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THE DEVELOPMENT OF A UIGH-ENPLOSIVE DRIVEN CROWBAR SWITCH
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Summary

A compact explosively~driven, metal-to-metal con-
tact, solid dielectric switch has been developed for
use as a low-resistance, < 10-y(, low-inductance,
< 10-nH, crowbar switch. A 100 milligram high-explosive
charge i1s used to extrude a 0.090-in. plate through
0.040~1in. polyethylene and achieve a hard current con-
tact with a 0.625-in.~dianmeter die plate. The closure
time, from the signal, which Iinitiates the charge, to
beginning of current rise in the switch, 1s 11.0 ysec
% 0.3 psec, In crowbar application the switch has car-
ried 180-330 kA which decays with a l/e time of =~ 1.2
msec.

Design Development

One of the experimental machines in LASL fusion re-
s2arch, known as the "Toreidal Z-Pinch” device,
required the use of a fast—-acting, metal-to-metal type
switch for use in a low-inductance crowbar application.
The space available in the nmachine geometry where these
switches were to te installed was extremely mrinimal;
consgequently, these switches had to be designed as small
self-contained units, quite unsimilar to a previously-
used exploding foil switch, The foil switches, while
being desiratle for some applications, require, among
other features, large and elaborate clamping mechanisms,
complex individual capacitance discharge systems, and
general environmental necessities such that their use
in our application seemed impractical. Our attenrion
wag therefore directed toward alternate energy sources
to perform the switching action, i.e. to the use of high
explosives, It was observed that while the exploding
foll switch does nor use a powder charge per se, it
nonetheless makes use of expanding gases, not too unlike
a powder discharge, to perform its function. In this
sence only the two switchinpg acstions may be considered
gimilar, It was also observed that the use of high ex~
plosives would not only provide us environmental flexi-
bility, but would also offer a much wider range ofi ex~
plosive characteristics from which to choose. For ex-
ample, the weight and type of powder charge could be
varied and selected for the desired speed of burnirg
and energy potential., Shaped charges could be used de-
pending upon whether more penetration of the discharge
was considered necsssary (a la "Monroe Jet" principal).
These were a few of the factors that led to the develop—-
ment and ultimate use of the detonator switch about to
be discussed.

-The basic action required im switches of this type,
whether foil or detonator, involves the deformation of
metal. This deformation, however, mist be done in an
extremely sophisticated manner and the one best versed
in this field is the explosive metal-forming industry.
Considerable literature is available om the subject of
explosive metal forming and we found that the techniques
applied here could be almost directly applied to our own
requirements, Further study in this field also revealed
that of all the energy sources for highevelocity forming,
the use of high explosives is perhaps the moat versa-
tile.2 In the'light of the explcsive-forming business
then, we have what is called a typical explosive. work-
ing system. _In order for such a system to operate suc-
cessfully it must embody the followlng features: (1) an
explosive charge; (2) an energy transmittal medfum; {(3)
a die plate; and (4) a work piece.
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Within our frame of reference (see Fig. 1) t
plosive charge 1s a Type RP-2 detonator manufactu
Reynolds Industries of Califernia. It is of the’
miniature variety, 0,200-in. diameter and approxi
0.450-in, lorg. There are two explosive charges :
tained in this unit weighing approximately bw og!
first charge is low~density PETN located adjacent:
the gold bridge wire initiator. This type charge
extremely fase burning, which in tura ignites a |
high-density charge of tetryl which acts as a hig
energy booster. The manufacturer of these detona.
provides a rigidly contrelled crystallization pro
of the explasive and loading operation. Charge d
1s controlled through consistency of crystalline '
ture and precision weilghing. The result is a det
with a transnission time simultaniety of = 25 nse
“energy transfer mediun' is a material used not o
transmlt a fast uniform shock wave, but also act
efficient coupling agent, The most efficient maﬁ
for such purposes would be some incompressible 1i
such as water or oil. Both these materials, thous
ideal, would be difficult to cortain in our parti
geometry without fairly elaborate sealing methods
Hence, our second choice material, paraffin, is t
agent currently in use. The paratfin is premolde
fit the conical void between the detconator and th
plece, or driven plate as we call it (Fig. 1), T
"iie plate" im our system is in the shape of a wa
made of 6061-i& aluminum alloy, ard although this
is replaced afzar each shot, its use performs an i
taat dual funcTlion. It mot only "shapes" the &b
tion of the driven plate, but it also acts as a &
current joint edge. The "work piece” iz our syst
a piece of 1100-5 aluminum and is deformed by the
panding gases im such a manner that the 'dle plat
"driven plate" ire intimately forced together. F
2 shows the befnre and after explosion ccnditions
explanation of the explosive action is as follows
detonator is asuembled in the breech block with i
open end extercing within the conical taper secti:
The pre-molded parafifin plug which acts as the td;
fer medium is <hen pressed into the taper section
is extremely irportant that the front end of thej

