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AN IMPROVED, EXPLOSIVELY ACTUATED CLOSING SWITCTI
FOR PULSED POWIER APPLICATIONS

] V. Parker, R.R Bartsch, ). C. Cochrane and S. I'. Marsh
Los Alamos Nationai Laboratory
Los Alamos, NM 87545

Abatract

An improved, explosively actuated closing swileh has been
developed 1or the Pegasus 1 capacitor bank.  The new switch
design uses an annular metal jet as the switch contact. [t has
lower resistance and inductance at early time than the original
desipn. A parallel arrav of 214 switches on 'egasus 1 has a
resislance of less than 10 €2 atter 300 ns. Measured time
behaviors include an intrinsic jitter of 50 ns and a switching
delay that depends inversely on the applied vollage.

Introduction

P'egasus 11 is a tast-discharge capacitor bank capable ot
producing a peak current of 212 MA in 6 ps. Bevcanse the bank
operates at a relatively low charge voltage ol £ 50 KV, il is
important to keep the system inductance and resistance low,
Among the alternatives available for switching Pegasus 11,
explosively actuated closing switches provide the lowest
inductance, due to the close spacing of the switch electrodes.
The most serious limitation of explosively actuated swilch is
the turn-around time requinesd to replace the dielectric and the
evplosive element between discharges.  For the carrent
P'egasus I shot rate ot « 1 /week, swilch refurbishment is not
an important consideration, and explosively actuated swilches
have been in use jor several vears,

The switch design shown in Fig. 1 was used for several years
on the original Pegasus | capacitor bank.  The actuator 1s a
commercial RP-1 detonator 1] that uses an electrically
exPloded bridgewire o initiate 0.6 grams of hiph explosive,
Pressure from the explosive charge 1orees the copper 1oil
through 1.27 mm ol polyethylene dielearic (o complete the
electrical vireait.

Fach of the four bank meditles ised 6 switches in parallel 1o
minimize the arcait wductanoes amd o il the peak current
m cach switeh o O A T arrangement worked with
preatrelabnhity at voltages as hipthoas 1200V The explosave
swilches are eszentially immune 10 nuny problems that
plhagie pas sawitches, ey pretie amd taluee onualte channed

When we began planting fon the uapgrade of Pepasus FOEY MY,
HMA)Y 4o Poypasis ST VML T NAY an 199210 was decides ]
that the carly vy pehavior of the Pegasar 1 swatch would not
b acceptable for Vegacare 11 Frgg 0 shows typieal wavelorn,
for Pepranus b The ontpat voltage tises over o petod ot almost
1ops imstead of eshibiting the instantaneous slep exprected
tom an wdeal switeh This slow ose el frome a
cambunabion of esvessave itter and luglo il iesastanee

s paper desortbes the desien ot an improved switch wath
Toaver il resastanee amd reduced piter Sechon 2 desenbue,
hviiodypanmie caloulations (ot the new switch desgn
AMeasttrements on o angle switch element to venfy the desapn
ate disensasd m Seenon Vo The Lt s tion piesents the tesidis
A hevesd wath the new swata o the Pepavaes 1 bank
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Figure I I'xpanded view of the explosively acheated closing steitch
used on Pegusus Lo Durmg operation, the diclectric is tightly
samdwiched between the detonator and  the: contact plate.

Switch Design Calculations

The principal change in the switch design is the addition ol a
jel-forming clement between the explosive charge and the
dielectric. The jet-forming element is an aluminum disk with
anannular groove on the side tacing the dielectric as shown in
Fig. L. Interact: v between the shock wave from the
explosive and the annular groove praduces an annular jet of
metal that penetrates the dielectrice,

There are three advamtages ta this design, First, by spacing
the et tornung, clement away trom the dwelectrie, switching
scetrs before the explosive pressure compiesses the dielectric
In the orgginal deagn, saeichimgs ocenes ma material dhat has
boen compiressasd to a pressore of geeater than 00 kbar - Phis
tarses e ddensaty i the sweitchang, arc and, thus, ity resastaner
Sevond, the et provides a Ly per cross sectional area ol nwetal
to carry current In the origimal desgn, corrent s catnied by a
thin copper onl that hus been severely distorted by the action
ol the explosave  There s evidence that this tol never
provides a meta!l 1o metal contact duarmp, switcking,  Third,
thes et p reaches alugher velooty than the copper forl in
the onpgnal desapn, vesualtmg i veduesd plie

Hue annudar et desagin concept was wsed suceesstully i the
Procvon pulved povaer syatem L] ot waithe ao mnch Luager
ovplovave chanpe  vpnams) The 0o pram charge i the %04
detonmaton vomore appropitate fo; a laboratory tacility but we
wete not sute that i wondd provede enongh eneigy fo form an
mnuln et Calonbations wete perlomusd 1o several p
veommei e e a2 D hvdiodvnanues code Phe magn
desagn parameter were proove width and groove depth o

Al e the et matenal was slonumnm and the meanlatien
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Pigure 2 Current aond voltage aaeeform from Pegusus 1, shoiwing
the etfect of non weal stiteh hehavior at early time.

