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Avalanches in the draining of nanoporous Nuclepore mediated by the superfluid helium film
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When capillary-condensed superfluttiie drains from pore spaces in the nanoporous material Nuclepore,
the fluid drains in a series of large-scale avalanches in which substantial numbers diipdes 2.5% of the
sample drain as a single cooperative event. In this work we document the behavior of such avalanches in a
number of different multiple-detector configurations in an effort to investigate the origin of the interactions
among the pores that lead to the avalanche behavior. We conclude that the presence of a stigerfilaidon
the surface of the Nuclepore plays a significant role in causing the avalanche behavior. We also investigate
aspects of the spatial distribution of pores that are involved in an avalanche event, and conclude that avalanche
events involve pores that are distributed over the entire sample; avalanches do not typically involve a high-
density cluster of pores in a local region of the substrate.
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[. INTRODUCTION occurs on the Nuclepore. For example, if an avalanche event
involves N=1CP pores, and the event is local in the sense

If one studies the cyclic adsorption and desorption of hethat all pores that drain are adjacent to one another, then this
lium from the porous material Nuclepore, one observes avalanche will occupy an ared=N/p=0.28 mnf, where
hysteretic behavior? Film thickness growth is followed by p=3.5x10° pores/cr is the number of pores per unit area
capillary condensation; then, upon reduction of the chemicalor 200-nm pore-diameter Nuclepore. If the group of pores
potential, one observes a rather steep draining curve as tfiermed a less dense cluster, the spatial scale of the avalanche
capillary condensed fluid in the pores drains. Nuclepore is avould be larger. In this paper we will report on experiments
rather interesting material for such studies of nanocapillaritythat are designed to provide information about the spatial
in that it is populated by a relatively high density-8.5  scale of the avalanches on the Nuclepore substrate, and to
x 108 pores/cr) of rather well-defined nearly cylindrical provide insight into the mechanism by which pore-pore in-
pores. The use of superfluid helium for such studies provideteractions take place. Such interactions must be present for
a unique opportunity to explore the draining behavior that igpores to show avalanche behavior.
unencumbered by viscosity effects.

In an earlier papefs we showed that the hysteretic be-
havior of superfluid helium in Nuclepore is such that the
draining part of the hysteresis curve is populated by ava-
lanches. The avalanches observed corresponelts 10" to In an effort to gain insight into the spatial extent of the
~3X 10" pores draining at one timgout of a sample con-  avalanches, we used a multiple-capacitor measurement tech-
sisting of ~1x10° pore3. Our technique to make these nique. In this technique two or more capacitors are simulta-
measurements was described in substantial detail in earligfeously monitored while the Nuclepore draining takes place.
work,?* and we will only briefly repeat the essence of it here.we begin with a description of the first such measurement, a
To make the relevant measurements we place an appropriaigeasurement that utilized two capacitors on the same piece
sample of Nuclepore in a sample cell, and control the chemiof Nuclepore.
cal potential by controlling the sample temperature and/or The substrate used for the double capacitor measurements
the local “He vapor pressure. The chemical potential is meajs shown schematically in Fig. 1. We evaporated 50 nm of Ag
suredin situ by measurements of the time of flight of third over two regions on each side of a piece of 200-nm pore-
sound. Third sound is a tidal-like wave that propagates on giameter Nuclepore to create two capacitors, den6teand
thin film of superfluid heliunf. The speed of a third sound C2. These two capacitors each had plates of area 4.8

wave is a sensitive measure of the local chemical potential 20.2 mn?, and were separated by 3.2 mm. Using a fast
The extent to which the pores in the Nuclepore sample are

filled with superfluid*He is monitored by means of a capaci-
tance techniqué® Capacitor plates are evaported on the two

Il. DOUBLE CAPACITOR TECHNIQUE AND SPATIALLY
EXTENDED AVALANCHES

opposing sides of a 1@m thick 200-nm pore-diameter c1___ )
Nuclepore polycarbonate membrane, and measurements of
the capacitance provide an appropriate measure of the filling C2 :]

fraction of the pores between the capacitor plates. The ava-
lanche experiments that yielded the number of draining pores
cited above only measured the number of pores draining be- FIG. 1. Schematic view of a Nuclepore sample with two 50-nm-
tween the capacitor plates used for the measurements, and thick Ag capacitors located side by side. The two capacitors each
not directly probe the spatial extent over which an avalanchéad plates of area (4:820.2 mnf) and were separated by 3.2 mm.
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switch controlled by a computer, a single Andeen Hagerling
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) . . 235.2 - 2104
2500A capacitance bridge was used to monitor k&thand E (@ A
C2 sequentially. The system was typically prepared by com- 2350 [ 7 2102
pletely filling the pores with liquid, and then reducing the i 2348 |- 7 2100 Q3
chemical potential to the point where the pore draining was 2346 | - 20985
about to commence. To measure the avalanchids, was O i i J

. 2344 - 209.6
removed continuously from the sample chamber at a slow - -
rate while a computer measur€ll, toggled the switclto 2342 - L 1 -, | 2094
C2), measured the time, measuré@, and finally toggled 0 10000 20000 30000 40000
the switch again(back toC1). The complete measurement 535 59 — t (SleC) :
of the variablesC1 andC2 and the time took a time interval .
of ~3 sec, with four-sampl€0.1-sec duration eagkaverag- - b) 210300
ing on the capacitance bridge and7.5 sec with eight- 234975 [  et—— ‘
sample averaging. With this sequential measurement tech L - 1
nique we were able to compar@ithin our measurement -~ s 4 210275 ©
. . - 275 Q
time) the time of occurrence of avalanches on capacitbr 2234950 - i
to those on capacitdC?2. 5 | - - 3

The main features to compare in the measuremen@lof . 2 210.250
vst and C2 vst are the times of occurrence of the ava- 234925 |~ -
lanches and their sizes. If an avalanche occurs simulta- L )
neously on both capacitors, it must involve pores distributed | | | . - 210.225
234.900 ' L L

over an area large enough to encompass at Ieagt part of eac 19200 12400 12600 12800 13000
capacitor. If the event reaches beyond a capacitor plate, we t (sec)

