required tens of sec- to a lower chemical potential and a smaller film thickness.
onds. An alternate monitor of the chemical potential avail-The film thickness on glass can be found using g with
able whether third sound is present or not is the helium vapoy=27 layers K. The data is plotted with lines and symbols
pressure. Ideally this would be measured by means ohan to show that avalanches do not always occur whgs P is
situ pressure gauge, but one was not available to us duringt a maximum(avalanche occurrence at maximum values of
the course of this work. Instead we attempted to monitor thé®>,— P is shown schematically in the inset diagnanf a
chemical potential externally by means of an mks Baratrorzigzag pattern such as shown in the inset were followed, we
pressure gauge. would conclude that after an avalanche, the pressure in-

The relationship between the presskrand the chemical creased and the system needed to recover before another ava-
potentialu is =T In(P/Py). A differential 10-torr Baratron lanche could occur. We do not observe this zigzag pattern, so
head was used to measu?g— P at room temperature at the if a pressure increase and subsequent recovery mechanism
top of the cryostat. One side of the differential gauge wasxists, the pressure changes are smaller than we could detect
connected to a small cell containing bulde adjacent to the  with the Baratron gauge.
sample cell, and the other side was connected directly to the The chemical potential for each valuel®§— P is plotted
sample cell. The results @ vs P,— P are shown in Fig. 12 on the top axis with a nonlinear scale. There is a discrepancy
for an avalanche sequence &at=1.524 K and P, between wucormer=—0.014 K observed with third-sound
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measurements and.q ,e,= —0.0183 K observed with the V. AVALANCHES IN 30 nm NUCLEPORE

differential gauge on the same run. One possibility that Another set of avalanche experiments involved a smaller-
comes to mind is that the pressure measured at the top of t

) . re-diameter Nuclepore. The original reason for using the
cryostat was not the same as the pressure in the experimenta . o
%maller pore diameter was to change the connectivity of the

chambers due to the gravitational potential. The measure )
pore spaces. As we learned from Nuclepore percolation

pressureP,,, a distancér above the sample cell, is related to " . . .

P by P, = P exp(—mghksT). Since the sample cell was im- simulations} 200-nm-diam Nuclepore is connected well be-

merseanin a bath of‘HeBat. the same temperature, using yond the percolation threshold and each pore intersects an
’ average of five other pores. The 30 nm Nuclepore, on the

~1 m results inP,=0.997°. Since the saturated vapor . . .
pressure also has this factor, the net result including th@ther hand, is made from the same material and has a similar

gravitational potential igt.one= —0.018 34 K. The second POre structure, but_due to Fh_e smaller pore diameter and re-
possible reason for measuring a different pressure at the tcﬂp_ced substrate thickness it is only at the threshold of perco-
of the probe is the thermomolecular effect. Due to collisiondation. The study of avalanches for the case of 30 nm Nucle-
with the walls, the pressure measured at the warm end of Bore allowed us to see similarities and differences between
tube can be higher than the actual pressure at the cold end e two pore sizes. In addition to changing the connectivity,
the tube® This effect is important when the mean free paththe primary draining curve for 30 nm Nuclepore occurred at
of the “He atoms in the gas,, is = the diameter of the tube. lower values of and over a wider range of chemical poten-
The mean free path ofHe is tials due to the smaller pore diameter and the apparent
broader pore size distribution.
kT In Fig. 13a), we showC vst for the 30 nm Nuclepore as
B 4 i i i
L=——, (10) He was removed. A closer view of the regions shown in
V2md?p Figs. 13b), 13(c), 13d), and 13e) is shown in Fig. 14.
When using the larger pore sizes, the avalanches occurred
where d=2.2 A for “He. At T=1524 K and P over a narrow range of, so *He was removed through an
=3.97 torr, we find.=1.8x10"° cm. The tube radius was impedance at room temperature. For the smaller 30-nm
0.25 cm, a much larger value. The small ratil.=7.2  pores, a fastefHe removal rate was required because the
x 10" % indicates that the thermomolecular effect will not be primary draining curve covered a much broader rangg .of
important in this regime. This faster removal was accomplished by removitige
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through a needle valvéNupro-B4JN. When the draining simply that the size of the jump must be larger than 0.0002
first begins,C drops smoothly without any avalanches beingpF (for the data in Fig. 1B and that the duration of the
observed. The initial decrease @ is most likely due to avalanche be less than 4 sec. The avalanche size range for
effects of the compressibility? of “He, a larger effect at the the data in Fig. 13 af=1.436 K is shown in Fig. 15. The
lower chemical potentials where 30-nm-diam pores drainsize of the avalanche\C, is plotted as a functio€. Ava-
When the pores are full, the noise is observed todke

