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In conclusion, a refractive-index anomaly in
the region of a critical point has been observed.
However, measurements are not yet sufficiently
precise to specify the critical parameters that
should be obtainable (l.e. , v, g„and q) with
adequate accuracy. Qur observations are fitted
by our theoretica, l relationship for the refractive
index within the accuracy of our preliminary
measurements.
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Onset phenomena in superfluid helium have been studied by measuring the rotational
decay constant of a levitated, superconducting niobium sphere coated with an unsaturat-
ed superfluid film. The novel features of onset that were observed are discussed. Pre-
vious observations of a two-layer-thick solid phase of helium underlying the film have
been confirmed.

Qnset phenomena associated with unsaturated
liquid He II film~peeificaH. y, onset of super-

. fluidity, ' ' superfluid density, ' and solid layers""—have recently stimulated a great deal of inter-
est in the scientific community. This Letter re-
ports some novel observations of onset phenom-
ena obtained by measuring the rotational decay
time constant n of a rotating sphere coated with
an unsaturated super fluid film. We believe this
to be the first complete set. of observations free
of extensive extrapolation.

The apparatus and technique used have been
described previously. " The rotating sphere was
an ultrapure, supercondueting, niobium ball of
1 in. diameter and 5 pin. sphericity. An unsat-
urated superfluid film in equilibrium with its own
vapor at a pressure below the saturated vapor
pressure was formed on the sphere's surface.
The film thickness" is given by

where I" is a constant, "M is the molecular
weight of He, 27 is Boltzmann's gas constant, T
is the temperature of the sphere, P is the pres-

sure of the vapor in equilibrium with the film,
and P, is the saturated vapor pressure. The an-
gular velocity w of the sphere was a.lways kept
low enough (6 t'o 15 rpm) that the rotational decay
time constant is given by"

Experimental measurements of e as a function
of d were taken 1 h after the temperature and
pressure had stabilized. In each set of measure-
ments, we started with a saturated film and then
slowly reduced the film thickness by removing
He gas from the chamber. The results for six
sets of measurements in the temperature range
1.165 to 2.08 K are summarized in Fig, 1. The
points are experimental values; the solid lines
are best-fit curves and do not represent any the-
ory at this time.

We chose to analyze the data by assuming two
major components in each measured value of n:
the classical component that we have reported
previously" and the superfluid component unique
to He II films. Figure 2 shows the experimental
curve for 1.91 K (from Fig. 1) and the two com-
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FIG. 2. Data analyzed by assuming two major con-
tributions in our experimental value of the rotational
decay time constant: a classical component and a su-
perfluid component (example: T=1.91 K). The two
component curves are computer generated.
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ponent curves, which were computer-generated
from the relation &tota$ &superf]. uid +c].assical'
The classical component was assumed to be a
smoothly varying function. The important fea-
tures in this figure, to be discussed below, are
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FIG. 1. Rotational decay time constant as a function
of film thickness at six different temperatures. Points
are experimental values. Solid lines are best-fit curves.

common to the data at the other temperature val-
ues."

The first sharp rise (labeled 1) of the super-
fluid component is at the film thickness at which
onset of superfluidity occurs. ' ' A great deal of
experimental knowledge has been obtained about
this onset phenomenon. Presently, two theories
concerning the mechanism of onset of superfluid-
ity are generally favored: intrinsic fluctuation""
and the ripplon model. " While our observations
cannot be used for a definite determination of
which is the proper view, they seem to favor the
ripplon model. The reason for this is that rip-
plons generated at the free surface by impinging
gas molecules transfer some of the angular mo-
mentum of the impinging gas molecules to escap-
ing gas molecules. This results in an incomplete
momentum transfer between the gas and the liq-
uid film. However, as the film thickness approach-
es the value at onset of superfluidity, the lifetime
of ripplons decreases exponentially" resulting in
a more complete transfer of momentum between
gas and liquid; therefore, the free surface be-
comes an exponentially increasing momentum
sink for impinging gas molecules. This suggests
an exponential component in the rotational decay
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FIG. 3. Film thickness at beginning and end of onset
of superQuidity as a function of temperature. The solid
squares are from Fig. 1, triangles from Ref. 1, cir-
cles from Ref. 2, open squares from Ref. 3, diamonds
from Ref. 4, x-crosses from Ref. 5, plus-crosses
from Ref. 7 with adjusted solid layers, and inverted
triangles from Ref. 8.
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FIG. 4. Experimental values of film thickness at on-
set of superfluid density (left ordinate) or ) (right or-
dinate) versus temperature. The diamonds are from
Fig. 1, squares from third-sound results, Hef. 19, and
inverted triangles from Ref. 21. The solid curve is
from the empirical formula d=A+BTp/T~p~.

