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Seven distinct positive-ion mobilities have been found in liquid helium I at 4.2°K.
These mobilities correspond to the plateau regions of a mobility discontinuity curve sim-
jlar to those discovered earlier in liquids helium II, argon, and nitrogen, A semiem-
pirical equation is given which relates the mobilities corresponding to the plateau re-

gions to a set of integers,

Discontinuities in the positive-ion mobility in
liquids helium II,“? argon, and nitrogen® have been
previously observed. Discontinuities in the nega-
tive-ion mobility have also been observed? in
liquid helium II at 2.00°K. It seemed likely that
such mobility discontinuities should exist in clas-
sical liquid helium I since they are present in
liquids argon and nitrogen.* This Letter reports
the positive results of such a search in liquid
helium I at 4.2°K. In addition a semiempirical
relation is reported which relates the various
constant-mobility regions to a hypothetical in-
teger An.

The apparatus and technique used for this study
are essentially the same as those described in
Ref. 3, with the noted exceptions. The drift
space in the time-of-flight spectrometer was de-
creased to 0.2 cm to allow higher electric fields
to be reached at moderate voltages and a very
accurate regulated power supply supplied the
drift-space potential. A much faster dc elec-
trometer-amplifier was used in the current-de-
tection circuit. The output signal was averaged
with a Princeton Applied Research waveform
eductor (PARWE) to remove noise and then read
out with an accurate oscilloscope. Occasionally
as many as three different times of flight were
detected on the same oscillogram after being
averaged by the PARWE, but only one or two
were observed on most oscillograms.

A considerable amount of data was taken in the
0-7000 V/cm range of electric field strengths

so that a reasonable statistical analysis of data
could be made. Seven distinct positive-ion mo-
bilities were observed® at 4.2°K and 1 atm pres-
sure. The results of the measurements are
shown in Table I, tabulated versus the somewhat
arbitrary integer An about which more will be
said later in this Letter. The value of mobility
1=5.37X1072 cm?/V sec has been arbitrarily
assigned the number An =0 because of its excel-
lent agreement with the very-low-field positive-
ion mobility data reported by Meyer, Davis,
Rice, and Donnelly® in liquid helium at 4.2°K
and 1 atm pressure.

No attempt was made in this study to deter-
mine where the discontinuities occurred as a

Table I, Observed positive-ion mobility data for the
mobility plateaus in liquid helium I at 4,2°K tabulated
with respect to the integer An as determined from the
experimental data, Errors represent the standard de-
viation from the mean mobility p for each plateau,

Mobility p for

Integer the Anth plateau
An (1072 ecm?/V sec)
-3 6,47+0,10
-2 6,08+0,12
-1 5,70 +0,11

0 5.37+0,07
+1 5,08+0,09
+2 4,77+0,08
+3 4,54 +0,17
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function of electric field, but rather to obtain
reliable values for the mobilities in the plateau
regions.

Those experimental data for the average drift
velocity of the ions varied linearly with the elec-
tric field in each of the various constant-mobili-
ty regions. The linear-correlation coefficient
was greater than 0.999 as determined by linear
regressions and all straight lines converged to
the origin within experimental error.

It has been suggested that these mobility “steps”
may be due to changes in the effective hard-
sphere cross section of ions.® The clustering of
atoms about an ion because of the inhomogeneous
field of the charge has been studied extensively
in gases.” It is well known that such clustering
also occurs about positive ions in liquids. Atkins®
was the first to study theoretically the electro-
striction caused by an ion in liquid helium. Par-
ticularly noteworthy studies of a more experi-
mental nature concerning such ion complexes in
liquid helium are those of Dahm and Sanders®
and Parks and Donnelly.!® These studies were
primarily aimed at liquid helium II but do con-
tain considerable reference to helium I. Results
of such studies indicate that the ion cluster may
consist of from 40 to 100 helium atoms with a
radius of 5.8 to 6.7 A,

