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proportional to the 'He mole fraction, although
it is somewhat less at low concentrations and

somewhat greater at high concentrations. If
possible concentration errors of up to +0. 5% are
considered along with the estimated uncertainties
in the determination of the temperatures at the
minima, then the following formula may be used
(for interpolation purposes only) to express the
temperatures (Tmixt) of the volume minima as
functions of the 'He mole fraction and the tem-
peratures of the volume minima of pure He (T,')
and pure 'He (T, ):

(T '- g' . )/(T '- T ') =x —0.027sin2mx
4 mixt

The only other direct measurements of the den-
sities of mixtures, those of Ptukha, ' are in good
agreement with the present results at lower con-
centrations but give temperatures as much as
0. 060'K higher for the density maxima. However,
our own analysis of Ptukha's density-temperature
data indicates that the density maximum for the
40% 'He solution occurs within 0.005'K of the
smooth curve through our data for the tempera-
tures of the volume minima.

Thus it appears that, since the volume minimum
follows an independent locus, the experimental
determinations of the A. line are in reasonable
agreement with each other. An exception is the
visual experiment of Zinov'eva and Peshkov'
which gave unusually high results for the w tem-
peratures, although their results for the strati-
fication temperatures are in good agreement with
the data of other investigations. Roberts and
Sydoriak' have discussed several reasons why
this type of experiment might give erroneous re-
sults as a consequence of large temperature and
concentration gradients associated with the nature
of the method. Such gradients might reasonably
be enhanced by the existence of the density maxi-

mum just above the true A temperature. As
shown in Fig. 2, all but two of their data points
fall within 0.030'K of the curve for the volume
minima —an observation which suggests that their
experiment may have been more sensitive to the
density gradients than to the X phenomenon.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.
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The superconducting ring experiment, first per-
formed by Kamerlingh Onnes, is one of the clas-
sic demonstrations in low-temperature physics.
In this experiment an electric current is created
in a ring of superconducting material. The life-
time of such a current is effectively infinite, pro-
vided that the ring remains in the superconducting
state.

The superfluidity of liquid helium is, in many
ways, analogous to the superconductivity of metals;
therefore, it is reasonable to expect persistent
currents in liquid helium. The detection of such
currents in liquid helium presents certain diffi-
culties. There is no external magnetic field such
as exists in the super conducting case, so that any
measurement must involve a direct mechanical
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interaction with the liquid helium. The experi-
mental difficulties have been overcome, and a
series of experiments' ~ has established with in-
creasing confidence that persistent currents can,
indeed, exist in superfluid helium.

The primary aim of the present experiment is
a study of the magnitude of the persistent cur-
rents as a function of temperature. The methods
used are basically the same as those used in our
earlier work, but with certain improvements and

simplif ications of technique.
A cylindrical liquid helium container, Fig. 1,

is suspended from a magnetic bearing so that it
may rotate about its vertical axis with negligible
drag. The interior of the container is divided
into many annular regions by thin mica discs
mounted, with spacers, on a central rod. The
discs are spaced about 0.3 mm apart in order to
increase the critical velocity.

The container is filled with liquid helium and

sealed off. Exchange gas is used to maintain
thermal contact between the container and a heli-
um bath. The exchange gas is always removed
before a measurement is made to avoid any spu-
rious torques.

The persistent current is prepared by the fol-
lowing procedure. First, the container is ro-
tated at a speed far above the critical velocity
for the superfluid. Once the superfluid has ab-
sorbed angular momentum from the container,

FIG. l. Schematic of the apparatus. (A) Magnetic
bearing; (8) brake and drive coils; (C) glass vacuum
jacket; (D) lamp used for heating; {E) liquid container;
(F) helium Dewar; (6) exchange gas source and dif-
fusion pump.

the speed is slowly decreased until the container
is finally brought to rest. The container is held
at rest by a magnetic brake, for a given ~aiting
period, before a measurement is made to investi-
gate the presence of a persistent current. The
length of this waiting period has been varied from
five minutes to over 12 hours without any observa-
ble difference in the results.

