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RADIAL ELECTRIC FIELD IN A REFLEX DISCHARGE*
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When a gas discharge with the electrode config-
uration of a Philips ionization gauge is operated
in a strong magnetic field, the potential near the
axis is depressed, since electrons created near
the axis have difficulty crossing the magnetic
field to the anode. If the magnetic field is suffi-
ciently large, the entire discharge voltage drop
is distributed radially, and there is little poten-
tial drop along the lines of force. In this case,
there must be a cathode sheath drop whose mag-
nitude varies with radius. In this paper the radial
potential distribution in a hot-cathode reflex dis-
charge is computed, and a scaling law for such
discharges is obtained. Previous analyses of re-
flex discharges have been concerned only with the
region outside the main arc column, or have neg-
lected the cathode sheath drop, or are appilicable
only to cold-cathode discharges or weak magnetic
fields.

The principal experimental resuits, ! obtained
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FIG. 1. Typical radial profiles of potential V, den-

sity », and electron temperature #T, in a reflex arc.

with probes, are summarized in Fig. 1 for a dis-
charge 300 cm long by 2.5 cm in diameter, oper-
ating with one uniformly emitting cathode and one
cold cathode. The normal operating parameters
were as follows: B =4000 gauss, /=15 amp, V
=70 volts, and p=3x10~° torr of He. This value
of B is 6 or 7 times larger than that which would
allow a current of 15 amperes to diffuse radially
to the anode by classical collisions. Hence, a
mechanism of enhanced diffusion by oscillé.t-ing
electric fields is probably operative. This paper
is concerned only with the time-averaged proper-
ties of the discharge and not with the oscillations.?
Furthermore. centrifugal force will be neglected,
since its effect is small under the conditions of
the experiment.

Figure 2 shows the idealized geometry assumed
for the theory. The dashed lines indicate schemati-
cally the radially varying sheath described above.
Also shown are the main particle currents: jp is
the current of primary electrons emitted by the
cathode and accelerated in the sheath; ji is the
current of ions flowing to the cathode; j er and
jir are radial currents of electrons and ions; and
je is the current of plasma electrons with suiffi-
cient energy to penetrate the sheath and reach the
cathode. The latter current, which has been ex-
perimentally observed, has a large influence on
the potential profile, and its inclusion is a novel
feature of this treatment. As is apparent from the
potential curve of Fig. 1. the current je is large
near the axis and small at large radii. The con-
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FIG. 2. Idealized geometry used for the theory, and
the principal particle currents in the discharge.
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comitant loss of plasma near the axis causes a
dip in the density there (see Fig. 1).

We shall make the following assumptions. (1) In
the plasma. 7n,=7,. (2) The cathode sheath can be
taken into account by considering three effects:

{(a) All incident ions are absorbed, (b) plasma
electrons are reflected according to an exponential
law. and (c) primary electrons are emitted ac-
cording to a law of space-charge-limited emission.
(3) The discharge is cylindrically symmetric and
symmetric about the mid-plane. (4) There is no

plasma surrounding the discharge; that is, all
particles are immediately absorbed upon reaching
r=R. (5) Electrons are in thermal equilibrium
along each line of force. (6) The temperatures
kTi and kTe, and hence the transport coefficients.
are constant. (7) The Larmor radii of all parti-
cles are small compared to R.

If ¢ =eV/kT, is the normalized potential in the
discharge and D, D, p*=1lu |kT, /e, and uL*
= Iu_LIkTe/e are the longitudinal and transverse
diffusion coefficients and mobilities, the equations
of continuity for electrons and ions are as follows:

* anao 3%n « 3% x 3n 3¢
(¢)+D v - nv ¢ - iy ap — - n— - e — = (1)
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Here Qe and Qi are the source terms for electrons
and ions, and the other terms describe the losses
by radial and longitudinal diffusion and mobility.
The source terms are of the form,

N .
Qe(¢) =2—l-;p[1 +M{¢)}+Plo) -X,

N .
Qi(d)) =g}pM(d>) +P(9) -X, @)

where N is the number of emitting cathodes (either
1 or 2), M is the number of secondaries created
per primary electron, P is the rate of ionization
by plasma electrons. and X is the recombination
rate. It is not necessary to specify the form of