rate, which we observed.
We believe that our observations are unique in

that they show the beginning and end of the onset
of superfluidity, as well as the onset itself. Film
thickness at the beginning and end of onset is
plotted as a function of temperature in Fig. 3.
The square solid points are experimental values
from Fig. 1, and the solid lines are best-fit
curves. If these curves are indeed the boundaries
of onset, then the measured values of onset of
superfluidity previously reported in the litera-
ture' ' should lie between these curves. These
values are plotted in Fig. 3 and they confirm our
premise. Their positions seem to depend on the
sensitivity, accuracy, and parameters of the re-
spective experiments. "

The second sharp rise of the superfluid com-
ponent is at the film thickness at which onset of
superfluid density occurs. To see this, one can
imagine that, although most gas molecules lose
their excess momentum at the free surface,
some must still be able to penetrate the first few
film layers, completing the momentum transfer
with the normal-fluid component in the bulk of
the film. Hence, a sudden rise in the value of
the rotational decay time constant is expected
when the film thickness is reduced to the value
for the onset of superfluid density. This film
thickness has been interpreted in terms of the

Ginzburg-Pitaevskii description" of superfluid
density; and the value of the superfluid healing
length has been determined from it. All prior
experimental data on film thickness at onset of
superfluid density are extrapolated values. Our
observations are presented as a function of tem-
perature in Fig. 4 (left ordinate), with no adjust-
able parameters. The closed points are our ex-
perimental values, and the solid line is fitted by
an empirical law of the form

(4)

where d is the film thickness, A and B are con-
stants, T~ is the He II transition temperature,
I-, is the total density, and p, is the superfluid
density. The curve shown has A = 2.0 and B= 0.96.
The solution of the Ginzburg-Pitaevskii equation
with our proposed boundary conditions gives

d =d, + 2vYf,

where d, is the thickness of the solid layer and
l is the superfluid healing length. Our data, in-
dicate that d, = 2 atomic layers, which leads to
the value l = 0 as T approaches 0 K (see Fig. 4).
This, of course, satisfies the formula proposed
by Rudnick and Fraser',

const T
& s/p
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Experimental values of l as a function of temper-
ature are plotted in Fig. 4 using the right ordi-
nate. The open square points are from third-
sound measurements" and the triangular points
are from persistent-current measurements. "

The reason for the third sharp rise of the super-
Quid component is unknown at present. However,
other authors' have also observed some unex-
plainable feature in the region prior to the ap-
pearance of solid layers.

The general behavior of the classical compo-
nent in Fig. 2 has been described before. " We
only wish to stress again that the sudden drop in
value at two atomic layers is consistent with our
interpretation of a solid phase two layers thick.
Recently, other authors" have also observed the
second solid layer in their heat-capacity mea-
surements.

We would like to thank Ms. Hilga Campbell of
the University of Southern California for her ex-
cellent help during the course of the experiment.
We would also like to thank Mr. A. Barkus of the
Jet Propulsion Laboratory for his editing of the
manuscript. One of the authors (T.W. ) wishes to
thank Professor I. Rudnick and Professor F. Bus-
se of the University of California at Los Angeles
for their valuable suggestions.

*This paper presents the results of one phase of re-
search carried out at the Jet Propulsion Laboratory,
California Institute of Technology, under Contract No.
NAS7-100, sponsored by the National Aeronautics and
Space Administration.

