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Quasi-isotherinal superfluid-film flow: Oscillations between two reservoirs
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We have carried out a detailed study of the frequency and damping of the oscillations in
levels of two reservoirs of HeII which are coupled only via the mobile superfluid film. Our
experiments cover the temperature range 1.2 & T (2.13 K and utilize several geometries
under quasi-isothermal conditions. Below 2 K our results for the damping are in quantita-
tive agreement with predictions based on a theory first proposed by Robinson. This indicates
that the damping mechanisms proposed by Allen and by Calvani, Greulich, and Maraviglia
are of minor importance under our experimental conditions. It is argued that the Robinson
theory can explain the previous general agreement with the Allen theory.

I. INTRODUCTION

Consider a reservoir containing He II which is
coupled only by the superfluid film to a second
reservoir also containing He Ii. As is well known,
the application of a chemical-potential difference
between the two reservoirs will result in mass
transport via the film which will serve to reduce
the applied chemical-potential difference. Various
methods, for example, the imposition of a tem-
perature difference or a level difference may be
used to create a difference in chemical potential.
At the end of the flow which acts to remove the
relative potential difference, the level in each
reservoir will oscillate about its new equilibrium
value. The damping constant and frequency of these
oecillations form the subject of the present study.

These oscillations were first studied in detail by
Atkins. ' He derived an expression for the oscilla-
tion frequency valid under isothermal conditions
and carried out an experimental study of the os-
cillation frequency as a function of temperature.
Since that early work by Atkins, a number of in-
vestigators' "have studied these oscillations
under a variety of experimental conditions. The
damping observed during these oscillations was
a puzzle to the early workers and the true mecha-
nism is a matter of current discussion. "'"'"'"
To date at least four possible damping mechanisms
have emerged.

One motivation for the work we report here was
a desire to understand which of the various damp-
ing mechanisms is appropriate. A second motiva-
tion was the work of Hammel, Keller, and Sher-
man, ' in which it was reported that during the
course of these oscillations a dramatic shift in the
frequency of (30-40)% took place in a time of
roughly one period of oscillation. The frequency
shift they reported was accompanied by a large
rise in the decay constant. These results sug-
gested that an unexpected and abrupt change in

p, /p or in the film thickness was taking place
during the oscillations. In Sec. II we shall de-
scribe the damping mechanisms which have been
proposed. In Sec. III we describe the apparatus
and the techniques used during our measurements.
Section IV contains a discussion of our results and
a comparison with the various theories of damp-
ing. Our conclusions are presented in Sec. V.

II. ISOTHERMAL FREQUENCY AND

DAMPING MECHANISMS

In Fig. 1 we display a schematic representation
of an apparatus which will support superfluid-film
oscillations. We will use its essential features
for the present discussion. We assume for the
moment that we have isothermal conditions and no
dissipation within the moving film. With these
assumptions we can neglect the effects of the
helium gas and also the fountain effect. The po-
tential energy can be written as

V= gpA, 1+A, A, x dx

and the kinetic energy as

T = —,'p 2''6dl

where & is the film thickness at a position l where
the flow tube has a radius r. The superfluid moves
at local velocity v and the normal fluid is as-
sumed" relatively immobile due to its high vis-
cosity. The use of

pA~x = 2''~p~ v

allows us to remove v in favor of the rate i at
which the level in the left reservoir changes. An

immediate consequence of neglecting any dissipa-
tion process which may take place within the film
itself is the equation of motion:
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p' A'.. —+pgxA, 1+~ =0
p, 2m r5 (4)

from which we can read off the isothermal fre-
quency,

p 1 1 671
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FIG. 1. Schematic representation of an apparatus
which will support superfluid-film oscillations. The
parameter x represents the displacement from equilib-
rium of the free surface in the left arm. Level oscilla-
tlons are induced by the motion of a plunger. The cham-
ber is filled by admitting superfluid helium through a
superfluid valve. 'We refer to this as configuration I.

This result was first derived a number of years
ago by Atkins. ' Here the integral is along the
film-flow path of perimeter 2'(l), g is the ac-
celeration of gravity, and A, and A, are the free
surface areas shown in Fig. 1. The film thickness
depends upon the height Z above the free surface
at which it is measured. When necessary we

shall assume" the form ~ = )Z ' ". Various mea-
surements" "of g and n have been reported.
Keller" has observed that 6 is independent of tem-
perature over the range 1.1 K&T&Tq and thus
has a temperature dependence given by (p,/p)'~'.

Now, as we have already indicated, damping is
almost always observed in oscillating-film ex-
periments but no mechanism for the damping has
been universally accepted. The mechanisms which

have been proposed fall into two classes: those
which involve a dissipation process in the mobile
film itself and one which involves the removal of

energy from the oscillations via the reservoirs.
We treat these processes by class.

A. Dissipation in the film

Three mechanisms leading to dissipation in the
mobile film have been proposed. The first, due
to Allen, "assumes that the motion of the film is
brought about by an array of vortex lines. Under
his hypothesis the scattering of rotons by the vortex
array gives rise to a damping force. With the
assumption that the strongest temperature depen-
dence in this process is simply the number density
of rotons, we are led to the prediction that the
superfluid-film oscillations will be damped in a
manner such that the damping constant n is re-
lated to the number density" of rotons N~ through
the expression

(6)

where 0 is the frequency of the oscillation, 4 the
roton gap energy, "and ka the Boltzmann constant.
Several authors'" have observed that over a
limited temperature interval a plot of ino. vs 1/T
results in a straight line" with slope near 4/ks.
Since the neglected factor QT' ' does little to
change the slope in a 1no.'vs 1/T plot over the
temperature interval 1.2& T &2 K, these authors
have indicated a more or less favnrable compari-
son with the Allen hypothesis. As we shall de-
scribe in detail later, this general agreement is
most probably an effect of their experimental
geometry and we believe can be understood without
recourse to a roton scattering mechanism which
operates within the superfluid film.

