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Introduction

Over the past 15 years, steady and
sometimes exciting progress has been
made in the hybrid technology called
Pulsed Power. Based on both electri-
cal engineering and physics, pulsed
power involves the generation, modifi-
cation, and use of electrical pulses up
to the multitrillion-watt and multi-
million-volt ranges. The final product
of these powerful pulses can take di-
verse forms — hypervelocity projectiles
or imploding liners, energetic and in-
tense particle beams, X-ray and gamma-
ray pulses, laser light beams that cover
the spectrum from ultraviolet to infra-
red, or powerful microwave bursts.

At first, the needs of specific appli-
cations largely shaped research and
technology in this field. Now we are
beginning to see the reverse ~ new ap-
plications arising from technical capa-
bilities that until recently were thought
impossible. Compressing and heating
microscopic quantities of matter until
they reach ultra-high energy density
represents one boundary of our scien-
tific exploration. The other boundary
might be a defensive weapon that can
project vast amounts of highly directed
energy over long distances.

Other applications of the technology
may range from the use of electron
beams to sterilize sewage, to laboratory
simulation of radiation effects on elec-
tronics, to electromagnetic launchings

Hermes |l as it appeared in 1969




Cutaway drawing of Hermes Il showing the new Marx generator

of projectiles into earth or into solar
orbits. Eventually we hope to use pulsed
power to produce an inexhaustible sup-
ply of energy by means of inertial con-
finement fusion (ICF) — a technique
for heating and containing deuterium-
tritium fuel through compression.

Support for this work has been from
two sources: the Department of Defense
through the Defense Nuclear Agency
to private companies such as Physics
International Co. and Maxwell Labora-
tories; and the Department of Energy,
primarily to Sandia National Laborato-
ries. Other laboratories making vital
contributions include Lawrence Liver-
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more National Laboratory, Los Alamos
National Laboratory, and the Naval Re-
search Laboratory. University contri-
butors include Cornell, Texas Tech, the
University of California at Irvine, Mas-
sachusetts Institute of Technology, and
the University of Illinois.

Sandia’s role in pulsed-power research
grew out of a 1965 project. We built a
pulsed gamma-ray device, an acceler-
ator for laboratory studies of nuclear-
weapon effects on electronic subsystems
in nuclear warheads. We named that ac-
celerator (developed jointly with the
Atomic Weapons Research Establish-
ment in Albermaston, England) Hermes-

II. During its development, we learned
how to work with high-voltage Marx
generators, large oil-filled pulse-form-
ing lines, and 10-million-volt diodes.

Hermes-II, with more than 17,000 test
firings to date, has been a productive
part of our radiation-effects testing pro-
gram since 1967, launching Sandia on
new ways to explore the control and
concentration of pulsed power. This
work has led to an ever-wider range of
important applications. In 1980 we re-
placed the original Marx generator, and
Hermes II should remain in active use
for several more years.




Inertial Confinement Fusion

Proto |

Expanded radiation test requirements
in the late 1960s motivated us to de-
velop Hydra and Nereus, water-insu-
lated accelerators that can produce rap-
idly rising currents of several hundred
thousand amperes. By 1973 we were
encouraged enough by our progress in
this technology to embark on a project
to use electron beams for inertial con-
finement fusion (ICF). We knew then
that energy requirements for ignition
of a fusion pellet (the deposition of
about 1 megajoule of energy onto the
fuel pellet during ten billionths of a
second) could be more readily achieved
with particle beams than with lasers.
The problem was to develop ways to

Main marx generator
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efficiently use our energy-intensive
technology to implode spherical fuel
pellets only a few millimetres in diam-
eter.

Experiments on focusing electron beams
and energy deposition in matter began
in 1973, as well as extensive target de-
sign calculations. In 1977 our attention
began to shift from electron beams to
ions, because of their more favorable
deposition characteristics. Rapid pro-
gress in ion-beam focusing took place
at Sandia, Cornell, and the Naval Re-
search Laboratory. By 1979, as the re-
sult of a successful series of ion-beam
generation and focusing experiments

on our Proto-I accelerator, we were
committed to the light-ion approach
to inertial fusion.

In 1981 we will investigate scaling on
the 10-terawatt generator Proto-II before
extending to the megajoule, 30-terawatt
level on the Particle Beam Fusion Ac-
celerator, PBFA-1, in 1982. We expect
to upgrade PBFA to the 3.5-megajoule,
100-terawatt level by 1985.

