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ABSTRACT

The tracyan explosive pnlsed power system is designed lor powenng plasma z-pinch
experunents 1t begins with a helical explasive-driven magnetic 1lix compression generator
(MCG) for amplilying seerl canrent trom a eapmcitar bank inta a storage mductor One
conductor element of the stirage dnetor is an explosively farmed fuse (EFF) opening,
swilch tatlared ta divert enrrent ta a plasma flaw switeli (1PFS) m less than 3 ps The PES,
m tnn, delivers cirrent to noz~pinch laad  Experiments 1o date have concentrated an the
explosive pulsed power companents and PES This papaer focases s the vesults alaecent
full enepey MOCG/EFE/PES test Iimprovements: suppested by cilier espenments were
weorpaated into the MCG/AEEFE companents, and the system puovided cuttent 1o a PES

wlich tmed a nass paaded ahmimies fol gploted 1o prodiuee a0 10 miass distabntion pam



plasma. ‘T'he I/r mass distribution is a departure from the standard practice of using a
distribution of 1/r2. and was included as an attempt to generate a different opening posture
for the PI'S. In addition, improvenients in foil deposition technique allowed us to use a
graded foil in place of the previously used cordal wire arrays. In the test, 21.4 MA was
penerated in a 79 nl storage inductor providing over 18 MJ of magnetically stored energy.
The EVF then diverted 16.4 MA to the PFS with a 10-90% pulse risc time of 1.6 s.
System smprovenients led to currents about 7% larger than in previous tests, and laster
perfonuance of the EFF.  As a result, the PI'S received a higher and faster current pulse
than that used .~ preshot computations, and the overall performance was better than
expected  As nmch as 15.5 MA was dclivered to the 4-cm-radius load slot with a 10-90%
rise time of 300us. We now have a pulsed power supply that is able to drive | M)
uuplosions, and has the potential to scale beyond 2 MJ with optimized performance.  For
loads that can operate with lower inductance leeds and that achieve higher incieases in

mductance, load energies approaching 5§ MJ are possible.

INTRODUCTION
In this paper, we will describe the Procyon system and its performance . We will also
comment on the amannt al’ increased perfarmance to he obtamed citlier by oprimizing, the
cutent design o sealing, the device up in stze Pracyon is the nmmne for an explosive pnised
power (EPP) system desipned tosliive 1 M) plasia 2-pinch experiments . We have recently
campleted the development af the system, which is pietured in i 1 Many of the desipn
Teatres, poals, and peelmunary data lave been previously published (1,2,805) and e
summazed here for completeness A eaqurettor bank supplies 175 KA (O R M), which
mundly How: e o MK AN MOG and o staipe mductor, ane wall ol which s an 19991
opennue switeh  Bxplasive action of the MCG amplilies conrent e the ciont as mapnetic

thiy e compuensed mio the storape ibietar () When peak conrent is aclieved moahe



storage inductor, the EFF is actuated producing resistance in the switch. The voltage
across the switch also appears across closing switch plates, and the closing switches are
actuated when the desired voltage is achieved. 'The opening of the EFIF diverts current 10 a
PFS (7) that isolates the implosion load from the 2 - 3 ps EFF pulse, then commutes current
to the load at or near peak PFS current. The initial storage inductor current is divided
inductively as flux fills cach successive volume. In our most recent test, our storage
inductor was 79 nH. and the power tlow system associated with the PFS was 23 nl1. The
PFS gun was 5 nH and switched into a 2.6 nH dumimy load slot. On the test. we
developed 21.4 MA in the storage inductor (18.1 MJ) and diverted 16.4 MA to the PIS
with a 10-90 % rise lime of 1.6 |ts. At this time, 13.9 MJ remain in 103 nid. The PIS for
the test was designed to open in a gating action because the PIS plasma tnass density varied
as 1/r in the binrel where lorces vary as 1/r2. I™ie current pulse was larger and faster than
expected. and as a result, the PES "gated" open while only 2 - 3 em down the 7 em barrel.
The downstream switching resufts are exciting, and will be described here and i another
paper in the conlerence (8). At i probe position mside the load slot and near the upstream
clectrode, 155 MA was developed with i 10 - 90 % rise time of - 500 ns  Probes i the
witll of the 4 cun radius loid viny and e subject 10 sowe interpretation One dB3/dE probe
shows i rise 10 139 MA with a 10-90% nise of 500 as. On the other hand, a Faraday
rotation sl shows that as much as 15.5 MA was switched with i 10 - 90" risctinue: of
00n: Fatre eflons we directed at nnderstanding ond - reproducing, the switelung,