A second dissipation mechanism which operates
within the film was recently proposed by Calvani,
Greulich, and Maraviglia. " Their model is based
on a suggestion by Feynman'4 that the excitations
in an accelerated superfluid will tend to orient
their momenta antiparallel to the local superfluid
velocity. When applied to the case of an acceler-
ated superfluid film, Calvani, Greulich, and
Maraviglia (CGM) argue that the alignment process
will remove energy from the flow and hence con-
clude that any accelerated superfluid flow will be
dissipative. When applied to the case of film os-
cillations between two reservoirs, they argue that
the energy given up by the film during acceleration
is not returned to the film during deceleration.
Thus, a damping of the oscillations is to be ex-
pected. Under these assumptions they derive an
explicit equality for the quantity 2vo.'/0 which is
valid under i sothennal conditions. They find

2n~/0 =in(p/p, ).

Yet another dissipation mechanism which in-
volves the film itself is available. In this mecha-
nism, as developed by Langer and Reppy" for
bulk flow, the flow is limited by the nucleation of
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excitations. This dissipation results in a decay of
the superfluid velocity v given by

du/dt=-~A f,e s~'sr,

where a is the quantum of circulation, h/m; A is
the cross-sectional area of the superfluid film,
fo is an attempt frequency, and E is the energy
of the excitation nucleated by the fluctuations. In
the consideration of bulk superfluid flows through
apertures and channels several authors26'27 have
chosen the excitation to be a vortex ring in which
case E-p, /v. In the case of superfluid films
Liebenberg28 and Hoffer et al.' have found general
agreement with E -p, /v. The work of Hoffer
et ai.' concludes that fo is a dra", natic" function
of temperature. We feel that the quantitative con-
tribution of terms of the form of Eq. (S) awaits
precise documentation in the case of the mobile
superfluid film. In Sec. IV we will comment fur-
ther on this point.

B. Dissipation due to the reservoirs

In an attempt to explain dissipation observed
in the oscillation of the levels of two reservoirs
connected by a superleak (through which bulk
superfluid could pass) Robinson" considered that
in any real system which has a finite thermal con-
ductance between the reservoirs one must recog-
nize that temperature oscillations and accom-
panying fountain pressure oscillations will be a
natural consequence of the level oscillations.
Under the assumption +at superfluid-film oscilla-
tions are analogous to bulk oscillations through a
superleak, we" have applied the general ideas of
Robinson to' the specific film-flow configuration
given schematically in Fig. 2. When one allows
temperature differences to develop between the
reservoirs, one must include the effects of both
gas-pressure differences Rnd the fountain effect.
If we adopt the notation that the two reservoirs
can be represented by subscripts as in Fig. 2 we
find that the equation of motion for x becomes

consideration of the conservation of entropy re-
sults in an equation for reservoir 1:

C~ dT, A,S . Kr(T, —T,)+K~(T, —T,)
( )

where we have assumed (i) that the level oscilla-
tions are small in amplitude and hence V, (the
volume of He II in reservoir 1) satisfies V, » A,x
and (ii) that heat flow into reservoir 1 takes place
by Kapitza-limited conductivity through the de-
tector walls Rnd by the small transfer of mass via
gas flow. " In these equations K~ is the Kapitza-
process conductance Rnd K~ is the gas-process
conductance. Under the further assumption that
the two reservoirs have the same volumes Vp Rnd
conductances K~, we may introduce the relative
tempex'Redux'e 6 Rnd tRke T~ = Tp+6 Rnd T2 = Tp —6.
We have then

C ~ A,S ~ K +2K6+ X+ 6 =0.
p p pP p

The use of

and our definition of e in Eq. (9) allows a complete

A, p d/ - A.,
To

re px and P2 are the gas pressures at the free
surface in each reservoir and S' is the entropy
deficit S -Ss. Here S, is the entropy of the super-
fluid component. In the two-fluid model, S, is
strictly zero. Measurements in a number of
laboratories indicate that to within experimental
error S, is zero Rnd hence we take S' =S. ' To make
further progress we require another equation. A

FIG. 2. Schematic representation of an apparatus for
vrhich the helium is entirely contained vrithin a sealed
environment. Here x again represents the displacement
from equilibrium of the free surface in the left reser-
voir. The chamber and reservoirs are filled through
separate superfluid valves. In this configuration gI) all
of the flour surfaces are immersed in superfluid. Level
oscillations are induced in this case by the appPication
of dc voltages to the coaxial capacitor (not shovrn) in the
right arm as described in the text.
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&&. ( &,) ( P d&)' (14)

solution for x as a function of time. To facilitate
this we adopt the definitions

once an appropriate apparatus-dependent K is
taken into account. Thus, our conclusion will be
that the dominant factor in the damping observed
in superfluid-film oscillation experiments per-
formed under quasi-isothermal conditions is the
small departure from isothermal conditions
brought about by the level oscillations themselves.

m. EXPERMENTAL APPARATUS

where E is the net conductance. Thus, we have

«+ &0 « —2/id T = 0.

x+7 +Le =0.

These equations are formally identical to those
derived by Robinson~ for bulk flow through a
superleak. - Now' T can be removed in favor of x
to reveal

«+L,«+~'(I+2/)«+I, a&'«=0.

This equation has general solutions of the form

«(t) =C,e '~'+C, e '~'sin(2vvt+ P).
Our experimental conditions are such that over our
entire temperature range for the parameters of
this work we have g, /$, &100 from Eq. (IS). Hence
to excellent approximation we have

«(t) = C,e tm' sin(2wvt+ y). (20)

Over most of the temperature range of our ex-
periments it is possible to reduce the third-order
equation to one of second order" of the form

«+ (&u'/L, }(1+ 2&)«+ ~'« =0. (21)

For our apparatus this predicts decay constants
and observed frequencies only a few-percent dif-
ferent from those predicted by Eq. (18) over the
temperature range me have studied. Other ap-
proximations are also possible. "We wish to
emphasize that in this work all comparisons be-
tween our observations and the Robinson theory
have been made using solutions [Eq. (19)] to the
complete third-order equation [Eq. (18)].

