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Ahtrect

Tw approecbaa for ueieg●xplosim9 to intarmpt
currant f 10W2MS iu eolid cendmctorm are deecrlbad.
Oee coecept mees axploaivas to extrude tbe ti.tch cem-
dutor into tb.jri ragiomm tfut fume due to currant in
tfw evitch. A pralimioery ecaling law Is praeentmd.
Tba aacemd approach amploya dialectic jats to sever
current carrying comdwtoro. A feesibi Lity axperirnot
4MA 80 improwd deaigm ● rm deecrikd.

Introductim

SxpLoaive-dri veu megmtit-flux Capransiom gemer-
ptorm (axmlomiw gemratoro) are poled pwer devices
=wbla Of dali~rins to- of matwmperas Of curraut to
●uitablc loada. Ttte driving impeda- of ● generator
dapemdo on the derivative of its decreasing induc-
tance. Ax ● raault, the driving impedanca is limited
ultimately by the velocity at which conductors can be
driven uaieg axplomiwm. Similarly, the useful elec-
trical pulee leogth can be M lame than the time
required to decreeam ● generator’ ● Inductance by a
la r,ge arnumt compared to the Ieductmtca of the load.
For loada requiring ● higher drivi~ impedance or
shorter pulea length than ● cpeclfic ~neratot can de-
liver, tbe electrical pulse obtained directly from the
germrator nut h conditioead. We are concerned with
uolng explooive gene:atorn ●s powr nuppliea to deliv-
er tema of magaqmres In mhort puhaa (<l W) to low
tnductanca leade. T%are are, in principle, ● variety
of way- io which elwrt pulem can be ●xtracted from
●xplosive generators. In practice, our current re-
quirements deumd that we uke the meat efflciant pos-
sible uae of our generstor out~t. Itultlple branch
circulta with comblnatloee of exploolw generator,
opening ewitches snd clooleg awltcheo o[far some raa(-
letic altematlves. The bmet option ammg theee [0
yet to be determined, depending primarily on uhlch
opni MS ewitch candldatea can actually be mado to
foection ● t the required levels. Figure 1 shove three
exemplary circuit poonibllltias. Cl, G2 and C3 repre-
sent exlatiq explonive generators or Sanerator cornbi -

a ,~ n“ ,tido!,3
natlono that a e the capacity for delivering 50 t4A to

Uatng knave characterlatlce of thaae
generators and aseertlrtg the need to do L:ver 20 UA to
a 10 nll load in 0,5 w or laea w can utata mm ap-
proxl uin roquirmente Impoeed on the awl tchee
s, - s~. Tai.la I eunrizae the raqvi romento. SIJ-
cauaa or the needn o? the pulned porwr crnmftf,
tharo nre a large number of opmnlng ewi tch concapto
under Invaetlartloo. Mach of theee hao advnutagco nud
dlamdventa~on, althouflh the 11 @t shortetm drametlca LLy
when the requl rement I o carry manv mgnnperoa for
oaveral ■l croearoitda Ie i mpoeod, For uon In oxplom I va
ganerator c1 rcultn, opeulng ewllclmo tlmt mskc UIMI of
hi~h oxpioelvso (UK) poea no mddl t~una 1 oparnf Itmn I
difficulty but. do offer dome advaolagee. Hll drjvau
opanitqf tiwi tchoa op@rnte on co~nd, can bo eado to
conJoct. for axtromely Long tieon, and hava elmrgy
awl Labia for tlut opnolng ptoceen that can ha ln:Ra
wmparod to rho alavtrlvel cnargy of the rlrvult.,
Thara la IItI rep-rat o qtnbl II ! y, nf rourw, nnd nn
WI III oKploIIlva Nanriralorn, I im ncalam nre Llmllwwl hy
velorltirnn nchlcrvnblo by uuln~ Ilk t ochoiqutIn. TIN
aualaa impoaad In Trnhle I ara wiI hin the Iaalu O(

Wnrk ●upportad hy thn UH Ihpnrtmnnt. of hrrbwi

Flu. 1. Exemplary pouer coeditlonjng circuits.

exploalvec capebilitieo, however, and ●xploeive
opening ewitches capable of ~ting the Oeeda of each
of the switchae S1-S5 carI be propmed. Another paper
In thin conference reperte on our progreeo with
pLaema c-preneion opanleg ewftcheo, (a candidate for
S3 or S5) ●nd w will cemcentrate in thie paper on two
devicee that make UM of explosive technJquee to sever
metallic cooductora meeive enough to conduct the
eotire pulee ufri Le remalnlng In the eolid state. A
third device
Rafnoveky et aL.~f ‘hie ‘YP ‘e ‘“’cr’w bylo thin conformance. These conceots
are mot likely to cucceed In fi Lling tha neede for
Ewj tchoa S2 and S4, although Lha second ewltch wo WI 11
dcecrlb has em chance of oatiafylng the needs of
S1, S3 or S5.