observed

AI'PARATUS
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A Procyon circuit diagram is given in Fig. 2 and a cross section of the PP and load
sections in Fig. 3. The initial energy for a Procyon test is supplied by two 3000 pl*
capacitor bank modules charged to ~18 KV. ‘To shorten the energy delivery time, we
connect the modules in serics, cffectively creating a 1500 ul¥, 36 KV bank. We described
our two stage Marx system header earlier (9). Marx header failures during Procyon tests,
however. led us to redesign the system to provide a high degree of control on the
cleanliness and atmosphere around the header. Operating procedures now require the
system to be flushed with dry nitrogen, then filled with SFg, at atmospheric pressure and
ambient temperature. ‘I'he capacitor bank is discharged through the header into the EPP
system dominated by the 7.2 pil MK-1X generator. Contributing to header failures were
voltage rellections gencrated at the input to the 7.2 pll inductance.  In tests with sinmilated
MCG's. relleetions were recorded at the Marx header that were nearly donble the voltage of’
the two modules  To alleviate this reflection, we installed a 4 € resistor wrray al the input
to the MK-1X. With these resistars in the cirenit, the ringing of the header voltage s
teduced as shown i Fig 4 At thal level, our uew header has over a factor ol two salety

nuupn

The MK-IX generator has been deseribed in detnil earlier (0). When the enpacitor bank
enetpy has been delivered to the MK-1X, the MK-1X explosive (HI1E) chinge s delonated
and the anmature expands, closing the crowbar switeh At that time, 475 KA 1s Nlowing
and the system cantaing O 8 MI unignetic enagy  The explasive netian systematically
teduces the 72 pihmhectanee al’ the MK X, sweeping the Thix into the starage mductas
The mduetanee, Lgpg. weFip 20as Lagely due to the stampe inductor vohime indicated in
Fipe V0 The rest s resident moresihsd encut vohune at the MK IX ontjuat - I\ S shows o
D hvdiocode calenfation ot the MK IX outprt repion of the end ol the pencrator
opeation  n the caleulation, napmetic field effects e sudated by materal uessures in

the ment vohe 1 1o explasive and nigpnetie effects, o s ditlieult 10 predeternune the



exact value for Lg 4. but we are able to deduce the effective value from current transfer
ratios. On our recent test, a value of 79 nH is obtained for Lg;o, which indicates that the
field has increased the circuit volume substantially. In addition, the free volume at the end
of the MK-IX allows the HE pressure to be relieved, and causes the armature to be retarded
somewhat. The storage inductor for the Procyon device was designed carelully to avoid
problems associated with high pressure magnetic field effects. Current joints are designed
such that pressure brought to bear by the joint bolts equals or exceeds the magnetic
pressure. In some cases material strengths are exceeded, and an eftort is made to provide
inertial confiuement for the time scales of interest in these cases. In the storage inductor,

material strengths are exceeded for approximately the last 35 ps of the pulse.

We have previonsly described the 1iF1° in a variety of publications (10,11). Fig. 0 shows a
21> hydrodynmmic calculation to help summarize the opening inechanisin involved in these
switches.  Segments ol a conductar that has adequate cross section to conduet a anrent
pulse without fusing from Olunie heating are extruded into a cross sectian that will fisse,
producing the resistance, Ry, i Fig 20 We have nsed HFF switches in fast applications
where I is directly m contact with the switch element (12).  Subscequently, we have
demonstinted that they can be slowed dowsn by substituting, imert material adjacent to the
switch element, forcing the explasive to drive a targer mass (1), This is the canfign atian
wsed far Proeyon Prant to oour st Pracyon test, we calentated that an alumnm
conductar with 8 ¢ emss seetionid arca would withstand the storage mductor aanrent
pulse without fusing,  Inoatest ar 20 MA with a 0609 thick EFE clement of 107 em
cucmpference, sore leannes ol the B voltage cirve eonsed us to he concerned that we
were approachme el For om tecent tes, we mereased the thickness 1o 0 /o i 1o
assuee amutpm ot safety - The respective EFEF voltape cinve is nat avalable ttonn e reeent
test, but on that test we aclueved 218 MA stonape mducetar ainrent The 10" tluckness

