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results, although the accuracy of these mea-
surements was not high.

However, the details of the fluid dynamics
in this experiment remain far from clear.
Circulations as large as three quantum units
have been seen in runs with a 75', -diameter
wire even when no steady rotation took place.
The observations of circulation values inter-
mediate to the quantum levels and of spontane-
ous changes in circulation also require explana-
tion, and they suggest that an important role
is played by free vorticity iri the superfluid. '&7
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Charged vortex rings of one quantum of cir-
culation have been detected already by us at
1'K, and briefly reported, following the in-
vestigations by Hayfield and Reif' at lower
temperatures. In this Letter we investigate
experimentally the origin of these charged
rings at 1'K, and discuss these processes in
the frame of the theory recently proposed by
Huang and Olinto. s

The experiment consists of the determina-
tion of the drift velocity (VD) of ions in liq-
uid helium at different field strength E, the
temperature T and the pressure P being kept
constant. The apparatus and the experimen-
tal technique used to measure the drift velo-
city are the same as the ones described in
our previous work. '&~ The electronics has
been improved to extend the electric-field
range and, therefore, to increase the temper-
ature at which the phenomenon could be de-
tected. An analysis of the experimental error
involved in these measurements already has
been done &' and will not be repeated here.
The experimental error is not shown in Fig. 1
for the sake of clarity, and it usually is +3%
for data taken in the same run.

In Fig. 1 we show the results of some runs
as a plot of the drift velocity (VD) versus the

reduced field intensity E(p/pz), where p is
the total density and p~ is the roton contribu-
tion to the normal fluid density. p~ has been
calculated as a function of the absolute tem-
perature T and pressure P by the familiar
Landau expression, using the neutron-scat-
tering results. ' Since we are interested in
a rather small temperature range around 1'K,
approximately p~ = constant&&Np where Np is
the roton density, this reduced field, E(p/pz),
has a simple intuitive meaning and is a use-
ful quantity to correlate the data taken at dif-
ferent pressures and temperatures.

A glance at Fig. 1 shows that both positive
and negative ions display two quite different
hydrodynamical regimes, with a sharp tran-
sition in between. The first regime begins
at low fields with a field-independent mobil-
ity, which is known' to be essentially propor-
tional to N& ', and therefore to p&

' in our
temperature range. Next, for higher fields,
closer inspection ~' reveals the presence of
small periodic discontinuities, the first one
occurring at (Vc) = 5.2 m/sec for positive ions.
For still larger fields there is a more pro-
nounced bending of the data partly due to the
increase in the depth of the discontinuities.
While all the runs taken in different days were
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FIG. 1. The drift velocity' (VD) plotted versus the reduced electric field 8 (p/py) in different runs at the tenL-
perature and pressure indicated. (a) Positive ions, all runs taken in different days. {b) Negative ions, two sets
of runs taken in two different days.

reproducible for positive ions, this was not
true for the negative ions, as already observed
in the previous' study of the discontinuities.

The first regime terminates abruptly with
a transition, where a giant fall downward oc-
curs. The transition-point coordinates, (Vg)
and Eg, are given ln Flg. 2 for all our runs
of positive ions; from these data one sees (V&)
to be independent of 7.' and I' with a value rang-
ing around 29.5+0.5 m/sec, while E& varies
linearly with p /p. The velocity of the nega-
tive ions displays a considerable spread, and,
on the average, their (Vg) and E& seem to be,
respectively, lower and higher than the cor-
responding quantities of the positive ones.
Runs N12a, N12b, and N12c are particularly
interesting; they have been taken in the same
day and gave quite consistent results, with
the exception of the transition of the run N12c

which is "out of place, " as if a kind of hyster-
isis has occurred.

For fields larger than Eg there is a second
regime, where (VD) decreases with increas-
ing E, a behavior typical of a charged vortex
ring when the electric force balances the dis-
sipative forces. Since the ion-vortex-ring
complex drifts in the roton gas, the dissipa-
tion is proportional to p~,"and, therefore,
the quantity E(p/pz) is still a useful reduced
variable. We have already shown' for nega-
tive ions that this dissipation compares favor-
ably with the Hall and Vinen constant D. Here
we show in I"ig. 3 that quantitative agreement
is obtained with the function o. (T), introduced
in the recent paper by Rayfield and Reif, ~' if
one writes this balance of forces as

eE = o. (T) (q ——,'),
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where rj = ln( x8a/, ), r a.nd ac being the radius
and the core radius of the vortex ring, respec-
tively. Since the drift velocity of the vortex
ring ls

(2)

where h is Plank's constant and vi is the hel-
ium mass, elimination of x between (1) and
(2) gives

ln(V)/E = in[2k e/wacm n (T)1+ ,' eE/n (T).——(3)

As shown in Fig. 3(a), Eq. (3) is satisfied only
for fields somewhat larger than E&.' In our
experiments the radii of the vortex rings vary
between 50 and about 1.000 A. From this check
the quantity n(T) has been derived, and is com-
pared with the data obtained by Rayfield and
Reif" at lower temperatures [Fig. 3(b)]. Quan-
titative agreement is obtained with the Ray-
field and Reif data, particularly for the neg-
ative ions. The experimental point at P=8
kG/cm' was taken at the temperature T
= 0.920 K; however, in Fig. 3(b) it has been
placed at T =0.960'K, because at this temper-
ature p~ at vapor pressure has the same val-

I I
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FIG. 2. Positive ions. (a) The drift velocity (V~)
and (b) the electric field E& at which the giant discon-
tinuity occurs, plotted versus the ratio p~/p of the ro-
ton p~ part of normal fluid density to the total density
p. Dashed lines are according to the theory of Huang
and Ol into. 3

ue.
We summarize our experimental data stres-

sing that in the range of the reduced electric
field studied we have observed and identified
two hydrodynamical regimes: (a) at limiting
low fields the motion of a bare ion in a rari-
fied roton gas, and (b) at high fields the mo-
tion of a charged vortex ring in the same ex-
citation gas. Therefore, there is no doubt
that we should observe between these two re-
gimes the formation of the charged vortex
ring. These transition processes will be an-
alyzed below, following the recent theory pro-
posed by Huang and Olinto, ' to explain in a
phenomenological way both the periodic dis-
continuities and the giant fall observed in our
experiments. Only the giant fall will be an-
alyzed in the following discussion.