These data for ion size support an atomic
close-packing hypothesis for an ion cluster. In
ideal close packing one would expect the radius
of the ion R, to be proportional to the cube root
of the number of particles N in the cluster. Thus
R; ~ R N'® where R, is approximately the
atomic radius of He,. Since the kinetic-theory
equation for the mobility is inversely proportion-
al to the effective hard-sphere collision cross
section 7(R; +R,)?, one would expect pu~ /2
<R, (1+N3) where u is the ion mobility. If we
assume that at low fields the basic cluster size
is N, and N changes by some integral amount AN
then p~Y2=KR [1+(N,+AN)"3] where K is the
proportionality constant. If Ny> AN then T
~ KR, [1+N,"3+AN/3N,?'®]. Figure 1 shows the
data of Table I presented as u~ 2 vs An where
it is assumed that AN in the above equation is
related to the integer An by AN=AnN,. N, repre-
sents some hypothetical unit change in cluster
size which is unknown. The straight line in Fig.
1 represents the least-squares linear fit to the
data points. The linear fit to the data points is
excellent and yields the empirical relation u
~(4.31+0.13A7) "2 where the units for u are the
same as those on the graph.
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From the slope of the line it is possible to
estimate values of N, by assuming values of N,.
If N,=40 then N,~4. On the other hand if N, is
as much as 100 then N, ~9. By extending the
kinetic-theory equation for mobility of ions in
gases11 to those atomic densities of liquid helium
it is possible to calculate values for N, and N,
directly from those mobility data of Table I.
These calculations yield N,~99 and an average
N,~10. The agreement between this value for
N, and that value for N, computed from the ex-
perimental slope above with N,=100 is encourag-
ing.

It should be noted that Dahm and Sanders® have
shown that the mobility for positive ions in liquid
helium I at low electric fields can be approximat-
ed by a Stokes’s law type equation for ion mobili-
ty. This type of mobility equation is known to
be valid when the mean free path L of the ion is
much less than the radius of the ion R,. At the
other extreme limit when R, > L, the kinetic-
theory mobility equation is known to apply. In
liquid helium it would appear that the radius of
the ion may be comparable with the mean free
path. In this transition region it should be pos-
sible for both the kinetic-theory mobility equa-
tion and the Stokes’s law mobility equation to ap-
proximately fit the experimental data for mobili-
ty. These two possible equations for mobility
are neither contradictory nor inconsistent since
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FIG, 1, Experimental data for the positive-ion mobil-
ity plateaus in helium I at 4,2°K presented as pu~ 172 yer-
sus the integer An, The ratio of the slope to the ordi-
nate intercept yields 0.0297 and the slope is 0,128,

+2 +3



VOLUME 24, NUMBER 24

PHYSICAL REVIEW LETTERS

15 JunNe 1970

the conditions under which each applies merge
continuously from one into the other.?

Regardless of the exact form for the mobility
equation the foregoing discussion does not in-
validate the close-packed cluster ion hypothesis
as a possible explanation for these mobility
“steps.” Furthermore, Fig. 1 does tend to add
credibility to this hypothesis even though there
may be other equally credible explanations for
the excellent data fits. However, it is clear that
more experimental and theoretical work will be
needed for a complete understanding of these
phenomena.

Finally it should be remarked that those data
for the positive-ion mobility “steps” in liquids
argon and nitrogen® can also be represented by
a graph similar to Fig. 1. It also appears, using
data extrapolated from published graphs,™? that
those data for mobility “steps” in liquid helium
II may be consistent with such a representation.
Thus there may be more of a relationship be-
tween the mobility “steps” in the classical cryo-
genic liquids and the mobility “steps” in liquid
helium II than has been previously suspected.

Note added in proof— Following submittal of
this paper and long after completion of the re-
search, there appeared a Letter by Schwarz!?
reporting an unsuccessful search for discontinu-
ities in mobilities of ions in liquid helium II.
The present work as well as earlier studies by
this author?® deal primarily with nonsuperfluid
liquids so that field strengths and drift velocities
are orders of magnitude different from Schwarz’s.
Schwarz in fact does not criticize the work in
the nonsuperfluid domain. The discontinuities
have been observed by the present author in Ar
and N, as well as in He I with two completely
different experimental facilities, spread over a
time interval of nine years. The variations in
experimental parameters made in an effort to
expose the possibility of spuriousness are too
great to recount in this Letter. The variations
not only failed to falsify the discontinuities but
established uniquely characteristic behavior
patterns, different for each liquid. Finally, the
present paper does not deal with variations cor-
related with the electric field strength.

In Schwarz’s list of errors inherent in mobili-
ty measurements, some are confined to super-
fluids and hence are inapplicable here. Space-
charge buildups would seem to round off discon-
tinuities rather than accentuate them as Schwarz
hypothesizes. Frequency dependences in the dc
electrometry are difficult to envisage in the
range from dc to 10 kHz with the electrometer-
amplifiers used; the author has long since ex-
plored and eliminated possible irregularities of
this type. Two separate amplifiers were used in
this work—both with band passes from 50 to 300
kHz.

It must be concluded that the present paper is
not directly comparable with Schwarz’s.
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