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since its size is an intrinsic property and should
not depend on the method of calculations. Con-
sequently, agreement between the values obtained
from the two methods can be regarded as a con-
sistency check. In fact, in the case of argon this
was confirmed by using #=2L and %=3L (not
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shown here).

Finally, it would be useful to apply Eqs. (4), (5),
and (8) to other systems (magnetic, mixtures,
etc.) exhibiting a critical phenomenon, if and
when their x-ray or neutron scattering data are
available.
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ic Energy Commission.
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We have detected the appearance of individual quantized vortex lines in liquid He II in nar-
row-diameter (~1 mm) rotating cylindrical vessels which were slowly accelerated from rest.
The angular velocities where the lines appear are qualitatively consistent with theory based
upon minimization of the free energy. However, we find that the detailed behavior of the He II
is quite history dependent and cannot be uniquely determined from existing theory. Our detec-
tion technique involves charging the vortex lines for a fixed length of time. A subsequent
measurement of the amount of charge trapped provides an indication of the number of vortex
lines present. In order to detect the small amount of charge trapped on a single line, we have
extracted the trapped electrons through the meniscus and have developed a proportional coun-

ter to detect them in the vapor.

I. INTRODUCTION
A. General

The problem of the nature of a rotating super-
fluid has played an important role in the study of
liquid helium since 1941. At that time Landau sug-
gested in his classic paperl_ that the velocity field
of a superfluid must always be irrotational
(curl¥,=0). This would imply the remarkable re-
sult that the superfluid would not participate in ro-
tation. In particular, if a sample of superfluid was
contained in a cylindrical vessel rotating about its

symmetry axis, the liquid would simply remain at
rest. Although early experiments? indicated that
the superfluid did not participate in oscillatory cir-
cular motion (thus supporting Landau’s idea), study
of the shape of the meniscus seemed to show that
the superfluid rotated like a classical liquid.® Still
further investigations showed that the rotating

He Il possessed at least some of the essential
superfluid properties, such as the fountain effect.
These apparently conflicting results were recon-
ciled after Onsager® and Feynman® conceived the
idea of quantized vortex lines. The idea is to re-
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quire that the condition curl¥ =0 be satisfied
everywhere except at singular vortex lines{ around
which the superfluid circulation KE§VS - dlis quan-
tized in units of Planck’s constant divided by the
mass of the helium atom (k =nk/m). In this theo-
ry, for helium in a rotating vessel, there is a
well-defined equilibrium number (and distribution)
of voitices characteristic of the speed and size of
the vessel. The number is zero below a critical
angular velocity, at which the first vortex should
appear, and the number becomes proportional to
the angular velocity for sufficiently rapid rotation.
The fluid comes into rotation discontinuously—in a
series of quantum jumps. When many vortices are
present, the macroscopic appearance of the super-
fluid is almost indistinguishable from a classical
fluid. Thus the puzzling experiments are ex-
plained.

Quantized vortex lines have been detected by
their effect on second-sound propagation, heat
transfer, oscillating discs, and charged particles—
but always in situations where the number of vor-
tices is large.” The regime in which only a few
vortices are present has hardly been explored. A
notable exception is the work of Hess and Fair-
bank® who measured the angular momentum of a
rotating capillary filled with He II. They clearly
demonstrated the nonclassical behavior—in par-
ticular the nonrotation of the fluid at low angular
velocities—but did not resolve the expected quan-
tum jumps. We will show that it is possible to use
charged particles to detect the presence of a sin-
gle vortex line in rotating liquid helium.® With
this capability it becomes possible to investigate
both equilibrium phenomena and nonequilibrium ef-
fects (such as the appearance and disappearance
of vortices and the metastability of nonequilibrium
distributions).

B. Plan of Experiment

We proposed to utilize electron trapping on vor-
tices to detect a single vortex line. Previous work
has shown that an electron in liquid helium forms
a microscopic bubble (radius =16 A) which can be-
come trapped on vortex lines.!® Although the elec-
tron bubble remains trapped for only a few seconds
at 1.7 K, the lifetime increases to thousands of
seconds'! below 1.5 K.

