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The electron temperature T, and electron concentration ng in a cesium plasma in a low-voltage arc have
been measured at an electrode temperature of 700°C using the double probe method. The distribution of
T, and n; in the interelectrode gap d = 9. 8 mm is obtained in the investigated range of pressures, P =
=5,7+10%5.10"! mm Hg. The distribution n, = f(x) has a maximum near the cathode. To and ne
are obtained as a function of the discharge current Ip = 1-3 a, and a qualitative description of the burning
mechanism for a low-voltage arc is given.

The behavior of a low-temperature cesium plasma is currently of great interest in connection with its use
in thermionic and MHD devices for the direct conversion of thermal energy into electricity.

One of the most interesting manifestations of such a plasma is the low-voltage arc. A thermionic convert-
er operating in the diffusion regime at some cathode temperature (of the order of 1300-1400°C), which de-
pends upon the cesium pressure and the length of the interelectrode gap, spontaneously goes over into the
low-voltage arc regime. The latter is the most promising operating regime for the converter.

The low-voltage arc in inert gases and mercury vapor is already familiar [1]. In 1951, Medices observed
a low-voltage arc during thermionic conversion of thermal energy into electricity in a xenon atmosphere
[2]. One of the fundamental problems in investigating the low-voltage arc is accounting for the burning
mechanism, particularly when the burning potential is lower than the first excitation potential of the gas
in which the arc burns,

In order to understand the burning mechanism of the low-voltage arc one must know the parameters of the
gas discharge plasma and their distribution in the interelectrode gap. A very satisfactory qualitative ex-
planation of the burning mechanism, based on the experimental fact of the existence of a maximum in
the plasma potential and density distributions in the interelectrode gap near the cathode, has been given
by Druyvesteyn [3].

Steinberg [4] and N. D. Morgulis [5], investigating low-voltage arc plasma parameters in cesium vapor
by the single probe method, did not detect plasma density and potential maxima in the interelectrode
space. ‘

This article is concerned with a study of the distribution of electron temperature T, and electron concen-
tration n, in a low-voltage arc (LVA) along the axis of the interelectrode gap and the effect on T, and n,
of a cesium vapor pressure of 5+ 1072 t0 5+ 10™! mm Hg and a discharge current in the range 1-3 a.

1. To measure the electron temperature and electron concentration in the cesium plasma of a low-voltage arc,
the double probe method was used. The theory of the volt-ampere characteristic of a double probe has been treated by
Jones and Malter [6] and Biberman and Panin [7].

The use of a double probe to obtain information about a cesium plasma has some ad-
vantages over the single probe method. To begin with, in cesium vapor the work function
of the electrodes of the discharge chamber and the probe depends upon their material, their
temperature, and the cesium vapor pressure. The probe temperature may change as it is
moved along the interelectrode gap and in recording the probe characteristic. As the probe
temperature changes, so does its work function. Thus, for a single probe, the contact po-
_tential difference between probe and electrode will change during recording of the probe
characteristic and distort it. In the case of a double probe, both electrodes (probes) are sub-
Fig. 1 ject to the same conditions and the contact potential difference between them is zero.

Moreover, the single probe is electrically coupled with one of the electrodes of the discharge chamber and, at a
current of a few amperes across the discharge gap, the discharge is readily transferred to the probe. To prevent this, it is
necessary to record the probe characteristics using a pulse circuit with a short probe signal and a small duty factor., The
double probe is a floating system, not electrically coupled with the main electrodes; therefore, the possibility of the dis-
charge being transferred to the probe is eliminated.

In the present study we used the discharge chamber with indirectly heated planar electrodes described in detail in



[8]. The working surfaces of the electrodes are the end faces of cylindrical stainless-steel shells 18 mm in diameter,
which are sealed, using kovar rings, into a glass envelope from opposite sides. In the interelectrode gap, 9.8 mm long,
there are three fixed double probes located as shown in Fig. 1. These probes are made of tungstein wire 0.2mm indiam-
eter, effective length 3. 5 mm. Molybdenum glass capillaries are used as insulation. The electrodes of each double
probe were located in a plane parallel to the surface of the main discharge chamber electrodes. The probes were spaced
in the interelecirode space at distances of 0.7, 4.2, and 8.4 mm from electrode A and 1.4, 5.6, and 9.1 mm from
electrode B. This distribution of the probes made it possible to record the probe characteristics at six points in the inter-
electrode gap by reversing the discharge polarity.