wereane does not quite conpensate for the o merense mocurent, wineh s saquiated m the



action integral. Nevertheless, inordinate losses were not encoutitered, even at the end of the
current pulse. so we are confident that we have not passed the action limit for the EFF
clement. llowever. another 10% current increase could dictate an increase in EIF
thickness

We surmounted  several engineering  design  difliculties with  onr  EIFF element by
manufacturing it out of” a single lorging. By this method, we avoid clamping the thin
miaterial in a complicated high pressure joint, and are able to fare the thin wall into a thick
end plate with a machined curve. We were initially concerned about that junction (1), but

the technique has proved satisfactory.

Trmsler Section

We contimge to refer 1o the cirenit in Fipy 2, bt isolate the components in o transfer
section in Fig 7 The components al’ this tnaxial section are picwred in Fig 8 In the
fipure, we note a coaxial transmission seclion with a vaanun diclectric interface at one end
of’the Tetlon msulation  The intesface provides standol! for EFEF opening switeh voltage to
ditve cirrent mto the viacnum region, and ballles isalate the interface liom radiation
produced m the PES g Voltage penernted across the LFEF as it begins to apen is apphied
actoss the closmyp switeh plates theongh the PES conduetor - "Fhe closing, switeh insulation
conststs of i i i nests with the ongqust insubator nein the vaciime dielectsice mterlacee,
and 1S mm polvester msulatan At the dested tume, explosive diiven qets puimetie the

1S mm polyester and aament low beyuns

e omput mesnlainor for Proevon has some speestl desspn featines We have chosen Tetlon
for i, for the FEEF die, hecase Tellon renming a prood msulator at very mph puessinees

e neabmor st wathaamd the svstem voltape for several mictaseconds aller the the



shock wave has passed through it, and has disiorted it considerably. The section at the
output end of this insulator was designed carefully to prevent the explosive action from
shearing it and causing a high voltage failure. In addition, we made the insulation |1-mm
thick in spite df data indicating we could hold off 140 KV across 6.35-mm. As seen in Fig
7. the output insulator is nested with the closing switch hat to provide a long path between
switch plates at this junction. Finally, the vacuum dielectric interface on the output
insulator was incorporated in eclectric field calculations performed for the radiation
baffle/interface section. We armranged ficld contours to be perpendicular to the vacuum
interface, and the highest field points in the baflle region were 250 KV/em.  Further,
practical experience suggests at least S bounces should be provided by a ballle system, and
our baflles were designed accordingly. ‘There is also information that suggests that
radiation should be kept below 60 pl/em2 (13). By coupling attenuation measurements
with RMID calenlations, we estimate that we expose the Procyon interfice to 10 p)/em
(14) ‘Fhe attenuation measurements were made with light between 30C and 600 nin in
waveiength, hawever, It for UV light the attenuation is nuich greater. ‘Fherefore, the UV
radiation that is responsible Tor the flashover is much less than the 10 }l.l/cm?-_ We have
jueviansly deseribed aur systenr ol six explosively actuated closing switches (2) in paralicl
Becase we lave darpe explosives charges in ather components, we arce free to use as much
11 as needed 10 diive high quality jets  As a result, we acliieve goad synclronization, jitter

and 1esistimee perforpinee

PEN

The PES Tor Procyan ounbines destpn leannes fiom severitl somees Phe baste concept
and clectiode dimensions conte ttom esperiments conducted at the Phalls Lab (/) The
output vime stinemre s the sime as used on the PES experments candueted e the 1 os