Advances in ion-beam generation and
transport will be required before beam
concentration can be improved. New
ion sources, diodes, plasma channels,
and diagnostic methods are under ac-
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Pulsed-Power Generators

A new type of pulsed-power generator
has been developed to provide electro-
magnetic pulses for laboratory exper-
iments requiring very large power and
energy pulses. The technology was
demonstrated in the 30-terawatt, 1-
megajoule PBFA-I, which became op-
erational in 1980. This modular system
efficiently produces terawatt power
pulses by multistaged energy transfer,
storage, and switching. Tens of mod-
ules are synchronized with low-jitter
gas switching, and the short pulse du-
ration of 20 to 40 nanoseconds is
achieved with self-breaking water-
dielectric switching. To achieve the de-
sired voltage and pulse polarity, the
output pulse is conditioned with sev-

eral water and/or vacuum-insulated de-
vices. Power is transported through

long, magnetically self-insulated, va-
cuum transmission lines to the central
experimental area. From there power
is channeled to the experiments by
means of magnetically self-insulated
power feeds.

New technologies—laser-triggered gas
switching, magnetic switching, and
magnetic flashover inhibition—are
being developed to extend capabilities
to future accelerators like the 100-
terawatt PBFA-II. These new experi-
mental capabilities will greatly advance

PBFA |

our knowledge of inertial confinement
fusion, weapons physics , and wea-
pons-effects simulation.

Computer Simulation

Computer modeling of the combined
electromagnetic fields and beam dy-
namics saves time and money in pulsed-
power technology and applications.
With computer modeling we can vary
parameters over a wide range, select-
ing the best circuit parameters and ge-
ometries before commitment to a final

design. Our codes use simulation par-
ticles to represent electron and ion mo-
tion in transmission lines and acceler-
ating gaps. Fields are obtained by the
numerical solution of two-dimensional
equations that relate internal field dis-
tributions to input boundary voltages.

In a typical numerical simulation, the
voltage pulse length is divided into-
many small time segments. During each
segment, simulation particles emitted
from the electrodes are advanced
slightly by electromagnetic forces. Ef-
fects of these particles on the electro-

5



magnetic fields are included by com-
puting a new field distribution. This
process is repeated until particle and
field dynamics reach a quasi-steady
state. The resulting data can be used
to direct new experiments and also to
compare with measured parameters.

An example of transmission-line sim-
ulation is shown in these two figures.
The results are part of a study for PBFA-I
of the effects of switch nonsimultaneity
on insulating properties of the power-
transmission lines. The first figure
shows a model of two coaxial lines feed-
ing a common, symmetrically located,
ion-generating diode. The right trans-
mission line was delayed to represent
switching jitter. The second figure
shows typical electron trajectories when
the pulse begins to deliver power to
the load. The two wave fronts interact
just at the right of the load, resulting in
greater leakage of electrons. The simu-
lations have helped define the allow-
able limits for switch nonsimultaneity,

lon Diode
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Simulations have also proved useful
elsewhere. For example, they helped
guide the development of ion diodes
for Proto-I and Proto-II. This figure
shows the position of the electron cloud
that accelerates the ions. We can fol-
low their trajectories to the target
mounted on the diode axis of symme-
try.




Ampfion multigrid ion diode
{cutaway shows details of the assembled device)

Ion Diodes

In the diode shown in the previous fig-
ure, a pair of current-carrying field coils
produces the transverse magnetic fields
which shut off the electron flow that
would otherwise dissipate most of the
diode power. Unfortunately, these fields
extend over a large region, causing ad-
ditional unwanted deflection of the ion
trajectory and preventing self-neutrali-
zation of the ion beam’s magnetic field.
A complex, multigrid ion diode ap-

proach called Ampfion (Auto-Magnetic
Plasma Filled Ion) alleviates this prob-
lem. Ampfion was designed to accel-
erate carbon ions, provide its own
electron-insulating magnetic field, eli-
minate undesired magnetic fields from
the ion drift region, and focus ions in
both the transverse and axial directions.
Axial focusing (often called bunching)
is achieved by the temporally rising
impedance of the diode. This rising
impedance causes a rising diode volt-

age that allows the later, more energetic
ions to catch up with the earlier ones
at the focal point.