The plan of the method is quite simple: Elec-
trons are injected for a fixed length of time into a
rotating cylindrical container of He II. During
this period, any vortex lines present will trap elec-
trons and become charged. After the charging
process an electric field, applied along the buck-
et’s axis, transfers any trapped charge to a col-
lector attached to a sensitive electrometer. The
electrometer registers the amount of collected
charge, which is proportional to the number of

|o»

vortex lines present. The appearance of a new
line will result in a steplike change in the elec-
trometer output.

This scheme presents several experimental dif-
ficulties, which had to be overcome. The main
problem is sensitivity: Previous experiments
(where there were typically several thousand lines
present) indicated that only a few thousand elec-
trons can be trapped per centimeter of vortex line.
This amount of charge is difficult to detect in li-
quid helium, because the electron-bubble mobility
is quite low.!? We planned to detect this small
charge by extracting the electrons through the li-
quid-helium meniscus into the vapor above. Once
the electrons are in the gas, amplification can be
achieved in a proportional counter and larger sig-
nals will result.

To implement this plan we had to see if electrons
on vortex lines could in fact be brought through the
meniscus. Since a proportional counter had not
been employed previously in this cryogenic helium
environment, we had to develop the necessary tech-
niques.

An independent problem lay in constructing a ro-
tating bucket in which currents could be manipu-
lated, and whose diameter was small enough so
that only a few vortex lines would be present at
speeds of the order of 1 rad/sec.

In Sec. II we briefly discuss the theory relevant
to this experiment. Section III is devoted to a
description of the apparatus; in the remainder of
the paper we describe and discuss our observa-
tions.

II. THEORY

In this section we will present some theory
needed for interpretation of experiments like the
present one. Since most of the results of this sec-
tion have been given elsewhere by other authors, %4
we will give only the theory required for a reason-
ably self-contained account. There are theoreti-
cal problems to be considered on two different
levels: First, what is the state of thermodynamic
equilibrium for liquid helium within a rotating ves-
sel of simple geometry ? Second, in a real ex-
perimental situation will this equilibrium state be
achieved ? If so, by what processes? If not, what
nonequilibrium phenomena may be expected? We
will discuss some aspects of the equilibrium theory
and give some qualitative remarks about nonequi-
librium phenomena.

We consider superfluid helium contained in a
right circular cylinder, rotating at angular veloc-
ity w about its symmetry axis. The equilibrium
state of this system!® minimizes the quantity E’
=E-wL. Here E and L are the kinetic energy and
angular momentum of the fluid. The quantity E’
(often referred to as the free energy) is the energy
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in a coordinate system rotating at angular velocity
w. In equilibrium the normal-fluid component has
the velocity field v= @XT (like a classical fluid or
rigid body).

The flow of the superfluid is assumed to be two
dimensional and irrotational except for the occur-
rence of quantized vortices. Such flow will most
closely resemble solid-body rotation when the
number of vortices is largest and their circulation
smallest. Hence the most favorable state will con-
tain only singly quantized vortices.

When no vortices are present both E and L are
zero; hence E’=0 for all angular velocities. When
a single vortex is present at distance » from the
axis, then