Alamos Perasis tacthity ¢U) 0 Foil sz, piass paadimg: and pam lenptl are determumed by



coupling carly Procyon results with a variety of calculations, and a paper dedicaled to these
cflorts also appears in these proceedings (8). Recent tests on the Pegasus bank and our
recent Procyon test employed a mass graded foil Tor the initial PES conductor.  Fig. 9
shows the mass distribution i the foil, and ig. 10 shows the Toil stalled i the shat. The
nuss distribution in the atuminum is roughly 1/r2, and when conpled with the 3.36 pm thick

mylar barrier fibm forms a 1/r mass distribution.
PULSED POWER CONSIDERATIONS

Fime 11 s a suuple ciranit that helps sumumarize pulsed power considerations. 11 a
constant 1y is flowing in the loop with constant 1.4 and R when the switch, S, is closed,

thien

whi s

Lurtlu A |’_.( | \
A I ..
Inonn tests, Roand 1 are not constants, but the equiations have sunple analytical Tonms that
help us understand the mportant featuies of the pulsed power results — Also note that the
fhix and encrpy eopraions do't depend an time, only end pomts
PULSED POWER RESULTS

I aploqve Paled Power Rewalis

I e secron we ponady show the resnlts form o most recent test, with comparzon 1o

carher wese when metl We Tave three tests wluch will be reterred wo s 1T and 108



respectively for ease of identification. T1 was our earliest test, and was conducted at ~10%
lower than nominal current. T2 was our first attempt at a nominal energy experiment and it
experienced a transmission line failure because the closing switches were not adequately
synchronized with the EFF. Important data came out of T2, however, (2,3) and it was this
test that provided most of the insight for subsequent design improvements. T3 is our most
recent test. It is another nominal energy test, and system improveinents provided an
additional 7% in storage inductor current over T2. Fig. 12 shows I, plotted for all three
tests. The spike at the peak of these curves is due to flux compression in the EFF, and we
will refer to the current just prior to the spike as peak storage inductor current. On T3 at
that time, with the derived Lg, of 79 nH, we have 18.1 MJ availabie in the inductive store.
Unfortunately. ground loops present on the test aftected high sensitivity signals. and there s
uncertainty in our initial current. The curve in Fig. 12 derives from Faraday rotation data
(16) which is not affected by ground loops. Redundant sensors are available to generate the
13 curve, but signals were ofl'scale duiing early times. We have shitted the 'I'3 curve up by
0.511 MA to account for itial current and early MCG muliiplication. This shil makes the
'1'2 and 'I'3 curves coincident at 200us. which is a reasonable approach since both tests were
fired with 18.4 KV on cach bank module, ‘the 173 curve demonstrates better generator gain
and supgests that system improvements helped.  Caleulations indicate that the mercased
EFF clement thickness accounts for a small amount of mprovement  Additionally, the
current joint between the MCG and storage inductor was observed 1o be glowing brighily at
the end ol both 1 and 12 Prior 1o T3, this joint was redesigned, and framing camera data
reveailed no glow at the jomt on 173

Fige 13 shows the anrent defivered 1o the PES on '3 Tlas is o typical Faraday totption
probe sigmal, and is one of three located in separate plices between the closing switehes suud
the mmal PES conductor position  To mterpret these sipgnals, individual phases ot the
sipnals woere analyzed, takieg advantage ol quadratire mformuinon, i some cases, ond m

others, polanty reversal mtonnation from » Rogowskr coil nein the closmy: switches There



are minor difterences between signals, but agreement among them allows us to say with
confidence that 16 4 MA was delivered to the PFS. The 10-90% risetime of this curve is
1.56 pus. Preshui ~alculations used 20MA peak for lgyo. and 4 combination of early and late
EFF resistance profiles from T2 and 'I'l respectively. ‘f'hese were the best empirical data
available prior to T3. These calculations predicted a rise to 15 MA with a 10-90% time of
2.1ps. The higher and faster current rise that occurred had interesting eftects on the PFS
swiitch performance as we will discuss later. With 16.4 MA flowing and the PFS plasma
advanced ~2-cm downstream, we have 79 nH in Lgo, and ~24 nH in the load circuit. At

that time we have 13.9 MJ stored energy, and ~1.7 MJ inside the vacuum.