7 2 g4 The distance between the double probe electrodes must be much
? —% greater than twice the thickness of the perturbed layer near the probe
Lrr=sig (which is of the order of the Debye radius), so that the potential of one
+ L ; t probe does not affect the other. In our conditions, the Debye radius D was
EE 7 5—“7 @ of the order of 107 cm and the distance between probe electrodes dg = 3 -
T . A ’ ‘ - 107t cm, i.e., dy > 2D.
L ‘ The collecting surfaces of the probes were identical, which ensured

symmetry of the volt-ampere characteristic. This was checked by record-
Fig. 2 ing the probe characteristic at various points,

In the basic measurements, the probe characteristics were obtained on an oscillograph screen and photographed.
The corresponding circuit is shown in Fig. 2. The 50-cps potential difference is fed from the secondary winding of trans-
former 4 between the double probe electrodes. This same potential difference, which is regulated by autotransformer 5,
is passed through an amplifier to the horizontal deflection plates of the oscillograph.
A small ohmic resistance Rq is introeduced into the probe circuit. The potential drop
across this resistance, which is proportional to the probe current, is fed through an —
amplifier to the vertical deflection plates of the oscillograph. In this case the volt- +/
ampere characteristic of the double probe is obtained on the oscillograph screen to the
usual scale. A typical oscillogram of the probe characteristic is shown in Fig. 3. } s ay Jmm are et S O

!
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The measuring circuit is switched from one probe to the other by means of
switch 6. The discharge polarity is reversed by means of switch 7, /‘

2. In the above-described experimental discharge chamber, using the double
probe method, we measured the electron temperature and electron concentration
in the low-temperature cesium plasma of a low-voltage arc. The cathode tempera-
ture Tk and anode temperature T, were constant in all the experiments: Ty = T, = Fig. 3
= 700°C.
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Distributions of electron temperature T, in °K, in the interelectrode gap, x mm, at a constant discharge current
I, = 1.0 a are given in Fig. 4, where curves 1, 2, 3 correspond to pressures p= 5,7 * 10-3, 2,3+ 1072, 5+ 10"  mm Hg.
It is clear from Fig. 4 that T, has a maximum near the cathode and then drops quite slowly in the direction of the an-
ode, The drop in T, from cathode to anode is 25-80%. There is an explanation for
this behavior of the electron temperature distribution in the interelectrode gap,

¥ TH— b 7 Electrons emitted by the cathode are heated at an accelerating potential jump near
2000 ‘;\\\:'7*"‘“ the cathode, whose width is of the order of the Debye radius. Subsequently, energy
\o\!\,_\‘yﬁ is consumed between cathode and anode in inelastic collisions with atoms and in
1009 ——- overcoming the decelerating electric field, if the potential distribution has a maxi-
zmm ~mum in the interelectrode space. With increase in pressure, the electron tempera~-
g ; 4 4 4 * 7w ture distribution is displaced almost uniformly into the region of lower values of Ts.
Fig, 4 In Fig. 5 the electron temperature T, 1073 °K, and electron concentration

ng, cm”3, are shown as functions of increasing cesium vapor pressure p, mm Hg,
for I_= 1.0 a at the point x = 1.4 mm (x is the distance from the cathode); the same figure also shows the burning po-
tential V necessary for maintaining the discharge current at 1.0 a as a function of the cesium vapor pressure. With in-
crease in pressure, the burning potential drops sharply, reaching a minimum at p = 0. 55 mm Hg, after which it slowly
increases. Since the burning potential directly affects the magnitude of the cathdde potential jump, at which the elec-
trons are heated, the relationship T, = f(p) displays similar behavior. At p < 0.15 mm Hg, the electron temperature
rapidly decreases with increase in pressure, as is clear from Fig. 5 at p> 0.15 mm Hg, T, depends only slightly upon

the pressure.
The effect of the discharge current on the distribution of electron temperature T in the interelectrode space is

illustrated in Fig. 6, where curves 1, 2, 3 correspond to currents I, =1, 2, 3 a. At low cesium pressures (p = 2.3 - 107
mm Hg, Fig. 6a) an increase in discharge current from 1. 0 to 2. 0 a leads to an increase in the electron temperature
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near the cathode (x = 0, 7 mm) from 2400 to 3650°K, i.e., by a factor of 1. 5, With increase in cesium pressure, the
relative increase in T, for the same increase in discharge current decreases. Thus, for example, atp= 5.5+ 10 2 mm
Hg, the electron temperature increases by a factor of 1. 3 (Fig. 6b); at p = 0.5 mm Hg, T, remains constant as Ip in-

creases from 1.0 to 3.0 a (Fig. 6c).

The distribution of electron concentration n,, cm 3, in the interelec- i volts
trode space at different values of the cesium pressure and constant discharge I A cm™®
current I, = 1.0 a is given in Fig. 7, where curves 1-5 correspond to pres- . %
sures P=2.3- 107 5.5-10% 1.5-10"% 3+ 107!, and 5+ 10"' mm Hg. Z \:Q& — v 7
At all values of the cesium vapor pressure, the electron concentration has a KR =] 1
clearly defined maximum at a distance of the order of 2 mm from the cath- ! \N-- X o
ode. Over the interval 4 £ x € 9 mm, the concentration remains almost con- """‘"‘-—‘m’f
stant, i.e., dn,/dx =~ 0. The anode concentration was determined from the 7 24 [
current density at the anode. With increase in cesium pressure, the distribu- Fig. o

tion ng = f(x) is displaced in the direction of a decrease in concentration.

The dependence of n_ upon cesium pressure at a distance x = 1.4 mm from the cathode is shown in Fig. 5 for Ip=
= 1.5 a. As is clear from the figure, n. decreases monotonically with increase in p. In this case the degree of ioniza-
tion decreases strongly: from n./n, = 10" at p= 2.3 * 102 mm Hg to 10™ at p = 5 - 10"' mm Hg, where n, is the vol-
ume concentration of neutral cesium atoms.

