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The critical-threshold electric fields and the critical velocities for the formation of charged
vortex rings have been measured at temperatures 0.35<T<1°K. Below T'=0.85°K, two dif-
ferent thresholds are shown to exist, connected with two different processes of formation.
These two processes are found to be detectable only when a stability condition is satisfied.

1. INTRODUCTION

The existence of quantized vortex rings in liq-
uid helium was hypothesized to explain the criti-
cal velocities.! The most direct evidence for the
existence of vortex rings was given by experi-
ments utilizing He ions.? An ion in a sufficiently
intense electric field generates a vortex ring and
then is bound to the vortex, forming a stable com-
plex. The dynamics of a charged vortex ring with
radius greater than the ion radius is essentially
the same as that of the uncharged one, the motion
of which can be described by classical hydro-
dynamics. 3

The existing literature gives little information
about the electric-field thresholds for formation
and stability of charged vortex rings and the cri-
tical velocities at temperatures below 0.9°K.
Some previous work was done in our laboratory
on the threshold fields of positive charges, * and
partial data were already published for negative
ions.® Measurements at some temperatures of
the electric field above which bare ions do not
exist because all ions have formed charged vor-
tex rings were recently published.® The veloci-
ties reached by the last fraction of bare ions at
the threshold fields were, respectively, 34 m/sec
for negative ions and 40 m/sec for positive ions.

In our experiment, we have observed at T <0.85°K
two different threshold fields E;1 and E.;2, the
corresponding critical velocities V1 and V.9,
and their temperature dependence. We believe
that the lower threshold is connected to the for-
mation of charged vortex rings from vortex germs
already present in the helium bath. We have also
shown that the lower threshold is related to a
stability condition, and the data have been com-
pared to the behavior given by the Huang-Olinto
(HO) model.” The higher threshold is regarded
as the onset of the process of formation of charged
vortex rings because of the direct interaction be-
tween bare ions and liquid helium. Previous re-
sults at 7'>0.9°K by Careri ef al. 2b are in agree-
ment with our measurements.

A property peculair to charged vortex rings
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close to the liquid-vapor interface was recently
revealed in our laboratory.® When the vortex

ring approaches the liquid surface, the charge is
ejected into the vapor. This phenomenon was used
to determine the threshold fields and to check the
effect of friction at higher temperatures.

2. EXPERIMENTAL PROCEDURE

The temperatures below 0.9°K were reached by
using a single-shot helium-3 refrigerator. A
schematic view of the cell is shown in Fig. 1. The
charge sign of the ion, produced by a Po?'° source,
was chosen by the sign of the electric field egq
applied between the source and grid 1.

The threshold fields for negative ions were
determined by applying the electric field eg1,
with zero electric field e¢,, between grid 1 and
grid 2 and collecting the current Iy, on the col-
lector and grid 2 as a function of eg1. In this
way a characteristic like the one shown in Fig. 2
is obtained. Such a characteristic exhibits two
threshold fields, E,1 and E,9. Ej and Eg can
also be obtained by applying a constant field
eg1<Eqq, varying e, and recording the current
I, at the collector with zero electric field eg,
between grid 2 and collector. By comparing the
characteristics obtained in the two conditions, we
observed that f, (the ratio of the plateau current
above E.q to that above Ecz) depends partially on
the presence of the source and also on the pre-
existing vortex germs produced by the vorticity
decay. No essential difference was noticed when
using a tritium g source; in this case f was lower
than for the @ source. By varying the distance
between the electrodes it was checked that the
two threshold fields at fixed temperature, were
independent of this distance.

o v FIG. 1. Schematic dia-
rid 2
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FIG. 2. Characteristic of the collected current versus

the electric field. The two different threshold fields
E.q and E o are shown.

A different method of detecting the threshold
fields is to condense liquid helium up to a level
between grid 1 and grid 2. By applying eg1=€19
and eg, =0, one collects the current I, as a
function of egy. When egq <E,y, the current I,
is zero, since thermalized charges do not cross
the liquid surface at T<1°K,° but if eg1 >E 1,
charges can cross the liquid surfaces.® This
procedure was used to minimize the effect of
friction. This was strictly necessary at T'>0.65
°K, though the method was applied also at lower
temperature. However, with 7<0.6 °K, con-
sistent results were found also without applying
any field at the interface (e,, =0) and by simply
varying eg1.

