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FAST EXPLOSIVE~DRIVEN OPENING SWITCHLS

CARRYING HIGH LINEAR CURRENT DENSITIES™

J. H. GOFORTH, R. S. CAIRD, R. F. BENJAMIN, D. J. ERICKSON, C. M. FOWLER,

B. L. FREEMAN

Los Alamos National Laboratory, Los Alamos, New Mexico 87545, U.S.A.

ABSTRACT. Experiments are being conducted on switches similar to
those described by Pavlovskii et al. where larpe currents are interrupted
in an inductive store by explosively compressing a current-carrying plas=za
channel. We have used capacitor banks and explosive-driven magnetic-flux-
compression generators to produce linear current densities of € 0.6 MA/cm
in the plasma channel. Resistances that increase exponentially with
e-folding times of 200 to 400 ns are obtained in thes: experiments. Data
from these experiments are presented, along with calculations showing the

advantages of wusing this technique in explosive-plate-genecrator-driven

circuits.

* Work suppnrted by the United States Department of Enargy.
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1. INTRODUCTION

Many applications for pulsed power technology require current pulses
of shorter duration than those available by directly coupling an explosive
generator to a load. Figures 1 and 2 show circuits that provide short
pulse capabilities when used in conjunction with explosive generators. In-
each of these circuits the switch, S3, 1s closed at the appropriate time to
deliver the desived length pulse. Inefficiencies in che operation of these
circuits for very short pulse lengths (< 1 usec), however, lead us to
examine the advantages offered by the circuit shown in Fig. 3, where the
switch, §,, opens against the current flowing through it. The closing of
S3 1s coordirated with the opening of S, to allow an appropriate length
pulse to be delivered to the 1load. A variety £ fast opening switch
concepts have been explored, but the .most attractive for our purposes
appears to be that described by Pavlovskii et al. [l]. In this technique,
current flows 1in a relatively low resistance plasma cavity. The opening
switch action occurs when high pressure explosives products are suddenly
introduced into the cavity 4driving the resistance up. We are cu rently
performing experiwents to characterize such devices for operation in the

pulyved power regime compatible with our generators and requircments.
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2. THE PULSED POWER RFEGIME

We expect to use opening switches with classes of generators that
operate normally in a few tens of wmicroseconds. In order to achieve large
currents, these generators may be boosted by an additional generator that
provides a very high initial field and has a pulse duration of a few
hundred microseconds. For the applicarions of our generators where
switches are needed,.we expect to require pulses of < 1 usec. Bec3use of
the high ratio of total pulse length to load pulse length, opening switches

that can carry current indefinitely are preferable.

In addition to the tiue compression rcquiremeut, a high curre.t
density capability is highly desirable. Many of our generators opecrate at
near 1 MA/cm linear current density, and in order to make the size of the
switch commensurate with the generator size, switches that op:rate at large
current densit.ies are necessary. Pavlovskii’s published resuvlts [1) are at
a linear curreat density of 0.. MA/cm, and Turwman et al. [2) have expiored
the concept up to 0.2 MA/cm. We are currently perforning experiments in

the range up to 0.6 MA/cn.
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3. EXPERIMENTAL SETUP

Tigure 4 1llustrates che parallel plate geometry we have used in the
tests we describe. Current flows in a planar cavity that 1is ~ 3 cm wide
and 5 cm long or ~ 6 cm wide and 2.5 cm lorg. We have some dirficulties
with this geometry that are not present in the geometry used by Pavlovskii.
Principally, pinching occurs 1In the plasma cavity, and high voltage
breakdown paths around the sides of the electrodes are difficult to

eliminate. However, we are able to perform many tests with this setup

quickiy and at a low cost.

For many of our tests, we have used a 2,500 uF capaciter bank at 15 kV
to provide currents of ~ 1 MA to the plasma cavity (linear current density
of ~ 0.3 MA/em). For tests at higher current densities (< 0.6 MA/cm) we

have used parallel plate explosive generators.
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4. EXPERIMENTAL RESULTS

Most of our experiments have been performed with the objective of ob-
serving the resistance rise as P3X 9501 explosive products are iuntrocduced
into the cavity. In these tests, maximum voltage develops since no
parallel load is switched into the circuit when the resistance begins to
rise. Our test assembly does not allow us to develop more than ~ 50 kV in
the circuit, but thi§ level was reuacned in both capacitor bank and plate

generator powered experiments.