The first series of diode tests has been
encouraging. All design features were
met except for transverse focusing of
the beam. Because inadequate initial
uniformity of the plasma that fills the
diode causes greater beam divergence,
we are developing several ways to im-
prove plasma homogeneity.

~1




Plasma Sources for Ion Diodes

Efficient high-emittance sources of
dense but uniform plasma over large
surface areas are needed in ion-beam
diodes. Typically a plasma should have
a density of about 10 cm™3 and should
fill the accelerating gap. For a large
accelerator like PBFA-I, a plasma vol-
ume is needed that covers more than
half the surface of a 1-metre-diameter
sphere to a depth of about 10 centimetres.

The figure shaws the luminous part of
a plasma generated by a recently de-
veloped source for the Ampfion diode.
This plasma is formed over a source
that is 30 centimetres in diameter by a
series-parallel array of graphite-coated
spark gaps, which are discharged by a
low-inductance capacitor and switch
assembly. The low-inductance circuit
supplies a 7-kiloampere current pulse
with a pulse width of about 200 nano-
seconds. Deposition of nearly 40 joules
of energy in the spark gaps within such
a short time results in a carbon plasma
of the desired density over the area
spanned by the spark-gap array. This
plasma is more than 75 percent, four-
times-ionized carbon. With most of the
plasma in a single charge state, the
efficient multiplication of power is
possible during propagation of beams
from the diode to the target. Using
printed-circuit materials and techniques




A 142.em discharge initiated by a puised CO; laser in 20 Torr (2600 Pa) of ammonia gas

to fabricate the spiral arrays and im-
proved capacitors permits low-cost,
accurate replication of these sources
and expansion to the large areas re-
quired for PBFA-IL.

Ion Transport in
Laser-Initiated Channels

Efficient concentration of intense ion
beams onto a single thermonuclear tar-
get in a reactor application requires the
creation of guiding plasma channels
several metres long. In each channel,

an externally driven discharge will con-
fine the ions in the discharge magnetic
field as they travel toward the target.
We have already shown that ions prop-
agate in wire-guided discharge chan-
nels; for repetitive pulsing, however,
laser initiation of these channels is
needed.

The laser initiates the discharge by heat-
ing the background gas so that both
axial mass reduction and weak pre-
ionization occur. In these experiments
a pulsed CO, laser is tuned to a vibra-
tional mode of the NH; molecule. As

little as 1.8 joules of laser energy initi-
ates a 1.4-metre discharge. A particu-
lar advantage of this scheme is that
the laser absorption mechanism is sat-
urable, leading to an axially uniform
preionization and a straight, well-
behaved discharge.

Experiments with ion-beam propagation
in laser-initiated channels are under
way with both time-resolved and total-
dose activation techniques. Further
work centers on understanding what
is needed to properly match the trans-
port channel with the ion diode.




Ion Beam Diagnostics

One of the most important and funda-
mental measurements in particle beam
fusion is the measurement of the ion
current (and its density) upon an ICF
pellet. To measure these quantities for
a proton beam, we have developed a
prompt gamma-ray diagnostic capabil-
ity that allows a proton beam to strike
a thick Teflon or lithium metal target.
Prompt gamma ray from nuclear reac-
tions are then emitted in a quantity
that is related to the proton current on
target and the nuclear reaction cross
section. The proton current density
can then be inferred from target size.
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Prompt Gamma Voltage

Prompt gamma calculation vs
average experimental signal
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The time history of the gamma-ray pro-
duction is measured with the detector
shown here, made up of six heavily
shielded scintillator-photomultiplier
combinations with a time resolution
of 4 nanoseconds. Shielding preferen-
tially allows transmission of the gamma
rays produced in the reactions and at-
tenuation of the lower energy X-ray
bremsstrahlung background from the
accelerator. Typical data obtained from
a Teflon target shot on the Proto-I ac-
celerator are shown. The smooth curve
is actual experimental data. The curve
labeled with open squares is the pre-
dicted prompt gamma-ray signal based

upon the diode voltage, total diode cur-
rent corrected for electron loss, and the
nuclear-reaction cross section.

