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For the magnetic field to conduct the flow of
ions stably one needs P

= 2p—.,P „/Bs's 1,' which
sets a limit to the laser-heated electron density.
If the electron density far exceeds this limit, the
process may suffer from magnetohydrodynamic
instabilities, for which our theory is not valid.
One then must take turbulent processes into ac-
count. Experimentally, ' the duration of the elec-
tric field is much longer than the characteristic
time v„so that we can take the electron distribu-
tion to be static in the first approximation. How-

ever, our analysis is not completely self-consis-
tent because the electric field is indeed modified

by the motion of ions. But this does not change
the essential physical picture of the process.
For a more detailed analysis of this problem,
further numerical simulations need to be carried
out with additional experimental data.
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We have found that the mobility of negative ions increases rapidly below T~ in both su-
perfluid He phases. The ratio p/pN of superfluid to normal mobility is larger in the B
phase than in the A phase. A critical velocity consistent in magnitude with the Landau
limit for pair breaking has also been observed. In the normal Quid we find a tempera-
ture-independent mobility between 30 mK and T, for all pressures between 0 and 28 bars.

An issue of current interest is the temperature
dependence of the excitation spectrum in super-
fluid 'He. In this work we have extended previous
studies'' of the normal 'He fluid down to T, and
have surveyed the ion behavior at several pres-
sures in the superfluid phases of 'He. Ions in-
jected into liquid helium form tiny probes that
are very useful in studies of the microscopic ex-
citations of the fluid. In superfluid 'He, ion ex-
periments revealed a great deal about the density
of phonon excitations' and about the hydrodynamic
structures of the liquid such as the quantization
of vortices' and even the spatial arrangement of
vortex lines. '

We have found that the resistance of superfluid
'He to the motion of negative ions decreases ap-
proximately exponentially with the inverse of the
temperature at low temperatures. Qur studies
suggest that ion experiments may eventually pro-

vide a direct method for measuring the pairing
energy gap 6 in superfluid 'He.

There have been recent theories by Soda' and
by Bowley' predicting an increase in the negative-
ion mobility below T,. Neither theory, however,
predicts increases that are as large as those we
have found. In sufficiently small electric fields
the ionic drift velocity v„ is proportional to the
field intensity and a mobility p. can be defined
through the relation v„=pÃ. If the ion has a c-ross
section 0 the retarding force it experiences
through collisions with n scattering centers per
unit volume is nv~op~, where p„ is the Fermi mo-
mentum of the excitations. ' This force is bal-
anced by that of the electric field eR and thus the
mobility is tL= e(no@~) . The principal informa-
tion that we obtain from mobility measurements
is knowledge about the density of the excitations
that scatter from the ion to restrain its motion
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in the electric field. However, it may also be
that o changes when the liquid becomes a super-
fluid "

Soda has calculated the mobility near 7', and
has given numerical coefficients in the B phase
and Bowley has given expressions for the ratio
of the superfluid mobility to the normal mobility
p/p„ for a wide temperature interval below T, in
both phases. In the B phase he obtains
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The mobility increases because the superfluid
pairing decreases the number of excitations free
to scatter from the ion. The A phase has a simi-
lar factor in the mobility ratio but the theory in-
cludes additional features related to the anisotro-
py of both 6 and 0. Bowley predicts that the mo-
bility of ions moving parallel to the A-phase an-
isotropy axis l will be essentially the same as
that of the B phase, while the mobility ratio for
ions moving perpendicular to l will be approxi-
mately 10% greater than that of the B phase. In
our experiment, unfortunately, the magnetic field
was perpendicular to the electric field driving the
ions. Since l may lie anywhere in the plane per-
pendicular to the magnetic field, its orientation
with respect to the direction of the ion motion
was not well determined.

The cooling method was the nuclear demagneti-
zation technique we have previously described. '
Temperature was measured using the nuclear
magnetic susceptibility of the platinum powder.
In the case of experiments in the A phase we also
used measurements of the transverse frequency
shift of 'He to determine the temperature. The
'He NMR signal was obtained from liquid in a slab
of rectangular cross section 0.6 mmx5. 0 mm,
located below the ion apparatus.

The apparatus is illustrated in Fig. 1. A nar-
row packet of electrons from a tungsten field-
emission tip was driven across the 5-mm drift
space with various electric fields. " When oper-
ating the tip several volts above the threshold po-
tential for production of field-emission electrons,
typically near 300 V, the heating of the 'He by the
ion current was negligible, less than 0.1 nJ per
100-msec pulse. However, operation of the tip
by as little as 15 V above this threshold produced
much larger current discharges which warmed
the 'He in the ion apparatus significantly above
the temperature of the platinum thermometer.
Therefore the ion current was kept small and at
a particular temperature many repetitions of the
experiment were stored in a signal averager.
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FIG. 1. The ion apparatus. The apparatus in the
sketch was inserted within the 3He sample volume of
the nuclear demagnetization cryostat discussed in Hef.
9. A cloud of negative ions was produced through the
pulsed application of typically -300 V between grid G4
and the tungsten field-emission tip. Typical pulse
lengths were 100 msec repeated at 1- or 2-sec inter-
vals. Brief gating of the normally repulsive potential
on grid G3 shaped the cloud into a narrow packet and
permitted its transit into the 5-m.m drift space between
grids G2 and Gl. The drift velocity was determined
through the analysis of the arrival time of the current
pulse to an electrometer connected between 61 and the
collector.