do not observe the entire size of the event, but only the
contribution of those pores located between the plates being FIG. 2. Spatially extended avalanches &t=1.451 K for
monitored. If, on the other hand, an avalanche occurs on onlg200-nm Nuclepore with double capacitors. The complete drainings
one of the capacitors, we will conclude that it does not in-C1 (left,diamond$ andC2 (right, squaresare shown in(a), and a
volve pores with a large enough spatial extent to extend telose look at the avalanchéls) shows that these avalanche events
the second capacitor, i.e., in this case we would conclude th&re well correlated in size and time, and therefore must be spatially
avalanche events are relatively local. In such a case, wextended. The horizontal arrows in this and subsequent figures in-
might or might not be seeing the entire size of the event. Aglicate which axis is appropriate to the relevant data set.
noted, the minimum possible spatial size of an avalanche that
involves 16 pores occupies 0.28 nfmif this region(i.e., a  tance in one case relative to the other. e was removed,
high-density cluster of porgswere disk shaped R and the chemical potential decreased, b6th andC2 de-
=0.30 mm), and it were to occur entirely on a area coveredreased together within our ability to time resolve the ava-
by capacitolC1, we would observe a substantial capacitancdanches on the two capacitors. A magnification of several
change orC1 and observe nothing o@2. If it occurred on  avalanches seen in the data of Fi¢p)2s shown in Fig. 2b).
the edge ofC1, a smaller step would be seen©i and still  We see that within our time resolution the avalanches oc-
nothing onC2, since the gap between the plates, 3.2 mm, isurred at the same time, and involved steps of very similar
much larger than the presumed cluster dimension. The oppaizes. This indicates that the avalanches were correlated, and
site extreme would be a spatially extended, low-density avatherefore spatially extended. Thus the avalanche behavior
lanche event, i.e., an avalanche caused by pores in dilueen in the draining of 200-nm pore-diameter Nuclepore
distribution located over a large portion @f over al) of the  does not arise from small local clusters of pores that drain
Nuclepore substrate. If such an event were homogeneous, viegether. Rather, it must consist of a distribution of pores
would see simultaneous avalanches of equal size on®bth spread in a relatively dilute fashion over the entire Nuclepore
andC2. The double-capacitor results we shall describe prosubstrate; within our ability to time resolve the measure-
vide us with the most basic test for learning about the distriiments (here At~3 sec), the avalanches are simultaneous.
bution of pores involved in an avalanche. The first experi-Such pores must interact in some manner if they are to drain
ment to be described in this paper was designed to answér a ssingle coordinated event.
the question of whether avalanches are localized or are spa- Information about the pore distribution provides informa-
tially extended. tion concerning the potential interaction mechanisms that
The results for the draining of a 200-nm Nuclepore may be present. Suppose an avalanche consists of the drain-
sample atT=1.451 K, with two capacitorsCl and C2  ing of N pores contained within an aréa In this case, if we
present, are shown in Fig. 2. In Figia?, the complete drain- assume that the pores in an avalanche are distributed uni-
ing for both capacitors is shown. The left data set represent®rmly, then the distance between pores along the Nuclepore
data from capacito€1, and the right data set represents datasurface isl~(A/N)Y2 In the case of a typical avalanche,
from capacitorC2. Note that although the two capacitors €.g., one of the avalanches shown in Figh)2we find that
were essentially the same size, the capacitance values weré-a10 um. This means that for avalanches of this size and
bit different. We attribute this to modest extra parallel capaci-smaller, the pores that drain will almost certainly not inter-
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sect each other — they are too far apart for that to happen 0014 e e
given that the Nuclepore is 10m thick and the pores are L -
tilted no more than 34° from the normal to the plane of the

Nuclepore. Thus, for many of the observed correlated ava- %%'2 [~ -
lanches, many of which are smaller and represent pores the r _
must be further apart, some mechanism of interaction mus o010 b i

exist that does not require direct pore-pore contact. Large
avalanches will involve pores closer together than this and
may include pores that intersect, but small ones will pre- goos |

dominantly involve pores that do not intersect. m i ;x " )
We now compare, with more detail, the avalanche sizes— f \
observed on capacit@1 to those observed on capaci@?. 2 0.006 - .

In order to measure the avalanche sizes @dr and C2,

similar criteria for capacitance steps were used as in previou:

single capacitor experiments the size of the capacitance 0.004
jump had to be larger than the noise on each measuremer L
(0.0004 pF orC1 and 0.0009 pF o2 for the data of Fig.

2). The capacitance before and after a jump had to remair 0.002 |
stable; we do not want to count any region where draining - T
might be continuous. The duration of the jump had to be 0.000 S W B
<6 sec. Finally, the size of the jump had to be larger than 05 0.4 03 0.2 0.1 0.0
the measurement noiséC. This resulted in a total of 96 C-C,, (bF)

avalanches or€1, and 79 onC2. Before any quantitative
discussion of sizes, ratios, and correlation, we must caution FIG. 3. Avalanches sizes for the data plotted in Fig. 2. Shown as
that the capacitance switch used to enable the single capaa-function of the deviation from “full” for each capacitor. The
tance bridge to measure both capacitors increased the noikegest avalanches when the capacitors drained-iy25 pF or
in the capacitance measurement. This increase in noise was20%. The solid symbols represent avalanches that occured at the
not associated with the switch until well after the data forsame time on botlL1 (squaresandC2 (circles. Lines connect the
this C1,C2 measurement was taken. The switch introducedorrelated pairs. The open symbols represent uncorrelated ava-
noise into both channels of measurement causing drifts in th@nches orC1 (squaresandC2 (circles.
capacitance with long period&(100 sec) and amplitudes of
~0.002 pF. But, as we show in detail in Appendix A, this when a correlated avalanche occurred, the same amount of
switch noise did not induce avalanches or contribute to thé'He was previously drained from each capacitor. The slanted
measured correlation between avalanche events on the twWiges in Fig. 3 indicate that the draining on the two separate
different capacitors. capacitors was not quite uniform. To show this better, we
The avalanche sizes for avalanche events observed giot the difference in the capacitance valu€4,—C2, as a
both capacitor€1 andC2 are shown in Fig. 3. The squares function of time as the draining progressed, in Fig. 4. The
(solid and hollow represent avalanches observed on capacidecrease in the difference betwe€d andC2 shows that
tor C1, and the circlegsolid and hollow represent ava- more fluid was draining fronC1 as the avalanches began
lanches seen oi€2. In order to test for correlation, we (t~10000 sec). Aftet~14000 sec, the difference began to
looked for avalanches o1 and C2 that occured at the increase, showing that the fluid draining rate @2 was
same time. As noted earlier, the actual measurement is first toigher. The reason for the asymmetry in the draining is not
measureC1, then to measure the time, and finally to measure&nown. If the Nuclepore had an extended spatial inhomoge-
C2. Because of the time difference between measufiig neity, a difference in the pore connectivity or size between
andC2, these simultaneous avalanches could occur either #ie capacitors might cause different draining characteristics.
the same time, or an avalanche could be seen fir&@dand If the spatial extent of the avalanches were on the order of
then in the next time step oB1. Close examination of the the size of the capacitor plates or smaller, then the actual size
data in Fig. 2 indicates that both occurred. The correlate®f the stepsAC1 andAC2, might be quite different. If the
avalanches, 76 in all, are plotted with solid symbols, and th@valanches were spatially distributed over a region much
correlated pairs are connected by lines. The remaining uncolarger that the size of the capacitors, the€1~AC2. In
related avalanches are plotted with open symbols. This ava=ig. 5, we plot the ratio of avalanche sizes for all avalanche
lanche size plot is similar to those reported eaffiefor  pairs as a function of both the amount #fle in the pores
200-nm Nuclepore, in the sense that over the course of th<C1; Fig 5a)] and the size of one of the avalanches of
draining the avalanches began small, increased in size, ar@ch pair[AC1; Fig. 5b)]. For either plot, most of the
then diminished. Because of the added noise due to thpoints are nearAC1/AC2~1, with possibly a weak
switch, we were not able to resolve the very small ava-dependenceon C1, and no apparent dependenceo@81.
lanches in thes€1 andC2 experiments. The mean and standard deviation of the ratios of the 76 cor-
Note that the lines connecting the correlated avalanches irelated avalanches isC1/AC2=1.08+0.33. Since most of
Fig. 3 are not vertical. Vertical lines would indicate that the ratios are near 1 for simultaneous avalanche pairs, we
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FIG. 4. Difference in capacitance values as draining occurred 0.0 . ' : ' :
for C1 andC2 at T=1.451 K. The individual measurements are 0.000 0.005 0.010 0.015
shown separately in Fig.(@. If the capacitors drained uniformly, AC1 (pF)

C1-C2 would be constant. The decrease in the difference for

10000 seest=<14000 sec shows that mortHe drained initially FIG. 5. The ratio of the correlated avalanche sizes as a function
from C1. The draining fromC1 is slightly greater than that from Of the amount of*He in the pore§C1(a)] and the avalanche size
C2. [AC1 (b)].

conclude that the spatial size of the events is much largdPonate patch The porous connection between capacitors
than the size of the individual capacitor plates, i.e., an ava/@s thus broken, but théHe film connection still existed.
lanche event spans both capacitor plates and most probabffeé describe this experiment next.

spans the entire Nuclepore sample. We will return to a dis-

cussion of correlated observations in a more quantitative|;, aaL ANCHES WITHOUT A POROUS CONNECTION
manner shortly.