X-Radiographics for Targets

In the ICF approach to controlled ther-
monuclear fusion, ignition is achieved
through compressional heating and
confinement of the fuel by an implod-
ing shell of dense pusher material, A
major problem is the instability of the
pusher during its ablative acceleration
and later deceleration by the compressed
fuel, which can lead to reduced fuel
compression and confinement as well




Experimental setup of
radiographic system and spherical ICF target
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as mixing of pusher material with the
fuel. A study of the problem requires
an X-ray backlighting technique to
observe the target’s hydrodynamic be-
havior through the imploded pusher
material. Critical regions of interest are
the interfaces between the target abla-
tor and the pusher, and between the
pusher and the fuel.

Previous radiographic studies of target
implosions used either targets with a
low mass pusher or a system of low
resolving power; both failed to fully
address the important question of
pusher integrity during implosion. We
have now demonstrated on the Hydra
accelerator a high-resolution radiogra-
phic device that allows us to investi-

T A8idtem) |

X radiographs of deuterium-filled gold lined copper targets. On the right is the target before implosion; on the left the
imploded target. The graphs are computer-corrected isodensity contour representations of the taraet imolasion.
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gate target behavior. Our experiments

used an electron beam to irradiate a

target mounted on a thin fiber.

In these experiments the ablatively driv-
en, spherical targets were filled with
200 atmospheres of deuterium and had
a copper shell ablator with a thickness
greater than the electron range. The
shell was lined with a thin gold layer

ISTANCE (MICRONS)

DISTANCE tARBITRARY UNITS)

to permit direct observations of the
pusher fuel boundary. This gold liner
imploded at a radial velocity of 2 x 105
centimetres/second. From the measured
convergence ratio we have inferred a
maximum fuel density in the com-
pressed state of greater than several
times solid density. Similar experiments
with ion-beam driven targets will be
carried out soon.

11
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Magnetically Imploded Foils

Two recently developed techniques—
magnetic insulation and magnetic flash-
over inhibition—have made it possible
to build high-power, low-impedance
machines capable of delivering the
high currents (~MA) and short pulses
(<50 ns) needed to magnetically im-
plode foils at interesting energy levels.
Experimentg have demonstrated that
thin (6000 A) cylindrical foils can be
imploded stably by short high-power
pulses (5 x 102 W). The cylindrical
implosion produces a dense, hot plas-
ma on axis that will radiate X-rays ef-
ficiently at very high intensities. This
figure shows the sequence of events
by which a magnetically imploded cy-
lindrical foil can be used to produce
radiation. These X-rays are suitable for
driving ICF targets, and experiments
have already achieved 10-nanosecond
pulses. The radiated energy has been
shown to scale as the square of the
driving current over more than an or-
der of magnitude in driving energy.

This ICF approach is especially attrac-
tive because of the simplicity and effi-
ciency of X-ray production. Experiments
to be conducted soon at the 200-kilo-
joule level will provide a data base

for fielding breakeven experiments on
PBFA-IL

The scaling of foil kinetic energy
with peak driving current
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Simulation Technology

With the evolution of pulsed-power
technology for PBFA-I, it became clear
that radiation simulation capabilities
could be improved an order of magni-
tude by using new techniques in beam
handling, multistage accelerators, pow-
er conditioners, and X-ray sources. Ex-
ploitation of these techniques began
in 1980; plans are to implement them
in the Simulation Technology Labora-
tory proposed for construction in 1983.
Spinoff of PBFA technology to simu- =
lator development is progressing rap-

idly. -
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RADLAC |

The RADLAC Linear Accelerator

In our multistage accelerator approach,
a relatively small, low-voltage diode
produces a fast-rising, high-current
pulse. The kinetic energy of the beam
is then increased as desired by using
multiple inductively driven accelerat-
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ing gaps. Our pulsed-transmission line

approach can be compared with the

more conventional linear induction ac-
celerators that use ferrite- or iron-
loaded accelerating modules. We can
achieve higher accelerating gradients
(~5 MV/m), higher voltage per accel-
erating unit (~2 MV/stage), and the ca-

Schematic of RADLAC 1. The Marx generator charges
an intermediate storage capacitor, which rapidly ener-
gizes the injector as well as the four radial pulse fines
through a self-breaking SF¢ spark gap. The injector
switch and the four RPL switches, all seif-break, oil
dielectric, are adjusted to give synchronous timing of
the current pulse and the application of accelerating
voltage in the gaps.

