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Positive-Ion Trapping on Vortex Lines in Rotating He Iie
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The direct trapping of positive He ions on quantized vortex lines in rotating He II has
been observed at temperatures below 0.7 K. Trapping lifetimes have been measured be-
tween 0.1 and 0.7 K, and agree with models of thermal escape and charge loss from vor-
tex motion. An ion radius of 7.7+0.1 A is found.

The trapping of ions on quantized vortices in
superfluid helium has proven to be a very useful
probe of the vortex properties and of the detailed
structure of the ions. ' The negative ion has been
shown to be an electron which forms a bubble of
radius' -17A. The positive ion is thought to be
a "snowball" structure in which electrostrictive
pressures cause the He atoms to solidify around
the positive charge to a radius' of 6-8 A. The
electron bubble is observed to become trapped on
quantized vortex lines via a Bernoulli-pressure
potential well. ' ' This paper describes observa-
tions of positive ion trapping o-n quantized vortex
lines."

The motivation for this work originates in the
fact that ion trapping on vortex lines provides a
very sensitive test of models describing both the
size of the ion and the nature of the vortex core.
It has been shown that trapped ions can leave the
vortex via thermally activated processes. ' '
This model predicts a trapping half-life 7,~,
which depends on temperature according to the
relation

U/kT
~1(2 &Oe

where k is Boltzmann's constant, T is the tem-
perature, and v'0 is a parameter which is deter-
mined mainly by the ion radius and mass. The
depth U of the Bernoulli potential well depends
on the ion radius. For negative ions, experi-
ments' have shown that the temperature depen-
dence of Eq. (1) is satisfied above 1.5 K with a
binding energy U of 50 K. Below this tempera-

ture a lack of normal fluid damping allows the
vortices to move more freely (presumably be-
cause of apparatus vibrations). The trapped
charge is lost when a line encounters a bound-
ary 9&10

Previous experiments"' designed to observe
positive-ion trapping on rectilinear vortices were
unsuccessful. However, positive ions have been
observed to be trapped on vortex rings and in
strong electric fields the escape rate has been
measured" and seems to agree with the thermal-
activation model. ' It was not expected that posi-
tive ions would be trapped at temperatures above
1 K because of the ion's small size. ' Since the
observed trapped lifetime is determined by the
intrinsic ion-vortex interaction as well as line
motion, it is desirable to observe both positive-
and negative-ion trapping to help distinguish be-
tween the different charge loss processes.

Our measurements were made with a rotating
dilution refrigerator. " The charge was trapped
on vortex lines in a cylindrical region of rectan-
gular cross section. The rotation axis runs
through the cylinder axis. The sides of the con-
tainer are split to allow the application of an elec-
tric field transverse to the vortex lines. No

grids were placed within the cylinder. The walls
were coated with resistance paint which, when
voltage biased, allowed the ions to be moved
along the lines towards a collector at the top of
the cell.

The ions are produced near a 0.1-Ci tritium
source located outside of the cell. Bias poten-
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FIG. 1. The temperature dependence of the half-life
of positive ions trapped on vortex lines. The rotation
speed was 1.5 sec '.

tials produce a beam of charged vortex rings
which enter the central region through a grid in
one side wall and drift perpendicular to the vor-
tex lines. The trapped charge is detected by
moving it along the lines to a metallic collector
at the top of the cell. The resulting current pulse
is detected with an electrometer and integrated
to give the total charge. The order of magnitude
of both positive and negative trapped charge was
]0 ll

The ion trapping lifetime was measured by
charging the lines for a fixed time, and then
switching off the charging current. The charge
remains trapped for a variable delay time, and
is then collected and measured. Repeating this
cycle for increasing delay times gives the charge
decay as a function of time. Figure 1 shows
some data taken at a rotation speed of 1.5 sec '
and a transverse field of 20 V/cm. In a limited
temperature region the lifetime increases expo-
nentially with 1/T ~ A computer analysis of the
data yields a value of U =17.5+ 0.2 K and 7, =1.36
&&10 "sec. This is in good agreement with the
thermal-activation model of Donnelly and Rob-

erts. ' With this value of U and a vortex core ra-
dius~ of 1.47 A, a fit with their model yields an
ion radius R+ = 7.7+ 0.1 A. This agrees with the
value of 7.9 A deduced from the analysis of high-
field escape from vortex rings. This radius in-
cludes the length over which the superfluid den-
sity falls to zero at the ion surface. Subtracting
a healing length of 1.5 A gives a "hard-core" ion
radius of 6.2 A, which is close to the value of

0
6.1 A determined in a resonance experiment. '

In the previous negative-ion trapping experi-
ments' the ion radius determined from the mea-
sured parameter U gave a value for the parame-
ter 'Tp which was several orders of magnitude dif-
ferent from the observed value. In contrast, us-

0
i.ng our deduced radius of 7.7 A and an ion mass
of 43 helium atoms' we compute a value for fp
which agrees within 15% with our measured value.

