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This paper presents evidence that in He II
under a pressure greater than about 12 atm
and at low temperatures, the maximum veloc-
ity of negative ions is limited by roton emis-
sion. Below this pressure the maximum veloc-
ity is determined by the point at which vortex-
ring creation occurs.

The mobility of both positive and negative
ions in He II under pressure has been studied
by Meyer and Reif.' During the course of this
work they found an apparent "runaway phenom-
enon" for ions in high electric fields in He II
at low temperatures. Although this effect was
found to exist for positive ions at all pressures
and for negative ions at low pressures, runaway
did not seem to exist for negative ions at high
pressures where there appeared instead a lim-
iting velocity for negative ions. ' Reif and Mey-
ers have suggested that the limiting velocity
of negative ions was due to roton creation.
Rayfield and Reif found the "runaway phenom-
enon" was due to the formation of quantized
vortex rings. ' A maximum velocity for nega-
tive ions has also been observed by Careri and
co-workers at higher temperatures and zero
pressure. ' They suggested that this is the point
at which vortex-ring creation takes place.

Figure 1 shows how the nature of the nega-
tive ions change with pressure. The quantity

I„~/I~ represents the ratio of ions able to pen-
etrate a field-free region (vortex rings) to those
that are not. In order to obtain this ratio, the

grid arrangement shown in Fig. 2(a) is used.
The current or number of ions injected into
the 1-cm test region from the radioactive source
is kept constant. The ratio of I~~ to I, is ob-
tained by observing the change in collector cur-
rent with and without a sweeping electric field
in the test region. Associated apparatus for
the experiment is similar to that used earlier
by Rayfield and Reif.e

In earlier work' it was observed that ions
able to penetrate field-free regions were as-
sociated with quantized vortex rings. From
the data shown in Fig. 1 it appears that above
about 12 atm the negative ions either do not
produce vortex rings or are unable to remain
attached to them.

In order to explore these possibilities fur-
ther, the grid arrangement shown in Fig. 2(b)
was used to measure the velocity of the ions.
A square-wave voltage V' is applied to both

G, and G, . The dc potentials of grids 1, 2, 3, 4,
and source S are adjusted so that when V' is
positive the electric field in the apparatus is
uniform, except for "gate 3, 4" which has a
negative electric field large enough to stop any
charge carriers including vortex rings. When
V' is negative, "gate 1, 2" is closed and "gate
3, 4" is open. In operation, the collector cur-
rent I is monitored as the frequency f of the
square wave is varied. If (v) is the mean ve-
locity of the charge carriers over the length
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FIG. 1. Ratio of number of negative charges able to
penetrate a field-free region to number that are not as
a function of He II pressure.

FIG. 2. Schematic arrangement of grids: (a) mea-
surement of ionic current through field-free region,
(b) velocity-measuring spectrometer.
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d between 1 and 3, then when f=n(v)/2d where
n is an odd integer, a peak in the collector cur-
rent is observed.

For temperatures near 0.5'K, fields on the
order of 1 V/cm, and pressures below 12 atm,
resonance peaks are observed which correspond
to a velocity of several meters per second.
As the electric field is increased these reso-
nance peaks move to higher frequencies cor-
responding to higher velocities. Finally, as
the electric field is increased further, the ve-
locity reaches a, plateau value of about 30 m/
sec, which varies depending on the pressure
and to a limited extent on the temperature.
Low-frequency resonance peaks also appear
which indicate a low velocity that is typical
of charge-carrying vortex rings. ' In particu-
lar, the velocity corresponding to this low-
frequency spectrum decreases as the electric
field is increased. At lower temperatures
(0.36'K) the plateau value is reached at lower
electric fields because the mobility of the neg-
ative ion increases. In addition, the plateau
value is higher' and the ion vortex-ring tran-
sition region is much more abrupt. At even
larger electric fields only the low-frequency
vortex-ring spectrum exists. The measured
vortex-ring velocities are in good agreement
with the data of Rayfield and Reif at low tem-
perature. If the pressure is increased above
12 atm, the high-frequency spectrum reappears
and the low-frequency vortex-ring spectrum
disappears. The plateau values for ion veloc-
ities found in He II under pressures greater
than 12 atm at low temperatures are essential-
ly independent of temperature.