The observation of well-correlated avalanches allows us A schematic diagram of the sample with this nonporous
to conclude that the draining dfHe from Nuclepore is a connection is shown in Fig. 6. The sample was created from
spatially extended event. What mechanism causes the$eo separate sheets (X2.5 cnf) of 200-nm pore-diameter
broadly distributed events? One possibility is that the percoNuclepore, 10um thick, between which was placed a 0.25-
lated network of pores in Nuclepore is instrumental to thecm-wide strip of nonporous Nuclepore, /6m thick. The
existence and propagation of avalanches. Computer simulaonporous “Nuclepore” was acquired from the manufacturer
tion result$? showed that the pores intersect in the materialof Nuclepore. The bottom of a second strip, 0.8 cm wide, of
with a skewed distribution of intersections per pore averaghonporous Nuclepore was covered with a thin film of Api-
ing about five intersections per pore, resulting in the concluezonN grease, and pressed on top of the narrow strip. This is
sion that the pore space is percolated. But, as we have seshown in the side view of Fig. 6. The wider strip overlapped
earlier, for some avalanches the small size of the avalanchaoth of the 200-nm Nuclepore sheets, and the grease joined
coupled with the observation of a correlation in time sug-all four pieces together. Before the grease could migrate, the
gests that the draining pores are typically too far apart teample was cooled to 77 K, freezing the grease into a glass-
intersect. A possible mechanism that does not require diredike state®
pore-to-pore contact is that a wave supported by the super- Prior to the assembly of this multicomponent sample, sev-
fluid such as third or fourth sound couples pores over a longral capacitors, third sound drivers, and transition-edge su-
range. The physical picture is that the distortion of the me{perconducting third sound detectotthermometers were
niscus of a filled pore caused by such a disturbance wilevaporated on the two porous Nuclepore sheets. Each of the
stimulate that pore to drain. In order to learn more about theapacitors was 0.260.76 cnf=0.58 cnf. Of the four ca-
possibility of such an interaction, we constructed a samplg@acitors, leads were only connected to three capacitors
with multiple capacitors on separate 200-nm Nuclepore sub€3, C4, andC6, due to constraints imposed by the construc-
strates, and then joined them by use of a nonporous polycation of the cryostat. By monitoring@4 andC6 (0.3-cm sepa-
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FIG. 6. Schematic diagram of the 200-nm Nuclepore sample
connected with a nonporous strig3, C4,C5 andC6 are 50-nm-
thick Ag capacitor plates. Strip& andE are 30-nm-thick Ag third
sound drivers. Strip8 and D are 30-nm-thick Al transition edge
superconducting thermometers to detect third sound. L

0 2000 4000 6000 8000 10000

time (psec)

amplitude
(glass)

ration) simultaneously, we expected to reproduce the double
capacitor resultgi.e., from C1 and C2) described previ-

ously. By monitoringC3 and C4 (1.5-cm separation we FIG. 7. Third sound time of flight measurements on Nuclepore
expected to be able to look for the presence of simultaneougng glass aT=1.295 K. In(a), the third sound generated at driver
avalanches across the nonporous strip. In addition to the ¢ crosses the nonporous strip and is detecte®bin (b), a direct
pacitor for measuring théHe in the pores, we also had the pulse from driverE is detected ab. A number of reflections from
capability to drive(with electrodesA andE) and detectwith  the edges of the single Nuclepore sheet are also obséseedthe
electrodesB and D) third sound pulses. The drivers were text). In (c), we show a third sound pulse on a glass slide also
located(see Fig. 6 0.3+0.05 cm from the outer edge, 0.4 located in the sample cell. The enhanced times of flight betuaen
+0.05 cm from the small blank strip, 1.43 cm from the near-(b), and(c) are discussed in the text.
est detector A—B,D—E), and 2.5-0.05 cm from the fur-
ther detector A—D,E—B). The third sound pulses had two was7_p=6100usec. In Fig. Tb), the pulse was generated
primary purposes. First, driving a pulse Atand detecting at driver E and arrived atD after a direct path(1.43 cm)
across the strip ab (or driving E and detecting withB) across a single sheet of porous Nuclepore. The direct pulse
would verify that the ApiezomMN grease had properly created arrived at 7e_p=4160usec. The other pulses at longer
a bridge between the two Nuclepore porous sheets with #mes (5300, 6300, and 725@sec) were reflections from
continuous*He superfluid film connection. Second, with the the edge neaE and the edge at the nonporous strip. In Fig.
ability to drive third sound, we would be able to tickle the 7(c), a third sound pulse on a separate substrate crossed 1.02
system to perhaps modify the avalanche behavior; a fluctuaem of glass in7y,s=850 usec. From the third sound ve-
tion in the meniscus of a pore at its stability limit could be locity on glass of 1200 cm/sec we determined the film thick-
expected to cause that pore to drain. ness on glass was approximately 9.2 layefsie substantial

In order to verify that the sample was intact at low tem-difference in the velocity of third sound illustrated by the
peratures and bridged by a superfluid film connection, welata in Fig. Ta)—Fig. 7(c) has two origins. First, the propa-
sent a third sound wave across the nonporous strip. The mogation path difference for the third sound propagating fidm
sensitive thermometeB, had a rather small but usable sen-to D is about 40% larger than the propagation path on the
sitivity of dR/dT=120+10Q/K. In Fig. 7, we show two (smooth glass substrate. The larger effect is the index of
data sets from this thermometer Bt 1.295 K and helium refraction for the propagation of third sound on the Nucle-
film thicknessd=9.2 layergon glass. In Fig. 7(a), the pulse  pore vs glas$? Together the*He film thickness-dependent
was generated &, crossed the nonporous strip, and arrivedindex of refraction and the differences in the propagation
at detectoD (a total path length of 2.5 cm with 0.7 cm of distance properly account for the differences in the third
this on the nonporous material and 1.8 cm on the porousound velocity. In Appendix B we discuss the presence and
Nuclepore. Since we could see the pulse, the film connecddentification of the multiple peaks seen in the third sound
tion across the nonporous connection was intact. The totalata.
time of flight (A—D) of this pulse across the nonporous strip  After verifying that the film connection was established,
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FIG. 8. Simultaneous avalanches on capaci@4sandC6 at 3.395 T i
T=1.4246 K. The data to the lefsquaresis C4 and the data to
the right(circles is C6. These results show the same sort of simul- | |
taneous avalanche events seen@dr andC2 in Fig 2. 3.390
1 1 2 1 n 1
40000 45000 50000 55000
we conducted a sequence of several measurements at t (sec)

