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ABSTRACT
The Defense Nuclear Agency (DNA) has been developing inductive energy storage (IES)

technology for generating intense x-rays from electron beam-target interactions and from plasma
radiating sources (PRS).1 Because of the complex interaction between the commutation of the
current from the plasma and the stable dissipation of the energy in the load, DNA has supported
several variations of power flow technology. Major variations include: (1) current interruption using
a plasma opening switch (POS); (2) continuous current commutation through current-plasma
motion against neutral, ionized, or magnetized medium [i.e., dense plasma focus-like (DPF) and
plasma flow switch (PFS) technologies]; and, in addition, possible benefits of (3) directly driven
complex PRS loads are being investigated. DNA programs include experimental and theoretical
modeling and analysis with investigations (1) on Hawk and a Decade module in conjunction with
the development of the bremsstrahlung sources (BRS), and (2) on Hawk, ACE-4 and Shiva-Star, as
well as cooperative research on GIT-4 and GIT-8, in conjunction with PRS.

INTRODUCTION
Before 1985, the high-powered, 0.1 |is x-ray simulators built by DNA were based on high-

voltage capacitor banks, power conditioned through a series of one or more water-line capacitors
and low inductance switches.2 This resulted in the 10 TW-class of simulators for DNA, such as
Pithon, Blackjack-5, Double-Eagle (DE), and Phoenix, and for Sandia National Laboratories (SNL)
simulators such as Proto II and Satum. Looking for more compact and affordable technology for
scaling to higher energy systems, DNA and others have been developing IES technology and
extending the stability of radial implosions3'4'5 to permit use of simpler capacitor banks. IES offers
the potential advantages of smaller size and lower cost in comparison to conventional water-line
technology. This advantage in cost and compactness increases with the amount of energy delivered
to the diode. It also provides a means for concentrating the energy more effectively for high fluence
requirements. The critical technology is the transfer of the relatively long-time IES energy into a
short-duration pulse megavolt electron beam for BRS or into a high-current z-pinch for PRS. The
z-pinches require the high currents for radial compression and, therefore, can utilize slower (and
lower voltage) power sources, provided the stability can be maintained during the cmpression
period. These technologies have been the subject of research supported by DNA during the past
decade.

The IES sources being developed utilize conducting plasmas to commutate current from an
inductor to the electron beam diode or to a /.-pinch to produce hot or cold radiation, respectively. In
the current DNA IES program, the POS6 is the primary opening switch being used. The complex
interaction between the commutating plasma and load affects the stability of the load dynamics,
causing poor conversion of energy to radiation. Therefore, DNA is supporting several power flow
technology investigations. Major efforts include: (1) current interruption using a plasma opening
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switch (POS); (2) continuous current commutation through current-plasma motion against neutral,
ionized, or magnetized medium [i.e. dense plasma focus-like (DPF) and plasma flow switch (PFS)
technologies]; and (3) directly driven complex radial PRS loads. These approaches have been
studied as part of the IES technology to develop effective methods for coupling the energy to
radiation sources. Controlling this interaction leads to an improved energy transfer to the load
enhancing the x-ray production and providing other desirable characteristics, such as decreased x-
ray pulse rise time and improved energy spectrum. In the case of PRS, the interaction studies also
include investigations of the resistive or compressional heating observed in some implosions7'8 in
order to increase the efficiency of converting the electrical energy into radiation.

IES approaches can be categorized by the conduction time scale of the opening switch. In
DNA's initial work on IES at the Naval Research Laboratory (NRL), plasma opening switches with
a conduction time of around 100 ns were used to sharpen the pulse of the Aurora gamma ray
simulator9 at the Harry Diamond Laboratories in Adelphi, Maryland. The present DNA effort is
focused on understanding 300 to 1300 ns power flow at high power density to provide optimum
transfer of energy from pulsed power sources to BRS or PRS loads. This effort utilizes several
large pulsers. The Decade1 simulator, to be located at the Arnold Engineering Development Center
(AEDC), Tullahoma, Tennessee, is based on the IES concept. Upon completion, the full simulator
will consist of 16 modules storing approximately 9 MJ and will deliver over 2 MI to a radiation
source load. The first two modules of Decade, DM-1 and DM-2, have been constructed at Physics
International in San Leandro, California, to optimize opening switch performance. A four-module
Quad is also planned for assembly at AEDC to drive PRS and BRS loads. DM-1 uses a plasma
gun POS, conducting a current provided by a Marx capacitor bank, a water transfer capacitor, and
output line. The POS conduction time is approximately 300 ns. A transfer capacitor is used to
match the discharge time of the Marx generator to the conduction time of the POS. The DM-2
module is being fitted with the magnetically controlled plasma opening switch (MCPOS)'0

