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MULTI-MEGAMIERE CURRENT INTERRUPTION FROM
EXPIOSIVE DEFORMATION OF CONDUCTORS*

Jo H. Goforth, A. H. Williams, S. P. Marsh
Los Alamos National Laboratory
Los Alamos, MM 87545

Abstract

Two approaches for using explosivas to interrupt
curreunt flowing ien solid conductors are described,
One coocept uses explosives to extrude the switch con-
ductor {nto thin ragions that fuse dua ta curraat in
the switch. A preliminary scaling law i1is presanted.
The second approach eaploys dielectric jets to sever
current carrying conductors. A feasibility experiment
and an improved design are described.

Iatroduction

Explosive—driven magneatic-flux compression gener-
ators (explosive generators) are pulsed power devices
capabla of delivering tens of megamperes of curreut to
suitable loada. The driving impedance of a generator
depends on the daerivativa of its decreasing induc-
tance. As a rasult, the driving impedance is limited
ultimately by the velocity at which conductors cam be
driven using exploaives. Similarly, the useful alec-
trical pulse length can be no less than the time
required to decrease & generator’'s fuductance by a
large asiount compared to the jcductance of the load.
For loads requiring a higher driving impedance or
shorter pulese length than a specific generator can de-
liver, the electrical pulse obtajned directly from the
generator must be conditfoned. We are concerned with
using explosive gene-ators as power supplies to deliv-
er taens of wegamperes in short pulses (<l us) to low
fuductaoce loads. There are, in principle, a variety
of ways 1ian which ehort pulses can be extracted from
explosive generators. In practice, our current re-
quirements demsud that we make the most efficient pos-
sible use of vur generator outpat. Multiple branch
circuite with combinations of explosive generators,
opening switches and cloafng ewitches offer somo real-
fetic alternatives. The best option among these Is
yet to ba determined, depending prisarily on which
opening ewitch candidates can actually be made to
function st the required levels. Figure 1 shows three
exemplary circuft possibilities. G)y G and G4 repre-
sent exfsting explosive generators or generator coambi-
nations that Yu!e the capacity for delivering 50 MA to
a 10 nH load."'® Using known characteristice of these
generators and asserting the need to deliver 10 MA to
a 10 nH load in 0.5 us or less we can statc somec ap-
proximate requirements fmpoged on the switches
8 - 95. Taile [ summarfzes the roquireoments. Be-
cause of the neads 07 the pulsed power comsunity,
thera are a large nuaber of opening switch concepts
under investigecion. Each of these has advautages and
disadvantages, although the Liat shortens dvamatically
whon the raquirement to carry sany megampercs for
saveral microsaconds {s imposed. For wae in oxplosive
ganeratnor circults, opening switches that make wae of
high explosivas (HE) pose no additional operational
difffculty but do offex aome advantages. HE driveu
opaning uwitchos operate on command, can be made to
conduct for coxtremely Llong tLimes, aund have enargy
available for the oponing process that can be Lazge
compared to the electrical ocnergy of the clrcult,
Thoxa {e wo rep-rata capablility, of coutne, aud as
with oxplonive genaraiorns, tima scales are Limfted by
valocitiaa achlevable by using HE  techuidquen.  Tiwe
scales lmposed in Table 1 are vithin the 1ealm of
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Exemplary power condftioning circuits.

Fig. 1.

explosives capabilities, however, and explosive
opaning switches capable of meeting the needs of each
of the switches 81-85 can be proposed. Another paper
fon thise conference reportsa on our progresa with
plasma compression opening ewitchkes, (a candidate for
84 or ss) and we will concentrate fan this paper on two
devices that make use of explosive techniques to saver
motallic conductors wmageive enough to conduct the
entire pulse while remaining fn the solid state. A
third device £ this type s described by
Reinoveky et al. in this conferonce. Thege conceots
are most llkely to succoed in filling tha needs for
switchce S, and S4, although tho second switch wo will
describe has soma chance of satisfyfng the needs of
Sl, S3 or 85-

Explosively Formed Fuses

The oponing ewitch concopt we now choose to
denote by "Explosively Formed Fuscs" bogan as an at-
tempt to bring sfmultancous fnjtiation systems and
substantial volumes of UE to bon; on the technique do-
veloped by Vitkoviteky ot al.’ Subsequent calcula-
tional and experimental efforts have led us to believe
that the opaning speed provided by the more powerful
UE syatens alters the opening mechanism of the switch,
Figure 2 {llustrates the coucept. A relatively thick
conductor {s oxploaively driven {into a void fn an
fusulating anvil. Rather thau shearing a* tho edgey

of the anvil, tvo dimenalonsl hydrodynamic code (2-1)
codo) calculatione raveal that the watorial in
extruded into thin rogions unoar cach anvil odge that

appatantly “use under the action of the currani.