M. P. and X. The {irst term in Qe represents

the injection of primary electrons into the dis-
charge, and its form assumes that these elec-
trons traverse the length of the discharge many
times before losing their energy. For space-
charge-limited emission. j, is given by jp
=ngvei(®), where ve =(2kTo/Tm)V?, ng is the
plasma density at the sheath edge, and t(¢) is a
dimensionless function (Fig. 3) computed by the
author.? Since o is defined to be 0 at the cathodes
and is almost constant along any line of force,

the argument of ¢ is essentially the cathode sheath
drop.

The z dependence of Eq. (1) can be eliminated
by virtue of the experimental observation that
neither » nor o varies greatly with z in the body
of the plasma. In this case, Egs. (1) can be in-
tegrated with respect to z from the mid-plane to
the sheath edge, or approximately. from 0 to I
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the radial and source terms are then approximate -
ly constant in the integration and are merely mul-
tiplied by {. The z terms become upon integration

an * 3] _ .
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i1 9z 1
where j, and j; are just the electron and ion cur-
rents to the cathodes. The electron current is

)=y ¢ o, (4)
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FIG. 3. Space-charge—limited emission in a plasma
as a function of sheath drop.
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since the electrons are in thermal equilibrium in
a potential well. The ion current is given by the
sheath criterion®:

jn=n kT /M?=n v . (5)
l N € S S

Writing y =n /n and using Eqgs. (3)-(5), we have

for the mtegral of (1)
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The potential profile is obtained by subtracting
Eq. (6b) from Eq. (6a). using Eq. (2) and assummg

that D ;=D , (Bohm diffusion) and that uJ_z >> uJ_e .

One obtains

%N‘ynveL(¢) -lu (nv o) +Z—: :—f)

- %nve[e - _),< 217:4_"15”:] =0. (7)

The parameter y is essentially the ratio of the
density at the sheath edge, where the collisionless
approximation applies, to that at the boundary of
the collision-dominated region, where the concept
of mobility applies. Since this transition region is
small compared to /, ion current is conserved;
and this consideration shows that y must be of the
order of 0.2 for T,/T;=4. The exact value of y,
by Eq. (5), depends on the ion current, which is
unknown, since ions can escape radially as well
as longitudinally. Thus y is left as an adjustable
parameter. Putting 7 into dimensionless units,

p =r/R, and dividing by -énve, we have for (7):

Lo (,20),
S[p T (p 3

n ap ap
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L), o

0, (8)

where
S=lu e 'R2(2mmkT ) =IpR™*B™. (9)
p¥) e

The dimensionless parameter S then gives the
scaling law for such discharges. Equation (8)
was solved numerically for values of S corre-
sponding to kTi=O.1, 0.3, 1.0, and 3 ev and kT,
=4.5 ev, with ¢ being normalized to the experi-
mental value at p=1. The results are shown on
Fig. 4. The term containing the density profile
d(lnn)/dp was evaluated by using the experimental
curve of Fig. 1. The effect of this term is not
great, as was shown by omitting it in one run
(dashed curve in Fig. 4). It is seen that good
agreement with experiment both in the magnitude
of ¢(0) and in the shape of ¢(p) can be obtained
for reasonable values of kTi and y. Furthermore,
the depth of the potential depression decreases
with increasing S; this is the reason the radial
potential variation is not dominant in discharges®
with smaller values of R and B.

We have assumed that u,; is given by the classi-
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FIG. 4. The theoretical potential profiles ¢(p) in
comparison with the experimental points, for various
values of v, and for values of § corresponding to 2T ;

=0.1, 0.3, 1, and 3 ev.
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cal formula. If p,;=eDi;/kT;, where D; is the
enhanced (Bohm) value, S becomes so large that
no fit with experiment is possible. Thus an en-
hanced mobility is inconsistent with the assump-
tions we have aiready made.

The author is indebted to Dr. I. Rabinowitz and
Mrs. H. Selberg for carrying out the numerical
computation.
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tails is in preparation.
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