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Film thinning in unsaturated superfluid 4He films during persistent flow
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We report measurements of the thickness of unsaturated superfluid 4He films in persistent

flow as a function of persistent current velocity. Our results are in quantitative agreement with

the predictions of Kontorovich, and thus disagree with the conclusion of Rudnick and coworkers

that p, /p has an enhanced velocity dependence in these films.

Kontorovich' and Tilly' predicted that a moving
superfluid He film would be thinner than a static
film: Keller' was the first to test this prediction to
high accuracy, and found the surprising result that in
relatively thick saturated films, the thickness was un-
changed as a functton of velocity to within +5 A.
Numerous experiments- followed that of Keller and
for the most part there is now general agreement that
in these saturated films the film does thin with velo-
city as predicted. No explanation for Keller's original
experiment has been advanced.

Although. there is no a priori reason to suspect that
for much thinner unsaturated "He films the situation
should be different, there has been much less experi-
mental work in this area. Until the present work the
only experiment to test film thinning in unsaturated
films was that of Telschow' et al. In that work.
third-sound techniques were used to measure the
thinning of the film, where the film flow velocity was
induced by means of a heater. Care was taken to en-
sure that the flow velocity of the film was subcritical.
The results of this work indicated that either the film
was not thinned as a function of velocity (in agree-
ment with the work of Keller on thicker films) or that
what was observed was a simultaneous thinning of
the film as predicted, and an unexpectedly large
dependence on velocity of the effective value of the
superfluid density in the film. The present results on
film thinning as a function of the velocity of the film
in persistent flow, are in agreement with the predic-
tions of Kontorovich as applied to our apparatus.
This shows that there is no unexpectedly large veloci-
ty dependence of the superfluid density in films of
this type.

The experimental apparatus (see Fig. 1) is an adap-
tation of that first used by Telschow and Hallock' to
study the stability of persistent film currents. Appli-
cation of an amount of heat Q to heater Q results in

a flow of helium at velocity v3 along branch No. 3

given by Q = (p, ) v3 dP3 (L+TS), where (p, ) is the
reduced superfluid density in the film of thickness d,

P3 is the perimeter of the glass surface, L is the la-

tent heat, T the temperature, and S the entropy. For
low values of Q the circulation around the loop

E = ' v dl = v2l2 —v&l~ remains zero. Above a criti-

cal value of Q, the velocity v| reaches the critical
velocity. A further increase of Q results in an in-

crease of v2, while v~ remains essentially constant.
Thus, the circulation around the loop can be made to
be nonzero. Subsequent reduction of the heat ap-

plied, Q, to zero results in a finite circulation. For
films in the appropriate range of thickness and tem-
perature, the final circulation is stable and a per-
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FIG. 1. Schematic of the persistent current film flow path.

The Pyrex annual ring has a diameter of approximately 10

cm. The reservoir R consists of 8 g of A1203 powder {0.05

pm) and provides a large surface area to stabilize the film

thickness.
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sistent film current exists on the ring. The persistent
current velocity can therefore be selected by the use
of an appropriate value for Q.

The velocity of the persistent current, as well as
the film thickness, is determined using the tech-
niques of Doppler-shifted third sound. ' -Third-sound
generators and detectors are fabricated by evaporating
Al strips of approximate dimensions 1 cm x 0.25 mm
&& 50 nm, onto the Pyrex film-flow substrate with a
separation I =1 cm. When in operation a generator
strip, typically 8 in Fig. 1, is driven with a single-
cycle-sine voltage pulse of frequency 1.6 kHz at a re-
petition rate of 30—100 Hz. We have observed that
such pulses do not enhance the natural decay of per-
sistent currents in thinner films at temperatures simi-
lar to those studied here.

The entire apparatus was mounted in a brass
chamber which could be sealed by means of a
superfluid valve and was mounted at the end of a
standard cryostat. Temperature control was attained
by stabilization of the vapor pressure above the
pumped dewar by means of a manostat.

The velocity of third sound is related to the charac-
ter of the film through'

C32 = ((p, )/p) fd(1+ TS/L)

For thin films of the type studied here, it is appropri-
ate to take f= n nd t"+'~, where n is a constant and n
is the Van der Waals constant. Thus, we have

C32 =n((p, )/p)(a/d")(1+ TS/L)2

If we adopt the notation that do is the thickness of
the static film, the Kontorovich prediction can be
written under isothermal conditions, and in the ab-
sence of mechanical pressure differences and dissipa-
tive terms can be written

Thus, in terms of measurable quantities we ~ould
expect to find

The quantity n is determined experimentally from
measurements of the third-sound velocity C30, the
static thickness do, and the use of Eq. (1). The
thickness do is determined in the usual way through
the use of do =27[Tin(PO/P)] ', where Po is the sa-
turated vapor pressure at temperature T and P is the
pressure in the experimental chamber, which is in
equilibrium with a film of thickness do. We find '
—n =1.39 +0.17 independent of temperature, and do
1

over the range studied.
In practice, the quantities C+, C, and then C30 are

measured alternately, repeatedly. This is done to
avoid the effects of small drifts in the film thickness
which could seriously affect the value of C3 —C30,
since this difference is the difference between two
large numbers.

A typical example of an experimental test of Eq.
(4) is shown in Fig. 2. The slope predicted is shown
as a solid line on the figure. The agreement between
the predictions of Kontorovich and the measurement
is excellent. Typically, four such measurements were
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where v, is the constant velocity of the superAuid
film. We thus find

,
'

n (1+TS/L)—'[((p,)/p) v,]' = C,' —C,',

(2)
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where C30 is the third-sound velocity on the static
film.

In the presence of a film flow of velocity v, third
sound is Doppler-shifted according to the expression
C+ = C3 + (p, ) v, /p. With reference to Fig. 1, if the
downstream and upstream third-sound-pulse arrival
times are t2 and ti, respectively, we can write

0. I

I I I

0. [ 0.2 0.3
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and

—,hc —=
2 (C+ —C ) = , (r2' —t) ')—I= (p, ) v, /p

C3 = —, (C++ C ) = —, (r2 ' + r) ') I
1 1

FIG. 2. Typical example of the observed C3 —C30 plotted

against the observed (2 hC) . The solid line is a least-

squares fit to the data in this particular case (slope:
1.36+0.05). Here we have T =1.27 K and d =9.4.
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TABLE I. Summary of experimental conditions and

results of these measurements. The observed slopes P are

in good agreement with the expected result

2
n =1.39+0.17. The quantity (1+TS/L) is a correction

of less than 1% and has been neglected here. We find

P -1.40+ 0.04.

do

made for each temperature and thickness studied.
The averaged slopes P from these measurements are
presented in Table I.

We conclude that in the case of films of the sort
we have studied under conditions of persistent flow,
the film thins in good agreement with the predictions
of Kontorovich. This agreement indicates that

(p, ) /p in unsaturated helium films does not have an
unexpectedly large dependence on the velocity of the
film under nondissipative persistent flow conditions. "

1.27

1.27

1.27

1.40

1.40

1.40

9.4

11.6

14.7

9.3
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1.36 + 0.05

1.39+0.09

1.48 + 0.06

1.39 + 0.05

1.37 + 0.03

1.43 + 0.03
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