v imbedded within the paraffin s
Zect between the explosion and the
fully assured. The rear cf the
I with a steel backup slug (see
criately slotted to provide pas
2 leads, but it also prevents &
cessive loss of :rplosive pressure out the back.
the detonatcr [ Jired, the incident shock wave e
in a spherical ..aner cthrough the transfer-medi
rial., A unifoc: pressure front thea exerts itse
the area of driven plate as limited by the base
the conical tap<r section. It is important hers }
a thin film of zrease between the transmitting m
and driven placz to more effectively couple tha
front and drive the plate, The O-ring, immediat
g tside this azca, serves to contain the explosi
and prevant any lateral pressure loss. As the
pressure wave ‘.its the surface of the driven pla
bending and ex:ruainz cction takes place forcing
plate material iirst against the anvil plece, wh
current contac:s 1s initially madg then into the
plate where it bSecowes imbedded in the annulus b
the die-plate washer and the anvil, This action
the polyethyleme iasulator in the process and ac
causes it to fiow out-of-the-way and ahead of th

nator is actual
the coupling e:
fin is thus
tor is closed «
This slug 1s ac
for tha bridze
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Summary

A compsct oxplosively-driven, metal-to-cetal con-
t, 00lid dielectric swicch has been developed for

a8 a low-resistance, « kO-.(, low-inductance,
O=nH, crowbar switch, A 10C ={lligraz high-explosive
rge 1s used to extrude a 0.090-in,. plate through
0-in. polyethylene and achieve a hard current coa-
¢t with a 0.625-in.-diazecer die plate., The cleosure

s from the signal, wvhich iniziazes the charge, to
Elnning of current rise in the switch, 1x 11.0 psec

+3 pusec. In crouvbar application the switch has car-
d 180-330 kA which decays with a 1/e tice of m 1.2

Design Development

One of the experimental machines in LASL fusion re-

jxch, known as the “Toroirdal Z-Pinch” device,
juired the usz of a fact-acting, metal-to-zetal type
itch for use i{in a lov=inductance crowbar applicatiaon.
t space available in the machine geomelry vhere theze
/tches werce to ke installed vas extreseiy minizal;
sequently, these switches had to be designed as small
f=contained units, quite unsisilor to & previously-
d exploding fofl switch.t The foll switches, while
mg desirable for some applications, require, atong
et features, large and elaborace clamping mechaniscs,
plex individual capacitance discharge systems, and
aral environmental necessities such that cheir use
pur application seened i-practical. uvur attention
therefore directed toward altermate energy sources
perfora the switching action, i.e. zo the uide of high
losives. It vas observes thaz vhile the exploding
L switch does noc use a povdes charge pez se, it
ptheless pakes use of expanding gases, not too unlice
mder discharpge, to periorm its function. In this

pe only the two switching aczticas say be considezed
llar. 1c was also obzarved that the use of high ex~
pives vould nct only provide us envirencental {lexi~
lty, but would alsc offer 3 ouch viler range ¢f ex-
iive characteristics {roa vhichi to choose. Fozr ex~
le, the veight ané type of powder charge could ba

jed and selacted for the desired speed of bumning
energy potsacial. Shapad chirges could da used de~
l1ag upon uhechar wora paneccazion of the discharge
considerad cecussdry (a la “Monpce Jet” primcipull.
o wire 8 fav of che factors tinat led to zhe develop~
. and uleinsze use of tha datonazor switch adout to
fscussed.