Figuie 5 shows the resistance rise attained in a capacitor bank exper-~
iment.. (r this test the current density was 0.3 MA/cm, and when the system
limit  of =~ 50 kV was reached, the resistance had increased by a fantor of

~ 7. The peak voltage drop across the switch was enly ~ 10 kV/cm.

Figure 6 shows the resistance rigse attainad in a plate pgenerator ex-
periment. The current density in this test was 0.5 MA/cm. The plasma
cavity was half the length of the plasma cavity used in the previously de-
scribed capacitor bank driven experiment, so when the limit of ~ 50 kV was
reached, the voltege drop across the plasma was ~ 20 kV/cm. At this time,

the resistance had increased only a factor of ~ 4.

The magnitude of the resistance rise in these experiwents is not high,
but because there were extraneous breakdown problems, the peak resistances
attained do not vepresent limits. Further experiments with systems capabla
of withgtanding more than 50 kV will be required to determine the ultimate

resistance achievable at these current densities. What is encouraging in
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these data is that, in spite of the elevated current densities, resistance

increases occur on a time scale of interest.
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5. APPLICATION OF EXPLOSIVE PLATE GENERATOR CIRCUITS

Plate generators are a type of explosive generator distinguished by
maintaining a high driving impedance until burnout, the time when £lux com-
pression 1s complete. Although the peak resistances developed are modest
in the cpening switch tests described, with no further dimprovements they-
are high enough to provide some benefit in experiments conducted using
plate generators. F{gure 7 shows plots of (dL/dt) and L versus t for one
of our explosive plate generators. Since tue units of «L/dt are wmilliohms,
it can be seen that dL/dt represents the driving impedance of the genera-
tor. Lecads with impedance < |dL/dt| of the gen2rator can be powered
directly by this generator. For 1loads me:ting this requirement and
requiring <chort pulses, an opening switch is benefizial 1f it will carry
current efficiently during the early operatioan of the generator, then Jump

to some higher resistance on command.

Figure 8 1s a circuit used for computer simulations of explosive gen-
erator tests. In this simulation, L; is the explosive plate generator with
the dL/dt and L shown in Fig. 7. The opening switch is represented as a
resistor that remains fixed at 4 mQ until the last 1.25 pusec of the genera-
tor operation, then dincreases linearly for 0.5 usec to 40 m where it
remains fixed until geverator burnout. The switch, §; closes 0.25 usec
after the resistance begins to increase, allowing current to £low to the
load for the last 1 usec of genarator operation. The recults of simulating
the final 1.5 usec of genarator oparation are shown in Fige. 9. The current
in the siuwulated switch is ~ 2.6 MA when it begins to open, and ~ 3 MA 1is

delivered to thae load in 1l yuac.
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Higher £final resistances in the switch offer better efficiency, of
rourse, but the advantage gained even at this resistance is illustrated in
Fig. 10, -here the same simulation is reproduced with the exception that
the opening switch resistance is never allowed to increase. In this -ase,
it 1s seen that the generator develops considerably more current, (6.6 M’
rather than 5 MA) but only delivers 1.7 MA to the load. For amn additionmal
comparison, we ran a simulation of the technique illustrated in Fig. 2.
Using the same generator, load and initi 1 conditions as in the previous
two calculacions, 2.4 MA was the largest pulse that could be delivered to

the load.

If the plate generator in Fig. 8 is replated by a static storage 1in-
ductor, themn we can simulate a more conventional application of opening
switches. These calculations represent the use of our opening switches 1in
circuits where the explosive generator has been used to charge a storage
inductor, but has burned out or has only a negligible dL/dt when the 1load
is switched into the «circuit. A complete discussion of the inductive
storage current transfer process is beyond the scope of this paper, and the
reader 1is referred to Reinovsky et al. [3) for a more complete treatment.
As a basis for comparison, however, we ran simulations with the same amount
oEl stored 1inductive energy as available in a plate generator at an
equivaient time relative to the load pulse. In our first case, the current
and stotage inductance are set equal to the corresponding plate gererator
parameters when the current transfer process begins. The load and switches
remain 1ilJentical. In this case, only about 1.4 MA are transferred to the
load in the first microsecond. For additional comparisons, we simulated

the same inductive storage circuit but increased the peak resistance.



