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nal we obtain values of yz" (&u, )/y„&;~"(~,) as high
as 0.51, and consider it likely that at higher
fields our measurements would be consistent
with a BW curve properly corrected for all Fer-
mi-liquid effects.

Our estimates of the surface pinning, bending,
and field orientational energies in the 8% state
show that the surface and bending energies domi-
nate the field energy below about l00 Oe and we
therefore expect. that 6, the angle between K and

fI, discussed above, should increase in a gentle
arc from zero at the center of the bore to some
fraction of 2m at the walls. Such a model is en-
tirely consistent with all our observations, in-
cluding the broad absorption in the 8-longitudi-
nal-resonance experiments and the smeared
shape of the transverse-B-resonance signal.
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The thickness of a flowing He II film has been measured at temperatures below 1'K.
The film's thickness varies quadratically with the flow velocity, in agreement with theo-
ry. The implications of this observation are discussed with regard to similar measure-
ments performed at higher temperatures.

In recent years attempts have been made to ex-
plain an apparent violation of basic fluid mechan-
ics applied to a moving superfluid film. This
paper presents experimental results which re-
solve this problem. In the first part of this Let-
ter we briefly describe the essence of the prob-
lem. Then we present our experiment and finally
make some comments on the consequences of the
observed phenomena.

In 1956 Kontorovich' showed that in thermody-
namic equilibrium, the energy terms describing
a flowing film of He II are linked by the equation

p, v, /2 p + gz —Pd "= 0,

where p, /p is the superfluid fraction, v, is the
superfluid velocity, g is the gravitational accel-
eration, z is the height of the film above the bulk
liquid's surface, n is a constant approximately
equal to 3, P is a constant describing the strength
of the Van der Waals interaction between the sub-

strate and the film, and d is the film thickness.
This equation implies that a flowing film should
be thinner than a static film. In particular for
v, not too large the film gets thinner by the
amount

hd = p, d,v, '/2np gz, (2)

where d, is the thickness of the static film. Al-
though several experimenters" looked for this
thinning effect it was not observed, and finally
Keller' in an elegant experiment conclusively
showed that the effect was not present (at tem-
peratures T & 1.12'K). Several ingenious sug-
gestions have been made to explain Keller' s ex-
periment. ' ' The most convincing explanation
points out that the prediction of Eq. (2) leads to
an instability between the vapor and the liquid
at the free surface. ' If the film gets thinner the
vapor at the interface must be at a pressure
greater than the saturated vapor pressure. As
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emphasized by de Bruyn Ouboter, ' condensation
would then occur, tending to make the film thick-
er. Thus the maintenance of a moving thinned
film would not be an equilibrium process and the
equations of Kontorovich, which are based on
equilibrium conditions, would not be complete.
Van Spronsen et al. ' have recently measured the
flowing film's thickness in a capillary 120 m

long, a geometry intended to inhibit vapor f1.ow.
They find the film thinned, in agreement with
Eq. (2).

If condensation from the vapor is indeed the
mechanism which inhibits the film thinning, one
should measure the flowing film's thickness at
temperatures so low that vapor effects would be
negligible. The remainder of this paper describes
such an experiment.

To measure the film thickness we attach a cell,
similar to Keller's, to the mixing chamber of a
dilution refrigerator. Figure I shows the basic
cell which consists of two concentric annular re-
gions I and 2. At the top of the inner annular
region I is a cylindrical capacitor CI with the
following dimensions: height H = 0.33 cm, diam-
eter D= 1.45 cm, and plate separation S=0.076
mm. The walls of region 2 form the plates of a
second cylindrical capacitor C2 with C.mensions
H=1.05 cm, a=2.71 cm, 8=0.50 mm. The an-
nular regions are partially filled with liquid he-
lium which enters the cell through the capillary
tube at the top of the cell. The Bakelite umbrella
U ensures that no drops fall directly on the nar-
row gap of CI. If this is not done, Ci will com-
pletely fill with liquid, held in place by surface
tension. Region I fills via film flow from re-
gion 2. Wherever possible, parts are made from
copper to ensure uniform temperature throughout
the cell. Temperatures were measured using a
calibrated Speer resistor.

t I and C2 are simultaneously measured with
independent capacitance bridges (General Radio
No. 1615-A). Because of the finite dielectric
constant of liquid helium, " a measurement of
C2 yields the liquid level in region 2 and a mea-
surement of Ci gives the average film thickness
in CI. Using a phase-sensitive detector we

0
could resolve a change in film thickness of 2 A

with a time constant of 300 msec. Flow was in-
duced from region I to region 2 by applying a
dc potential across C2. The electric field in C2
decreases the hydrostatic pressure in the liquid
and causes the fluid in C2 to rise to a higher
level as liquid flows out of region I via the film
(at a constant critical velocity). The inertia of

FIG. 1. A cross sectional view of the film-Qow ap-
paratus described in the text. The cross-hatched areas
are Bakelite and all other materials are metal.

the moving superfluid causes the level in C2 to
overshoot the equilibrium height and the system
exhibits weakly damped U-tube oscillations. Ac-
cording to Eq. (2) the film thickness should at
first decrease while the fluid flows into C2.
Furthermore, as the levels in regions I and 2

oscillate at frequency cu, the film thickness,
which depends on v, ', shouM vary periodically
at twice this frequency.

