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Measurements of dissipation versus velocity for the flowing helium film are reported.
A new probe technique allows measurement of the dissipation as a temperature difference
in a small region of the film. The data are interpreted in terms of the Langer-Fisher
fluctuation model as modified for driven flow where we find 4T exp[Pp, lkpTv, ].

The flow of superfluid helium through fine
pores" has been interpreted in terms of the
thermal fluctuation theory developed by Langer
and Fisher' (LF). Recent measurements by No-
tarys' indicate that pressure-driven flow through
fine pores obeys the functional relation of a mod-
ified LF theory at temperatures well below T„.
The energy of excitation of the phase-destroying
fluctuation has the same functional dependence
(1/v, ) on the superfluid velocity as the energy of
a usual vortex ring, but a significantly smaller
magnitude. We report measurements of the dis-
sipation as a function of velocity in a thermally
driven, saturated helium film. An aluminum
film probe is used to measure small tempera-
ture differences along the film. These data are
found to be related to the extension by Notarys
of the Langer and Fisher fluctuation theory.

When a constant driving force is applied to a
superfluid film a steady-state flow is established
and phase destruction proceeds at a rate propor-
tional to the superfluid velocity. The equation
for driven motion is4

p, (dvs/dt) = p, (F/m) p, (dv, /dt) f fl-lCt y

where p, is the superfluid density, 8/m is the
acceleration due to a force acting on the system
in the direction of v„dv, /dt = 0 in steady state,
and (dv /dt) f f t is defined below. Set E/m = V p,
where p, is the chemical potential and

16mU, is the approximate energy of a critical
fluctuation; K—= h/m is the quantum of circulation.
This energy is obtained from a dimensional anal-
ysis using a hydrodynamic model for a vortex
ring. ' Finally a relation between AT and v, is
obtained when VT = ET/l, and l is the length of
the dissipation region along the film. A pres-
sure pSAT is written for convenient comparison
between the present data and that for fine pores;
combining the above equations one finds that

pSAT =p(h/m)Vffo exp(-Pp, /kpTv, ),

where P = JP/16m in the above approximation for
4

The experimental apparatus shown in Fig. 1
consists of a glass post extending vertically from
the bath in an enclosed chamber. This post has
a diameter of 2 cm at the bottom and is necked
down smoothly to the top section of 1 cm diam.
The outer surface of the post provides a sub-
strate for the helium film under discussion as
well as a support for the heater and a thin-film
thermometer probe' which is an evaporated alu-
minum film used near its superconducting transi-
tion temperature. This probe extends about 1 cm
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where p„and p are, respectively, the normal com-
ponent and total fluid densities, P is the pres-
sure, S is the bulk fluid entropy per unit ma, ss,
and v„ is the normal fluid velocity; v„=0 is as-
sumed in a thin helium film. For the present
experiment the dominant term is SV'T. The fun-

damental equation of the LF theory' is

(dv, /dt) &,„„=-Atf,(h/m ) exp(-E, /kT),
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where Az is the film cross-sectional area, fo is
the fluctuation attempt frequency, and E, = p, K'/

FIG. 1. Schematic diagram of the experimental ap-
paratus.
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around the cylinder and has a width of 0.02 cm,
which is small compared to the height of the film
probe above the bath, usually 5 to 10 cm. Cali-
bration of the film probe is described in Ref. 5.
The small mass of the film gives a rapid re-
sponse to small temperature fluctuations since
the heat capacity of the film is much less than
the helium film covering the probe. The sensi-
tivity of the probe is of the order 10' 0 K ' at a
power dissipation of &10 ' W. A four-wire po-
tentiometric method is used to determine temper-
ature differences to with 10 p.K. Because the
power dissipation is low, no appreciable thermal
boundary (Kapitza) resistance occurs. In addition
the point of temperature measurement is exter-
nal to the heater, This technique offers an im-
provement over previous experiments' when the
Kapitza resistance caused temperature differ-
ences which would mask the small differences
associated with the thermohydrodynamic dissipa-
tion measured in this experiment.

