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AN IMPROVED, EXIMOSIVELY ACTUATED CLOSING SWITCLHE
FOR 'ULSED POWER APPLICATINNS

I V. Parker, R R Bartsch, ). C. Cochrane and S. 1Y Marsh
Los Alimos Nationai Laboratory
Los Alamis, NM 87545

Abstract

Animproved, explosively actmated closing switeh has been
developedor the Pegasus I capacitor bank. The new switeh
design uses ananunbar metal et as the sseiteh contaet. It has
lower resistanee aud imdnctinee at early tune than the original
design. - A parallel array ot 21 switches ou Pegasns 1 has a
resistance ot less than It p€2 atter Wi ns. Measured time
behaviors include an intriusic itter of ™1 us and a switching,
delay that depends inversely on the applicd voltagee.

Iutroduetion

Pegasns 11 is o tastalischarge capacitor bank capable ot
prohucing 4 peak current at 212 MA in 6 ps. vanse the bank
openates at a relatively kow charge voltage ot £ 5 RV, it is
importanl to keep the system inductance aud resistanee low,
Among, the alteriatives aviilable tor switching Pegasus 1,
explosively actated closing swatches provide the lowest
inductance, due to the close spacing ot the switch clectrades.
The most serions limitation of explosively actuated switch is
the tarn-aronnd tine reguined to rephice the dielectrie ad the
esplosive clement between discharges.  For the enment
Pegasus H shot rate ot . 1 /week, switch refurbishient is not
S important consideration, and explusively actiatod switches
have beenin nse tar several years,

The switch doesipgn shownin Fig. t was tsed for several years
on the original Pegasns 1 eapacitor bank. ‘The actuator s .
vomawervial RE-1 aletomator 11 that uses an electrically
eanplinled bridgewire to initiate tho grams ol hiph eyplosive,
tressure from the explisive charpe torees the copper toil
through 127 nun ot polyethylene ichtrie o complete the
vlectrival eirenlt.

Fachat the four bank modinles sed 6 switeles in paraliel o
mnize the arenit mduwetinee and to it the peak vuarreat
w each switch e M EA tues arrangement worked with
preat tehalnhity at voltapes an aphoan EV RV Fhe eaphave
switvhes are escentatly e o many probibens that
phagne pas swb his, et paetine st talaee omnloe o

When we begian plamining, ton the apprdee ot Begasas bW M|,
I MA) to Paogasas TS VAME T NMAY an 2020t was dhevichinld
that the early tune velavior b the tepaeais T aswitc b wonhilbant
b aeveptable tore Pepuear I By 0 showes typial wavebarne,
o Pepasin B Pl entpmt voltage svam vwven s petinb ot athoeet
Fops anstead at estubabingy the imsbantaneons step oxpecbodd
hom an uteal swuch thiy slow e aesnlty toan a
«vnbunatienn ot excesseve it amd lapgh mthal pesetaee

Fhi praper vhsa gibues theshestien ob an inpaovant swibch wath
osver untal sesistane e awd vhwosd pren 2ancbion S adesenlue,
hvidvntviamn vab nlatvors n the aew wanh dheagn
Aeastnmnents anacanghe sacich element weventy e dheagn
are i b at beviwmne VB Lasan tem presasts the vesatlis
a e warh the pese saeib boon the Popamee B Eank

_.--- Polyathyleno
Coppaer Foit - (3 x 0.4 mm)

176 oy
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-
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Figure | xpanded wivao] the exphoswely actwated closing stitrh
usnd v Pegosus 1o Durng apenttion, the alivlectric s tightly
stighewhed behoeen the dvtonaton aml the vontarct plate.

