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Abstract

We are pursuing the development of Explosively
Formed Fuses along two separste lines. One design,
which has previously been demonstrated to cond.act s
9.5 MA 350 ye rieetime pulse and interrupt it in
1.2 uys. This scaled up design should operate at up to
15 MA with 20 oH loads. A second design with enhanced
performance charscteristics is being examined and will
be tested on a small scale. This design includes
opening ewitch inductance as part of the inductive
etore and, as a result, should have shcrter pulse
tranafer timea and should be able to be scaled to
handle currents up to ~25 MA with 20 nH loads.

Introduction

Useful clseses of explosive-driven magnetic flux
compression generators (explosive generators) will de-
liver many megamperes of current with characteristic
pulse delivery times of tens or hundreds of microsec-
onds. Many interestiny applications require much
shorter pulses, and opening switches can play a signif-
icant role in tailoring explosive generator wave forms
to meet epecific load requirements. We havi been de-
veloping explosively formed fuses (EFF'S)I' to sstiafy
the need for a first stage pulse compressor for explo-
eive generator waveforms. In a typical applicstion, an
EFF 1e used to conduct for up to a few hundred micro-
scconds at ~50 ufl and then divert current to a separate
branch of the circuit with a transfer time of 1- to
S5-us,

We have prcvlousl{ Eresented principles governing
the operation of EFF’s. ' To summarize, a relatively
thick conductor 1is cxnlosively driven into a forming
die chat extrudes the conductor into a series of thin
sections. Augrented by an wundetermined amount of
heating due to the extrusion process, Joule heating in
the thin sectionr csuses them to fuse and become resis-
tive. Figure | illustrates che fuse-forming process
for a particular die pattern. In the following materi-
al, we discuss experimeats with small cylindrical
devices nt currente up to 5 MA and results of higher
current teats of a device ultimately intended to con-
duct, then divert, currents of ~15 MA. Finally, we
present a deaign that should ultimately enable currents
up to ~25 MA to be couductad without incressing the
aizte of the switch.

Smal. Cylindrical Switch

Our initial teats of EFF’s in cylindrical geometry
were conducted uning a device having an active awitch
region ~15 cm long und ~29 cm in circumferenre. The
powar wsupply fgr theae teats conslated of an axploaive
plate generator” with initial field fed directly into
the generator by a capacitor bank. As described in
Ref. 2, these tcaLs demonatrate]l that the switch would
conduct fnr up to 100 pye and would then divert current
to low inductance loads in 1- tn 2-ps, dissipating
~450-kJ electrical energy. Further, we showed that as
the EFF reaivtanca began tov rise, a voltags of at laaat
80 kv could be withheld across the 15-cm awitch prior
to actuating the closing awitch and diverting currant
to the load. This voltags leada to current tranafer
with a fast riactime,

*Mhin work perfurmed tder the nuspices of U.8. Depart-
ment of Enevgy.
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Figure 1. Two-dimensionel hydrodynamics code
simulation of the evolution of an explosively
formed fuse. The simulation shows explosives
driving an aluminum conduction (cross
hatched) into a teflon die. The numbers in
each frame are the time in microseconds from
the initial motion of the aluminum. Fuse
action begins to occur at ~2 us.

Not shown in Ref. 2 are opening switch resistance
dsta. Figure 2 ehowa realatance profiles from two of
these teata. Two different die vatterns were used for
theae teata, but compensating effecta in the extrusion
process produce very aimilar registance profiles.

|
|

400

Figure 2. Resistance curves producad by tlwe
different die patterna oparating at diff::i.nt
energy dissipation limite. ~125 kJ wera dis-
sijated {n teat A while 450 kJ were dieni-
pated in teat B,

The important difference botwoon the two curvas is that
curve B {s produced by & die ouptimized for large
energien and the FEFF dissipated 430 kJ fn this test.
Curve A s for & wwitch that would only diasipate
~12% ®J. The dip in curve B is characteriatic o] o
awitch vperating near its energy dissipation limit anmd!
Indtraten that Lthe thivnest sweetfunn of the awtterh have
overheatwt vesultiog {n o decrvauml  restutonce. The
i+ patterns in respective  oxperiments A aml ¥ are



1.8 cm and 0.75 cm in length, and the long die patterns
produce a very thin extrusion over a short distance,
while the short pattern produces more than twice as
many fuse sections that are thicker. The larger number
of thicker fuse sections providus the extra energy dis-
sipation cspacity at the same resistance unti] the
energy limit ie exceeded.