Radial Pulse Line

Magnetic /' Cavity
Injector PFL Field Coil /  Switch

Injector
Switch

Foilless Diode

'\G/I:rrl)érator X SFg Switch

pability to accelerate very high beam
currents (~100 kA) as a result of low
line impedance.

RADLAC-I (Radial Line Accelerator) is
our first device based on this concept.
It consists of a Marx generator, an
intermediate-storage capacitor, a high-
current injector, and four radial pulse-
line accelerating cavities. An annular
electron beam produced by a foilless
diode is transported through the accel-
erator by a strong axial magnetic field.
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The device has accelerated-beam cur-
rents of 25 kiloamperes to kinetic en-
ergies of 9 megavolts, with 90 percent
current-transport efficiency through
the accelerating structure. Experience
gained with RADLAC has permitted
the design of much higher voltage,
higher current linear accelerators.

The Hermes III
Advanced y-Ray
Effects Simulator

Hermes-III, an advanced simulator to
be constructed as part of the Simula-
tion Technology Laboratory project,
will satisfy our y-ray vulnerability test-
ing requirements for dose, dose rate,
and the time-derivative of dose rate
over an exposure area. It will allow
testing weapons systems electronics
packages up to subsystem size. Simu-
lators now in use deliver their dose
in a relatively long pulse (~100 ns).
This means that important time-de-
pendent effects cannot be simulated.
The 20-nanosecond radiation pulse
width of Hermes-III will eliminate this
deficiency.

The artist’s conception of Hermes 11§ shows the PBF A Marx generators, intermediate storage capacitors and pulse form-
ing lines which provide the pulsed power, Voitage doubling convolutes drive the vacuum diodes, which contain the
accelerating gaps, from both sides. This provides a symmetric power feed, Each beam is injected at 4 MeV and then
accelerated through six gaps to reach the final 15 MeV, After final acceleration the beams are guided to a y ray con-
verter target to provide a uniform, short pulse of high intensity radiation,

Hermes-III will combine the multitera-
watt, short-pulse, modular pulsed-
power technology from PBFA with the
high-current, high-voltage electron-
beam handling capability from RADLAC
to deliver multiple electron beams to-
taling 1.1 megamperes at 15 megavolts
onto a y-ray converter target. A mul-
tiple-beam approach will minimize the
inductance associated with each beam

injector diode and accelerating gaps,
allowing use of the short, fast-rising
pulse from the PBFA modules.

Experiments are under way to develop
multiple-beam handling methods for
Hermes-IIl. The Megamp Accelerator
and Beam Experiment (MABE) is the
primary test bed for Hermes-III devel-
opment.

15




MultiBeam Transport Use
Jer Bremsstrahlung Sources

For eventual fusion applications, mul-
tiple ion beams will be transported in

current-carrying plasma channels. The

magnetic field from the discharge-
driven current, supplied from a sepa-
rate capacitor bank, will confine the
‘ion beam in the channel. This concept
has already been tested with an array
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of electron beams focusing like the
spokes of a wheel onto a central target.
Measurements of electron-beam trans-
port efficiency have been correlated
with theory, permitting a normalized
method for predicting ion-beam con-
centration. We have also concluded that
electron beams can be delivered effici-
ently to targets as small as 1 centimetre
in radius.

Beam transport technique within a curved channel

Application of this beam-transport
technique to radiation-effects experi-
ments now opens a new degree of flex-
ibility in bremsstrahlung source devel-
opment. We have found that beams can
be transported equally well in either
curved or straight channels. A curved
channel requires that the discharge fol-
low a fine wire curved along a pre-
scribed path.




1) Converter assembly

2) Anodes

3) Cathodes

4) Channel wires

5) 100 KeV Channel bank feed

As shown in this figure, electron beams
generated in accelerators like Proto-II
can be redirected so that they strike a
single bremsstrahlung radiation con-
verter from about the same direction.