The presence of a finite thermal conductance K
between the two reservoirs thus leads to a damping
of the superfluid-film oscillations. We will show
1.ater that for temperatures below 2 K both the
magnitude and temperature dependence of the de-
cay constant as determined in our measurements
are well represented by Eq. (18}. We will also
discuss the crucial importance of the thermal
conductance E and suggest that a number of pub-
lished- measurements made over the past decade
of the temperature dependence of the decay con-
stant appear consistent with the Robinson theory

It is best to divide a discussion of the apparatus
into (i) general features and (ii) the details of the
detectors used to study the level oscillations. We
begin with the general features. The Dewar was
a standard Pyrex model with an inside diameter of
4 in. A Pyrex T was placed at the toy so as to
aUom ready pumping of the helium bath without
causing the top plate of the Dewar insert to cool
below room temperature. The insert was of stan-
dard design with radiation shields placed at suit-
able intervals along its length. Shielded electrical
leads mere made using microcoaxial cable"'~ and
nonshielded leads were made of manganin.

The basic idea of the measurements to be car-
ried out required two reservoirs of helium which
were connected by only the mobile superfluid film.
An accurate measure of the helium levels in the
reservoirs as a function of time is essential for
any quantitative comparison with theory. A simple
procedure which can be followed to accomplish
this measurement which has been followed by a
number of investigators recently is to make each
reservoir the annular region of a coaxial capaci-
tor. Changes in capacitance then serve to indi-
cate changes in level within a given reservoir.
Figure 3 illustrates the basic design we have used
for most of-the work me report here. We note
that this design as shown is equivalent to the con-
figuration (II) shown schematically in Fig. 2. Ite-
placement of the electrical feedthrough on the
right with one which is perforated allows opera-
tion in the configuration (I) sketched in Fig. i. The
outer shell serves as a grounded shield. Con-
struction (Appendix A) is from oxygen-free high-
conductivity (OFHC) copper with the inner and
outer electrodes separated by 0.004 in. through
the use of Mylar~' tabs. Superfluid integrity is
maintained by the use of indium seals. Feed-
throughs incor'yorate the design first described by
Anderson. " The outer electrodes are isolated
from the upper arm by means of Mylars' gaskets
with double indium seals. The total capacitance
for detectors of this type is 4V yF and a level
change of 1 mm results in a capacitance change
of 0.092 pF. Building vibrations and acoustical
noise limit our resolution of level changes to
about +150 A. For our experiments both a ther-
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mometer and a heater were located in each level
detector. The heaters were 800-0 coils of No. 45
manganin wire. The detector thermometers were
—,0-% nominal 39-0 Allen-Bradley" carbon com-
position resistors and were matched so as to have
nearly identical resistance characteristics from
1 K to T~. The heaters and thermometers were
used primarily in conjunction with direct mea-
surements of the thermal conductance between the
two reservoirs.

A stable thermal environment was maintained
during the coux se of these measurements by the
combined use of a carefully insulated (from room-
temperature variations) regulator of the Walker
type and electronic temperature stabilization of
the main Dewar. Over the life of an oscillation
tempex atures were typically controlled to about
1 p. K although on sevex al occasions a stability of
0.3 p, K/h was possible. It was under these condi-
tions of the highest-temperature stability that we
were able to observe" the tiny temperature oscil-
lations associated with the oscillations in fluid
levels. The main thermometer (AIIen-Bradley,
—,
'

W, nominal 33 Q) was immersed in the super-
fluid which partially filled the chamber located at
the end of the Dewar insert. This chamber also
contained the level-measuring apparatus and a
vapor-pressure ceil (Fig. 4). The feedback con-
trol heater was located outside the chamber since
this location gave about three times better sta-
bility.

Primary temperature calibration was accom-

plished by calibrating the Allen-Bradley resistors
by comparison to the vapor pressure of 4He. For
the pressure measurements we used McLeod
(10 '-10 Torr) and Wallace and Tiernan (0-120-
in. H, O) gauges. A slight zero correction (0.5
Torr) was applied to the Wallace and Tiernan mea-
surements as determined by a comparison to the
McLeod gauge. All of our resistors were cycled
to 4.2 K at least three times prior to their first
use and calibrations from run to run agree to
within a few mK. Calibrations taken during the
course of a given run indicated that the shifts over
the course of any run were «1 mK. The resis-
tance measurements of the main thermometer
were made using ac techniques and a %heatstone
bridge. Differential measurements between the
reservoirs were made using the symmetric re-
sistoxs located in the two detectors by employing
a carefully shielded bridge. Power dissipation
during our resistance measurements was below
10 ' W. No effects due to heating could be ob-
served by varying the power.

All superfluid level measurements are three-
terminal ac capacitance measurements which
employ a General Radio 1615A capacitance bridge
(9S2 Hz, 15 V rms) and a Princeton Applied Re-
search HR-8 as a null detector. Local heating due
to this measuring technique does not represent a
problem. Signals from the off-null of the PAR HR-
8 were recorded in both analog and digital forms.
The analog output was obtained through use of an
HP 7004A x-y recorder used in the time-y mode.
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v~q~ q g n ~~+ r+rx/
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FIG. 3. Actual oscilla-
tion apparatus. The Pyrex
channel is one of the sev-
eral constrictions vrhich
have been used to limit the
oscillation amplitude (see
Table g. Operation in con-
figuration I is accomplished
by placing holes in the
electrical feedthrough
structure on the right side.
In configuration II a fine
capillary is introduced
through the feedthrough in
the absence of the perfora-
tions. The inner conduc-
tors are centered through
the use of Mylar spacers.
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The same signal used to obtain the analog record-
ings mas digitized using a Teledyne-Philbriek
4703A voltage-to-frequency converter and a Mon-
santo 1500A frequency counter backed through an
interface unit by a Tally 420 paper-tape punch.
The oscillations we shall present shortly have
characteristic periods of 40-60 sec and hence
300 msec mas used as a lock-in time constant. No
visible changes (aside from slightly more noise)
mere observed using a I00-msec time constant.
Analysis of the recorded data provided by the Tally
420 was carried out directly by computer. Analy-
sis of the chart recordings required an additional
step: the traces were first digitized using mea-
suring machines customarily used to analyze
bubble chamber photographs. ~