E. Long and L. Meyer, Phys. Bev. 85, 1080 {1952).
E. Long and L. Meyer, Phys. Rev. 98, 1616 {1955).

3D. J. Brewer and K. Mendelssohn, Proc. Roy. Soc.,
Ser. A 60, 1 (1961).

R. P. Henkel, G. Kukich, and J. D. Reppy, in Pro-
ceedings of the Zteoenth Intengationat Conference on
I.ozv TemPewatmxe Physics, St. Andwezos, Scotland,
1968, edited by J. F. Allen, D. M. Finlayson, and
D. M. McCall (St. Andrews Univ. Press, St. Andrews,
Scotland, 1969).

K. Fokkens, W. K. Taconis, and R. de Bruyn Oubo-
ter, Physica (Utrecht) 82, 2129 (1966).

R. Kagiwada, J. C. Fraser, I. Rudnick, and D. Berg-
man, Phys. Rev. Lett. 22, 339 (1969).

E. S. Sabisky and C. H. Anderson, Phys. Bev. Lett.
30, 1120 (1973).

I. Rudnick and J. C. Fraser, J. Low Temp. Phys. 3,
225 (1970); J. C. Fraser, Ph. D. thesis, University of

California at Los Angeles, 1969 (unpublished).
9M. Chester and L. C. Yang, Phys. Rev. Lett. 81,

2S, «S77 (197').
T. G. Wang, Phys. Rev. Lett. 31, 6, 344 (1973).
M. Bretz, Phys. Rev. Lett. 31, 24, 1447 (1978).
At this time, we assume that the density of the film

is uniform throughout and that the entropy of the ad-
sorbed film is the same as that of the bulk liquid.

~3The equation for calculation of accommodation coef-
ficient from rotation decay measurements in Bef. 10
is incorrect. Theoretical and experimental efforts are
underway to redefine the correlation.

~ The separation of the experimental curve into two
components confirms our belief that the classical treat-
ment of vapor-liquid interaction which ignores the
quantum nature of the superfluid-helium surface cannot
be applied rigorously to the superfluid-helium system
[see M. Cole, Phys. Rev. Lett. 28, 1622 (1972)]. The
vapor-liquid interface of superfluid helium differs sig-
nificantly from that of a classical liquid; for one thing,
it has to serve as a bridge between the Maxwellian and
the boson systems. Based on the above observations,
one should not expect any significant change in the ro-
tational decay time constant from the interface region
all the way to the bulk region. This leads to the con-
clusion that the accommodation coefficient at the film
interface cannot be too different from the bulk value,
measured by K. R. Atkins, B.Rosenbaum, and H. Seki
[Phys. Bev. 118, 751 {1959)]and G. H. Hunter and D. V.
Osborne [J.Phys. C: Proc. Phys. Soc., London 2,
2414 (1969)]. However, we cannot prove this at this
time.

S. V. Jordanskii, Zh. Eksp. Teor. Fiz. 48, 708
{1965) [Sov. Phys. JETP 21, 467 (1965)].

~6J. S. Langer and M. E. Fischer, Phys. Rev. Lett.
19, 560 .(1967).

C. G. Kuper, in Superfluid Hetium, edited by J. F.
Allen (Academic, New York, 1966).

~BThe ripplons become third sound in the thin film,
and there is experimental evidence [see T. G. Wang
and I. Rudnick, J. Low Temp. Phys. 9, 425 (1972}]
which shows that the third sound attenuates exponential-
ly as film thickness approaches the value at onset of
super Quidity.
' lt is worth pointing out here that although p at the

surface is being depleted, the p~ average of the sys-
tem does not have to change significantly [see D. L.
Goodstein and. R. L. Elgin, Phys. Bev. Lett. 22, 883
(1969)].

V. L. Ginzburg and L. P. Pitaevskii, Zh. Eksp.
Teor. Fiz. 84, 1240 (1958) [Sov. Phys. JETP 7, 858
(1958)].

R. P. Henkel, E. N. Smith, and J. D. Reppy, Phys.
Bev. Lett. 28, 1276 (1969).
' For a recent paper on the subject, see J. H. Scholtz,

E. O. McLean, and I. Budnick, Phys. Bev. Lett. 80, 4
(1974).

1135


