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Observations of persistent currents in superfluid *He-B have been made with use of a
recently developed ac gyroscope technique. The persistent currents are generated in a
toroidal region filled with a fibrous material with average pore size of 102 cm. In this
geometry, a mean critical velocity of 7x 10~% cm/sec was observed. To within experi-
mental error, no decay of the currents was observed for periods of over one hour.

PACS numbers: 67.50.Fi

We report in this Letter the first direct obser-
vation of persistent currents in superfluid *He.
The observation of, and the study of the lifetimes
of, superfluid persistent currents allows the most
stringent bound to be placed on dissipation asso-
ciated with flow of the superfluid component.*~3
This is particularly important for *He-B where it
has been suggested* on the basis of recent flow
experiments that there may be an intrinsic damp-
ing mechanism which would preclude the existence
of long-lived persistent currents.

The experiments we report here are restricted
to the B phase of *He and were performed at a
pressure of 29 bars. The apparatus used, an ac
gyroscope,’ combines many features of earlier
“He gyroscopes®’ with the torsional oscillator
techniques® developed at Cornell University in
recent years. A schematic of this gyroscope
is shown in Fig. 1. A toroidal flow channel is
formed in a cylinder of epoxy (Stycast 1266). In
order to lock the normal fluid, we have filled the
open volume of the flow channel with a fibrous
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FIG. 1. Schematic of the ac gyroscope. The drive
and detection electrodes are not shown. For a descrip-
tion, see text.

air-filter material, The filter material is com-
pressed to fill 15% of the open volume and gives
an average size on the order of 1072 cm. The
fibrous material may also serve to increase the
critical velocity as would be the case for super-
fluid “He. We have chosen not to use even small-
er pore sizes since we wish, in this first exper-
iment, to avoid possible complications due to re-
stricted-geometry effects.” The epoxy cell is
mounted on a hollow beryllium-~copper torsion
rod, and is filled with *He through the torsion
rod. The refrigeration is provided by a conven-
tional PrNiy; demagnetization cryostat, mounted
on a platform capable of rotating at variable an-
gular velocities up to 0.75 rad/sec. Thermome-
try was provided by a *He-melting-curve ther-
mometer and a lanthanum-diluted cerium mag-
nesium nitrate susceptibility thermometer. In
addition, the hydrodynamic response of the gy-
roscope could be used to estimate the tempera-
ture and superfluid density in a manner analogous
to that used in earlier experiments on Androni-
kashvilli-type oscillators.®

The three principal axes of oscillation are in-
dicated in Fig. 1. Motion about the axis of cy-
lindrical symmetry, X,, is the usual torsional
mode. We denote the moment of inertia of the
cell about this axis by I,, and that of the *He by
I, . In addition, there are two nearly degenerate
tipping modes about the axes X, and X, with res-
onant angular frequencies w, and w,, For the
present cell, the moments of inertia about the
tipping axes are nearly equal, i.e., I,=I,. The
cell is designed with the center of mass located
at the midpoint of the torsion rod. Thus, to first
order, the tipping motion corresponds to a sim-
ple rotation about the center of mass. The var-
ious motions of the cell are driven and detected
by an array of capacitive electrodes.

In concept, the operation of the gyroscope is
quite simple. There are two basic modes of op-
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eration, which are nearly equivalent. The choice
between the two methods depends upon secondary
considerations. In our work, we have success-
fully employed both modes of operation.

A persistent current can be generated in the
flow channel by rotating the gyroscope about the
symmetry axis, X,, while cooling through the
superfluid transition temperature, 7,. After
reaching a temperature below T, the rotation is
stopped and a persistent supercurrent is expect-
ed to remain circulating in the gyroscope. Anoth-
er method, which is often more convenient, is
to rotate while below T, but well above any criti-
cal velocity.

The angular momentum associated with the per-
sistent current may be detected by driving the
resonant motion of one of the tipping modes, e.g.,
the one about the axis X, at an amplitude 6,. The
angular momentum, L, of the persistent current
will perform a small oscillatory motion. The
precessional torque associated with this motion,

Tp=1w,0,L exp(iw,t), (1)

will produce a small motion of amplitude 6,
about the axis X;. We work in the limit @ > w,/
Aw, where Aw= w, - w, is the angular frequency
splitting. We then have

3= 1L (21 ,Aw)™! 0,, (2)

In our case w,= 5000 sec™ and Aw=10 sec™.

For a drive torque 7, applied on resonance, 6,
={T,Q w, ' and

0,==T,QL(2I,w, Aw)™ ", (3)

In the second mode of operation, the cell is
driven about the X, axis, but at the resonant fre-
quency w,. The precessional torque resulting
from the motion of L is then at the proper fre-
quency to produce resonant motion about X,. For
a drive torque, 7,, the amplitude 6, is again giv-
en by Eq. (2). However, the total motion of the
cell is much smaller in this method of operation
and viscous heating effects are minimized.

Measurements can also be made while the cryo-
stat is rotating which give an independent check
on Eqgs. (1)-(3) and serve as a calibration of the
sensitivity of the gyroscope. In this case, there
is an additional Coriolis torque coupling the two
modes. In the rotating frame, we may again
write Egs. (1)-(3) with L replaced by an effec-
tive angular momentum

Leff=L+(11_Iz)Q, (4)
where © denotes the angular velocity of the cryo-
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stat. The amplitude 6, may be written as

0,=6, +0c, (5)
where 0, is given by (2) and 6. is

Oc==T,RQ(I, = 1,)(2Lw,Aw)™t, (6)

While rotating, 6-> 6,, and so we may take the
measured 6, to be equal to 6. Almost all the
temperature dependence of 6. stems from the
temperature dependence of @, so that 6.Q ™"
should be independent of temperature for a given
angular velocity. In Fig. 2 we plot 6.Q ~! for the
empty cell, as well as for the full cell above and
below T, .