*“Zha basic actlon raquired in switches of this rype,
her foil or deconator, involves the defornstion of
3. This deformation, hovever, wust b& done in an
pmely sophisticated sanner and tha one bast versed
his field 1s the explosive cersl~lorzing industry.
4dersbls literaturs 13 svatlable on the subject of
ssive setal forming and ve found that the techniquas
fod here could be almost directly applied to our ovn
Kremants. Furcther study in tais field alsc vevealed
.of ali the energy sourcas for high-valocity forming,
I;l of high explosives i3 perhaps the cost versa-

»% 1Im the'light of the explesive-forming business

» Yo have what Ls called a typical explosive wori-

Lem, ,!n ordar or such a systes to operats spuc-

ully it must smbody the followving festures: (1) sn

ive charge; (2) an enscgy transeictal madium; (J)
P plate; and (&) » wurk plecs,
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Within our frade of reference (sce Fig. 1) the ex- -
plogive charge is a Type RP~2 dmtonator sagnufactured b -
Reynolds Induscries of Californfa, it is of che sub- -
winiature variety, 0,200-i{n. diazeter and approxisuacel
0.43C~4n. locg. Shere are evo explosive chacges con~-
tained in this unit we.ghing approximately 5« 4. 18
firse charge s low-density PEITN located adjacent to .
the gold bridge wire (nitiaecor. 7This type charge is
extresely fast burning, valeh {n rurn lgnites a szcond
high-density charge of tetryl wvailch acts as a high-
energy booster. The wsanufaciuretr of Lhese detonators
provides a viglidly controlled crystalllization jrocess
of the cxplosive and loading operacion. Charge density
1s controlled through consistency of crysealline struce
ture and precision wveighing., The result {5 3 deronazar
with a transmission cive sizultaniety of = 25 asec. The
"gnevgy transfer cediun’ 13 a caterial used not oniy o
transaic a fasz unifors shock wave, but also act au an
efficient coupling apent. The most efficient materzal
for such purposcs would be soze ipcompressible i .3
such as water or oil. 3oth these =averials, thou-n
ideal, would be difficult o contain in our partic.lar
geonntry without fairly elabotale sealing methods.
ence, dur second ciplee raterial, paralfin, is the
agent currently in use, {ue pararfin is presoldes o
fir ¢he conical void belveen the dalssalor and the work
plece, or driven plate ag we c¢all fe (¥ig. 1. The
“Iia plate™ An our systez is in the shape of a washer
cade of 6061-1& aluminun alloy, and sithough this picce
i3 replaced aizor each shot, L% use perforvs an if=por-
taal cwal fenszion, I fwl only "sheped” e cufiiem
tion of the driven plate, buz ff 3isc acts #3 2 sultadie
current foint afra. The "work plece” ix our syste® as
3 pioce of Li0T~J aluminun and 3 deforzmed by tie wyx~
panding gases Lo such 3 canner that the “die piste’ zad
"driven plate” .ve fncizacely fozced togpother. Fipgurs
2 shows the bol:te and afrer explosion conditloms. aAn
axplaracion of :ie explosive action is a3 foilows. The

dezonazor is as oenbled in the breech block with fts
open cad exTens g withln the contesl taper section.

