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ABSTRACT

The Procyon explosive pulsed power system is designed fow powering plasma z-pinch
experiments 1t begins with a helical explosive-driven magnetic flux compression generator
(MCG) for amplifying seed current from a capacitor bank into a storage nductor One
condnctor element of the storage inductor is an explosively formed fuse (EFE) opening,
swilch tailored to divert curtent to a plasma flow switch (PES) i less than § s The PES,
in turn, delivers curtent to a z-pinch load  Experiments to date have concentrated on the
eaplosive pulsed power components and PES - This paper focuses on the tesults ol arecent
full encipy MCG/EFE/PES test Improvements suppested by carlicn expenments were
mcorporated into the MCG/EEFE components, amd the system provided ciient to o PES

which tsed o mass praded aluminam foil tulored o produce a 10 mass distibuation pan



plasma. ‘The 1/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, improvements 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
generated in a 79 nli storage inductor providing over 18 MJ of magnetically stored energy.
The EFF then diverted 16.4 MA to the PF'S with a 10-90% pulsc risc time of 1.6 ps.
System improvements led to currents about 7% larger than in previous tests, and faster
performance of the EFF.  As a result, the PE'S received a higher and faster current pulse
than that used .~ preshot computations, and the overall performance was better than
expected  As much as 15.5 MA was delivered to the 4-cm-radius load slot with a 10-90%
rise time of 300ns. We now have a pulsed power supply that is able to drive 1 M)
implosions, and has the potential to scale beyond 2 MJ with optimized performance. For
loads that can operate with lower inductance feeds and that achieve higher incieases in

inductance, load energies approaching 5§ MJ are possible.

INTRODUCTION
In this paper, we will deseribe the Procyon system and its performance We will also
comment on the amount of increased performance to be obtained cither by optimizing the
cunent design o scaling the device up in size Procyon is the nume for an explosive pulsed
power (EPP) system desipned to diive 1 M) plasma z-pinch experiments . We have 1ecently
completed the development of the system, which is pretured in Fig | Many of the desipn
featines, poals, and preliminy data have been previously published (1,2 8.4.5) and e
sunmanzed here for completeness A capacitor bank supplics <175 KA (O R M), which
ittty flowes e a MK IN MCG and ina storape mductor, one wall of which is an FFIF
apenny switch  Bxplosive action of the MCG amplifies cunent in the ciiemt as mapnetic

Ny v compressed mto the storage induetor (6) When peak cunrent s aclueved i the



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 EFF 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 each successive volume. In our most recent test, our storage
inductor was 79 nH, and the power flow system associated with the PFS was 23 nll. The
PFS gun was 5 nH and switched into a 2.6 nH dummy load slot. On the test, we
developed 21.4 MA in the storage inductor (18.1 MJ) and diverted 16.4 MA to the PFS
with a 10-90 % nse time of 1.6 j1s. At this time, 13.9 M) remain in 103 ni{. The PKS for
the test was designed to open in a gating action because the PIS plasma mass density varied
as 1/r in the barel where forces vary as 1//2. ‘T current pulse was larger and faster than
expected, and as a result, the PES "gated" open while only 2 - 3 em down the 7 ¢cm barrel.
The downstream switching results are exciting, and will be described here and in another
paper in the conference (8). At a probe position inside the load slot and near the upstream
clectrode, 155 MA was developed with a 10 - 90 % rise time of - SO0 ns  Probes in the
wall of the 4 em radius load vary and are subject to some interpretation - One dB/dt probe
shows a rise 1o 139 MA with a 10-90% rise of 500 ns.  On the other hand, a Faraday
rotation sipnal shows that as much as 155 MA was switched with a 10 - 90% risetine of
300ns  Fature eflonts are directed  at understanding and  reproducing, the switching,

