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REPETITIVE SERIES INTERRUPTER

Maurice Weiner
US Army Electronics Technology and Devices Laboratory (ECOM)
Fort Monmouth, New Jersey 07703

Summary. Self modulated high power microwave tubes
may be protected against arcs in at least two ways.
One technique involves the use of a crowbar to divert
the energy. Another approach is a high voltage fuse.
In both cases a great deal of down time is involved.
This work describes & third approach wherein a nor-
mally closed series device is placed in the discharge
circuit. Upon the sensing of an arc the device inter-
rupts the current until the arc clears. This permits
operation on the next pulse. The device is basically
a thyratron with a long discharge region in series
with a perforated anode. Operation of the device de-
pends on the application of a pulsed magnetic field in
the interaction region to vary the impedance of the
discharge. The interrupter device is described and
measurement results of voltage tube drop, pulse shape,
and magnetic fields needed for current interruption
are given. The physical mechanisms underlying the
current interruption are discussed. Results of the
study demonstrate overall feasibility and point out
areas requiring further development.

INTRODUCTION

High power, self-modulated microwave tubes .may be
protected against arcs in two weys. One means for
tube protection is the use of a high voltage fuse.
When a tube arc occurs the increased current causes
the fuse to open, thereby preventing further damage to
the tube. The second technique involves a crowbar
switch shunting the microwave tube. In the event of
en occasional tube arc the switch is closed and energy
is diverted from the tube to the crowbar circuit. In
both these techniques the system shuts down and time
is required to return the system to operation.




This paper discusses a protective device, the
repetitive series interrupter (RSI), which is basical-
ly an electronically resettable fuse and therefore
does not require system shut down. The RSI is placed
in series with the microwave tube in the discharge
circuit (Fig. 1). The RSI is normally closed. In the
event of an occasional tube arc, however, a current
sensor causes the RSI to temporarily interrupt the
current allowing the tube arc to clear. The RSI then
returns to its normally closed position during the in-
terpulse time, allowing the next pulse to occur. As a
result a continuous tracking capability may be main-
tained for a radar system. 1In the event of continual
arcing, the logic for the RSI can be programmed to per-
manently open up the circuit after a specified number
of consecutive interruptions (typically 5). This can
be of particular importance in a radar using multiple
microwave generators since the system can continue op-
eration with diminished rf output. An RSI can also be
used to immediately turn on a stand-by microwave gen-
erator if continuous full power operation is required.

The same basic device may be used in two other
protective modes of operation, as shown in Figs. 2a
and 2b. As in the previous mode of operation, these
two modes serve to protect against the occasional arc
without resorting to system shut-down. Figure 2A shows
an RSI in the charging circuit. In the event of anarc
a current sensor causes the RSI to interrupt the char-
ging current. The advantage of this technique is that
no pulse jitter, distortion or delay is introduced

because the protective device is not located in the
discharge circuit. This mode assumes the microwave
tube is capable of dissipating the stored energy in
the capacitor without suffering permanent demage.

This mode of operation also eliminates the necessity
of resistively charging the secondary capacitor, thus
enhancing the efficiency.l In Fig. 2b the device
operates in a crowbar mode; the normally open protec-
tive device shunts the microwave tube. When arcing
occurs the device is triggered into conduction, di-
verting the arc current from the tube and allowing the
arc to clear. The protective device is then triggered
back into the non-conducting state. The power supply
need not be shut down unless the arc does not clear.
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Longer life may be attained since the device does not
operate continuously. The disadvantages are: (1) re-
sistance in the capacitor circuit is required, thereby
lowering efficiency, and (2) the device must be de-
signed to handle higher currents.

In this paper experimental results will be pre-
sented on the RSI operating exclusively in the dis-
charge circuit, as shown in Fig. 1. No experimental
results were obtained on the protective modes of Figs.
2a and 2b. Previous experimental work, however, has
been gerformed on the RSI device in the charging cir-
cuit.

The principle of operation, the design, and
measurements of tube drop, pulse wave form, and

parameters necessary to interrupt the current are
discussed.

DISCUSSION

Device Concept

The RSI is shown schematically in Fig. 3. The
device consists of a thyratron section coupled, via
a perforated anode, to a relatively long magnetic
interaction column. The final anode is located at
the end of the column. Current interruption is
achieved by the application of a pulsed magnetic
field directed transverse to the axis of the inter-
action column. The magnetic field effectively in-
creases the impedance of the interaction region
eventually causing complete interruption of the :
current. The magnetic field is removed before the
start of the next pulse, thus preparing the RSI for
conduction on the next pulse.

The thyratron section may be opersted in either a
keep-alive or triggered grid mode for a pulse system.
The keep-alive mcde is necessary for a CW system. In
a8 pulse system, the advantage of the keep-alive is
the elimination of a trigger for each rf pulse. The
use of the grid mode on the other hand, allows for
possibly a simpler way to permanently interrupt the
current.