The heater is of Nichrome and a four-mire po-
tentiometer system gives the resistance directly
and as a function of current. A precision stan-
dard resistor in the heater circuit is used for
accurate determination of the heater power, sub-
stantially all of which is transferred to the helium
film.

The velocity of the helium film in response to
a heat input Q, is given from the energy balance

Q = cr(H„+ TS),

where II„ is the heat of vaporization and TS is
the energy added to the superfluid component p, .
The mass flow rate cr is given as

0 = p, dv, I'

for a film of thickness d over a surface of limit-
ing perimeter I'. The film thickness is calcu-
lated directly from the relation d =AH '" for a
given height H above the bulk liquid surface. ' As
shown by Keller' there is no change in thickness
between a static film and one moving with a sub-
critical velocity.

The experimental procedure was as follows.
First a liquid level was established in the cham-
ber from the external He II bath through the su-
perfluid-tight valve. A temperature within the
region of the aluminum probe sensitivity was
selected and controlled to +3 p.K with an elec-
tronic controller. A saturated equilibrium su-
perfluid film formed on the glass post. Super-
fluid flow was initiated through the film toward
the heater as the heat input Q to the heater was
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FIG. 2. The pressure pSDT versus the quantity
p, /pTv, for thermally driven flow of a saturated heli-
um film. Open circles, 1.976 K; closed circles, 1.997
K; crosses 2.025 K; and triangles, 1.745 K. The solid
line fit to the data is ps''I' =3.10&&10 exp[(-3.2&&103)p /
PTVs ~'

increased and evaporation removed the energy
to the bath by recondensation. The flow remained
subcritical on the 2-cm-diam section of the post.
Increasing Q caused a measurable b.T at the
temperature probe. A temperature difference
b,T was measured only at constant Q was found
to be constant over long periods of time (30 min).
When Q was suddenly turned on, the constant val-
ue of 4T was reached in a time limited by the
recording potentiometer to the order of 1 sec.

The data are used to derive values of log(pSb, T)
and p, /pTv„which are shown plotted in Fig. 2.
The values p, p„and S at a temperature T are
obtained from the recent literature. Measure-
ments are taken over the range of sensitivity of
the aluminum temperature probes from 1.7 to
2.02 K. The measured values of AT extend over
the range 10 p, K to 1 mk. ' Typical values of v,
were 24-60 cm/sec over the range of tempera-
ture and driving force in these experiments.
These values are comparable to those obtained
from gravitational-flow experiments. ' In the
temperature region studied the temperature de-
pendence of v, o-p, /T is well satisfied as is seen
in Fig. 2. An estimate of the experimental errors
is shown by the error bars. The measured b,T
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depends on dR/dT determined for the aluminum
probe' and the assumption that the function is
smooth is checked by making small temperature
changes in the bath with the electronic controller.
The errors in p, /pTv, arise primarily from de-
termination of the heater current and resistance.
These measurements are in excellent agreement
with the functional dependence between bT and

v, given by Eq. (1).
The data were obtained from several runs span-

ning a year in which a different temperature con-
troller and Dewar-pumping system were used.
We used different glass substrates of both drawn
and polished tubing and aluminum films, both
metallic and granular. " The heater element in
one run was constructed from wire wound and

epoxied to the glass post and in the other runs
was evaporated completely around the glass post.
No detectable systematic variations of the data
were found as a result of these changes.

The constants A and p are determined from a
fit of Eq. (1) to the data as shown by the solid
line in Fig. 2, where

pSar =A. exp(-Pp, /kpru, ).
The constant A includes the cross-sectional area
of the film, the length E of the film over which
dissipation occurs, the bulk fluid density, and the
attempt frequency. From the measured perim-
eter of the post, the calculated film thickness,
and the length f (taken to be the distance a.long
the 1-cm-diam section of the post to the temper-
ature probe), a value f, = 2.19x10" is determined.