Figure 8a gives the distribution ne = f(x) for different values of the discharge current (I, = 1, 2, 3 a) at a pressure

p=5.5+ 10" mm Hg, while Fig. 8b gives this distribution for p= 5 - 10”! mm Hg.

L ‘ '
N e N 7 a With increase in I the electron concentration increases throughout the interelec-
T~ : P
Jaq : trode space,
Ty ° ; e - . .
2000 s‘:\* e The curve obtained for the distribution n, = f(x) with 2 maximum near the
——2 cathode agrees with the data of other authors [1, 3, 8, 9]. In [4, 5] a maximum of
1009 ng was not observed, evidently because the minimum distance between probe and
000> 7 - cathode was 5-6 mm. As our results show, the maximum of n, is observed at a dis-
_ \o b tance of the order of 2 mm from the cathode, while at x > 4 mm the electron con-
20001 l\\ centration varies only slightly. The results of [5] (curve 3'), obtained for the same
R@ conditions as curve 3, are plotted in Fig. 8b. As is clear from the figure, the
e P agreement is good.
200015 f . ;
T 7-g 1 ¢ 3. Analysis of the experimental data from a study of plasma parameters and
1900 ° \ (S their distribution in the interelectrode space permit the assumption that ionization
aZ I , in a low-voltage arc is mainly from exicted levels, i.e., takes place in steps
7 s *d . owing to the "tail" of the maxwellian distribution.
Z 4 4 rmm
Fig. 6 Electrons emitted by the cathode become maxwellian after passing through

the accelerating cathode potential drop in the space-charge layer (cathode poten-

tial drop), which is less than the ionization potential, and form a heated electron gas with temperature T, separated
from the cathode surface by a barrier potential.

=107%-10"°

As calculations show, ionization due to the "tail” of the maxwellian distribution from the ground state at Te <
K 4000°K (observed under our conditions) is insufficient to sustain a cesium plasma [4].

The lifetime of the excited atoms is of the order of 10°° sec, which is comparable with the collision time 7 =

sec and, consequently, the probability of stepwise ionization should be
low. However, it is necessary to take into account the imprisoned resonance radia-  j#

tion effect in cesium plasma, since the absorption probability for the resonance ‘ ”f‘_cnfs /

lines of atomic cesium is very high. Since it makes no difference what atom is ex- ¥ /2~ z’x —

cited, the transfer of a photon from one atom to another gives the effect of an in- %EL“F\"

crease in the lifetime of the excited state. According to Holstein's data [10], the w"? f 5

above-mentioned effect increases the effective lifetime of an excited plasma y 1

atom in the pressure range 0. 01-1. 0 mm Hg by a factor of more than 10%, W"” < mm
Moreover, as shown by B. N, Klyarfel'd [11], the probability of ioniza-

tion may be at least an order greater for atoms in the excited state than in the Fig, 7

ground state,

These facts significantly increase the probability of stepwise ionization.

An estimate based on our data also shows that ionization from excited levels predominates,
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A region of strong ionization is found near the cathode; this is confirmed by the presence of a maximum in the
potential distribution. The region of the positive potential maximum is a potential well for the slow electrons formed
during the ionization process. As a result of interactions with fast electrons and excited atoms, some of the slow elec-

trons acquire enough energy to overcome the decelerating field and reach the anode.

2 ém-s However, a great many escape from the potential well as a result of ambipolar dif-
e T fusion to the walls of the discharge chamber and recombine there {12].
i lf/ ?\ When a low-voltage arc burns in cesium vapor, the discharge current exceeds by
J lL \A\/A \K one or two orders the cathode emission current corresponding to the values of Ty and
2 I A —\‘ ¢y (9 is the cathode work function ) before the arc is formed. Since it is impossi-
P \\: ble to attribute this to the production of current carriers in the chamber, for in a
e~ 7 | low-voltage arc I; / fo =V m /M (1 and I, are, respectively, the ion and
Vi 1 » S electron currents, m and M the electron and ion masses), the anomalous Schottky
/ Z § J effect and field emission may be responsible. However, the most important role will
PR % evidently be played by a third mechanism: lowering of the cathode work function
/ . 0 upon formation of a low-voltage arc. In the low-voltage arc a positive potential
" jump is observed at the cathode. Ions produced in the chamber travel to the cathode.
Vi Z, mm /9 lons formed at the cathode surface as a result of surface ionization are returned by
the jump to the cathode. Thus, a coating of ionized atoms is formed at the cathode,
Fig. 8 exceeding the equilibrium value comesponding to the cathode temperature and ce-

sium vapor pressure, This leads to a lowering of the work function, However, a re-
duction in ¢ of 0.2 V is sufficient for the emission current to increase by one order of magnitude.

In conclusion, the author wishes to express his appreciation to V. N. Glazanov for his continuous interest in the
work and I, P. Stakhanov and I. I. Kasikov for their useful comments.
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