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Superfluid Dissipation in Rotating 3He-B
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Additional dissipation of oscillatory superflow has been observed in uniformly rotating
'He-B. The damping increases linearly with angular velocity and is interpreted in terms of
vortex-induced mutual friction similar to that observed in superfluid 4He. In the nonrotating
state the damping is amplitude dependent, and may contain a contribution from remanent
vorticity.

PACS numbers: 67.50.Fi

The imposition of a sufficiently large rotational
velocity on a superfluid system produces profound'
modifications of the superfluid states. In the case
of superfluid 4He the well-known quantized vortex
lines appear in the rotating superfluid. Similar, but
more complex, vortex structures are expected in
He-A and -8, and recent NMR experiments have

already provided some evidence for their existence.
In this Letter we report the first observation of a

rotation-induced dissipation for oscillatory super-
flow in 'He-B. This dissipation increases linearly
with angular velocity. Similar dissipation in rotating
4He is attributed to mutual friction between quasi-
particles and quantized vortex lines. 3 Using the
same model of mutual friction as in 4He, we find
the mutual friction coefficient in 3He to be roughly
a factor of 2 larger.

While our most detailed experiments, reported
here, have been in the 8 phase at 20 bars, we have
observed similar effects in the A phase at 29 bars.

The flow cell is shown schematically in Fig. l.
The 3He sample is in the form of a thin slab, 2.5 cm
wide, 9 cm long, and 0.1 mm thick, folded over on
itself so that the end regions are separated only by a
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FIG. 1. Schematic view of the flow cell, without en-
capsulating epoxy.

thin, pressure-sensitive diaphragm. Displacement
of the diaphragm is used to drive and detect flow in
the slab. This geometry avoids the junctions from
narrow flow channels to open volumes of helium
that were present in earlier experiments. 4 The fill
line enters at the center of the folded slab, so that it
is at a pressure node of the oscillatory flow.

The diaphragm is 12-p,m Kapton, s and the outer
walls of the cell are formed from 75-p, m Kapton
sheet. The diaphragm is not tensioned at room
temperature. It is simply held flat by two magnesi-
um slabs cemented with Stycast6 1266 to the outer
walls of the cell. Differental contraction brings the
diaphragm into tension between 77 and 4 K. The
separation of the cell walls is controlled by a tem-
porary spacer of 75-p, m Kapton, which is pulled out
at a late stage of construction. The Kapton sheets
are sealed together with Stycast6 2850GT and the
whole cell is encapsulated in the same material. A
metal cage is embedded in this epoxy, for mechani-
cal strength and thermal contact. The cell is
mounted with the diaphragm horizontal, so that the
experimental helium slab is largely perpendicular to
the rotation axis of the cryostat.

Refrigeration is provided by a conventional PrNi5
demagnetization cryostat, mounted on a platform
capable of rotating at variable angular velocities of
up to 0.75 rad/sec. The temperature of the helium
reservoir was measured by a He melting-curve
thermometer and a lanthanum-diluted cerium mag-
nesium nitrate susceptibility thermometer. The
thermal time constant of the cell was approximately
2 h when below T, .

The diaphragm and the outer cell walls facing it
are aluminized and the electrodes so formed are
connected to a differential capacitance bridge. A dc
bias is applied to the diaphragm. To detect fluid os-
cillations the bridge was driven at 395 Hz with a
small, low-frequency amplitude modulation. In
these experiments, our procedure was to set up
flow oscillations at their resonant frequency. The
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low-frequency drive was then removed and the free
decay of the oscillations observed.

An important calibration is provided by the ob-
servation of flow oscillations with the cell filled with
liquid 4He. At 20 mK the 4He resonant frequency
is coo/2m = 6.61 Hz and the Q is 5000. Since co20 is
proportional to p,/p2, the 4He calibration enables
us to deduce p, in 'He-8 from the oscillation fre-
quency.

An additional calibration of the elastic properties
of the diaphragm is provided by observation of the
low-temperature vacuum resonance of the dia-
phragm. At a temperature of 1 K, a resonant fre-
quency and Q of 1.86 kHz and 25 000 are observed.
The static pressure sensitivity was determined by
measuring the capacitance change due to the weight
of the diaphragm as the mounting angle of the cell
was varied continuously at 1.2 K in a test cryostat.
Comparison of these results suggests a mean
separation between the diaphragm and the outer
walls of 100 p, m.

At temperatures above the 'He superfluid transi-
tion, T„ the motion of the diaphragm is over-
damped. The viscous relaxation time (proportional
to 1/ T2) following a step in the bias voltage reaches
a maximum value of approximately 250 sec at T, .