The positive interface current is at most one
order of magnitude smaller than that in bulk lig-
uid (the currents in the liquid were usually of the
order of 107**-107*2 A for both ions); for this
reason the determination of E; is usually dif-
ficult. Hence, E,; was determined by a time-of-
flight method.® In fact, when the square-wave
electric field E is greater than E,1, a fraction
of the ions moves at a lower velocity; this is
clear from Fig. 3. This behavior suggests the
existence of two components: one consisting of
bare ions with time of flight 7, and the other of
charged vortex rings with time of flight 7,. We
assume that the amplitude of the square-wave at
which two different times of flight 7, and 7,
appear corresponds to E,1. When the threshold
field E,9 is reached, the high velocity component
strongly decreases. The bare-ion velocity V.9
corresponding to e,9 is so determined.

To verify that charges traveling in the field-free
space above E.1 or E,9 are in both cases bound to
vortices of quantum of circulation 1, we developed
a technique which permits the measurement of the
distance Ax traveled by the ion-vortex complex
in a time At¢ under the action of the electric field.
The experimental apparatus for this measurement
is shown schematically in Fig. 4. The charges
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FIG. 3. Collected current versus the frequency of
the square wave multiplied by a factor of 2, with ampli-
tude E=8 V/cm.

are extracted by an electric field eg1 >E,1, and
then between grid 1 and grid 2 they experience a
single pulse of amplitude ej9 > E,1. The
energy gained because of the pulse between grid
1 and grid 2 was measured by the change of the
retarding potential Ug, at which the current I, is
zero. The distance Ax traveled by the charged
vortex ring during the time of the pulse is the
change of Uy, times the distance between grid 1
and grid 2 divided by the amplitude of the pulse.
Naturally, this is true when friction is negligible.
When At is greater than the time of flight 6, the
energy gained by the ion-vortex complex because
of the pulse no longer increases and the distance
Ax, traveled during the time the pulse was ap-
plied, is just the whole distance between grid 1
and grid 2.

A different technique, to study the dynamics of
the charged vortex rings, was based on the de-
termination of the time of flight in field-free
space. Charged vortices were gated in the space
between grid 1 and grid 2 by high-amplitude square
pulses clamped to zero and, by varying the pulse
length, the time of flight could be determined.
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FIG. 4. Schematic representation of the method used
for determining the displacement Ax as function of time
A
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3. EXPERIMENTAL RESULTS

The current-voltage characteristic represented
in Fig. 2 and the results of ac measurements
(Fig. 3) show that there are two different thresh-
old electric fields Ec1 and E;,9. The temperature
dependence of such thresholds is shown in Figs.
5and 6. The higher threshold field E.5, for both
negative and positive ions, exhibits a dependence
upon temperature Ec9 < T¢ like the density of
phonons.

For negative ions the lower threshold E;1 has
a nearly exponential dependence Ep1 « ed/T
down to 0.65°K (A=8.5°K is the energy gap for
rotons). At 0.85 °K one finds that Ec1=E;9 and
above 0.9°K the single threshold has an exponen-
tial temperature dependence. 2

The solid line shown in Fig. 5 represents an
extension of the stability condition given by the
HO model” to negative ions [by assuming the pa-
rameter £ =4 and taking the friction coefficient?
a(T) and the zero-field mobility'! from existing
data] and fits our results rather well. Some de-
terminations of the threshold fields, where fric-
tion plays a rather important role, were made by
using the fact that negatively charged vortex
rings annihilate at the liquid surface.® At tem-
perature T<0.53°K, E;1 exhibits a cubic temper-
ature dependence like the number of phonons.

For positive ions (Fig. 6) the lower threshold
E.1 is in good agreement with the stability con-
dition given by the HO model (£ = 3).