Switch Design Calculations

the principal change in the switeh design is the additton ot @
jet-forming clement between the explosive charge and the
divlectrie, Fhe jet-torming element is an aluminum disk with
anabar groove on the sube tacing the diclectric as shownm
Fig. V. hnteract: ;i between the shock wave troin the
esplosivie ik the annnlar groove produces an annular et of
metal that penetrates the diclectrie,

There are three advanbages o this desipgn, First, by spaemy,
the wet torng vlenent away trom e declectrie, switching
seenrs betore the explivave pressure sampiesses the divlectric
tn the wrginal b sserts g, swenrs e a muterial that has
Bwen vonnptensend b pressan e ot grsater than i kbar - Phis
tames the ety e the sl b, ane aml, thins, b pestanee
twwcanl, the pet pavvides o bt per cross anctnaal area ot metal
e srrent i the vriggial sheagn, s nerent s carrand by o
v veppwer bl that bas been sevigely shistorted by the achon
ut the espheave Vhere s evidence that this toll never
previdhes aometal bometal contact Gy, swatvking thand,
the metal et v hes a lagher vebaaty tan the vapper bl m
the sl dhesapn, sl m nehiest plie

Phe b et besipn voneept waes ] sinecesstulty i the
P plaed posan sestem A B wath o nnnke b
vnpheave s haree b opnnnt the s pranchagge u the R0t
detimatia e appropaiae by a bilunatory bty ban we
woere et e that it wonhl pros e be s h e e oo an
winthn et Calonbatune wete el i sevenal proe
wonpett e s a0 D hodhoetvpamnes aube o Phe am
demien paannmetels wete phiseee wabth amt pusove depth In
Al v the et natenial wae abmmant and the aeabamen
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Figunet 2 Currend wid poltage wavefirm fm Pegnsus 1, shoseingg
the etfeet of non wdewd switeh leshavaor at carly tinwe,

The 2-D) codde has o progranuned-burn nusdel for explosive
detanation aaud the detowation was assmmed ta start as a tall
pressire, point source at the location of the bridgewire, Fig, 4
shows the caleulated motion of the jet tor the chonen
contighration. ‘The tactors thit were considered in sclecting
this confignration were jet yelocity, cross-sectional area ot the
jetandd stability ot the pet as it penctrated the diclectrice,

g, 4a shows the initial contignration tor the calenlation.
Note that the ammular groove is spaced away trom the
dhicleetric by a protrusion at the rintot the jet-tonming clement.
Fip. db shows an carly stage ot jet lanation, betore thee et has
restiched the dieleetrie. tn Fig,. 4e, the joet has wearly penetrated
the wsulation. A typical “musaroom® shapidd head has
vhevelopadd, The nin badv at the et is not in contaet with the
chiebsetrie awud is essentially trve ob anv exteninl pressire.. As
result ot the initial stated att, anly the jet has uiteracted wath
the dichectrae at the time o switching,
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Table 1

Comparison ot calculated and measured performance
of the explosive-drivin aluminum jet

Axinl Anuulsr Anpular
taale) (cale) (oxp.)
Frev et velocity oS km/s  tMkm/s
First contar* 238 us 254 us 1.04 ;18
Fenetration®* RN IUTE] 4.87 ps
Muaan velocity 2.27km/s 1.46 km/s

in dhelectric.

-

Comducting area 1 mn- 228 mn?

* Time relative to initiation of the explosive

e caleubated mud measnrad properties of the annular jet are
simmnnirized w Table L The entry labeled "Conducting area™
is the smallest cross-sectional area ot the et at the time it
penetrates the 1.27 mim polyethylene diclectric. This area is
sutliciout to carry the Pegisng H eurrent for about 4 gs belore
fusing. Taking into acconnt the ettect of jet motion, metaltic
conduction ny hist even longer.