In amall scalo tentia we uded fovming auvile with
five groovas fn sarfoe of tha type shown [a Fig. 2.
Plane wave dotonation uysioms wore used to drjve the
conductor fnto the fiva grooves aifsultanconsly. The
conductor tu the owiteh wan 6.4 cm wide, aund apauned
7.3 cm {0 croasfug the tive grooves., We varled the
cvonductor and the anvil matacialn ducing the testn,
although onr attowpin 10 compare auvil matorfala that
have high and low wmatoerial ntrangtha have provad



Table I.

Constraiats on Opening Switchaes in Fig. 1.

Opening Conduction Peak Conduction Opsn Opening
Switch Time Carrent Resistance Inductance R Time
8, ~500 us 40 MA <l a0 10 ad »0.1 8 <0.5 us
8y ~500 us 25 MA <1 mQ 10 aH .18 2-5 pe
Sy ~10 us 40 NA <l m <10 a8 0.1 9 €<0.5 us
S ~400 us 10 MA <10 u 20 nH <0.1 @ 2-5 us
Sg ~100 us &0 MA <l m 10 nH »0.1 8 <0.5 us
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Fig. 2. Exploasively Formed Fuse Concept. Conduction
phasa 1{s ashown on the left and a 2-D code
prediction of the dynamic opening phase on
the right. Anvil waterial in this 0 A
calculation is Teflon. -6 ) 5 10 16 20
fuconclugive. We alao performed some teasta fn which TIME (pﬁ)
6.4 cm thick Teflon was ifnserted between the HE and
che conductor, We will refer to these ae Taflon Fig. 3. Voltage waveforms from small secale tests.
follower tasts. Rqual thicknesses of aluminum, brass Curves A and B are from cests with aluminua

and Inconal 625 were used to stury different conduc~
tors. Wa chose aluminum as a high conductivity mate-
rial that extrudes rcasonably well under the action of
explosives. ln contrast, braas {8 a good conductor
that fragmcnts {n gimilar circumatances. lnconel 625
was chosan a8 & low conductivity metal, to see {f the
much higher {initlal resfstance would lead to a
efuilarly higher final open switch resistance, No
correlation was found between f(nitial and Efcal
reslntivity, btut tha hydrodynamics play such an
ovorvholaing role iu the Ffusing process, that the
detajils of the oxtrudion will have to be known very
wall beforo dofinitive statewonts can be made. In ad-
dition, thae tendency of bLrass to rupture under explo-
sivo strossos did not effoct fts performance as an
oponing switch. The material property that correlates
with the data 18 the mass Lejag driven by the HE. The
lower the wmass, the fauter tie conductor fs extruded
by the explosive gasca. Yhin  trend continuer whon
Toflon {a 1nsartad betwnan tha UE and conductor, as ia

f1lugtratad fu Fig. 3 where the opouing awitch
voltagas from chree taste are plotted. 1In the figura,
we woe that the voltage rlse, corrasponding to tha

beginuing of the oponing awlteh  rasfstauce rise,
boging Increanlngly later as the mads being drivan by
tlic explouiven fucreases. In all these tests the cur-
rom. fn the cireuit wan deiven Lo ravo, {ndicating uo
rootefike of tho current path. Subntantial resfstauces
ware oblained fu theao openlng switcheo as {a shown ‘u
Figs 4, whera resigtancen aro plotted for a bare
alumtoum (f Ltunt vatod In Fige 2) and a Tallou follower
test, While the Toflon follower teat takea longer for
the roniatauce to rina, 16 s ill achilevos a vary hipn
vesintanca, and shows ovidanca of remninfng at a
highar value. The civcult Cox our amall scale testa

and brass conductors regpactively fn experi-
monts as {lluctrated in Fig. 2. Curve T is
from a Taflon follower teet with alumfoum
conductar.

congisted of a 1500 uF capacitor bank that was die-
charged fnto the switch through low inductance cablea.
The total circuit inductance was ~160 nH. No
altarnate current path was provided when the opening
®action occurxvad, and thus the drop in current is due
to encrgy dissipated fa the switch. At a current of
400 kA, ~13 kJ are dissipated in the opening switch.
For most of our applications the r1ast risec oxhibited
by curve A In Figs, ) and 4 has been considered fmpor-
tant and It {8 on thi¢ combination thdt we have con-
contrated subsequant afforts. Table LI summarizce the
datails.