This is exactly the behavior we observe. Fig-
ure 2 is a typical recording showing both the
level in region 2 and the film thickness in CI as
a function of time. At t=0, a 500-V bias is re-
moved from C2. The level in C2 at first de-
creases linearly, with a critical velocity of 28
cm/sec. During this period of constant flow,
the film gets thinner by 56 A and then remains
constant. When the flow rate slows, the film
rapidly gets thicker, returning to its original
thickness at the instant the flow into C2 stops.
As U-tube oscillations progress we see the film
thickness change at twice the frequency, the film
reaching maximum thickness at points of zero
flow. There is an asymmetry in the thickness
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FIG. 2. Typical recording displaying simultaneously
the decrease in film thickness Ad and the liquid level
Dk in capacitor C'2. The temperature during this trace
was T =0.26'K.

60

change with respect to flow direction that we do
not understand. As seen in Fig. 2, the thickness
change is much less when the U-tube oscillation
flow is in the same direction as the preceding
critical flow.

The film velocity v, in Cl is calculated from
the slope of C2 versus time and the known cell
geometry and measured film thickness. The
static film thickness d, was measured by ob-
serving the change in C1 during our initial filling
process. (For this cell with z =0.8 cm the thick-

0
ness was do = 630 A. ) Inserting this value of v,
in Eq. (2) we calculate the expected film thinning
(&d) «~, . Changes in Cl give us an observed
value (&d),b, . From 25 filling sequences we find
that for the constant flow period (Ad) „&,=(6d),b,
within 30%. From measurements made during
the weakly damped U-tube oscillations we find
(bd), b, varies quadratically with u, for flow in
a given direction. These observations verify
Eq. (2} in the low-vapor-pressure regime. The
agreement between (M) „&, and (bd), b, is not
always consistent, differing (infrequently) by as

much as a factor of 2. One possibility is that
there may have been fluid reservoirs, other than
region 1, which could contribute to the observed
level rise in 2 and lead to an overestimate of the
film velocity v, . Differential contraction between
the copper and Bakelite could open cracks of
sufficient volume for this to occur. Another
possible source of inconsistency arises from the
observation of Keller and Hammel" mho have
shown that the region of flow dissipation is not
localized but spread out over the surface of the
inner reservoir and that the flow is in general
not reproducible. Equation (2) is not strictly
valid in the presence of vorticity or dissipative
flow.

We observed the film-thinning phenomenon in
the range 0.26 & T &0.9 and found no apparent
temperature dependence. We attempted to ob-
serve this phenomenon at higher temperatures
but electrical breakdown (presumably in the va-
por) precluded the use of bias voltages large
enough to observe the effect. " Our observa-
tions, coupled with Keller's, support the view of
de Bruyn Ouboter' that the free surface of He II,
in the high-vapor-pressure regime, will not
depend on the velocity field u, . This has several
cons equenc es.

In particular the meniscus of rotating He II
mill have a shape which depends on vapor pres-
sure as well as v, ." In this case the relevant
force is gravity rather than the Van der Waals
force, and so the effect will not be as pronounced
as in films.

Another comment is that the previously not
understood observation of Bianconi and Mara-
viglia" may be explained by our results. "
authors, investigating U-tube oscillations using
ions as a probe of the moving film, reported ob-
serving currents which had a square-law depen-
dence on z, . Electrons can form trapped states
outside a helium film. The dependence of film
thickness on v, would move the trapped charge
near a substrate collector in a manner mhich
mould produce the current observed by Ref. 14.
Indeed, trapped electrons may provide a sensi-
tive probe of film thickness.

A final comment is that in superfluid film flow
above 1'K, condensing vapor would provide a dis-
sipative mechanism. ' This mould prevent the ob-
servation of persistent currents in films, as
found experimentally. " This may be the expla-
nation of this previously not understood phenom-
enon. We mill be testing this hypothesis soon.

In summary we restate that Eq. (2} is found
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valid at low vapor pressures. The surface con-
tour calculated by Kontorovich is a nonequilibrium
state which is detectable only in the limit of van-
ishing vapor.
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Bound- and virtual-state structure has been observed in the tunneling characteristics
of thick Cd films deposited over Pb. We observed amplitude effects displaying a temper-
ature dependence not previously reported. An important point is made concerning basic
spacings of bound and virtual levels. Amplitudes and level spacings appear to contain
retrievable proximity-effect information. Taking nonlinear effects into account, a value
of vF =1.30&10 cm jsec is obtained for the c direction.

Oscillatory structure in the tunneling density
of states p~(v) of thick (d, & 1 pm) superconduct-
ing films (M, ) results from interference between
degenerate quasiparticle states coupled by a pair-
ing-potential perturbation (()6 = b,, —6,) due to
the proximity of a thinner second metal (M, ).' '
This Letter deals with the case in which M, is a
superconductor with energy gap 2h, »2h, » 0.
quasiparticle wave incident upon the interface
M, /M~ suffers partial reflection when it has en-
ergy v&h, and total reflection when ur & 4, (no
states available in M, ). In either event, interfer-
ence produces standing-wave resonances associ-
ated with energies ~ =~„. For sufficiently long
mean free paths I, =d, /y, resonances contribute

peaks to p~ corresponding to bound-state (~ &A, )

and virtual-state (&u &6,) levels. For y»1, a
reasonably detailed theory due to %'olfram' pre-
dicts an average level separation (Ru) =hv„/2d, ,

where vF is the renormalized Fermi velocity.
This is the same result as for virtual states when
5& &0 and y- l.''' Leaving this limit, however,
%olfram predicts a strong harmonic contribution
which adds a second series of peaks (~ & A„&u

& n, ,), so that (Sw) =kv~/4d, .
Early attempts to observe bound levels (6, & 0)

employed In (M, ) and Pb (M, ).' These yielded
very weak structure, possibly because of inter-
diffusion of In and Pb. In at least one instance,
however, stronger structure was observed re-
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