Fig. 14 shows d(lg,)/dt. a signal that is very important to the understanding of T3. We
have marked scveral specific points on Fig. 14. ‘The sudden increase in dl/dt seen at A
indicates the 1:FF clement has begun to move into the forming die. ‘The noise on the signal
at B conveniently denotes closing of the detonator switches. C marks the peak negative
swing in d(1g)/dt while the current is being transterred into the PFS. D and L reflect final
stage vacnum switching results. D is the time at which 1lux suddenly begins to ill the

remaining load volume, and 14 is the time ol peak transfer.

Fig 15 shows d(lpg:g)/di as determined from Faraday and Rogowski coil data. Tmtial and
fimal segments of the signal are from Rogowski coil signals. ‘The Rogowski coil signal gives
a better matial step, bt it went ol scale becanse of the groumd loop. The peak of the sipnal
is tom Faraday data By performing a criude smoothing on the curve, we estomate (hat the
peak of tHus spemal s - 105 MA/is. By joming these 'wo arves we have learned that the
nommsl Rogowsk coil calibwation is incorrect The miegral of the smooth curve m g 15
aprees well with Farday totation data. A factor of thice adjustment ot the calibration was

necessiny (o gccomphsh this, however - We are scarching for sources tor this eror, It



believe that the interpretation shown here is correct. There is further corroboration in our

analysis of Rp:F that will be presented later.

Using the signals in Figs. 14 and 15 we can make a self’ consistency argument to help
determme the amoun: of inductan~¢ reduced in Ly, and added to Lpgg by the EFIEF flux
compression.  Since peak d(ly  -)/dt - 11.5 MA/us at the same time as peak negative
d(lgoVdt - 4.3 MA‘us, and since we hnow that whatever inductance is taken out of the
store is put into the PKFS. we can determine that 4 nll i the difference, and that
(Lgio)Xd(Igo)/dt)=Lprs)d(Ipps)Vdt) =320 KV, the voltage across the EFFF ar peak
transfer rate. At E d(l,)dt--2.4 MA/ps. By this time w2 may approximate that the
catire cireuit downsacam from the switch plasma is a stagle loop. (Ryieq: is large). There is
12079 nll upstream from the vacamm diclectiie terface, and with the PES plasma
cilictively 2.5-cm down the gun barrel, we have 11115 nlt between the PES plasma and
the vaannn dielectzic imterface. At peak flux transter mio the load, 13, the voltage at the
viianm diclectne interface is 220 KV, The voltage that would cause the EFIF to resirike at

time s lONKYV

The resistance of the BEFE s determined in twa ways Aller switch clasine, 1t as
approxmated by
|l|.‘_|.‘|.‘ [ ory ! A

I.,. !,

There s o dE/d tenm not aceonmted for i thes eqnatton that s stpealicant meenly me, i
very ditlienlt o estimate . We alsa notmally measnie voltape actoss the closing switeh
plaes, wlich allow. a precese Rysgsp determmuaiion betore switeh elosuee s apnal tiom
U wan imable, toawever  To obtmn g camplele By emve, we lene combmed pre

clhvane reales fiom 172 with posa elosnre vt rom '3 as shownm e 1o The 1 and

4 cnmves shonld e very ol snd anee sveh dosane gever oraimed on 107 e



closure data extend well beyond what would be available from T3. After switch closure,
small values for REgF are not very accurate, so the use of the 12 curve is not a bad
compromise. To combine the two curves we establisned the value for REgp when the
closing switch actuated. This is done by measuring the initial step on the d(lppg)/dt curve,
then calculating the related voltage and dividing by IgTQ. We then moved the 12 curve to
agree at that time, and joined the curves. Our initial attempt did not procuce a good fit.
After determining that our Rogowski coil signal was not properly calibrated, as noted in the
discussion of d(Iprs)/dt, we made the same correction for the initial Rpjpp value and
obtained the fit shown in Fig. 16. The self consistency between these signals allows us to
have conlidence in this interpretation, even though we are not sure of the source of the

