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Macroscopic Quantum Tunneling of Vortices in He II
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Experimental evidence is presented showing that the creation of vortices in He II involves macroscopic
quantum tunneling through, or thermal activation over, a potential-energy barrier e. The investigations,
based on measurements of the rate at which negative ions create vortex rings in the isotopically pure
superfluid within the temperature range 50( T (500 mK, have yielded a barrier height of e/ka 3. 1

0. 1 K, in excellent agreement with the theoretical value predicted by Muirhead, Vinen, and Donnelly.

PACS numbers: 67.40.Vs, 03.65.Bz, 67.40.Yv, 73.40.Gk

Vortices dominate the hydrodynamics and many of the
thermal properties of He II. Yet, even now, some thirty
years after their existence was first mooted' and twenty-
six years after the first measurement of the quantum of
circulation, the mechanism through which vortices are
created in the superfluid is still not properly understood.
The remarkable longevity of this long-standing mystery
is attributable in large measure to the scarcity of
relevant experimental information. Most investigations
of vortex generation to date have addressed the quite dis-

tinct, but equally interesting, problem of the conditions
under which preexisting vorticity expands to form dissi-

pative tangles. In practice, it is this phenomenon that is
almost always investigated in flow and thermal
counterflow experiments, though possible exceptions are
to be found in the measurements of Hess and also, in

particular, in the recent studies by Beeken and Zimmer-
mann and by Avenel and Varoquaux of flow through
microscopic orifices. The latter results, however, are the
subject of continuing debate ' as to their correct inter-
pretation. The present Letter describes a completely
diff'erent experimental approach to the problem of vortex
creation, based on the use of negative ions' which are
small enough (radii =1 nm) to be negligibly influenced

by remanent vorticity.
The rate v at which vortex rings are created by nega-

tive ions moving through the liquid was measured by
means of the electric-induction technique"' described
previously, with use of an isotopically purified' sample
of He in order to eliminate the complications' that
would otherwise have arisen from the He isotopic im-
purities found in naturally occurring helium. An exten-
sion of the earlier work"' to considerably lower pres-
sures (12 bars) and temperatures (50 mK) was accom-
plished by the exploitation of techniques developed for
the determination of the Landau critical velocity. ' The
1.5-1 cell developed for the latter measurement was also
used for the present work, but with its electrode struc-

ture modified to incorporate an 11-mm induction space,
thus enabling v to be measured. The cell was mounted
in a simple dilution refrigerator that allowed its tempera-
ture to be stabilized within the range 50 (T ( 500 mK.
The measured variation of v with reciprocal temperature
at three fixed electric fields E is shown in Fig. 1 for a
pressure P of l2 bars. The variation of v with E in the
temperature-independent regime below 100 mK is shown
in Fig. 2, also at P =12 bars.

Superficially, the experimental results look rather
similar to those obtained previously"' at higher pres-
sures, but there are important differences. In particular,
the rapid rise in v with increasing T (Fig. 1) now takes
place, not at =0.5 K as previously, but at =0.2 K where
the density of thermal rotons in the liquid is negligible.
One can be confident, therefore, that the temperature
dependence of v is not associated with the roton-driven
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FIG. 1. Vortex nucleation rate v for negative ions in isotopi-
cally pure He II plotted as a function of reciprocal temperature
T ' for three electric fields E. The curves represent fits of (1)
to the experimental data (points).
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FIG. 2. Vortex nucleation rate v plotted as a function of
electric field E for the temperature-independent regime belo~
100 mK. The curve represents a fit of the theory of Ref. 16 to
the experimental data (points) for E ( 35 kV m
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FIG. 3. Change in energy ~ at constant impulse that
occurs when a vortex loop of radius Ro is formed in the equa-
torial plane by a negative ion, for the three different ionic ve-

locities (meters per second) shown by the numbers adjacent to
the curves (after MVD, Ref. 26). The energy barrier for the
case of an ion that slightly exceeds the critical velocity (middle
curve) is the hatched area. The experimental barrier height E

deduced from the data of Fig. 1 is indicated by the bar.

vortex nucleation process discovered in the earlier experi-
ments. ' It is found that v(T) can be fitted accurately
(lines in Fig. 1) by

v= v(0)+A exp( —e/kaT),

where v(0) represents the temperature-independent
value of v for T (0.2 K, and A and e are constants. The
fitted value of e is independent of E within experimental
error: The weighted mean obtained from fitting the
v(T) data for several values of E was E/ka 3.1 ~0.1 K
which, we may note, is considerably smaller than the ro-
ton energy gap (cf. the higher-pressure data of Ref. 12).

