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Observation of Singly Quantized Dissipation Events Obeying the Josephson
Frequency Relation in the Critical Flow of Superfluid He

through an Aperture
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We have observed highly reproducible isolated dissipation events in the flow of pure superfluid
He through an aperture of submicronic size at 10 mK, when the flow velocity just exceeds a well-

defined critical threshold in agreement with Feynman s criterion for vortex emission. These
events, which we interpret as phase slippages by 2m in the sense of Anderson, occur at a rate given
by the Josephson frequency relation.

PACS numbers: 67.40.Hf, 67.40.Rp, 67.40.Us

This Letter deals with experimental aspects of the
relation between two fundamental and largely unset-
tled questions in superfluid hydrodynamics, the onset
of the critical regime in superfluid flow through a con-
striction and the rate of occurrence of quantized vorti-
city in such a critical flow. The ideas involved here
date back in part to Onsager's and Feynman's sugges-
tion'2 that, in such a flow, vortex lines or rings each
carrying a quantum of circulation Kp=2mlt/m4 are
emitted when the velocity reaches a threshold depend-
ing on the orifice geometry. According to Feynman,
this happens when the kinetic energy flux available in
the flow becomes large enough to sustain vortex
creation at the rate at which quantized circulation is
generated. For a slit of width d, and for vortex lines of
core radius gp, this condition is fulfilled when

v = (Kp/2md )ln(d/(p).

tt B(@2—@,)/dt = p t
—p2= Ap„ (2)

In this simple approach a number of problems are
left in the shade, notably the nucleation mechanism of
such a large quantum object as a vortex line and the
details of its onward trajectory. These difficulties, as
well as the lack of quantitative agreement between Eq.
(1) and experimental observations, were noted by a
number of authors. 3

In far-reaching considerations on the quantum-
mechanical equations of motion for the superfluid
wave function. Anderson~ pointed out that the most
basic physical quantity for description of superfluid
flow properties is the phase of the wave function, and
he introduced the concept of phase slippage. The rate
of phase slippage obeys the Josephson frequency rela-
tion:

hp, being the chemical potential difference between
quiescent regions in the two baths. Equation (2) ex-
tends the validity of the Euler-Landau equation valid
for an ideal fluid,

'dv, /8 t + V (p, /m 4+ v,'/2) = 0, (3)

to situations in which quantized vorticity is created.
When the fluid is being accelerated without creation of
vorticity, Eqs. (2) and (3) imply the usual relation
between the superfiuid velocity and the gradient of the
phase, v, =(t/m4)'7@. When the critical velocity is
exceeded, phase slippage takes place. For a phase slip
of 2m, the total work done on the stream moving at
velocity u, in a channel of cross-sectional area s is ex-
pressed by

P+OS Vc (4)

which represents the stream kinetic energy loss and is
independent of the details of the mechanism by which
phase slippage occurs. It also corresponds, following
Huggins and Campbell, to the energy taken from the
potential flow when a vortex crosses all the stream-
lines, a necessary condition for a phase slip of 2m. .
Campbell also pointed out that in this model there is
no energy available in the stream for the creation of
vortices.

In this Letter, we report the observation of single
phase-slip events —or vortex emission —of the type
postulated above. These events are accompanied by
an energy loss of the total flow related to the observed
critical velocity by Eq. (4). This provides an experi-
mental check of the Josephson frequency relation dur-

ing dissipation events in superfluid 4He. Previous
searches for such a check, and most notably that of
Richards and Anderson based on the principle of syn-
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chronization between the internal events described by
Eq. (2) and an external ac pressure drive, stirred a
scientific controversy and failed to reach an unambigu-
ous conclusion. ' In more recent work on the sub-
ject, the synchronization method, which is plagued by
difficulties of interpretation, has been abandoned to
the benefit of high-Q Helmholtz resonators"'2 which
make possible the detection of very small dissipation
levels.