~10"% pF. In Figs. 18b), 13(c), 13(d), and 13e), we mag- A L L L
nify different regions along the draining data, and see that iy
avalanches are present in Figs()313(c), and 13d). These L
avalanches are very small at the start of draining, and as ]

draining proceeds, larger avalanches become more likely. - . .
Not only are these avalanches easy to distinguish, the stabil .

ity is improved and the data sets are much smoother than the ' BRI .
earlier results for 200 nm Nuclepore. By the tin@ 10°F . ..t N
=1410.50 pF(filling fraction=0.66), the noise levelsC C SEamia s e,
~5x1074 is lower than observed for 200-nm-pore- I Y A S R
diameter NucleporedC~1x10"2 pF) at the same filling AC s :','.-': wi ] 10
fraction. At this point, the largest size avalanches occur, after® [ LY I L
which C decreases continuously until the next large ava- i S L)
lanche[see Fig. 14d)]. This continuous draining is an indi- A L I T T A LU
cation of either pore-by-pore drainingno avalanchesor o '-;_"‘ I . I &k ]
very many small avalanches each below our minimum reso- - s e

lution of 5xX10™ % pF. At C=1410.4970 pHFig. 13d)],
the capacitance shows the largest step, and then no mor -
avalanches are observed. After this largest avalanche, the - ) ) X | , | . |
capacitance drops continuously without any resolvable ava- 110410_3 14104 14105 14106  1410.7
lancheq Fig. 13e) and Fig. 14e)]. C (oF)

To measure the size of the avalanches, we use similar
criteria to those described earlier. For the avalanches on 30- FIG. 15. Size of avalanche, vs capacitance for a complete
nm-pore-diameter Nuclepore, though, the noise is not adraining of 30 nm Nuclepore for the data shown in Fig. T3,
much of a factor in identifying avalanches. The criteria are=1.436 K.
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i ' 1 M I ' T
(a) ]
&10°F 3
Q
<
. € i%
T=1475K FIG. 16. Comparison of the avalanche sizes in
107 L L . L * 30 nm Nuclepore for three different removal rates
14104 1410.6 1410.8 1410.4 1410.6 1410.8 and two different temperaturdsee text In (a)
C (pF) C (pF) we show the data &t=1.436 K. In(b) we show
the data aT=1.475 K. In(c) we show the data
L (c)l ' 4 F ' ' ] at T=1.476 K. The three are combined on the
- a 1  (d) . same plot in(d). All of these data are from the
aog same 30-nm-pore-diameter Nuclepore sample.
o
o
™ o A% a8 m
210°F &m% 7 S10% E
Q b IV Q
2 2o Falt o 3
h
T=1476K ® ,
composite
10.4 1 " 1 1 10.4 1 2 1
14104 1410.6 1410.8 1410.4 1410.6 1410.8
C (pF) C (pF)

lanches begin small and increase in size. As the pores draifiuid. The critical film thicknessl, at temperaturd is
there is a distribution in the size of the avalanches; small

avalanches can be seen at any time. This is different behavior d.— 2kgT, (ﬂ) +D

from that seen for the avalanche size results for the 200 nm ¢ mps \ A !

