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The infrared stimulated emission is observed
despite the absorption (K~40 cm™!) of the medi-
um? due to background absorption and a strong
neighboring absorption band at 1955 cm ™}, which
has been identified*® as a combination of the 985-
and 970-cm ™! vibrations. The large absorption
of the medium at 5 1 must first be saturated to
allow the stimulated infrared radiation to propa-
gate.

That the thermospectrum of the 8050-A stimu-
lated Raman line, which involves a shift of 1984
cm™! from the laser frequency, and the thermo-
spectrum of the stimulated-emission line at 5 u
peak at the same temperature indicate that both
are due to phonons of 1984 cm™!, Although we
have observed optical-phonon-stimulated emis-
sion from benzene, such emission should be ob-
servable from many liquids, gases, and solids.

We wish to thank Mr. J. Hoover of the Aerojet
General Corporation of Azusa, California, for
kindly providing us with one of their newly devel-
oped, excellent Ge:Hg detectors.

*This research was supported by the U. S. Office of
Naval Research under Contract No. Nonr-233(93).
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DECAY OF SUPERFLUID “PERSISTENT CURRENTS”*

G. Kukich, R. P. Henkel, and J. D. Reppy
Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, New York 14850
(Received 7 June 1968)

Superfluid persistent currents are observed to decay with a logarithmic time depen-
dence for flow velocities near the critical velocity. The temperature dependence of the
decay rate and the critical velocity obtained from the experiment are discussed in

terms of a thermal activation picture.

In recent persistent current experiments,! Clow
and Reppy have observed a critical velocity pro-
portional to the superfluid density near the tran-
sition. Langer and Fisher have proposed a criti-
cal-velocity mechanism?:3 based on fluctuations
of the superfluid order parameter. This mecha-
nism leads to the observed temperature depen-
dence for the critical velocity and, in addition,
predicts a slow decay of the superfluid velocity
with a logarithmic time dependence.

An analogous situation exists in superconduc-
tivity, where a thermally activated process, flux
creep, leads to the logarithmic decay of persis-
tent currents.*™®

The present experiment was undertaken to in-
vestigate the existence of the predicted decay
process. The methods are similar to those de-
scribed in Ref. 1; a detailed account of the ex-
perimental techniques will be published else-
where. Persistent currents are formed in an an-
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nular container filled with a 500-A pore filter
material.” The currents are produced by rotat-
ing (~50 rad/sec) at a temperature above T}.

The system is cooled while rotating to near 1°K.
Then the rotation is slowly stopped. As the con-
tainer is brought to rest, the superfluid slows
until a “critical velocity” is reached. The angu-
lar momentum associated with the persistent
current flow is then measured and a mean super-
fluid velocity deduced.

When the persistent-current flow velocities are
near the critical velocity, the angular momen-
tum of the persistent current decreases with
time. The fractional change in angular momen-
tum or superfluid velocity is shown in Fig. 1 as a
function of time. The observation of the logarith-
mic time dependence for the decay of the persis-
tent current provides strong support for the view
that the superfluid flow is limited by thermal ac-
tivation of a dissipative mechanism.

In addition to the determination of the decay
rate at different temperatures, the experiment
also provides data on the temperature depen-
dence for superfluid density pg and the critical
velocity vg . We shall discuss the relationship
of these quantities in terms of a thermal-activa-
tion picture.

Following Langer and Fisher,?® we assume
that fluctuations provide the superfluid system
access to states of smaller flow velocity and low-
er free energy. The decay rate is controlled by
a free-energy barrier Fy, which must be over-

come in the decay process. Then
dvs/dt=Gf0 exp[—Fb/kBT], (1)

where G is a proportionality constant and f, is
some molecular attempt frequency. The barrier
function must be a decreasing function of vg; so
the decay process will become negligible at non-
zero vg. The critical velocity v s, ¢ 1s obtained
by setting the decay rate equal to a small number
¢,. Then

Fb(T’ vs,c)='ykT, (2)
where y=1n(Gf,/¢,).

For sufficiently long times, the velocity will be
changing slowly and Fp may be expanded in pow-
ers of vg c~vg. Equation (1) will then have an
approximate solution with a logarithmic time de-
pendence. The fractional rate of logarithmic de-
cay, R, is then given by

1 dv. =) 1 2.30eT
s,c__s

REv dlnt v oF /[ov ° (3)
s,c s,c b s

In our discussion, we shall assume that the
barrier is associated with a superfluid flow state
(a vortex ring in the Langer-Fisher theory).
Then, we expect that the temperature dependence
of the barrier can be expressed as a factor,
ps(T).® Thus,

F,(T,0)=p (Df). @)
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FIG. 1. The fractional change in superfluid velocity (vg o—vs )/vg o is shown as a function of time for three tem-
peratures, AT =T»~T, equal to 94 mdeg K (triangles), 135 mdeg K {closed circles), and 812 mdeg K (open circles).
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By combining Eqs. (2) and (4) we have,
flo, J=vkT/p. )

The form of f(vg) is obtained by plotting, in
Fig. 2, the measured quantity pT/pg =(0/vk)f
(solid circles) as a function of vg . The strong
vs ! dependence seen is in agreement with the
vortex-ring model of Langer and Fisher.?2 Ches-
ter® has pointed out that a dimensional argument
generally gives a vs'" dependence for the energy
of a three-dimensional quantized flow.

