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MULTI-MEGAMIERE CURRENT INTERRUPTION FROM
EXPIOSIVE DEFORMATION OF CONDUCTORS*

J. H. Goforth, A. H. Williams. S. P. Marsh
Los Alamos National Laborstory
Los Alamos, MM 87545

Abstract

Two approaches for using explosives to {nterrupt
current flowing ir solld conductors are described.
One coocept uses explosives to extrude the switch con-
ductor Into thin raglons that fuse dua ta curramt in
the switch. A preliminary scaling law is presented.
The second approach eaploys dielectric jets to sever
current carrying conductors. A feasibility experiment
snd an improved design sre described.

Introduct lon

Exploalve—driven magnatic-flux compression gener-
ators (explosive generstors) sre pulsed power devices
capable of delivering tens of megamperee of curremt to
suitable loada. The drivliog impedance of & generstor
depends on the derivativa of its decreasing induc-
tance. As s result, the driving impedance is limited
ultimately by the velocity at which conductors cam be
driven uslng exploaives. Similsrly. the useful elec-
trical pulse lengtii can be no less than the time
required to decrease a generator’s inductance by &
large smount compared to the feductsnce of the load.
For loads requiring s higher driving Impedance or
shorter pulee length than s speciflic generstor cem de-
iiver. the electrical pulse obtsined directly from the
genarstor must be conditioned. We are concerned with
uslng exploasive gene~ators se power supplies to dellv-
er tens of megampcres in short pulees (<1 us) to low
inductsnce loads. There sre. in princlple, s varlety
of ways ln which ehort pulses can be extracted from
exploaive generstors. In practice. our current re-
quirements demsud that we make the most efficient pos-
aible use of vur generstor outpat. Multlple branch
circuits with combinations of explosive generators,
opening ewitches and closing switches offer svme real-
fetic salternatives. The best option among these ia
yet to ba dotersined, depending primarily on which
opening saewitch csndidates can actually be made to
function at the required levela. Figure 1 shows three
exemplary circuit posaibliitiea. Gy G and G, repre-
sent existing explosive gencrators or generstor combi-
natlons that Yo!e the cspacity for delivering 50 MA to
s 10 oHt load."'“ Using known characteristice of these
geanerators and ssserting the need to deliver 10 MA to
a 10 nH loed in 0.5 us or loss we cen state some ap-
proximate requircments {mposed on the switches
] -85. Tai'le [ summacizes the roqiirementa. Be-
cause of the needs 07 the pulsed power comsunity,
thore are a large nusber of openiug switch cowcepts
under fnvestigecion. HEsch of thesec has advaurages and
disadveutages, sithoogh the Liat shortens dramatically
whon the roquirement to cerry sany megampercs for
saveral sicroscconds s imposed. For wae in oxploaive
ganarator circuits, opouing switches that make nae of
fuigh explosivas (lIE) pose no additional operational
difficulty but do offer some advantages. HE driven
opaning awitchos operate oo command, cat be made to
conduct  for oxtroemely long tLimes, aud have enargy
avai lable for the opouing process that can be Llazge
compared to the electrival enexgy of the cireunit.
Thera 18 uo rep-vata capability, of course, aud as
with oxplonive genaraiorn, tima scalea are Limited by
valocitias achievable by using HE techuniquen. Tiwo
scaleas fmposed fn Table [ are within the tealm of
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Fig. l. Exemplsry power couditioning circuits.

exploaives capabilicies, however. and exploaive
opening switches capable of meeting the needs of each
of the awitches 8|39¢ cen be proposed. Another paper
fn thie conference reports on our progreas with
pleema compreeslon opening switches, (a candiidate for
8, or Ss) and we will concentrate in this psper on two
devicea that make use of explosive techniques to sever
motallic covductors wmasslve enough to conduct the
entire pulse while remalniag in the solld state. A
third device f this type s doscribed by
Reinoveky et al. in this conferonce. These conceots
arc wost likely to succced i{n filling tha needes for
awitches S, snd S, although the second switch wo wilil
deacribe has asoma chance of estisfying the needs of
Sl. S3 or Ss.