obscived

APPARATUS

Capacitor Baonk/MCG/HET



A Procyon circuit diagram is given in Fig. 2 and a cross section of the EPP and load
sections in Fig. 3. The initial energy for a Procyon test is supplied by two 3000 puF
capacitor bank modules charged to ~18 KV. To shorten the energy dclivery time, we
connect the modules in series, effectively creating a 1500 uF, 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
clcanliness and atmospherc around the header. Operating procedures now require the
system (o be flushed with dry nitrogen, then filled with Sk at atmospheric pressure and
ambicent temperaturc. The capacitor bank is discharged through the header into the EPP?
system dominated by the 7.2 il MK-IX generator. Contributing to header failures were
voltage reflections generated at the input to the 7.2 jutl inductance. In tests with simulated
MCG's, reflections were recorded at the Marx header that were nearly double the voltage of
the two modules  ‘To alleviate this reflection, we installed a 4 €2 resistor array al the input
to the MK-IX. With these resistors in the circuit, the ringing of the header voltage is
reduced as shown in Fig. 4 - At that level, our new header has over a lactor of two safety

nmaupin

The MK-IX generator has been described in detal earlier (6). When the capacitor bank
cnerpy has bheen delivered to the MK-1X, the MK-IX explosive (HE) chage is detonated
and the armature expands, closing the crowbar switch At that time, 479 KA is flowing
and the system contains O 8 M1 magnetic energy  The explosive action systematically
teduces the 72 ph nductance of the MK DX, sweeping the flux into the storage inductor
The mductance, Ly, e Fip 208 largely due to the stotape inductor volume indicated in
i b Phe rest s resident moresidual cireuit volume at the MK IXN output Fip 5 shows a
2D hydiocode calealation of the MK IX outpit repion at the end of the peneraton
operation  In the caleulation, mapaetic field eflects are simulated by matenal pressures in

the mert volume e o explosive and nupnene eftects, it s difticalt (o predetermime the



exact value for Lgq, 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, 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 maternal strengths are exceeded, and an effort is made to provide
inertial confinement 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 previously described the EFEF in a variety of publications (10,11). Fig. 6 shows a
21> hydrodynamic calculation to help summarize the opening mechanism involved in these
switches.  Segments of a conductor that has adequate cross section (o conduet a current
pulse without fusing from Ohmic heating are extruded into a cross section that will fuse,
producing the resistance, R, in Fig 2. We have used EFF switches in fast applications
where HIEE s directly in contact with the switch element (12).  Subsequently, we hive
demonstinted that they can be slowed down by substituting inert material adjacent (o the
swilch element, forcing the explosive to drive a larger mass (11). This is the configu ation
used for Procyon  Prior to our furst Procyon test, we caleulated that an aluminum
conductor with 8 em? cioss sectional arca would withstand the storape mductor curent
pulse without fusing  In a test at 20 MA with a 0.69-mm thick EFEF element of 107 ¢m
citcamference, some featues ol the EFEF voltage carve caused us to be concerned that we
were approachimg melt For om aecent test, we increased the thickness to 0 o mim (o
asswe g of safety - The respective FEFE valtape ciinve is nol avandable iom the recent
fest, but on that test we achieved 2140 MA storage inductor cartent The 10" thichness

mereise does not quite compensate for the o increase m cunent, whicho s squared e the



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

thickness

We surmounted  several engineering  design  difficulties with our  EFF  clement by
manufacturing it out of a single forging. By this method, we avoid clamping the thin
material 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.

Transter Section

We continue to refer to the circuit in Fipy 2, but isolate the components in owr  transfer
section in Fig 7 The components of this tnaxial section are pictured in Fig 8. In the
fipure, we note i coaxial transmission section with a vacuum dielectric interface at one end
of the Tetlon insufation  The interface provides standof! for EFI opening switch voltage to
diive cutrent into the vacuum: region, and baflles isolate the interface fiom radiation
produced in the PES pun - Voltage penerated across the EFEF as it beging (o open is applied
actoss the closmp, switch plates thiough the PES conductor The closing, switeh insulation
consists of a hat that nests with the output insulator nein the vacuum: dielecttic interface,
and 105 qum polyester insulanon At the desited tme, explosive diiven jets puncture the