*loci ve ly Foremd Fuoea.—
.

The o~nlng euitch concapt W now choose to
danota by %xploai vely Formal Fuaam” began ae an at-
tempt to bring efmultanooua initiation nyetcme and
oubotantlal wlumae of IIB to boa on the technlquo da-
vciloped by Vltkovltaky ot al. ! Subeequont ca Lculn -
tiooal and expmrlmental efforto hava lad ue to beljovr
that the opaning epeed provldad by the mnro powerful
UK uyateua altaru the opening wcheniam of tha euil. ch.
frlgura 2 f 1 luntratae the ronccpt. A relat i vnly thick
conductor ia exploel valy drlvan Into n void In an
iufiulatlrvg anvf 1. Rather tluvv tdm~rlng a’, tha adgeti
of Lhe ●nvl 1, two dlmennlonkl hydrodynmmlc ,Wdc (2-D
Codo ) ca[culmt lone raven 1 t hat, tha malorlal III
extrudad 11110 thi n ro~fone oanr aarh nnvi 1 duo t hd I
appnrunt ly ‘ue9 uoder the aut loo of t he vurrmnl .

[II nmdl 1 ncala tan!● frouuad Co:mlnn nnvj 10 wi I h
fiva groovaa III stiriuu of f.lm typm ahwn In FIH. 2.
Plalla WAVC d{}! onat jo,l IIyUI 0100 UULW UIJOd I o drl U* tll~
t.unduri or I III o I ho f I vo gronven mlmoltdo(wunly. rho
condur I or III the dwl I ch wan 6.4 cm WI do, tind IIpruInod
7.1 cm III croitaln~ 1110 flva groovun. U($ vnrlad I hu
cohductor dnd {ha mn~ll mnlnrlaln durlltg Ihu Iroln,
n 11IIOUI]II onr .lI 1crnpl n t o ronipnru anvl 1 mnl orj filit 1hlli
hava hlsh and luw matarlal nt. rangtha hnw provad

—...---- ... .. ... . .... . . .. . .—. —..-..—..—-—..--.—.— .—— .—.



Tabl* 1. C4amtrainta em Opemles 2uitcbea In Fig. 1.

Ogeiaw Conduction Peak camdoctian Opem w-
Tim tirmt Mehtmlme IMductmce n

ill +ooibm 4on4 <1 MO

S2 +ooW 25 MA <1 MO

93 -10 Ila 4oiiA <1 d

s~ -400 w 10 NA <lo mia

Sg -400 m Mm <1 d
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FIu. 2. Explosively Formed Fuse Concept. Canduc t ion
phaaa to shown on the Left and a 2-D coda

predict Lon of the dynn=ic openi w phAso On
t ha right. Anvl 1 mmtarlal in thin
calculation 10 Teflon.

inconcluai ve. We alao performed some tastn Jn whfch
6.4 cm thick Teflon WAS inearted betwen the HE and
the conductor. We WI 11 refer to theme m Taf Lon
follower trmta. llquslthicknesoea of aluminum, braaa
and Incaea L b25 were uoed to stu~.y different ceaduc-
tors. We chaec aluminum as a high conductivity mate-
rial that extrudaa raaeonably wall undar tha action of
eKploeiva.9. In cent, raat, braas la a good conductor
that Eragmunta in aiml lar circumatnncaa. Inconel 625
was choaan aa A Low conductivity metal, to aee if the
much higher initial reeiatance would lead to a
eiellarly higher final open switch ru~lat~nce. NO
correl.dtlon uaa found between 1 rritial and final
rcalntivlty, but tha hydrod yoael co p Lay ouch an
ovarwha lei ng ro Le :U the fueing procaae, that the
detni 10 of tha axf. ruulon wi 11 have to be knoim very
wall hefora do finltlve etatamento can im mda. In ad-