For a finsl note on the small scale experiments,
Fig. 3 shows dats from s test in which a fuse was used
to subject the switch to & high voltage pulse after
current tranafer was complete. This was the highest
voltsge we applied across our small switch. The small
amount of reconduction shown from 64- to 65-us is con-
sistent with a resistance of >200 mQ snd demonstrates
that no fsilure of the switch occurred even though a
voltage »150 kV was spplied to it.
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Figure 3- EFF current profile frum fuse loed
test. The reconduction at 64- to 65-us is
duc to a voltage >150 kV applied by the
bureting fuse, and is consistent with an EFF
resiatance >200 mil.  The current pulse begins
at ~15 us on this time scale.

Scaling

In order to design EFF’s for higher current
applicationa, some scaling assumptiona muast be made.
Since the current interruption capacity of a switch is
determined by the smount of energy it can disaipate,
the firut assumption addresses the way energy diassipa-
tion will ecale with eize. The amount of energy diasi-
peted depends on the masa of material that fuaes and
therofore we consider how the active mass varies with
switch dimcunions. The switch conductor must initially
have a large enough croaa aection to conduct the full
pulse without appreciable heating. To allow our re-
scarch tu apply to a broad rarge of applicationa, we
have kept the thickneas of the swiich vonductor fixed
at 0,08 em: As a rapult, the thickuess of the fuse
sections per unit conductor width is alwo fixed and the
fune mase varies linearly with switch circumference, C,
in cylindrical devices. Also, the switch dics consist
of a serien of fuse furming patterns and the fuse mnasn
varfea with length an the nuamber of patterns in the
itle. For the same die pattoern, thin goey aimply as the
length, 2. Thuese conwideratione lead to the conclusion
tlmt tor a glveu die pattern, enerpy didafpacton ta thae
uWlterh vartes aw the purfave area ol Lthe swlteh couloe -
tor (tG).



The next scaling consideration addresses switch
resistance, which is imporiant in determining the char-
acterietic current transfer time. Using the same
phyeical model as sbove, we determine thst resistance
varies as £/C.

A high explosive (HE) system 18 svailable for use
i, these systems thst is 76~cm long and 96 cm in cir-
rumference. Using dsta from our l5-cm-long by 29-cm-
circumference tests, we determine that a switch csn be
built using this HE esystem that will have a resistance
R, sgiven by R = an(lLFsm/lsmcL) = 1.5 Ry, where the

subscripts L and sm refer to the large scsle and small
scale devices respectively: Similarly, the energy dis-
sipation, &8E, 13 given by AF; = AEsm(lLCL/lsmCsm) -
16.7 AEsm' For AEsm = 450 kJ, as we hsve demonstrated,
an energy dissipstion of 7.5 MJ is indicated. We have
built this sawitch and conducted prelininary tests as
described below.

Preliminary Large Scaie Tests

Our initial experiments with the 76-cm-long by
96-cm—circumference EFF are dizegted towards the needs
of a plaama z-pinch experiment. '” In most cases the
best use for an EFF 18 as the first stage of pulese com-
preasion on a long duration waveform, but for this ap-
plication 1t was deemed appropriate for the only stage
of comgression and testing in this configuration was
begun.” Reference 5 describes the currentL status of the

overall system performance, and we focus this diecus-
sion on the performance of the switch. Figures 4-6
show the important waveforms from one test. Figure 4
shows the totsl current conducted by the EFF, a.d witl
the load pulse shown on the same scale, 1is 8 graphic
representation of the degree of pulse compression.
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Figure 4. Large scale EFF test results.
Curve A 1s the currnnt pulse conducted (and
interrupted) by the EFF, Curve B is the cur-
rent tranaferred to a 10 nil  loed. On  this
acale, curve B, the lead current, ncarly die-
appears bahfnd the decaying curve A.

F{gure 5 shuws the voltage gencrated at the 10-nlt load
input, the deucaying awitch current, and the load cur-
rent pulse. Some load current was lost apparently at
the tnput of the awitch.
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Figure 5. A) Decaying EFF current. B) Load
current. C) Load t multiplied by the 10 nH
load inductance. Since ~2 MA of storage in-
ductor current are not accounted for in these
curves we conclude that s transmission line
failure occurred but had a higher impedance
than the 10-nH load. The exact time of the
feilure cannot be determined from the data,
but it occurred after the start of load cur-
reat. The time scale is the same ae Fig. 4.

