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Biphase Inverter Based on Cesium Plasma Switches

N. L. Alekseyev,* V. B. Kaplan, A. M. Martsinovskij, S. V. Electrov§
loffe Physico-Technical Institute, St. Petersburg 194037, Russia

For the goals of practical use of cesium switches (a nuclear powerplant for spacecraft with a ther-
moionic reactor and subsequent current conversion), the study of their performance in a biphase inverter
mode is of much interest. Unlike a half-period mode for active load, which so far has received the primary
attention, the work of each switch is determined tangibly by the state of its neighbor. The demands on
the mutual arrangement of extinguishing and igniting pulses are defined experimentally for either a
symmetrical circuit or a nonsymmetrical one with the switches based on various extinguishing principles.

Nomenclature
E, = modulated voltage of a source
1, = anode current in a separately regarded plasma
switch
1> = anode current through switches 1,2
L = inductive load; in case of biphase inverter, one-
half of inductive load of primary winding
V. = anode voltage
VS~ = ignition and extinguishing pulses to the grid
V{7 = ignition and extinguishing pulses to grids 1,2
T[V$ 7] = length of pulses

Introduction

LASMA CESIUM SWITCHES (PS) are a class of plasma

full-control three-electrode devices (the control goes by
applying short ignition V; and extinguishing V, pulses to the
grid) for the transformation of dc into an alternating one in the
conditions of high temperatures and radiation (they are unfit
for performance of transistor or solid-state switches). The
physical principles for PS on the base of Knudsen arc with
pure Cs filling' ®> and a Cs-Ba mixture® ® have been exten-
sively studied.

In the last variant the admixture of Ba ensures high current
densities (as high as more than 10 A/cm?), so that even large-
scale aperture grids (~1 mm diam, 1 mm thick) make it pos-
sible to shut off (extinguish) the current when a negative volt-
age pulse V., is applied to the grid and stimulates
self-extinguishing (or spontaneous current cutoff). Typical of
this mechanism is a long time between the leading front of the
pulse and extinguishing (as long as 10-20 ps) and the weak
dependence of the current change process on the length of the
front. The processes that stimulate instability and self-extin-
guishing could develop during the grid pulse action.

Some special approaches (honeycomb-type grids of the de-
veloped grid surface structure'®"" or the restriction of the dis-
charge area in the grid plane) permit the use of this control
mechanism at much smaller emissions (~1 A/cm?) in a pure
Cs switch.

Different from the self-extinguishing mechanism is a dy-
namic (or potential) one when the steep-front extinguishing
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pulse is applied to a small-cell grid (0.1-0.2 mm diam and 10
pm thick). This mechanism works reliably for Cs switches at
a current of 1-5 A/cm” and a Cs pressure up to 2 X 1077
torr.'”> Typical of this mechanism is fast (within 0.5-2.5 ws)
extinguishing, in which the current decreases substantially
(more than half) during the negative pulse front time (~0.1-
0.2 ps). If the pulse is great enough the plasma cannot make
up for the increased ion loss out of intercell spacing of the
grid, as the ionization process in Cs is of a stepped, slow
character with a typical time of 1-2 pus.

Not taking into account the advantages of using a Cs or
Cs-Ba filling,'" we note here that Cs switches give a chance
to use both principles at a current of 1-5 A/cm” and to com-
pare them.

This paper is devoted to the performance of both types of
Cs switches synchronized in a biphase inverter circuit (BI or
push-pull mode," (see Fig. 1a). Switches 1,2 are conducting
in turn (Vi, and Vi, in Fig. 1b are the ignition grid pulse and
the extinguishing grid, respectively). When a switch starts con-
ducting, its anode voltage V,, drops down to 1-3 V, so that the
voltage E, is almost entirely developed across the primary
winding and transferred to the secondary winding load R, in
proper polarity [Fig. 1b, curve V,(1)].

The main problem to be solved was the study of the tran-
sitional process influence on BI. This influence is also a prob-
lem in semiconductor inverters,” in that even a short conduc-
tance of both switches at one time leads to their breaking
down, special measures are taken to prevent this from hap-
pening. In Bls based on plasma switches the role of inductive
load is manifold: extinguishing or ignition of a switch could
either promote or disturb the work of the other. In an experi-
mental setup for the Cs-Ba switch push-pull mode study'
this problem was aggravated with placing both Cs reservoirs
in a common temperature reservoir.