The actual procedures followed during the cool
down on our various investigations are described
in Appendix B. This description is relevant since
the change in configuration from I to II resulted
in a necessary change in procedure which may have
had a bearing on the quality of our flow surface.
We will discuss this point further in Sec. IV and
also in Appendix B.

Since our general interest in this work was to
study the oseillations of the superfluid film be-
tween two reservoirs, some means to initiate the
oscillations must be available. We have used two
basic techniques: the motion of a plunger in the
larger reservoir (configuration I) and the applica-

~HEATER~~SUPERFLUID
VALVE

FEEDTHRU

~CHAMBER
AIM& tV~ ~CONSTRICTION

~SUPPORT

~ly

~THERMOMETER

DETECTOR

VAPOR

PRESSURE
CELL

—~ DETECTOR
CAP ILL ARY

He DEWAR

FlG. 4. Basic environment for these experiments.
Shovm here is the experimental chamber, the detector
assembly outline, and the vapor-pressure thermometer.
The main resistance thermometer is located inside the
chamber, the feedback heater outside.

tion of a dc voltage to one of the capacitors (con-
figuration II). By adjusting the cross section of
the plunger nearly any desired level change can be
accomplished. Alternatively, if w'e denote the
voltage applied as V a level change'9

v~, V'(Z I—)(@+2)
3pgA In(b/a} (22)

is produced as a result of the application of V.
Here K is the dielectric constant of helium, and
b and a are the outer and inner radii, respectively,
of the annulus of cross-sectional area A. . We
assume here configuration II with equal reservoirs.
Voltages of a fern hundred volts result in. x values
of several hundred micrometers. We should point
out here that we have also initiated level oscilla-
tions by the application of a fem microwatts of
power to one of the heaters. Since we were in-
terested in a stable thermal environment how-
ever, the stimulation of oscillations by the heater
mas not used during any serious data acquisition.
Amplitude calibrations were obtained by mea-
suring the response to a known plunger displace-
ment in configuration I. 'In configuration II known
indentations on the inner conductors mex'e used.
Our measurements showed a linear level vs ca-
pacitance relationship over the capacitance range
used for the oscillations. (See Appendix A. )

A few comments concerning errors are in order.
Our ability to determine the decay constant and
frequency of these oscillations was limited by
building vibrations and acoustical noise. At low
temperatures where peak oscillation amplitudes
wex'e typically 300 p, m we could determine e and
II to better than I /g. At temperatures above 2 K,
however, the peak amplitude of the oscillations is
severely diminished (&5 p, m) and in addition the
decay constant is at a maximum. These two facts
limit our ability to determine n and 0 to mithin
a few' percent at these temperatures.

IV. RESULTS AND INTERPRETATIONS OF THE DATA

An example of a level change and subsequent
oscillation of the sort typical of our work is shown
in Fig. 5. Two general characteristics are evi-
dent: a high-velocity segment we shall refer to
as the mn-in during which the helium level moves
towards its new equilibrium position after the
motion of the plunger or a change in the dc voltage
and a segment of lower velocities which me shall
refer to as the oscillation during which the helium
level oscillates about the nem equilibrium posi-
tion. During the run-in the flow' sustained by the
film is of the type traditionally referred to as
critical. As me shall describe briefly here, the
flow during the run-in appears consistent with
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TABLE I. Various constriction types we have studied.
The dimensions are given in inches. In this work we
report in detail the results of oscillation studies using
the last bvo constrictions. The letters A, B, and C are
explained in the text.

Material Diameter Text Code

Copper
¹ickel
¹ickel
¹ickel
Pyrex
Pyrex
Pyrex
Pyrex

0.093
0.007
0.020
0.040
0.040
0.060
0.040
0.060

0.0015
0.001
0.001
0.001
0.040
0.040
0.450
0.450

IO-
I I

I
~ I I ~ ~

T = I.598

temperatures and various equilibrium helium le-
vels inside our detectors. Figure 7 displays the
measured temperature dependence of K for a value
of the helium level characteristic of most of the
data we present here. K is weakly dependent on
the level of the liquid in the detector as might be
expected. Changes in K over level changes asso-
ciated with the oscillations amount to less than
0.1% and have been neglected.

We should point out that we have obtained the AT

values used in our determination of K from the
fountain effect rather than from our direct obser-
vations of the applied differential temperature.
This is simply dde to the fact that our ability to
measure level differences exceeds our ability to
directly measure equivalent temperature differ-
ences. As indicated in Table II, our directly mea-
sured temperature differences were consistent
with the temperature differences deduced from the
fountain effect. Table II is characteristic of all of
our measurements. The values of K presented in
Fig. 7 are insensitive to different values of Q at
each temperature studied (over the Q range stud-
ied, Sx10 '-2x10 ' W). An example of this lack
of sensitivity to Q js shown in the inset on Fig. 7.
Thus, we have confidence that our values for K(T)
are reliable.