Nuclepore, where no small avalanches are observed when . . )

the largest avalanches ocdsee Fig. 6. In the present case, Whereps is the superfluid density and the parameter from
the large avalanches for a given filling fraction define anthe effective superfluid fraction. Usings/p=0.899 andp
envelope under which all avalanches fall. The size of the=0.1484 g/cm from Donnelly?” the first term evaluates to
avalanches defining this envelope increases slightly as the07 layers aff.=1.476 K. UsingD=a+bTp/ps, where
draining continues. At C=Cgyos;, Where Coyorr 2= —0.25 layers anth=1.64 layers/K the second ternd
~1410.49 pF, we see an avalanche cutoff after the largedés evaluated to 2.44 layers. The resultlis=3.52 layers(on
avalanche(described above Immediately aboveC, .o,  Nucleporg. The critical chemical potential is

the largest avalanches are observed. Fo€C&llC, o, WeE
detect only a few jumps that are near the limit of resolution,
oC.

Finally, with superfluid necessary for avalanches to con-
tinue to occur, we might speculate that the avalanche cutoffvhere ayy=50 layers K.** Since the KT transition occurs
at=C=1410.49 pF on 30 nm Nuclepo(Eig. 15 might be  at alower chemical potential than for glass, it is unlikely that
due to the Kosterlitz-Thouled&T) transition on the Nucle- this is the explanation for the cutoff in the avalanche sizes
pore. The KT transition occurred ai~—0.50 K on glass for the 30 nm Nuclepore sample shown in Fig. 15.
and the expected value of the KT transition on glass was Since we were no longer removirftHe through a fixed
Meglass— —0.62 K. Nuclepore is a different substrate, andand well-defined impedance, the removal rate for removal
will have a different critical film thicknesgsand chemical via the needle valve was different for each of the several data
potentia) for the KT transition. If the KT transition on sets collected. Several removal rates are present for the sev-
Nuclepore occurred at a higher chemical potential than foeral different avalanche size plot&C vs C, shown in Fig.
glass, it is possible that the cutoff in the avalanches occurred6. In this figure, the time for the Nuclepore to drain from
because théHe film on the Nuclepore was no longer super-1410.7 pF to 1410.4 pF is 8234 sHeig. 16a), square}

(11)

aN
,ucz——3:—1.15 K, (12

c
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" 1410.8 - ; ' T ' | ' I
(a) ; (b) - g
2 = _. 2 E - — —
i 310 E 1410.7 ™ 4410.520 —
. I\ L _ j |
10"F 1=1436K 110 T=1amsK 3 e 4 ]
E : 3 ’ 3 T 1410515 [ MJ n 1
14105 mi/ .
- EE -
100 il 100 nl L’L‘ I P N
10* 10° 10% 10* 10° 10° = 14104 [ 1410510 L 1
s (pF) s (pF) o I 35750 35800 35850 |
© ] 1410.3 | .
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F 1410.2 .
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, ] _
10°F 1=1476K E 14101 | ’ | |
0 10000 20000 30000 40000
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1010"‘ 10° 10°* , .
s (pF) FIG. 18. Continuously addindHe to 30 nm Nuclepore &t

=1.476 K shows no sign of avalanches. The inset shows a magni-
FIG. 17. Statistics for avalanches in 30 nm Nuclepore. €or fied view of part of the data set.
> CeutotfCeutofi= 1410.48 pF, the total numb&F* of avalanches
larger than sizes is plotted as a function ok. The line N*
=10 %% s shown in(a), (b), and(c) for comparison. Unlike the
200 nm Nuclepore, due to the rather limited range of avalanche Clearly, avalanches are present during the removaHsf
sizes present, there is no clear evidence for power law behavior. from the Nuclepore. We looked for the possible presence of