Our experiments were carried on with plane- parallel ge-
ometry devices placed into glass envelopes.' > The switches
under study had their own cesium reservoirs that could be
heated or cooled independently within a temperature range,
even though both glass devices were placed in a common tem-
perature reservoir.

Current and voltage signals were measured using a gated
integration system.

Performance of a Separate PS Loaded with Mixed
Ohmic-Inductive Impedance

Although primary attention was concentrated on the quali-
tative analysis of transitional processes in the modes where
each switch element worked reliably, the study was started
with individual switches with combined ohmic-inductive
loads. First an analysis of the switch with the small-cell grid' >
was taken, whose characteristics had been extensively studied
previously.
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Fig. 1 a) Biphase inverter circuit and b) operation. Control
pulses V{3 ’; currents I,, through the switches 1,2; V,, the voltage

across the secondary winding.

Unlike BI, which is to be considered later, most of the
source voltage in the conducting state was developed across
the ohmic load. This enabled us to compare extinguishing and
ignition kinetics in cases of pure ohmic (curves 1,2 in Fig. 2b,
1 in Fig. 2a) and combined (1',2" in Fig. 2b, 1’ in Fig. 2a)
impedance with regard to a common initial state. In Fig. 2b
the curves 1,1 represent a time variation of anode current and
2,2' that of anode voltage; the curves 1,1’ in Fig. 2a illustrate
the ignition process (current /,, measuring shunts are con-
nected between the cathodes and ground. Thus, initial current
jerk during the first ~20 s corresponds a grid current during
the length of the pulse V). The inductive load was 1 mH and
the source voltage was E, =~ 80 V. It could be seen that the
inductive load moderated the current change notably (1’, Figs.
2a and 2b). Herewith, the anode voltage during ~2-4 s
could considerably exceed E,, (2', Fig. 2b) and reach 500- 800
V. Such an overload was important to avoid leading to either
a control loss or a reignition of the discharge.

The grid control efficiency (defined as the minimal extin-
guishing pulse to the grid |V | as a function of modulated
voltage E,) is shown in Fig. 3a (pressure Pe, = 8 X 107 torr)
at various currents /,. One can see the following facts from
Fig. 3:

1) Combined load curves 1',2,3" are cut short toward small
voltages E, because no conductive state is realized there: the
ignition pulse is too short and the anode current through the
inductive load L has no time to become great enough, whereas
the anode voltage (at floating grid potential) is too small to
take up the discharge.

2) Curves 1'-3" (Fig. 3a) are shifted with regard to the
ohmic load curves 1-3 (Fig. 3b) by 15-20 V. Independence
| Ve | (E,) (see curves 1'-3" in Fig. 3a) is hardly connected with
the plasma beam discharge features (unlike the ohmic load
case'), but emerges from the fact that extinguishing is mainly
determined by an inductive eruption V, >> E..

Given in Fig. 3b are extinguishing efficiencies as functions
of L for a set of /. It is seen that sensitivity of the switch to
additional inductive load increases with the current. For cur-
rents I, > 1 A/cm? the maximum value of L was 1.5-2 mH.
The inductive eruption then reached ~1200 V. At a greater
voltage a spot breakdown from the grid to the cathode was
observed. The study of safety against spot ignition for greater
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Fig. 2 a) Ignition and b) extinguishing currents (1-1") and volt-
ages (2,2') across a switch loaded with pure ohmic (1,1') and com-
bined (2,2': L = 0.8 mH) impedance. P, =7 X 10 > torr; E_,= 80
V (except 1"; 1", L = 0.8 mH; E_, = 30 V).
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Fig. 3 a) Dependence of minimal extinguishing pulse |V .| on
modulated voltage E,, (extinguishing efficiency) with pure ohmic
(1,2,3) and combined (1’-3') impedance. I(A): 1,1', 0.35; 2,2,
0.46; 3,3', 0.68; 1',2’,3', L = 0.8 mH; P, = 8 X 10 torr. b)
Extinguishing efficiency as a function of the inductive component
L of the load. P, = 8 X 10 > torr; E,= 70 V; I(A): 1, 0.3; 2, 0.6;
3, 1.1.

currents was not carried out through the limited cathode emis-
sion.

It may be said that no effects of this type were observed in
a BI mode and all of the problems turned out to be connected
with the fast transitional process: extinguishing a switch-igni-
tion of the other one.