Advanced Bremsstrahlung
Radiation Snurces i

Advanced techmques to 1mprove the
efficiency and spectral control of brems-
strahlung sources ‘are under develop-
ment. Our goal is to'simulate radiation
effects in subsystems at hlgher levels
than before. . ,

Schematic of advanced Bremsstrahlung source concept
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One method under study involves pro-
pagation of a beam in the magnetic
field created by a current-carrying rod.
The beam drifts cycloidally in a region
where its own forces are neutralized
by a background plasma, as shown in
this computer simulation of electron
behavior. The beam then interacts with
a target foil located at the end of the
rod, where the current is split with the
current from a much smaller wire and
a plasma channel in such a way that
the beam tends to stagnate at the foil.
The abrupt change in the azimuthal
magnetic field focuses the beam, caus-
ing the electrons to make multiple
passes through the foil. An advanced
source is obtained by replacing the

¥ Absorbed-Power/Mass/Beam-Current

.- Advanced

Conventional

N n ; ’
50 100 150 200
Converter Foil Thickness (L m)

copper target with a thin tantalum
converter foil.

In this figure the power deposition in
the surface layer of a gold foil, when
exposed to the bremsstrahlung envi-
ronment of this advanced converter, is
compared with the more conventional
situation where the same beam inter-
acts with the foil without reflexing.
Realizing this concept will depend—
among other things—on our success
in achieving efficient injection, minimi-
zing collisional losses in the transport
stage, obtaining proper field variation at
at the converter, and dealing with any
collective or hydrodynamic effects.




Development of New Technology

Although the basic elements of pulsed
power have changed relatively slowly
since 1965, there are many new op-
portunities for advances in power
generation and conditioning. The first
terawatt accelerators permitted us to
investigate methods of “magnetic” in-
sulation that allow the transfer of
power at enormous levels of intensity.
New, more efficient methods will soon
be available for transferring power be-
tween pulse-conditioning stages in a
precise, repetitive, long-lived, and re-
liable manner. We are also seeking
ways to use chemical energy for deliv-
ering the ultra-short pulses needed
with high-power accelerators.
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Magnetic flashover inhibition
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Magnetic Flashover Inhibition

With magnetic flashover inhibition
(MFT), magnetic fields associated with
the large currents in low-impedance,
high-power accelerators inhibif electri-
cal breakdown at the vacuum insula-
tor interface. This interface divides the
liquid-dielectric pulse-forming line
from the vacuum magnetically insu-
lated transmission lines in the accel-
erator’s power flow sequence (see

‘figure for the basic concept). In the first

phase of breakdown, an electron ava-
lanche begins on the insulator surface.
If the avalanche is unchecked, eventu-
ally a plasma forms a low-impedance
path across the insulator surface and
shunts all current from the magneti-
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cally insulated transmission line. The-
ory indicates (see figure) that there is a
critical value of magnetic field at which
electrons are pulled out of the ava-
lanche, interrupting breakdown.

For Proto-II operated without MFI, the
breakdown strength of the insulator in-
terface is 14 megavolts per metre. Re-
cent experiments with Proto-II in the
MFI mode have reached breakdown
strengths of 24 megavolts per metre.
This is equivalent to a threefold in-
crease in the power flowing through
the insulator interface. This experi-
ment is significant because it verifies
MFTI for a large insulator surface area.,
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Transport of Terawatt—
Level Power Pulses

Magnetically self-insulated vacuum
transmission lines (MITLs can effici-
ently transport short (several tens of
nanoseconds), very intense power
pulses with far higher electric-field
stress and power density than can con-
ventional power-transport systems.
Thus, energy generated in relatively
large capacitors and pulse-forming
lines can be compressed and delivered
to ion- or electron-beam diodes closely
grouped around a target, as they are in
fusion or radiation simulation.

High field stresses (~10 MV/cm) and
power densities (1 TW/cm?) are possi-
ble because electrons emitted from the
negative side of the line are trapped
' by the transverse magnetic field of the
power flow and orbit in motions par-
allel to the electrode surface. The or-
biting electron may carry very little or

almost all the transported current, de-

pending on pulse characteristics and
line geometry.

Control of this flow of electrons is the
major goal in developing highly effi-
cient MITLs. Abrupt changes in geom-
etry can reduce the stability of the
electron flow, leading to losses. We
have thus developed injectors for MITL
inputs that smoothly launch the elec-
tron flow. Our magnetically insulated

Top view of PBFA I's MITLs
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Cutaway of convolute

“convolute” has also successfully
transformed a coaxial line to a triaxial
line by passing half the incident power
of 1 terawatt through four 1.6-centi-
metre-diameter holes with 3-millimetre
center pins. A similar convolute com-
bines two radial disk lines into a sin-
gle parallel disk feed at a level of 8
terawatts.