cror

Vacuum Switching Results

The Procyon sysiem combines an MCG and two opening switch stages. We have described
the PP system that delivered 16.4 MA to a PES with 10 - 90% nsetime ol 1.0 ps. ‘The
linal pulse compression is provided by a PIFS - Data on PI'S operation is available from two
sources  The Plallips Labaratory Shiva progiam performed the pioneering work on the
concept, and more recently we have been callecting data on the Los Almmas Pegasus
lacthiv(15)  As part ol our program, 2D RMIiID caleulations are compared to the Shiva
and Pegasus experiments  With suceessive durations, we have gained conlidence m «an
abtliy to match experiment and ealenlation  However, the predictive capahilily thar gives
rood aggeement with Pecasus expenimental aesults also predicts  that follawige the
convennomal approach for PES desypane will oot lead 1o gaod PES perdformanee an the
Mocvoin svstem e paticulisn, wall eflects tio e problematie e Pepaus appein
overwhelmimg tor Proevon Fuasthenmore, the tncks that solve the problems tor Pepasus do

ot help Proevon Copventional PES desian atilizes o two patersisl coneept to penerate the



gun plasma. A low mass conducting material connects the two electrodes at the breach of
the gun. This rapidly turns into plasma as current begins to flow. The second component is
a plastic film that stops thermal plasma from flowing down the gun barrel until bulk plasma
motion reaches that position. The sum of the masses of the two materials varies as 1/r2
across the plasma channel so that the mass will be accelerated uniformly by the 1/r2
inagnetic force. In most work to date, the conductor mass distribution was generated by a
cordal wire array. which could be varied by the number and size of wires and the cord
anglc. The plastic film is a constant density film. Recent developments have allowed the
use of mass gradcd foil in place of wire arrays and Pegasus experiments have used a graded
foil that varics as 1/r2-7, which combined with the barrier film yields a 142 distribution.
After a variety of calculations, a new scheme was proposed for Procyon. In this scheme, a
1/r2 graded foil is combined with a barrier lilm to produce a total mass distribution that
varies as 1/, 1For 200 g 1otal plasma mass. we use 130 mg ol aluminum in the graded foil
and 70 mg in the polvester bamier film. Preliminary design calculations showed thint this
mass distribution, with higher pressure near the inner wall of the coaxial gun, allowed the
plasma ncar the mner electrode to get progressively further alicad ol the plasma at the onter
clectrode  Piventually a mass thinned region ocans and flux ravidly tlows throngh 1. Using
dista from catly Procyon tests, the mass and gun length were chosen so that the nipiare
would ocan as the plasma was adppcent on the mplosion load slot. A plasma trap m the
mner electrode wall, as used on Pegasus (16), scemed 1o also help in the calenfations, b
for predimmary tests we decided not o iachide this femnre. 173 produced a higher and fiasta
curtent pulse than predicted from carlier data The resithing, vacinan switchiny, was very
good, and m s section we present a sumniny ol the results and our hest mmerpretation as
ot tlos wittinge A mote detailed deseription s also melnded mthis comference ( 8) An
artay ot 20 dB/AdE probes was mstalled m T8 downsiream fiom the baggier tilme - Inaddition,
there were two Faraday totiatton probes and an clectron density mtetferometer The ape

arriy was i attempt on ek the patmys action of the pun plasma, and teck the enrem