The bare-ion critical velocities are shown in
Figs. 7 and 8 for positive and negative ions,
respectively. For positive ions the critical vel-
ocity V.9 slowly increases by decreasing the tem-
perature, and from about 30 m/sec at 7=1°K
reaches the value of about 42 m/sec at T'=0.4°K.
For negative ions V9 at T'=0. 4°K reaches in-
stead 34 m/sec. The lower critical velocity Vg1
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FIG. 5. Threshold fields E.q and Ey versus tem-
perature. Squares refer to ac measurements, circles
to dc measurements and the others to dc measurements
with the liquid level between grid 1 and grid 2.
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FIG. 6. Threshold fields E,7 and E.g versus tem-
perature. Squares refer to ac measurements, circles
to dc measurements and the others to dc measurements
with the liquid level between grid 1 and grid 2.

for positive ions is in good agreement with that
calculated by the stability condition of the HO
model down to T'=0.5°K. It must be stressed,
however, that though E.-1 seems to indicate that
the HO model can be extrapolated at T'<0.5°K,
Vc1 instead disagrees below such temperature
from the values obtainable by a reasonable ex-
trapolation of the stability condition. Again there
is agreement between the values calculated by the
stability condition and V.1, E.1 for negative ions
down to 7'=0.53°K, For low temperatures neither
Vc1 nor E.q agrees with the stability condition
provided by the HO model. The critical velocity
V¢1 reaches a constant value V1 =Vg=4.8 m/sec.
A typical example of measurements, showing
that the dynamics above both critical fields are
that of a single quantized vortex ring, is shown in
Figs. 9 and 10. The effect of friction was con-
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FIG. 7. Critical velocities V.1 and Vg versus
temperature.
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FIG. 8. Critical velocities V1 and Vg versus
temperature.

sidered independent of the radius of the vortex, as
far as these measurements are concerned. This
was demonstrated both for positive and negative
charges.

4. DISCUSSION

From the dc and ac measurements we can con-
clude that above E-1 only few ions are bound to
vortex rings and at E;9 a process begins that
causes all the ions to form a ion-vortex ring com-
plex (process A). The temperature dependence
Ec2 o« T* for both ions is different from the tem-
perature dependence of the number of rotons and
phonons. A simple analysis of the formation
process at E.9, in terms of mean free path, by
introducing a reduced electric field® E = p.(0)
x%10"3T~Y2xE, showed that there is a slight de-
pendence of E,g on E’ for negative ions and a
marked dependence for positive ions. On the
other hand, if we consider the velocity as the
quantity responsible of the creation process, it
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FIG. 9. Example of the determination of the time
dependence of the displacement A x of the charged vortex
ring under an electric field E1=33 V/cm>E_,. The
vortex ring has at Ax=0 an energy of 4 eV, and the
continuous line was calculated from classical formulas
with circulation K=1 and the core of the vortex a=1.28 A.
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may be assumed that the creation velocity is con-
stant for positive and negative charges. In such
a case the temperature dependence of V.9 can be
explained by considering that the instantaneous
ion velocity has a thermal distribution around the
drift velocity.

The existence of the lower threshold shows that
charged vortex rings may be formed at lower
velocities (V1 <Vp9). For positive ions E;1 co-
incides with the field calculated by the stability
condition; V.1 is explainable at the same way
down to T'=0.5°K. For T'<0.5°K, V; increases
by decreasing the temperature, whereas an ex-
trapolation of the stability-condition curve gives
decreasing behavior. As the stability condition
is based on the velocity of the ion bound to a vor-
tex ring, while what we determine is the velocity
of bare ions, the behavior of Vg1 for 7'<0.5°K
may mean that the velocity of bare ions at E.1 is
remarkably greater than the one of charged vor-
tex rings still at E.1.

For the case of negative ions at 7'<0. 53°K both
E.1 and V1 are much greater than the data ob-
tained by the stability condition and particularly
the velocity V1 is constant, V;1=V(. The fact
that there are two different thresholds E-1 and
E .9 implies the existence of two different pro-
cesses (B and A, respectively). The constant
velocity V, suggests that negative ions form vor-
tex rings according to the process B, The mech-
anism of the process B may be assumed to be due
to the capturing of a preexisting vortex germ.

Two possible ways to originate vortex germs
may be either by the radioactivity of the source,
or by the decay of vortices previously generated
from ions moving in fields E >E;9. In fact, the
ratio f of the plateau current decreases when the
charged vortex rings are formed far from the -
source. Moreover, the ratio f increases if vor-
tex rings have been previously formed at E >E.9
for a certain time, thus showing that the process
B is sensitive to the “history” of the bath.

For positive ions the constant velocity corre-
sponding to the process B is not reached because
of the high velocity of the bare ions along E.1.

The condition of stability for the electric field
and the velocity, allows the two different pro-
cesses A and B to be revealed only in a limited
range of temperatures.