Explosively Formad Fuses

The oponing ewitch concept we now cloose to
denote by "Explosively Formed Fuscs" bogan as an at-
teapt to bring eisultencous {nitistion eyastewms and
substantial volumes of HE to 50!; on the techaique do-
veloped by Vitkovitaky ot sl.’ Subscquent calcula-
tioual and experimental efforts hsve led us to believe
that the opouing speed provided by the more powerfui
UE syatens alters the opening mechanisa of tho awitch.
Figure 2 {llustrates the coucept. A relastivaly thick
couductor is oxplosively driven {futo a void In an
fusulating aunvil. Rather thau shearing &' the edges
of the savil, two dimeunaionsl hydrodynnaic code (2-1)
code) csiculations reveal that the watorial fa
extruded futo thin rogiona uear esch anvil odge that
apparauntly “use under the actfou of the curreut.

In amall scale tedte we uded formiug auvile with
five grooves fn sarfoe of tha typs shown fIn Fig. 2.
Plane wave dotonation uystoms wore uwdod to drive the
counductor futo the five grooves simultauncously. The
conductor  fu  the owitch wan 6.4 cm wide, aud apanned
7.3 cm fu crodaiug the tive groaves. We varlied the
conductor And the anvil matarialn dacfug the tentn,
althongh onv attowptn to compare auvil matorfala  that
have high awd low mataridl ntrangtha have provad



Table I. Counstrsints on Opening Switchas in Fig. 1.

Opening Conduction Peak Conduction
Switch Time Current Reslatance
8 ~500 us 40 MA <1 =0
8g ~500 us 25 MA <1 a2
93 ~10 us 40 MA <l R
S ~400 ua 10 MA <10 mQ
Sg ~100 us &0 MA {1l =2
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Fig. 2. Exploaively Formed Fuse Concept. Conductlon
phase 1is ehown on the left and a 2-D code
predictlon of the dynamic opening phase on
the right. Anvlil materlsl in thig
calculation s Teflon.

fnconc lusive. We also performed some testa in which
6.4 cm thick Teflon was inaerted between the HE and
che conductor. We will refer to these ss Taflonm
follower tests. Equal thicknesses of aluminus, brass
and Inconal 525 were used to stu’y different conduc-
tors. Wa choae aluminue as a high conductivity mate-
rial that extrudes rcasonably well under the action of
axplosives. in contrast, brass {8 & good conductor
thet fregeents in simflar circumatances. Inconel 625
was chosen 88 a low conductivity metal, to see {f the
much higher {nitisl resistance would lead to a
sisilarly higher finsl open ewitch rosistance. No
correlation was found between {nitial and flaal
reaiativity, but tho hydrodynamica plsy seuch an
ovorvholeing role tu the fusing process, that the
dotailsa of the oxtrusion will have to be known very
wall before definitive atatemonts can be made. In ad-
dition, the tendency of brass to rupture under explo-
aivo atrosscs did not offoct {te performance as an
oponing switch. The material property that corrolates
with the date 18 the mass boing driven by the HE. The
lower the wmase, the faster tie conductor {8 extruded
by the explosive gascs, “hin  treud contiuuwer when
Tofifon i1a ;naarted Letwnan the HE and conductor, as fis
filuatrated fu ¥Fig. 3 where tha opeuing switch
voltagas from cliree toste are plottad. 1In the figura,
we woe that the voltage rise, cocraspouding to the
begianing of the opanfug awitel rasistance riesn,
bogine fucreaniugly later as tho wmads being drivon by
t o explosiven facreases. Iu all thene tests the cur-
voul. fu the clircuit wan driven to raro, fudicating wo
routrika of thoe curreut path. Subntantlal reeistumunces
were ofitafund fu thene opouing switcheo as fa shown 'u
Fig. 4, whora roeasfgtancen sto plotted for a hare
afumfnum (f1luat vatod fu Fige 2) and a Talion folluwer
test. While tha Taflou follower teut taken fouger {or
the vosiatance 1o tine, it ntill acldeves a vory hipn
vesfutanca, and  dhowe ovideaca of vemiufug at a
highar value. The ciccuit for our small scale tests

®actfon occurved,

Open Opening
Inductance R Time
10 aH .18 €0.5 us
10 aH .18 2-5 us
<10 nH »0.1 8 <0.5 us
20 nH 0.1 8 2-5 us
10 o »0.1 0 <0.5 us
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Fig. J. Voltage waveforms from small aecsle tests.

