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S. P. Marsh, J. V. Parker, R. E. Reinovsky, D. G. Rickel, and P, J. Turchi
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In this paper we describe results from tests of an explosive
pulsed power system designed to deliver 15-16 MA to a plasma
flow switch (PFS). The PFS,* in turn, has the goal of switch-
ing current to a z-pinch load to produce a 1-MJ implosion for
x-ray generation experiments, The system consists of a MK-
IX magnetic flux-compression generator,2 a coaxial inductive
store, an explosively formed fuse (EFF) opening swltch,3 and a
vacuum power i-low/PFS assembly. Figure 1 shows a completed
assembly ready to test. Computation modeling of this sys-
tem is described in another paper in this c;,lference,’ and im-
portant design considerations have been previously published.5
Vacuum diagnostics are also discussed in a separate paper in
this conference as are results from a test in which a conven-
ticmal fod-fuee opening switch replaced the EFF.7

Fig. 1 A Procyon system-ready to test.. The three. major
sections are the MK-IX generator (left), the inductive
store and opening switch (tri-axial center section), and
the vacuum power flow section (right) seen with radia-
tion diagnostic tubes attached.

We have performed two development tests of the Procyon
system, A preliminary reduced energy test(Shot 1 delivered

1-13.6 MA to a 25-nH PFS load, and imposed a tuge volt-
age spike an the EFF at nominal pinch time without failure.
In n full-energy teat (Shot !1), the system delivered 20 MA
to tho EFF without sufferirrg unexpected Iossaa, and demon-
strated the proper onset of ttFF opening. In the 20-MA test,
~nistiming between the EFF and the load isolation switches
Iorl to transrninoion Iinc failure ti)nt disguised late tirnc optlII-

itlg switch performance and diverted recut of tilv current puiw
Nwuy froth the PII’S Ioiid, Theso two tests have provided illlpor-
ttmt system tll}irl~cterizati{)ll information. lrI mrnc casen dcsigt)

expcctntiol]s arc crmfirrncd and in othrm adjustments to initiiil
rxpcctations urc callrxi for. Performance detaiis aro prcscntc(l
t)clow,

AwtrMu9

A schrvnatic of tho I’rocyon syntcrn is given it] Fig. 2 and
thv physical conatructim is illustrated in Fi

!’
30 Thu cupa{-

itor hnnk conshrts of two 60fl. kJ, X)-kV rno U)OSopcrnte(i ill
nwies. Those pruvide (war 400-hA” initinl current to the 7,2-1411
MK-lY. ~enerator and 57-1111ntora e inductor, f,.. The itl~l:,

llJ
wi~iri] is an initialiy low rwistance 40 #f] , cornpletm the cir -
cllit, ‘1’iw rxl,lonivrI action of tha K-1 cI05M thv rrowl)ilr

‘Thin work WIMn~ll]p,)rtod lJy th!! (JS I)cpnrtmont 01 ~llorgy,

switch, SC, trapping the initial magnetic flux in the circuit. The
generator subsequently compresses the flux into L, (-60% of
the initial flux is ioet to resistances) yielding a current gain of
>40. At opening time} the EFF deveiops enough resistance
to divert current through the detonator-actuated load isolation
switch, S, to the remainder of the circuit in a time characteristic
of PFS operation (N4 MS). LT represents the inductance of the
transmission line and radiation baflies, The PFS inductance
increases as the plasma flows down the coaxial gun.

4 I MK-IX Ls

I

s Lt
9 I

Fig. 2. Schematic of the Procyon system. The MK-IX model
derives from experimental data and the EFF model was
initia!iy, scaled from smali-scrde experiments. The PFS
model ur generated in a 2-D magnetohydrodynamic
computer code,

The purpo8eof the Shot I WM to verify the performance
at reduced ,nergy and Shot 11 was to subject the system to
fuli current and look for deterioration of performance due to
h~i eased currents and magnetic forces, The energy levels were
determined by charging ti~c capacitor bank to 16.3 and 18.4 kV,
respectively, and Fig, 4 shows the current in L, from the two
teats, Both curves are - 10% lower than initially expected and
we have examined the data for possible reasons, Figure 5 shows
the voltage measured across the EFF on Shot 11prior to the on-
set of opening. Aiso shown is an integration that curve, which
gives the flux iost from the syotcm due to the EFF resistance.
S. -Jar curves are availabie for Shot 1, These iosrm are about
wh. * we expected and show that the reduced current ia not due
to unexpected losses in the EFF, We will present data beiow
that suggest L, is larger than intended, which can account for
t}ie reduced current.

