VOLUME 52, NUMBER 1

PHYSICAL REVIEW LETTERS

2 JANUARY 1984

Observation of a Remanent Vortex-Line Density in Superfluid Helium
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Sensitive ion-trapping measurements show that superfluid ‘He at rest contains a sub-
stantial number of quantized vortex lines, metastably pinned between the walls of the
container. This remanent line density appears to be history independent, and is estab-

lished upon going through the lambda point.

PACS numbers: 67.40.Vs, 67.40.Yv

Some of the most interesting hydrodynamic
problems in superfluid *He involve the appear-
ance and growth of quantized vortex lines. As a
case in point, it is well known that a rotating
bucket of superfluid becomes filled with a dense
array of such lines, but it is a complete mystery
where they come from. Similarly, the onset of
turbulence in superflow is known to be associated
with the sudden generation of a vortex-line tangle,
yet a clear picture of how these singularities are
initially generated is lacking. Most attempts at
an explanation have concentrated on the quantum
mechanical, thermal, or hydrodynamic nuclea-
tion of quantized vortices at the boundaries. Such
attempts have not been notably convincing.! An
alternative possibility,?” * which has occasionally
been forwarded as a separate, “nonideal” mech-
anism pertaining to channel flow, is that pinned
vortex lines can somehow initiate the growth of
a vortex tangle. Historically, this suggestion has
been entirely speculative, but recent work based
on the idea of vortex-line reconnection® has shown
that vortex singularities can multiply under the
proper conditions. Although detailed calculations
must still be performed, it now seems much
more plausible that a sufficient number of origi-
nally pinned vortices could in fact generate a
self-sustaining vortex tangle at sufficiently high
flow velocities, or multiply to fill a rotating
bucket with an array of vortices.

To make further progress it is crucial to es-
tablish whether such remanent vortex lines actu-
ally exist. Some evidence for this is provided by
the early work of Vinen, which suggests that one
or more vortices can become metastably at-
tached to a fine wire. He concludes from this
“...that isolated vortices are very likely to be
present in apparently undisturbed helium... .” 5
To study this question further, we have per-
formed an experiment which essentially consists
of two parallel plates immersed in the super-
fluid. Our aim is to detect any quantized vortex
lines which may extend between the two plates

by making use of the fact that such a vortex will
capture negative ions, i.e., electron bubbles,
which must subsequently move along the line
like beads on a wire.”*® Thus, the idea is to
drift a negative ion current through the region
between the plates, such that any vortices pre-
sent will capture some of these ions and deliver
them to one of the plates. This plate in turn
functions as a collector attached to an electro-
meter. The relative ease with which very small
currents can be measured, and the fact that sig-
nal averaging of the collected current can be im-
plemented by switching the incident ion current
on and off, make this a very sensitive measure-
ment. More importantly, there exists the unique
signature of a rather abrupt lifetime edge at T
~1.7 K, above which negative ions are not trap-
ped on quantized vortices. By sweeping the tem-
perature throught this region, one can discrimi-
nate against various leakage currents and un-
ambiguously identify that part of the signal which
arises from the presence of vortex lines.

In order to maximize the trapping rate, it is
desirable to sweep a large current across the
lines; hence, the applied electric field must have
a substantial component parallel to the plates.

In order to move the captured ions along the lines
to the collector, however, it is also necessary

to have a substantial field component perpendicu-
lar to the plates. In addition, it is important to
minimize the amount of free-ion current leaking
to the collector and to maximize the active vol-
ume where trapping can occur. These criteria,
which cannot be satisfied in a conventional drift-
cell arrangement, have led us to devise the geom-
etry shown in Fig. 1. Ions are created behind

the screen at S by a radioactive source. Nega-
tive ions are pulled out of the source region,

and follow the field lines as shown,® completely
avoiding the collector. Any ion, however, which
is captured by a vortex extending across the
channel will be detoured to the collector as
shown, always under the action of a strong field
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FIG. 1. Cross-sectional view of the cell geometry,
showing typical biases. The distance between the top
and bottom is 1 cm. The cell extends 6 cm into the
plane of the figure. The collector sits in the middle
of the top plate, and has an area of 2 cm?. The nega-
tive field lines are shown as dashed lines. Dots show
an ion trapped by a vortex pinned on the collector.

along the line.

The current arriving at C was measured by
use of a Cary 401 electrometer with a 1-s re-
sponse time. The noise in the unprocessed
electrometer output was found to be about 2
x 107 A, This output was digitally signal av-
eraged for 100 on-off cycles, and a digitally in-
tegrated 1.5-s interval from the off part of the
resulting signal was subtracted from the cor-
responding on part. This procedure yielded an
effective noise in the measured current of 5
X 107" A, the practical limit of the experiment.

