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Charge-carrier mobihties in superfluid helium under pressure*
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Data are presented for the mobilities of the positive and negative charge carriers, and the ratios of
these, in superfluid helium, from 1.2 K through the I, line and from the vapor pressure to the freezing
curve.

I. INTRODUCTION

Manipulating cha.rge carriers in He II provides a
means of exploring both the dispersion relation of
the quasiparticle spectrum and the structures of
the carriers themselves. In 1958, Meyer and Reif'
first investigated the mobility of ions in superfluid
helium under the influence of a. weak electric field
and interpreted their data in terms of scattering by
the normal fluid. Similar experiments have fol-
lowed and the technique has been improved. Pre-
cise mobility data. now exist from tenths of a degree
to several degrees at the vapor pressure, ~ and at
higher pressures (to the freezing curve and in the
solid), both at lower temperatures, where the pho-
non interactions predominate and the number den-
sities of quasiparticles are small (so their inter-
actions may be neglected) and near the X line. ~ 6

The phonon scattering of the negative carrier is
now fairly well understood, ' and attention has now
focused on the roton interactions. 6-ii This paper
presents intensive data on the mobilities of both
positive and negative charge carriers and the ra-
tios of these from the vapor pressure to the freez-
ing curve, from 1.2 K to the X line, as shown in
Fig. 1. Agreement of these data where they over-
lap others is very good, 2' " so that these data
form a, link from the vapor pressure to the freezing
curve, from millikelvin to beyond the p line.

II. APPARATUS AND TECHNIQUE

Mobilities are deduced from the time of flight of
a pulse of charges through a drift space under the
influence of a weak electric field. If the field E
imparts much less than thermal energy to a cha, rge
carrier between collisions, and if the ca,rrier takes
time 7 to traverse distance t. under the potential
difference V =EL, the zero-field mobility JL(, is de-
fined as the limiting ratio of drift speed v to ap-
plied field E,

v L/7' L
p, = lim —=

0 E V/L V

If the data are expressed in terms of a friction
coeff icient

F = &/v = e/p,

where the force is given by I = eE, this friction
coefficient can be analyzed as a sum of contribu-
tions from different types of scatterers —phonons,
rotons, and He .

A. Apparatus

The experimental system developed for this mea-
surement has been presented in greater detail else-
where, ' and has by now become entirely standa, rd.
The set of electrodes diagrammed to scale in Fig.
2 was oriented vertically with the collector at the
top. The bottom three disks held a radioactive
source to ionize the ambient helium and nucleate
the carriers, a source grid to extract carriers of
a. particular sign, and a gate grid to admit these
carriers at a given instant into the drift region.
The drift region, with two internal electrodes to
secure electric field homogeneity, terminated in
a. collector (Frisch) grid which electrostatically
shielded the collector just beyond it. A retarding
field in the gate region was periodically overridden
by a, gating pulse which lifted the potential of the
first two electrodes to create an accelerating field
in a,ll regions.

The drift distance was 5. 39 cm at our operating
temperatures and pressures. The electrode win-
dows were 0. 95 cm in diameter and screened with
200 wires/in. , so interregion field penetration was
inconsequential. Electrostatic charging of critical
surfaces and significant field inhomogeneities were
also eliminated.

The electrode assembly was mounted in a sealed
brass can with stainless- steel electrical-access
tubes and a 5 ft. long, ,6 &&0. 004-in. wall, coiled
Cupronickel fill capillary. A twisted Manganin
wire loop introduced through the wall of the capil-
lary, about 1 ft. from the lower end and 7 in. above
the can flange, could heat the entrant helium from
that point to just inside the can, to melt or prevent
plugs of frozen helium.

B Pressure and temperature

The experimental helium was pressurized through
the capillary connecting the can to an external gas-
handling system which included a 500-psi (absolute)
gauge and a high-pressure helium-gas cylinder.
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FIG. 1. Region of the p-T space investigated in this
experiment. Each straight line represents a data, run.
Circles mark the locations of v{E) plots.

The cylinder furnished both the condensable gas
and the applied pressure. The pressure gauge, was
calibrated with a, dead-weight tester to + 0. 5 psi,
and iv situ observations on a given datum repeated
under different cycles of increasing and decreasing
pressure fell within the gauge's rated hysteresis of
+ Q. 1 psi.