dition, the t.andenuy of braca LO rupture under exp Lo-
aivo ntraneao did not effect its performance am an
opon(rr~ owl tch, The material proparty that correiatoa
with the data Ie the mass being dri van by LIW HB. The
lowar thu morut, tho fuat_er kk conductor lu uxtruded
by !he @RpLOOi VC BdnOa, R!tin Lrend cent IIIUOI when
Taflon 10 j nanrtod Latvmu tha Ilfl and conductor, no im
i i lUU~r~Lad ih FIR. 3 whare tha opnw[n~ Hwi tch
voltfi~ea from rhrea t-oelo nra plol. trod. In the flquro,
we aau thet tha volt,t~e rlae, WI rei!pandl IW 10 thn

hcglmii It.g of the opunl nB ~wt 1ch tnnl fltmrc rl no,
hoRlnH lnrran HlttRiy la~or w tha mauu being drivau by
t 110 eKplou 1 ,:au i nrremaoo. in mll [ hanm tant. n the cur-
rooi. III tho rlrrult was driven t.o nttro, Indiud! IIW 110
routriko of tha current path. Sulwttanf 141 reaiatntlcern
ware ohI ~1 nod III khanm opa IIlnfI UWII. CIIOOma ie mhewu 4u
Pi H. 4, whctd raei qtauc!!n ara pluih$d for n hare
NIumlnwm ( i ilunf rated I n PfR. 2) dud a TnCiorI fol luwar
1 Ullt. WIII10 I.110 ToCLUU fn Llout$r 10111 tdke~ IUIIIYI for
IIIC ronlfilnwcc to rim, it nli 11 ntIIIiova H a very Ilillh
r’oul ll!-nuctl , nnd nhuwn (~vidtllltwl u f romllnlnR at n

hi@er valua. The circuit for uur w1l wmln mum

10 d M.1 Q <0.5 US

10 ns X1.1 Q 2-5 us

<lo en X3.1 n <0.5 us

20 ON <0.1 R 2-5 us

10 es X3.1 Q <0.5 us

“r-l’

I 1

-6

Fig. 3.
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TIME (pa)

Voltage waveforne from SLl scale test..
Corvee A and B are from ceate with aluminum
and braca comductorc respectively i n experl -
rnnra an illustrated in Fig. 2. Curve C ia
from a Taflon foLLower toot with wlumfnum
conductor.

conaiatrtd of a 1500 IIF capacitor bank that waa dla -
charsad into the switch through Low inductance cablea.
The total circuit inductance uae --160 rdf. No
●lternate current path wan provided whan tha opening

‘act ion eccur?ad, and thus the drop 10 :urrant lo due
to energy dissipated la tho switch. At a current of
400 kA, -13 kJ are diaoipated in the opening switch.
For moat of our applicatlona the Laat rioe eKhlblted
by curvo A in Fige. 3 and 4 haa been conaiderad iqror-
tant and It 10 on thla combination that WI have con-
conttnted ●ubaequant afforta. TabLa [1 ●umarizoa the
detai La.

[f I ha opani IIB mochanl em fur our small scale ax-
perlmxtt la aa we have propueed, the energy dinaipa-
t ion In the IJwitch should b proport Ionel to thawidth
of iha couduct.or and the nuebnr of groovan i n the
.tnvi 1. ‘to vari fy t.hia ra(atiauahlp, wu couductad att-
parlmrmro in which the inngl h *INI wid Lh of klm ae.ti L
WIIU duvlca uwro both deublcd. l’il.lt in, VU Xiid J tha
Collthlctor 12.7 cm wida nmi long nuounh 1u apnw
Ifl gtouvaa. UC propasu that t.hi n HWItclI nltould l~a
nhlt! tO diSOipat O -50 kJ UC circuit auaruy In ~ha
apuuiuR ptwcaa. Tsar.a uf thin nyntna woru (n a c! r-
Cuit :0.161 nl, ing of a 1500 MY cnp.wf tor hmllk nod 1ha

ewltch, wll, h a Iotai circuit IIlductnnra Uf 4450 IIU.
d[rh 750 kA flowtn~ in thi ❑ ri rcui t, i ho opaniqf
nwf 1A cKploniw@ clmr~na warn dcl uatod. TIM rasu iti IIB
Opnld IIM IIWi tvh m-t 1011 rodurod I ho uurtnnt to 600 kA
before a ramt. cike occurrad, iudiuahlug au aoeP;y dla-
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Fig. 4. ltesiotaeca LUCCO_aOOdeveloped in bare alud-
mua teat (A) nod fiflOn folloMK taat (B;.

aipatiae Of -46 k.f. Um coealdar thla raoult a pre-

LimlLury varificetion of the ecalins law. Rent rika
occurred on thio shot after ‘S0 lrV wzo gewmatod
acroen the tam channel- representing a realatamce rlaa
to ovar 100 M 10 -1 MO.