The 2-D code has a programmed-burn model for explosive
detonation and the detonation was assumed to start as a tull
pressure, point source at the location of the bridgewire, Fig,. 4
shows the calculated motion of the jet {or the chosen
conliguratior., The tactors that were considered in selecting
this configuration were jot velocity, cross-sectional area ol the
jet mud stability of the et as it penetrated the dielectric.

Fig. da shows the initial contiguration tor the caleulation.
Note that the annular groove is spaced away from the
diclectric by a protrugion at the rimol the jet-lorming element,
Figr. b shows an early stage of jel formation, before the jet has
reachad the diclectric, In Fig. 4e, the jot has nearly penctrated
the msulation, A typical “musiroom® shaped head has
developaed, The muin bady ol the et is not in contact with the
dicleetric and is essentially free of anv esternal pressure. Asa
result ot the initial stand oft, only the jet has mteracted wath
the diclectrne ab the time of switehing.

Jut ormuang
I ketoveneot

oo U bpmoceed it de ot e a et tonmpy element 1y

Tablel

Comparison ot calculated and measured performance
of the explosive-driven aluminum jot

Axianl Annular Anpular
fcale) {calc) (oxp.)
I'rev et veloeity 035 km/s  19Ikm/s
First contact* 238 us 254 us 1.04 ;18
I'enctration®* Adlops 187 ps
Mean velocity 2.27km/s 1.46 km/s

in dielectric.

-

Conducting arca .00 mm- 2.28 mm?

* Time relalive o initiation of the explosive

The caleulated and measured properties of the annular jet are
summarized in Table I The entry labeled "Conducting area”
is the smallest cross-sectional area of the jet at the time it
penetrates the 1.27 mm polyethylene dielectric. This area is
sulticient to carry the egasus 11 current for about 4 ps betore
fusing. Taking into account the etiect of jet motion, meltallic
vonduction may last even longer.

A calculation was alse performed for an axial jet, i e, for a
single hemispherical depression on the center, . The
calculated et velocity increased o 6.3 kim/s for this case but
the cross-sectional arca was reduad to .08 mm?, only 4.2% ol
the area ot the annular et For this reason, axial jets were not
investipated tarther.

Expenimental Evaluation

Two sets of laboratory experiments were carried out to verity
the predicted performance. 1 the tirst experiment, the
annular jot switch (AJS) wan lired through a diclecine
vonsisting of three sheets of polyethviene (0.40 mm thick) with
4 thin laver of aluminum toil on the surlace of cach layer.
Fach aluminum (oil layer was conned ted to an electrieal cireut
that ~ensed contact with the el

The results of this meastiretoent are sammarized In the last
columnal Fable T The measured titme of first contact s about
Th ps Later than expedted tromy The caleulations. The
penetration time as also longer, leading to an average
penetration velocity of ondy 1 4o km/ salstantially elow the
200/ expecled. We haee not wdentitied the soutee of this
discrepancy bt it may result from assuming, prompl
detonation ol the explosive In our calculations, the
detonation wave teaches the face ol the explosive in 18 e
The manubactiner specities this armval time as 3.0 ps Thi-
stppests that the explivave does not reach tal! defonation
viessute anmediately amd, thus, may not provide the
calontated deivay presaare on the et lormg element.

Although et velocity was lower than expected, the A
produced impnoved switchimyg behavior and charactenizaton
teshimg was contimued The secomd pleas of testingg was done
o acanall capaciton bank hat prosvedes canent amd voltaye
wavelotne anulan to those expenenced by aangle sawitch on
the Pepaeares 1 bank  Theese measarements saddvessed eatly
B tespedanc e ud the awitch plier
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detonator amd the e o carent o are Presaentedd

it v o Do e et He appivd voltaey SThough there ane

o limutedd umibwer of data pomts at MRV and ot kY, Fig 5
strongly supggests that the switching delay is a lunction ol
applied vollage. A possible explanation tor tus dependenee is
that the switch closes by dieleaine breakdown as the wt
appraaches the opposite elevirode 18 one assumes that
breakdown oceurs at some craineal tield. 1, then the swiching
nme should varv as

|
I -1 - o vh
\'!'h

where Vs the apphied vallage, s the breakdown tield, v s
the wt veloaty amd 1 s the dosing nme at zero applhiesd
voltage  The sinarght line o Fiyr s a it ol o) wo the mean
delovs  The best 0t value of s TSI AV om o8 7 RV /7mab.
This s o Llarge, but not unteasonable, reakdown tield lor a
short duration vollage sttess and lends eredibility o this
esplanation ol the delay

