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The nature of the I transition in liquid heli-
um remains one of the outstanding problems
of low-temperature physics. A unique feature
of the transition is the appearance of a single
macroscopic quantum state, the superfluid,
below the transition temperature. Most exper-
imental work to date on liquid helium in the
neighborhood of the transition has been dom-
inated by the effects of the normal fluid. To
complete the experimental description of the
~ transition, it is desirable to have direct mea-
surements of the behavior of the superfluid.

The present experiment is designed to obtain
information on the stability of superfluid flow
in the vicinity of the transition. The method
is based on the results of an earlier study'
of the properties of persistent currents in liq-
uid helium. The angular momentum of a per-
sistent current formed in an annular contain-
er was shown to be proportional to the super-
fluid density and to be a reversible function
of temperature. This result agreed with the
expectation that the superfluid has the proper-
ties of a single quantum state, since the ve-
locity field of such a state remains fixed during
an adiabatic variation in temperature, while
the effective density, p, changes.

The temperature reversibility of the angular
momentum is used to examine the stability of
persistent current states within 10 'K of the
transition. A persistent current is formed at
a temperature well below the transition. The
temperature is slowly raised to near the tran-
sition. After holding constant for about five
minutes, the temperature is lowered, and the
value of the angular momentum is measured.
If the critical velocity for superfluid flow near
the transition is less than the flow velocities
of the persistent current, then dissipative pro-
cesses would occur, and the angular momen-
tum would be reduced.

In the previous experiment' no measurements
were made closer than 15x10 "K from the
transition because the sensitivity was low and
a cumbersome technique which required the
destruction of the current was used to deter-
mine angular momentum.

A new method' which allows repeated nonde-
structive measurements of the persistent cur-
rent angular momentum has been developed.
Mehl and Zimmerman' have recently reported
on a somewhat similar technique. The appa-
ratus is shown schematically in Fig. 1. The
superfluid current is formed in an annular con-
tainer. The walls of the container are thin
magnesium, and the interior is filled with a
fibrous foam to increase the critical velocity.
This system constitutes a superfluid gyroscope,
where the rotating element is frictionless su-
perfluid. The persistent current angular-mo-
mentum vector, Lp„, is in the horizontal plane.
The torque required to make Lp rotate at a
constant angular velocity ~ about the vertical
axis is provided by a small deflection against
a horizontal torsion fiber. The deflection is
detected by a change in frequency of an oscil-
lator. The A temperature was determined by

Lp

FIG. 1. Schematic of apparatus. The persistent cur-
rent with angular momentum Q is formed in the annu-
lar container A. The container dimensions are 5.0 cm
o.d. , 3.0 cm i.d. , and 1.5 cm long. It is filled with fi-
brous foam, D. During rotation ~, about the vertical
axis, the container deflects against a 2-mil tungsten
fiber, C. This deflection is sensed by an oscillator
tank coil, B.
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the discontinuity of a resistance thermometer.
A servo capable of holding the temperature
constant to a few microdegrees was used.

If bf is the change in frequency between clock-
wise and counterclockwise values of (, then

Lp =ksbf/2w,

where k =1.0x10' dyne cm/rad is fiber constant,
and s =1.5x10 ' rad/cycle is the angular sen-
sitivity of the oscillator.

The mean flow velocity of the superfluid may
be estimated from the dimensions of the con-
tainer and the values of I~. In the present
experiment the superfluid velocity is on the
order of 2mm/sec, the exact value depending
on the model assumed for the flow field.

The behavior of a superfluid current is illus-
trated in Fig. 2. Since the angular momentum,
I.&, measured at temperature T, is proportion-
al to the superfluid density, it is convenient
to plot pLp/ps against T& T. The —values of
ps/p are taken from the data of Dash and Tay-
lor. ' Values of pLp/ps (open circles) were
obtained in a sequence of measurements as
the temperature was slowly raised from near
1 K towards T~. One would expect a constant
value for pLp/ps unless a transition occurs
to a superfluid state with a different value of
net angular momentum. Such a change is evi-
dent about a value of Ty-T = 2X10 ' 'K. This
type of behavior was noted with several differ-
ent currents and may be associated with some
minor instabilities in the newly formed current
Once such a change occurs the current appears

I 5—

to be more stable, and no further transitions
of this type were observed.