The closing awitchcs, S, illustrated in Fig, 0, conniut of
explosively ciriven wrnulnr jets t!lat penet -ate 1.25-rnm Mylar
irrsulution. The vnltage nmururecl across the clwrin switches

‘#on Silot 1 is shown in Fig, 7. The switches clotied at t m desired
tirnc and proviricd a very abrupt turn cm, In addition, we
rncna~rod current in eacil of the six nwitci~wr rind t)wy turned
on with good rnimlrltwicity ss shown in Fig, 8. A hurclirm shift
rJIl one ciiannel cuuscd all but initinl dots to be lost, i+otn an
avcragu of the five chnnliels in the (iguro, WCconcludo that the
Bum of the six channels irr i~etwccn I:\.3 and 13,8 MA,

Figure 9 shows tile currwnts in L,, 1,, an(i in the loud, II,
for Silot 1.1 heso are obtained from Faraday rotation and Ro-
gowoky coii date. “f’ile 13.5MA peuk iond current ulmervod is
nt tile higil end of the rnngc infarrcd from Fig, 8 dnta, Lhurcti
on thwre two data rnctu WQ axsurno, for the foilowin anniy -

Yscrr, tllnt 13,0 MA wax trannf[*rrmi, For SIIot 1 the I Fti ha(i
n high mum WIIO nrray thnt III(JVd very !itth! hefow pouk
currw~t, it{iding only i m z nil to tl~o Iowi. Uning It!,;j-MA
(peak Ntorc current Iwfmw flux cwllprxwsiou in t]w EFF) for
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of a Procyon system. The MK-IX ntator (output only is shown) attaches to the outer conduc

,.

f%=

tor, and current
retur-ne to the armature through the 0.80-rnm-thick &tive switch conductor. The volume thus enclcaed, including Any
inductance remaining in the MK-IX, is the otor e inductance, L,. The active switch conductor is driven into the extrusion

7Rdie by the EFF explosive. The opening nwitch vo ta e develops across Bwitch platee that are held in poeition by high-voltage
clamps. The closing switches (located between the igh-voltage clamps) puncture the switch insulation on command. This
allows current to flow along the outer radiation baffle, through the wire array and return to the armature along the inner
radiation baffle and inner conductor. Pl~ma from the electrically exploded wire ~ray is driven by magnetic preesure down
the plasma gun and, in the version shown, pinches off the end of the gun. The cut line through the EFF foreshortens the
appearance of the EFF. The EFF explosive is 28 cm in diameter and 7&cm long.

f,, 13.6 MA for peak load current, and 25 nH for total load
inductance (LT +-J!#pFs) at eak, the calculated ValUe of ~S is

!72 nH, This is larger than t e design vcdue by 15 nH, SysteIn
calculations have been performed using 72 nH and the results
give a very good match, not only to current transfer data, but
alBo to the curves in Fi , 4. We conclude that this is the correct

Jinterpretation of the ata and we are examining our MK-IX
inductmce model where we believe the inconsistency occurs.
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l~ig, 4, Stortigc illductur current profllrw from Shots I nlltl
II lnitla]cllrrent frol[l the capac. itur LaIlk occurs 111

- I(J pn, nlId ~enerntor crowbar uccurH al --155 ~L;;,‘[’1)(!
apikr 011the pcmk of CUCII waveform in duc to I:UX COIII.
prcnnioll in the II;FIJ,
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kFig. b. A) Voltage measured across EFk’ prior to actuation on
hot 11. (B Integral of (A), giving the flux Iosl from

clthe circuit uc to EFF resistance during the conducting
~hasc [n 60-nl!,, Sfl-rn Web repreuenls -880 kA, which
IS close to the Iultially predictwl Iornr

On Shut II, thu EFF v oned relatively early colllpwml to
rShot I We liavc oubuequent y dlucovewed nourcos for tha tinting

difr[!rellcc, but m a renult, the Iligh vnltnge shown in Pig, 1 I do-
v~lopod across the opening ●Ilrt clwing nwilchcm, The volt~ge
peeked at 72 kV w!.m a I)reakdown occurred Ilonr the vac-
uulrl/dielectric illtorfaca, ‘1’hls nut only bypsswl the detonntor
owltrhes, which nro nom to CIOSOal :lbfi.~ pm M IlmIIIOd, but

1ah caurrml h fallurr to orcur mronm lIw vnclluru dlcloclrir ill-
I.crfnco thnl divorlrvl Ilmsl of 1110rurrcnt nwny fr{)ltl tllc lrd.