The mirmsie swateh ptier, not includimg, voltage dependent
delay, was denved trom the o pomis a0 RV The o pller s
s Frve measurements of the opaginal switch desiggrn at 8s
LV pave a la ptter of 219 s The four told rsduection ingitter
achieved with the AIS s pimaniv atinbutabie to the high
veloaty of the et

Fegasus [HOperation

The annular et swite b has bveen i e on Peysasus 1 sapee the
tall o 1992 Degatls of ity desigine amd vse are given i the
Appemdie The swatch haes pertormusd rebably, producing the
tvpical varrent wavetorm shown i Fig o The current
wavetorm bepans to e immediately with a di/Zde o 2
AMA e Ater about WO ne dEZd inereases (o 3RS MA /s,
Uhe preshictesd valune tor the bank ot madus tanee and chane
voltape I contrast, the Peyisas §eurtent wavetorm (B M
By swerth 0 00N LA e i ddowes nol reach thee cirount
Livnatesd L2200 don o) 1vy
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Vigure o - Current waveform for the Pegasus 1 capacitor bank using
annnlar jet switches.

Because of the improved switch characteristics measured in
our development tests, we were not expecting the 380 ns
period of low di/dt at the beginning of current low. Detailed
modeling of the swilching circuil established that this
behavior is due o voltage-dependent swilch delay rather
than switch resistance or jitter.

From Fig. 5, we know that the AJS switch wiil close, on
average, about 330 ns carly at o charge voltage of 90 kV.
However, only the first switch to close sees the full charge
vollage. Within 30 ns atter the tirst switch closes, the voltage
on all of the other switches is reduced o approximately zero.
The ather switches, theretore, do not begin 1o close for an
additional 300 ns,

The low inductance design of Pegasus 11 requires that the
current {low e distribute L unitormly among, all 24 switches,
Puring, the interval when nly one switch is closed, the total
arcnit indnctance is substantially hagher. Atter 00 ns the
remaning, switches begin to close, adding, parallel paths and
reducing the inductanee. This process is essentially complete
within an additional 100 ny sinee e imtnmneae piter of the AlS
switch i about W ns.

Boecarine the low itadial dEZdt v cansed by mductanee rather
than switeh resistance, there 1+ no dueompanvingg enerpy
dissipation an the switches Phi i combirmed by redueed
damape to the swatch mointing, hardware on Pepasaue 11,
despate b e icrease e achion 4 i) carned by the
vl hes

Condhpaaome,

Anannular et dlosang owateh, doven by a comaneroal R |
detonator, provides, fower tessanae ad o higher tate of e
of aurent dunimy, the et microserond of operation Phe
prnopal Tinutanion of the Alea voltape dependent cosang
delav that prevents nne pasatld opetanion duanimgs the sy Wog
e ot operation GO R chageed o apphications tegquinmy,
shorter delaves a booster charpe coubed D ackdend to the R L
Adetonatos to mereane the et veloongy

[1] RI-1 EBW Detonators, P/N 167-4314, Reynolds Industries
Systems Inc., Los Angeles, CA 90066

2] J. H. Goforth, 11. Oona, |. 11. Browncll, A. E. Greene, F1. W.
Kruse, I. R. Lindemuth, S. . Marsh, J. V. 'arker, R. L,
Reinovsky, D. G Rickel and ' J. Turchi, "Procyon
Experiments Utilizing Explosiveiy-TF'ormed Fuse Opening
Switches,” roceedings of the 8th International Pulsed
Power Conference, IEEE Calalog Number: 91CH3052-8,
pp- 273-276

Appendix

Figure A.1 gives the dimensional specitications for the jet-
forming element. This part was made from 606l aluminum
in our work, but any casily machined aluminum alloy should
be satisfactory. The detonator holder, shown in Fig. A2, is a
modified 1"-13 x 2" steel set screw. The machined shoulder is
designed to press on the detonator collar and not on the jet-
forming element. This ensures that the face of the detonator is
pressed firmly against the inside surface of the jet-forming
clement,

The mounting brackets shown in Fig. 3 are made from 2"
aluminum angle with 3/8" thickness. The bracket facing the
jet is machined on the back side to reduce the thickness to 3
millimeters. Alter switching, the jet blows through this thin
area, relieving the pressure and reducing damage to adjacent
parts. For example, the bracket holding the detonator can
normally be reused several times,

Switeh installation does not require any critical alignment.
The mounting brackets should be parallel to ~1/32" over 2",
The detonator holder should bo serewed in finger-tight to
compress, but not deform, the polyethylene dielectric,
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