Behavior of the kind represented by (1) is, of course,
normally associated with the existence of an energy bar-
rier, such that the temperature-independent term v(0)
represents quantum-mechanical tunneling through the
barrier and the Arrhenius term represents thermal ac-
tivation over it. The data of Fig. 1 can thus be construed
as confirmation of the long-standing suggestion of
Vinen' that there must be a potential-energy barrier
impeding vortex creation in He II.

On the basis of this idea, and of ideas contributed over
the years by a number of other workers, ' Muirhead,
Vinen, and Donnelly (MVD) have recently proposed
that vortex creation by ions moving through He II at low
T occurs through a form of macroscopic quantum tun-
neling (MQT). Reference should be made to their pa-
per for details of the argument and essential caveats
and qualifications, but, in essence, MVD calculate the
change in total energy &F- at constant impulse that
occurs when a vortex loop of radius Ro is formed. Some
results for the energetically most favorable configuration
are shown in Fig. 3. Because the MVD calculations are

hydrodynamic in nature, they cannot be carried down to
very small Ro, but it seems reasonable to suppose that

0 as Ro 0 as sketched by the dashed line for the
case where the ionic velocity v is only slightly larger than
its critical value U, (middle curve). The resultant
potential-energy barrier is the hatched area. For com-
parison, the barrier height e deduced from the data of
Fig. 1 is indicated by the bar on the right-hand side of
the figure: The agreement is excellent (although prob-
ably coincidentally so, given that the theory has a quan-
titative uncertainty of up to a factor of =2). The
curves actually refer to 17 bars, rather than to 12 bars,
but the size of the barrier at threshold is not expected by
MVD to be strongly infiuenced by pressure. The mea-
sured value of e supports the picture of nucleation from
a vortex loop, ' ' rather than from an encircling
ring' ' for which the corresponding energy barrier is an
order of magnitude larger, at least within the thermal-
activation regime.

It is of considerable interest to try to estimate the first
critical velocity"' v, from the data of Fig. 2, but, for
reasons discussed in detail elsewhere, ' the calculation
is not straightforward. The complications arise mainly
from the time dependence of v: Each ion accelerates in

the superfluid under the applied electric field; shortly
after passing the Landau critical velocity for roton
creation vL, it loses momentum through the emission of a
pair of rotons and sufI'ers a corresponding discontinuous
decrement in v; it then accelerated once more. The cycle
repeats at a frequency (=10' s ') which depends on
E. The resultant v(t) has a mean value which is slightly
greater than vL and which increases with E. Superim-
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v =Np9(U —u, ), (2)

where 8 is the unit step function. Bowley assumed Np to
be a constant. Although the situation is now known to
be more complicated' than this, and the MVD theory
(in which N p corresponds to the tunneling rate) also sug-
gests that Np should increase rapidly with v, it is
nonetheless reasonable to suppose that (2) with Np con-
stant will be a reasonable approximation in relatively
weak E, close to threshold, where v —v, is small. By
fitting Bowley's theory to the lower-field data of Fig. 2,
with v, and Np as adjustable parameters, we obtain the
curve shown in Fig. 2, for which v,. =59.5+ 0.3 m s
and Np=(2. 5+0.3) x10 s '. The derived critical ve-

locity is within 10% of that calculated by MVD and
hence, like the barrier height e, it may be regarded as
being in remarkably good agreement with their theory.

The MVD model appears to have been strongly sup-
ported by the experimental results of Figs. 1 and 2.
There are, however, a number of observations that
should be made. First, as already noted, the MVD cal-
culations are inherently incapable of describing the
shape of the potential at small Rp,. a quantum-
mechanical calculation of the tunneling rate is now ur-

gently required. The calculation will need to take proper
account of the acceleration of the ion, which implies that
the tunneling process always takes place through a bar-
rier that is shrinking (see Fig. 3).