Tests are under way on a convolute to
connect the 36 individual PBFA-I
MITLs into a radial disk feed. One ex-
citing prospect is a convolute designed
to combine the 36 PBFA-I lines (oper-
ated half positive and half negative) to
obtain doubled output voltage.
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Inductively isolated Marx generator

Repetitive Pulsed Power

High-average-power accelerators will
be needed to transform ICF systems
into economical energy sources based
on the light-ion-beam approach. These
same components can be used in the
electron-beam accelerators required for
most -gas laser systems. Significant
progress has been made in developing
both transformer and Marx-generator
systems for these applications.

Pulsed power accelerators traditionally
use Marx generators for primary energy
storage and voltage multiplication. We

are looking at techniques for replacing
charging resistors with inductors that
will increase the energy-transfer effi-
ciency of these generators to more than
90 percent. The photo shows an induc-
tively charged Marx generator (3 MV,
single pulse, 1.5 MV repetitive pulse,
20 hz, 1.25 — 5 kJ ) developed at San-
dia and now used to test capacitors and
to develop high- and low-voltage spark
gaps that will allow operation for more
than 107 pulses. Measurements are
under way to determine the ultimate
efficiency of energy transfer.
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Resonantly charged, air-core transfor-
mers offer an attractive alternative for
energy storage and voltage multiplica-
tion in repetitive systems. This photo
shows a transformer system (1.5 MV,
1.25 kJ, 20 pps) developed and oper-
ated for >10° pulses in a continuous
run without failures. The energy-transfer

efficiency from the capacitor bank to
the pulse-forming transmission line is
more than 91 percent. The transformer
steps up the voltage from 22 kilovolts
on the primary capacitor bank to 1.5
megavolts on the pulse-forming line.
Unique electrostatic grading structures
in the secondary allow high-voltage

Transformer systam

operation without degradation of the
magnetic coupling. This experiment is
being upgraded to the 5-kilojoule level,
and the design of a 50-kilojoule exper-
iment is nearly complete. Demonstra-
tion of operation at this level would be
a critical step toward a megawatt, aver-
age-power, light-ion-beam system.
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Laser Triggered Gas Switches

Laser triggering may provide a way to
obtain subnanosecond timing of multi-
megavolt gas switches in large pulsed-
power systems like PBFA. The gas
switch under study uses two rounded
metal electrodes, each with a small hole
in the center to allow injection of a
laser beam, and a high-pressure gas as
a dielectric. Unlike previous triggering
experiments where a laser was used to
generate a point plasma at one elec-
trode, we use an ultraviolet laser to
ionize a channel of the dielectric gas
between the electrodes.

Two different triggering schemes have
been studied. In the first, we used dop-
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ant molecules that are ionized in the
intense laser fields. The dopant con-
centration is only ~10 parts per million,
but provides an adequate laser-induced
source of electrons. In the second trig-

gering method we induced the break-

down of SFe by means of a tightly fo-
cused, KrF laser beam. We have ob-
served breakdown arcs 10 centime-
tres long in multiatmosphere mixtures
with as little as 70 millijoules of laser
energy. :

Using ultraviolet lasers with both of
these laser-ionization schemes, we
achieved low-jitter triggering of a sub-
megavolt switch. This photo shows a

Delay vs self-breakdown voltage, KrF laser into
10% SF/90% N,
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KrF laser-induced ionization channel
between the electrodes of the switch.
Data obtained for these conditions are
shown in this figure. Between the laser
pulse and the switch breakdown, the
shot-to-shot jitter in delay time is sub-
nanosecond for voltages above 70 per-
cent of self-break. The curve of delay
vs percent of self-break is very flat in
this region; the delay changes, for ex-
ample, by only 1 nanosecond for volt-
ages between 70 and 90 percent of
self-break. This would be beneficial in
a large pulsed-power system with many
switches because the voltages on the
switches may differ slightly when the
trigger pulse arrives.