Figure 3 shows the relationship between the
plateau velocity and pressure, taken at temper-
atures of 0.36 and 0.48'K. The plateau veloc-
ity for vortex-ring creation is more easily mea-
sured at 0.48 K than at 0.36'K. Using results
obtained from slow-neutron scattering data,
Henshaw and Vfoods' have obtained the value
of roton parameters in He II at zero pressure
and at 25.3 atm pressure. From this data one
obtains a Landau critical velocity (vc = 6/p0)
of 60 m/sec at zero pressure and 45 m/sec
at 25.3 atm. The dotted line in Fig. 3 is drawn
between these two points. Note that above 12
atm the plateau velocity of the negative ions
falls on this line. It would thus appear that neg-
ative ions under these conditions behave like
bodies that have reached the Landau critical
velocity and are losing the energy gained from

the electric field by emission of rotons. A scal-
ing error of about 4% in the data. of Fig. 3 is
possible.

In general, the Landau critical velocity holds
only for macroscopic bodies of large mass.
For an ion of effective mass m* to create a
roton of energy 6 and momentum po, it is re-
quired that m ~(v, -v, ) = p, and (m */2)(v, ' —v, ')
=6 where v, is the ion velocity just before emis-
sion of the roton and v, is the ion velocity im-
mediately after emission. ' Solving these equa-
tions one obtains
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FIG. 3. Plateau velocities of negative ions in He D
under pressure.
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In an experiment such as this, one measures
the average velocity of the particle (v). Neglect-
ing collisions with quasiparticles in going from
v, to v„we have (v) = —,'(v, + v, ) = 6/p, . If the
bubble model &' is used for the negative ion,
then the effective mass would be something
like 100 He4 masses. The corresponding val-
ue of po/2m* is about 1.5 m/sec. A careful
study of the manner in which the plateau is
reached might be useful in estimating the ef-
fective mass. The change of drift velocity with
electric field would be very rapid near (v) = vc
for a massive particle.

At lower pressures the plateau velocity is
an increasing function of pressure. A decreas-
ing bubble size would lead to an increase in
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the critical velocity at which vorticity is pro-
duced. This is because quantization of circu-
lation for the superfluid requires that )vs dl
=h/rn. For a spherical object of radius R to
give rise to quantized circulation, one would

expect Rv~ =constant where v~ is the velocity
of the object at which creation of vorticity can
occur .Hence vc ~1/R and one expects v to

increase with pressure. A theory that explains
the quantitative dependence of v~ on pressure
is not yet available.

An interpretation of Fig. 3 may now be made.
As the pressure of the He II is increased, the
plateau velocity, determined by the velocity
at which vortex-ring creation takes place, in-
creases because the bubble size decreases.
At about 12 atm, the plateau velocity for vor-
tex-ring creation has reached a sufficiently
high value for the negative ion to create rotons
rather than vortex rings. The plateau velocity
then decreases because the Landau critical
velocity decreases. The data of Fig. 1 are ex-
plained by the same argument. Charge-carry-
ing vortex rings are formed for pressure be-
low about 12 atm and above this pressure the
negative ions emit rotons.

The positive ions appear to create vortex
rings at about 30 m/sec regardless of the pres-
sure. Data on mobility' and on the binding en-
ergy of an ion to a vortex line" tend to indicate
that the radius of the negative-ion bubble is
larger than the radius of the positive-ion ball.
Therefore it might seem that the negative-ion
velocity for vortex-ring creation shouM be small-
er than the corresponding velocity of the pos-
itive ion. However, the boundary conditions
are quite different for a bubble and a solid ball
and this could explain the difference in plateau
velocities.

Using this experimental arrangement, a care-
ful study of the conditions under which vortex
rings are created can be made. It is hoped

that these data will help explain the process of
vortex-ring creation. So far the only charge
carriers which have been observed are either
singly quantized vortex rings or bare ions.
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