The pro-nolced siraffin plug vhich sets &3 the tranz-
fer cadius s <hon preszed into the taper section. It
i» extraxzely i portant that the fronc end of the ‘oto-
nator is actusl . fubedded within the paralfin s nce

the eovpling c. Joc? between the explesion and tha ;orsi-
ita i3 thus = Iully assured., The rear ¢f the Jeioma-
tor 4s closesd .. with & steel bachup slug (see Fig. 1,.
This 3lug e 4 "rzpraately slotted to provide passage
for zhy bridys  -re lesds, but L0 aiso prevents an o=-
ceaslva loss ¢! .r3losive fressute out Che dack. when
the detonater . Yired, tha incidons sbock wave expands
fa & spherisal aner through (ke transier~cedium Cdalo-
vial., A untfor: pressure fromat Lhan exetts Ltield oa
the area of <oz cen plate as lizited by the bave srea o
the conical tas-r sectien. [t S8 Lxportant here o na

a thizs fila of ;cosse detveen the Lransaitting sedaun
and deiven placa o core elfectively couple tha shock -
front and driwe the plate. The O-ting, lomediately
o-t3ide this axca, serves tu contain the explosivae for _
&ty @ravent any lateral pressute loss., As the uaiforc
prassute veve ' ' 19 the surface of the driven place, a
Sending and exz ro2ing icclon takes place forcing the
place satcylal {irwl sgainme che anvil plece, where
current contac: !s Snitislly vade then into the dic
place vhare L& bucomss indeddad La che annulud betugen
tha die-plate washa? and the amvil. This acilon shears
the polyathylese fasulaver Lo tha process and actually
causee i te Llov sut~el-tha=vay and shead of the

.
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advancing mecal of zhe driven plate, The anvil, made
of hardenvd steel and opened vith & throuvali~hule, oot
only provides for the essential venzing ot the die area,
but also acts as a bumper which stops the drivea-plate
material fn che restriceive fashiion as shown, after
fnitial current contact. The setial-to-z=ctal contact
thus cade is cxtrecely tighe, comparable perhaps to a
"press~flt"” condizton found between various cachine ele-
mernts, This contact cozpletes the switheling action be-
twveen the positive and negative potentials as shown (n
Fig. 2.

When expericentation was orifinally started on the
developzent of tits detonator switch, some of the fnt-
tial vests conducted wvere influcnced to soze degree by
prior design criteria which had been used on ehe explod-
ing foll swicchkes.d It soon became apparent that this
fnfluence, though not without merit, was just net appli-
cadle to detonator use., Conseguently a new sct of pa-
cameters had to be established and new lore developed.

Where the ost effizicnt dle geomerry used in the
fotl sviteh vasa 3lof, Levas not so vich che detonstor.
The slot confijzuration ¢id appear sozewhat faster in
closing tize, but the end eflece, or the part at the
and of zhe slot, ¢id not Fully close and presentced a
very marginal current contact and was found o cause
arcing vhen the current wvas switched., This and ooler
limteations of the slot goometyry led ro the adoption of
the circle as a =ove ideal dle-plate geozmetry vhere the
eirele's circuference becane the effcctive lenpih of
current-careying surface. Since the detonator shoek
vave expands in a spherical caanner, the constraial of
the circular hole geonetry thus becast ideal for assur~
1ag & unifora current contact on thin surface,

Adéitional lore vas cstablisiked after several
shots were fited with the deronator in direct contact
with the driven plate. This prozedure, though effce-
tlve with fof) swvitches, was disastrous for the detona~
tov suitch, Ne sizply blev & hole clear through the
driven olac. and disinterrazed the very matarial wve
vesded to perform che switrhing action, Afteyr furcher
study of explosive-foraing references, we zoncluded
that "contact onerations” would mof achievk ous eads
but rather the application of “szand-off"” techniquee
would be more elfectiva,

The terns “contact” and "stand-off" operations arc
simply the tvo matn divisicns used by the explosive
setal-forning iadus.ty. “Conzact” operations are thoss
vhere the explosive chargs i3 located divectly, and in
emtgce vith, the vore plece. The "stand~ofi" opera~
tions are those whare the charge is placed some dis-
tance svay Ifroo the vork plece and the optizum dilszance
say is som junction ol the diacater of ecxplosive
charge. The tost deziradble condéieion in our case is
with the front end of the dotonator at €,300 in, from
tha drivea plate, topether with a 45° angle ig the
breech. This combinatlon resules (n 2he ocst suitabdle
deformation of the svitch plate.