An additional measure of the thermal properties
of our apparatus has been obtained by causing the
temperature inside (e.g. , the left) detector to differ
from that outside by the application of a steady con-
stant amount of heat. Removal of this heat source
causes the temperature of the helium inside the de-
tector to drop to the bath value in some time v',

(1/e value). Measurements of ra show that r, s 20
msec. This is consistent with calculations of 7,
which take into account the Kapitza resistance be-
tween the helium and the copper wall of our detec-
tor. Since the period of the oscillations we have
observed are all in excess of 38 sec, the rate of
superfluid transport is small enough to allow us
to estimate that the maximum temperature excur-
sions which take place in a given detector as a re-
sult of the level oscillations are (b,T) =0.5 pK.
The thermometers present allow a measurement
of the differential temperature during the level os-
cillations to an accuracy of about &.3 p, K under the
best circumstances. Under these conditions we
have seen" very small temperature oscillations
which accompany the level oscillations. In no case
have we ever observed a differential temperature
oscillation between the two reservoirs to be greater

80 l20 I60
POWER fpW)

TABLE II. Conductance values as a function of heater
power at a,

' particular temperature. Here we compare
the directly measured temperature, difference with that
deduced from the fountain effect. As discussed in the
text, the fountain AT values are more accurate.

Power Level Fountain 4T Measured b,T
{p,Qrj (pm) ( 0%

FIG. 7. Thermal conductance X for our apparatus as
a function of temperature. The inset shows the conduc-
tance at a particular temperature as a function of heater
power. Typically, heat was'applied to the left arm while
the right arm remained at the ambient chamber tempera-
ture.

3.2
12.7
28.6
50.6
79.4

28.
110.
244.
445.
695.

0.43
1.66
3.69
6.71

10.48

0.35
1.06
4.59
6.71

10.95

7.43
7.65
7.75
7.54
7.58
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than 1.2 p. K peak to peak under normal operating
conditions. These differential temperature ampli-
tudes are seen only in conjunction with differential
level amplitudes with peak-to-peak values of =400
ILI, m. These temperature oscillations are of an am-
plitude consistent with predictions based on the
Robinson theory and their detection supports our
evidence that the Robinson theory applied to film
flow in the presence of finite conductance correctly
describes the oscillation damping.

With these comments in mind, we proceed to a
discussion of the oscillations. To begin we note
that in none of these studies"'" have we seenstrong
frequency shifts or decay-constant peaking of the
sort reported in Ref. 5. Changes in temperature,
constriction size, and material and detector as-
sembly were carried out and none of these pro-
duced pronounced frequency shifts and large decay-
constant changes. While strong-frequency shifts
(over a time scale of the order of one cycle of os-
cillation) have never been observed in our mea-
surements, gradual shifts which amount to a per-
centor so over the lifetime of a complete oscilla-
tion are often visible. It is interesting to speculate
as to the source of these drifts and we do so in

Appendix C. Part way through the course of this
work it was suggested" that a leak may have been
responsible for the shifts reported in Ref. 5. Dur-
ing one run we accidentally made a faulty indium
seal in configuration I at the place indicated by the
arrow in Fig. 1. This resulted in a competing par-
allel path for the superfluid flow into and out of our
detector. The presence of this leak (which repre-
sented an extra perimeter of roughly the same di-
mensions as the Pyrex aperture in use at the time)
did not result in a strong-frequency shift from one
stable value to another. It did, however, result in
a frequency instability in the oscillations. The con-
clusion is that multiple superfluid-film paths can
affect the oscillation frequency in a way which is

- not completely understood at present.
We now present data from three specific experi-

mental investigations. The first, A, ultilized con-
figuration I and the relevant parameters are given
in Table I. In the second, B, the only change was
to go to configuration II. No changes in the geom-
etry were made. In the third; C, again configura-
tion II was used but in this case a different con-
striction was employed and also the "dead" volume
of liquid in the detectors was reduced by 50% by
the addition of nylon chips. These changes all re-
sult in changes in the frequency of the superfluid-
film oscillations. In particular, they allow us to
test the functional dependence of the decay con-
stant on frequency. Both the Allen' hypothesis and
that due to Calvani, Greulich, and Maraviglia"
suggest a linear dependence whereas the Robinson

0.10-
0.08 ~

006

004 .
0.02 .

~
~

v 016 .
0.12-
0.08 .

3 004-

0.20 .
0.16

0.12

0.08-
0.04-

1.2 1.4

~ P

C

I I

I.6 1.8 2.0 2.2
r(K)

FIG. 8. Derived frequency co = (n +0 ) vs tempera-
ture. The smooth curves have the temperature depen-
dence of (p, /p)' . A, B, and C refer to the three ex-
periments described in the text. Here n and 0 are ex-
perimental values from fits by Eq. (24).

theory predicts & -+'. Our experimental results
for a and (u = (o."+0')'~' are shown in Figs. 8 and
9. Again, o.' and 0 are obtained from fits of the
data by Eq. (24). All of the points shown in our
figures represent average values of the quantity
displayed. These averages were typically obtained
from six to ten events at each temperature.

The smooth curves drawn. through the data in the
frequency plots have been drawn with the tempera-
ture dependence of (p, /p}'~' and normalized at one
point. This has been done since we do not know
precisely (i} the film profile 6 = g/Z'~" and (ii) the
exact nature of the flow surface. These missing
pieces of information make a quantitative com-
parison between Eq. (1) as applied to our geome-
tries and the data of Fig. 9 somewhat uncertain.
In spite of this, if we assume that n=3 in the ex-
pression for the film profile and we assume the
flow surfaces are well represented by the macro-
scopic geometry, we extract from the frequency
data an effective value of g for the three measure-
ments as 4.1x 10 ' cm"' (A), 5.1x 10 8 cm4" (B),
a.nd 4.6x10 ' cm"' (C). We associate about a +40-
0
A uncertainty with each value. According to Eq.
(1) we should expect the frequency u& to increase by
approximately u2 when we go from configuration I
to II. We observe instead a shift of a factor of
about 1.5. We attribute this increase to the small
apparent thickening of the film caused by slight
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flow surface contamination. This was a result of
the requirement of evacuating the reservoirs
through a small capillary as discussed in Appendix
B. Subject to cautions previously mentioned, we
accept $ = 4.1 x 10 ' cm"' as the clean surface value
for our apparatus. It is interesting to note that
this value lies between the values for our constric-
tion materials ( =4.0x10 ' (glass) and 4.3x10 '
(copper} as calculated by Schiff. 42 Measured values
of $ as reported" ' in the literature vary rather
widely. Subject to the uncertainties we have dis-
cussed, our value for ( seems about 25% larger
than measurements by a number of workers. This
value is, however, in substantial agreement with
that obtained by Keller" for a stainless-stee1. sur-
face. Figure 10 is a plot of (u' vs p, /p for these
experiments which, according to Eq. (1), should
be a straight line in each case.