If the oponfng mochanism for our amall scale ox-—
periment is as we have propveed, the cunargy dissipa-
tion in the wwitch should be proportional to the width
of tha couductor and the nuabar of groovas in the
auwvil, ‘fo verify thig relatiouship, wo conducted ox-
poriments {an which the langth and width of the smill
sealoe dovice were both doubled. That {w, wo mads the
conductor  12.7 ¢m wide and long onough to span
10 grooves. We proposo that thia nawitch alould be
able to diesipate ~50 kJ of circuit aunergy In the
oponing grocces, Taste of thia aystam wore {n e cfp=
cuft conainting of a 1500 ub capacitor bauk and the
awiteh, with & total cleeult fnductanee of  ~450 ull,
With 750 kA flowing fn this circuit, the opening
gwiteh exploaive chargos were actuated, Tha rosulting
opaning  awlitch  action reduced the current to 600 kA
batore 4 rastcike occurred, ludicatiug an aner,y dis~
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Fig. 4. Resistaoce 1ucreases devaloped in bare alumi-
num test (A) and Teflon follower teat: (B).
eipation of =~46 kJ. WUa consider this result a pre-

liminary verification of the ecaling law. Restrike
occurrad on this sehot atter =~80 kxV was generated
across the ten chaanels repregenting a resistance rise
to over 100 aQ fn ~1 ua.

Finally, we performed tests to verify that the
svitch will not restrike if an alternate current path
is provided, allowing the ewitch to dissipate an
amount of enaxgy ~30 kJ ox less. We briefly describe
the vesults of the wost {nteresting of these. Tha
teat consisted of using a capacitor bank to provide
faitial -agnetlc flux for a amall flat plate exploeive
generator.” The generator ie than the prime powar gup-
ply, amplifying the curreat fa the circuft, At an ap-
propriate time, the opening switch was actuated and a
detonator-triggered cloeing switch allowed the
remaining current to tlow into a parallal ~5 aH load.
Figure 5 shows thoe current waveforme. Eight ps aftar
the beglaning of the gonerator pulsa ~1.7 MA were
flowing in the opening switch. At this tiwe, the
opening and closing ewitcheu were actuatad. The cur-
reaat in the opening switch was reduced to zaro after
~5 us and the total generator current was then flowing
fn the 1load, reaching a peak of over 7 MA. This ex-
periment not only reveala an accoptable opening
action, but that no rastrikes occurred (o tha aswitch
for over 10 ue.

Jat Actuated Opening Switches

A well understood axplowives technique that can
ba brought to bear on the oponing switch problem ia
that of ahock wave fuduced jetting. The ability of
motallic jote to ponctrato heavy arwor i{s well known.
Diolectric waterfals can aleo be made to produce jots,
and it 1a proposed to use thoae as opening switches.
We have performad 2-D code calculatfous to gafn an un-
dergtauding of the fmportant hydrodynaslce couwsidora-
tione, and have rconducted prolisinary exporimeuts,

Table IT1.
Conduy tor,
0.08 cm thick alumfnum

6.4 cm vida
ductor

Curreut Capacfity

400 kA 13 kJ

Driver System
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Fig. 5. Switch, Load and Total Curreunts 1ian Explo-