=1.425 K, near the temperature used for the double-
capacitor C1,C2) experiment, and monitore@3 andC4 FIG. 10. Difference between the capacit€®4 andC6 atT
with the capacitance switch. Similar experiments were car—1 425 K.
ried out by monitoring capacitoiS4 andC6, also with the
switch in place. The results from thé4—-C6 experiment, . o .
shown in Fig. 8, indicate that, as expected, many of the ava- Recgll that, previously, we qbserved a dip in the @ffer-
lanches were correlated, just as they were for the doubleE"C€ signal be.tween the CapaCI'FaHCGsza}ndCZ as drain-
capacitor experimentd1,C2). The results from a separate N9 occurred(Fig. 4). If we examine the difference between
experiment with measurements 63 andC4 (Fig. 9) indi- ~ C4 andC®6, the two capacitors on the same sheet of Nucle-
cated that in spite of the absence of a porous pathway bdore, we again see a dip. This is shown in Fig. 10. In this
tween the two capacitive detectors, there was still present gase,C4 initially drains faster tharC6. This sample was
substantial number of correlated avalanche events seen &®m the same batch of Nucleporégot No. 0249, and
capacitora€C3 andC4. The presence of these correlated ava-mounted on the same frame. Either inhomogeneous pore
lanches indicates that treuperfluid film which bridges the  structuré in the Nuclepore or perhaps the sample position-
nonporous strip, was likely responsible for coupling theing on the Cu frame could be possible explanations for the
pores on either side; in the case ©®8 andC4 avalanches asymmetric draining. Note, however, that just as in the pre-
direct pore-pore interconnections were not present. vious case, the differencg®.025 pF, maximumare very
small compared to the total change in capacitai0cé5 pB.

In order to verify whether these simultaneous avalanches
L .o ] betweenC3 andC4 were really due to the film, rather than

157.76 T 159.05

157.75
C3 15774
(PF)

157.73

157.72

35750

-1159.04

4159.03 C4

~ed (P

- - 159.02

36000
t (sec)

159.01
36250

to an external triggefi.e., were an artifact due to some sort
of experimental perturbationwe modified the sample at the
end of the experiment and conducted a final experiment with
the modified sample to test for this possibility. After warming
up the composite sampl&vith the nonporous bridge intagt

we removed the nonporous Nuclepore bridge, resulting in the
complete separation of the two pieces of Nuclepore. The two
capacitoraC3 andC4 were now on two disconnected pieces
of Nuclepore!? and the separate samples were immediately
cooled in proximity in the same sample cell. The discon-
nected substrates were tested for avalanches Tat
=1.4027 K. In Fig. 11, we show a portion of the region
where most of the draining occurs. Here avalanche€8n

FIG. 9. C3 andC4 show correlated avalanches when the two@nd C4 were still present but no longer correlated. At the

separate sheets of Nuclepore were joined with a nonporous stripitial and final stages of draining, several small jumps in the
The right axis C3) corresponds to the squares, and the left axiscapacitance did occur at the same time, indicating some sen-
(C4) corresponds to the circles. Note, due to the switching, tha8itivity to disturbances. This is not suprising, since very long
some of the simultaneous avalanches were measure@2ofirst,  term fluctuations in the draining certainly depend on the ex-
and in the next time step o@1. ternal environment. However, where we observed the largest
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T " TABLE I. Summary of the covariance of the correlated ava-
e 4 159.10 lanche behavior for pairs of capacitors.
157.84 |
Loy ¥ SO . Capacitors Connection T(K) v
Whm P an— C4-Cé6 porous 1.30 0.78
C3 15782 F oo {15008 C4 C4-C6 porous 1.42 0.75
©oF) e S R C4ce porous 1.43 0.65
C4-C6 porous 1.43 0.82
’ o cl1-C2 porous 1.45 0.75
| C4-C6 porous 161 0.60
10780 15000 C4-C6 porous 1.69 0.58
. L C3-C4 nonporous 1.30 0.68
8000 8500 9000 c3-C4 nonporous 1.42 0.50
t (sec) c3-C4 nonporous 1.45 0.43
FIG. 11. The avalanches observed 68 andC4 were com- C3—C4 nonporous 1.61 0.21
pletely uncorrelated when the two sheets of Nuclepore were sep&<3—C4 nonporous 1.69 0.49
rated by removing the nonporous strip. The right ax@8) corre- C3-C4 nonporous 1.82 -
sponds to the squares, and the left ax@}] corresponds to the C3-C4 nonporous 1.98 -
circles.
C3-C4 none 1.40 0.08

avalanches, no correlation was present; this is precisely the
region where the correlation is strongest when the two sheets

are connected and a superfluid film is present. The presendéierefore, we limited the range of measurements andy;

of uncorrelated avalanches confirms that the superfluid filnio start with the first avalanche and end at the last avalanche.
connection is a crucial mechanism that leads to pore-porghat is, for the sum in Eq(1), i=1 corresponded to the
intreactions, and thus to correlated avalanches on the twpoint of the first avalanche and-n corresponded to the last
sheets of Nuclepore. This last experiment showed concluavalanche. A typical set af; andy; data used in Eq(1)
sively that correlations between avalanches were not a resutonsisted of many zeroftimes where no avalanches oc-
of temperature fluctuations or any other external disturcurred, and only a few ones. This Causgdandyto be
bances. If external disturbances caused the pores to dragimall. When a correlated avalanche occurred atttheoint,
together, this separate-sample experiment would have contilas(i _;)(Yi _y) ~0 since?and?were small. This resulted in

ued to show correlated avalanches. a positive contribution toF (independent of the magnitude
of the correlated pajr If an avalanche occurred on only one
capacitor, there was a smaller negative contributio¥ tdor

We have shown that avalanches are spatially extended arkample,—x when an avalanche occured 6 but notC2.
that the avalanche events are correlated on the substrate Binally, if there was no avalanche, bathandy; were zero,
the presence of the superfluid film. In order to learn about thend there was a very small positive contributﬁr? Theo,
degreeof correlation, we used the concept of covariance as gnd ¢, in the denominator were for normalization purposes.
quantitative measure of the amount of correlation. The covaThe net result is that wheW ~ 1, the avalanches on the
riance¥ of two data setx andy, each withn elements, is  {ifferent capacitors were well correlated. Whén-0, ob-
served avalanches were not correlated.

The results for the various studies of pairs of capacitors
measuring avalanches are summarized in Table |, which lists
— the pairs of capacitors studied, the temperature, and the re-
wherex is the average of the values, o is the standard  sylting values of the covariance. Before looking at the tem-
deviation of thex values, and similarly foy ando,. As we  perature dependence, we first look at all of the data taken
describe belowx andy were related to the avalanche behav-nearT~1.42-1.45 K. When the two capacitors were on the
ior on the capacitors being compared. First the avalanchsame sheet of Nuclepor€{—-C2 andC4-C6), ¥ ranged
size was determined for every measurement timeThe  from 0.65 to 0.82. When separated by the nonporous strip of
criteria for avalanches were that the changeCihad to be  Nuclepore C3-C4),¥ ~0.45. The nonporous strip reduces
larger than the noise floor, and that several previous capacihe correlation, but does not eliminate it. Since third sound
tance values before an avalanche had to be stalillein the  pulses reflected from the nonporous stiffig. 7), the reduc-
noise. If no avalanche occurred o81(C2), a value of O tion in correlation may be due to the attenuation of the am-
was assigned tg;(y;). If an avalanche was detected, then aplitude of any superfluid film thickness fluctuatiofise.,

1 was assigned t®&;(y;). Depending on how early the run third sound propagating across the strip. When the nonpo-
began or how long it lasted, there could be many capacitana@us strip was removed, the avalanche correlation between
measurements before avalanches began or after they endéde separate pieces of Nuclepore wls=0.08; i.e., very