Finally, we performed teste to verify that the
avitch WI 11 not restrike if ●n alternate current path
is provided, ●llewi~ the ewitch to dlaaipate a-.
amumt of ~rgy +0 k.1 or lees. We briefly deacriba
the reau Ms of the eoet tntereetiq of theav. The
teat conaiatad of uaiw a capacitor bank to provide
initial M natic flux for a mall fLut plate exploelva

IIBenerator. The generator in then the prim power eup-
ply, emplif~iog the current in the circuit. At an ap-
propriate tlrn, the opanl~ ouitch was actuated and a
detonator-trigfpured cloeiag ●wi tcb allowed the

remzimi~ current to flaw iuto ● perallml -5 OR load.
Figure 5 dtewa the current waveforme. Eight Ma ●f ter
the begioning of the gonarator puls~ --1.7 HA mre

f lowi~ in the opening awl tch. M thla tiwa, the

opening and cloolng awitche~ were actuated. mm cur-

rent In the opard ng swt tch wao reduced to zaro uf ter
-5 IM and the total gamrator current wan than flowing
In the load, raachl~ a peak of over 7 NA. Thle ez-
perhant not only revea la an accaptablc aponins

●ction, but that no raetrlkaa occurrad in tha switch
for ovar 10 W.

Jat Actuated Opanlrrg Rut tchea

A -11 understood axploaivaa technique that can
ba brought t.o bar an the oponing -witch problcm is
that of mheck wave induced Jetting. TIIO abl lity of
matnlllc Jato to ponatrato heavy armor in well known.
Dialectic mterlaln can al-o k made to produce Jata,
and it In propooed to um thnae us opening SWI tichen.
We hevo performed 2-0 coda WI Lculat 10IIU to gtii II nrr un -
darotaadl ng of the 1¤portaut hydrodyntimlc COIIO1 dora -
tlona, and hava uunduutad prallmlnary exporimeutn.

Table 11. Ikmcripl-loo of

conductor—----- . . Drl ver S~LJa~.-. #----

—————————l

0 10 20 30 40 eo 00

Tiw(pol

Fig. 5. 2witch, Load and Total Currents in Eaplo-
●iaely Pornd Fuaa currant tramafer teat.

ftazet’ hen dona exploratory work on this aubJect ●lno,
although va did net bacorn aware of tb extent of his
work fn ?ima CO take advantage of it in our first ex-
periaento. Tba -at excjting proopact offered by jet
ac~uated apenlag awitcha.g [a that of very Punt opani~
than. Figure 6 illuetr~teti the concept. A thick
conductor (-0.08 a) ie poeltlonad adjacent to a die-
lectric mater lal mariufactured I n a proper Se-try to
fom a aeriey of line jete when shocked by an KE ●ya-
tem. 00 the op~aite ●ide of the conductar io an
anvil qalnzt which tlw Jets and conductorti are
driven. Current flows through the conductor until it
ie ruptured along ench of the Ilna jets. The blown up
aaction of Fig. 6 nhowa the result of a 2-o code cal-
culation of ●n AU12 jet ponetr~ting ●a ahIeinum con-
ductar ●ed lmpingieg on ●m A1O anvi L. We have co I-
ducted a low current expetimae ? that damonatratea that
a reaietance rifle can be achfevod in this manmv-.
Although calculation nu~eot thnt. A102 is the bat
,@t mzterlal for this appllcatlon, it wan difficult to
obtain A1O

z
hardware fo; this purpose In a t!mely

manner. LL ewisa, Nazat’a work ouggaatn Taf Lor, and
Polyethylene ● re batter maxeriala than I$1C2, but we
ware not ●ware of thla uhon wa did our teata. Aa a
rcault, ● ●yatem conaiatlng of 9 amular jnta ant

%nvLLs waa constructed from 14aycor, a mcchlnablo
ceramic. The radIun OF the nutar Jat Sroova waa
9.5 cm ●nd the rmdfua of tho inner Jet groovo wae
1.6 cm. An aluminum conductor O.Ofl cm thick wae
lnoattad batwn tho tw t4aycor partu and attnchad ta
tcanemlsniou olatos in such a way tlret cutrant flo-d
radially in theannhluo. A 1500 I@ capacltar “hank waa
uned to auppl,~ 1.4 MA to tho switch. A piano wavo W
uyatam wao uood to drivo the Jats ofmultanaounly Inta
r.ha aluminum. Tha rael titance tleo cauned by the jots
rutting thn annular conductor le @hourr In VIE. 7. It
coueiatm of an Inltlmlly faat rfua, a pzuuo m:d then a
fiomnwhat nlowor rcuiatanco rioa. EvuIILuh L]y rautrlko
occurm. Th# cl rcul t inductance WAU -100 nit nad tha

