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SCATTERING OF THERMAL ENERGY IONS IN SUPERFLUID LIQUID He
BY PHONONS AND He' ATOMS

Lothar Meyer and F. Reif
Institute for the Study of Metals, University of Chicago, Chicago, Illinois

(Received June 8, 1S60)

We have recently reported work'~' designed to
use ions, produced in liquid He by ionization
with n particles, as microscopic probes to study
the properties of the superfluid. A time-of-flight
method permitted direct measurements of the
drift velocity u of the ions in the presence of an
applied electric field 8. When 8 is kept suffi-
ciently small, the ion energy never exceeds
thermal energy appreciably; the ion mobility
p, -=u/h is then independent of the field 8. The
temperature dependence of p, is shown in Fig. 1.
Below 2'K it is accurately given by an equation
of the form
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p. =n exp(b. '/kT),

b, '/k being 8.8'K for positive and 8.1'K for
negative ions. This result was interpreted in
terms of the scattering of ions by rotons. The
number density of thermally excited rotons
nz ~exp(-b, /kT) decreases rapidly as the tem-
perature is reduced, and p, ~x-n~-'. The energy
5 necessary to create a roton is deduced from
neutron scattering experiments' as being b./k
=8.65'K, in good agreement with the values used
in (1).

Figure 1 shows, however, that, below about
0.65'K for positive and 0.8'K for negative ions,
a plot of lnp, vs T ' begins to deviate below the
straight line of Eq. (1). This suggests that at
these low temperatures n~ has become so small
(n~=2 x10"cm ' at 0.6'K) that some other
scattering processes become predominant. The
two possibilities which suggest themselves are
(a) scattering of ions by the phonon excitations
of the fluid and (b) scattering by the few He'
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FIG. 1. Experimental values of the ion mobility p,

as a function of absolute temperature T in liquid helium
containing various atomic concentrations c& of He .

atoms present in the liquid helium. (In well
helium the isotopic abundance of He' is 1.4 &10 ',
this results in n, = 3 x10"He' atoms being present
per cm' of liquid helium. ) To distinguish between
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these two possibilities we first tried to purify
some ordinary helium from He' by superf low
through porous Vycor glass. The degree of
purification thus achieved could unfortunately
not be ascertained by mass spectrometers avail-
able to us because of the very low He' concen-
trations involved. Experiments on ion mobilities
in the helium thus purified led to results sub-
stantially the same as those in ordinary helium.
We therefore decided to carry out experiments
in helium to which known small amounts of pure
He' had been added. The atomic concentration
c3 of He' in the helium could be computed from
the proportions of the gases mixed and was sub-
sequently checked approximately by mass spectro-
scopic analysis. Results of two sets of ion mobility
measurements in liquid He containing He' con-
centrations c3'=1.3&10 ' and c3"=5.1@10 ',
respectively, are shown in Fig. 1. The experi-
ments show clearly that He' atoms in superfluid
liquid He~ do indeed act like impurities which
constitute additional scattering centers for the
ions. The magnitude of the observed effects
also shows that scattering by the isotopic abun-
dance of He' in ordinary He is too small to
account for any appreciable deviations of the
ion mobilities from the straight lines of Eq. (1).
These deviations are then presumably due to
scattering of the ions by phonons.

If the scattering centers are assumed to act
independently of each other, the total probability

, per unit time, of an ion being scattered is
the sum of the probabilities that it is scattered
by rotons, phonons, and He' atoms. Since
it = (e/M)v, M being the effective mass of the
ion, this implies that tt ' = )i~

' + lip
' + ii, '.

Here p, denotes the ion mobility in the presence
of scattering centers of type s only, and s =r, p,
and 3 refers to rotons, phonons, and He' atoms,
respectively. Hence one can use a subtraction
procedure to obtain from the data estimates
(of reduced accuracy) for p, and p, Specifically,
if p., denotes the measured mobility in ordinary
or purified helium and p, z the mobility extra-
polated from the straight lines of Eq. (1), then

pp can be estimated from pp '= p,, ' - p, z '.
Also, if p,& denotes the measured mobility in
helium enriched with He', then p, 3 for this par-
ticular concentration of He' can be deduced from
p3 ILL'g

' - p., '. Results of this analysis are
summarized in Table I. Estimated values of
the mobilities at 0.55'K are shown in the column
labeled p. . The ratio of the mobilities p.3 cal-
culated for the two enriched samples is in satis-

Table I. Ion mobilities p, s, at 0.55 K, due to scat-
tering of iona (t') by phonons (s =P) and by Hes atoms
(s=3) present in the two concentrations c3' =1.3X10
and ca" =5.1&10~. D&s=(at&/x)~2 denotes the ion-
scatterer collision diameter estimated for ~=MHe.
The temperature dependence is of the form p, s~r-k,
with the values of k listed in the last column.