A. Correlations

% é (X —X)(yi—y)

=1 OOy

V= ; D
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little correlation between the two capacitors remained. A 1.0
thermal fluctuation in the cell can induce correlated ava- i 7
lanches, and this may explain the nonzero value. 0.9 - ]
In an effort to test the validity of this picture experiments 08 b _
with Anoporé? are underway. Anopore is a material similar Tl -
in size scale to Nuclepore except that the pores are parallel 07 I -
with few pore-to-pore intersectiort$.Preliminary results :
indicated that avalanches remain present in the case of An- 0.6 [ N
opore. In the case of Anopore the avalanches are small in ¥ I 7
size with values for the covariance for experiments with two 05 I ]
capacitors on a single Anopore substrate similar to those ob- 04 0 _
served for Nuclepore in the case of the film-only connection L O _
(i.e., as seen in the experiments with capaci@ssandC4). 03 I -
This result is consistent with the notion that the superfluid - o o A
film plays a predominant role in the case of Anopore, with 02 7| 5 nomporous comecton 7]
avalanche sizes limited by the absence of significant pore- | —wpm® I
pore intersections. These experiments with Anopore are cur- 0.1 (] "o 0 aion ]
rently ongoing, and will be reported separately. ool T T 1
With the superfluid film established as an important factor 12 13 14 15 16 17 18 19 20 21
in correlating the avalanches, one might expect a dependence T (K)

on temperature. A3 —T, ,ps/p—0, and the ability of the
helium film to support third sound disappears. We have pre- FIG. 12. The temperature dependence of the covariance between
viously seeh® that raising the temperature ne@j either  two capacitors separated by a porous connectles or a non-
destroys the presence of avalanches or makes them too smeg@rous connectiongsquares Also shown in the figure args/p
for us to resolve. By measuring for both porous C4—C6) (dashed !inh VpslpT (golid Iine)., and the effect of temperature on
and nonporous@3-C4) connections at different tempera- the amplitude attenuation of third soudiamonds (dotted ling.
tures, we found a reduced coupling at higher temperatures. In
Table I, there is no value for the3—C4 data in two cases Continuous wave trains of adequate amplitislgpressed
because, as we showed previouslyavalanches were not the size of the avalanches on the Nuclepore substrate where
present(observable near T, (1.82 and 1.98 K heje The  the pulse originated, but did not significantly affect the other
temperature dependenceWfis shown in Fig. 12. The ava- Nuclepore substrate.
lanches on the same sheet of Nuclepore were better corre- The first test was to determine if single third sound
lated than those separated by the nonporous strip. For boffulses would induce avalanches. The pores were filled,
cases the covariance decreased as the temperature increasedl then“*He was removed until avalanche events began
For convenience the temperature dependencegs f and to occur. We monitoredC4 while removing “He at
Jps/pT are shown in the figure. The predominant tempera-T=1.425 K. The pulse generator was configured to allow
ture dependence of the third sound velocity is given byus to send a single voltage pulse to driv&r the driver
Vps!pT. Also shown in the figure is the approximate tem- adjacent toC4, whereRg=33(). As the “He was removed,
perature dependence of the amplitude attenuation expectégontaneous avalanches occurred. When the largest
for third sound® avalanches were occurring spontaneously, we sent a single
pulse from driver E (between spontaneous avalanghes
) ) _ and watchedC4 to see if an avalanche was induced
B. Attempts to stimulate avalanches with third sound by the resulting third sound pulse traveling across the
The observation that the avalanches on two porous shee¢@pacitor. We created a total of 11 single pulses with
joined by a nonporous strip remained rather well correlatedhe following amplitudes and widths anfpulse energy
(Fig. 9 strongly suggests that the superfluid film on the non-values: 2 V, 50 usec (6.1uJ); 3 V, 50usec (13.6:J);
porous strip couples the pores on either side, and thus th& V,100 usec (27.3uJ); 4 V,100usec (48.5uJ), and
presence of the superfluid film on the Nuclepore substrat®é V,100 usec (75.8uJ). The energy for each was deter-
likely is an important factor in pore-pore interaction. The mined fromE=V?At/R. None of the single pulses induced
experimental sampléFig. 6) was designed with third sound an avalanche o4.
drivers and detectors. With these, we were able to propagate Next we restarted the experiment by refilling the pores
single third sound pulses, pulse trains, and continuous waveand again bringing the experiment to the point where large
while at the same time looking for avalanches. The thirdavalanches appeared spontaneously, and we applied pulse
sound pulses provided an situ “external” disturbance. We trains to the third sound drivers while monitoring ba@t3
next discuss data that show that single third sound pulsesnd C4 for avalanches. Again, théHe was removed con-
were not effective in the induction of avalanches. Pulse trainginuously at T=1.435 K, so, in addition to induced ava-
of ~50 pulses induced avalanches on the Nuclepore wheranches, there were spontaneous avalanches. The pulse trains
the pulses originated, and sometinibat not alwaysa cor-  consisted of 3 V, 10Q¢sec voltage pulses triggered at 43 Hz.
responding avalanche appeared across the nonporous strit. recorded times, we applied these pulses to driv€iR,
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TABLE Il. Results for avalanches o83 andC4 with the ap- 157.85 g T T ™ 159.05
plication of ~43 3 V,100- usec third sound pulses af | -
=1.435 K. The table shows the time corresponding to Fig. 13, the *
driver, and whether avalanches were inducedC@andC4. 157.80 [ - - 159.00
t (sed Driver c3 c4 o "OO"O__
157.75 | e} - 4 158.95
294 E no yes =0 oo
508 E no yes e ‘e
844 E yes yes C3 157.70 - o 15890 C4
990 E yes yes (pF) - ° (pF)
°
1135 A yes no 157.65 [ * "6 158.85
1275 A yes no o,
1490 A yes no -0
2014 A no no 157.60 [ 0-.' 158.80
2174 A yes no °
2320 E no yes 157.55 1 1 1 i158_75
2580 E no yes 0 1000 2000 3000
2812 E no yes t (sec)
2836 E no yes FIG. 13. Results for inducing avalanche with a train-e43 3
2912 E yes yes —V, 100-usec third sound pulses dt=1.435 K. The left axis
2989 E no yes (C3) corresponds to the lower curggguares The right axis C4)
3102 A ves no corresponds to the upper curtdiamond$. The solid circles mark
the time when the adjacent drive sent pulses. The open circles mark
3129 A yes no the time when the further driver sent pulses. The unmarked ava-
lanches were spontaneous.
=43 ,20.9 uJd/pulse) or driver E(Re lanches on the capacitor adjace(, circleg to the active

=330,27.3ud/pulse) for~1 sec, causing-43 pulses to third sound driver appear “washed out,” while those on the
be launched. Table Il summarizes the application time, th&€apacitor across the nonporous strp3(, squaresappeared
driver, and whether avalanches were induced on efftgeor ~ distinct. When 2-V, 56- usec (4.7- J) continuous pulse
ca. trains were applied to driveA, the reverse occurred: the

In Fig. 13, the capacitance data 68 andC4 during the
course of the application of these pulse trains is shown. The
larger circular data points mark the time when the pulse train
was applied. On each set of data, the solid circles indicate
that the adjacent driverX for C3,E for C4) was activated.
The open circles indicate that the further drivér for C4,E
for C3) was activated. In every case but one- 2014 sec),
avalanches were induced on the closest capacitor by thi
pulse train. When the pulses were applied\fdhe capacitor
across the nonporous bridgever avalanched. When they ¢3 15760 ~
were applied tdE, three times out of 11 the capacitor across (pF) - ®
the nonporous bridge did avalanche. We can reach two con I e %%
clusions. First, a series of pulses will induce an avalanche or
a sheet of Nuclepore, but a single pulse of similar amplitude
will not. Second, most of the induced avalanches were not
correlated with avalanches across the nonporous bridge
Spontaneous avalanches at this temperature, on the othi
hand, often occur as a correlated pair of avalanches.