The lifetime was weakly dependent on the trans-
verse electric field; at T =0.655 K the half-life
increased from 0.52 to 0.61 sec as the field in-
creased from 10 to 40 V/cm. This is a weaker
field dependence than given by Ref. 4.

At temperatures below 0.63 K the positive-ion
lifetime deviates from that predicted by the ther-
mal-activation theory. The lifetime assumes a
roughly constant value of several seconds in the
range between 0.1 and 0.5 K. In this temperature
range the charge decay is at first exponential but
at long times decreases with a slow, nonexponen-
tial tail. This behavior is also observed for neg-
ative ions over the same temperature range, and
is thought to be due to vortex motion. '

An additional observation is that although nega-
tive ions on lines passed through the free sur-
face, we were unable to detect any trapped posi-
tive ions emerging through the surface.

We also found that in a 0.8% 'He He mixture
positive ions were not observed to be trapped
down to 0.1 K, while trapped negative ions were
observed. " This may be caused by He atoms
concentrating near the vortex center and produc-
ing a larger effective core." We plan to investi-
gate this further.

In summary, we have observed positive-ion
trapped lifetimes longer than 0.1 sec for T & 0.7
K. In pure He below 0.5 K the trapped lifetimes
of both positive and negative ions are the same,
in agreement with expectations of recent models
of vortex motion. ' '5

*Work supported by a grant from the National Science
Foundation.
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The effect of mixing two high-power ruby-laser beams in a plasma has been investigated
by means of light scattering. Coherently scattered light has been observed with intensi-
ties of up to 30 times that scattered by incoherent thermal fluctuations. As indicated by
the wave-vector distribution, the nonlinear electromotive forces of the mixed electromag-
netic waves produce a stationary electron-density wave in the plasma.

Large perturbations in plasma density fluctua-
tions may be caused by the nonlinear forces of
two intense electromagnetic waves acting on plas-
ma electrons. ' since the scattering form factor
S(k, m) ~((n(k, u&)~'), the light-scattering proper-
ties of the plasma will be changed. In plasma at-
mospheres in front of solid targets where inci-
dent and specularly reflected waves mix, this ef-
fect m3y strongly influence the backscattering of
laser light and thus may be of importance in la-
ser-fusion experiments. It has been shown pre-
viously that two laser beams of diff erent frequen-
cies, when mixed in a plasma, can enhance the
density-fluctuation intensity if the difference fre-
quency coincides with the plasma resonance fre-
quency. 2 A similar effect may be expected if the
difference frequency coincides with the. ion reso-
nance. In this Letter we would like to show that
even for zero frequency difference of the mixed
laser beams a strong modification of the density
fluctuations takes place, the nonlinear electromo-
tive forces setting up a stationary density wave.

It can be shown" that two plane monochromatic
electromagnetic waves of the same frequency in-

duce coherent fluctuations in a plasma of the form

1 +ZQ'

Here

2m&uKT ' e KTh' ' o
0 0

ky 2 are the wave vectors, co the fr equency, E„
the electric field amplitudes of the mixed waves,
and V the mixing volume. (The functions F, and
F; in Ref. 1 are equal to unity for w-0. )

In the present experiment two ruby-laser beams
of equal power (up to 250 IVIW within a, spectral

0
linewidth of 0.03 A) a.re mixed in a. plasma in op-
posite directions. The beams are focused to a
volume of 0.3 mm diam inside the plasma. A
third beam of frequency-doubled ruby-laser light
of about 4 MW is used for light-scattering diag-
nostics, being focused into the focal volume at an
angle of 60 with respect to one mixing beam and
120 with respect to the other. In order to satisfy
both the wave-vector conditions of Eq. (1) and the
scattering condition that requires k to equal the