Symmetrical Biphase Inverter Scheme

The circuitis shown in Fig. 1. The secondary winding ohmic
load value was 300 ). A routine procedure of forcing the
circuit into the BI mode was as follows: after cathode emis-
sions had been adjusted, the switches were tested in a half-
period mode and necessary extinguishing pulses were set with
reserve; then a temporal arrangement of the pulses was regu-
lated for each transitional tact to bring the circuit into biphase
mode. Because it was possible to determine with disturbed
modulation which four stages (two ignitions and two extin-
guishing) destroyed the performance, we usually began with
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an acquired BI mode and observed the temporal trends of op-
eration against the arrangement of the leading fronts of pulses.

Let’s denote in this section (Figs. 4 and 5) as 1 the switch
conducting at the moment concerned, and the other denoted
as 2. A specially designed four-pulse generator allowed the
alteration of a shift between the leading front of pulses V7,
V3 within a range of —3; 3 ws, the length of Vi, up to 20-
30 ws, and that of V|, to 20 ws. Like the case of ohmic load,
we were only interested in fast extinguishing. It is this case
that was usually realized at a pause (dead time) between the
conducting states of switches 1 and 2 (see currents I, I, and
voltages V,,, V., in Fig. 4), so that the extinguishing of 1 was
over before the ignition of 2, and conversely. Fast extinguish-
ing led to shock excitation of a circuit inductive load- trans-
former stray capacity with an oscillation period of 5-6 s,
first wave amplitude V, of 150-200 V. Like a half-period
mode, overvoltage V., did not cause a reignition of the dis-
charge and the loss of control; however, negative periods of
the anode voltage detained the current increase in switch 2.
Therefore, it was necessary that the increase in I, be supported
along with the ignition pulse [T(V3) > 1/y] during the oscil-
lation dampening time 1/y. The value of y depended on the
current I,, since the increase in I, resulted in the decrease in
equivalent resistance of a switch and Q-factor. In the circuit
under study y~' ~ 8-10 ws ~ two oscillation periods (the
ignition pulse amplitude was ~5-6 V). Thus, with the length
T7(V3) ~ (15-20) ps the oscillations were put down effec-
tively and did not suppress the ignition of 2. If the leading
front of V3 comes ahead of that of V7 (overlap), no oscilla-
tions arose, but at a small overlap (0-2 ps) the modulation
broke down because the extinguishing of 1 turned out to be
too sensitive to the additional power put into the discharge at
the ignition of switch 2. Indeed, the increase in I, brought
about emf = L d/,/dt in the coil and an increase in V,, as high
as V,, = E, + L(dL/dt — dI,/dt) =~ 2E, (at V,, =~ E, —
L dL/dt =~ 0: dI,/dt — 0). The modulation restored again with
a further increase in overlap (curve 2 in Fig. 5), but time vari-
ation of the current had a different shape. Ohmic resistance of
both devices shunted the transformer coil so that the eruption
of the anode voltage V,, that follows the ignition of switch 2
was smaller and had more slope than in the case of a pause.
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Fig. 4 Symmetrical BI circuit operation. V_,, voltage across the
switch 1;1,, currents. P, = 10 > torr. E_,= 30 V; repetition period
~1.2 ms; the length of the pause 4 15 ps.
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Fig. 5 Extinguishing in the case of overlap (2) and pause (1); P,
=7 X 10 3torr; E,=20 V,I,= 0.4 A.

Switch 1 had enough time to reach a new stationary state with
slightly more voltage and current. Therefore, the decrease in
I, during the extinguishing process was slow, and a greater
pulse | V7| was needed compared to the case of pause (curve
1). This mode is less efficient as the source spends a part of
its power for heating ohmic elements of the primary winding.

A summary of the previous terms of reliable performance is
as follows:

1) A slight pause has to exist (>2-3 ps) between the leading
front of the extinguishing pulse to the grid of the conductive
switch and the front of ignition pulse to the neighboring one.

2) The ignition pulse length has to make up T7(V;) ~ 10-
15 s at typical L.