2 2 \
E’ =%57-T— [ln §+1n(1 - %5) - 9(1 —R_y:ﬂ .
Here q is the vortex-core parameter, and
=27R%w/k is a dimensionless angular velocity. A
plot of this relationship'® is shown in Fig. 1. For
low angular velocities 0< <1, the energy E’ has
a maximum at »=0 and decreases monotonically as
7 increases. For 1<Q<In(R/a), E’' has a mini-
mum at =0 at which E’>0. As the vortex moves
outward, E’ increases to a maximum and then de-
creases as ¥ approaches R. In this range of angu-
lar velocities the value of E’ is greater than that
of the vortex-free state for all positions of the vor-
tex. For ©>In(R/a), the value of E’ at the central
minimum is lower than that of the vortex-free
state. Thus the one-vortex state is preferred over
the vortex-free state for w> w,, = (k/2rR%) In(R/a).
This simple case can be used to illustrate the
metastability of nonequilibrium states. For ex-
ample, when @ is in the range 1< Q<In(R/a), the
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equilibrium state of the fluid is vortex free. If,
however, a single vortex were present along the
axis it would be in stable equilibrium with respect
to small displacements. Following such a dis-
placement, it will be driven back toward the posi-
tion which minimizes E’, by virtue of its motion
with respect to the normal component.!” It will
move to the wall (and presumably disappear) only
if it is displaced over the maximum in E’(»). Sim-
ilarly, if ©>1In(R/a) and no vortex is present, a
vortex produced at the wall will not enter the fluid
unless it is somehow displaced past the maximum
in E'(r).

Having noted the possibility of metastable non-
equilibrium states we return to a discussion of the
equilibrium situation. As w is raised from zero
the equilibrium state contains no vortices for
w<w,; one vortex is stable for a range of angular
velocities above w,; and below some w,;, where the
two-vortex state becomes preferred. As the angu-
lar velocity is raised further, E’is minimized by
the appearance of additional vortices at well-de-
fined angular velocities, the first few of which are
calculated by Hess.!®* When many vortices are
present, a new line appears whenever w changes by
7%/mR? the vortex density approaches 2mw/h, the
value which mimics rigid rotation at angular veloc-
ity w. The liquid, however, comes into “rotation”
in a discontinuous fashion.

III. EXPERIMENTAL APPARATUS DESIGN AND
PERFORMANCE

A. Rotating Cryostat

We required a device which would permit the
smooth rotation of various low-temperature ap-
paratuses. We decided to rotate, as a unit, a
standard double-Dewar cryostat which was sus-
pended from a brass pumping head mounted on an
air bearing!® (Fig. 2). The cryostat was connected
by a timing belt to a variable-speed transmission,*®
driven by an electric motor: The angular velocity
could be set manually or swept continuously. Mer-
cury slip rings were used to connect stationary
equipment to circuits attached to the rotating sys-
tem. In order to cool the helium below 4.2 K, the
bath was pumped through a rotating vacuum joint
which utilized a commercial oil seal. The seal
was the major source of friction in the rotating
system.

The angular velocity of the cryostat was mea-
sured in the following way: 36 aluminum blades
were positioned around the periphery of the table.
These blades chopped a light beam which was in-
cident on a photodiode, producing pulses which
were fed to a frequency counter. The speed of ro-
tation was uniform within 2% throughout a complete
revolution, for w>0.1 rad/sec. Lower speeds
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FIG. 2. Cross-section view of the rotating cryostat.

were less uniform because of elasticity in the
drive system. This springiness was used to re-
duce vibration coupled from the motor and trans-
mission.

B. Apparatus to Study Charge Extraction Through the Meniscus

Before we attempted to detect single vortex
lines, we performed several preliminary experi-
ments. We first investigated whether trapped
electrons could be extracted through the He II
meniscus. At temperatures below 1.3 K, the non-
rotating liquid helium, negative carriers do not
come through the liquid-vapor interface efficient-
1y.2® Our early experiments, however, showed
that electrons trapped on vortex lines could pass
through the meniscus with little difficulty. This
phenomenon was observed in an apparatus which
was rotated at speeds where several thousand vor-
tex lines per square centimeter should be present.

The basic apparatus is the electrode structure
shown in Fig. 3. A patch of Po®'® serves as a
source (S) of electrons, which are injected through
the source grid (SG) and into the interaction region
by the temporary application of voltages V, and V.
During this charging period electrodes E1 and RM
are connected to the source grid, producing a field
configuration which tends to keep the carriers lo-
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calized in the center of the vessel. After the vor-
tex lines are charged in this manner for several
minutes, the voltage V is switched to zero for a
few seconds, thus turning off the source. During
this time any untrapped charges are collected at
the walls. Finally we apply “dump” potentials,
which puil the trapped charge to the collector.