IS i polyester and convent low bepans

Uhe output insulator for Proeyon has some specal desipn featines We have chosen Teflon
tor e, as i the FEEF die, hecause ‘Tellon reniing a pood insulatonr at very mph pressones

he iewlitor mogst wathstand the system voltape for several nucroseconds atler the the
"



shock wave has passed through it, and has distorted 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 11-mm
thick in spite of 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 interfacc on the output
insulator was incorporated in electric ficld calculations performed for the radiation
baffle/interface section. We arranged ficld contours to be perpendicular (o the vacuum
interface, and the highest field points in the baffle region were 250 KV/cm.  Further,
practical experience suggests at least S bounces should be provided by a baflle system, and
our baflles were designed accordingly.  There is also information that suggests that
radiation should be kept below 60 pl/ecm2 (13). By coupling attenuation measurements
with RMHD calculations, we estimate that we expose the Procyon interface to 10 uJ/cm?-
(14) ‘The attenuation measurements were made with light between 30¢ and 600 nm in
waveiength, however, but for UV light the attenuation is much greater. ‘Therelore, the UV
radiation that is responsible for the flashover is much less than the 10 ;lJ/cm?-. We have
previously described our system of six explosively actuated closing switches (2) in pacallel
Beeause we have iarpe explosives charges in other components, we arc fiee to use as much
HE as needed to diive high quality jets  As a result, we achieve good synchronization, jitter

and resistance performanee

PI'S

The PES fin Procyon combines desipn feanes liom severil sourees Phe basic coneept
amd clectiode dimensions come hrom - experiments conducted at the Plulhps Lab ¢7) 0 The
output vime stinctne is the sime as used on the PES experiments conducted an the 1 os

Almos Pesasus ity ¢Us) Foil mnss, mass peading and pan length e determmed by



coupling carly Procyon results with a variety of calculations, and a paper dedicated 1o these
efforts also appears in these proceedings (8). Recent tests on the Pegasus bank and our
recent Procyon test employed a mass graded foil for the initial PFS conductor.  Fig. 9
shows the mass distribution in the foil, and Fig. 10 shows the foil installed in the shot. The
mass distribution in the aluminum is roughly 1/r2, and when coupled with the 3.36 jum thick

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

Fipure 11 s a simple circuit that helps summarize pulsed power considerations. 11 a
constant Iy is flowing in the loop with constant 1.4 and R when the switch, 8, is closed,

then

I (1.._,,’,',“,'”.!)1,(. ;o)

logyoo o 1000
oo

W III e

L orther Al '|| ’I.'( I" l-'.l " Ve \
. e ! I

Inonn tests, R and 1 are not constants, but the equations have simple analytical forms that
help us understand the important features ot the pulsed power esults — Also note that the
flun and enerpy equations don't depend on time, only end pomts

PULSED POWER RESUTLTS

Faplosive Palad Power Resnlts

I thes section we pomanly show the resnbts form o most recent test, swith companson to

cathier teses when vsetul We Tave thiree tests wloch wall be eterred tooas TEH T and 13



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 improvements provided an
additional 7% in storage inductor current over T2. Fig. 12 shows lg, 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 Ly, of 79 nH, we have 18.1 MJ available 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
T3 curve, but signals were ofl scale duiinyg early times. We have shitted the ‘I3 curve up by
0.511 MA to account for initial current and early MCG multiplication. This shil makes the
'I'2 and T3 curves coincident at 200us, which is a reasonable approach since both tests were
fired with 18.4 KV on c¢ach bank module. The T3 curve demonstrates better generator gain
and suggests that system improvements helped.  Calculations indicate that the increased
LEFF clement thickness accounts for a small amount of improvement  Additionally, the
current joint between the MCG and storage inductor was observed to be glowing brightly at
the end of both T'1 and ‘T2, Prior to T3, this joint was redesigned, and framing, camera data
revealed no glow at the joint on T3

Fip. 13 shows the current delivered to the PES on ‘1'3. This is a typical Faraday rotation
probe sipnal, and is one of three located in separate places between the closing switches and
the imtial PES conductor position To mterpret these sipnals, individaal phases ol the
sipnals were analyzed, taking, advantage of quadrature information, in some cases, and in

others, polanty reversal information from a Ropowskr coil near the closing 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 pys. Preshoi calculations used 20MA peak for lgy,, and a combination of early and late
EFF resistance profiles from T2 and T1 respectively. These were the best empirical data
available prior to T3. These calculations predicted a rise to 15 MA with a 10-90% time of
2.1ys. The higher and faster current rise that occurred had interesting eftects on the PFS
switch performance as we will discuss later. With 16.4 MA flowing and the PFS plasma
advanced ~2-cm downstream, we have 79 nH in Lg;,, 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(lgo)/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 EFF ¢lement 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
stape vacuum switching results. DD is the time at which flux suddenly begins to fill the

remaining load volume, and I is the time of peak transfer.

