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In a toroidal persistent-current apparatus which is partially packed with superleak, high-velocity persistent
currents are found in the superleak and only barely perceptible currents, at most, are found outside the
superleak.

Consider an annular cavity filled with superfluid
helium. Persistent currents can be generated, '
and if a typical dimension for the height or width
is a fraction of a cm, the maximum current ob-
served is about 1 mm/sec. On the other hand,
when the cavity is filled with a superleak consisting
of a powder with a nominal grain size of 500 A, '
then persistent currents of 10o cm/sec have been
observed. 4 Suppose we now consider an annulus
with cross section 0. 5 && 0. 5 cmo (the mean radius,
R = 5.25 cm) with only the bottom half, or so, filled
with superleak of the grain size mentioned (as
shown in Fig. 1). %hat can we expect in the two
coexisting channels'P' Will we have the same per-
sistent current in the two channels and, if so, will
they be about 10 ~ cm/sec or about 10o cm/sec 'P

Or will they be small in the top part and large in
the bottom'P The experiment we report here was
performed to answer this question and we can state
that the last alternative is observed. Thus we have
a high-velocity persistent current coexisting in

. close proximity with one of very low (or vanishing)
velocity. The persistent currents in the powder
are observed not to decay, and we thus assert that
they are trapped, or caged, in the superleak. It
is important to recognize that the angular momentum
is constant despite the fact that there is a free ex-
change of superfluid mass across the boundary of
the superleak.

It has been shown that two sound modes can prop-
agate in the annular channel. One is essentially
a modified second-sound mode with a velocity C»
given by

o p[L —(1-P)d]' p(I. —d) +p, Pd '

where C2 is the velocity of second sound, I' is the
porosity of the powder (the fraction of the volume

. of the superleak which is free), and p and p, are the
densities of He II and the superfluid component, re-
spectively. Note thai C» —C2 .

The other mode is an interpolated first-fourth
sound mode with a velocity C~4 given by

p(L —D) +p, Pd
4 C'p(L-d)+C'p Pd '

C„=(Cn) o+ (p /p) vx

C„=(C„),+A(p, /p) vp,

(5)

(6)

where

P(2-P) d
(L —d)+P(2 —P)d '

Persistent currents were generated by two dif-
ferent methods.

Method A. While rotating at constant speed the
system is cooled through T„and brought to rest at
some low temperature. Measurements are made
in the stationary state.

Method B. While stationary the system is cooled
to some temperature below &),. It is then rotated
and measurements are made while rotating.

The outstanding and striking result of rather ex-
tensive measurements was that the C,4 mode shows

where C, and C4 are the velocities of first and
fourth sound. Note that C& C,4 —C4.

Since both modes have components of first and
second sound in the free region and fourth sound in
the packed region, first-, second-, or fourth-sound
transducers may be used to generate and detect
both modes. We have used both first and second-
sound condenser transducers in our experiments, with
comparable results. We have experimentally verif ied
that Eqs. (1)and (2) are correct to within about 2%%uo.

7

When there are persistent current velocities v&

and v~ in the free and packed parts of the channel,
the Doppler-shifted velocities of these modes are

Cii = (Cn)o + (pn/p) vy ~

p, (L d) vz+—P(2-P) dv~
14 14 0

p L d P(2 P)

where the zero subscript denotes the value in the
absence of current and the plus and minus signs
refer to propagation with and against the flow, re-
spectively. v& is determined by measuring the
splitting of the azimuthal C«modes and then v~ by
the splitting of the azimuthal C,4 modes. '

The situation is particularly simple when v~» v&

and I--d is comparable with d, as in our experi-
ments. Then
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TABLE I. Measured saturated critical velocities for
various values of 4 and their associated porosities. It is
known that v»«decreases as P increases (Ref. 9), and
it is possible that this accounts almost entirely for the
difference in the values.

d (cm)
v~ ~t (cm/sec)
vp 8«(cm/sec)

P

0.1
&1
68

0. 79

0. 2 0.3 0.4
&1 «1
75 76 85

0.70 0.79 0, 70 0.79 0. 70

FIG. 1. Annular resonator for persistent-current
measurements. The bottom of the resonator is packed
to a depth d with a powder of nominal grain size 500 A.
L is 5 mm as is the width of the annulus. B= 5.25 cm,
The velocity of the persistent currents in the packed and

free regions, v& and v~, respectively, can be determined
by measuring the splitting of C&& and C&4 modes and using
Eqs. (3) and (4), or (5) and (6).

considerable splitting and the C„mode showed no
splitting at all, although peak broadening was ob-
served. This broadening may be due either to a
Doppler shift or the attenuation of second sound due

to the presence of vortex lines. ' Using method A

at T = 2. 10'K and rotation speeds which produce
saturated critical velocities in the powder, the
maximum broadening was observed with the maxi-
mum d =4 mm. If it was caused by a Doppler shift,
then vz- I cm/sec. This we shall see is two orders
of magnitude smaller than v~. If part of the broad-

CP

~I 30-
E
O

L

10-

~0" t (sec)

FIG. 2. Velocity of the persistent current in the packed
powder v& as a function of time after its formation. The
line is a least-squares fit to the experimental points.
Within experimental accuracy there is no decay. The
persistent current in the free region above the powder is
1 cm/sec or less. The saturated critical val. ue of v& un-

der the conditions of the experiment (0 =4 mm, T =l.3
K) was 85 cm/sec.

ening was due to sound attenuation, the velocity is
even less. Using method 8, considerably greater
broadening of the C«modes occurred. The vortex
density in the free region is far greater with this
method and sound attenuation must be the cause of
the increased peak width.