As the A point is approached, the scatter
of pLp/ps becomes larger because the value
of Ip is decreasing. There is also consider-
able uncertainty in the values of p /p for tem-
peratures near T~, therefore, direct measure-
ments were not made for Ty-T &1.5X10 K.
The temperature reversibility of the angular
momentum is used to avoid the difficulties of
direct measurement. In Fig. 2 the current
was cycled to within 5 x10 ~ K of the transi-
tion temperature. When I.~ was remeasured
at lower temperatures (open triangles), the
value of pLp/ps was essentially unchanged.

This type of experiment was repeated for
a number of persistent currents. Values of
pL~/ps obtained after each cycling to near the
transition are plotted in Fig. 3 against T~-Tmax,
where Tmax is the maximum temperature reached
during the cycle. In several instances the tem-
perature was raised slightly above T& for a
brief period (50 to 100 seconds); the result
was destruction of the persistent current. In
the cases where the temperature was held be-
low T&, there was no significant evidence of
critical-velocity effects, even when the approach
was to within less than 10 pdeg of the A. point.
These results suggest that superfluid critical
velocity may be discontinuous at the A. transi-
tion. This behavior is in contrast to that ob-
served in superconductors where the critical
velocity goes continuously to zero as the tran-
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FIG. 2. The values of pL p/pz are plotted against
Tg —T. The angular momentum Lp of the persistent cur-
rent was measured at temperature T. The factor p/p~
removes the dependence of Lp on superfluid density p~.
Total density is p. The open circles are values ob-
tained as the temperature was raised toward the transi-
tion temperature Tg, and the open triangles are the
values obtained when the temperature was reduced.

FIG. 3. The values of pr p/pz obtained after the tem-
perature was cycled to near the transition temperature
are plotted against Tg-Tmax, where Tmax is the maxi-
mum temperature reached during the cycle. Most of
the points were obtained using different persistent cur-
rents; this may account for some of the scatter. The
error bars represent the uncertainty in determining
pl.&/p~ for each current.
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sition temperature is approached.
Future improvements in thermometry and

temperature control should allow refinements
of about an order of magnitude in this experi-
ment. Eventually one is limited by the slope
of the A. line which will produce a variation
of T& over the dimensions of the container
due to the hydrostatic head of liquid helium.
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The electron-velocity distribution in an elec-
tron-proton plasma subjected to a uniform stat-
ic field E, was calculated by Spitzer and Harm
(SH), ' using the linearized Fokker-Planck equa-
tion in the Landau form, i.e. , with static De-
bye shielding. Linearization of this equation
is valid when EQ is much less than the runaway
field Erun=neeae(vsH) '. Here vsH is the
linear conductivity obtained by SH, and ae is
the electron thermal speed.

Analysis of the stability of the current-car-
rying plasma, using the SH distribution, indi-
cates that if the temperature ratio He/9& is
large, instability with respect to longitudinal
ion waves occurs when Ep exceeds a critical
value Ecrit, which is small compared to Erun. '
As the field Ep approaches the critical value,
the fluctuation energy of those waves approach-
ing instability increases. 3 This results from
their excitation rate (due to spontaneous emis-
sion by particles) remaining approximately
constant while their Landau damping (the net
effect of absorption and induced emission by
particles) approaches zero. There is thus an
increase in the effect these electric-field fluc-
tuations have upon the motion of electrons.
This can also be described as an enhancement
of the electron interaction due to wave exchange,
i.e., due to wave emission and absorption.

When the effect of wave-exchange interaction
becomes significant relative to the statically
shielded Coulomb interaction, the appropriate
form of the Fokker —Planck equation is that
of Lenard and Balescu (LB).» The LB equation
incorporates wave exchange as a feature of
dynamic shielding.

We expect that as Ep approaches Ecrit, the
enhanced electron-electron interaction produces
a change in the velocity distribution in such
a direction as to make the plasma more stable,
i.e., so as to increase the damping rates of
those waves about to become unstable. As a
result, Ep can be increased beyond Ecrit, with-
out instability occurring. This expectation
has been confirmed by an explicit numerical
solution of the LB equation. For several values
of Oe/9;, the velocity distribution has been
determined as a function of Ep For EQ
the distribution is nearly identical to that of
SH. But as Ep approaches Ecrit, the enhanced
wave exchange causes the electron distribution
to become more isotropic in the ion frame,
thereby preserving the plasma stability. In
fact, as EQ increases further, the distribution
keeps adjusting itself so as to remain stable.

This effect is illustrated in Fig. 1, which
shows the damping rate of that ion wave which
would be the first to go unstable on the basis