Fig 15 shows d(Ippg)/dt as determined from Faraday and Rogowski coil data. Initial and
final scgments of the signal are from Rogowski coil signals. The Rogowski coil signal gives
a better mitial step, but it went ofY scale because of the ground loop. The peak of the signal
is (tom Faraday data By performing a crude smoothing on the curve, we estimate that the
peak of this siznal 1s - 115 MA/s. By joining these two curves we have learned that the
nominal Rogowski coit calibration is incotreet  The integral of the smooth curve in Fig 15
aprees well with Farday rotation data. A factor of thiee adjustment of the calibration was

necessiny to accomplish this, however - We are searching for sources tor this error, but



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

analysis of Ry that will be presented later.

Using the signals in Figs. 14 and 15 we car make a sclf consistency argument to help
determine the amount of inductan~e¢ reduced in Ly, and added to Lpgg by the EFF flux
compression.  Since peak d(ly  -)dt -- 11.5 MA/us at the same time as peak negative
d(lgo)dt - 4.3 MA‘us, and since we wnow that whatever inductance is taken out of the
store is put into the PFS, we can determine that 4 nll is the difference, and that
(LgoNd(IgoMdO)=Lpprs)(d(Ipps)ydt) <320 KV, the voltage across the EFIY at peak
transfer rate. At E d(1,)dt--2.4 MA/jis. By this time we may approximate that the
entire cireuit downsieam from the switch plasma is a single loop. (Rg:pey: is large). There is
12079 nll upstream from the vacuum dielectric intertace, and with the PES plasma
cflectively 2.5-cm down the gun barrel, we have 11115 nH between the PES plasma and
the vacuum diclectric intertuce. At peak flux transier into the load, I, the voltage at the
vacuum dicleetnce interface is 220 KV, The voltage that would cause the EFEF to vestrike at

time Eis 190 KV

The resistance of the EFF s determined in two ways  Aller switch closme, o s
approximated by

Ry:p:p

There s a dEZdt term not accounted for in thes equation that is sipniticant m caly Gme, but
verv diflicult to estimate We also notmidly measure voltage across the closing, switeh
plates, which allow., o precise R detemmmation betore switch closure This sipnal from
F3owa umngable, however To obtam a complete Ry carve, we hanve combmed pre
closme results from 1 with post elozure result from T as shown m b Too The 1D and

I3 cunves should be very sinnba, and sinee svoteh dosiie never ocenoed on 1 pre



closure data extend well beyond what would be available from T3. After switch closure,
small values for REfF are not very accurate, so the use of the T2 curve is not a bad
compromise. To combine the two curves we established the value for Rgpp when the
closing switch actuated. This is done by measuring the initial step on the d(Ipgg)/dt curve,
then calculating the related voltage and dividing by IgTQ. We then moved the T2 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(Ipgg)/dt, we made the same correction for the initial Rppp value and
obtained the fit shown in Fig. 16. The self consistency between these signals allows us to
have confidence in this interpretation, even though we are not sure of the source of the

error

Vacuum Switching Results

The Procyon system combines an MC'G and two opening switch stages. We have described
the EPP system that delivered 16.4 MA to a PFS with 10 - 90% risetime of 1.6 s, The
tinal pulse compression is provided by a PFS  Data on PIS operation is available from two
sources  The Phillips Laboratory Shiva progiam performed the pioneering work on the
concept, and more recently we have been collecting data on the Los Alamos Pegasus
facihiv(15)  As part of our program, 21) RMHD calculations are compared to the Shiva
and Pegasus experiments  With successive siaations, we have gained confidence in v
ability to match experiment aad calculation - However, the predictive capability that gives
rood agreement with Pegasus expenimental results also predicts  that  following  the
conventional approach tor PES desipn wall not lead to pood PES performiance on the
Procvon svstem In particulan, wall effects tiat are problematic for Pepasus appein
overwhelming for Procvon Furthermore, the tricks that solve the problems tor Pepasus do