Detailed measurements of the splitting of Cg4
modes were made with d =4 mm using method 8 at
1.4 'K. A vortex-free reversible Landau region
is found to extend up to persistent current velocities
of about 27 cm/sec. The saturated critical per-
sistent-current velocity was found to be 85 cm/sec.
Cycling the frequency at which the resonator is
rotated yielded a hysteresis curve completely similar
to those obtained in a fully packed resonator. The
Q's of the measured C,4 mode were between 2000
and 4000 and the accuracy of determining the per-
sistent current velocity is accordingly a fraction of
1 cm/sec.

Using method A at 1.3'K, the decay of the per-
sistent current was investigated with results shown
in Fig. 2. The line drawn is a least-squares fit
and within experimental uncertainty it is horizon-
tal —there is no observable decay in 10 h. A satu-
rated current had an observable decay which ex-
ceeded that observed in comparable fully packed
cavities. '

The magnitude of the saturated critical velocity
was examined as a function of d using method A.
Reduced values of d were obtained by shaving down
the cake of superleak in decrements of 1 mm and in
the course of events we found that the. yorosity P
was greater at shallower depths. In Table I we list
the saturated velocity, measured 10' sec after
forming the current. From previous measurements
we know that the saturated velocity increases with
decreasing porosity. It is possible (in our opinion,
probable} that the decrease in velocity with d is
due to the increasing porosity, so that v„, is inde-
pendent of d in the range of the experiment.

Figure 3 is a schematic drawing of the vortex-
line configurations under conditions obtained in our
experiments. For the purposes of illustration and

discussion, the persistent current velocity in the
top free region is taken to be zero. ~~ Vortex lines
terminate either on themselves or on the container
and the latter condition is clearly energeticaQy
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FIG. 3.. Schematic of vortex-line configurations. The
direction of the persistent current is indicated. The di-
rection of rotation of the resonator (Fig. 1) is the same
as that of the current in method A and opposite in method
B. (oc( is the maximum velocity of rotation of the reso-
nator for occurrence of the I.andau state in the superleak.

favorable in the top left-hand figure. There is a
sheath of vortex lines at the top surface and almost
certainly in the superleak. The thickness of this
sheath is measured in particle-grain diameters
(which are large compared to the coherence length
of helium} and is therefore small compared to d.
The persistent current is confined to the superleak
and the vortex line sheath can be considered neces-
sary or responsible for this.

In the bottom left-hand figure the absence of per-
sistent current in the top free part requires a vor-
tex density that gives the solid body rotation of fre-
quency +. Since the persistent current in the super-
leak is in the Landau state, there are no vortices
in the superleak. Again there is a horizontal vor-
tex-line sheath in the superleak at its top surface.
When»~&, there are vortices in the superleak
but with a density lower than that in the top region
and the top surface.

In describing the coexistence of a large persistent

current in the superleak with a vanishing one in the
free region, there is a predilection to ascribe this
to pinned vortex lines. From our discussion it is
apparent that the really significant pinning occurs
at the boundary rather than in the body of the super-
leak. After all, in the two left-hand figures in
Fig. 3 the vertical vortex lines are in opposite
parts of the apparatus, yet in both cases the per-
sistent current resides entirely in the superleak.

The equilibrium thermodynamic state is one in
which solid body rotation is approximated by the
occurrence of the necessary density of vortex lines.
Although this is always achieved in the free region
and the required nucleation centers are present at
the top surface of the superleak, the vortices do
not extend down into the powder in the required den-
sity. This is possible because the pinnning is ade-
quate for the presence of the horizontal sheath.

Our results clearly imply that persistent currents
can exist in a superleak which is not in a container-
a bare superleak —since the existence of the current
hinges on the occurrence of a vortex-line sheath
at the boundary of the superleak. The bottom right-
hand schematic in Fig. 3 shows the vortex-line con-
figuration in this case. Now vortices terminate on
themselves. If large velocity-persistent currents
occur in a bare superleak, this opens the possibil-
ity of increasing gyroscopic effects by the elimina-
tion of unnecessary mass. It, moreover, raises
interesting questions about the nature of the pres-
sure fields which are required to cage the currents
within the vortex sheaths. We shall be looking into
these matters.

Joseph Rudnick derived the results for the Doppler
shift, Eqs. (3}and (4}. We had numerous valuable
conversations with Seth Putterman.
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