Below the superfluid transition temperature the
flow becomes oscillatory with a frequency of a few
hertz. Figure 2 is a plot of the amplitude of the un-
driven superfluid oscillations in the nonrotating
state. At high amplitude, for u, ) 0.1 mm/sec, a
region of linear damping (indicated by the straight
line in Fig. 2) is observed. The Q for this nonrotat-

ing, high-amplitude regime is about 40. At lower
amplitude another region of approximately linear
damping is seen. In this case, the Q changes gradu-
ally from a value of 170 at ppp/2m = 2.2 Hz to 90 at
ppo/2vr = 0.8 Hz as T, is approached. 7

The dramatic effect of a superposed rotation with
angular velocity 0 is shown in Fig. 3. Even modest
rotation rates cause a rapid quenching of superflow
oscillations. At high rotation rates the oscillations
decay in just a few cycles, and it is then only practi-
cal to make measurements in the high-amplitude
linear region. At low rotation speeds measurements
can also be made in the low-amplitude region. Typ-
ical results are shown in Fig. 4. Comparison of the
two. sets of points suggests that we use the empirical
form

I/Q = (I/Qt(. ,))+ il/Q2(II)].

The rotation-dependent term 1/Q2(fI ) is seen to
be roughly linear in A. This linearity motivates an
interpretation in terms of mutual friction due to
quantized vortex lines, as in rotating superfluid
4He. 3 There is one feature of our experiment that
is different from 4He, but similar to the Helsinki
NMR experiments on rotating He: Complete ro-
tational equilibrium is attained rather rapidly, with a
time constant of order 10 sec.

We choose to analyze our data in a manner analo-
gous to that developed for the treatment of the at-
tenuation of second sound in rotating 4He. Follow-
ing the 4He treatment, 3 one obtains a mutual fric-

0=0.30

0=0.13

+
X+

+x
+x

+X+
X Xi

I I X

'!U

20 60 80 100 120

number af cycles

FIG. 2. The decay of superfluid oscillations in the
nonrotating state at o)p/2m = 2.2 Hz. Data from three de-
cays with different starting conditions are shown. The
line is a fit to the high-amplitude data points.
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FIG. 3. The decay of superfluid oscillations at
ppp/27' = 2.2 Hz when the drive is removed (after six or
seven cycles of oscillation) for various values of the an-
gular velocity A.
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0.20 TABLE I. Rotational mutual friction parameters.

coo/2m (Hz) Ps/P B(p./p) B(p /p)1/2

0.15 1.1
1.5
1.9
2.2

0.0208
0.0386
0,0619
0.0830

8.65
5.19
5.29
4.85

1.274
1.061
1.403
1.524

0.05
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FIG. 4. The dependence of the damping on angular
velocity II for coo/2m = 2.2 Hz. Solid circles are u, —0.1

mm/sec, open circles are ~, —10 p, m/sec. The solid line
is a fit to all but the lowest two high-amplitude points.
The broken line is a parallel line through the origin. The
solid squares are high-amplitude data near 0 = 0, taken
at coo/27r = 1.95 Hz.

tion parameter 8 defined by

„d(1/0)
dO p„

(2)

Representative values for Bp„/p obtained in our
experiment are listed in Table I. Equation (2)
neglects the fact that not all of our helium slab is
normal to the rotation axis. A correction for this
condition will increase the listed values of 8 by
about 20%. We also list in Table I values of p, /p
deduced from coo and B(p,/p)'/2, which in He
tends to a constant limit of 0.72 near T~.s

The recent third sound experiments of Kim and
Glaberson9 on rotating two-dimensional helium
films also show a rotation-dependent dissipation.
Their equation (3) may equivalently be written as

Fl = —B (p„/2p) z x t7~+ (1 —B'p„/p) u, (3).

Equation (3) applied to their data gives Bp„/p= 3.4 at the Kosterlitz-Thouless transition.
A small departure from linearity of Q2

' (0) is
shown in Fig. 4 for the high-amplitude data near
0 =0. Comparison with the fit to the high-A
points suggests a residual vortex-line density in the
nonrotating liquid of the order of that that would be

produced by a rotation of 10 2 rad/sec. This is

about 30 lines/cm2. If we assume that Qat 0 =0 is
dominated by residual vorticity, then the g at low
amplitude in a sample of 3He-B containing no vor-
tices could well be an order of magnitude higher, as
expected on the basis of current theoretical ideas. 7

The presence of vortex lines in undisturbed 4He

has recently been investigated by Awschalom and
Schwarz. '0 If the residual line density is controlled
by the small dimension of our cell (100 p, m) the
line density is of factor of 104 less in 4He-B than
4He. This indicates that vortex-line creation and
destruction may proceed with a much smaller free-
energy threshold in 3He-B than for superfluid 4He.
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1/Q = 1.26p„(3cuo/Mo)2d.

Here (3 is second viscosity, M is the mass per unit area of
the diaphragm, eo„ is the vacuum resonance frequency,
and d is the thickness of the slab. Both this and ordinary
viscosity predict Q &1000. Our low values are very
much as in the experiments at Sussex (Ref. 4).
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