Figure 6 shows the energy dissipated in the switch, the
dissipatigq rate, and the switch resistance,
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rigure 6. Kesiatance generated by the large
sgale EFF, the resulting pover pulse and totusl
1R energy dissipsted. 'The time scale 1a the
same as Fig. 4. Thr die pattern in this test
ia the same aw that of curve B in Fig. 2, and
the resiatence profile comparea favorably with
1.5 times the curvea in Fig. 2.
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In this test the load inductance was 10 yl and the
awitch inductance was 3) nHi. The data are, therefore,
repriesentative of switch performanne over wome range of
Iow  {wtuctance luads. Aesuming a large storage Induc-
tor, the minlmum eneryy dissipation (s ygiven by



AE = 1/2 Ig(Lz + LJ) and the pulse transfer time 1s
charecterized by (L, + L3)/R. In these expressions, I,

is the EFF current when the closing switch to the load
is actuated, the subscripts 2 snd 3 have been chosen to
be consiatent with a figure and refer to the opening
switch snd load respectively, and R is a step resis-
tance that approximates the actusl EFF resistance form.
From these expressions we see thst s chsnge from 10- to
20-uH for the load inductance does not have a dramatic
effect on the experiment. The required energy dissipa-
tion changes from 1.9 MJ to 2.4 MJ and, assuming sn
average value for R of 70 mil during the transfer time,
the e-folding time changes from 0.61- to Q.76-us-

Tests of the EFF and a fuse load hsve been con-
ducted but as described in Ref. 5, progress hss been
hampered by transmission line failures at ~100 kV snd
no high voltage pulsea have yet been applied. We have
interrupted currents of 10.5 MA in these tests, dissi-
pating over 2 MJ, and to dste, we have found no reason
to doubt the projactions that we made from small scale
tests.

Advanced Degign Concept

The EFF’s discussed thus far can be represented by
tle circuit shown in Fig. 7, with R being a finite step
reaiastance, Ll a atorage inductor, LZ the EFF induc-
tance, and L, a fixed load inductance. Hy a physical
rearrangement of the components, however, an EFF csn be
designed that operstes as shown in the circuit of
Fig. 8. Here, the symbols represent the ssme quanti-
ties as in Fig. 7, but LZ' the switch inductance, 1is
now included as part of the inductive store. This cir-
cult offers some advantages. For the circuit in
Fig. 7, the energy dissipation in the opening switch
during a current transfer operation is piven by

g o) g2 LyLy#+L Laytl,Ly
2 ° Ly +L,

and current is transferred to LJ according to

L -a(t-
1 at-t )
Iy 1 o

3 ’

Lj+Lq o
R(Lj+L,)
where a =
(L) Ly+L) Ly+L,L,)

Figure 7. Circuit representing EFF devices
tested to date. Ll is a atorage inductor, L
and R represent the EFF, and L, is the load.
Magnetir flux in I, 18 lost frum the .lrenit
in thin design when current transfor ovcurs,



(i) For the circuit in Fig. 8, however, we have
LLy

. 1.2
AE* = 15 -
270 Lj+lq

and

L)+Lly -at
l-e

I, = —— < 1
3 Ltl+ly  ©
where
R(Lj+Ly+Lq)

am=
lLlL3+LzL3|

Figure 8. Circulc for advanced EFF design
with esme symhols 88 in Fig. 7. Magnetic
flux in the EFF 18 not 1lost during current
transfer in this design.

For a large storsge inductor, the energy dissipation,
AE, and time constant, l/a, expressions reduce to

1 R

: 2
AE = I L -
7 o2t @ "y
PR . o R
AE 3 Ig Ly and a E; ’

and the sdvantages arc readily appsrent: both the
energy dissipation in the switch and the load currtent
risetime are reduced by s factor of Lz/(L + Ly For
large wscale devices, LZ is typically »35 nH and loads
of interrst are 20- to 150-nH which results in a
savings of 20-642 1in both energy and risctime.
Figure 9 is an illustration of an EFF configured to
operate as in Fig. 8.
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Figura 9. Side view of an advanced EFV¥
design shown attachad to a coaxial generator
output and a coaxial dummy load. Arrows show
initial conduction path. Surface discharge
closing awitch diverta current to load return
conductor when EFF opena. Both a simultane-
oualy initiated inner cylinder and an vuter
shell of explosives sre required.

EXPLOSIVELY FORMED FUSE

Tho primary di'ffcultice witth this design are that the
outer layer of HE must be detonatud by a shock passed



through one of the output conductor cylinders and the
output 1insulation without severing it. A plasma com-
pression opening switch with this topology 8 been
successfully demonstrated by Pavlovekii et sl.,> howev-
er, and with appropriate care for hydrodynamic consid-
eration we should be able to operata auch a switch. We
will perform tests with these systems on the same slze
scale_ (15-cm long) as our {initial cylindricai EFF
tests” in the near future, and plan to scale up to
lgrger eystems. With the 76-cm-long HE system, energy
dissipation criteria would allow 25-MA currents to be
considered with 20-nH loads, or 11 MA with 120-uH
loads. Another sdvantage of this design 1s that no
cables sre required to couple this switch to either s
helical gemerator at the @witch ioput or s coaxial
load. The extra efficiency and natural coaxial
topology of this switch should make it s very useful
opening switch for explosive pulsed power applications.
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