The capillary passed from superfluid tempera-
tures at the bottom of the Dewar to room tempera-
ture at the top, but hydrostatic and fountain- effect
pressure heads introduced probable errors of much
less than Q. 1 psi.

Temperatures were determined from Octoil and
mercury manometers connected to the Dewar
pumping head 2nd from a resistor thermometer
(Allen-Bradley 100 0, —, W) in a thermostatting
feedback loop with a mire-wound resistor heater
just above the experimental can. Dissipation of
10 ~-10 '~ W in the thermometer ( a, power level
observed to not affect the resistance) accommo-
dated thermostatting to better than 0. 5 mK. The
bulk thermal resistance of the brass can at 2 'K
and the Kapitza boundary resistances at the sur-
faces could generate no more than a few millikelvin
difference between the bath and the can interior for
any reasonable heat flows out through the can wall,
so the determined temperatures were at worst a
few millikelvin cooler than the cell interior. At

the relatively high temperatures explored here,
and with our minimal heat inflow, the difference
in vapor pressure between the manometer inlet at
the pumping flange and the liquid surface also in-
troduced at most a few millikelvin difference in
temperature.

Higher temperatures were read to within 2 mK
with the manometers. It was noted that the density
of the Octoil varied over time, but this introduced
an error of no more than 3 mK at 1.3 K to 4 mK
at 1.83 K. A correction of some of the recorded
pressures by addition of Q. 2 cm Octoil to compen-
sate for inadequate pumping of the low-pressure
side of the manometer introduced a maximum un-
certainty of less than 5 mK at 1.3 K. Lower tem-
peratures were determined with the resistance
thermometer by interpolating in a linear plot of
log (R) vs log (oil height).

Combining these considerations our uncertainties
become + 7 mK and + Q. 4 psi. The phase bounda-
ries extracted from our data by methods described
hereinafter agree extremely well within these er-
rors with those of Grilly and Grilly and Mills, ' as
shown in Fig. 3, with the possibility, consistent
with the considerations just given, that our lowest
temperatures may be a few millikelvin low.
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FIG. 2. Time-of-flight electrode assembly, to scale.

III. PROCEDURES

A. Operation

For each run a 3—,'-h condensation of gas in the
capillary evaporated less than a liter of liquid from
the bath to collect Q. 2 l in the experimental can.
When the can was full of liquid (on the indication
that the pressure-gauge reading would suddenly
rise —when the gas flow stopped), voltages were
turned on and a mobility signal appeared.

The source field was set at about 500 V/cm to
give a current at the vapor pressure and the low-
est temperatures of about 10 "A. Variation below
this current level had no effect on the current pulse
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carriers in alternating order at successive points
stepping along an isobar or isotherm. After a re-
versal of field polarity to smitch carriers, the sig-
nal would grow to full size in a. minute or two with
a, constant exhibited transit time. Since each ca,r-
rier had alternately the long time while tempera, —

ture or pressure wa. s changing or the short time
after a field reversal to come to equilibrium, in-
complete field equilibration or static charging ef-
fects would have generated a wiggle in the data:
no such wiggle was seen. This paired data taking
insured for the two carriers identical temperatures
and pressures in sensitive areas.

B. Temperature and pressure

370-

1.8 1.9

FIG. 3. Points on the phase boundaries determined
in this experiment (indicated by points with error bars)
compared with those of Ref. 13 (represented by solid
lines).

shape and, more particularly, the measured tran-
sit time. The observed current pulses were usu-
ally much less than 10 "A, since the current de-
creases with the mobility: at the highest pressures
and at high temperatures the mobilities and cur-
rents were down by two orders of magnitude.

The drift field was generally maintained at about
100 V/cm, although it was periodically scanned
from 50-120 V/cm, as described hereinafter. The
gate and collector fields were set approximately
equal to the drift field although significant variation
of the gate and collector fields a,nd different com-
binations of gate pulse and back bias for a given
net gate field had no observable effect on the tran-
sit times.