avalanches during the addition 8He using a 30-nm-pore-

9950 sedFig. 16b), circles, and 1843 sefFig. 16c), tri- diameter Nucl_epore s_ample. Ir_1 Fig. 1_8, we show measure-
angled. Changing the rate did not significantly change thements ofC while continuously increasing the chemical po-
behavior of the avalanche size distributions, even for the cag€ntial. In the inset is a magnification of part of this data set.
in which the rate was approximately 5 times faster than thetlthough the filling did not proceed completely uniformly,
other two drainings' Figure 16) iS a Composite of the three there are- no |dent|f|ab|e Sharp S_;teps Upon f|”|ng Th|S iS -Con'
data sets. The envelope that defines the largest avalanch@§tent with our view of how filling must progress. The film
has the same shape for each of the runs, and for all thrégickness on the pores grows with an increase in chemical
runs,Ceytof OCCUrS at about the same value. In each case thgoten'u_al, and wheq |nd|.V|duaI pores fl!|, they do not S|g_n|.f|—
largest avalanches are observed just prior to cutoff. For théantly influence their neighbors. Our picture of pore draining
faster removal ratgFig. 16c), triangleg, the resultingCvst IS very different. Pores drain m_grou;(mv_hlch are observed
signal is more noisy causing an increasi@l. Although the @S avalanc_he)s;lue t(_) pore-pore interactions med!ated by _the
avalanches were not exactly reproducible, the different rateBOre-pore intersections, the geometry of those intersections,

of “He removal do not seem to affect the size of avalanchegnd/or by the role of the superfluid helium film that coats the
parallel faces of the overall Nuclepore substrate. To reach

conclusions about the nature of pore-pore interactions, a se-
ries of experiments has been performed designed to provide
Next we compare the statistics for the avalanches obinformation on the spatial distribution of the avalanches and
served in the case of 30 nm Nuclepore to those reported fdhe mechanisms of pore-pore interactions. These experiments
the 200 nm Nuclepore. In Fig. 17, the total number of ava-and the conclusions that they lead to have been reported
lanchesN*, larger than size is plotted as a function of the briefly® and will be described in more detail in a forthcoming
avalanche sizes, for all of the avalanches that occurred for publication’
C>C.uioft- All three of the avalanche data sets have similar
behavior. In Figs. 1@®), 17(b), and 17c) the line N*
=10 %4 is shown for comparison. No conclusive evi-
dence for power law behavior was observed, but in each case We carried out a set of experiments witkle-*He mix-
there was only a range in avalanche sizes of about 1 order dfires to test the effect of using®ie-*He mixture instead of
magnitude, 0.0002 pFAC<0.003 pF(compared to~3 superfluid*He in a further effort to determine how a reduc-
orders of magnitude for the 200 nm Nuclepore tion in the superfluid density might influence the avalanche

B. Filling

A. Statistics for 30 nm Nuclepore

C. Avalanches and®He-*He mixtures
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FIG. 19. Global hysteresis loop for 30 nm Nuclepore Tat 141052 - -
=1.476 K indicating wheréHe was added for the avalanche run L .~ .
with mixtures. At pointA, the first addition offHe occurred. After o B "I._ i
filling with *He and partially draining the mixture, the secottde RN S—
addition occurred at poirB. From pointB to C avalanches were  © " ‘.\ 1
recorded as helium was removed from the sample cell. 1410.50 [~ -
. . . . 1410.49 : ' ‘
behavior. This was intended to complement our study in the 8000 8500 9000
vicinity of T, . We attempted this in spite of the fact that t (sec)

during removal of atoms from the sample cell the concentra-
tion in the cell would change due to the differential pumping > vaal
ehavior on a 30-nm sample. Compare the smooth drainir{g)in

rate for the two helium isotopes. The mixture was loade ) ) - . :
into the sample chamber in two stages. Since we had be r the mixture to approximately the same filling fraction region
| when pure*He is usedb). We have estimated the average density

measurTg avalanches ?”d hysteresis loops for the 30'”..?? our mixture to be 1.6% lower than for the case of pdkte.
sample,”He was already in the sample chamber. The chemis

. : While the estimate for the mixture density involves some uncer-
cal potentlgl was lowered by remowﬁ@-le below the lower tainty, we clearly observe no jumps in capacitancary region of
closure point of the global hysteresis loop b= 1.476 K. o mixture run(a.