Firas Design

Dus te space limitation as mentioned previously,
our Lirse desizn wvas 2o incorporste this switch with a
threugh bolt being used to held the transmission lines
togethar. Such an arrangement is shown In 7ig, J whers
the swvitch vas designed in a coaxial manner and as caa
b sean, £t fncludes the necessary plate constraints as
well as the requived switching chatacteristics. While
the dasign was found £o Ve workable, subsequent cessure~
sents ahoved ft3 {nductance &3 oo excessive o varrant
tta further developoent.

The calculated /nductance, assuning the switch to
e nade wp of srall "infinkee” (Fig. &) sections, vas
3.7 nil. The fnductance seasurced vas = 37 nM,

With ths test circult (Fig. %) tha svitih carcied
wp te » 125 kA vith & L/e decay of 600 usec with negli~
gtdle arcing. The closura time Lo definad ap the timg

*

from the beginning of current to the detonator bridpe
vire o the beglnning of current fo the wwitch, and was
12 sec 2 VL5 wee, Flgure 6 shows a current trace ol
the crowbar current, The peak current in the crovbar
vas 277 ¥A and the current being switched in the leoad
wvas 170 kA with an 1l/e decay tizc of 600 psec. i

In the ideal case where the crowbar is assuded €O o !
have no fnductance and tesistive effccts arve ncplectec = !
the peak crowbar current i{s exactly double the current
in cthe load, In the actual siruntion an accurace des~
cription of the switch capabllity fncludes two current:
(1) cthe current in the load at the tize of crowbar
switch closure, and (2) the pesk current the crowbar
switeh carrles. Furthermore, the decay tice of the
current {n the load is also an isportant paraceter
called the 1l/¢ decay time or L/R tize where L and R
are the indyctance and resistance respectively of the
crovbar switch and load-ciyucuit loop. Still referring
to Fig. 6, notice that at about 300 ..sec thare {35 2
discontinuity, This ts presusably the point at vhich
the svitch began to burn. The 170 kA vas cuch less
than the expected 300 kA ve vere hopling to achieve.
Although thix vas discouraging, it did provide very
valuable information as vo the =axicus esergy density
wve could hope to achieve with this switch when vorking
in the range of l/e decay tizes of 1 msec. Furtner,
it provided the needed inforzation to extrapolate the
swvitch design and seet the switch requirezcnts.

For the tine of interesc, i.e., up to the point
the svitch scarts to dburm, 300 usec, the currest 1s of
the form

PASE Al DL

1wl c“’t £ I cos wt e-'ll t .
°© (3
Where, Fig. 5,
L +L
T
2

w e vingfyg fregency of cspocitar baoh through Lp.

ut--‘;-—-——---—-—al‘ +::'+L 4

and

1° = maxismm svarage crovbar current.
2efore the equation cenld be plotted, a determination
of the four paracerers, I,, «, L/R, &/r, had to be made.
3y caraful exaninazion of tha oscillogram, i was meag-
ured . 3stwveen about 200 psec and Y00 psec, the sec~
ond tera is sbeent fros the equation due to fgni:-rn
cut=eif, 2y raking careful ceasurcments of relative
current acplitudae and tiza at tvo Jifferent tices, L/R
could be found by the following equation:

tz - tl

in (12711)