We found essentially the same amount of col-
lected charge if the collector was immersed in the
liquid or if the meniscus was set at the electrode
RM—indicating that the trapped charge can pass
through the meniscus in rotating He II.%

This result is consistent with the idea that a vor-
tex line holds a charge at the meniscus until a
thermal fluctuation sends it over the surface bar-
rier. In the absence of vortex lines the charge
would move along the surface and be collected at
the vessel’s walls before being ejected into the
vapor.

C. Apparatus for Detection of Single Vortex Lines

According to theory (Sec. II), the critical angu-
lar velocity at which the first vortex line becomes
stable is approximately inversely proportional to
the square of the radius R. In a bucket 1 cm in
diameter, w,, becomes so small (3x10°® rad/sec)
that we suspect random mechanical vibrations
would have a great influence on the rotating sys-
tem. If w, is to be of the order of 1 rad/sec, then
R must be approximately 3 mm.

The basic apparatus used to detect single vortex
lines is shown in Fig. 4. The small-diameter ro-
tating bucket consists of carbon-resistance ma-
terial. Bias voltages applied to various points
produce electric fields in the vessel and control
the carriers produced near the radioactive source
S. Liquid helium at 1.2 K fills the lower 80% of
the vessel, which opens directly into a proportion-
al counter at its top.

To electrometer

Ve
(RM)
T,
(SG, (E2,S, <{+
Vi= ELRM) SG) = v,
(S) (E1)
CHARGE DUMP
POTENTIALS POTENTIALS
FIG. 3. Sketch of the cell used to study extraction of

charge through the liquid meniscus. The liquid level is
set near the top of the electrode RM.
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FIG. 4. Part (a) is a cross-section view of the basic
apparatus used to detect single vortex lines. Diagrams
(b)—-(d) illustrate, respectively, the bias voltages used in
the “charge,” “clear,” and “dump” parts of the cycle.

We constructed small-diameter buckets in the
following way: A carbon resistor was faced off in
a lathe until all traces of the wire leads were re-
moved. Silver paint was applied to the ends of the
solid cylinder, and a hole was drilled down the
- axis of the piece. When four such pieces were
stacked, with their axes aligned, the long hole
down the axis formed the narrow-diameter bucket.
Two buckets, of radius 0. 50 and 0. 87 mm, were
fabricated by this method. A radioactive source
(0.75-Ci/cm? tritiated titanium) forms the bottom
of the bucket. We apply bias voltages at the sil-
vered ends of the sections to produce electric
fields which control the motion of the charges with-
in the bucket. If the room-temperature resistance
of the carbon element is too small, thermal run-
away occurs in the liquid helium when bias volt-
ages of the order of 50 V are applied. For this
reason 1- and 10-kQ resistors were tested and
eliminated. However, 100-k§ 2-W Allen-Bradley
resistors were found to be suitable.

We detect the vortex lines in a cycle which is
repeated once every 30 sec. In the first (charge)
part of the cycle, we apply an electric field which
sweeps electrons away from the radioactive source
and draws them along the axis of the bucket. As
the electrons move through the liquid, some will be
trapped on any vortex lines which are present; the
remaining charge is collected at the walls near the
top section, where a slight repelling field exists.
After a 27-sec charging period, the field in front
of the source is turned off so that no more charge
leaves the source region. This (clear) configura-
tion is maintained for about 2 sec to allow all un-
trapped charge to be collected at the walls., Final-
ly, a (dump) field is applied in the top section,
pulling the trapped charge up to the meniscus,
where it leaves the liquid and enters the propor-
tional counter. The anode current is integrated
in an operational amplifier,?? which provides a
pulse whose height is proportional to the total
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charge collected. The output is filtered and re-
corded both in analog and digital (printed) form.
Transitions in which the number of lines change
should appear as steplike changes in the pulse
height. After the charge is collected the biases
are returned to the charging configuration, and the
process repeats.