The smoothed curves drawn through the decay-
constant figures, Fig. 9, are a result of using Eq.
(18}and the exPerimental undamped frequency
values &u = (o."+0')'i'. Except for the region near
Tq we observe that the agreement between theory
and experiment is quite good. It should be noted

again here that for temperatures above 2.0 K the
oscillation amplitude is very small and vibrational
noise limits the accuracy with which we can make
determinations of a and Q. For example, the os-
cillations had a peak-to-peak amplitude of 300 p, m
in the vicinity of 1.3 K and only 1 p. m at 2.13 K.
We note that the difference between the measure-
ments of u (A and B) at a given temperature scale
roughly" as &'. This fact can be seen more clear-
ly by reference to Fig. 11 where we plot n vs 1/T.
This plot is in striking resemblance to similar
plots'" which have been presented in the litera-
ture. The straight-line character over most of the
temperature interval has, in our opinion nothing to
do with a, behavior governed by exp( n. /ksT-}, but
rather is a simple consequence of the fact that any
strong dependence looks exponential over a severe-
ly limited range of the parameter of interest. Spe-
cifically, the smooth curves are again a result of
the Robinson theory. If one demands a behavior
like exp( n. /ksT-), one finds n. /ks =10.9 +0.2 K as
compared to the roton gap of ~/ks-8. 6. A plot of
2va/0 (Fig. 12) further displays this disagreement
with the Allen hypothesis. Since our results were

0.012

0016.
0.008

0.008-
0.004

0.000

0.052-

0.016

0.000

0.03

g 0.02

0.01
"3

0.048 .

0.032- 0.03

0.016- 0.02

0.000
1.2 1.4

I I

1.6 1.8 2.0 2.2
T (K)

0.01

FIG. 9. Experimental damping vs temperature. The
derived co = (n +0 ) values have been used in Eqs. (16)
and (17) to produce the solid curves. The Robinson
theory describes the damping very well for temperatures
below 2 K. The dashed curves represent the contribution
to the damping which would be present if the polarization
process (see text) suggested by Calvani, Greulich, and
Maraviglia were in operation.

0.2 0.4 0.6 0.8 1.0
~s/]o

FIG. 10. Derived frequency co =o. +0 vs p~/p. Ac-
cording to the Robinson theory as applied to our experi-
mental apparatus, this should be a straight line. Slight
systematic deviations are seen.
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not carried out under perfectly isothermal condi-
tions we cannot explicitly test the apparatus in-
dependence of Eq. (3). However, since the mecha-
nism proposed by Calvani, Greulich, and Mara-
viglia" involves the film itself, it should operate
in addition to the Robinson mechanism. Given our
observed frequency 0 a contribution to + given by
o~„=(0/2s) ln(p/p, ) should be present in the ob-
served damping if the CGM process is at work.
The expected CGM contribution is shown as a
dashed line in Fig. 9 along with our data and the
Robinson prediction. Since the Robinson theory is
in quantitative agreement with experiment for T
& 2 K, we conclude that the mechanisms proposed
by both Allen" and by Calvani, Greulich, and
Maraviglia" either do not contribute to the damping
at all in this temperature range or else provide a
very small contribution compared with the mecha-
nism originally proposed by Robinson. Above 2 K
we observe a damping of the oscillations which is
somewhat in excess of that given by the Robinson
theory. Although as we have indicated, accurate
measurements are difficult in this temperature

O. IO

0.0 I

region, we believe the departures may be real. We
have not yet established a complete quantitative
confirmation of the mechanism involved.

We now turn to a closer look at the Robinson
theory and predictions which can be based on it.
In particular we focus attention on the thermal con-
ductance K. For the experiments we have reported
here, this quantity is adequately described by a
power law which is consistent with Kapitza-limited
heat flow through the copper walls of our reser-
voirs. A small contribution to the conductance,
however, is due to viscous limited flow to helium
gas which is distilled and condensed as a result
of the small but finite-temperature fluctuations
which accompany the level oscillations. Allen,
Armitage, and Saunders' have observed film oscil-
lations which they describe in terms of the Robin-
son theory for which the gas conductance mecha-
nism was a dominant contribution. They also
pointed out that their results were not in conflict
with the Allen hypoth. ;sis since they could obtain
6/ks=9 K from their measurements. Our own
results axe in conflict with the Allen hypothesis
and quantitative agreement with our measurements
is only available from the Robinson theory. In our
view the previous consistency with the roton-scat-
tering mechanism was simply the result of the
particular experimental conditions (geometry, A,
etc. ) and the fact that these experiments are con-
ducted over a very narrow range of I/T. As we
detail in Appendix D, when the gas conductance

IO.O .

O.OOI
1.0-

OBOOI
0.4 0.6

I/T (K )

0.8 O. l .-

FIG. 11. A traditional plot of the decay constant vs
inverse temperature. As detailed in the text, we be-
lieve that the linearity evidenced here is not associated
with roton scattering. The letters refer to the experi-
ments we have described. Note that the change from
configuration I (data A) to configuration II (data B) re-
sulted in very nearly a factor-of-2 shift in o. at each
temperature as expected on the basis of the Robinson
theory.