This equation assunes R, the resistance, in the crow-
bar loop to bs coostant. This Is nct true because of
the akin effect, hovever, it is a reasonadble approxi-
ration and for the putpose of this calculaticn will be
sssuned., Since the curteat vas messured with a cali-
brated Rogowski loop, I, could be determined. The con
stant 1/r vas datermined dy fitting the equation to th
data. We can oow calculate the total enrrgy dissipate
in the wwicch vp to the time it started tu burn. Usia

¥ B
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L1585k,

w=1.84 x10° ,

L= 1.67 x20°
and



o/t e 1,72 x 10°

ve have:
:-jtﬂx e,
.
Q
300 usec
4 -f (loc-"l' ¢ -Io cos wt .-rl! !)Z z, de
)

300 pssc
-f (l: .-2 ML -2 1: cos wt e'ﬂ/b-r/'-) t
0
+ 12 con? ue &2 /L %)R de .
° s

Note: When the eaergy is actually calculated, one finds
that the last tvo tercss actually contribute less than
G.5X to the total energy, vhen t = =,

& = 50 joules, assumes l“ = 10 uis ,

Energy density = 12.5 joules/cm .

Second Design

Tha foregoing calculations served as a basis for
& sacond and nuch icproved desipgn. This concept, known
as the transcission-plate design ind the cne currently
im use, 18 showva in Fig. 7. As vill be noted, this
arrangement is without the through-bolt constraint
feature, &7%é though the bolt onission allows some plate
daflecrion in this area, due to vagnetic field pressure,
1t vas not considored great enough Lo cause concern, By
smissizg whe Soly, ws wsre able e budld thr zwiosk
diractly into the transcission lines as shovn. Several
sdditional featurzs were also introduced at this time.
By changing the thickness of tne driven plate froo
0.062 in, to 0.090 in., its penetration into ths die
plate vas greatly improvad, thus doubling the energy
dissipation of this joiant. The diazcter of the hols
iz the die place vas cnlarged by 203, thus increasing
fivs currant carrying capability. Additional veating of
the snvil and die-plate areas furcther shortened the
sffective closure tize by clicinating excessive back
pressura, Difficuities with the breech design led to
its further refincment through the study and use of
various materials, Cold rollad steel was first used
St errosion and compaction of this caterial, due to
the detonator expliosinn, increased the hole size or
clearance sround the detonator to such an extent that
succeading shots resulted in faulty reproducibilicy.
Tungsten alloy and tool strel were tricd, but scvere
cracking and continued errusion wvis cbserved, The =a~
terial presently in use is AISI 434D steel, heat treat-
. ad to approximately 250,000 psi. It appears to be
#troag enough and yet not too brittle to contais the
explosive pressure wvithout cracking, The errosion prob-
los vas siiminated by using a somall steal sleeve fitted
sround tha detonator body. Wwhen ths detonstor fired,
the arrosion occurred on the {nside of the sleave only.
By uwsing & nev slesve aon each shot the breech material
sensins sssentizlily unsffected.

Futther refinccinis that vere incorporsted include
fast-acting constrainer yokes for Yoth breech block
oide and anvil side, thus allowing r~ypic *~placement
and resssendly of parts, Suitsble dies vere designed
to economically form the driven-plate pieces as well
as diee for casting the conicel paraffin slug, Elec-
trical contacte to ths detonator lesd wires vere sin-
plified, tequiring only "banana plug” type connactioas
s the breech assemblies,

Tests werc performed on this design and the fol-
lowing -onditions were observed, A current of 238G kA
in the loac was cruwbarred with subsequent L/R ~ 1.2
nsac vith no burning of the contact points, Fig. 8.

Switch Inductance., Referring to Fig., 5, careful
measureccnt of the period of the circuit ringing with

L1 oaly and L1 * LT: + LP only, with a calculation of
LTS' LP vas dectermined to be
L =438 ,
|4
L., could be deteroined from the ripple on the crowbar
current signal. Using the following equation and Fig.
9,
1/23_}1:_5_
A L ¢
P

The inductance of the crovbar and transcission lines
vas deternined to te 7.2 nH. Since such of the induct-
ance i3 in the transmission lines, the inductance of
the crovbar must be on the order of

L 3" 2-3aoH .