D. Proportional Counter

The proportional counter and assembled experi-
mental cell are shown in Fig. 5. The proportional
counter is made by drilling a hole (diameter 0. 25
in.) in a rectangular brass block. The hole axis
is parallel to the long axis of the block, but is dis-
placed so that the hole center is 0.135 in. from one
surface, giving a wall thickness of 0.010 in. be-
tween the inside of the counter and the top surface
of the bucket. The brass block is surrounded by a
Lucite form which provides electrical insulation
between the brass cathode and the rest of the ap-
paratus. The ends of the hole are closed by Lucite
plates. A thin stainless-steel wire runs between
small holes in the Lucite end plates; the wire runs
down the axis of the hole in the brass block. This
wire is the anode for the proportional counter. A
0. 1-in. ~diam hole in the side of the cathode is pos-
itioned over the top of the bucket. This forms the
entrance to the detector for the electrons stripped
off the vortex lines. Figure 6 shows a character-

—GLASS CAN

LUCITE

RESISTORS

SOURCE

KOVAR SEAL

HEAT SINK

FIG. 5. Cross-sectionview of the assembled experimental
cell.
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FIG. 6. Characteristic curve of a proportional
counter operating in the vapor above a helium bath held
at 1.2°K.
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istic curve for such a device operating in the vapor
above a 1. 2-K bath of liquid helium. To obtain
these points, we tried to inject a fixed amount of
charge into the proportional counter and measure
the charge reaching the anode. This was done in a
helium-bucket apparatus (similar to that shown in
Fig. 3) which was rotated rapidly enough so that
many vortex lines would be present. We charged
these lines for a fixed length of time, after which
the charge was injected into the counter (which was
biased at the potential V). The ordinate is the out-
put signal from an electrometer which measured
the collected anode charge. We measure gains with
respect to the (presumably unity gain) plateau near
50 V.

Preliminary experiments with the proportional
counter were necessary in order to learn how to
use the device. It is difficult to find the optimum
bias voltage between anode and cathode to give the
maximum stable gain. If the bias is increased too
far, a self-sustained discharge occurs and subse-
quently the counter breaks down at a much lower
voltage. We do not know what causes this irre-
versible behavior. After such a discharge, the
counter is disassembled, the cathode surface
polished, and a new anode wire installed. Through
trial and error we found that for our counter

(0.003-in. anode wire, 0.25-in.-diameter cathode,
1. 2-K helium vapor) 470 V was a good operating

point, providing a stable gain of approximately 50,
which seemed fairly reproducible from run to run.
Since it would have been desirable to have a de-
“tector which could count single electrons, we spent
some time trying to operate the detector as a

Geiger counter or a high-gain proportional counter.

Unfortunately, no method was found for quenching
the Geiger discharge which occurs for each count.
We attribute this difficulty to the presence of
metastable helium atoms or molecules which eject
secondary electrons from the counter cathode. In
fact, we found that at room temperature we could
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make workable helium-filled Geiger counters (us-
ing an electronic-quenching technique),zs if impuri-
ties were present in the gas. The impurities ap-
parently serve to deexcite the metastable helium.
Unfortunately, the vapor above liquid helium con-
tains no such impurities.

E. Procedure

The experiment is controlled by circuits which
determine the bias voltages in the cell and record
the accumulated data. The cryostat starts from
rest, is uniformly accelerated to speeds of a few
rad/sec in several hours, and is then sometimes
uniformly decelerated. Every 30 sec the “charge-
clear-dump” cycle is repeated and the resulting
collected charge is measured. Thus, in essence,
we sample the state of the superfluid every 30 sec;
the appearance of each vortex line should be
heralded by a quantum jump in the collected
charge.