According to Huang and Olinto, vortex rings
of one quantum of circulation are created by
the ion at the critical velocity (Vc) = 5.2 m/sec,
but they are captured to form a stable charged
vortex ring only if the electric field is such
that E ~ E&.'~ By using some parameters de-
termined from previous experiments, this
theory predicts for positive ions a tempera-
ture-independent critical velocity (Vg) = 33
m/sec, and E& = 304 exp[ —b/Tk + b/0. 889k]
V/cm. Figure 3 shows that these predictions
are well verified by our experimental data.
(No predictions are made for negative ions
by this theory. ) For fields larger than E
the theory predicts a behavior similar to the
one observed in Fig. 3, the steep transition
region which occurs for fields close to E&
probably being due to the presence of the dis-
sipation force between the ion and the roton
gas, a term not included in the balance of
forces expressed by Eq. (1). Obviously this
missing term is of importance only for the
smaller rings, which are the ones that cor-
respond to the highest velocities around (V&).
Finally, one must note that an even better
quantitative agreement can be obtained in the
frame of this theory, by better choice of the
parameters to fit the experimental data pre-
sented here.

In our opinion the success of the Huang and
Olinto theory to describe the giant discontinu-
ity is due to its correct treatment of the sta-
bility conditions for the charged vortex ring,
but we note that the nature of the creation pro-
cess of the quantized rings could also be dif-
ferent than that postulated by this theory. For
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FIG. 3. {a) Plot of mobility p versus the electric field 8 for three representative runs. The arrows indicate
the field 8& at the transition for each run. From the slope of the solid lines, values of n g') are determined ac-
cording to Eq. (3). (b) The values of the function n(T) determined as above, plotted versus the reciprocal tem-
perature. The data by Rayfield and Reif are also included. The dashed line is the function assumed in the Huang-
Olinto theory.

instance, one can also suppose some vorticity
to exist already in the helium bath, and it is
captured around the ion to form the charged
vortex ring when suitable equilibrium condi-
tions exist. Therefore, we conclude by say-
ing that while the capture of the vortex ring
by the ion to form the charged vortex ring is
a process observed in the experiments report-
ed here and well described by the theory of
Huang and Olinto, the origin of the quantized
vortex rings is still a matter of speculation.

Thanks are due to Professor K. Huang, Mas-
sachusetts Institute of Technology, for having
sent us his paper' before publication.
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Simultaneous observations of the flow of plas-
ma at numerous points in an octupole magnetic
field have revealed processes responsible for
the injection and trapping of a collimated plas-
ma stream in the system of closed magnetic-
field lines, the guiding of the plasma clouds
around the toroid in both directions by the steer-
ing effect of the generated octupole electric
field, phenomena occurring at the collision
of the plasma clouds passing in opposite direc-
tions around the toroid, and the subsequent
containment with no catastrophic depletion of
electrons or ions to suggest instability of the
plasma.

These observations were made in plasmas
of density n =10"/cc near the injection port
and in densities of -10'/cc after the plasma
had filled the remote parts of the confinement
region.

The electron temperature was 10 eV through-
out the duration of the magnetic field (2.5x10
sec), and the ion or proton-energy distribution
extended from 50 to -300 eV.

The plasma, generated in a conical Z pinch
gun, drifted 150 cm through a differential pump-
ing region, and then passed through slots in
the conducting wall of the chamber containing
the octupole field. The field was formed by
induced current in four copper hoops in the
toroidal aluminum vacuum box' (Fig. 1). The
magnetic field was zero on a circular line
around the box approximately equidistant from
each hoop. While the orbital magnetic moment
of the particles is not invariant in this low field,
there is absolute conta, inment due to the invar-
iance of the canonical angular momentum.
However, the surrounding absolute containment
zones in which the field is large have particles
with invariant magnetic moments in addition

to invariant angular momentum. Strong mag-
netohydrodynamic stability is provided by this
magnetic field. '

For useful tests of multipole confinement
mechanisms, the vacuum need not be better
than -10 ' Torr to avoid charge exchange loss,
since -100-eV ion energy was chosen. Tests
with varying background pressure showed that
ion lifetime was not affected noticeably until
the pressure reached -10 ' Torr (Fig. 2). In
normal operation this pressure is reached 2

~10 ' sec after plasma is injected. The ion
component of the plasma was collisionless dur-
ing the experiment. The mean lifetime of ions
calculated from their thermal speed and from
the geometry of the small hoop-supporting hang-
ers which the plasma touches is 0.5&10 ' sec
for 100-eV ions. The observed mean life is
0.4x10 3 sec —an order of magnitude longer
than the duration of the large electrostatic po-
tentials present during filling. In addition, the
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FIG. 1. Toroidal octupole apparatus. The plasma
gun is at the right. The magnetic field is high near the
wall and rods and zero near the center of the toroidal
volume.