0110 {Jf 111{! Illrmt Illll)<)rlnlll ljllr~)omvwfl~r Snot I wn.n t{)
urw~rtnill tllc rooiatllll(c profllv or lIIv hl~l~ III thin collll~llrnlioll,
l’rolr~t cnlculationrr wrro h~od on iin vxlrnlwlntion of nlllall-
rrcnlv tlatulg Flgurc 12 uulll~luron 1110ox LInpdulrd rlatn wllh
lha dnta curvw from Shr.rt 1, Ill nddltion, dntn ublaillcd frolll
!$h~l ][ prior to breukduwn ure nhow II, ‘1’ho porllon 0( Shot II
SIIOWII in a vnluabld ●d~litlon to our knowlrndwo that cnnnot IJO
..1., .1..... I --- ..--.-1.. . ..1.... -–. . ..1. I ., , , , , *
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Fig. 6. Exploeive-actuated closing switches used on Procyon
tests. (a) croes-section of the initial configuration.
(b) 2-D hydrodynamic code calculation showing the an-
nular jet penetrating the Mylm irwulation 4.79 ~s after
the explosive is detonated. Each teat haa six switches in
puallel to provide symmetric current flow to the PFS.
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Voltage across closing uwitchcs 011 Shot 1. ‘1’licabrupt
l)reuk at 35’2.2 occurn when the Hwitches cloac, ‘1’hc ~-

kv positive epike at 3s8 and the negalivc apikee tIt 363
arc fealureu duc to rll/dt and --0,6-I\ll circuit il]duc -
tance inside tllc voltage probe loop, ‘l’he rcnistancc of

the switches ml 360 pu in --0,08 m[l,
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(;llrrrlll In llv~~of lllr six clmlIIg nwikllrw mI SIIO1 1, ‘1’lIr

higlllll frl)lll (;IIRIIIII.I I W{Ill~ {)[hI(’IIkl (lllrI tu n ~r[lllll(!

1001),” ‘1’11(’ lw(I puilltn HIVCII Rh(Iw lhr oi~llnl strwl~lll (III

(; IIUIIIIOI t Idorr ItWM luMt,

I 1

350 J52 354 :56 358 360 382 364 366 368 570
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Fig. 9, I, and 11 for Shot I, demonstrating total current trane-
for with a 10-90% risetime of <3 US, In addition, the
current drop at x362 is due to the change in induc-
tance as the plaama exib the gun and shows that the
vacuum/dielectric interface and EFF have not failed,

Fig. 10.
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Conlpoflite Faraday rotation and Rogowsky coil mca-
uurcnlcnt of dl~dl In the vacuunl regiwl on Shot 1.
“1’hcpmit.ivc s Ikc il~dlc~tca the rntc of current trans-

$fcr to the Ioa , slid the nermtive ~~ike the effects of

the pinch of gu’n plaama off-the op~n end of LIIP gun,

Among lhc rcaarmn for the cnrly EFF openln on Shot 11
1!is u Ilium tirri[crm actuatim of the EFI’I’,Wc Irrfar t c improved

pcrforlllnncc from tlw r.urve~ nhr.rwll In Fig, 13. Thenc curves

hhow dl/dl rllcaaurcd III thr mtorngu Il)d:lclor during the early

I)llaxon Of KIJIJ oprraliffll nn(l reflect tllr rntu of frux culllprcsnion

cr(currill~ ea the ICFF Ie nctllnt.c(l, The IImrc al)rupt incrcanc to

ILillgllvr vhluo nhown nt 34!),,5 IJN i[ltllc~tcm a Illoro uilllullnlm]lr~
rxpniwiun of lIIc EFIC, Wp hnvr IIIfJdclrd tllo nyRlrIII to rlctcr-

Il)illu how IISSUIIIIJly Illlxalig[)mcnl c(]nt, ril)ulom 10 ~llllultun~!ity

1111(1 wr Ilnvv found m)urrcn fur aucl I crr~~rs ill LIIC Ilurdwnrv nprc-
illrnlioll~, Thcnc rrrurn worr [uIIII{I UIId corrrctctl l~y nnncIIIIJly
t(Yhlli[’i{Ill~ ill Shol II, bUt W’QrClll,V(}rfOUlld I)rl(lr t[) ~ll{lt 1,
‘1’1]0nh(]rtor (Iurnllot] of tllo I)onltivo nlKIInl 011 SIIO1 II In du~
I.IJ tllv I’:IJIJ pnanil)g Ilmrc (Illi(kly tlIII)IIgl I lhr r(,~illl[, whoro

((llJ/dt I R) is Ilognlivol ‘1’llvn, nrv H(iv(irul fnclorH tllnl rIJll-

1 rit)ulo 10 ttlln, A L])orollp,ll” I~IIIIly@ltI ,)f LtIV vlrwl of l]IV ILny III.