si7ely Formed Fuse currant transfaer test,

Nazet’ has done exploratory work on this aubject alsmo,
although we did not become aware of the extent of his
work {n time co take advantage of it in our first ex-
periments. The moat exciting prospect offerad by jet
aciuated opening switches (s that of very fust opening
times. Figure 6 illustrates the coacept. A thick
conductor (~0.08 cm) ie positioned adjacent to a die-
lectric satarjal wanufactured fa & proper geomatry to
form a series of line jets when shocked by an HE sys-~
tem. Oun tha opposite side of tha conductor {g an
anvil against which the jetsa and conductors are
drivean. Currxent flows through the conductor until {t
is ruptured along each of the line jere, The blown up
aaction of Fig. 6 shows the result of a 2~D coda cal-
culation of an AlQ, jet penotrating an aluminua con-
ductor and impinging on an Al0, anvil. We have cor-
ducted a low curraat olpetl.eng that demonstrates that
a resistance rine can be achfaved 1a this manne-,
Although calculations wsuggest that AlO, 18 the best
Jot matertal for this applicatfon, it was difffcult to
obtain AlO, hardware '05 thie purpose in a timely
wanner. Likewisa, Nazct’s’ work suggasts Teflon and
Polyathylene are better materials than AlG,, but we
were not avare of this when wo did our testa. As &
result, a aeystem congisting of 9 aaaular jats and
Qavils vas constructad from Maycor, a machinable
cevamic, The vadius of the outar Jjot groove was
9,5 cm and the radfus of tho inner Jjet groove was
1.6 cme An aluminua conductor 0.08 cm thick was
fngortod between the two Maycor parts and attached to
trangafsnion olates in such a way that cutrant flowed
radially fn the annulus, A 1500 uf capecitor vank was
uded to supplr 1.4 MA to the switch. A plane wave HE
system was used to drive the jots sfmultandously into
the aluminum. Tho rosfstance rige caused by the jots
cutting the acnular conductor i{s shown in ¥ig. 7. 1t
consists of an fnitially fast rise, & pausc acd then a
somowhat alowor resfistance vise. Eventually rewtrike
occurs. The clrcult {nductance was ~100 u and the

Deacription of Fastest Small Scalo Bystouw

Anvil
Teflon with five 0.9 co wida
x 0.9 ca deop grooves wepa-
ralad by 0.7 ¢m
Volrage Standoff

48 kV/5 channels



currsat was reduced from 1.4 MA to ~0.7 MA. A total
of ~75 kJ were dissipated during this resistance

pulsa.
) Cnd
—
Fig. 6. Jet Actuated Opening Switch concept. The

blown np section shows the savering action
predicted by a 2-D code calculation.
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Fig. 7. Rouiatance rige achieved fu a preliminary Jer

Actuated Opening Switch test.

Although rhe specod of the fnirfal resisfance rise
18 cxciting, to be wveful fn applicarions wvhere cur-
rente approach 40 MA, the cnergy diesipated por unir
arca lu the switch vill probably need to be fncrecaused.
Insighr gnfued (rom 2-D code calculatfons allswy us ro
propasc a diffcerant coufiguratfon for Jer acruated
opening uwitches with enhauced encrgy dissipation. 1In
the new conflguration, jJoata are aitmed at each othor
from opposite sides of rhe aluminum conductor. The
specd wirh which the conductor s savered deea not
subytant fally tacreasce, but the rate at which dielec-
tric matertial flows fnto the gap made by the Jets s
conuiderably conhanced. Our calculatiouns deal only
with hydeodynamlcu, but Ir §6 reasonable to expect the
cnhanced (low of dfcelectric =materlal to lead 1o
anlianced encrgy disasipat fon. Wg will tanr this
promlsy ad soon as pousslble.

Conclusion

We hava performad a varisty of smsll scale cteats
in which merallic conductors are exploaively drisen
1nto a serias of groovas 1in a dielectric wmaterial.
Apparently, tha cooductor 13 extruded {aoto thim
ragions near the edges of each groove and curreat

flowing lo the circuit (transverse to tha grooves)
c tha ductor to fuss in the thin regions.
Current 1is thus ioctarrupted as long as the svitch has

the capacity to dissipate tha circuit energy. The
avitches, as tested, will hold off ~8-10 kV/groove and
dissipate 0.41 kJ per centimeter of groove width.
Resistances of the order of 20~-40 mQ/groove are aleo
achieved in 1-2 us, wheare the ratio of oumber of
grooves to groove width ia ~0.73. Using these scaling
laws, & coaxial switch can be dasigned that aehould
carry ~10 MA and open in 2-5 us, satisfy tha ueeds of
evitch 3, {n Fig. l. We have demvastrated that explo-
sively ?or-ed fuses will work in explosive genarator
drive current tranafer experiments, aud that in tLhese
axperiments, the switch will remain open for at least
10 ps.

Opaning switches are proposed with the cutting
action of dielectric ‘ets used to sever solid matal
cooductoré. An experiment verifies thar a fast rising
rasistance gimilar to chat required by SI, SJ or 95
can be achfeved. An 1improved geomatry haa been
proposed on the basis of 2-D calculatiouns.
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