Figure 19 indicates where on the global hysteresis I8idp
was added(points A and B) and where an avalanche se-

quence initiated near poitwas haltedpointC). First, “He . .
was added to bring the system to poitin Fig. 19. A MO detectable avalanches. For comparison, the same filling

third-sound data set was taken. The purpose, to be de:scrib(faz{&‘cﬁc’n range Cl_early had steps in_t_he capacitance when pure
in more detail later, was to detect first sound in the v&por ~He was usedFig. 20b)]. The addition of the large amount
and thus gain a measure of tHéle concentration in the Of °He into the system clearly affected the avalanching be-
vapor. Before addingHe, the sample cell pressure measuredhavior. A more complete study of this result should detail
with an mks Baratron at the top of the cryostat was how the avalanches change for various concentrations of
=2.711 torr. Here®He gas was admitted to the sample cell *He. Unfortunately, there were a number of problems that
(point A), after whichP=4.508 torr. Immediately after this prevented us from pursuing a carefully controlled mixture
addition, a second third-sound data set was recorded. Thatudy. As noted earlier, one problem was accurately knowing
pores were then capillary condensed by addiktg. While  the mixture concentration as draining occurred. Since a
adding, the capacitance was monitored and we determinesimple pumping procedure was used to remove helium from
that the presence ofHe did not result in the presence of the sample cell, the concentration fle in the sample cell
avalanches on fillingthe same result as when addifigle,  changed continuously with time. Clearly, one would like to
Fig. 18. After filling, the mixture was removed through a maintain the concentration constant during a draining pro-
partially open valve by a roughing pump untir cess. In our case the technique we used was designed for use
=310 usec(pointB, Fig. 19. At point B, a second addition with pure “He, not mixtures, and prevented the maintenance
of 3He brought the pressure frol®=4.55 torr to P of constant concentration. We could not determine the abso-
=7.65 torr, but here no third-sound data set was taken. Thieite concentration to high reliability, although we could
mixture was again slowly removed through the partially readily monitor concentration changes as helium removal oc-
opened valve while the capacitance was measured at a rapidirred. The method used to measure the concentration for
sampling rate. At poinC, the removal of the mixture was this experiment was to monitor the velocity of fifstdinary)
halted, and a final third-sound data set was recorded. sound, a compression wave in the vapor. The third-sound

The results are shown in Fig. 20. When the mixture wasletector had adequate sensitivity to do this. The first-sound
slowly removed Fig. 20@)], the draining was smooth, with velocity u is given by

FIG. 20. Using a®He-*He mixture(a) suppresses the avalanche
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kT VI. SUMMARY OF RESULTS

u? , (13 FOR SINGLE-CAPACITOR MEASUREMENTS

m

We have presented data indicating that pores drain in
large groups in a coordinated event whéfe is removed
flom Nuclepore. The statistics of the pore draining have been
determined and 200-nm-pore-diameter Nuclepore is seen to
differ substantially from 30-nm-pore-diameter Nulcepore in
its behavior. The steps i@ as a function ot observed for
wherey is the concentration ofHe. Since the velocity only both substrates only prove that groups of pores drain in a
depends on the effective isotopic mdasd not on the pres- coordinated event and that they drain abruptly. There is no
sure, the concentration of the vapor can be deternﬂﬁbgi direct information about the mechanism involved. A number
comparing the time of flight of an ordinary sound pulse in of pos_sibilities exist. If the pores had discrete increments of
“He vapor,,, to the time of flight of a pulse in the mixture Pore sizes, all very close together, we would expect to ob-

wherey is the ratio of the specific heat§,the temperature,
andm the mass of the atoms that compose the vapor. For
mixture of *He and“*He,

m= ymg+(1—x)my, (14

vapor, 7, , by serve steps upon draining in a simpl_e noninteracti_ng Pre_isqc_h
system. For the data that we see, this would require a signifi-
my T cantly inhomogeneous pore structure, and with the manufac-