We have shown that single pulses do not readily induce
avalanches, and that pulse trains can induce avalanches. T}
next test of the ability of third sound pulses to modify the
avalanche behavior was to apply third sound pulses continu- gig. 14. Avalanches orC3 and C4 at T=1.4488 K while
ously to driver E. The continuous pulses were 3 v, 50-usec (13.6xJ) third sound pulses were continuously ap-
3-V, 50-usec (13.6uJ) voltage pulses triggered at 43 Hz. plied to driverE. The signal fromC3, across the nonporous strip
The capacitance was monitored &de was drained all  from E, appears similar to other avalanche traces. The signal from
=1.449 K, and the results are shown in Fig. 14. The avac4, adjacent tc&E, appears “washed out.”

157.64 T 158.88

157.62 -168.86

158.84 C4
(pF)

6@0
1

157.58 [

157.56 ——A——~ t—t— L — LI
23400 23600 23800 24000 24200

t (sec)

158.80
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T i ' ' Nuclepore sheet when many pores drain.
The time for a single pore to draigt, will be limited by
the perimeter of the pore opening. This time st
- ] =mR2/27Rdv, where R=100 nm is the pore radiud,
=10 um is the pore lengtlignoring the enhanced length of
158.98 tilted pores, d is the film thickness on Nuclepore, andis
o ] the velocity of the moving film. For simplicity, here we have
q— takenps/p=1. If the pore drains from both sides, there will
C3 15770 | = 15896 C4 be an additional multiplicative factor of 0.5. Avalanches oc-
(pF) asm (pF) cur in 200-nm Nuclepore on the steep portion of the primary
- T ] desorption curve, wherg~ —0.015. The corresponding film
L = thickness on Nuclepore id~(—50 layers K/ u)¥3~14.9
15788 -~ \-\ g 158.94 atomic layers £5.36 nm). The fastest pore draining must
[} 4 occur when the*He film flows at the critical velocity in the
'I-\ neck of the pore where the diameter is thought to be small-
158.92 est. Telschovet all’ showed that the film critical velocity at
. ‘ '1 T=1.5 K, for a film thickness ranger@ - 15atomic layers,
20500 21000 IS v~ 200 cm/sec. _Usmg thls value rgsults mt%4.7
t (sec) X 10 % sec as the time required to drain a typical single
pore. A single pore can drain much faster than we can be
FIG. 15. Avalanches orC3 and C4 at T=1.4480 K while  measure with the Andeen-Hagerling capacitance bridge. In
2-V, 50-psec (4.7uJ) third sound pulses were continuously ap- this argument we have neglected the normal fluid. Since only
plied to driver A. This time, the signal fronC3, adjacent toA, the superfluid flows, complete draining in the systeniTat
appears washed out. >0 will be somewhat slower, as the entropy associated with
the normal fluid must be removed.
avalanches oi€3 were washed out, as shown in Flg 15. It Now we consider the effect G‘hany pores draining, as
appears that the presence of the perturbation introduced lappens for an avalanche. The volume of liquid that drains
the presence of continuous third sound stimulates the pramust be removed via the perimeter of the Nuclepore sample
duction of vary many smallunresolvablg avalanches or (or be assisted by evaporatjoa volumeAYV (resulting from
continuous draining in a manner that prevents the systerthe draining of many poré,sremoved by the Superﬂow of a

from producing large avalanches. Apparently continuouslyim through a perimetep (at the edge of the Nuclepore
applied third sound stimulates small avalanches, and preyccurs in time

vents the “buildup” of avalanche size by releasing ava-

lanches before a significant number of filled pores can reach AV
a condition of metastability as the chemical potential is re- At
duced. The result of this phenomenon appears to be that

since no large avalanches can appear on one Nuclepore sufhered is the film thickness andj is the superfluid velocity.
strate in the presence of a continuous third sound stimulaayalanches occurred where the film thickness on Nuclepore
tion, no large event is available to cause a film fluctuationyasd=14.9 layers. For an avalanche involvigpores, the
large enough to have a significant effect by the time it propayglume of “He is AV=N=R?l, where R=100 nm andl
gates across the nonporous bridge. It is apparently also the 10 ,m are the radius and length of the cylindrical pore.
case that avalanches spontaneously created on the regionmdy the typical significant avalanche jumwhere the dura-

the sample with no third sound are unable to stimulate avagon of the avalanches was measutéd AC~0.1 pF, and
lanches on the other region of the substrate because the porgs- 2 5% 107 pores. The Nuclepore sample was clamped to a
there have been *tickled” away from metastability by the cy frame at the corners, so we conservatively estimate the

A

157.74 - 159.00

)

)

157.72

f

157.66

T
 a
1

- pdvg’ 2)

applied third sound. perimeter of the Nuclepore over which the film flow could
leave the Nuclepore to be on the orderpf1l cm. Using
IV. IMPLICATIONS OF THE ROLE these numbers, the time necessary for this yolum%HEf to
OF THE SUPERFLUID FILM be removed from the sample is 0.7 sec. Typically for such an