Curved A snd B sre from rests with siuminua
and brsss conductors respectively in exper{i-
monts as {lluctrated in Fig. 2. Cuarve T is
from a Taflon follower test with alumioum
conductar.

congisted of a 1500 uF capacitor bank tha' wag die-
charged into the ewitch through low inductance cablss.
The totsl circuit fnductance was ~160 af. No
sltornate current path waa provided when the opening
and thus the drop in current {8 duc
to encrgy dissipsted lo tie switch. At a current of
400 kA, ~13 kJ are diasslpsted in the opeuing ewitch.
FPor rmwat of our applications the 1sst rise oxhibited
by curve A in Figs. ) snd & hae been considered {mpor-
tant and it 18 on thig combinstion that we have con-
conttated subsequeont offorts. Table II summarizcs the
dateils.

Lf the openfng mochanism for our small scale ox-
periment ia aas we have propvsed, the cuergy diasipa-
tfon in tho switch should ba proportiounal to the width
of tha couductor and the auabor of grooves in the
auwvil. ‘fo vorify thia relationahip, wo couducted ex-
periments {an which the leugth and width of the emill
seale dovice were bothi doubled. That fw, wo mads the
conductor 12.7 ¢m wide and long onogh to apan
10 gtooves. We propose thet this dawitch afwuld bhe
able to dissipste ~50 kJ of circuit auergy in the
opontug grocces. Taste of thia aystam wore (u a civ-
cult  ousintiug of a 1500 pF capacitor bauk and the
switeh, with a total circuit  fudactance of  ~450 ull.
With 750 kA flowing iu thia circuft, the opouing
gwiteh exploaive chargos were actuated. The resaltiug
opaudug  nwi kel actfon  reduced the curreut to 600 kA
batore 4 rastcike occurrad, ludicetiag an aner,y dis-
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Fig. 4. Resistsoce i1ncresses devaloped in bare slumi-

num test (A) and Teflon followar test (B).

eipation of ~46 kJ. WUa conslder thls result s pre-
limlnary verification of the ecaling law. Restrike
occurrad on thie shot atter -80 kV was generated
across the ten channels representing & resistance rise
to over 100 mQ in ~i ua.

Floally, we parformed teste to verlfy that the
svitch will not restrike {f sn alternate current path
is provided. sllowing the awitch to dlssipate a-
amount of enargy ~30 kJ or lees. We briefly describe
the resuits of the wmost Interestlng of these. Tha
test consieted of usfing a cepacitor bank to provide
fnltial -ugnetlc flux for a email flat plate exploslve
generstor.’ The generator 1ls then the prime powar sup-
ply, amplifying the current in the clrcuft. At an ep-
propriste time, the opening switch was actuated and =«
detonator-triggered closing aswitch allowad the
remainlng current to flow into s pasrsilel ~5 oH load.
Figure 5 ehows the current waveforme. Eight us sfter
the begloning o€ the gonerator pulsa ~1.7 MA were
flowing in the opening awitch. At this time, the
opening and cloasing ewitches were actuated. Tlhe cur-
reat 1ln the opening awitch was reduced to zero after
~5 ua end the total generator currcnt was then flowing

in the Lload, reaching & pesk of over 7 MA. Thias ex-
perlment not only reveals an accoptable opening
sction, but that no rastrikes occurrad lao tha ewltch

for over 10 us.

Jat Actuated Opening Switches

A well underatood oxplosives techniqua that cen
ba brought to bear on the opaning swltch problem 1a
that of shock wave induced jetting. The ability of
motallic jote to ponctrate heavy armor ls well known.
Dielactrlic materlals can also ba made to produce jeta,
and it {18 proposed to use theae as opening switchaes.
Ve have performad 2-D code calculatfons to gafu an un=-
derstanding of the feportsut hydrodynamic cousidara-
tions, and have ronducted prolimivery exporiments.

Teble LI.
Condug ox
0.08 ca thick alumioua
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ductor
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Fig. 3. Switch. Load snd Total Currents 1in Explo-

al7ely Formed Fuse currsnt transfer teat.