For each datum the time range and the number
of sweeps accumulated in a, multichannel pulse-
height analyzer/time- averaging computer (CAT)
mere selected to define the features of the trace to
within one percent of the transit time. Fluctuations
or drift of the temperature and pressure during an
accumulation were nearly always much less than
would cause a one-percent change in mobility:
very few of the data for which this was not so were
retained.

Most of the data were collected for the pairs of

Pressure and temperature were changed slowly-
perhaps 15 min to increase 50 psi at lower pres-
sures' and much longer for significant changes in
temperature. Most of the data were collected
along isotherms. A few isobaric sequences con-
firmed the pressure equilibration and the thermom-
etry of the isotherms. The isobars also covered
more carefully the regions where the mobility was
va, rying rapidly with temperature and extended the
data through the X line.

Along the isotherms, the freezing point was usu-
ally associated with the pressure gauge remaining
at some value and the mobility signal eventually
disappea. ring despite continued gas inflow. To read
this freezing pressure, the ga,s flow was momen-
ta, rily stopped, before or after the signal disap-
peared. This value was also the pressure at which
the signal reappeared when gas was pumped out:
melting and freezing pressures were the same to
within 0. 1 psi.

Instead of sticking, below 1.6 K the gauge would
oscillate about a, constant pressure at about 3 Hz
with a. 0. 4 psi excursion for a typical gas flow.
The oscillation apparently set in just at the freezing
pressure, stopping only when the gas flow wa, s
stopped or when presumably the can contents were
frozen. For the 1. 5 K isotherm the onset of oscil-
lation was accepted as adequate indication of the
phase boundary. Above 1.7 K with reasonable gas-
flow rates the capillary would freeze before the
freezing pressure was reached in the can. The
heater in the lower end of the capillary did appear
to break plugs, but reaching the freezing pressure
in the can was a tedious procedure above 1.7 K.

The other phase boundary, the A. line, was cor-
related with a characteristic change in the isother-
mal curves of the mobilities of both carriers a.nd
their ratios. Characteristic changes in the isobar-
ic curves, located less accurately, agree with
these determinations. As shown in Fig. 3, such
phase-boundary determinations agree very well
with those of Grilly a.nd Grilly a.nd Mills, '
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FIG. 4. Representative traces of a time calibration
{0.1 sec/cycle) and 49-sweep accumulations of the time
of flight for the positive and negative carrier {1=5. 34 in.
for the positive carrier on the original. , at 240 psi and
g. 54 K). Superimposed letters label salient points on
the traces.

C. Mobility

For each value of temperature and pressure the
two carrier transit times in a field of about 100
V/cm were recorded. To confirm that we remained
in the zero-field regime, at several values of tem-
perature and pressure, as indicated in Fig. 1,
times of flight were measured for each carrier at
five drift fields (and corresponding gate and collec-
tor fields) from 50 to 120 V/cm. Straight lines fit
the graphs of inverse time of flight (proportional
to velocity) versus field quite well but randomly
missed the origin" by amounts frequently outside
reasonable error. Extraneous voltages in the cell,
as from charged contaminant layers on the elec-
trodes or from space charge, 6 could have had this
effect, but we could find no correlation of this phe-
nomenon with time, polarity, or any other variable.
In any case, the difference between the slope on a
v(E) plot of the best-fit straight line and the ratio
v/E for the 500-V point was never more than 5/o.
This was greater than the maximum difference be-
tween independent determinations at a given tem-
perature and pressure so we assigned to our mo-
bilities an uncertainty of + 5%. This is conserva-
tive: internal consistency of the data and agree-
ment with the mobility data of others suggest a
probable error closer to 2 or 3%.2'3

For each datum a normal accumulated trace
showed two spikes in opposite directions near the
beginning and a trapezoid about as wide as the space
between the spikes at the end. Figure 4 presents a
typical trace with salient points labelled. Spikes a
and b mark the opening and closing of the gate. The
leading face cd of the trapezoid begins when the
front edge of the charge pulse passes the collector
grid and ends when it reaches the collector, while
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FIG. 5. Smoothed isothermal curves of the friction-
coefficient data for the positive carrier versus applied
pressure.

ef at the other end of the trapezoid plateau marks
the same transit of the collector space for the trail-
ing edge of the pulse. The signal plateau de is con-
stant while the cylinder of charge, filling the col-
lector space, is received at the collector.