avalanche we measured a time duration of 1.3'Sesimilar

With the importance of the superfluid film apparently well to the predicted removal time of the volume tHle through
established, we discuss a number of our observations ithe sample perimeter at the critical velocity. The observed
terms of the role of the superfluid. When an avalanche ocavalanche events represent a relatively slow phenomenon, a
curs, the liquid*He that drains from the pores is removed by phenomenon not limited by either the draining time of single
superfluid film flow and perhaps also by the evaporation ofores, but possibly limited by the the flow of helium from
“He atoms to vapor. To estimate the shortest likely time forthe substrate to the local environment.
fluid draining, we consider the case of fluid flow draining at  Our experiments show that avalanches occur and that the
T=0 K. First we show that the draining time for a single superfluid*He film can couple pores over long distances. We
pore is very short; then we discuss thde draining from the  have found that the superfluid draining of the pores may be
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enabled by the superfluid film as an interaction mechanisnpores draining on time scales of the order of 1 sec. The
and also that pore-film-pore interactions may enhance themeasured capacitance steps indicated that groups of pores
duration of the avalanches. Using capacitors, we have not yeanging in number from X 10* to 3X 10" were involved in
had the resolution to observe the actual dynamics of the filnthe avalanche events. Measurements with two capacitors on
motion during an avalanche event. That is, we have not yethe same sheet of Nuclepore showed that these avalanche
done an experiment with, for example, a collection of dis-events were spatially extended, and for the case of small size
tributed small capacitors that would allow us to study theavalanches involved only a low-density of pores across the
time and spatial evolution of an avalanche event as it pre-sample. The next series of experiments showed that capaci-
sumably washes across the substrate. If avalanches are retars on separate sheets of Nuclepore connected by a nonpo-
tively slow events, such an experiment should allow a spatiatous strip remained correlated. When the strip was removed,
resolution of the development of an avalanche event as ihe avalanche events were uncorrelated. This measurement
crosses the substrate. It is possible that perimeter effects limiihdicated that the superfluid film that bridged the two sheets
the flow of fluid from the substrate, and lengthen the apparef Nuclepore across the nonporous strip plays a significant
ent duration of the avalanches. New experiments of differentole in coupling the avalanche events.
design will be required to check for this. From the initial surprising observation of sudden jumps in
Finally, we discuss recent theoretical work of Guyer andthe capacitance atHe drained from the pores in Nuclepore,
McCall*® on superfluid avalanches in Nuclepore. In theit seemed likely that the superfluid was a factor. We are not
model developed by Guyer and McCHll,an avalanche aware of observations of avalanches in the draining of any
event starts with the draining of a single pore. In the primaryother porous system as normal fluids drain, no doubt due to
process, the fluid from this pore propagates across the systetime presence of viscosity and the consequent long time con-
as a third sound wave. The amplitude disturbance accompatants. We have considered a number of mechanisms for ava-
nying the third sound wave induces other pores that weréanches. In the first mechanism, the avalanches occur as an
close to the draining instability to drain immediately. The invasion percolationlike event, where large groups of directly
secondary process occurs when the these pores, induceddonnected pores drailand empty pores replace pores previ-
drain by the first pore, themselves propagate third soundusly filled), and with the high mobility of the superfluid,
waves and cause other pores to drain. This is similar to outhey can be observed. This was shown to be at most only a
picture of sequential pore drainifd:'°After these draining part of the story by the observations on multiple capacitor
events, the extra fluid on the Nuclepore surface raises thsubstrates. In these observations, all of the avalanche events
local chemical potential with an increased film thickness onwere spatially extended, even the small ones, and avalanches
the surface of the Nuclepore. As a result of the increasedemained substantially correlated even without the porous
chemical potential, the avalanche ceases. Quantitatively, usonnection. In the second mechanism, connectivity remains
ing the pore size and spectrum of radii for Nuclepore and thémportant, but for avalanches to occur, some kind of super-
range of chemical potential predicted by an invasion percofluid dynamics is critical for long range coupling and quick
lation process, they find avalanche sizes on the order of onemoval of the fluid. The final possible mechanism is that
to tenth those observed our experiment. We expect that sonseiperfluid is the only requirement for avalanches, and that
combination of pore-film-pore and direct pore-pore connectivity plays no role. With our experiments, we have
interactiort**°is likely at work and both contribute. When shown that the first is inadequate to explain the data. In order
both are present the avalanches are large, but when only the establish the role of connectivity, studies are planned of
film mechanism is present the avalanches are smaller. Ahe primary desorption curve of Anopore, a porous material
noted earlier, in an effort to test the validity of this picture where the pores are reported to have limited internal connec-
experiments with Anopofé are underway. This simple tion. Preliminary studi€S suggest that for Anopore ava-
model of superfluid avalanches addresses the open problelamches are indeed present, although reduced in size from
of the dynamics involved in the draining of many pores in athose seen on Nuclepore, a result consistent with the model
short time. We have shown that single third sound pulse#n which the superfluid helium film enables the avalanches.
with energies from 6.JJ to 75.8uJ do not typically induce The picture that emerges is that the presence of the film is
avalanches. This result is in conflict with the simple primaryimportant, but interconnections enhance the amplitude of the
event proposed by Guyer and McCall in the superfluid avaavalanches.
lanche model, where a single third sound event triggers the

avalanche. However, pulse trains do stimulate avalanches, ACKNOWLEDGMENTS
and perhaps this enhanced stimulation is consistent with the } ) )
model. We have benefited from conversations with K. Dahmen

and R.A. Guyer. This work was supported by the National
Science Foundation through Grant Nos. DMR 97-29805 and
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. . . the University of Massachusetts Amherst.
In this work and our earlier workwe presented a series

of measurements on the draining &He from Nuclepore

with both 200- and 30-nm diameter pores. Single capacitor
measurements showed that sudden steps occurretHas In this appendix we present evidence of the noise intro-
was removed. These steps corresponded to large groups @diced by the electronic switch used to switch the capacitance

APPENDIX A
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FIG. 16. An example of the noise introduced by the capacitor t (sec)

switch for the double-capacitor run as the pores begin to drain.
Avalanches were clear 0@1 in (a), while in (b) extra noise was FIG. 17. Effect of the capacitance switch on avalanche run be-
introduced by the switch, making it harder to identify the smaller e draining occurred. Iita), the switch was usedT(= 1.299 K).

avalanches. The increasing and decreasing drifts in the capacitanﬁg(b) the switch was bypassed € 1.298 K). The presence of the
were also due to the switch. The numbers refer to jumps meetingyiich greatly increased the noise.

the criteria to be considered avalanches.

easier to identify avalanches @1. In both cases the larger

bridge between the two measuring capacitdrs andC2.  scale noise and drifts are due to the switch.
We also show that the strong correlation in avalanche behav- A more dramatic example of the noise induced by the
ior for the two capacitors wasotintroduced by the presence capacitor switch is shown in Fig. 17. This data were taken
and operation of the switch. We do this by removing thefor the sample which we have denot€@. In Fig. 11a) we
switch and making simultaneous measurements of the twghow an avalanche run before draining commenced with the
capacitors using two separate and independent bridges.  SWitch in place and operating. The noise leveld6—5

The noise introduced by the switch can be seen by com% 10~ pF. In Fig. 17b), we show an avalanche run before
paring the single capacitor data from our earlier Woit d@mng began for the same capacitor but _thls time the
data taken with the switch. Since this noise is obvious befor§Witch was bypassed.e., removed from the 5'97”45" path
draining begins on the primary desorption, the effect of theand the noise level was reduced #C~2x107" The

switch was observed in the global hysteresis Icopsese Switch was necessary for long-term measurements that i.n-
data are much noisier than the earlier datdthout the volved multiple capacitors, but a substantial penalty was paid

. . . with an increased noise level. The switch was adequate to
switch. It IS also the case that .Of the .tWO c_;apacn@ﬂs and measure the behavior of the large avalanches, and allows us
C2, C2 displayed a bit more intrinsic noise than dil. 4 yeach the conclusions we sought for this set of experi-
Both this intrinsic difference and the effect of the switch onts
noise are shown in Fig. 16 at the onset of draining. One of e thing the switch didot do was induce avalanches
the channelgmeasuringC2) introduced noise with a period just by switching, or by its presence. We proved this by
comparable taor shorter thanthe time between the data simultaneously measuring one pair of capacitors with two
points, ~10 sec. In Fig. 1@), the data fromC1 had clear, different capacitance bridges with the switch removed from
sharp avalanches. The numbers 17-20 denote avalanchg® system. This measurement was made with the same
that are large enough to be counted. In Fig(bl6for the  sample that held capacito@t andC6, with these capacitors
same range, data fro@2 include more scatter in the data. located on the same sheet of Nuclepore as was the case for
Due to the increased scatter, the avalanche near C1 andC2. The first bridge was the self-balancing Andeen-
=10800 sec was the first clear avalanche that was countetiagerling 2500A operating at 1000 Hz. This bridge was used
The net result was th&@1 appeared to have more avalanchesfor all of the other measurements we report in this paper. The
(96) than C2 (79); it is likely that this is because it was second bridge was a General Radio 1615-A capacitance
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FIG. 19. Sketch for identifying reflections. The direct path
1574 . . ] has a length.. The three reflection paths that we consider are path
0 10000 20000 30000 40000 50000 2 with lengthy + L, path 3 with lengthx+ L, and path 4 with length
t(seo) x+y+L,
157.92 : . : . : 150.98
ca | wm ®) | cs ing times and find (path 1) (path 4)=11410usec and
(oF) . (pF) (path 2+ (path 3)=11600usec. Another equal path length
S is (path 3)(path 1)=x and similarly, (path 4} (path 2)
157.91 1 e e, 718097 =x. The corresponding arrival time for the pulses in Fig. 7
pra— PO, were  (path 3} (path 1=2140usec and (path 4)
-~ — s ] —(path 2)=1850 usec. Finally, (path 4} (path 3=y and
—— ﬁ (path 2)-(path 1}=y. The arrival times were (path 4)
157.90 . ! s ! 150.96 —(path 3)=950 usec and (path 2) (path 1}=1140 usec.
16200 16400 16600 16800 We do not actually know from the reflections if the routes
t (sec) (path 2 and (path 3 in the figure correspond to the second