lll~,lry I* oxtrvllmly tt)II)lIll(IiL14111 n[l(l IIM llo[ IMVIII Ijvrfortlw(l

Ilowvvor, II tiilll~)lv II I(I(IVI sIIggwrlH tllht, 1110 ~wylllrllctry tLI(olIIIlrI

Ior NUIIIU of tlh, (llfr~,rwlc(l, Ill n(l[lllloll, W(I rxl)ert u ~ll~lllly

IHmt(, r r4witrl)ill~ dlIc 10 LIIV lll~lhtr {~~rrvllt [l{lllHity {If SIld II,
duv to lMItl I IOIIUnll{l nllutt-lrrll) 12 II ]li,utill~ vIIw,LH. (~rj[lplill~

1110 Ixll tIontlng alId nxytlltlmtry ell’twts will fllrtllc. mld tr~~thv
(Iifrcrrlwt, l:vr tIuw wr nlc c~)ncotltrnlill~ on roprotlucltlti lhr
}Ilullllllnlily, IIigll-rurrollt S)1,)1 Il.
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Voltage rneaaured acmes the switch platea on Shot II.
Tt,is ie the voltage developed acroes the EFF until the
time of the 72-kV peak when a breakdown occurred
near the vacuum/dielectric interface, From that time
until ~355.2 ps, when the closing owitchee cl~ed as
commanded, this ie the voltage acrrma the breakdown
channel.

1

A

Fig ] 2. (A) Resintnnce from small-scale teetm multiplied by
1.7 to correct for eometric difTerenccs between small

iand large tests.( ) R.flfrom Shot 1, aamming IIOIII-

Inal otorago inductrmce of L, = 57 nH, (C R,q from
SiIot 1, asrnuming L /= 72 nH, which in se] -comistcnt

Ii
with other data. 1) Ran from valid portion of Shot 11,
“rhe time ncale o (. ) is shifted arbitrarll for better

[display. The ne~nt,ive region of (B) and Cj are duo
to the fact that we cannot accurately calculbto the
dL/dt produced in tho EFF, nml ignore It in calculat-

) tblh (A) IIncf (D) ])RV(!illg Itafl =- /.,/./( 1, . fI,, h, I ,

nccuratc cmrly tlnw rrsiotnnco curvca dctcrmincd hy
//@lr - V,lr//,

(-,’,~)l~ll!ti~l]a

I;runl our Illilinl ltmls d tlIrJ l’ru(y,~ll Hynlc IIl wc hrc nlJlr III
rmrh imporlnlll ronclunit)llx. TlIr7 111(151ill)l)urtnllt in tlIul 11111
I’;l”l: will WI Ilnto IIrI prrvll, lIW! ill II cir(’ull that IIIUIgrllcr~~tr,l
IJI, I MJ it) RI} lIIIlu(I,lvrI Nt(II (I, Wc, tllvrcfcrro, IIIIWI tlIII cupIk
I]ility of lrnllnfcrritt~ cllrrclll 1,1)a 26-1111 l(IaIl ill IUHR tlImI 3 pv

‘l”IIv E;II’F wIII llr)t only sllslain the currvril lrunsfor, I]ut nlh[)
a ~oltii~[, rrpikv ~{,ll(,ratv[lIII LII<I IOIL(I dt~,r r~lrr~~tit trulmff,r in

(r)lllpl~tc, ()[ tho IZ MJ g~~rlorntcd ill our rtwlucml rllcr~y tv~l,
U N1.1 wun rItlll nvnilnhlc WlICII the I’FS plnnlnh rcacllecl tho rIlld

Y
or LIW UH, IIMIVI M LIIWW Ilullll)orn, VJO dIOIIhl hRVtI -1 I M,]
iivnilid) o 10 (Iliv(, nll i[l)l)lomi[)ll on a rul].rllvr~y Wt. Arn!utllillg
n 10.1111ill(lllrlmllc~ Ill{r{,nxr III tllo illlplml~~[l, wr would ~vllIIl-
ntv n W()-k,l illl~~l(mi{lll, w}li( II in very ~l~mv to our I-MJ U(INI,
WOI)vlicvv ~lthvr illll~r{)volllf,lll,m will nll[]w IIR to tlh-wt, or IIXCIIVII,
tlllil M(ml.

{
13. dI, dt from Shots I and II. The Shot I datm. are ehifted

ear ier by 1 ps to account for the difference in the time
Lhe EFF exploeive waa detonated on the two tents.
The time scale is that for Shot 11.
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