Further details about the method of the measure-
ment and the analysis will be given elsewhere.

Before presenting our results for the mobility
in the superfluid phases we will briefly mention
our experiments in the normal fluid. Previous
measurements by Anderson, Kuchnir, and Wheat-
ley' and by Kuchnir, Roach, and Ketterson'
showed that at high temperatures the mobility
decreased as T', but below about 100 mK the mo-
bility became independent of temperature.

In this work we have found excellent agreement
(within 5/p) with the earlier low-temperature val-
ues of the negative-ion mobility and find that the
mobility remains constant down to T, for pres-
sures between 0 and 28 bars. At very low tem-
peratures an increase in the mobility of normal
'He had been expected"" because the ion recoil
forces the scattered 'He quasiparticle to suffer a
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FIG. 2. The ratio of superfluid to normal mobility
versus reduced temperature.

small energy loss and thus the quasiparticle must
find a new and unoccupied state near the Fermi
surface. The number of such empty states de-
creases with temperature. Evidently, the super-
fluid transition occurs at temperatures above that
at which the recoil mechanism becomes important
to the normal-fluid ion mobility.

In superfluid 'He we have found two separate
regimes of the ion motion: a low-velocity regime
in which the drift velocity v„varies linearly with
the driving fields; and a high-velocity regime in
which v„ is nonlinear.

Some of our results obtained in the linear re-
gime, for which a mobility can be defined, are
shown in Fig. 2. The data mere obtained at tmo
pressures, 18.0 and 28.4 bars, illustrating the
B- and A-phase results, respectively. At 28.4
bars we observed a sudden large increase in the
ion velocity as the liquid passed from the super-
cooled A phase into the B phase. A qualitative
summary of the results is that (1) below T, mo-
bility of both superfluid phases increases rapid-
ly; (2) at temperatures well below T, the mobil-
ity varies approximately exponentially with in-
verse temperature; and (3) the B-phase mobility
is greater than the A-phase mobility.

Our measurements in the A phase were much
more reproducible than those obtained in the B
phase, primarily because the thermometry was
more direct and accurate. In the A phase the su-
perfluid ordering produces an easily resolved

shift in the transverse 'He resonance frequency,
f, which obeys the relation"

f'= (y&, /2m)'+ fi'(P, T/T, ), (2)

where yPo/2m is tbe frequency of the normal liq-
uid and f~(P, T/T, ) is the characteristic longitu-
dinal frequency of the A phase. We used our re-
cent measurements" of f~(P, T/T, ) to determine
the A-phase temperature scale. Changes in the
frequency could be resolved to 10 Hz, corre-
sponding to a temperature resolution of 0.05% in
the particular magnetic field we used for the
NMR measurements, 28 mT. Our frequency-
shift thermometer had the additional advantage
that its response time was practically instantan-
eous.

In the B phase our measurements were less
satisfactory because the platinum thermometer
provided only 0.5% temperature resolution and
because the times required for thermal equilib-
rium in the platinum were unusually long for such
thermometers.

The differences in the A- and 8-phase values of
p/p„ that we measured are opposite to those sug-
gested in the theory of Bowley. In the tempera-
ture range of these experiments he predicted that
p/p~ in tbe A phase would be either the same as,
or at most 10% greater than, that of the B phase.

Since b, is proportional to (1 —T/T, )' ', Eq. (1)
may be expanded near T, in the form (1 —p„/p)'
= a(1 —T/T, ), where a = 2.3. The value of a in the
expansion by Soda' is 4 times smaller, a=0.58.
Unfortunately, neither Bowley nor Soda gives
numerical expansions for the mobility near T,
in tbe A phase. We found the quantity (1 —p~/p)'
to be linear in the A phase only for T/T, a0.97
and obtained the value a= 4.1+0.5. The rate at
which the mobility increases below T, in the B
phase is clearly even greater than that of the A
phase but our temperature resolution did not per-
mit an accurate evaluation of the expansion pa-
rameter. It is evident that both theories quanti-
tatively underestimate the size of the superfluid
mobility.

The nonlinearity of the drift velocity of ions in
the superfluid at high velocities is illustrated in
Fig. 3, where some of the data obtained at low
temperatures at 18 bars are shown. The A -phase
data obtained at 28.4 bars is qualitatively similar
to that shown. In the normal fluid we found the
drift velocity to be linear in the electric field to
at least 200 V/cm down to T, . As the tempera-
ture was decreased below the superfluid transi-
tion, the range of electric field over which the
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used to make a direct mapping of the temperature
dependence of the energy gap. The entire ques-
tion of using the ion mobility as a probe for iden-
tifying the anisotropy of the A phase remains to
be investigated. Another category of interesting
experiments for the future is the use of ions as a
tool for locating and/or creating possible hydro-
dynamic structures in superfluid 'He.