O.OI 04 05 -i 07 08 09
IyT(K )

FIG. 12. 2~+/Q vs inverse temperature.
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mechanism is dominant and limited by gas viscosity
its effect may produce a qualitative difference in
the temperature dependence of the decay constant
over that observed when the distillation process
governs the conductance. Further measurements
of the temperature dependence of a over a wider
xange of temperatures and conductance conditions
would be very useful.

V. CONCLUSION

We have demonstx ated that the Robinson theory
as applied to superfluid-film flow between two
reservoirs is capable of describing our experi-
mental observations of the damping of the oscilla-
tions both with regard to the dependence of & on
frequency as we11 as on temperature. These re-
sults are consistent with earlier considerations
of the Robinson theory given by Hoffer et al. , and
Allen, Armitage, and Saunders. ' We are con-
vinced that the mechanism due to Calvani, Greu-
lich, and Maraviglia is of minor importance in our
observations. We expect that their claim that the
excitation polarization mechanism is capable 0f
explaining previous experimental results is in-
valid. Similarly we are convinced that the roton-
scattering process first described by Allen is of
minor importance for the conditions of our obser-
vations. In particular, we believe that previous
general agreement with predictions based on the
Allen hypothesis has simply been the result of the
experimental geometries employed and the limited
temperature range of the studies. This view is
supported by proper Robinson predictions for the
slope of ln(2va/0) vs 1/T for our measurements
and similar predictions of a different slope when
the theory is applied to the different experimental
conditions reported by others. (See Appendix D.)

We are indebted to W. E. Keller and M. E. Banton
for several stimulating discussions and an en-
thusiastic interest in our work. J. K. Hoffer point-
ed out the utility of plots such as Fig. 6 to us. We
are indebted to R. R. Kofler for his suggestions in
reducing the data using the measuring machines.
G. Good of the University Glass Shop deserves
thanks for his efforts in fabricating the Pyrex con-
strictions. Special thanks are due R. Galkiewicz
for his enthusiastic assistance with some of the
computer analysis and H. Robkoff for his construc-
tion of the interface to the paper tape punch. We
are also indebted to F. Hmura and W. Piela for
their skillful machining of the capacitors.

APPENDIX A: DETECTOR CONSTRUCTION

Here we describe the basic procedures w'e have
used to produce the inner and outer conductors of
our capacitive level detectors. Both conductors
were machined from oxygen-free high-conductivity
(OFHC). copper rods. The inner conductors were
caxefully lathe turned and subsequently polished.
The outer conductors received more special treat-
ment. They were drilled out and reamed on a
lathe. The inside surface was then polished by
forcing a precision steel ball down its axis using
a lubricant. 44 By starting with a ball of the size
of the reamed hole and increasing the size (by a
few 0.0001 in. ) on subsequent forcings a high qual-
ity sux'face can be obtained. Over the 3-mm length
which we used to conduct these measurements the
inner conductors were measured" to be uniform in
diameter to 2500 A (the accuracy of the air gauge
used to perform the measurement). Over the same
length the outer conductors had a measured inside
diameter uniform to 5000 A.

APPENDIX B: COOLDOWN PROCEDURES

We outline here the basic procedures used during
a cooldown in configuration I and then describe the
differences required for configuration II. The ap-
paratus in configuration I was inserted in the room-
temperature Dewar and the c'hamber was pumped
by a nitrogen-trapped diffusion pump for 48 h, suf-
ficient time to caush an ionization gauge between
the chamber and the nitrogen trap to plateau (few
x10 ' Torr) The cham. ber was then flushed sev-
eral times with helium gas purified by a Linde~'
13X molecular sieve at VV K by raising the chamber
pressure to 1 Torr. This was followed by an addi-
tional 24 h of pumping during which the ionization
gauge again reached a plateau. Cooldown to VV K
was then accomplished with 1 atm of 4He gas in
the glass Dewar helium space. After 'He-liquid
transfer w'as initiated the superfluid valve leading
to the chamber was opened briefly to admit gas to
the level-measuring apparatus. Later the chamber
was filled to the operating level. These precau-
tions seemed adequate to prevent contamination of
the fIow surfaces by air.

The fill capillary employed in configuration II
required differences from the just described pro-
cedure. Prior to the 48-h pumping period the de-
tector assembly was flushed the order of 10 times
with helium gas purified by 13X at VV K. At the
48-h point several flushes to 1 Torr were accom-
plished followed by a 24-h pumping. The plateaus
reached in this case were somewhat more gradual
as might be expected. Also, since the detector
assembly was to be filled via its own valve, helium
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gas was allowed in the large chamber at all stages.
After 4He-liquid transfer and T & T~ helium was
admitted to the detector assembly by condensation
of 13X purified 4He gas in a coil in the main Dewar
bath. As we indicate in the main text, this evacua-
tion procedure may have been responsible for some
eontarnination of the flow surfaces.

APPENDIX C: FREQUENCY STABILITY

As we have discussed, on no occasion did we
ever observe strong frequency shifts of the sort
seen by Hammel et a/. ' An accidental leak in one
experiment allowed us to study the effect of a mul-
tiply connected flow path on the frequency. The
frequency measured under these conditions was
sometimes noisy with apparently random fluctua-
tions occurring a number of times during the de-
cay of an oscioation. Multiply connected flow paths
appear to affect the oscillations in a complicated
way which we do not completely understand at
present.

One specific example deserves mention. On
several instances we observed what appeared to be
a reasonably normal run-in and oscillation upon
raising the plunger. Upon lowering the plunger
several minutes later we initiated a run-in in the
opposite direction but almost no oscillation was
visible. This strong asymmetry was quite repro-
ducible at the helium level and temperatures at
which it was observed. We have never observed
such a dramatic asymmetry in our usual, simply
connected geometries. ~ Further experiments along
these lines may be interesting.

