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. FUTURE EXPLOSIVE PULSE-POWER TECHNOLOGY FOR
HIGH-ENERGY PLASMA PHYSICS EXPERIMENTS*

R. E. Reinovsky, 1. R. Lindemuth, and S. P. Marsh
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

A variety of high-performance puise-power systems in the
10 to 20-MJ class have been built in the last ten years or are
pilanned in the next 3-5 years. Such systems, using capacitive
energy storage, are employed in particle beam fusion. x-ray
effects, x-ray physics, and plasma physics experiments. Ad-
vances in th~? technology of high-energy-density capacitors over
the same time period has substantially decreased the cost per
ioule of the basic capacitor and kept the tctal parts count in
large systems within reason. Overall, the savings in capacitor
costs has about balanced the generally increasing system costs
keeping the total cost of large, high-performarnce systems at
$1-2 per joule over the period. The next st2p, to 100-MJ class
systems, will profit from the improvements of the last decade,
but there seems littie reason to project a lowering of the cost per
joule. In contrast, there is every reason to expect the continu-
ously growing system costs to outstrip any savings to be real-
ized from improvements in capacitor technology. Thus, 100-MJ
systems promise to cost $100 M or more.

Over the same period, explosive pulse power systems in
the 10 to 20-MJ class have been employed, routinely, in plasma
physics experiments. These one-shot systems currently cost
about $100 K for the generator and switching and deliver en-
ergy to a plasma physics experiment in a {ew microseconds.
Comparing only hardware costs, such systems are competitive
with capacitor systems for developmental activities involviug
100-200 shots — but not for repetitive applications involviug
1000's of shots. For the next generation, hardware for 100-MJ
systems is expected to cost $200-500 K At this rate, explosive
systems are competitive with capacitive rystems for applicu-
tious involving up to JU0-500 shots. In this paper, we discuss
general concepts for generators and power-couditioning systems
appropriate for high-cuergy applications. We scope two such
applications and show how explosive pulse power can address
those applications. And we describe one ¢xainple of an explo-
sively powered generator suitable for 100-MJ operation.

*'I'his work was supported by the US Departmeut of Euergy.

Large-Scale Flux-Compression Generators

Magnetic flux-coipression generators represent a rela-
tively siinple, cost-effective technique for producing large
arnounts of energy at high current. Flux compressors use the
energy released froun a detouating chemical explosire to per-
form work on a inaguetic field. ‘I'he work increases the electri-
cal energy in the circuit at the expeuse of hydrodyuaiuic energy
it the asseinbly. Flux comnpressors have the advantage ol en-
abliug very hign energy experiments without the weed for very
large, costly pulse-power systeius that take years to construct.
They have the disadvantage that they aie single-use systeins
and wmnch of the hudware must he replaced for each experi-
ment.

Coucepta for Inrge-scale llux-compression systeins grow
naturaliy frow the configurations that have heea used for mnny
years for suller acale systets,  Figure | shows three of the
nost coton llux campressor configurations, ‘'he “Plate” sys-
tei counists of rectunglnr conductors i hox-like configuia-
tion, Fxplosive on the larger sides of the box is siiituneonsly
initinted over ity atea aud propels the sides of the box together,
“he ty pical plate configuration is capable of 10 to 12-MA cur-
reuts, aud 15-us eune-times, It indnctance iy relatively iow auil
itn energy gaiu is wodest, The “Helical™ couliguration cousists
of a hiollow wetal pipe containing explosive located inside
coil of conductar. “T'he explosive is initiated at one end, the
wietal pipe expunsds outward and coutacts the coil at a point
thiat follows the coil fiom initintion end o lond cud  The typ
enl wuall heical coulignration s lmited ta 1 to 3-MA carrents
hecanae the conductarn comprising the coil have lmited eross

section. Its run-time (50 us) is controlled by the detonation
velocity of the explosive. It produces the largest current and
energy gain of any flux-compressor configuration. The “Strip”
or “Bellows” configuration conasists of flat conductors like the
plate configuration, but the explosive is initiated at one end,
Iike the helical. Unlike the plate, its shape is not constrained
to be generally rectargular aud large spacing and narrow con-
ductor widths at the initiation end sometiines taper to wide
conductors and narrow spacings at the output end. The strip
configuration can produce 5 to 10-MA currents but is limited
to run times of 50 us, somewhat like the helical. Its gain is
intermediate between the plate and the helical, but it is by far
the simplest and ieast-expensive system to build and operate.