The deviation from the v~ form is also shown
in Fig. 2, where the quantity v4p7/pg is plotted
as open circles.

The form of the barrier obtained from the data
is

Fb=7k(ps/p)(Q/vs)(1—vs/v0), (6)

-] O 1

where @ =623 cm sec™'°K and v, =108 cm sec™".
The fractional rate of decay R is obtained by sub-
stituting the empirical barrier function, Eq. (6),
in Eq. (3); then

By

1+ @/v ) /pT)

R (7)

where R, =-2.30/v is the rate approached at the
transition.
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FIG. 2. The experimentally determined quantities
pT /pg (solid circles) and (0T /pg)vg c (open circles)
are shown as functions of the mean superfluid critical
velocity, vg . The solid curve through the pT /pg data
(solid circles) is the function pT/pg = Qlvs ¢ ~1-vg~1],
where Q=623 cm sec™!°K and v,=108 cm sec™?.

Figure 3 shows the measured values of the rate
plotted against T =7. The solid line is the value
calculated from Eq. (7) when R, is taken as 5%
per decade of time.

The agreement between the predicted and mea-
sured rates substantiates the assumption that the
major part of the temperature dependence of Fyp
is contained in a pg factor.

The success of the thermal-activation approach
in relating the observations of the present experi-
ment suggests that it might be fruitful to employ
the same point of view in analyzing results from
other critical-velocity experiments. Also, it is
of interest to consider predictions based on other
forms for the barrier function. One possibility
is suggested by the flux-creep theory of Ander-
son.® A barrier function and predictions for the
temperature dependence of the critical velocity
and decay rate can be obtained by interpreting
Anderson’s theory in the context of liquid helium.
In contrast to the observations of the present ex-
periment, the fractional rate of logarithmic de-
cay is found to blow up as the transition is ap-
proached. This unbounded increase would result
in a depression of the onset temperature for su-
perfluidity such as predicted and observed in the
“one-dimensional” superconducting case.®*!

The preliminary results of the present experi-
ment have been reported elsewhere.’? The au-
thors wish to acknowledge many helpful discus-
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FIG. 3. The decay rate, R=vs o ~'d(v5 c~vg)/dInt is
shown as a function of AT =T, -T, where T, is takoen
as the onset temperature for superfluidity in 500-A fil-
ter material. A 1.5+0.3 mdeg K depression of the on-
set temperature below the bulk value is observed. The
solid curve is the rate predicted on the basis of the
measured pg and v g C data when R) is taken as 5% per
decade of time.
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sions with Geoffrey Chester, Michael Fisher,
and James Langer.
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VORTEX-RING INTERACTIONS IN SUPERFLUID LIQUID HELIUM*

G. Gamota
Bell Telephone Laboratories, Murray Hill, New Jersey

and

T. M. Sanders, Jr.
H. M. Randall Laboratory, University of Michigan, Ann Arbor, Michigan
(Received 19 June 1968)

We have observed interactions between collimated monoenergetic beams of charged
vortex rings. The cross section for ring-ring interaction is approximately geometri-
cal, consistent with a hydrodynamic interpretation., Capture of free ions by oppositely

charged rings has also been observed.

Several previous experiments involving charged
quantized vortex rings have indicated the exis-
tence of interactions among them. We have stud-
ied this phenomenon as a function of ring energy
and find a cross section which, like the energy
dependence of ring velocity! and size,? supports
the idea that the ring can be described by classi-
cal equations supplemented by quantization of
circulation and a core radius of atomic dimen-
sions.

Our experiments were all performed in cells
immersed in superfluid helium cooled by a He®
refrigerator capable of maintaining the (400-cm3)
volume below 0.3°K. Several different interac-
tion cells were used®; the most successful of
these is illustrated in Fig. 1. In this apparatus,
identical Po?'° radioactive sources, grids, colli-

200

C2

S~

COLLIMATORS

-—
S2

FIG. 1. The experimental cell. S; and S, are the
radioactive sources; C; and C,, the corresponding col-
lectors.