We do generally see gradual frequency shifts of
a percent or so over the life of an oscillation.
These shifts are not always precisely reproducible
but their regular presence leads us to believe that
they may have a physical basis and we shall now ex-
plore that point in some detail. The expression
we have written for the oscillation frequency under
undamped conditions, Eq. (5), will be very nearly
the actual frequency of oscillation, 0, at low tem-
peratures (since c.'«A). In particular, we should
notice the presence of the position-deyendent film
thickness in this expression. Keller" has directly
observed that this thickness does not depend on
velocity. If that is in fact true, the frequency
should remain constant over the lifetime of a com-
plete oscillation to equilibrium (assuming p, /p
remains constant). If, however, Kontorovich" is
correct, the thickness of the film at any given
height z above the superfluid bath will be given by

5(u, z) =5,(1 +p, v*/2pgz) '~', (25)

where 40 is the film thickness at a height z under
v =0 conditions. Now, v ean be simply related to

APPENDIX D: THERMAL CONDUCTANCE VIA THE GAS

Thermal contact between two reservoirs of He II
via mass transport can be understood by a con-
sideration of two important effects (i) evaporation
of atoms from the fluid surface in the warmer
reservoir and (ii) viscous flow of the helium gas
in the tubes which lead to the colder reservoir.
For the moment we shall ignore the possibility
that for isothermal flow tubes the atoms in the
warmer gas may be deposited on the mobile film.
Evaporation effects in He II have been studied in
some detail by Atkins, Rosenbaum, and Seki." A
detailed consideration of the effects of evapora-
tion and viscosity-limited flow leads to the follow-
ing expression for the thermal conductance

q+dp/dr
I+ (2@*/W,)(2ftr/I}'" (26)

Here L is the latent heat per gram for the evapora-
tion process, 8 the gas constant, M the molecular
weight, dp/dT the temperature derivative of the
vapor-pressure curve, and Ao the effective area
of the fluid surface in our (here assumed equal)
detectors. It is important to note that Ao is gen-
erally not the same as the geometric cross-sec-

x and observed by our techniques by geometrical
considerations and the conservation of mass [see
Eq. (2)].

The simple observation that (i') is a monotoni-
cally decreasing function of time when averaged
over successive periods of oscillation for damped
harmonic motion leads us to the conclusion that if
the film thickness is in fact governed by Eq. (25)
then a measurement of the frequency on subsequent
periods of oscillation for the damyed oscillations
will result in a nonconstant frequency due to the
average thickening of the film as the oscillation
diminishes. Thus, on subsequent periods the fre-
quency will rise.

We have measured the frequency stability for a
large number of oscillations and find results rea-
sonably consistent with expectations obtained by
inserting Eq. (25) into (5) as a function of v. The
absence of complete reproducibility in observing
these (s 1%) frequency shifts over the life of the
oscillations cautions us against premature con-
clusions. A separate apparatus designed to maxi-
mize the effect of Eq. (25) is in operation in an
attempt to settle the question. I'relimingry re-
sults from this new apparatus at 1.2 K are con-
sistent with the predictions of Kontorovich. As
yet we have neither established the possible tem-
perature dependence" of our observations nox'

have we carefully examined the role of the quality" .

of the flow surface.
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tional surface area. Q* is the effective viscous
conductance of the tubes which support the gas
flow. In general for conductances in series

l/Q*=+ l/Q, (2V)

where Q, is the conductance for a given segment
of the flow path. For example, for a straight tube
we have'0

Q, = (&/8) p&'/rI&, (28)

where r is the radius and l the length of the chan-
nel. Here q is the viscosity" and p the density of
the helium gas."

The conductance due to this mechanism is thus
an interplay between the number of atoms made
available by the evaporation process and the ability
of the flow tubes to transport these atoms. An

example of this interplay for a specific experi-
mental configuration is shown in Fig. 13. The
specific conductivity in a given experiment will
have a strong effect on the decay constant pre-

dieted by the Robinson theory. Specifically, we
have shown the predictions of the Robinson theory
as applied to our geometry and measured conduc-
tance values in Figs. 9 and 11. If we calculate the
decay constant expected on the basis of the Robin-
son theory as applied to the Pyrex geometry used
by Allen under the assumption that the gas con-
ductance dominates, we obtain the result shown in

Fig. 14. For temperatures above 1.2 K this has
a "slope" 4k~ =8.6 in reasonable agreement with
the measurements of Allen, given our uncertainties
concerning the geometry of Allen's" apparatus.
Of particular interest is the predicted leveling of
the decay constant at lower temperatures when
viscosity effects limit the conductivity. That this
is a possibility appears to have been first sug-
gested by Martin. " It should be noted here that
Martin's measurements indicate a slope of about
4.5 on a plot of inn vs 1/T. This result differs
from any others reported and appears outside the
scope of the Robinson theory. At present no ex-
planation for Martin's observation is available.
This leveling may be an explanation for the satura-
tion observed by Bianconi and Maraviglia' in the
vicinity of 1 K although their aPparent geometry
was not really consistent with viscous limited
flow as a dominant process.

IO.O—

hC

hC

I.OO

O. IO

K
K

K

0.0!

I I a ~ I I I

(
—„)„=e.e

. I.O l.5
T (K)

2.0

FIG. 13. Conductance vs temperature as calculated
using the gas-conductance mechanism for a geometry
similar to configuration II. In this example viscosity
effects limit the conductance (———) at low tempera-
tures and the distillation process limits the conductance
(---—) at high temperatures. In the absence of a
Kapitza-limited conductance process, the total conduc-
tance from this mechanism can lead to a leveling off of
the Robinson damping at low temperatures if the condi-
tions are right.

0.5 0.6 0.7 0.8 0.9 I.O

FIG. 14. Decay constant as calculated from the
Robinson theory using the geometry of Allen. For this
calculation the gas-conductance mechanism is assumed
dominant. Note that for temperatures from about 1.2 to
2 K the Robinson theory gives an aPPa~ent slope E/kz
very much in agreement with Allen's hypotheses.
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