developed at SNL, in Albuquerque, New Mexico, and will be operated in the fall of 1996. The
ACE-4 facility at Maxwell Laboratories, Inc., in San Diego, California, is an R&D test bed using a
single coaxial POS to conduct up to 6 MA for 1.3 u.s before opening to a PRS load. It is also used
to drive a continuous plasma-current commutation, Tandem Puff/DPF and to directly drive the
PRS load. The DNA program also includes experimental and theoretical modeling and analysis and
investigations on Hawk at the NRL in Washington, DC, and Shiva-Star at the Phillips Laboratory
(PL) in Albuquerque, New Mexico, as well as cooperative research on GIT-4 and GIT-8 at the
High Current Electronics Institute (HCE1) at Tomsk, Russia. Reference 1 describes these FES
facilities in more detail.

Figure 1, showing a four-module Quad configuration, represents an intermediate step to the
full Decade simulator, combining the DM-1 modules in parallel and operating with a POS or
MCPOS for BRS and with or without opening switches for the PRS output. It will provide 5 - 7
MA to the load in about 150 and 300 ns with or without the POS, respectively,

ISSUES
In contrast to pulse-forming Line (PFL)-driven radiation loads, where typically the closing

switches are isolated from the loads, the IES systems contain the opening switches in the proximity
of the load. This becomes a dominant factor at terawatt levels, with several phenomena affecting
the efficiency of the power flow and the ability to concentrate the energy in the load. As power to
the load increases, there appear more potential bottlenecks to efficient energy flow and
concentration. The most important of these are listed in Table 1 for BRS, PRS loads and for
complex loads with direct drive. The X's in Table 1 indicate the existence of a bottleneck to the
efficient power flow to the load. These will now be discussed along with examples of recent
results.
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Table 1. Power Flow and Energy Convergence Phenomena at High Power Levels

A. Plasma Current/Load Interaction
B. Vacuum Electron Current Losses
C. Inductive Transfer Losses
D. Enhanced Ionization

of Neutrals (POS)
E. Load Stability
F. Voltage Limitations
G Capacitor Discharge Time
H. Pulse Duration

Current
Interruption
( BRS /PRS )

X
X
X

X
---
X
...
X

Current
Commutation

(PRS)

X
...
X

...

...
...
X
X

Direct
Drive
(PRS)

—
—

...
X
---
X
X

Dispersion of the switching or commutating plasma into the POS/Load region (item A in
Table 1) is an important effect that influences the power flow to the load. The pulser circuit
requires that the inductance between POS and the load be minimum to optimize the current transfer
to the diode, and, on the other hand, the POS plasma can interfere with the x-ray diode, requiring a
minimum distance between the two. Factors determining the critical distance were investigated on
DM-1. The POS/Load region of DM-1, shown in Fig. 2, has been instrumented to measure the
effects of the dispersed plasma. Figure 3 shows the distribution of currents measured by B-dot
probes in DM-1. These measurements show that the current propagates more than an order of
magnitude more slowly than it would in a plasma-free vacuum. These probes further show that the
vacuum electron current is a small fraction of the total current and that when current losses occur,
most of the loss is near the POS1' (Table 1, Item B). Both the probe measurements and x-ray pin-
hole photographs illustrate the growth of azimuthal asymmetries in the current flow to the diode",
as the diode gap increased. It was also noted that asymmetry of the current increases with the POS
plasma delay time, which is also associated with longer conduction time. Such asymmetries lead to
partial losses of electrons to the wall and to poor reproducibility of the radiation pulses.

The presence of plasma in the POS/load region and the vacuum component of the current
commutated by the switch appear to contribute to an effective lowering of the inductance in that
region. With reference to Table 1, Item D, the typical DM-1 vacuum inductance of the POS/diode
section is 60 nH; however, the initial analysis of the effective inductance, in the presence of the POS
plasma, shows it to be 20 - 40 nH, providing a significant gain in current transfer to the BRS load.
The diode, operating stably without impedance collapse under these conditions, delivers 90 kJ to the
load.