The value of P determined by a fit of Eq. (1)
is p=4.4x10 ". This value is significantly less
than the calculated value p = 50 x10 "'. From

O

the pressure driven flow in 800-A-diam pores,
Notarys' obtains p =13 x10 ", also small com-
pared to the calculated value. The film thick-
ness calculated for the present experiment was
near 150 A. However, the further decrease in

P compared to the measurements of Notarys is
less than a scaling with the helium thickness
would predict.

No complete theory describing vortex forma-
tion in the film exists presently. According to
Clark" the surface tension at the free surface
should be strong enough to eliminate surface ef-
fects due to a vortex. The energy required to
form a vortex is decreased in a constricted ge-
ometry and this is in qualitative agreement with
the present observations.

An alternate interpretation of the measured
temperature differences is possible according

to Huggins. " On the basis of a hydrodynamic
model for subcritical flow where no change in
film thickness occurs a temperature gradient
along the film was predicted. The magnitude of
the temperature difference expected is a factor
of 10 greater than that observed and does not
have the expected functional dependence on v„
that for small temperature differences gives
AT (xv, . That this interpretation is not impor-
tant for thermally driven film flow is in agree-
ment with isothermal flow measurements of
Keller. "

The results indicate that in helium-film flow
the magnitude of dissipation is functionally re-
lated to the superfluid velocity by the Langer-
Fisher fluctuation theory„ in the particular case
of a vortex ring model. Close agreement with
the temperature dependence inherent in this mod-
el is found as in Fig. 2. The quantitative identifi-
cation of the fluctuation energy with the energy
required to form a vortex ring is not good. We
feel that in the ease of helium-film flow a more
careful description of vortex formation in a hel-
ium film may improve the quantitative agreement.

The author takes pleasure in acknowledging
discussions of this experiment at an early phase
and critical reading of this manuscript by Dr.
E. F. Hammel, Dr. W. E. Keller, and Dr. L. J.
Campbell.
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The wave dispersion characteristic of whistler waves in a plasma is directly recorded
as a function of the ratio of electron cyclotron frequency to wave frequency along their
propagation path in a magnetic mirror. In the limit of small wavelengths the dispersion
characteristic approaches that of plane waves in an unbounded plasma.

The dispersion relation of right-hand circular-
ly polarized waves in plasma (whistler waves),

h'c' (~, /~)'
(d (dt, /(d-I

suggests an experimental study of these waves
along a weakening magnetic field (magnetic
beach). Here, c is the speed of light, h is the
wave number, co is the signal frequency, (d~ is
the electron plasma frequency, and (d, is the
electron cyclotron frequency. Near electron cy-
clotron resonance, in the region ~, /~ ~ 1, this
dispersion relation, which is valid for an un-
bounded plasma, should a1so hold for free-space
wavelengths several times larger than the trans-
verse dimension of a laboratory plasma. In Eq.
(1) the momentum-transfer collision frequency
has been neglected and the angle between the di-
rection of propagation and the static magnetic
field is assumed to be zero.

The importance of experimental verification of
Eq. (1) along a magnetic beach lies in the possi-
bility of performing tests of validity for the mi-

croseopic progagation theory of the whistler
mode with allowance for Landau damping, cyclo-
tron damping, and plasma acceleration. ' ' Until
now it has been very difficult to study whistler-
mode propagation in a laboratory plasma either
because of large coupling losses of wave-exciting
probes' or because of the complexity of separate
excitation of circularly polarized waves. '
Hitherto, measurements of n(~, /&u) in a uniform
magnetic field have had the disadvantages that
in changing cu, one is confronted with variations
of the plasma parameters; or if ~ is changed,
the amplitude of the test wave varies depending
on the coupling losses of the launching device
used. ' '

In this Letter the validity of Eq. (1) in the limit
of small wavelengths is confirmed by experimen-
tal data taken along a propagation path in a mag-
netic beach, in the vicinity of the resonance re-
gion &u, /&u ~ 1. The wave-dispersion character-
istic is directly recorded as a function of ~„/a&
by sampling the whistler wave along its propaga-
tion path in the magnetic-mirror plasma. This