IV. OBSERVATIONS AND INTERPRETATION
A. Detection of Single Vortex Lines

Figures 7-10 show typical data obtained using
the apparatus described in Sec. III. We call at-
tention to the following characteristic features:
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FIG. 7. Typical data obtained for different size vessels
and different angular accelerations. In these data the
first few steps are clearly seen. The acceleration is given
given by a.
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FIG. 8. Data showing structure more complicated than

the simple steps shown in Fig. 7. The preparation of the
liquid helium used for these data was nominally the same
as used for the data shown in Fig. 7.

(i) As the apparatus is accelerated from rest,
there is no detectable signal below a characteris-
tic angular velocity, at which it appears in a step-
like manner,

(ii) The angular velocity at which the first step
appears is approximately three times larger in the
bucket with 1. 0-mm radius than in the one with
radius 1.7 mm, agreeing with the predicted depen-
dence of w, on R.

(iii) The angular velocity at which the signal
appears is close (but not identical) to w, calculated
from the vortex-line theory of Sec. II.

(iv) Increases in signal strength after the first
step are generally also steplike in character, al-
though more complicated behavior is also seen.

This is the behavior expected if each steplike in-
crease in signal represents the contribution from
asingle vortexline. This observation seems to us
to confirm rather directly a central prediction of
the Onsager-Feynman quantized vortex model.

The liquid helium is indeed found to come into ro-
tation in a series of discrete events, not in con-
tinuous fashion. The critical angular velocities
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do not agree quantitatively with those predicted by
the equilibrium theory, as we will discuss further
below, but this should not obscure the fact that a
fundamental prediction of the Onsager-Feynman
theory is strongly supported.

The value of w,; predicted by the theory of Sec.
II is 1 rad/sec for R=0.50 mm and 0. 3 rad/sec
for R=0.87 mm. Inspection of the figures shows
that the first step occurs at an angular velocity
somewhat greater than the calculated w,; in de-
celeration a signal persists to angular velocities
considerably less than w,. We believe that the
quantitative differences between observation and
equlibrium theory are associated with barriers be-
tween metastable states, as discussed in Sec. II.
In particular, if the first vortex is to be detected
it must escape the strong attractive force which
binds a “primordial” vortex to the walls. A large
fluctuation is necessary to tear the line away from
the wall so it may move out into the center. This
idea is supported by the observation that a light
tap on the cryostat, when w> w,, will produce a
signal when none was present before. The tap pre-
sumably supplies the necessary energy to allow the
system to move closer to equilibrium.?

Upon deceleration (Fig. 9 is typical of all de-
celeration data), the signal persists to low speeds
(w<wy). This hysteresis is probably caused by
the energy barrier which tends to keep vortex lines
away from the walls (which they must reach to be
destroyed). A slight tap on the cryostat causes the
signal to disappear if w< w,, or to change drasti-
cally at higher speeds. Upon deceleration, the
signal decreases in a quasicontinuous fashion
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FIG. 9. Data showing the hysteresis in a complete
acceleration-deceleration cycle.
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FIG. 10. Data showing history-dependent behavior of
superfluid helium. The top data were obtained on the
first rotation of the sample after cooling below the A
point; the lower sets were obtained on subsequent rota-
tions below T,.

rather than with well-defined steps. This probably
occurs because the energy barrier for a line to
leave by a simple lateral displacement, is very
large. Hence it is more favorable for the line to
leave in a more complicated manner. From this
point of view it is not clear why discrete steps
occur on acceleration.

After the first few “steps” the level of fluctua-
tions increases. This may be because the energy
barriers between different metastable configura-
tions decrease as the number of lines increases;
thus the lines become more mobile. This in-
creased freedom of the state of the system could
produce the additional fluctuations. One could
probably learn more about the fluctuations if it
were possible to monitor the system on a short
time scale rather than sample it once every 30
sec.