A calenlation was also pertormed for an axial jet, i ¢, for a
single hemispherical depression on the center, we. The
calenhited et velocity increased to 6.3 kin/s for this case but
the crass-sectional area was reduced 1o .09 mm?, only 4.2% ot
the area ot the aunnbar pet. For this reason, axual jets wens not
invoestipaited tarther.,

Expernuental Evalnation

Two sets al laboratory experiinents were carried out to venity
the predicted pertornner. b the tirst experiinent, the
annnhir jet switeh (AJS) was tindd throngh a slicleetne
vansisting, ot three sheets of polvethviense (040 uan thick) with
A thin liver at almninmmmn tait on the surtace we eoch laveer,
Fach ahunimmn toil liver was commes b taan electrical cirant
Hutt sensind contoet with the et

The resalts ot this measibetment are snnarizacd n the last
valimn o Table 1 Pl mieasuvaes] tine o viest cantaet Is alwat
th ps Later than expected tram the calenhations. The
penetnation taw i abkw langer, beading ta an averapy
penetiation velocity ot only Edo ki /s, substantially below the
SR/ expectedd,. We haes ot wtentitiod the sonitee ot thas
diserepaney bt ab way resnbl dron assiuming, prompt
detonation at the exphivave tn ane calenlatums, the
detonabon wave veaches the Lise ot the esplosive in 8 pe
the it tiner sprsinies thas aaevvat time as L ps this
sty that the explosave does net geach il detonatvm
viesante mmediatele awld, Hae, gay ot provude the
valonlatind chitvang, paessie on the pt oy, chanent.

Althoapte prt o velooaty wwan wer than expectid, the At
prosh et impaovet swein by, behavun al charactenization
ey v comimend - Phe sesond phaeee ob lestingy was dhae
vl capanitee bank ahat paosoehes cment amld o voltage
warelonps ~mnbn e theee eapenemsd e o sigle saeitchaom
the ey t sk e imeasanienuents abitoesan el
e tesnbaos ek the st h pibn
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Nue eapeninents were s onihin bl ab s e votbayges than m
FVuemn BV gt Bilota o £ I\ g Vbt Ny,
Swiabch o voltage s el wath a capaomve soltage
dhivacha bttt the soate b et baacket vinly e ot
e ety at BV EN e, peae eviteme ot vanly L
el e the vesedane e bevteanend b e, than the
neasitement g v ot DS WQab W N panallelb avay o
tawh awaichess b estatat g et g than g
A We abwey vo b et seveaal e o the vyt
At hdeapn Reastanee s meastiabhe oo every bt onen
At b ochanee vodtge b e e st e wa adsned P U g
e than a4

Vie ol et b s e e b e 1 el ek
vinent the e s e mabe vlleeeshapr Ly Vg
vt ot BV viebtiee ancapge et o the s h
b ol PR ten aengray o e sttt ey Lupe
viibe etat wer neelanne taatme 2 1oy

Mewsntenenes e the el bebwoen v, the RE 8
shetvmatin et e begpanme o canest b are presentiat in
Fwe oo b tun et e appivsbvaliew Shtwmeh there aoe

A hunted munber o bt pomts at MRV aud st RV, Fig 5
strongly sigests that the switching, delay is o minction ot
applenad voltagte. A possible exphusition tor the dependence s
that the swateh vhoses by sheleorie breakdown as the w
appraaches the opposite chatrade I one assimes that
breahdown accurs at soane cnneal tickh 1) then the swat by,
nme shouhl varv as

\

-1 - th

.

Ve,
whare Vs the apphad voltage, v s the breahdowen tiekd, v oas
the et veloaty d 1, s the desiig tine at zero apphield
voltage  The sttageht e Py vsoa it on tH o the mean
debavs The best it valne sa s ESS NV /o bl 7RV anlh.
Fhis s o Large, Bt not mneasonable, iegahdown tickd tor a
shart thiton vottage stess el heds erehibihity o tos
esphinition at the delay

The wmtrimsie steateh giter, not wehsdung, voltage dependent
delay, was dertved trom the v ponns at 'RV Floe Lo glter s
s Fros measnrenients ot the ongiual swatch doesiggn at o
LV pave . o ptter ot 21 ns Phe tam tokd redhieciion i itter
achwved wuh the AlS s prmarihe attnbutalse to the lagh
veloaaty ot the wet