296 S.

K. R. Atkins, Liquid Helium (Cambridge University
Press, New York, 1959).

%(a) G. W. Rayfield and F. Reif, Phys. Rev. 136, A1194
(1964). () G. Careri, S. Cunsolo, P. Mazzoldi, and
M. Santini, Phys. Rev. Letters 15, 392 (1965).

SH. Lamb, Hydrodynamics (Dover Publications, Inc.,
New York, 1965), 6th ed., p. 241.

‘A.J.P.T. Arnold, M. V. Ricci, and J. S. Rosenshein,
in Proceedings of the Tenth International Conference
on Low-Temperature Physics, Moscow, 1966, edited
by M. P. Malkov (Proizvodstrenno-Izdatel’skii Kombinat,
VINITI, Moscow, 1967).

’s. Cunsolo, B. Maraviglia, and M. V. Riceci, Nota
Interna n. 146, Istituto di Fisica, Roma, 1967, S. Cun-

CUNSOLO AND B. MARAVIGLIA

187

solo, B. Maraviglia, and M. V. Ricci, Phys. Letters
264, 605 (1968).

G. W. Rayfield, Phys. Rev. 168, 222 (1968).

K. Huang and A. C. Olinto, Phys. Rev. 139, A1441
(1965).

8s. Cunsolo, B. Maraviglia, and M. V. Ricci, Nota
Interna n. 145, Istituto di Fisica, Roma, 1967 (unpub-
lished); S. Sunsola, G. Dall’ Oglio, B. Maraviglia, and
M. V. Ricci, Phys. Rev. Letters 21, 74 (1968).

L. Bruschi, B. Maraviglia, and F. E. Moss, Phys.
Rev. Letters 17, 682 (1966).

10g, Cunsolo, Nuovo Cimento 21, 76 (1961).

"F. Reif and L. Meyer, Phys. Rev. 119, 1164 (1960).

PHYSICAL REVIEW VOLUME 187,

NUMBER 1

5 NOVEMBER 1969

Electrical Conductivity of a Fully Ionized Plasma
in a Strong Magnetic Field

Umur Daybelge
Technical and Scientific Reseavch Council of Turkey, Applied Mathematics Division, Insaat Fakiiltesi,
Teknik Univevsite-Istanbul, Tuvkey
(Received 10 April 1969)

This paper presents a method of obtaining exact transport coefficients of a plasma in a
strong magnetic field. The method is based on Kihara and Aono’s unified theory. As an ap-
plication of the method, the electrical conductivity of a fully ionized plasma in a strong mag-
netic field has been calculated. The departure from the ordinary theory is expressed by a

function x, which depends on the ratio of the Debye length to the electron gyroradius.

merical values of ¥ are given.

1. INTRODUCTION

In the calculation of plasma transport properties,
one often takes no account of the influence of the
magnetic field on the particle-collision act.
Therefore, results of such calculations are re-
stricted to the cases when the external magnetic
field is sufficiently weak. For such fields, the
average gyroradius of an electron is much longer
than the Debye length. In many laboratory plas-
mas, however, the influence of the magnetic field
on the charged particle collisions can not be ig-
nored. Some investigators!—% have considered
temperature relaxation and transport under con-
ditions of strong magnetic fields.

In simple cases, the rates of relaxation and
transport properties of plasmas can be obtained
by calculating one or two moments of the change
in particle velocity. In general, however, it is
necessary to solve a kinetic equation. In a kinet-
ic equation, the charged particle interactions can
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be represented in one of two alternate ways: One
is through impact theory® in which binary colli-
sions are taken into consideration by an integral
operator with respect to the impact parameter

b. The exclusion of collective interactions in this
theory leads to logarithmic divergences for b
tending to infinity, The order method is based on
the wave theory,” in which the collective inter-
actions are incorporated in the theory through the
dielectric permeability tensor of the plasma,

€ (K, w), as a function of the wave vector K and
frequency w. Since the orbital curvatures are
not included in this theory, the integral operator
with respect to % is divergent.

It has been customary to introduce somewhat
arbitrary cutoff lengths to deal with the divergence
behavior of above integral operators.® The re-
sults of such calculations are of logarithmic ac-
curacy. When there is no magnetic field present,
it is almost true that the shielding distance is of
the order of the Debye length around a charged