Experimental Designs

T™wo designs of the RSI device were tested. The
type A design is shown in Fig. L4 together with a photo-
graph of the finished device in Fig. 5. The device
was fabricated by C. Shackelford of ITT under Contract
DAABOT7-T73-C-0320. The thyratron is an 8613 model

capable of 15 kV peak and 0.5 amps average current,
and a peak current rating of 500 amps. The grid
structure is modified to allow for the introduction of
a separate keep-alive, which requires 140 volts and
runs at 100 mA. The reservoir is set for a pressure
of 0.45 torr hydrogen. The thyratron section is
coupled to the magnetic interaction section by means
of a wire mesh. The interaction region is folded
back to reduce device length and facilitate magnetic
field design. The length of the inner column is
approximately 14" and that of the folded region is
10". The ID of the inner column is 3/8" and the
folded annulaer region has an ID of 1/2" and an OD of
1.0". The design A model is discussed in more detail
in Reference 2 where the device was developed for use
in the charging line.

Design B is shown in Fig. 6 together with a
photograph of the completed device in Fig. 7. The
device was built by D. Turnquist of EG&G under Con-
tract DAABO7-73-C-0274. The thyratron is a 7665 model
capable of 16 kV peak, 0.5 amps average, and 350 amps
peak. The grid element was operated as a keep-alive,
running at 75 volts and 30 mA. The pressure is 0.425
torr hydrogen. The thyratron is coupled to the inter-
action region by means of & circular aperture. The
interaction region is folded 3 times, thus providing
L sections, each approximately 5 1/2" long. An
electrode is provided at the end of each section,
so tha*t the effect of interaccion length on the
device behavior could be investigated. The ID of the
interaction region is 0.181". The design criteria
leading to the construction of the type B device is
given in Reference 3.
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- Test Set-Up

The set-up is shown in Fig. 8. Tube drop, wave-
forms and magnetic fields to interrupt normal conduc-
tion currents were measured. The microwave tube is
simulated by a combined hard tube, the Machlett 65LbL,
and a 600 ohm low inductance load resistor. The RSI
is in series with the load. The pulse current is
supplied by a 0.5 pf capacitor charged to 15 kV.

The pulse current was measured with a wide band trans-
former and pulse voltages were measured with a Tek-
tronix P6015 probe. Measurements were obtained using
a keep-alive mode of operation in the thyratron.

A 17 turn bifilar coil, ten inches long, produced
spproximately 1.64 gauss/amp. A single current pulse
for the coil was supplied by a 75 pf capacitor charged
to 4 kV. Switching was accomplished by & triggered
spark gap. The triggering of the spark gsp was done
after the start of the normal current pulse.

The test set-up for measuring the interruption
behavior under fault current conditions (Fig. 9) is
similar except for the addition of a thyratron switch,
which shunts the load resistor and the hard tube.
After the start of the normal conduction pulse the
thyratron is triggered into conduction, effectively
shorting the load and hard tube and providing a fault
current to the R3I. The level of fault current thru
the thyratron is varied by adjusting the tap on the
series resistance of the hard tube.

Measurement Results

a. Tube Drop. Tube drop measurements are shown
in Figs. 10 and 11 for both designs. The hard tube
was operated in the linear range. The conduction
current increased with source voltage, reaching about
20 amps at 15 kV. It is noted that the tube drop de-
creases slightly es the source voltage and pesk current
are increased. The voltage drop in the thyratron
section accounts for only a small part of the total




tube drop; the thyratron voltage drop in type A tube
is 150 volts and in the type B tube it is 75 volts.
The increase in tube drop as the interaction length
increases is evident from Fig. 1l1. The tube drop is
approximately proportional to the }nteraction length.

b. Magnetic Fields Required for Interruption.
Figure 12a shows, for the type A device, the inter-
rupted fault current superimposed on the uninter-
rupted fault current (upper traces). The bottom
trace shows the magnetic field current pulse. Be-
cause of the large coil inductance the field current
reaches its peak (corresponding to 5000 gauss) at
about 100 ps. Figure 12b shows the results when
interrupting normal conduction pulse under non-fault
conditions. Based on previous work (Reference 3) the
plasma reacts to turn-off fields in less than a micro-
second. The turn-off times observed are not repre-
sentative of those that can be achieved with magnetic
field generators having smaller risetimes.

Figure 13 shows the variation of turn-off field
as a function of the fault current for the type A
model. The source voltage is fixed at 8.6 kV. The
fault current was changed by varying the value of
resistance shunted by the thyratron switch. The
field was measured by noting the current flowing in
the magnet coils at the time the fault current goes
to zero. It is seen that the turn-off field changes
little as the fault current increases.

Figure 14 shows the variation of the turn-off
field, interrupting normal conduction currents, as a
function of the source voltage. As noted from the
figure the turn-off field increases linearly with
source voltage. Comparison of Figs. 13 and 14 shows
that the turn-off field is largely dependent on the
source voltage, rather than the peak current.

Figure 15 shows typical waveforms, for the type B
tube, of the interrupted and non-interrupted discharge
currents (lower traces) and the magnetic field current
pulse (upper traces). The current pulses interrupted
here are for normal conduction pulses, i.e., no fault
current was introduced. The magnetic field coil used
was the one designated for the type A tube geometry.