For very high energy applications, these basic configura-
tions can be transformed into more-complicated systems. By
revolving the plate around an axis of symmetry, a coaxial sys-
tem is formed. The explosive occupies the inside of a cylin-
drical pipe but the areal initiation system can be reduced to a
(simultaneous) line initiation system on the axis. In principle,
the outer explosive charge becomes an areally initiated annu-
lus of explosive, but practically it disappears all together. Such
coaxial systems are capable of currents of 150 MA. But their in-
ductance, and hence their gain is relatively low. To make high
energies they become quite long. Aud practicality dictates that
there be a small angie between the inner and the outer conduc-
tors where they contact. The sweeping of this contact point
is a significaut contributor to the generator’s total operating
time, which is typically 40-50 us.

By 10tatiug the strip configuration around an xis of syw-
etry, a disk-shaped system is forimed. In this system, the ex-
plusive is initiated on or near the axis and the output curreut
is taken from: the outer radius. The disk coufiguration is inod-
ulas. Additior.al assemblies can be placed next to each other
and connected it series at the outer radius. ‘T'he disk system,
like the coax, is capable of very high curreuts, 150-250 MA.
While the inductance of each individual unit is reiatively low,
the modularity of the coufiguration allows substantial gaius to
be acliieved with several uunits. The total run tiine as the con-
tact point sweeps fromn axis to outer radius, cau be substantially
leys than the run tiine of a coaxial configuratiou of coinparable
inductauce.

I"e helical configuration is fundamentaily cylindrical and
can be scaled to relatively large sizes directly. For large sys-
tems, the output currerts are 30-50 MA, lower thau either
coaxinl or disk couflgurntions. 'The curreut risetine increases
with the size of the systeins because it is luitiated at one end,
but the gain remains the highest of the collection,

Clearly thie plate connguration cau be rotated around n
vertical axis producing a sisuultancously initinted disk, the strip
e be rotated around a horizoutnl axis producing an end-
initiated coaxial configurntion or the lhelical con be wntiated
silultanconsiv aloug the axis to produce a faster helicul ays.
ten.

Power- Conditiontig ‘Techtiiques

For moest plasina-phiysies experiients, one or more stages
of pulse colmpression are needed to meet the requirenients of the
lond. In general, high-current opening switchies represent the
critical component tn power-conditioniug systews, Power cou-
ditiouers can generally be chiarncterized an inducta, to indusctor-
trauafer systeins rely ing on direct opening awitelies, ot connm
tution s henes telying on oo woving contmt to alfect enrrent
tinnsfer. Amoug the mast-practical schemes lor direct apening
switches nre thase hned an fisiug techuigques  either conven



tional fusing or augmented fusing. Similarly for microsecond
time scales, the most practical commutation schemes employ a
magnetically propelled plasma that transits a gap in a conduc-
tor to perform a commutation operaticn.

Figure 2 shows these three switching techniques in
schematic form. In each case current is delivered from a coaxial
source. For inductor to inductor-transfer systems, the storage
:ndu tor takes the form of a coaxial section whose dimensions
are selected to provide the required induciance. The open-
ing switch occupies one wall of tne inductor (frequently the
inner-coaxial conductor}. For the commutation system, there
may initially be no additional storage inductor, but the mo-
tion of the commutating elenient sweeps a volume that is sub-
sequentiy filled with flux and this volume becomes a storage
inductor. Output is taken in a coaxial section connected across
the switching element (for direct-transfer schemes) or across
the commutating gap (for connnutation schemes).

Couventional fuses in which the conductor vaporize; un-
der the influence of the current alone have been demonstrated
for conditioning the output of large helical and large dish gen-
erators. For helical systeins,' fuses carry currents for times
in excess of 350 us and interrupt peak currents of 20-22 MA
in 5-6 us. They sustain voltages of up to 60 kV at elactric
fields of up to 2 kV/ecm. For much faster disk systems,? cou-
ventional fuses carry current for 20 us, and i1.terrupt currents
of 60 MA in about 1 us. ‘They sustain voltages approaching
400 kV at almost 4 kV/cm. Siuce conventional fuses are scaled
to the current and timescale of the generator, they do not have
a substantial energy-dissipatior limit.