switched into the load slot.  Fig. 17 shows diagnostics locations. ‘e ground loop on the
test caused dB/dt data to be very noisy, and not provide as much quantitative information as
we would hke. A consistent trend s cvident, however. ‘The tendencies indicated in
preliminary calculations were born out by ‘1'3, but the increased drive current provided a
different over-all switching eftect. ‘I'he mass-thinned region occurred afler the plasma had
moved only 2-3 ¢cm down the 7-cm barrel, and 1lux flooded past the PI'S and filled the
remaining volume in only a few hundred nanoseconds. 1In addition. current rose to
approximately full values along the inner electrode. but not along the outer clectrode. On
those signals current appears to nise to some level, dips, then rises again slowly. One ol the
most exciting results was provided by a probe just inside the load slot along the upsticam
glide plane  This probe was positioned 1o discriminate between  current flowing in a wall
plasma that shorts ont the load slot and current that 1s diveried. as desired, to the load.
Subjeet 10 some mierpretation, the probe shows that current rose 1o 155 with a 10- 90%,
risctime of 500 ns, demonstrating that wall plasma did not short out the load  “The probes at
the bottom ol the load slot gave varying results, some ol which reqaire some mterpretation
The most pessmustic mterpretaiion comes from a did/dt probe that shows current risig to
11O MA with a 10-90% nsenme of 500 ns at the upstream side of the slot The same
probe went abraptly 1o 12-13 MA (10-90% nise of - 350 ns). The most optinnstic signal
comes frtom a Fataday probe i the nuddle of the load stot that shows curent tsing to as
putclras 15 S MA with a 10907 psetime of 300 s Fipgs 18 and 1 shows selected probe
danit The electron density mterterometer data corroborates the did/dt dita - The data show
plasni i an the faser path comedent with the magnetic thix s measined by the dig/di
probes The mietterometer data pave one full frigy of rotation moihe next 80 ns, e winch
e the siond amplinde dioppend 1o 2¢ro, probably dire 1o hole-closmie A tins nme, the

gttt averaped elecron dewan ad nsento 18 8N 100 e



Calculations with the actual T3 PFS drive current are currently underway to gain a better
understanding of the test results. Initial calculations of this type provided several
qualitatively similar features, but failed to predict the over all result.  Subsequent
calculations were conducted with varying initial plasma conditions, and onc¢ set with
generally good agreement has now been performed. Iigure 20 shows the calculations at
three time steps of interest. In these calculations the mass thinned region releases the flux
to the rest of the volume well within the barrel. Plasma then folds over and shunts current
away from the outer electrode. Load slot calculations remain to be done, and these should

help with further interpretation of our load slot data

CONCLUSIONS

A wealth of information is available from 13 and we have nol yet fislly digested the resnlts
We contimie o explore the relevant physics for a better understanding of the vacinm
switching, 1lowever, the primary dilliculty enconntered in calculations aud carlier tests is
the Nooding of the faad sint with plasma af’ sullicient density ta retard the nmgnetic licld
flawing to the load and add significant (ar overwhelming) mass ta the implosion.  The
allempt ta cirannvent these ellects by altering the mass distribution in the gnn appears ta be
successil and  we are preatly encraraged.  Our next ellots will be to explore

repmducibility nnd o depuec ol contral

The results uovided by ilie PP system sue also pleasing Making simple fian e af ment
calculattions (1 ¢ implosion nerpy - 170 AL ||)|.'s""), with the nsual assumption af’ Al 10
ull, we el that we have sdemonstianed the ability 1o dove 1.0 M anplosione. witin a
wathmye PSS There e severl somees Tor unpuovement as we seek 1o optuts e the

Procvon systent, or seale it to hpdher enerpies Optmuizatton: posstbhine: mehde redneinge



the thickness of our Teflon output insulator and reducing the over all inductauce of our
radiation baffles. We estimate that as much as 9 nH could be eliminated and still have a
working system. This by itself would allow us to reach the 1.4 MJ level by the standards
use above. In addition, if’ the vacuum switching observed is sufliciently reproducible, then
we can reduce the length of the PI'S gun, and can further add to the implosion drive
current. On 'T'3, the total load inductance (from EFIF to 4-cni radius load slot) was 30.0 nll.
With 79 nl{ storage inductance and 21.4 MA flowing, 15.4 MA should be translerred. s
is in quite good agreement with the interpretation of our load slot I‘araday sensor. With the
optimized transmission linc suggested above, we could »chieve 1.5 M), Finally, with no
significant system changes we could take advantage of the lull 20 KV bank voltage available
to us  This should boost peak storage inductor current to 23.3 MA, and using all the
miprovements suggested above, we could transfer 189 MA, or have 1.8 MJ available.
Beyond these himits, the size of the LFF would prabably have to increase.  Another 10%
current capacity is available, by increasing EFE dimneter, without pushing our explosive
mamt{acturing capability. ‘This would require a slightly revised MCG, but with the extra 10

%o we conld transler over 20 MA, und have over 2 MJ to wark with.

