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The lifetimes of both positive and negative ions trapped on quantized vortex lines in ro-
tating *He-‘He mixtures have been measured at temperatures down to 0.1 K. Evidence is
found that the 3He condenses at the vortex core, and possibly at the surface of the elec-

tron bubble.

This Letter briefly describes recent measure-
ments of the trapped lifetimes of positive and
negative ions bound to quantized vortex lines in
3He-*He mixtures.! The primary purpose of
these measurements was to see if the trapped
lifetime would exhibit effects attributable to 3He
condensing either in the vortex core®® or on the
surface of the ions.* :

In pure liquid *He it is widely believed that the
negative ion is an electron self-trapped in a bub-
ble with radius of 17 A.® The positive ion is
thought to be a singly ionized He atom surrounded
by an electrostrictively induced solid “snowball”
with a radius of approximately 6 A. When either
of these ions is near a quantized vortex line they
feel attracted to the line as a result of the Ber-
noulli pressure. The ion can become localized in
a hydrodynamic potential well centered on the
line. The average length of time for which the
ion remains trapped (trapped lifetime) depends on
a Boltzmann factor containing the well depth and
on an attempt frequency which depends on the de-

tailed motion of the ion in the well.® Thus the
intrinsic trapped half-life 7,,, can be written as

Tua=Tee"'™, (1)

where U represents the well depth, k is Boltz-
mann’s constant, 7' is the temperature, and 7,"
is the escape attempt frequency.

In addition to thermal escape, trapped ions can
leave the fluid whenever a vortex line migrates
to a wall and is destroyed, releasing its trapped
charge.” This geometry-dependent mechanism
determines the upper limit of the lifetime ob-
served in a given experiment at low tempera-
tures.

If °He is present in the superfluid it can pro-
foundly influence the lifetime. If the 3He condens-
es on the vortex core it will decrease the well
depth U and may also change 7,. Furthermore if
the 3He changes the size of the ion it will change
both U and 7,. Since 7,,, depends strongly on U
and 7,, lifetime measurements provide a sensi-
tive probe of these parameters.
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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, with dimensions 1 cm by
2.2 cm and length 3.2 cm. The rotation axis ran
through the cylinder axis. The sides of the con-
tainer were split to allow the application of an
electric field transverse to the vortex lines. 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. No grids were within the cylinder al-
though there was a grid lying perpendicular to the
rotation axis placed immediately before the col-
lector.

The ions were produced near a 0.1-Ci tritium
source located outside of the cell. Bias poten-
tials produced a beam of ions which entered the
central region through a grid in one side wall and
drifted perpendicular to the vortex lines. The
trapped charge was detected by moving it along
the lines to the metallic collector at the top of the
cell. The resulting current pulse was detected
with an electrometer and integrated to give the
total charge. The order of magnitude of both pos-
itive and negative trapped charge was 10”1 C.

The ion-trapping lifetime was measured by
charging the lines for a fixed time, and then
switching off the charging current. The charge
@ remained trapped for a variable delay time ¢,
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FIG. 1. Temperature dependence of the trapped life-
time of positive ions for three different *He concentra-
tions. The rotation speed was 1.5 sec”! and the trans-
verse field was 20 V ecm™ !,
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and was then collected and measured. Repeating
this cycle for increasing delay times (automatic-
ally sequenced) gave the charge decay Q () as a
function of time. The lifetime 7,,, was deter-
mined by computer, fitting the data by a simple
exponential decay function with the lifetime an
adjustable parameter. The data discussed in this
paper represent a small portion of a total of
24 000 measurements of @ (t) in *He-*He mixtures
with ®*He concentrations ranging between 0.01%
and 4.8%. A more complete description of the
experiment and data will be published elsewhere.®
Positive-ion lifetimes as a function of tempera-
ture and ®He concentration are shown in Fig. 1.
These data display the same general features as
the lifetimes found™ in pure *He. At tempera-
tures below ~ 0.5 K the lifetime assumes a con-
stant value (larger than that in pure “He) which is
approximately the same as that found for the neg-
ative ion at low temperatures. At temperatures
between 0.7 and 0.5 K, 7,,, increases exponential-
ly in T"! indicating thermal excitation of the pos-
itive ions out of the Bernoulli potential well. The
data displayed in Fig. 1 show that the lifetime in
this thermal-ejection region shifts to lower tem-
peratures as the He concentration is increased.™
By fitting the data above 7'=0.5 K with Eq. (1)
we can compute values of both U and 7, for each
3He concentration. The binding energy U ob-
tained from such a fit is shown in Fig. 2. U de-
creases approximately linearly with *He concen-
tration. The parameter 7, is found to increase
rapidly with concentation, from 7X10°° sec in
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FIG. 2. Positive-ion binding energy U as a function
of *He concentration,
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the 0.02% solution to 2X107® sec in the 0.34% so-
lution. These values for 7, are several orders of
magnitude greater than would be calculated from
the theory of Ref. 6. (Similar experiments in

pure *He give good agreement with this theory.'?)