Our experimental observations have been performed
in such a miniaturized low-frequency Helmholtz reso-
nator of about 7 mm internal volume immersed in the
main superfluid bath at zero applied pressure and
cooled to about 10 mK by a dilution refrigerator. A
drawing of the resonator is shown in Fig. 1. Its two
main parts are the disk supporting the microaperture
through which the superfluid flows and develops iner-
tia, and the flexible diaphragm which provides the
(very weak) restoring force and monitors the flow.
This system resonates at a frequency 0 /2m of about
2.81 Hz in 4He. The microaperture is milled by means
of a focused ion beam'3 into a thin film of nickel of
thickness I = 0.2 p, m. It has the shape of a rectangular
slit of width d = 0.3 p,m and large dimension (breadth)
b = 5 p, m. Its edges are somewhat irregular. The flex-
ible diaphragm is made out of a 7.5-p, m-thick Kapton
foil, coated with a 60-nm-thick aluminum film on both
sides. This diaphragm is mounted in the cell un-
stretched at liquid-nitrogen temperature so as to be as
flexible as possible at liquid-helium temperature. Its
position is read by two separate means. The first
readout device uses a high —slew-rate rf SQUID'4 as
sensing element. Its principle of operation is analo-
gous to that of the superconducting accelerometer de-
vised by Paik for gravity-wave measurements. '~ A flat
coil (L, —2 p, H) faces at close distance (50 p, m) the
aluminized Kapton diaphragm. This coil is connected
to the SQUID input and to a large tank coil (L, —100
p, H). A current Io of up to 1 A is trapped in the loop
L, -L, . When the diaphragm is moving, the Al film,
which behaves as a type-II superconductor, modulates

L, and induces a current in the signal coil of the
SQUID. The ultimate sensitivity of this displacement
gauge is of the order of 10 '3 m in a bandwidth ex-
tending from dc to 1 kHz. The corresponding dif-
ferential pressure sensitivity is about 6x10 '2 bar.
The second readout is provided by a conventional
bridge measurement of the capacitor formed by the
diaphragm and a flat plate of known geometry separat-
ed by a spacer of specified thickness at room tempera-
ture (50 p, m). This capacitor serves two purposes.
The first is to drive the resonance by a well-controlled
electrostatic force. The second is to calibrate the ul-
trasensitive SQUID displacement readout. The accura-
cy of the calibration depends on the knowledge of the
spacer thickness at low temperature. With this
knowledge, we can infer from standard voltage and
capacitance measurements the values of the applied
electrical force, the volume flow rate, and the mem-
brane elastic constant. '

The system is driven on resonance by a sinusoidal
voltage synchronized electronically to the SQUID out-
put. A dc bias voltage is applied to linearize the excita-
tion. Starting from the idle state, the peak amplitude
of the oscillation A grows linearly with the time as
shown in Fig. 2. At a critical level of oscillation A„
this amplitude changes in a sudden manner by a quite
reproducible fraction b,A/2, = (0.0187 + 5)%. A
close-up observation of the wave form reveals that this
sudden jump by which the system dissipates energy oc-
curs at the maximum membrane velocity, i.e., when
the critical velocity is exceeded in the aperture. The
time over which this event takes place is shorter than
our instrumental time resolution of a few milliseconds.
A drive power of the order of 4x 10 ' W is necessary
to maintain the oscillation amplitude close to A, ; the
corresponding quality factor is 0 = 14000. The energy
dissipated per event is quite accurately known':
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FIG. 1. Schematic drawing of the experimental cell.

FIG. 2. Peak amplitude of the membrane oscillation vs
time for a constant drive power of 2.4 && 10 ' W. The high
correlation between inward and outward jumps can be seen
from the ticks drawn below each jump.
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DE=1.21x10 ~7 J.
When the drive level is increased, the jumps occur

more frequently until several jumps occur during the
same half-period. The phenomenon can then be
traced by measurement of the change in peak ampli-
tude 4A from one half-period to the next versus drive
level as the latter is gradually ramped up. For each
drive level, the energy driven into the Helmholtz os-
cillator is dissipated by emission of a given number of
quanta per half-period. This number varies by plus or
minus one unit, depending on the leftover of quantiza-
tion. As the drive level increases, the resulting
behavior of AA follows the fishbone pattern represent-
ed in Fig. 3(a). A more direct illustration of the ener-
gy loss per half-period is obtained in Fig. 3(b) by sub-
traction from the fishbone pattern of the change in
amplitude that the system would have experienced in
the absence of jumps, i.e., the linear extrapolation of
the first sloping segment in Fig. 3(a). It is seen quite
clearly that the energy loss per half-period is lumped
into steps. Up to at least fifty such steps can be
resolved. The step amplitude is equal to that of isolat-
ed events. Steps fully overlap two by two as required
by energy conservation. At high drive levels, the os-
cillatory motion is far from sinusoidal in shape but
tends toward a sawtooth shape with a limiting slope
fixed by the critical velocity.