not help Procvon - Conventional PES desipn utilizes a two material coneept to pencrate 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
magnetic force. In most work to date, the conductor mass distribution was gencrated by a
cordal wire array, which could be varied by the number and size of wires and the cord
angle. The plastic film is a constant density film. Recent developments have allowed the
use of mass graded foil in place of wire arrays and Pegasus experiments have used a graded
foil that varies as 1/r2-7, which combined with the barrier film yields a 1//2 distribution.
After a vaniety of calculations, a new scheme was proposed for Procyon. In this scheme, a
1/r2 graded foil is combined with a barrder film to produce a total mass distribution that
varies as 1/r. For 200 mg total plasma mass, we use 130 mg of aluminum in the graded foil
and 70 mg in the polvester barrier film.  Preliminary design calculations showed that this
mass distribution, with higher pressure near the inner wall of the coaxial gun, allowed the
plasma near the inner electrode to get progressively turther ahead of the plasma at the outer
clectrode  Fventually a mass thinned region occurs and flux ravidly flows through it Using
data from carly Procyon tests, the mass and gun length were chosen so that the rupture
would occur as the plasma was adjacent on the imploston load slot. - A plasma trap in the
inner electrode wall, as used on Pegasus (16), seemed to also help in the calculations, but
for prelimmnary tests we decided not to include this feawre. T3 produced a higher and faster
curtent pulse than predicted fiom carlier data "Phe resulting, vacuum switching, was very
pood, and m tws section we present a summany of the results and our best interpretation as
of this wiiting. - A more detatled deseription s also included mothis conference ( 8) - An
arcay of o didt probes was imstalled i TV downstream Gom the barrier tilm - e addition,
there were two Faraday rotation probes and an electron density intetferomieter - The Lanpe

array was i attempt on track the patmp action of the pun plasma, and track the carnrent



switched into the load slot. Fig. 17 shows diagnostics locations. ‘The 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 is evident, however. The tendencies indicated in
preliminary calculations were born out by T3, but the increased drive current provided a
different over-all switching effect. ‘The mass-thinned region occurred afler the plasma had
moved only 2-3 ¢m down the 7-cm barrel, and {lux flooded past the PFS and filled the
remaining volume in only a few hundred nanoseconds. In addition, current rose to
approximately full values along the inner electrode, but not along the outer clectrode. On
those signals current appears to rise to some level, dips, then rises again slowly. One of the
most exciting results was provided by a probe just inside the load slot along the upsticam
glide plane  This probe was positioned to discriminate between  current flowing in a wall
plasma that shorts out the load slot and current that is diverted, as desired, 10 the load.
Subject to some interpretation, the probe shows that current rose 1o 155 with a 10- 90%
risetime of SO0 ns, demonstrating that wall plasma did not short out the load  The probes at
the bottom of the load slot gave varying results, some of which reqaire some interpretation
The most pessimistic interpretation comes from a di3/dt probe that shows current rising to
139 MA with a 10-90% nisctime of S00 ns at the upstream side of the slot The same
probe went abruptly to 12-13 MA (10-90% rise of - 350 ns). The most optimistic sighal
comes from a Faaday probe in the maddle of the load slot that shows current nising to as
much as 15 S MA wath a 10-90%q risctime of 300 ns - Figs 18 and 19 shows selected probe
datia The electron density intetferometer data corroborates the dB/dt data The data show
plasni aroving, at the laser path comaerdent with the magnetic flux as measured by the dB/d
probes  The mtetterometer data pave one full fringe of rotation in the next 80 us, at which
time the surnal amphitade dropped 1o zero, probably due 1o hole-closue At tns e, the

path averaped electron densiny had nsen o 18 31X 10! e



Calculations with the actual 13 PFS drive current arc 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. ligure 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 clectrode. 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 {rom ‘13 and we have not yet fully digested the results
We continue to explore the relevant physics for a better understanding of the vacuum
switching. However, the primary difticulty encountered in calculations and carlier tests is
the flooding, of the load slot with plasma of suflicient density to retard the magnetic fickd
flowing to the load and add significant (or overwhelming) mass to the implosion.  The
attempt to circumvent these eflects by alteriag the mass distribution in the gun appears to be
successful and we are preatly encouraged.  Our next eflorts will be 10 explore

reproducibility and ow depree of contiol

The results provided by ihe EPP system e also pleasing Making, simple fipure ol merit
caleulations (1 ¢ implosion Enerpy 172 AlL ||n|.-s'-’-), with the usual assumption of Al 10
nll we chum that we have demonstiated the ability o diive 1.0 M mplosions witir a
wothimp, PES  There are several sowees for immprovement as we seck 1o optimus e the