The data for positive ions indicate that U de-
creases with 3He concentration. Since U is pro-
portional to the superfluid density p, near the vor-
tex, an excess of ®He near the vortex center can
lower U by decreasing p,. Furthermore phase
separation may occur, increasing the size of the
vortex core. Previous calculations do predict an
increased core size in He-*He mixtures at suf-
ficiently low temperatures.?

An additional effect which may influence 7,,, is
associated with the fact that there exists a repul-
sive polarization interaction between the positive
ion and the 3He atoms.!? The repulsive energy of
a ®He atom sitting at the ion radius is approxi-
mately 1 K. If the 3He atoms are bound to the
vortex line with less than this energy then the dis-
tribution of 3He near a trapped positive ion may
be quite complex. In addition, the mobility and
effective mass of the positive ion must depend on
the *He which must move out of the way of the
ion.

The observed behavior of the trapping lifetime
for negative ions is more complex than for posi-
tive ions. Figure 3 shows the temperature de-
pendence of 7,,, for negative ions in a 0.8 mix-
ture. This temperature dependence is typical of
all concentrations tested. In the cell used for
these measurements the lifetime above 1 K and
below 0.25 K assumes a temperature-independent
value of approximately 12 sec. In a previous ex-
periment®® using a cell with circular cross sec-
tion (3.2 mm diam) the lifetimes in these regions
were much larger—several hundred seconds at
1.3 K and greater than 10° sec below 0.2 K. We
strongly suspect that this marked geometry depen-
dence is characteristic of charge loss due to vor-
tex motion” although we have no detailed model to
explain the magnitudes of the lifetime.'®

As seen in Fig. 3 the lifetime decreases below
1 K and reaches a temperature-independent pla-
teau between 0.8 and 0.6 K.'* This behavior is
probably caused by the enhanced vortex motion
allowed by the decreased line damping as the nor-
mal-fluid density p, decreases with temperature.”
The temperature-independent plateau is due to
charge loss via vortex motion in the regime
where p, is determined solely by the He concen-
tration.’® We find that the magnitude of the life-
time in this plateau increases monotonically with
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FIG. 3. Temperature dependence of the trapped life-

time of negative ions in a 0.8% °He-‘He mixture, The

transverse field was 20 V ecm™1.

3He concentration.

The most striking feature of the negative-ion
lifetimes is the decrease below ~0.6 K and the
rapid increase near 0.3 K. At lower concentra-
tions the decrease is more pronounced and is
evident at higher temperatures (~0.7 K for a
0.01% solution). The decreased lifetime is corre-
lated with a decrease in the trapped-ion mobility
along the vortex lines which occurs between 0.6
and 0.7 K.%*% These effects are most likely re-
lated to the condensation of the 3He onto the vor-
tex lines at these temperatures. Such condensa-
tion would increase the drag on the electron bub-
ble (thus decreasing the mobility) and also lower
its binding to the vortex.

The rapid increase in lifetime below 0.3 K is
perhaps due to condensation of the 3He onto the
bubble surface. ®He condensing on the electron
bubble decreases the surface tension, allowing
the bubble to increase in size. The free-ion mo-
bility in mixtures? shows structure at 0.3 K
which has been interpreted as the point where
such a radius increase occurs.* With a larger
radius the binding energy of the electron bubble
to the vortex would be substantially increased,
possibly leading to the increased lifetime which
is observed.

An apparent inconsistency in this interpretation
of the data is the fact that the positive ion has a
much longer lifetime than the negative ion in the
temperature range between 0.3 and 0.5 K. If ex-
cess 3He at the vortex core lowers the negative-
ion binding energy sufficiently to produce the
short lifetime observed, the presumably small-
er'” positive ion would not be expected to be
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bound to the vortex lines at all in this region.

It would seem that in order to explain the larg-
er lifetime for positive ions between 0.3 and 0.5
K one might have to invoke either an extra bind-
ing energy for positive ions which is unimportant
for negative ions, or a mechanism which gives
the positive ions a much lower attempt frequency
than the negative ones. We did make a rough
measurement of the mobility along the line of the
positive ion relative to the negative ion. We
found the surprising result that the positive ions
move ~50% slower than the negative ions. This
might indicate an enhanced interaction of the posi-
tive ion with the %He.

In summary, it appears that *He atoms con-
dense on the vortex lines below about 0.6 K and
may condense on the electron bubble below ~ 0.3
K. There is still a great deal of work to be done
to explain the details of the lifetime’s tempera-
ture dependence. Studies of the ion trapping un-
der pressure might be useful in separating the
different effects which are observed.
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and for many useful comments throughout the ex-
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