The temperature-scanned current observed at
the collector under these conditions is shown by
the solid circles in Fig. 2. It is unambiguously
clear that remanent vortex lines are present
in this system. The size of the vortex-signal
current step is found to be independent of the
leakage current upon which it is superimposed.
It is, however, affected by large changes in the
injected current or in the field settings, as ex-
pected. By calibrating the measured signal
against ion-trapping and transport measurements
done in rotating buckets,”*® we estimate that
there are ~ 15 lines/cm?® pinned between the two
plates. Because of the complicated field geom-
etry, and the fact that we are extrapolating
from rather poorly characterized data taken on
dense vortex arrays to single vortices, this num-
ber should be considered as approximate only.

A rough theoretical upper limit for the rema-
nent line density may be obtained as follows. If
the lines are spaced a distance A apart, they
will exert nonlocal velocity fields of order k/27A
on each other, where K:h/m4 is the quantum of
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FIG. 2. Solid circles: current measured at C in
undisturbed helium. Open circles: 1/100 of the cur-
rent observed at C when the helium is turbulent, with
L=9%x10°cm™2, '

circulation. In equilibrium, each pinned vortex
will take up a curved configuration such that the
self-induced velocity (k/4nR)1n(R/a,) of the vor-
tex line everywhere cancels the nonlocal field.
Here, R is the local radius of curvature, and
a,=1.4x10"% cm is the vortex-core radius.
Hence, A~2(R)/In((R)/a,), where (R) is the char-
acteristic radius of curvature of the pinned vor-
tices. Such a distortion, however, implies that
the nonlocal interactions have caused the vortices
to bow out by a distance of order D?/8(R), where
D is the distance between the plates. It makes
sense to require that the displacement of the
vortices due to neighboring vortices not be larg-
er than about half the interline spacing; other-
wise, reconnection processes can cause further
decay of the pinned vortices. Thus, D%/4(R) <A.
Eliminating (R), and setting the line-length den-
sity Lg equal to A™2, one obtains the limit

Lg=2n(D/a,)/D?. (1)

This yields Ly~ 35 lines/cm?® for our geometry,
in very good qualitative agreement with our ob-
servations. The reasoning leading to Eq. (1) fur-
ther implies that L; scales in such a way that
the number of lines stays approximately con-
stant if the geometry is scaled to a different size.
Only as D approaches a, will the logarithmic term
dominate and the remanent vorticity disappear.*°
In fully developed superfluid turbulence it is
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FIG. 3. Free decay from an initial line-length den-
sity L = 9% 10% em™° to the remanent density L ~ 15
cm™? when the turbulence driver is turned off. The
straight line corresponds to the behavior I = — const
x L?, as observed in Ref. 12.

easy to achieve a dimensionless line-length den-
sity LD? of 10°. As the driving velocity is re-
duced, this density drops rapidly until it reaches
a critical value of order 10, at which point the
vortex lines apparently disappear.!’ The fact
that the critical line-length density is so close
to the observed remanent density suggests very
strongly that the vortices do not actually vanish,
but are simply immobilized by pinning, at which
point they are no longer observable by standard
techniques.

The vortex-signal current in Fig. 2 is observed
the first time the system is cooled below the
lambda point, and is entirely repeatable with
respect to rapid or slow thermal cycling above
or below the lambda point. To study the effect
of more drastic perturbations, ultrasound was
used to generate vortex turbulence between the
two plates. Figure 3 shows the collected cur-
rent, translated into the effective line-length
density, after the ultrasound is turned off. The
vortex tangle decays from an initial density L
~9%10° cm™? to a final remanent density in a
few hours, the initial decay behavior being in
agreement with that reported in previous ex-

periments.’ The final value of L is exactly the
same as that obtained if the system is very care-
fully and slowly pumped through the lambda point.
One may speculate that passing through the lamb-
da point is equivalent to passing through a vortex-
turbulent state, leaving the system with the maxi-
mum number of pinned vortices that can survive
in metastable equilibrium.

By looking at the properties of the vortex-sig-
nal current when the system is turbulent, it is
possible to compare the ion-trapping character-
istics of the remanent vortices directly with
those observed for the dense vortex tangle. The
lifetime edge and the dependence of the signal
current on the bias voltages were found to be
the same for the two cases, further reinforcing
the interpretation of our observations.

We conclude that any container of superfluid
*He, treated in conventional fashion, will be
permeated abd initio by numerous quantized vor-
tices stabilized by surface pinning. Thus the
question of where quantized vortices come from
appears to be answered—they are there to begin
with. Whether there are special circumstances
or experimental strategies which can produce
a much lower level of remanent line density than
we have observed is a matter requiring further
exploration. In any case, it seems likely that
most, if not all, experiments performed in the
past on the growth of quantized vortex lines have
started with a remanent vortex line density, and
should be interpreted from that point of view.
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and the resulting field configurations were optimized
by solving the two-dimensional Laplace equation with
use of a finite-element scheme.

00ne should also keep in mind the possible impor-
tance of thermal fluctuations as D approaches micro-
scopic scales. A similar consideration applies to the
limit where the pinning sites become very small.

This point of view is emphasized by J. T. Tough,
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