Porgaasiis i Opetatum

e wimmbar et switch has Bevi mneas on eguisis 1 siee the
tall ot 1 Dietanls ot ats desyen mid e are gaiven m the
Appeiihiy Fhe switch has pertarniad rehably, produeng the
tvpual virenmt wavetorin shown i Fig v The current
wavelonn beppis b e mnnedately with a dib/Zdt ot 2
MA e Ntber about W/ dE menmases ta 3RS MA/ps,
the predu sk valieewor the bank vt nehis tanee oo hane
voltapie  tn contrast, the Py Teartent wavetornn thyy 1
Faprnes sentlp 20 0N NEA e andtoes not reach the eironn
Famtesd B/t tor 1t e,
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Figure o - Caerent wamefurm for the 'egasus 1 capavitar bunk wsing
aualar jit steitches.

Because of the improvaed switch cluracteristics ncasured in
aonr developmient tests, we were non expecting the 384 ns
perind at low b/t at the beginning of cnrrent flow. Detailed
modeling of the switching circuit established that this
hehavior s due to - vollage-dependent switeh delay rather
than switeh resistanee o jitter.

From Fig. 5, we know that the AJS switeh wiil close, on
average, about 3300 ns carly at o charge voltage of v kV.
However, only the tirst switeh to close sees the fitl charpe
voltage. Within 300 s atter the Hirst switch closes, the valtage
onall of the other switehes is redueed 1o approximately zoero.
The ather switehes, ttwerrtore, do uat begin ta close tor an
additional 3o as,

the low indaetaner dosipgn ot Pegasus o rsguires that the
enrrent thow be distabatte tanitenmly among all 24 switehes,
Faring, the interval when mily one switeh is closed, the total
virentit idnetanes is substantially lugher, Atter WO as the
restaniing, switehues bepin to vlose, adiling parvatbel paths
by e iadhetanee, “this proacess is eeatially complets
within an ateditional Bmy s snwee e b priey of the A LS
swaileh s aboat "atns,

Mevanene the he it oo i conmed by nshevamee vather
tam swiets resistanee, there 1 no MU LIV vuerpy
dapunon i ther wavitelnes Phin o comteme] by pedneed
himage wehe sweitch oy, havhware an Pegaean, i,
dhespe bt e pethe o 4 15y pannand by e
sy hue

Conn s,

Ak e cheaag swarch, toven by aocemmenaal BE |
dhelinaor, posoubes ineer veasone aml o ety vane ol e
st et dhnmy, the bt e et ot apevaiem Vhe
provapal huntahen o e Al a voltope shepeisbam gy
shebav that prevents e pagathe) ganatuain o og ibe 1 ipp
W speratvn RN chapget terappte atums nepiony;
shonter dbebayes o bnwester s hange conbd e gl weohee B0t
sl v un st e et veho sy
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Appendix

Figure Al gives he dimensiomal specitications for the jet-
farming clement. This part was niarde from 6661 aluminum
in our work, but any easily machined aluminum atloy should
be satisfactory. The detonator holder, shown in Fig. A2, is a
wodified 1713 x 27 stee! set screw. The machined shoulder is
dusigned to press an the detonaor collar and not on the jet-
torniing clemaent. This ensures that the tace of the detonator is
pressed tirmby against the inside surtiace of the jet-forming,
clement.

The mounting, brockets shown in Eig. 3 are made from 2°
aluniinum angle with 3/8 thickness. The bracket facing the
jet is machined on the back sude to redare the thickness o 3
millimeters. After switvhing, the jet ltows throngh this thin
areq, relieving the pressure and redueing, damage to adjarent
parts.  For example, the hrivker holding the detonator can
nornuitly be reused several times,

Switch installation does nat reguire any eritical alignment.
‘The monuting brackets shonkd be paratlel to - <1/32" over 2%,
‘the detonator holder shonld he serewaed i finger-tight to
compress, hmt not defonm, the polyethylene dicleetric,
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