C
Switch Resistance, A high resistance was connect~
ed directly across the transcission plates and the vulie-
age was peasurcd with a Pearson current transformer. The
bottom trace, Fig, 10, shovws the voltage across the
svitch., Noticec that at about 200 usec, V = 0 at this

time, and;

Ll = I2
from the crovbar current trace about I was estimated to
be 1.9 x 108 A/sec. At this tine 1= 1.7 x 10° A, Us-
ing these figures and 2.5 x 1079 ¥ for the fnductacnce,

B = 2.8 00 .,

Bizh-Voleaze Hold Off, The in-plate transzission-
lioe switch was assechbled on a test stand and connccted
to a 50-%V capacitor. The capacitor vas charged to
various voltages, the assemdly was pulsoed to a maxizum
0f 42 kV and the swvitch fired. Each pulse the closure
tizse wvas measured to deteruine the effcce of the voltage
on closing time of the switch., Figure 11, top trsce,
shous the high~volcage pulse being switched soze 9 .sa2c
after it comes on., The bottom trace shows the current
in the detonator bridge wirc. On the low-voltage, H:.h-
current tests the average closure tize vas 7c = 1l ,sec
£ 0,3 usec, With 42 k¥ on the switen, the closure :z.o:
is affected und the closure tize is shortened 2.0 psec,
Fig. 12,

Conclusions

A compact mrtal-coatact crovbar switch that i3
activated by a small explosive charge ( ~ 100 mg HE)
has been developed. The switch has a closure tine of
11.0 psec 2 0.3 psec, with 0.040 ia. polyethylene insu-
lation, Both the resistance and fnductance are very
low, R < 3 ul, and L ~ 3 rii. The switch will crowbar a
load current of 330 ®A with a l/e decay time of 1.2 tsec.
Due to the current doubling effect of crowbarring, the
switch carries = 600 ki on a short-tice scale, several
tens of prec. Althouph the switch~closure tice is
slightly affected when it haa high voltage on it, in
crovbar use the vgl:a;c is small et switch closure. In
the case of ZT-1,” a =agnetic energy-storage system ic-
poses a fsst, high-voltags spike (60-80 kV; few tenths
of a pysec long) on a load {olloved by a fast-rising
current (vise cime of 0.1 psec) vhich rings wvith & sore
of cosine wave (the period Ls 40-60 usec). The crowbar
switch vas ideal is thie case because it enabled crovbar
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of the load current 3.0 Lsec after the high-voltage

splae, »till within 933 of peak currenc, .
This switch has been develoyed usisg but a single

detonatur. It i1s not inconcetlvable, liowever, that con-
eilerably higher currents could be switched simply by

using two or oore sinilar detonatcrs in the same systems

and ficing thea fn paralle It {3 also possibie to use

other detonators having higher and faster powder charges,

thus larger current contact sreas could be effecrively

used,

1.

3

While designed pricarily as a crowbar switch, the
detonator-switching acticn has also been used in other
switch functions where low resistance and low induct=

ance is & requi ement.
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Captions

Pig. 1  Schematic of xmain swirch features.

Fig. 2 Switch conditions before and afcer
detonation,

Fig. 3 Throughbolt assembly,

Fig. 4 Inductance calculation schematic.

Fig. 5 Current test circuic,

Tig. 6 Crowbar current trace, throughbolt
design,

Fig. 7 Transmission plate design,

Pig. 8 Crovbar current transmission plate
design,

Fig. 9 Effect of scurce inductance on crouvbar
current ripple.

Ftg. 10 Measurements for calculation of crans-
aisslon plate inductance.

Tig. 11 Svicching a high-voltage pulse. o

PFig. .12 Closure time v.s. switch voltag:,
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