A determination of the slope, a=2860./69, from
a linear fit to a set of Coriolis signals, 6(R), at
a fixed temperature serves as a calibration of the
sensitivity of the gyroscope to angular momentum
at that temperature. The persistent-current an-
gular momentum in the nonrotating frame may
then be expressed as

L=6,0"I,-1,)=(p,/p)I, 9, (7)

where £, is an effective angular velocity for the
persistent current. The average persistent-cur-
rent flow velocity, v, may then be expressed as
v¢=RQ,, where R =6.8 mm is the average flow-
channel radius.
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FIG. 2. The normalized Coriolis response. The data
shown are for the B phase at 7/7, =0.64 (circles), the
normal Fermi liquid at 2.85 mK (plusses), and the
empty cell (triangles), which has been corrected for
the fluid moment of inertia. The data fall on the same
line to within experimental error.
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In Fig. 3, we show data for a sequence of per-
sistent-current measurements. Before beginning
such a sequence, the cell was allowed to cool
from above T, while at rest,'giving zero initial
superfluid angular momentum. The cryostat was
then rotated at a preparation velocity w,. After
stopping the cryostat, the remanent persistent-
current signal, 6,, was measured. A series of
increasing preparation speeds is then used. The
growth of a persistent-current signal is seen
with saturation of its magnitude setting in at
about 0.1 rad/sec (~ 0.7 mm/sec fluid velocity).
The maximum residual signal likewise corre-
sponds to a velocity of 0.7 mm/sec. The data
show some remanent angular momentum even at
the lowest preparation speeds as does “He data
in a similar geometry, suggesting a distribution
of critical velocities. In addition to data of the
type shown in Fig. 3, we have also obtained data
for currents created by cooling through 7, while
rotating.

In Fig. 4, the temperature dependence of the
saturated critical velocity, v, ., as determined
by the maximum residual angular momentum sig-
nal, is shown. As compared to the noise in meas-
uring a particular current, the data show quite a
large scatter. This may be due in part to initial
instabilities of the current as was observed in
“He in a similar geometry.’ Also, the resonant
frequency of one of the tipping modes crossed a

0.3 T T T T T
OO (@)
02 + ©O o ® |
5 .
o1 (€50) _
b
8 O
=]
a 00 O : -
5
~ O
15}
-0.1 (@) —
@0
02 | @ o A
oo ©°
~0.3 s | L | ' | L L | S
-06 -0.4 -02 00 0.2 0.4 0.6

@ prep. (rad./sec)

FIG. 3. The saturation curve for *He-B at 7/7,
=0.64. The maximum residual angular momentum
corresponds to a fluid velocity of 0.1 rad/sec, as the
knee in the saturation curve would indicate.

weak temperature-independent mode near T /7T,
=0,67, which greatly increased the noise level
near this temperature.

In earlier work, Parpia and Reppy'°® and Crook-
er, Hebral, and Reppy'’ studied the critical ve-
locities for flow through orifices of well-known
size. They observed a size dependence which
could be written approximately as v, .d=6.5x10"*
cm?/sec, only weakly dependent on temperature.
In Fig. 4 we show their results for 5- and 18-um
orifices scaled in this way to our d =1072 cm.

Following Feynman'? we may argue that the
critical velocity for the instability of a single vor-
tex line pinned at two points a distance d apart is

vs,0c=(h/2md)In(d/2a), (8)

where m is the bare *He mass and we take the
vortex core size a to be equal to the coherence
length £=(100 A)(1 = T/7T,) '/2. This function is
shown by the dashed line in Fig. 4.

The AB transition indicated by the dotted verti-
cal line of Fig. 4 is clearly marked by the dissi-
pation in our gyroscope. No persistent currents
were seen in the A phase to within our signal-to-
noise ratio. If the critical velocity were the same
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FIG. 4. The temperature dependence of the satura-
tion critical velocity in *He-B. Points determined by
the ac gyroscope are shown as lozenges. Also given
is the critical velocity observed by Crooker, Hebral,
and Reppy (Ref. 11) (circles) in 5-um orifices at 21 bars
and Parpia and Reppy (Ref. 10) (squares) in 18-um
orifices at 20.8 bars scaled by d/(100 gm). The dotted
vertical line is 7, 5 as determined by the hydrodynamic
response of the ac gyroscope. The dashed line is the
vortex critical velocity.
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as in the B phase, we would not expect to see any
currents, because of the small superfluid density.
However, in the rotating frame, shifts in the
period and dissipation of the cell were observed,
suggesting some effects of textural alignment.
In the present experiments we have not made
extensive studies of the lifetimes of *He persis-
tent currents. However, in our experiments we
have noted no observable persistent-current de-
cay for periods of at least one hour. If we take
as a conservative estimate 10* sec as the min-
imum lifetime of a *He persistent current, we
may obtain an upper bound for an effective vis-
cosity of the superfluid. The viscous relaxation
time, 7, for undriven flow of a fluid in a chan-
nel of diameter d, is on the order of 7=pd?n’!,
where p is the fluid density and n the viscosity.
Taking 7=10* sec and d=10"2 cm, we obtain an
upper bound for an effective superfluid viscosity
which is 1078 times smaller than the normal-
component viscosity at the same temperature.
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