Second, the data of Fig. 1, described by (1) with e
equal to the barrier height, appear at first sight to diA'er

markedly from results ' at higher P where the
temperature-dependent part of v was found to be propor-

posed on this is an approximately sawtooth-shaped veloc-

ity variation with an amplitude of = + 4 ms '. There is

a finite, but relatively small, probability that the ac-
celeration of the ion may terminate, not in roton emis-
sion, but in the vortex creation process discussed in this
Letter. As E is increased, the whole sawtooth rises, the
maxima of u(t) become larger, on average, and the ion

has a correspondingly enhanced probability of reaching
v, . Consequently v increased with E as observed in the
experiments (Fig. 2).

In order to extract a value of t. , from the v(E) data, it
is clearly essential to take explicit account of the distri-
bution of ionic velocities; it is, of course, the ions in the
high-velocity tail of the (approximately rectangular) dis-
tribution function that are likely to exceed v, and create
vortices. Bowley showed that by solution of the ap-
propriate Boltzmann equation, it is possible to calculate
v in terms of v, and of the instantaneous nucleation rate
Np at the threshold: that is, the nucleation rate for an
ion that moves at a constant velocity marginally in ex-
cess of v, . In doing so he found it necessary to make an
assumption about the way in which the nucleation rate
varies with u. He proposed, as the simplest plausible as-
sumption, that

tional to the thermal roton density. This apparent
discrepancy can be resolved, however, if we infer (which
was not predicted by MVD) that the barrier height in-

creases with P. Thus, the temperature at which the rap-
id rise occurs in v will also increase with P until it has
entered the temperature range (T~0.5 K) where rotons
are the dominant thermal excitations.

Third, it should be mentioned that, for P ~ 15 bars, an
additional phenomenon has been observed in which v

at first decreases slightly with increasing T. The reason
is not yet understood, but it appears that the efI'ect is
not due simply to a small reduction in the ionic drift ve-

locity caused by excitation scattering.
Fourth, we would comment that the tunneling process

envisaged by MVD, and apparently confirmed by the ex-
periments, refers to a boson system. It also seems to
difl'er in other important respects from the kind of MQT
phenomena most intensively studied to date, where the
properties of SQUIDs have been particularly in mind.
For example, the extent to which the MVD potential-
energy curve (Fig. 3) can play a role analogous to a clas-
sical potential remains unclear; furthermore, Rp cannot
become negative. (There is also room for discussion of
whether in fact the MVD quantum tunneling mechanism
is best described as macroscopic: Although the tunneling
process certainly involves correlated changes of state for
a macroscopic number of atoms, the ion itself and the
created vortex loop are only semimacroscopic, both being
on the scale of nanometers. )

Fifth, we wish to emphasize that the excellent agree-
ment obtained between experiment and the MVD
"loops" theory relates to the processes in relatively weak
electric fields (E ~ 35 kV m ' at P =12 bars) that are
associated with the first critical velocity. ' The depar-
ture of the data from the theoretical curve (Fig. 2) in

stronger electric fields (also observed in earlier work at
higher pressures"' ) can be interpreted either as evi-

dence for a complicated velocity dependence of N p or, al-

ternatively, as an indication that additional nucleation
mechanisms come into play when the ionic velocity is

large enough. Thus, the present data do not necessarily
preclude the occurrence of, for example, axially sym-
metric nucleation processes, ' ' even though the latter
have associated critical velocities and energy barriers
that are higher than those for vortex loop creation.

Finally, although the particular probe used in these
experiments has been the negative ion, we would expect
essentially the same physics to apply quite generally to
any object moving through the superfluid, or to superflow
relative to a fixed tube or orifice. The absolute magni-
tudes of the critical velocity and barrier height will natu-
rally depend on the particular system under study and, in

the case of flow experiments, ' are likely to be strongly
influenced by microscopic excrescences (protuberances)
on the walls.

In conclusion, we have confirmed experimentally that

606



VOLUME 60, NUMBER 7 PHYSICAL REVIEW LETTERS 15 FEBRUARY' 1988

vortex creation in He II is impeded by a small potential-
energy barrier. Vortices can be produced either by mac-
roscopic quantum tunneling through the barrier or, at
high enough temperatures, by thermal activation over it.
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