Augmented fuses differ from conventional fuses in that
some independently controilable process aiters the geoinetry
of some or all of the conductor during the time that current
is flowing. For the explosively forimed fuse shown in Fig. 2,
hydrodynamic energy from au explosive is used to deforu a
conductor against a shaped die made of insulatiug inaterial
(Teflon}. ‘T'he thiuniug of the couductor in some regions leads
to increased local accumulatiou of action, ineliing and vaporizi-
tion. Explosively tormed switclies are particularly »ppropriate
for counditioning the output of ug-runniug helical geuerator
and are routinely used to interrupt the 20 to 22-MA currents
in 35 us. They sustain volteges around 100 kV. Siuce only a
Iraction of the conductor is believed to participate i the iuter-
ruption process, there ay he a linit to the energy dissipation
of augiented fuses. Pissipation of 10 MJ has been achioved
and is assumed to be scalable,

The plasina flow switeh® is the most actively explared of
the conunutation switehey. Curtently used at Los Alnoy! 3
in coujunction with either a conventional or auginented fuse,
the placina-llow switch couducts 10 12 MA for times of h s

anl switches energy into au implosion load in a fraction of »
microvecond.

Applicatious-Soft X-Ray Production

Oue application ol iuterest to the comnunity is the pro-
duction of large finences of satt x-ruys from 50 to above H00 oV,
Sucl igh-lluence x-ray sourcey are of interest for x-rny physics
experitnents aud for the development of x-ray diagnostics, Fast
plasiua immplosious 1epreseut the wost prowising soutce wegn-
jorle Hueucen of soft x-rays. For mnguetically iluploded plamna
svstewx, energy v coupled fiom the mngnetic lield to kinetic
energy of the collapsing ploaan eylinder, When the plasinn
aswetnbles on nxin, ite Kinetic euergy is converted ta utergul
encrgy, heaung the plasinn and radiating x-rayicin o comph-
cated iuterplay of processes.

Sunplistically, implosion velocity or kinetic energy cnn he
arlenluted Tram cirenit and kinenmtic considertions, Similarly,
the thermalizntion process can be madeled by equiting spe
cilie nnploman Kinetic energy (v 02) with internnl energy in the
e bl then evalimdig espaations af stde Lo estinnde i ap
ot honnd on the temperntire Fignre 3 shows results of sl i

simple estimate of plasma temperature for gold and aluminum
plasmas as a function of internal energy (or implosion velocity)
for pressures from 10® to 10'? Pa, For gold plasmas, velocities
of 5 cm/us are reqitired to reach 50 eV and at velocities of 30
to 40 cm/us, temperatures of 400-700 eV might be expected.
For aluminum plasmas, velocities of 7-14 cm/us are required
to reach 50 eV Sdepend'mg upon pressure) and velocities of 30
to 40 cm/us could be expected to produce 300-800 eV plasmas.
For comparison, capacitor-bank-driven implosion experiments®
have achieved implosion velocities of 14-22 cm/u in aluminum
plasmas and radiation temperatures of 50-60 eV have been re-
ported.

For scoping calculations, circuit models of fasi flux-
compression generators, fuse opening switches and cylindrical
plasma implosions are used to evaluate the implosion velocities
that could be expected from large-scale systems. A general,
linearly decreasing Ly model with compression times from 10
to 50 us was used to model the flux compressor. Similarly,
an elementary “zero-dimensional” model was used to model
the implosion process. Since the performance of the opening
switch is the critical element in the system, a considerably more
detailed model of the fuse opening switch was used. The “CON-
FUSE” model® employs hydrodynamics and equation-of-state
information to evaluate the resistance of a copper fuse during
its melting vaporizing and to supply that information to the cir-
cuit calculation. The model uses one variable parameter which
is referenced to experimental data?,