Enough sweeps were averaged to define the dis-
tance be in Fig. 4 to one percent. In the very few
cases where variations in pulse shape precluded
superposition of a simple, measurable trapezoid,
the datum was discarded. The observed dimen-
sions and characteristics of the received signal
could be completely explained in terms of a moving
cylinder of charge without noticeable effects of dif-
fusion or electrostatic spreading. The leading face
cd traverses the gate region while the trailing face
ef does not: large changes in the gate and source
fields could affect slightly the time of flight mea-
sured to the front edge of the trapezoid, but the
trailing edge is insensitive, so the mobility was
determined from the length l = be from the drift
field alone. The mobility is IL= L2/V7, where v. is
l times a scale factor involving time calibrations.
Tabulations of all the mobility and mobility-ratio
data are available through the NAPS depository'6;
Figs. 5-11 summarize the data with isothermal
and isobaric families of curves for each carrier
and for the ratios.
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FIG. 8. Smoothed isobaric curves of the friction-co-
efficient data for the negative carrier versus inverse
temper ature.
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FIG. 6. Smoothed isothermal curves of the friction-
coefficient data for the negative carrier versus applied
pressure.

the temperature range of our data rotons dominate
the scattering, with phonons contributing at most a
few percent. Extending the phonon-scattering mod-
els from below 1 K to higher temperatures permits

IV. INTERPRETATIVE REMARKS

The friction coefficient represents a sum of in-
hibitions to the charge-carrier drift due to colli-
sions with the scatterers of the ambient fluid: in
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FIG. 7. Smoothed isobaric curves of the friction-coef-
ficient data for the positive carrier versus inverse
temperature.

FIG. 9. Isobaric data for both carriers near the &

line. Closed and open symbols designate the positive and
negative carriers, respectively; the lines are guides to
the eye. The location of the ~ temperature at each pres-
sure is from Grilly (Ref. 13).
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FIG. 10. Ratios of the positive-to-negative friction
coefficient versus pressure for temperatures up to T
=1678 K. Data are shown on three complete curves;
intermediate isothermal sequences of data are schemati-
cally represented by abbreviated lines.

approximate isolation of the roton scattering: the
phonon contribution to the friction coefficient is cal-
culateda to be about 2% at 1.0 K and ~% at 1.7 K for
the positive ca,rrier, and 15% at 1.0 K (and de-
creasing more slowly) for the negative carrier.
The phonon contribution decreases at higher pres-
sures as well.

At the lower temperatures our mobilities should
conform to a roton-carrier kinetic-theory inter-
action, involving roton number densities and roton-
carrier scattering cross sections': isobaric
curves of our data for each carrier versus inverse
temperature are dominated by the exponential de-
pendence of the roton number density on tempera-
ture, up to higher temperatures where a kinetic-
theory model should no longer apply. At the higher
temperatures the roton number density becomes so
large that the roton-carrier intera, ction should be
describable by viscous hydrodynamics in terms of
a friction coefficient given from Stokes's law as
I;=A,v'OR„ for viscosity '0, carrier scattering
radius R„and a coefficient taken to be A, = 6 and
A =4 for the two ca.rriers. ' ' This interpreta-
tion is clearly oversimplified, ' but with these co-
efficients A„since the ratio of the mobilities at
the vapor pressure is seen to be 0. 76+ 0. 02 from
T= 1.69-2. 16'K, the implied ratio of the charge-
carrier scattering radii would be close to 2. 0 at
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FIG. 11. Ratios of the positive-to-negative friction.
coefficient versus pressure for temperatures above
&.678 K. The solid line retraces the 1.678 K curve from
Fig. 10, while the dashed lines are guides to the eye for
isothermal sequences at higher temperatures.

the vapor pressure in the viscous regime.
The tra.nsition from a kinetic theory to a viscous

hydrodynamics occurs when the roton-roton mean
free path becomes comparable to the carrier sizes.
Figure 12 presents loci of constant roton mean free
path, calculated for a. 5-function interaction2 as
l, = v, t„where v, = (kT/m, )