Nuzet7 has done exploratory work on thle subject slso,
slthough we did not bacome aware of the extent of his
work in time co take advantage of it in our first ex-
periments. The most exciring prospect offered by jet
aciuated opening ewitches [s that of very fust opening
times. Figure 6 {lluatrates the concept. A chick
conductor (~0.08 cm) e positloned adjscent to & die-
lactric materisl wmarufactured in & proper geomatry to
form a series of line jete when shocked by sn HE asys-
tem. Oun the opposite side of tha conductor {s an
anvil against which the jets end conductors are
drivea. Current flows through the conductor until |t
is ruptured along each of the {ine jets. The blown up
saction of Fig. 6 shows the result of a 2-D code cal-
culstion of an AlO0, jet ponetrating en aluainua con-
ductor sud lspinglug on sn Al0, anvil. We have cor-
ducted a low curremnt olperl-enE that demonstrstes that
a reslgtance rlne can be achiaved 1in this manne-,
Although caiculations wnuggest that AlO, i@ the best
jot material for this spplication, it waes difffcult to
obtein Al0, hardware '05 this purpose in a timely
sannexr. Likewise, Nazet’s’ work suggeste Teflon and
Polyethylene are botter ma*erlals than AMGy, dut we
were not ewsre of thls when wo did our testa. As @
recault., & eystes congisting of 9 aanulsr jats and
Wnvile wes constructed from Maycor. e machinablo
ceramic. The radius of the outar jot groove was
9.5 cm and the radius of tho {inner jet groove was
1.6 cme. An aluminua conductor 0.08 cm thick was
fneortod between the two Maycor perts and attached to
transmienion olates in such a way that cutront flowed
radially Lln the annulus. A 1500 uP capecitor vank wae
udad to asupplt 1.4 MA to the awitch. A planc wave HE
dystem was used to drivo the jots simultancously {ato
the aluminum. The resistance rige caused by the jots
cutting the amnular conductor s shown in ¥ig. 7. 1t
cousiats of an initially fast rise, a pause sud thon a
somowhat alowor rcufstamce rise. Eveutually rewtriko
occurs. The clreuit f{nductsance was ~100 uH and the

fescriptrion of Fastest Small Scale Syetow

Anvil
Teflon with C(ive 0.9 ¢o wide
x 0.9 ca deop groovea uepa-
tated by 0.7 ¢m
Voltsge Standoff

48 kV/5 chaunels



current was reduced from 1.4 MA to ~0.7 MA. A totsl
of ~75 kJ wers dissipated during this resistanca
pulsa.

Jet Actuated Opening Switch concept. -The
blown wp aeection ehows the severing action
predicted by a 2-D code calculstion.

Fig. b.
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Fig. 7. Reuistance rige achieved fu a prelisinary Jer

Actuated Opeuning Swirch tast.

Although rhe specad of the fntrtal reetstance rige
iy exciting, to be uwucful in appliceriona where cur-
reants npproach 40 MA, the cnergy dieaipated par unir
arga {u the switch ¢ill probably nced to be fncreased.
Lusighr gafuwed (rom 2-D code calculations all,wy usw to
propase a diffcrent coufiguratiou Ffor Jet acruated
opening uwitches with enbauced ancrgy dissipation. Iu
the new configuration, jJeta are atmed at oach other
from oppostte sides af the aluminum conductor. The
dpacd with which the conductor 1s daevered doca not
gubdtanl {ally tactea:xc, Lut che rate ac which dielaec-
tric matertul flows faro the gap made by the jeis 18
conujderably cuhauced. Our caiculattous deal ouly
with hydrvodynaaicu, but ir {6 reasonable to oxpect the
cuidanced flow of diclectric =atarfal to lead o
cathauced onergy disasfpation. Wo witl 1toat this
promisy a8 8000 as puusible.

Conclusion

We hava performed s varfiety of small scalea teats
in which metsliic conductore are exploaively drisen
into s eeries of grooves in s dielectric material.
Apparently, tha cooductor 13 extruded iaoto thin
ragiona near the adges of each groove send current
flowing In the circuit (transverse to tha grooves)
csuses tha conductor to fuse in the thin regions.
Current ls thus interrupted ss long ss tha switch has
the capacity to dissipate tha circuit energy. The
switches. as tested, will hold off ~8-10 kV/groove and
dissipate 0.41 kJ per centlmeter of groove width-
Resistsnces of the order of 20~-40 mQ/groove are aleo
schieved in 1-2 us. where the rstin of number of
grooves to groove width is ~0.78. Using these scaling
laws, & coaxisl switch can be dasigned that ehould
carry ~10 MA sud open in 2-5 us. satisfy tha useds of
awitch 8, fn Fig. 1. We have demvustrsted that explo-
sively ?or-ed fuses vill work in explosive genarstor
drive current tranafer experiments. sad that in these
experimants. the switch will remain open for st least
10 us.

Opening switches sre¢ proposed with the cutting
action of dielectric ‘ets used to sever solld metasl

conductoré. An experiment veriiies that s fest rising
resfstance aleilar to that required by sl. SJ or 85
can be achieved. An {uproved geomatry ha3 been

proposad on the basie of 2-D calculatious.
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