In systems such as DM-1, electron losses can occur in the POS/load region, but also in the
magnetically insulated transmission line (MITL), upstream of the switch. The losses in the
POS/load region are described in detail in Ref. 11. Figure 4 demonstrates that such losses are
possible in the MITL (5 ohms) when POS is not activated. However, no losses are observed when
the MITL output is loaded by the POS, which lowers the MITL voltage during the charging of the
inductor. As the MITL impedance is lowered to 3 ohms, a small MITL loss appears even when
POS is operating and may influence the opening switch behavior.12
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The study of power flow to implosion loads has been performed using Hawk9 and ACE-4
pulsers for moderate and large current levels, respectively, as well as using GIT-4/8 in collaboration
with HCEI. Reference 13 describes an HCEI optimization of the POS/load region, with axially
injected switch plasma, by minimizing the separation, as well as gap dimensions, of this region for 2
- 3 MA operation. Figure 5 shows the current transfer in the Hawk pulser from the inductor to the
imploding load, utilizing POS for commutation in an unoptimized POS/load region. At Hawk 0.5
MA levels, POS/load separation of 55 cm is sufficient to prevent the load from being affected by the
POS plasma. These results in Fig. 5 also show that, characteristically for inductive systems, the
pinch occurs considerably after the current has reached the maximum value. Hawk POS/PRS
results were scaled for the ACE-4 facility (shown in Fig. 6) operating at 5 the MA level, generating
nearly 1 MV output across a 94 nH load, as shown in Fig.7.

Rapid changes in the plasma distribution in the critical regions can also occur during the
opening phase. The effect of these changes on switch opening (e.g., final resistance) must also be
understood for optimazing the Hawk and ACE-4 results and for scaling them to the Quad operation
(Table 1, Item B). One source for these changes is the POS plasma which contains some fraction of
neutrals from the flashboards, injected behind the conduction front, or from the cathode, released by
plasma ion bombardment on the cathode. Experiments on Hawk (Fig. 8) and on ACE-4 show that a
late time electron density increase progresses outward from the cathode. The increase occurs
during the opening phase and current transfer. The typical time scale for the increase is 100 ns. It
is postulated that the increase is due to the dense cathode plasma moving toward the anode and/or
due to ionization of neutrals during the voltage pulse. The ionization of neutrals has been also
investigated at the ACE-4 (at 3 MA level), since this could lead to significantly reduced POS
impedance at the full level of 6 MA.14

The efficiency of IES energy and power delivery to the load depends on the nature of the
load, i. e., on the importance of the resistive and inductive components of the load. As the inductive
component increases, the transfer losses in high-power systems become significant (Table 1, Item
D). Flux and energy conservation arguments provide an expression for the transfer efficiency to
imploding loads. Applying this, for example, to the ACE-4 circuit, its relatively low efficiency of
energy transfer suggests that it is worthwhile to consider approaches which utilize more of the
magnetic energy than just that stored in the initial puff volume and that higher compression ratios,
requiring increased stabilization of implosions, should be exploited. Figure 9 is a notional
illustration of the direction being taken in exploring the potential for improving the performance of
the cold x-ray sources. Exploiting the dense plasma concepts, a Tandem Puff experiment14 on
ACE-4 (shown in Fig. 10) tested energy coupling and stability of large diameter implosions. The
initial results indicate good implosions (Fig.10) with 40 ns FWHM (Fig.11), 6 - 8 kj Ar K-shell
yield.