Irregular coarse-grained dissipation associated with
the appearance of vorticity has already been reported
in film flow by Adie and Armitage. '7 We have also
observed sudden jumps of erratic amplitude in the
present cell filled with impure He containing about
0.2% of 3He. In the case of pure "He, when the tem-
perature is raised above a few hundred millikelvins,
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FIG. 3. (a) Peak amplitude change from one half-period
to another when the drive level is ramped up linearly (sweep
time —450 s). (b) Obtained from (a) by subtraction of the
dashed line, this step pattern represents the energy dissipat-
ed in half a period.

damping appears, and the peak amplitude records be-
come very noisy. At about 800 mK, the Q drops to
about 1100, but steps can still be resolved. A most re-
markable feature of the low-temperature data present-
ed in Figs. 2 and 3 is the reproducibility of the dissipa-
tion event. We are led to infer from this feature that
these events correspond to phase slippage of precisely
2m between the inside and the outside of the cell in
the experimental conditions prevailing in the present
cooldown. As such a jump by 2m corresponds to a
velocity change b v/u, = 0.0187, the total phase differ-
ence across the orifice at the critical velocity is about
53X2m. , i.e., the phase coherence remains quite well-
established over a fairly large number of periods.

We have studied the probability of event occurrence
when the fluid flows into or out of the cell and
discovered that jumps on inward and outward flows are
very highly correlated, as shown in Fig. 2. No se-
quence of more than three successive jumps in the
same direction was ever seen in these experiments, the
most probable sequence being an alternating succes-
sion of inward and outward jumps. We interpret the
high inward-outward correlation as an indication that
circulation or vorticity is somehow trapped in the sys-
tem. It seems to us possible to trap vorticity in the ori-
fice either because of its fairly irregular shape or be-
cause of accidental partitioning by air or water micro-
crystallites. Also, we cannot rule out the possible ex-
istence of a parallel leak in the form of a long and nar-
row path at some place in the cell' which would turn
aside a small fraction of the flow and still have little in-
fluence on the Helmholtz frequency. If remnant vorti-
city is present, the critical velocity should depend on
the direction of the trapped circulation, which in turn
depends on the sign of the previous jumps. A detailed
statistical analysis yields indications that such is the
case with a quantum change in v, of the order of 0.30/o.

This provides the mechanism by which the system bal-
ances itself in total volume flow.

The critical volume flow rate is 0 A, SH, SH being
the hydraulic area of the membrane, i.e., the cross-
sectional area of the rigid piston giving the equivalent
displacement. ' The value of this quantity is such that
in Eq. (4) DE=1.01&&10 '7 J. The combined inaccu-
racies on this figure due to the calibration procedure,
the correction on S~, and the possible existence of a
parallel derivation of —15% of the flow may add up to
+ 50%. Thus the relation between the energy jump
induced by the dissipation event and the critical veloci-
ty expressed by Eq. (4) is well obeyed. This provides,
admittedly not to a great accuracy as yet, an experi-
mental verification of the Josephson frequency rela-
tion in a superfluid.

If we assume that the orifice area is equal to its
geometrical value, we find v, = 55 cmis. This value is
in good agreement with Feynman's criterion [Eq. (I)]
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0
and its variants3 with d = 0.3 p, m and (0 ——1.3 A. 2o In
this model, the emitted vortex ends up moving freely
in bulk fluid. Then its energy corresponds to that of a
ring of radius 1.8 p, m moving with a velocity of 5
cm/s. As Eq. (1) is satisfied, it is not surprising that
the ring perimeter is equal to that of the orifice. The
ring impulse is about 10 times larger than the kinetic
momentum lost by the Helmholtz resonator,
I=6,E/u, = pros. This indicates that the ring must
gather its momentum by interaction with the wall,
which is still an open problem. 2' These experimental
results obtained at very low temperatures place precise
constraints on critical-velocity theories involving vor-
tex creation and motion for which a detailed model is,
as it seems to us, still lacking. It is nonetheless grati-
fying that single phase-slippage events whose existence
was envisioned long ago have finally been observed.
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