' and

t = [15(2v) /2h j(h/p )'e'"'ri

in terms of roton effective mass m„momentum po,
and energy gap 6, and the roton contribution pp to
the normal-fluid viscosity, where we have ex-
tracted q, from heat-flow measurements and es-
timated b.(p, T) from neutron scattering data. We
emphasize not the quantitative accuracy of these
curves, but their qualitative features. Dahm and
Sanders" located the kinetic-theory-viscous-hydro-
dynamics transition for the positive carrier at
T= 2. 0 K at the vapor pressure, and this transi-
tion should be traceable to higher pressures.
Characteristic features of the families of curves,
particularly in Fig. 11, appear to follow locus
curves in Fig. 12.

In both regimes the mobility combines properties
of the rotons and the charge carriers. The bubble
model of the negative carrier-a cavity hollowed
out a|'ound a single electron to minimize the sys-
tem free energy-has been substantiated by a vari-
ety of experiments, including mobility measure-
ments in the phonon-limited domain. "' Experi-
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FIG. 12. Loci of constant roton mean free path, as
calculated from Khalatnikov (Ref. 19). Circles mark a
distinctive transition in the isothermal curves of the
mobility ratios. 4'

mental confirmation of the snowball model~' for
the positive carrier, homever, is less clear. The
positive-carrier effective mass and radius deduced
from several experiments' ' ' are consistent with
the predictions of the model, but whereas the sur-
face tension of the bubble skin is a minor feature,
the poorly known liquid-solid surface tension cr„
plays an important role for the snowball. With no
surface tension the snowball would grow indefinitely
as the ambient pressure approached freezing, while
0„=0. 135 erg cm~, as inferred by Schwarz from
vapor pressure mobility measurements, would
keep the snowball radius to a few angstroms.

Ratios of the carrier mobilities can deemphasize
many of the scattering-fluid features to emphasize
relative properties of the two carriers, alone. The
regularities in Figs. 10 and 11, especially when
accommodation is made for the several-percent
phonon contribution to the scattering of the nega-
tive carrier, support this expectation. As shown,
while the constituent mobilities change by factors
of more than ten, the mobility ratio ranges from
less than 0. 7 at the vapor pressure to unity at 4-6
atm (at different temperatures), to slightly more
than 1.7 at the freezing curve. In the viscous re-
gime the mobility ratio should reduce to essentially
the relative roton scattering radii of the two car-
riers, while in the kinetic-theory regime it should

be basically the ratio of the mean roton-carrier
scattering cross sections. On these grounds it is
apparent from Figs. 10 and 11 that provided that
the negative carrier does nothing anomalous, in
~either regime is there evidence for dramatic
growth of the snowball approaching the freezing
pressure. Although the analysis is tenuous, it is
interesting that the mobilities are equal at temper-
atures and pressures where the models would in-
dicate the carrier radii themselves to differ by a
factor of almost 2.

At the lower temperatures (Fig. 10) the isother-
mal sequences of mobility ratios form a family of
curves, each increasing linearly with pressure in
midrange and showing the effect of the initial com-
pression of the bubble at low pressures. Above
about 1.68 K this family degenerates into a single
curve, even though the constituent mobilities are
changing by factors of up to 2. Subtraction of
the phonon contribution to the negative-carrier
friction coefficient should only slightly change this
picture, particularly at higher pressures and the
higher temperatures. Above about 1.73 K individ-
ual curves peel off this common curve, in a charac-
teristic way, along a locus of constant roton mean
free path, as presented in Fig. 12, atmospheres
below freezing, but apparently at higher pressures
than the presumed kinetic-viscous transition for
the positive carrier. Finally, the discontinuity in
the slopes of the 1.8 K and 1.83 K ratio curves
was identified with the X line.

V. SUMMARY

Our data, agreeing well with measurements at
both higher and lower temperatures, present an
accurate survey of the mobilities of the basic posi-
ti.ve and negative charge carriers at the higher
temperatures in He II. The mobilities and their
ratios provide information on the charge carriers,
the rotons, and their interactions, including indi-
cation that the positive charge carrier does not
grow dramatically approaching freezing. The data
present interesting detail which a successful model
of the charge carriers and the roton interactions
must accommodate.
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