The efficiency of radiation production depends strongly on the quality of the implosion:
implosion velocity, compression, and axial synchronism. These parameters are determined by the
degree of radial flow stability that can be achieved for a given driver condition. Both modeling and
experiments on Hawk, ACE-4 and on GIT-4 and- 8 have shown that the stability regime can be
considerably extended, in relation to that demonstrated to be stable for short implosion times and
small initial radius, to radii > 10 cm and implosion times of at least 300 to 1000 ns.3'5'15 Figure 10
illustrates the results of modeling the implosions with structured density distributions (hollow shell
with exponentially outward fall-off) of the type reported in Ref. 15. These initial experiments add
confidence that the bottleneck indicated in Table 1 (Item E) can be overcome and that direct drive is
a feasible approach for reducing pulsed power source complexity and cost. ACE -4 (charged to
600 kV) is presently conducting direct drive experiments to extend this approach to the 5 - 6 MA
range.
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To explore the regime allowing even longer driving times (allowing the use of capacitor
banks with lower charging voltages — Table 1, Item F and G), large initial radius, implosions under
the stabilizing conditions of the DPF configurations, a compact toroid (CT) -- acting as a
magnetized plasma flow switch -- was used to commutate the current of up to 3 MA from the
Shiva-Star capacitor bank (charged to < 60 kV) to a Ne gas puff. The CT armature performed
stably and reproducibly.16'17 A 1 mg Ar CT provided sufficient inertia to conduct the current for 5 -
10 (is, matching the rise time of the capacitor bank relatively well. Current commutation to an
unoptimized load exhibited no current losses and resulted in stable 1 [is implosions of neon gas
puffs.17

Finally, because a narrow range of values of x-ray pulse duration is required, the options
available for improving the system efficiency are limited. As indicated in Table 1, Item H, this
continues to remain an issue, because, for example, the BRS pulse duration is determined by
L/Zdiojf , which effectively constrains the design parameters. On the other hand, the PRS pulse
duration is solely determined by the quality of the implosion and does not appear to depend directly
on the pulser parameters, limiting the options to some extent.

CONCLUSIONS
We have made substantial progress in understanding the coupling between plasma opening

switches and power flow as the impact load performance. In the Decade development program, this
understanding has already resulted in the ability to increase the energy delivery to the diode by more
tlian 50%. Additional understanding and improvements in opening switchesare needed before the
IES lives up to its promise in driving short-pulse, high-voltage loads such as the bremsstrahlung
diode. Current opening switch performance may be adequate for driving plasma radiation loads. If
the stability problems associated with the implosion of such loads can be solved, then simpler power
sources with risetimes of several hundred nanoseconds to microseconds can be used to drive loads
directly without switches. Progress in the design of such loads has been made at NRL and HCFI.

The broad effort to understand and enhance the transfer of energy from pulsed power
sources to a variety of radiation loads at high power levels has provided the information necessary to
select the candidates for further optimizing the performance of radiation sources. Regarding the
BRS sources, it is now possible to combine modules at a level of almost 3 GW/cm^, as is planned
for Decade. The multiprong approach to developing PRS sources has resulted in cold x-ray outputs
from single-stage capacitor banks like ACF-4 and Hawk with efficiencies (1.1 % for Ne and 0.3 %
for Ar, using ACE-4 Tandem Puff/DPF) approaching that of the PFL systems (0.6 % and 1.0 % on
Saturn, respectively and 1.7 % and 4.5 % on DF, respectively) and DNA is now poised to apply
optimized designs to establish the ultimate capability of the new approaches.

REFERENCES
1. W. J. Summa, et al., "Advances in X-Ray Simulator Technology," 10th IEEE Pulsed Power

Conference Proceedings, 1995, to be published
2. K. D. Ware, "Pulsed Power Technology for X-ray Simulators (a primer)," Simulation Fidelity

Workshop III, MLR-3460 (September 1989)
3. A. L. Velikhovich, F. L. Cochran, J. Davis, Naval research Laboratory, submitted for

publication, (April, 1996)
4. Radiation Hydrodynamics Branch, "Advanced Radiation Theory Support Annual Report",

NRL/MR/6722-95-7656 (July, 1995)
5. R. Baksht, "GIT-4 Plasma Radiation Source", DNA Contract Report, HCEI, Tomsk

(August, 1994)
6. B. V. Weber, et al., "Plasma Opening switch Conduction Scaling", Phys. of Plasma, 2,

- 2 8 8 -



3893 -3901 (1995)
7. K. Whitney et al., "Optimization of K-shell Emission in Al Z-pinch Implosions; Theory and

Experiment", Phys. Rev. E, 50, 2166 (1994)
8. R. Baksht, "GIT-4 Aluminum Load", DNA Contract Report, HCEI, Tomsk (July 1995)
9. B.Bemstein.I. Smith, IEEE Trans. Nuc.Sci., 20, 294(1973)
10. M. E. Savage," Plasma Opening Switch Experiments at SNL", Beams 94 Proceedings, 42