These estinustes are based on reguitements tor diiving high radiation imploding, loads  “I'hat
15, these londs require radiation ballles and will probably only achieve a Al o' 10 nll For
systemns that can operite with lower indnctance feed sections and achieve hinhier values for

AL mnch Buper enerpies are avalable  For instanee, to diive n non-tadinting, iner S-cin in
hephit, ane tansnussion line mductance coutd thap to - 10 all, and Al could castly be 225
nll “Phen (79/89)2 8 MA) 19 MA shiould be avanlable ta ditve the saploston, aad 1/2 A

11+ 1 ~Al
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Fig. 2. Procyon circuit. €y and (7 are two 3000pt capacitor banks arranged in serics with
a special header. Ly and Ryy are cable aud bank inductance and resistance.  The 462
resistor prevents laree voltage reflections at the input to the MK-1X MCG, Lg;, when the
switches S and 8o close. MK-IX explosives clase the crowbar switch, N3, as the MCG
bepins to aperate  L.gpr s the sworage inductance into which the MK-1X drives .he
magnetic thix in the system. Rypgi is the resistance of the EFE opening switch. When Sy
closes, curent flows to the PES - Loy and Lga e me associated with transmission line and
tadizition halTles in the ontput section and Lpg s the increasmg, inductance ol the PIFS - A

2o nl load 1s shown
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Fig. 3. Cross sestion of the Procyon explosive pulsed power system.  ‘The three major

sepments are noted, as well as the input header and the compouents:  A- Typical input
cable; I3- Typical vesistor ina 482 array, C- Input insulator, - MK-IX amature; - MK-
IX stator, - MK-IX 11, G-Teflon EEFF forming die and storage inductor insulator; 11-
EEE switch element, | Detonator netuated closing switches, J- closing, switch msulation; K-
radiation ballles, 1.- PI'S conductin and bartier film; M- 4-cm radius load slot; and N- free

vahnne honsmp the g umt for EEFF detonators |
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Fig. 6 Synopsis ol EFE performance.  The aluminum shown at t 0 is extruded mto the
shape sllown at 1 4 ps by the explosive. The thin sections »f the EFF will fuse from Olunie
heating it an appropriate aurent density — For Procyon experiments, the EFF - switch
clement is an ahguimum conductor 0.76-mm thick.  The clement is actuated while carymg

0 MA/em ol conductor width and dissipates 4 2 MJ of cirant enceipy



Fig 7 Transfer section A- Coaxial output transmission line insulator (Teflon); B-Vacuum
dieleczric interface, C- Radiation baffles to protect vacuum dielectric interface: D- closing
switch plates. E- nested insulator hat and 1.25-mm polyester insulation: F- detonator
actuated closing switch (array of six in parallel); G- EFF switch clement; H- Outer

conductor of storage inductor; I- Output conductor.



Fig 8 Cylindrical components of the Procyon transfer section  From lefl to right an the
floor A Lt switeh element; B- output insulator;  C- output candnetor, 1)- air lens ton
the TIE system Mounted on the stawd is the outer wall af’ the stonape inductor with the

11 die and storage inducton insutator mstatted
I
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C:z2nled to the bamier film, the mass disribution baries as 1/r.

> T=ckaess prole for the Procyon mass graded foil. This distribution varies as 1/r2.



Fig 15 End view of the Procyon vacuum chamber showing the mass graded foil as

mstailed



Fig 1 Chenit fon simple analytical canrent transfer analysis.
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Fig. 20 2D RMHD caXulationsof'a 1 r gun
plasnia driven with T3 wavetorm Frame 1. at
3 3us. shows onset of' mass-thinning. Frame

at 3.5us, shows that flux has flooded
through the gun plasma Frame 3, at 3 Tus,
shows that the PFS has opened and remains
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