We wish to thank Leila Rehn for her assistance
in the data analysis. We very much appreciate
the stimulating conversations with Juhani Kurki;—

jhrvi, Joe Serene, Gordon Baym, Chris Pethick,
and V. P. Peshkov. We are grateful to the Acad-
emy of Finland for their support of this project.

FIG. 3. Nonlinear drift velocities. The quantity A(0)/
PF is the Landau 1imit corresponding to the velocity for
pair breaking at T=O.

drift velocity was proportional to the field
strength decreased with temperature. At the
lowest temperatures, T/T, &0.5, v„became non-
linear at even the lowest field for which we could
detect the arriving charges, 2 V/cm. Once the
electric field required to produce drift velocities
in the nonlinear regime had been exceeded, the
slope of further velocity changes, dv„/dE, ap-
proached that of the normal fluid.

Without a better theoretical understanding of
the processes involved in limiting the ionic mo-
tion, it is difficult to know how to use the infor-
mation shown in Fig. 3 to extract a value of the
critical velocity for each temperature. Behavior
similar to that shown in the figure is seen in su-
perfluid 'He when the ion velocities exceed the
Landau limit and the ions begin to excite rotons. "
For superfluid 'He the analogous critical velocity
is that at which the collision energy 2pFv~ exceeds
2A and breaks the superfluid pairs. ' At the pres-
sure 18 bars, the BCS value of A(0) is 1.764kT,
and the corresponding Landau limit at T = 0 is 6.7
cm/sec. This is the magnitude of the maximum
drift velocity that we observed in the linear re-
gime. At the lowest. temperatures the mobility
becomes so large that very small fields will force
the ions to this limiting velocity.

In this work we have made only a brief survey
of the possibilities that exist for using the stud-
ies of ion motion to obtain fundamental new infor-
mation about superfluid 'He. Ultimately, we hope
that satisfactory theories will exist so that both
the mobility and the ionic critical velocity can be
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The ESR relaxation of a weakly aligned spin probe dissolved in N-tp-methoxybenzyli-
dinej-p-butylaniline has been studied near T„ the isotropic-nematic transition. Spin re-
laxation due to critical orientational fluctuations is observed on either side of T, and is
characterized by a symmetry about T, that is rather well explained by simple Landau-
de Gennes mean-field theory for the weak first-order transition.

Orientational order fluctuations have been stud-
ied above the nematic-isotropic phase transition
(T,) by light scattering' ' and NMR techniques' '
in particular and have been successfully inter-
preted in terms of the Landau-de Gennes theo-
ry, '' which treats the transition as almost sec-
ond order. Such mean-field theories predict that
critical fluctuations should also be observed as
1", is approached from below. However, light-
scattering and NMR observations in the nematic
phase are usually found to be dominated by fluc-
tuations in the nematic director, and no serious
attempts appear to have been made to study order
fluctuations below T,. In this Letter, we report
an ESR study of spin relaxation of a weakly or-
dered spin probe (PD-tempone) dissolved in N-
fP-methoxybenzylidine]-P-butylaniline (MBBA)
both above and below &,. It appears to confirm
the essential symmetry of order fluctuations
about T, as predicted by simple mean-field theo-
ry, modified for the weak first-order nature of
the nematic-isotropic transition.

The experiments were performed with 5&&10 4M

solutions of the nitroxide spin probe PD-tempone' '
dissolved in singly distilled MBBA. The sample
reported here had 1', =41.4'C compared to 42-
43'C for pure solvent. ESR spectra were obtained
at 9.2 0Hz with a Varian E-12 spectrometer using
a thermostated Be-Cu vessel containing a slow-
wave helix." The temperature of the system can
be controlled to within + 0.01'C. The temperature
of the fluid surrounding the vessel containing the
sample could be measured to within+ 0.05'C with
a Cu-Constantan thermocouple or to within + 0.01'C
with a Pt resistance thermometer. ' The de-
gassed sample is either sealed in a capillary tube
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FIG. 1. ESR spectra of PD-tempone in MBBA near &,
=41.4'C. The three main 1ines are due to the hyperfine
splitting from a single ~4N nucleus. The peaks marked
I and N correspond to isotropic and nematic phases,
respectively.

of the same length as the helix, or is in a sealed
Teflon container. "

We show in Fig. 1 typical ESB spectra in the co-
existence region of the isotropic and nematic
phases. Such a coexistence region is due to small
amounts of impurity and has been reported in a
few light-scattering studies. ' (The small quanti-
ty of spin probe is expected to be only a minor
impurity affecting the coexistence. ) We observe
two sets of overlapping spectra in the range T,
+ 0.2'C as a result of the spin probe dissolved in
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