~-9- GOFORTH, J. H.

Optimum l-~usec pulses require only 75 m switch resistance, and i{ peak
recistance 1is 200 mQ?, the risetime drops to ~ 0.5 usec. However, only
approximately 1.5 MA are delivered to the load in these cases. Finally,
Fig. 11 shows the result of a simulation where the initial current and penk
opening switch resistance are adjusted to deliver 3 MA to our standard sim-
ulation 1load 1im 1 psec. To obtain a 1 usec ricetime, a 75 of opening-
switclt is required. The total stored inductive energy in this simulation
is 660 kJ as compéred to 211 kJ in the plate generator simulation that

delivered the same pulse to the load.

What tuese examples demonstrate is that, given a fixed amount of 1in-
ductive ernergy stored in a circuit and a iixed risetiuwe of the currvent
pulse, the largest current pulse is delivered by the explosive plate gener-

ator in conjunction with a very modest resistance opening switch.

We note that, in a pure inductive store process;, higher resistance
switches provide faster pulses to the load, but the only way to deliver the
same amount of current from a strictly inductive store is to increase the

total stcred energy.
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6. COWCLUSIONS

We believe that the peak-resistance values cbserved in our preliminary
opening switch tests are not the largest that can be obtained. Experiments
capable of withstanding larger voltage will be performed to determine what
the real peak resistance limits are. We have, however, demonstrated that
we can achieve a resistance rise 1in circuits carrying high current
densities that s high enough to allow us to produce larger short current

pulses into our load than we can deliver without such a switch.

In a-.dition, using these switches with explosive plate generators can
provide larger short pulses for a given stored inductive energy than are

available from pure inductive storage techniques.
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FIGURL CAPTIONS

A short pulse can be obtained from an explosive generator (Lg)
by coupling the load to the output of the generator through a
transformer. The length of the pulse is determined by the

closure time of S3.

£ short pulse can be obtalned from an explosive generator (Lg)
by using a ballast inductor (LB) to complete the generator
circuit during the early time operation of the generator, then
closing the switch, §S,, at the appropriate time. L must be

oprimized according to the losd, gererator and length of pulse

desired.

In short pulse applications, more efficient use is made of the
explosive generator (LG) if an opening switch (S,) is wused in
the generator civcult .uring early stages of generator
operation. The relative timing of closing S; and opening S, is

adjusted according to switch characteristics.

Parallel plate opening switch geometry. The arrows in the side
view show how curvent flows in the plaswa cavity and the end
view sghows how the plasma 1s confined at its edges by the

quencher.
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Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.
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Resistance rise obtained in a capacitor bank powered experiment

where the linear current density in the plasma cavity was

0.3 MA/cm.

Resistance rise obtained in an explosive plate generator

powered experiment. Linear current density at switch time was

0.5 MA/CEO

Inductance (L) and dL/dt curves for a typical explosive plate

generator. T is the solid line and dL/dt is the dashed line.

Circuit used to simulate the cperation of an explosive plate
generator (L;) delivering a short pulse to a load with the aid
of an opening switch. The opening switch 18 modeled as a
resistor that increases linearly betweeu prescribed end points

for a fix2d time interval.

Results of s8imulating the circuit shown in #ig. 8. The s0lid
line 14 the total generato. current, the dotted 1line 4s the
Joad current and the dashed line is the current in the switch.
The switca resistance begins to 1tise at 12.75 usec and
generator burnout occurs at 14 usec.

Results of simulating the circuit shown in Fig. & 1In this
case, the switch resistance was never increased. The so0lid
line 1is generator current, the dotted line is load current and

the dashed line is switch current. Comparing to Fig. 9 wshows



Figure 11.
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that the generator develops more current, but much less is

delivered to the load.

A 60 nH storage iaductor carrying about 4.7 MA will deliver
3 MA to our simulation load in 1 usec with the aid of a 75 o}
opening switch. Thig compares to the plate generator
simulacion of Fig. 9, where th: generator was carrying about
2.6 MA, aﬁ an inductance of 60 nH, and delivered 3 MA to the

load in 1 usec with the aid of a 40 mfl opening switch.
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