Ion Scatterer
(i) (s)

ps Dis
(cm v sec ) (A)

phonon

Hes: cs'

He3 c"
phonon

Hes: c3'

Hes, g Il

5900

4350

1200

240

560

180

1.3 3.3+ 0.3

m0

8.8

6.2 2.4+ 0.4

22. 9

factory agreement with the ratio 3.9 of the
respective He' concentrations. From p, one
can estimate the ion-scatterer collision cross
section o~s for an assumed effective mass M of
the ion since the number density of scatterers
is known. [For c, = 5.1 x 10 ', n, =1.1x10"He'
atoms/cm'; from the velocity of sound C =237
m/sec, one computes n~ =2.4(4p)(kT/kC)'
= 3.4 x10's phonons/cm' for T = 0.55'K. ] Values
of D; =(o; /v)'" calculated for M=MHe are
listed in Table I. (MHe =mass of He atom. ) It
is likely that ~' M» MH, then one has approxi-
mately'D~s ~M '. For comparison, the data
at about 0.9 K, where roton scattering is still
predominant, yield estimates (for M=MHe) of
D jy 30 A for positive and Djy 42 A for nega-
tive ions. These results suggest that a roton is
a more effective scattering center for an ion
than a He' atom, and that the negative ion is
likely to be a larger and more massive entity
than the positive one. Finally, the temperature
dependence of the mobilities is of the form'

~x T k with the values of k listed in the table.
Thus p, 3 is approximately temperature indepen-
dent as one would expect from a hard-sphere
interaction between ion and He' atom. The
approximate dependence pp ~T ' suggests, since
nf, cc T', that of~ is roughly temperature inde-
pendent. On the basis of an ion-phonon inter-
action basically equivalent to the scattering of
a rigid sphere by a long-wavelength sound wave,
one would predict ~' a very different result,
p, p

o-T
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Aharonov and Bohm' have recently drawn
attention to a remarkable prediction from quan-
tum theory. According to this, the fringe pattern
in an electron interference experiment should
be shifted by altering the amount of magnetic
flux passing between the two beams (e.g. , in

region a of Fig. 1), even though the beams
themselves pass only through field-free regions.
Theory predicts a shift of n fringes for an en-
closed flux 4 of nkc/e; it is convenient to refer
to a natural "flux unit, "hc/e =4.135X10 ' gauss
cm'. It has since been pointed out that the same
conclusion had previously been reached by
Ehrenberg and Siday, ' using semiclassical argu-
ments, but these authors perhaps did not suf-
ficiently stress the remarkable nature of the
result, and their work appears to have attracted
little attention.

Clearly the first problem to consider, experi-
mentally, is the effect on the fringe system of
stray fields not localized to region a but extend-
ing, e.g. , over region a in Fig. 1. In addition

FIG. 1. Schematic diagram of interferometer, with
source s, observing plane o, biprism 8, f, and con-
fined and extended field regions a and a'.

to the "quantum" fringe shift due to the enclosed
flux, there will then be a shift due simply to
curvature of the electron trajectories by the
field. A straightforward calculation shows that
in a "biprism" experiment, such a field should
produce a fringe displacement which exactly
keeps pace with the deflection of the beams by
the field, so that the fringe system appears to
remain undisplaced relative to the envelope of
the pattern. A field of type a, on the other hand,
should leave the envelope undisplaced, and pro-
duce a fringe shift within it. In the Marton'
interferometer, conditions are different, and a
field of type a' should leave the fringes undis-
placed in space. This explains how Marton et al. '
were able to observe fringes in the presence of
stray 60-cps fields probably large enough to
have destroyed them otherwise; this experiment
thus constitutes an inadvertent check of the
existence of the "quantum" shift. '

To obtain a more direct check, a Philips
EM100 electron microscope' has been modified
so that it can be switched at will from normal
operation to operation as an interferometer.
Fringes are produced by an electrostatic "biprism"
consisting of an aluminized quartz fiber f (Fig. 1)
flanked by two earthed metal plates e; altering
the positive potential applied to f alters the
effective angle of the biprism. The distances
s-f and f-o (Fig. 1) are about 6.7 cm and 13.4
cm, respectively. With this microscope it was
not possible to reduce the virtual source diameter
below about 0.2 p. , so that it was necessary to
use a fiber f only about 1.5 p, in diameter and a