Biphase Inverter with Nonsymmetrical Switches

The study of BI with cesium switches based on the self-
extinguishing principle was performed by using PS with a
small-cell grid of restricted area (diaphragm) as an example.
In the device used, the area restriction factor was ~25 (the
grid diaphragm diameter of ~2 mm and the cathode diameter
of ~10 mm). Control features and physical processes that de-
velop when negative pulse is applied to this grid are considered
separately.”” Here we confine ourselves to the following:

1) Because of the multiple increases in the density of current
through the grid, this density could get close to the random
current value. The cathode emission of =0.5 A/cm” at a pres-
sure of ~107 7 torr ensured the self-extinguishing branch of the
grid control so that the extinguishing efficiency |V, |(E.) up-
graded with the current (with emission or up the I-V charac-
teristic at a given emission).
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Fig. 6 Typical current variation on self-extinguishing (switch of

restricted area grid). Arrow shows the front of V,. P = 1.33 X
10 torr, E, =20 V; I ~ 0.42 A; |V_| =30 V.
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Fig. 7 Operation at the moment of extinguishing the fast switch
(1), the ignition of the slow (2) switch. 1, V3 (arbitrary units).
V3| ~ 6 V; 2,15 3, V, (repeats qualitatively —V_,); 5, V3 6, I
Po=1.1 X 10 > torr; E,= 40 V.
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2) Unlike small-cell grid PS (Ref. 1), no maximum possible
time of extinguishing existed. When working for active im-
pedance (Fig. 6) the current could almost reach its initial value
after a lapse of 1-2 s and be invariable for some time (as
long as 15-20 ws) until the moment of extinguishing. It was
natural then to expect minor current dynamic change from the
inductive component of the impedance.

3) As compared to the small-cell grid switch,'”” the ignition
was slow and its start delayed 2-3 ws (Fig. 7, curve 2) with
regard to the leading front of ignition pulse (curve 1).

4) Fast extinguishing could be obtained in the switch of the
restricted area grid as well, but greater pulses |V, | were
needed and will not be commented on in this paper.

Since the shoulders of the circuit are no longer equivalent,
we considered separately the processes of extinguishing 1
(small-cell grid) and the ignition of the switch 2 (diaphragm).

This study has shown that the demands on the mutual pulse
arrangement were exorbitant in this nonsymmetrical case [tran-
sition (1-2) and the opposite transition moment (2-1)].

Transition 1-2

Because of a delayed increase in current I, there was a
pause when both elements were not conducting for some
time, no matter which front (of Vi or V) came on earlier.
The currents and anode voltages are shown in Fig. 7 in the
case of V| leading front (preceding extinguishing of 1, curve
6) being ahead of that of V3 (curve 1) by =2 ws; however,
the kinetics did not change notably if V| were behind. Al-
though the value of delay #(I,) — #(V3) (Fig. 7a) and the I,
increase rate depended on the phase of V, (curve 3), the
pulse V3 of 12-15 ws length was always enough for reliable
ignition of switch 2.

Transition 2-1

Because extinguishing of switch 2 had delayed the self-ex-
tinguishing character and the current /> did not change notably

I,L,0A)

Fig. 8 Operation at the moment of extinguishing the slow switch,
the ignition of the fast switch (currents). 1,1',1", I,; 2,2",2", I,; P,
=8 X 10 > torr; E, = 60 V; step shows schematically the position
of the front of V5.
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Fig.9 Operation at the moment of extinguishing the slow switch,

the ignition of the fast switch: a) 1, I3 2, I, and b) 1, V43 2, V 5}
|[Vi| ~6 V; |V5| = 40 V. Arrow shows the V; leading front.

within the first 3-4 s, bulk conductance remained for some
time, even at a pause between the leading fronts of V; and
V3 [((Vy) < t(V3)]. The time variation of I, is shown in Fig.
8 (2,2',2") depending on the current /, increase start in neigh-
bor switch (1,1,1"). Unlike the case of ohmic load, some in-
crease in I, above the stationary value could be observed (if
the stationary current was smaller than emission owing to a
backstream random current from the plasma). It was always
connected with the ignition start of the switch 1, leading to a
substantial voltage outbreak V,, (Fig. 9b, curve 2). The process
had a complicated impact upon the factors that determine the
further variation of the current: the current density through the
diaphragm and local concentration of the plasma at whose
background the instability developed. Yet a comparison to the
same initial state of the device loaded with ohmic impedance
had shown that no significant extinguishing efficiency change
occurred.

The study of nonsymmetrical circuit enabled some results
to be suggested in the case of using two switches based on
self-extinguishing processes, e.g., the inherent ignorance of
performance concerning the arrangement of control pulses.

Conclusions

The results obtained show that the push-pull mode is re-
alized successfully in the switches based on either the same or
different principles of control, and restricted to laboratory con-
ditions and comparatively low total currents. The performance
study of a full-scale model for an order of magnitude higher
currents is possible.
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