Figure 16 shows the variation of the turn-off
f'ield as a function of the interaction length for the
type B tube. The turn-off field decreases as the
interaction length is increased. The tube drop, on
the other hand, increases with interaction length.
Comparison of Figs. 16 and 11 shows the kind of trade-
off which may be made between the tube drop and turn-
off magnetic field as the interaction length is varied

c. Current Waveform. Figure 17 shows the
current pulse in the cathode leg of the 65LL at
10.8 kV operated in series with the type B tube using
4 interaction lengths. The initial spike is the 654l
capacitance discharging. This is followed by a 1.0 us
delay before full current conduction occurs, corre-
sponding to full RSI conduction. The results sre
complicated by feedback to grid drive producing
oscillation. Jitter, if present, is hidden in these
oscillations. The observed delay decreases several
tenths of a microsecond when the voltage is increased
from 7 to 15 kV. No delay is observed when the
magnetic intersction region is not used. The reduc-
tion in delay, by using one instead of four sections,
is approximately 15%. The delay therefore can be
attributed primarily to a formative time lag which
involves the coupling aperture connecting the
thyratron section and the magnetic interaction region.

Physical Mechanisms of Current Interruption

Two possible mechanisms which explein current
interruption, caused by the magnetic field, are: (a)
an increase in the transverse electron mobility,
thereby increasing the discharge impedance, and (b)
motion of the discharge against the tube wall, caused
by Tx¥ forces, where J is the current density and

B is the magnetic field. The proximity of the wall

to the discharge enhances electron diffusion to the
wall, as well as recombination, so that the discharge
impedance is again increased.




The increase in the transverse mobility qualita-
tively explains certain features of the current inter-
ruption. In particular, for the type B tube, the
change in turn-off field as a function of the inter-
action length, as well as the variation in discharge
current with field (Fig. 15), may be qualitatively
explained. However, wall effects arising from J x
forces cannot be ruled out as a contributing factor,
or even a predominant factor, to the current inter-
ruption, since (a) selective "scorching" of the tube
walls have been observed in agreement with the’J x
direction, (b) the calculated time for the motion of
the discharge against the wall is of the order of 1.0
ps, which is much less than the time frames used in
the measurements of current interruption, and (c) a
‘complete model describing wall effects arising from

x B force is not yet available, but may presumably
explain the observed current interruption.

An observation concerning the current interrup-
tion is worth mentioning since it may provide a clue
to the underlying physical mechanisms. From Figs. 12a
and 12b, which apply to the type A tube, it may be
seen that the current decreases rapidly at first, but
at the end of 20 pus or so the current decline becomes
oscillatory and aspparently more gradual. This be-
havoir barely appears in the type B tube, and at that
only for the single interaction length, and not in the
cases where the interaction length is longer. 1In any
event the change in the current decline, as the' field
increases, is probably indicative of a change in the
mechanism controlling the current interruption.

CONCLUSIONS AND RECOMMENDATIONS

Test results of an RSI device operating in the
discharge circuit have been presented. The device
consists of a thyratron coupled to a magnetic inter-
action region. Current interruption is achieved when
a pulsed magnetic field is directed perpendicular to
the current flow. Measurements of tube drop, turn-
off magnetic field, and pulse wave form were obtained.’
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Measurements showing the trade-off between tube drop
and turn-off magnetic field amplitude, as a function
of interaction length, are given. The measurements
also show the strong dependence of the turn-off field
on the applied voltage, in contrast to the weak de-
pendence on discharge current.

The results obtained show that the RSI is a fea-
sible concept. Additional studies have to be con-
ducted at full average power to determine reliability
and life. The various types of circuit applications
have to be investigated more thoroughly. Because of
system requirements the magnetic field generator must
be compact. In this regard the use of ferromagnetic
material for producing the field may be applicable.
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F'gure 12a
Interrupted Fault Current and Field Current
weve forms in Type A Device

Upper Traces: Interrupted current superimposed
on the uninterrupted current at 6.4 K
Horizontal = 20 ps/cm
Vertical = 50 amps/cm
Lower Trace?! Field Current
Horizomtal = 20 us/cm
Verticel = 2000 emps/cm

*  Pigure 12b

Interrupted Nomga! Conduction Current and
Field Current Weveforrs in Type A Device

Upper Treaces: Interrupted norral current superimrosed
on uninterrupted current at 12.8 kv
Horizontal - 20 ps/ca
Vertica. - 10 emps,/cm

lower Trece 3 Ficld Current

Horizontal - 20 us/em
Vertical - 200 emps/cn
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Figure 17

Current Waveform at 10.8 kV. Type B Tube.
Maximum Interaction Length.

Upper Trace: Grid Pulse to Hard Tube
Horizontel: 1 ps/cm
Vertical: 250 V/cm

Lower Trace: Discharge Current Pulse,
Initiel Current Spike is
from Merd Tube Cspacitance.
Horizontal: 1 ps/cm
*Vertical: 5 emps/cm
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