Figure 4 shows the circuit einployed in th: scoping caicu-
lations. A flux compressor whose initial inductance was 225 nH
was loaded with a 6.22-MA current (4.3 MJ, 1.4 Weber). The
flux coinpressos operates (without losses) into a 14.83-nH stor-
age inductor and a fuse opening switch. The implosion load in-
cludes a self-closing (voltige-activated) switch, a 10-nH vacuum
inductance, and a 12-nH dyramic inductance. This inductance
is characteristic of au typical fast plasma implosion which uses
a cylinder initially 5 cin iu radius aud 2 cm high, radially com-
pressed by a factor of 20. Depending upon the time of curreut
interruption, the llux coinpressor could produces 100-MA cur-
rent aud 75 MJ of stored energy iu the storage inductor, Simple
llux conservation arguinents show that the opening switch st
dissipate 30 M of energy aud that the ideal wnximun kinetie
energy that could be coupled to the implosion is 14.2 MJ.

For nominal values of fuse parameters (cross-scetioual area
and leugth)? the closing voltage of the load-isolating switch
was first optimmized to produce 40-cin/us hplosion velocities
(500 to 600-u8 inplosions). For all cuses, n switch voltage of
around 400 KV resulted. ‘Flie fuse paraieters and implosion
load 1ass were then sdjusted to maximize the kinetic energy
delivered to the load at 40-ciuy/ us. Finally, with fuse paraiteters
and opening switch voltage, i.c., the aystein couliguration, were
held lixed, and the iplosion masy was varied to explore the
range of energies nnd velocities that could be expected.

Figure 5 shows the results of the scopiag calculation epr-
ploymg three flux-compression times (50, 20, and 10 us). For
velocitios of 40 cinfus, the slower, 50-us, systenn conpled just
over 2 MJ of kinetic energy to the inplosioi while the fast, 10-
ny, generntor couples just over 7 MJ to the implosion or 50% of
the idenm waxitnun, Peak currentn were in the rauge of 50 MA.

Applications-Impioding Liner Fusion

Aunother interestiug application of a wmmgnetivally driven
implorion i that of compressing fuel to fusion conditions. Con-
ventional practice® in inertin conlinement fusion capsile design
cploys pusher-implosion velocitien in the vnnge ol 30 ey jes
nat deannatically dilferent fram those considered nhiove, Tow
ever, e we live discussed, such high velocities siganlicnntly
rednee the etliciency of eonpling electrienl cuergy ta kinetic en
CIRY

the intualuction ol madernte prehient (5 oV) and
« teadest magnetic licld (49 1) inta the capanle ollers the



possibility® of producing substantial therinonuclear yield in
larger capsules with lower fill density while requiring pusher
velocities as low as i—5 cm/us. The Magnetized Fue! Tar-
get SMFT regime differs substantiaily from conventional in-
ertial confinement fusion regimes and rclies on the presence
of the magnetic field to increase energy deposition in the fuel
by irhibiting electron thermal conduction and by trapping fu-
sion alphas. Iii addition, the lower initial fuel density -« uces
bremsstrahlung radiation losses. Thus, the magnetized fuel ap-
proach generally makes better use of the energy available from
the pusher implosion.

For MFT scoping calculations, the same circ'iit shown in
Fig. 4 was employed. However, the low initial fuel density and
large amounts of energy available allow initial radius of the
implosion to be increased to 10 cm, and the iength of the im-
ploding cylinder to increase to 10 cm. This increased size of
the load increases the dynamic inductance to 60 nH and tie
idea! maximum kinetic energy to 31.7 MJ. The same optimiza-
tion procedure was used with the objective of optimizing the
implosion energy at 5 cm/us. Figure 3 shows kinetic energy
coupled to the implosion as a function of implosion velocity. At
5 cm/u, kinetic energy ranges from 29.7 MJ to 28.2 MJ (90The
peak curreut in all cases was 94-96 MA and the implosion tiine
was about 5 us. Interestingly, while the load-isolating switch is
esseutial for the fast iinplosion systems, calculations with this
switch closed for all time in the siower application show nearly
the same coupled kinetic euergy and the same time of implo-
sion referenced from the beginning of flux compression. Clearly
the imploding cylinder must carry current for a substantially
longer time when the closing switcl is eliminated, however. Fi-
ually the circuit parameters allow the opeuning swiich to reach a
liigher resistance than has previously Leen observed. Limiting
the resistance rise to a factor of 200 (consistent with several
teported high-current experiinents) reduces the coupled energy
by about 10%

Representative High Luergy System

Geuerators for high-energy applications can be desigued
using auy ol the coufigurations in Fig. 1, aud each counliguration
offers distinct advantages. ‘F'lie disk configuration has received
attention in both the US aud Soviet explosive pulse-power corn-
rmnities. Soviet scicutists have reported colubining relatively
large, high-gain helical flux generators with very high current
disk explosive magnetic generators (DEMCs), with reinarkatle
tesults, V'Y AL Los Alamos, experiiients have been perforuied
nsing disk-like coufigurations,'?. Because of the Soviet resuits,
we have elmployed desigus guided by their experience in om
nlialysis.