Paeteur. till 2ca La Ryatuu

Anvj 1..—.-

0.08 cm thick elumlnum IJHX-9501 III di roct Teflon with Clve 0.9 cm wlda
6.4 u wlda t-outact with txrn- x 0.9 cd danp gtoovaa uepn -

rluu tor rrtiod by 0.7 cm

Curraut Cap.sc 1t~. . . . . BllJo~ .D1Qnl J)al.nd. VoLfn~u Slandoff,

400 kA 13 kJ 48 kV15 chnnnalu



A total
resistmmce

current us reducmd from 1.4 M to 4.7 MA.
or -75 U wr. dissipated durie@ th2s
pulee.

I—

—

Fig. 6. Jet ActuatedOpanlog Switch concept. ‘The
blown up eectlon ehov~ the severing ●ction
predicted by a 2-D code calculation.

Ue hem Perfo- a mrioty of mull maim caeta
la which mtalllc conductors mu ampbeiwly dri~
Into ● eerlme of groovee in ● diei.octric ut-rid.
ApIur9nt lf, tbe Comdwtor la ●mtrudmd ioto thin
ragione emor tb edge. of each grmvm ●md currmnt
flowing in tb circul t (treneeerea to tlu ttramms)
Cmlees theconductor to fuea in tb thin ;OSIOM:
Currant ie thus incarruptmd M long ● s the●witcbbee
the upacicy to dieelpata tfn circuit ●targy. TIM
wltchmm, u tasLmd, will held off -S-10 kV/uroove ed
dimipet. 0.41 U ~r cantimtar OF groo~ width,
neelmtmtcm of the order of 20-40 mdgroom ● m aleo
●chitvmd in 1-2 mm, wham tb ratio of rumba of
groove- to groowe width ie 4.7a. Wing these ecali~
lSWM, a COXXi~l Witch can b daai~ that abould

carry -10 MA and open in 2-5 Mm, eetisfy th mmeda GE
witch 3 in Fig. 1. lie have demmatmted that ampLo-
●ively tormmd fume. will work lrr ●sploeive gemr.tor
drive current trmefer experiments, ●nd that in Lbeoa
experiments, thewitch will remain open for ● t leeet
10 ILe.

Openirq auitchee are proposed with the cutting
action of dielectric We oeed to aever eolid metal
corrductor~. An experI-mt vmrifiee thet ● faot riaiog
resistance Oimi Lar to that reuuimd bv S.. S. or S.
can be achieved. Am improved geoaetry ’ ‘ha: ‘bee:

50 ~

propoead on tbe be.ele of 2-D calculatiorte.

40

30

20

10
10”/0 tO 90%

-250ns

012345678

1 (ps)

Fig. 7. Retilstarrce rluo achiewcd III m preliminary Jur
Artuarud Opcnlng Swlrch teer.

ALthou8h rhc Spaad of theIrrlrlmlrcslslrince ri!le

iu cEc ItirrI?. to ha uu@ful Jn muplicarlmg wharc cul -
rente mpproach 40 MA, th@ cn@tgy dl@nlpote-f par unit

aren IU the nwl tc!l (.i 11 probably nc@d to be Irrcroaucd.
Inylghr gmi IIcd (rem 2-D code calculal Iomi rrll JWU UH ro
propogc a dl ffcrant conflgursl IO!, for Jet ircruatcd
opcnlng YWI tuhcn WI th mrhimccd en@rgy d! eel petlon. 111
Ihc new corrflsurntlou, J@ts ar@ nlmcd at each 01 hcr
from oppoalto 4idrJH of rhc a Lumjnum conductor. n.lu
Hpacd WI rh wlIIch FIIC comductor la mevcrcd dncn not
riuhutiiul iri LLy !nctwrm., buL the ra~c crc WIIICII dlclrrc-
trfc ❑atvri,tl f:rwo Inlu I!IC gap Mdc by Ih# J.-Is In
conuldclitbly cnhrrmccd . Lhrr .-alrulatlo,im dual ouLy
WI I h hydrotyrrmmlru, but Ir I G tefummrblc ro nKpec I tho
cnhaucnd Elou of Jicleut rlc aitLmrlml 10 lead I U
enltauccd nncrgy dlnn[pn? IOU. Ua WII1 Icgr thla
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