and third reflections, but the relationship between the arrival

FIG. 18. Avalanche correlations using two capacitance bridge?imes was consistent with the four different paths shown in
(no switch. The squares are fd€4 (data taken with the Andeen Fig. 19

Hagerling bridge and the circles fo6 (data taken independently

with a General Radio 1615A bridgeln (a) we show the full run, The arrival time of the pulses is consistent with the index

reporting the measured voltage offset of the lock-inGd. In (b) a of refraction of third sound on Nuclepore reported by God-

5 . . .
magnified view of the curves confirms simultaneous avalanchessh@lk et al,” and with the dimensions of our sample. God-
Here the lock-in voltage has been converted to capacitance. shalket al.found 7/ 74~ 1.1 (index of refraction for nonpo-
rous Nuclepore compared to glassd 7,/ 7~ 3.0 (index of
bridge driven by a lock-in detector with a reference signal off€fraction for nonporous to porous Nucleppréor dg
1-V rms at 710 Hz. These results, similar to those shown i~ 9-2 layers. From Fig. 7 we find

Fig. 2, are shown in Fig. 18, and confirmed the simultaneous
avalanches. The correlation between data fi©# andC6 Tglass / TED _a4p
using two independent bridges proves that the switch was not 1.02cny  1.43 cm

responsible for inducing avalanches on both capacitors at thenis is the combined index of refraction for porous Nucle-
same time; the switch was not present when these (§ga pore compared to glass, and should be compares 3.0
18) were taken. =3.3 from Smith etal. The velocity of third sound
on the porous Nuclepore wag,=1.43 cm/416Qusec

APPENDIX B =344 cm/sec, and the velocity on smooth Nuclepore was
vs=3.%,/1.1=1095 cm/sec. Since the pulse fromto D
travels across 1.8 cm porous Nuclepore and 0.7 cm of non-
gorous Nuclepore we would predict the arrival time

In order to identify the multiple peaks in Fig(k)
(4160, 5300, 6300, and 725@sec) as reflections, we used
the geometry of the sample, which is shown in Fig. 19 as
schematic diagram. The direct path frério D has a length 0.7 cm 1.8 cm
L. The three reflections have lengths-L (path 2, x+L Toredicted™ + =5870 usec.
(path 3 andx+y+L (path 4. The total path length due to ’ 1095 cm/sec: 344 cm/sec
(path I + (path 4 and(path 2 + (path 3 will each equal This is in reasonable agreement to the measurgd,
x+y+2L. For the above reflections, we add the correspond=6100 usec.

*Present address: Sandia National Laboratories, Albuguerque, NewM.P. Lilly and R.B. Hallock, Phys. Rev. B4, 024516(2001).
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202 (1987. Figure 2 of this paper shows scanning electron mi-!If the Nuclepore structure is such that it is not homogeneous on a
croscope images of the surface of Nuclepore and also of a side- relatively large length scale, it might be the case that the pore
cut section of the Nuclepore. The nominal pore diameter of the size distribution in the vicinity of one capacitor plate might dif-
Nuclepore in these images is the same as that used in this work. fer a bit from that in the vicinity of the other. This could cause

®For the purpose of this estimation, we take the typical avalanche draining on one to lead or lag that on the other. We have no
size to be 0.007 pF. Capacito®l and C2 have an area of reason to doubt the spatial homogeneity of Nuclepore and the
~1 cn?, and include 3.5 10° pores(the approximate pore den- manufacturer does not indicate such inhomogeneity is present.
sity for 200-nm pore diameter Nuclepore is 3.5 12Thg only potential connections that rgmained aftgr the nonporous
x 10° pores/cri). Thus, such an avalanche involves=(7 bridge was removed wer@l) the helium vapor in the experi-

X 1073 pF)(3.5¢ 16 pF/1 cnf)=2.5x 10°. Thus I~ (A/N)2 mental cell due to the finite vapor pressure, d@ithe very
=(1/2.5x 106).1’2=6 4 um ' ' weak film connection created by the helium film that decorated

"Note the weak dependence on the ratio of the avalanche siz the fine-wire electrical leads 103 andC4.
P €i§Whatman Industries Ltd., Maidstone, England and Tewksbury,

with the amount of*He in C1 shown in Fig. %a). This slope is MA

conS|s’Fent with our earlier obsgrvatlons. Here,@dr—235 pF, 16 p Crawford, L.M. Sgteele, R. Ondris-Crawford, G.S. lannac-
the ratio was, on average, a little larger than 1. Avalanches on chione, C.J. Yeager, J.W. Doane, and D. Finotello, J. Chem

C1 were larger. In Fig. 3, we see that in the correlated pairs Phys.96, 7788(1992. This paper also includes images of the

AC1 (avalanche orC1, squarg was usually larger than C2 surface of Nuclepore and some characterization information.
(avalanche orC2, circle) whenC—Cy~0. In Fig. 4 we see 157 4 \wootters, M.P. Lilly, and R.B. Hallock, J. Low Temp. Phys.
that more “He drained fromC1 (the difference decreaseds 110, 561 (1998.

avalanches first began. In Figid for C1<234.7 pF, the ava- 18K L. Telschow, R.K. Galkiewicz, and R.B. Hallock, Phys. Rev. B
lanches onC2 were, on average, larger. In Fig. 3, f@ 14, 4883(1976. It should be noted that the temperature depen-
—Ciun=-0.3 pFAC2 (avalanche orC2, circle) was usually dence shown here is for saturated films, i.e., films thicker than

larger. The difference in Fig. 4 was increasing. All of these ob- those used in these Nuclepore experiments.
servations were consistent with motele draining fromC1 as  ’K.L. Telschow, I. Rudnick and T.G. Wang, Phys. Rev. L&g,

draining commenced. 1292(1974.

8M.P. Lilly, A.H. Wootters, and R.B. Hallock, Phys. Rev. Lef, 18R A, Guyer and K.R. McCall, J. Low Temp. Phy§ll, 841
4222(1996. (1998.

9For a discussion on the use of third sound to determine the chem®M.P. Lilly and R.B. Hallock, inDynamics in Small Confining
cal potential and the approximate film thickness, see Ref. 2. Systems |ledited by J. M. Drake, J. Klafter, R. Kopelman, and

10D T. Smith, J.M. Valles, Jr., and R.B. Hallock, Phys. Rev. Lett. ~ S.M. Troian, MRS Symposia Proceedings No. 38faterials
54, 1528(1985. Research Society, Pittsburgh, 199p. 241.
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