I'he hesic operation of a disk couliguration ciploying
sweeping detouation is shown i Fig, 6. TI'he compression cav-
ity ix initially filled with wingnetic flux frone a 5-MA current
llowiug in the wall. Fxplosive (of perhaps cotuplex shape) sur-
rounds the compression cavity and ix initinted o the nxis so
that the detonation wave sweeps radially ontward collapsiug
the cotpressicn cavity from center line toward the outer ra
dins, Gurrent is taken at the outer rading of the syste,

The contonrs e Fig. G deseribe the motion ol the walls
ol the compression cavity as caleulated by an phenammenologi-
cal wmodel created 1o nmlvze disk coufignentions, The made]
atilizes the elementury Gurney fornmlation to caleulnte veloc -
ity of radinl elatieuts of the wall, Au clementary nceeleration
prolile based on shock transit tune throngh the wall is used to
modify the instuutancons acceleration devived fram the Gurney
laramlation. Fraw the time-vary ing shiape ol the cavity, anin
ductance i cntendnted. The mdnetunee shown in Fig. 6 can le
cotpared with the 20-ux hinear indnctance prolile ased in the
scoping enle ulations, Uming the time-varying indnotanee and
niad-hoe inodel for resistive Joases, n circinit model cnlenlnten
the carrent in the ciremt, and from thie enrtent the mngneti
lield, which oppases the wotion of the condintor, is calonlated
The equations ol mation are then integrated using batle the
Courney velocity and the ellects of maguetic pessanre. This,
the mductance is n Inuction of nat auly geowetry hut cnereit

level as well.

The single biggest advantage of the disk configuration is
its modu'ar nature, which allows a number of elements to be
conuected in series?. With the output voltages added, very
high currents at useful voitages can be realized. The draw-
back of many units is that the total quantity of explosive can
becorne large. In Fig. 7, we explore ways to reduce the to-
tal explosive used in a representative system employing four
modules. The left-most system is a baseline configuration: with
outer radius of 50 cm and run time of about 60 us. It pro-
duces 100-MJ and 275-MA output current (into 2.7-nH load).
The ad-hoc loss model suggests 86% flux efficiency and that
8% of the 1224 MJ of explosive energy is converted to electrical
energy. In the iniddie configuration, the amount of explosive
is approximately halved by thiuning the intercavity spacing.
The peak current is slightly reduced, and the efficiency almost
doubles. However, the wall profiles begin to show evidence
of flux pocketing, which will dramatically reduce performance.
We conclude thai we have reduced the explosive too much. In
the right-most configuration, we have inserted an inert wedge
in the explosive volume, removing almost 75% of the mass of
explosive coinpared to the baseline configuration, but leaving
enough explosive to smoothly compress the cavity walls. In this
configuration, the current is reduced to 259 MA, the energy to
90 MJ, the run time slightly increased, and the efficiency in-
creassd to 30%. Mos* notably, the total explosive charge is only
60 KG — comparable to that currently used for 10 to 20-MJ
helical systems.

Explosives with more modest performance have also been
used in the calculational model, and replacing the high-
performing PBX formulation discussed here with a much more
modest explosive {(nitrometliane) resulted in a 10% degrada-
tion in encrgy, an 8% degradation in peak current, and a 40%
increase il ruil tine.

Complete hydrodynamic models (without magnetic pres-
sure) have also been cinployed and the result of such a calcula-
tion is shown in Fig. 8. ‘The phenomenological wodel and the
hydromodel compare reinarkably well.
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FIGURE I Confipurations for High Energy Flux Compression Generstors
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FIGURE 7 Disk Generator/Explosive configurations
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