Procyon system. o seale it to lupher enerpues Optinnzanon possibilies melude reducing,



the thickness of our Teflon output insulator and reducing the over all inductance 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 M) level by the standards
usc above. In addition, if the vacuum switching observed is sufliciently reproducible, then
we can reduce the length of the PES gun, and can further add to the implosion drive
current. On T3, the total load inductance (from EFI’ to 4-cm radius load slot) was 30.6 nll.
With 79 nH storage inductance and 21.4 MA flowing, 15.4 MA should be transferred. ‘This
is in quite good agreement with the interpretation of our load slot Faraday sensor. With the
optimized transmission linc suggested above, we could :chieve 1.5 MJ. Finally, with no
significant system changes we could take advantage of the full 20 KV bank voltage available
to us This should boost peak storage inductor current to 23.3 MA, and using all the
improvements suggested above, we could transfer 189 MA, or have 1.8 MJ available.
Beyond these limits, the size of the EFFF would probably have to increase.  Another 10%
current capacity is available, by increasing EFI dinmeter, without pushing our explosive
manufacturing capability. "This would require a lightly revised MCG, but with the extra 10

%o we could transter over 20 MA, and have over 2 MJ to work with.

These estimates are based on requitements tor drving high radiation imploding loads  "Fhat
is, these loads require radiation baflles and will probably only achieve a AL of 10 nll For
systems that can opetate with lower inductance feed sections and achicve highier values fon

AL, much Lnper enerpies ate available  For instance, to diive a non-tadiating, liner S-cm in
hepht, omr transmission line inductance could diop o 10 nll, and AL could casily be 25
nll Then (79/89) 21 4 MA) 19 MA should be available to diive the implosion, and 172 A

(I R BT |
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Fig. 2. Procyon circuit. C) and (12 are two 3000pk capacitor banks arranged in series with
a special header. 1ay and Ryy are cable and bank inductance and resistance.  The 4€
resistor prevents laree voltage reflections at the input to the MK-IX MCG, 1.¢;, when the
switches 81 and 82 close. MK-IX explosives close the crowbar switch, 83, as the MCG
bepins to operate Loy 18 the sworage inductance into which the MK-IX drives .he
mapgnetic flux in the system. Ry is the resistance of the EFE opening swilch. When §4
closes, current flows to the PES - L and Lga pye are associated with transmission line and
radiation bafHes in the output section and Lppig is the increasing, inductance of the PEFS A

20 nH load is shown
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Fig. 3. Cross section of the Procyon explosive pulsed power system.  The three major
sepments are noted, as well as the input header and the components:  A- Typical input
cable; B- Typical resistor in a 482 array, (- Input insulator, 1)- MK-1X armature; ii- MK-
IN stator, I'- MK-IX HE, G-Teflon EFF forming die and storage inductor insulator; 11-
EFE switch element, 1- Detonator actuated closing switches, J- closing switch insulation; K-
radiation baflles, 1.- PES conductor and barrier film; M- 4-cm radius load slot; and N- free

volume housing, the finmg umt for EFF detonators ,
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Fig < Voltage measured on a recent Procyon test at the Marx header.
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Fig. 6 Synopsis of EFF performance.  The aluminum shown at © 0 is extruded into the
shape shown at t 4 pis by the explosive. The thin sections of the EFF will fuse from Ohmic
heating at an appropriate current density — For Procyon experiments, the EFI switch
clement s an aluminum conductor 0.76-mm thick. The clement is actuated while canying

02 MA/cm of conductor width and dissipates 4 2 MJ of circuit energy



Fig 7 Transfer section A- Coaxial output transmission line insulator (Teflon); B-Vacuum
Jdieleczric 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
acruated 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 on the
floor  A- L F switch element; B- output insulator; (- output conductor, - air lens for
the HE system Mounted on the stand is the outer wall of the storape inductor with the

EFF die and storage inducton insulator installed
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Fig 15 End view of the Procyon vacuum chamber showing the mass graded foil as

imstalled



Fig 11 Cirenit for simple analytical current transfer analysis.
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Fig. 20 2D RMHD calculations of a 1 r gun
plasma driven with T3 wavetorm Frame 1. at
3 5us. shows onset of mass-thiuning. Frame
2. 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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