(1995)
11. B. V. Weber, et al., " The DECADE Performance Assessment Program", Beams 96

(June 1996)
12. J. Goyer, Private communication (April 1996)
13. B. Kovalchuk, R. Baksht, "GIT-8 AL Load", DNA Contract Report, HCEI, Tomsk

(October 1995)
.14. P. Coleman et al., 23-rd IEEE Int. Conf. on Plasma Sci., Boston (June, 1996)
15. J. Davis, F. L. Cochran, A. L. Velikhovich, "Stable Implosions of Structured Gas Puff

Loads from Large Radii", Beams 96 (June, 1996)
16. G. F. Kiuttu, J. D. Graham, J. H. Degnan, J. S. Brzosko, S. K. Coffey, D. G. Gale, CD.

Holmberg, B. B. Kreh, J. W. Meyers, C. A. Outten, E. L. Ruden, K. D. Ware, "A
Compact-Toroid-Plasma-Flow-Switched plasma Focus Demonstration Experiment on Shiva
Star", Beams 96, Paper 0 - 3 - 4 (June, 1996)

17. G. F. Kiuttu, J. D. Graham, J. H. Degnan, J. S. Brzosko, S. K. Coffey, D. G. Gale, C. D.
Holmberg, B. B. Kreh, J. W. Meyers, C. A. Outten, E. L. Ruden, K. D. Ware, "New-
Method of Initiating Multi-megampere, Multi-megajoule Plasma Focus Discharges using
Magnetized Plasma Flow Switches", ICOPS 96

FIGURES
Figure 1. The Decade Quad designed to provide 20 krads(Si) over 2500 cm"; the system consists

of a Marx generator driving four pulse IES sections, using a POS to transfer power to the
load.

Figure 2. Front-end section of DM-1 module, showing POS, connecting region and BRS load,
with typical diagnostic instrumentation.

Figure 3. Current probe signals showing the propagation of current from POS to BRS load.
Figure 4. Signals from current probes located upstream of the POS demonstrating loss of the

electron current in the MITL for initially open circuit load.
Figure 5. Power flow characteristics of the HAWK-driven POS/PRS system; Ne K-shell radiation

indicates high (X15) radial compression of the pinch.
Figure 6. ACE-4 Facility, consisting of the four Marx banks with outputs connected to a central

load.
Figure 7 ACE-4 charging and load current traces, with POS operating at 1 MV.
Figure 8. Current-density relationship for H AWK-driven POS at a distance of 3 mm from the

cathode surface, showing POS density increase during switching.
Figure 9. Evolution of the understanding of the vacuum power flow and energy transfer to

imploding loads, with a rather mature state of understanding of waterline PFL systems.
Figure 10. ACE-4 Tandem Puff configuration used in studies of Ar plasma implosions and typical

pinch.
Figure 11. X-ray pulse associated the pinch in Fig. 10.
Figure 12. Kinetic energy, per wavelength, of the radial and axial components of the imploding

plasma driven by nearly linearly rising current to 5 MA at 200 ns.

-289-



Trailer lnductJv«
Erwrfly Opening w

Output Stor* Switch
> Unt

Figure 1

P O
X

S Voltage^.
divider tj

RA CA DA &

Figure 2

i o,
L

r
A

BA—

CA —

L BC

. 1 1

_ _ ;

Figure 3 Figure 4

E

V

' r 1 •

tec nc »

^ - ~ - ^

d X-

-}

Figure 5 Figure 6

-290-



Figure 7

BOO

600

<

•T 400
z
LU
cr
cr

o 200

0

3 mm

.'

.../...^-/--"-"--"J'JL-"-"-

/ __., \ ^ " , '

TIME (us;

Figure 8

Energy delivery time
'jcuuni pmvcr

on^-timc implosion

Pitiion
B)-5
DI; 11

Figure 9

DQ-l

ACE-4

DM-1,2"

Hank -

Gas Nozzle
K-Shel! Image

, AnodeScreen

•'•'- W.

Plasma From
FJashboards

HoitowCathode

Fieure 10

Figure 11

lOO 200 3OO

Time (nscc)

Figure 12

-291 -