After the waiting period, any exchange gas is
removed and the magnetic brake released so that
the container hangs free from the magnetic bear-
ing. The presence of the persistent current is
then detected by heating the container with an ex-
ternal light. If the liquid is heated to the A. point,
the persistent current will be destroyed, and the
container will start to rotate. Equilibrium takes
place very rapidly, since the discs are spaced
closely together, and the angular momentum of
the persistent current will be shared by the con-
tainer and the liquid. Since the method of heat-
ing exerts no torque, conservation of angular mo-
mentum holds, and the angular momentum of the
persistent current, I.p, is given by Ip =I~,
where I is the total moment of inertia of the ro-
tating system, about 28 g cm', and co is the equi-
librium angular velocity of the container after the
destruction of the persistent current.

In actual practice it was found that only the first
half-second of heating is necessary to bring about
equilibrium between the container and the super-
fluid. This first heat pu1se triggers the destruc-
tion of the persistent current, and any further
heating produces no observed effects other than
an increase in the temperature of the liquid.

Two types of measurements were made. In the
first instance, the persistent currents were meas-
ured at the temperature at which they were pre-
pared, while in the second, the temperature was
changed to another value before measurement.

The angular momentum of a number of persist-
ent currents which were created and measured
at the same temperature are plotted in Fig. 2
as a function of the temperature. The points are
indicated by the squares. These results show
the angular momentum of the persistent currents
to have a strong temperature dependence very
similar to that of the superfluid density. It should
be noted that the values obtained by the present
method probably represent, at each temperature,
an approximate upper bound on the size of the
persistent currents possible in this geometry.

The second type of measurement is suggested
by the strong temperature dependence of 1. . If
a persistent current were formed near the ~
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over the volume of the liquid in the following form:
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FIG. 2. Persistent current angular momentum, L~,
plotted against measurement temperature. The squares
and circles indicate values obtained when the tempera-
ture, after formation of the current, was either held
constant (squares) or lowered (circles) before meas-
urement. The solid curve is the function 0.338p /p vs
temperature.

point where the angular momentum of the currents
is small, then one might expect that the angular
momentum would remain constant if the liquid
were cooled to a lower temperature. The two-
fluid model, however, seems to predict a quite
different result. The argument follows lines sim-
ilar to Kelvin's mell-known circulation theorem.

In the treatment of the two-fluid models given
by Landau, ' the condition curl v =0 is satisfied
by the superfluid velocity. Under this condition,
the superfluid obeys the hydrodynamic equation

&v /st=-v[C+~v '
(p /2p)(v --v )'],s s n n s

The circulation integral is taken over a circular
path, radius r, centered on the axis of the con-
tainer at a height z. Since the circulation inte-
gral over any fixed path is constant in time, then,
for any given persistent current, the ratio II,/ps
is a constant independent of the temperature.

It is essential in any experimental test of this
result that variations in the temperature be made
adiabatically in order that the flow velocities re-
main less than critical and that the hydrodynamic
equation is obeyed at all times.

A number of persistent currents were formed
at temperatures between 2. 10'K and the ~ point.
During the waiting period, with the container at
rest the temperature was slowly lowered to a
new value before measuring the angular momen-
tum. The results are plotted as circles in Fig. 2
as a function of the measurement temperature.
The solid line is a curve proportional to the super-
fluid density which has been fitted to the data.

The experimental results bear out the predic-
tion of the two-fluid model. The angular momen-
tum of the persistent current is not conserved
when the liquid is cooled, but rather grows in
proportion to the superfluid density. One should
note that there is no conflict with the general
principle of conservation of angular momentum
since the container is constrained during the cool-
ing process.

The authors wish to acknowledge many instruc-
tive discussions with Professor C. T. Lane and
Professor M. J. Stephen. We would also like to
thank Mr. J. C. Weaver for technical assistance.

where 4 is the thermodynamic potential per gram
of the stationary liquid, p„and p the normal and
total fluid density, and v„ the normal fluid velocity.
Note that the potential function in the hydrodynamic
equation is single-valued, even for nonsimply con-
nected geometries. Consequently, an integral of
the form@ v -dl is constant in time for all motions
of the superfluid consistent with the hydrodynamic
equation.

When an isothermal condition holds throughout
the container, the angular momentum of a per-
sistent current can be expressed as an integral
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