A striking effect which we observe is the exis-

tence of persistent vortex lines in a stationary con-
tainer. This phenomenon is observed directly
when a rapidly rotating container (diameter ~2
cm) is gently brought to rest—causing most of the
signal due to the vortex lines to disappear. How-
ever, a small but easily detectable constant signal
persists for as long as we had patience to wait

(3 h). We believe this effect is caused by vortex
lines pinned to high spots (bumps) on the bottom
and side walls of the bucket. In order for a line

to move off such a protuberance it must elongate.
The energy per unit length of a vortex line is

~10° deg/ cm; if oniy thermal fluctuations were
available it is unlikely that a vortex line could be-
come unpinned. This behavior is analogous to that
of pinned flux lines in “dirty” superconductors,
and explains much of the history-dependence so of-
ten observed in experiments involving vortices in
superfluid helium. This model of pinned vortices
is supported by the observation that a gentle tap on
the cryostat completely annihilates the persistent
signal!

An example of history dependence which we attri-
bute to pinned vortices is displayed in Fig. 10.

The first set of data was obtained with a sample of
helium in its first rotation below the X point. The
acceleration sequence shows four well-defined
steps. After the first data were obtained, rotation
was stopped, and the second acceleration was ini-
tiated approximately 3 h later. Here, instead of
well-defined steps, we see the signal building up
in an incoherent manner with large fluctuations.
Stopping the vessel again, waiting another 3 h, and
reaccelerating produces the third data set, which
again shows no step structure. We interpret these
data by assuming that the vortex lines, formed in
the first rotation sequence, do not completely dis-
appear when the vessel is stopped. (Since our
method only detects lines which come to the free
meniscus, we cannot detect a line whose upper end
is pinned to a high spot on the wall.) When the
vessel is accelerated the second and third time,
these segments of pinned line move about in some
complicated manner as the system seeks the most
favorable state. If the system is warmed above the
) point and recooled, one generally obtains the
clean steplike structure. If confusion is to be
avoided in experiments dealing with vortex lines,
the history of the sample must be known and con-
trolled.

An unexpected result in these experiments is the
observation that if the trapped electron bubble is
forced to move faster than approximately 10 cm/
sec the vortex lines seem to “shatter.” Specifical-
ly we find that, if a signal due to vortex lines is
present, a momentary increase in either the charg-
ing or dumping fields will cause the signal to dis-
appear. If the speed of rotation is high enough
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(w>wy), the signal returns after several minutes
and now resembles the data in Figs. 10(b) and 10(c)
where there is no apparent realtion between ad-
jacent points. The field strength which causes this
“shattering” is approximately 60 V/cm at 1.2 °K
and increases at a higher temperature where the
electron-bubble mobility is lower. Although we
have not studied this phenomenon quantitatively it
is appealing to think that perhaps vortex waves are
created when the electron bubble surpasses a cer-
tain speed. Presumably, if the wave amplitude
gets large, the line will break up. (We have not
found any disturbance which propagates at the ap-
propriate velocity.)

V. CONCLUSIONS

Although the work described in this paper is
largely of an exploratory and qualitative nature,
certain conclusions can be reached. First, we
believe that it shows clearly that liquid helium
does not come into rotation in a continuous fashion,
such as would be expected for a classical fluid,

but does so in a series of quantum jumps. Thus
the experiment gives clear experimental signifi-
cance to the observation that in the superfluid sys-
tems one can observe quantum phenomena on the
macroscopic scale. The experiment strongly sup-
ports the Onsager-Feynman picture of rotating li-
quid helium, in which classical rigid rotation is
simulated by an array of quantized vortex lines.

It is further shown that in a real macroscopic ap-
paratus, the actual state of the rotating superfluid
can be quite different from the equilibrium state
calculated from the quantized vortex picture. Some
information about the nature of the nonequilibrium
states is obtained, including evidence of the im-
portance of vortex pinning.

The experiments show the usefulness of trapped
electrons as detectors of single vortex lines, and
raise the possibility of other interesting experi-
ments. It may be possible to use similar tech-
niques to obtain information about the spatial ar-
rangement of the vortices. We are presently
pursuing this possibility.
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