X= Ma— My 1- 7_—4 . (15  turing process of Nucleporétching damage tracksit is

unlikely such discrete groupings of pore sizes exist. Another
Using Eg. (13), the predicted velocity in*He (using y  possible explanation for these avalanches is that temperature
=5/3) is 7145 cm/sec. For puréHe we measurer, fluctuations cause fluctuation in the chemical potential, in-
=67.60 usec, for a distance of 0.51 cm, and the resultingducing pores to drain all at once rather than draining
velocity is 7551 cm/sec. Defining from the ordinary sound Smoothly. We do measure temperature fluctuations, but on a
pulses was not precise due to the noise in the case of su¢Ruch longer time scale than we see avalanches. We are left
weak signals. For,=66.01 usec andre=66.23 usec, we to conslder two important features 'of the system. First, the
calculatedy,=0.19 andyc=0.17, wherey, was the con- pores in Nuclepore are connected internally in a very com-

centration in the gas after the first add; the concentration plicated way. There are many intersections, and the porous
. . structure is percolated. We also know from the hysteresis
in the gas after the avalanches were finished, and

results th r lin Xist. nd, we ar in
—67.60 usec. esult$ that pore coupling does exist. Second, we are using

. h ion in the film f . superfluid “He as the working fluid in these studies. The
To estimate the concentration in the film for a given CON"mobility of superfluid films is probably very important when

centration in the gas, we use the measurements of Elligqy pores are draining in-1 sec. The only way to remove
35 . 4 . .
et al®® They found that for concentrations 8He-*He mix-  this “He is either by film flow, by pipe flow, by evaporation,

tures in a vapor of 0.168 and 0.277, the respective film congy by a combination of these. In addition to the mobility,
centrations were 0.06 and 0.12. We conclude that dUring thgurface sound modes such as third sound propagate on these
avalanche run, the mixture concentration in the film was films and bulk modes such as second and/or fourth sound can
~0.06, or possibly larger betweed and C if the mixture  propagate in the pore spaces. In a subsequent publication, we
was not removed uniformly. The presence of this dilute mix-will describe experiments that use multiple-capacitor Nucle-
ture was enough to remove or greatly suppress avalanchmsre samplés’ constructed in an effort to learn about the
effects. At this concentration, aHe-*He mixture remains size scale of the avalanches and the coupling mechanism
superfluid, but the superfluid density is reduced. Measureamong pores. We have also done comparison experiments
ments of the normal fluid fraction in mixtures are reported bybetween Nuclepore and Anopore sampies Anopore pore
Sobolev and Eselsofd.For pure*He, Sobolev and Eselson intersections are nearly nonexistent. We will conclude that
found p,/p=0.095 forT=1.458 K. When a mixture of the supgrflwd film provides a relevant pore-pore coupling
—0.085 was measured dt=1.465 K the normal fraction Mechanism.
was found to have increased pq/p=0.335. Our®He-*He

mixture at T=1.476 K andy~0.06 should have an in-

creased normal fraction, but smaller than the 0.335 for the We have benefited from and appreciate conversations
8.5% mixture measured by Sobolev and Eselson. Thus, w&ith R.A. Guyer. This work was supported by the National
conclude that even modest additions tfle substantially Science Foundation through Grant Nos. DMR 94-22208,
suppress the avalanches, perhaps more so than would be &MR 97-29805, and DMR 98-19122 and by Research Trust
pected on the basis of simple superfluid density considerFunds provided by the University of Massachusetts, Am-
ations. herst.
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