Magnetic Switching

An inductor with a magnetically satu-
rable core can be used as a switch in
the following sense. When the relative
permeability of the unsaturated core is
high, the inductance of the element is
also high. This high inductance effec-
tively blocks the voltage-current pulse
in a pulse-forming line, and when the
voltage across the inductor reaches a
certain point, the core saturates. Its rel-
ative permeability approaches 1, and
the inductance of the element drops
suddenly by a factor of several hundred,
allowing the pulse to pass. If this switch-
ing effect occurs at close to maximum
voltage, the result is a strongly time-
compressed pulse of high peak power.

At the power levels used for magnetic
switching several years ago, this tech-
nique was less attractive than solid-
state and thyratron technology. Only
recently, with the need to dependably
and repetitively switch very high power
in very short times, has magnetic switch-
ing resurfaced as a possible solution.
Gas spark gaps degrade rapidly at these
power levels, and water gaps have im-
possible repetition rate characteristics.
At the same time, advances in magnetic
materials have lessened some of the
early problems with response time and
energy loss. These is good reason to
believe that a saturable inductor can
provide the fast, dependable, repetitive

L

A magnetic switch with a metallic glass core (a toroidal inductor in its simplest confiquration)

switch needed in many pulsed-power
applications.

Sandia’s magnetic-switching experi-
ment (see photo) uses a Marx genera-
tor to produce a 160-kilovolt, 200-
nanosecond pulse. This pulse drives a
water-transmission line with two back-
to-back metallic glass cores placed in
the system to form a single-turn induc-
tor midway down the line. Our data
have demonstrated magnetic switching
on a useful time scale in a typical
pulsed-power configuration. Future ex-
periments will investigate the power-
handling and repetition-rate character-
istics of this technique.
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PULSAR generatcr elements

Generator Coil

Explosive
Detonation
Products Support

Superconducting Magnet

Electric-Pulse Generation

by PULSAR

The traditional method of producing
high-power electric pulses is to gen-
erate electric energy at lower power,
accumulate it in storage capacitors, then
suddenly release it by fast switching.
For future applications calling for pulses
of unprecedented energy, however, this
method may require facilities that are
too large, complex, and expensive to
be practical. To provide a better pri-
mary power source for very high en-
ergy applications, a pulse generator
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Superconducting coils of the 1- and 2-m magnets
will store 300 kJ and 2 MJ, respectively

called PULSAR is being developed that
could produce electric pulses at high
enough power to eliminate the need
for initial storage and switching. This
type of generator could furnish rela-
tively convenient, inexpensive access
to an energy regime that is not now
available.

Pulses are generated by using high ex-
plosive to drive a highly conductive
plasma into a generator coil nested
within a superconducting magnet. The
velocity and electrical conductivity of

the plasma are high enough to trap and
compress magnetic flux of the magnet
within the coil. A power pulse in the
generator circuit is then produced with-
out damage to the system and without
loss of current in the superconducting
magnet.

Limitations in the chemical power of
the explasive mean that the plasma’s
conductivity and velocity cannot be
made high enough for efficient opera-
tion at small scale. The thrust of the
experimental/theoretical program is to
determine the scaling laws. Experi-
ments began with generators of about
0.3-metre diameter and will continue
with larger ones (1- and 2-metre diame-
ter). The power level produced at the
0.3-metre scale was 2 x 108 watts.

The most difficult task is to understand,
model, and control the mixing that takes
place between the highly conducting
plasma and the poorly conducting pro-
ducts of explosive detonation. This mix-
ing, apparently driven by the Rayleigh-
Taylor instability, is an important fac-
tor limiting performance at small scale.
At large scale its importance should
diminish.




Explosively Activated,
Fast-Opening Switch

Inductive energy-storage devices such
as explosively-compressed magnetic-
flux generators and homopolar gener-
ators can deliver energies up to 100
megajoules, but these devices typically
operate much more slowly than the
submicrosecond range needed for most
pulsed-power applications. If we use
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Explosive

Piasma

Step 1. A cylindrical plasma is
formed as current flows through
the system,

an opening switch, as shown in this
circuit diagram, the stored energy from
the inductive generator can be diverted
from the primary circuit over to the
load on a time scale governed by the
operating time of the switch. We are
developing such a fast-opening switch
for use with magnetic-flux compression
generators. Its operational element is a
conducting plasma that carries the total
primary current until the channel is
compressed and interrupted by an ex-
plosive charge. The figure explains op-
eration of the switch.

When current flows through the alu-
minum film, an aluminum-air plasma
is formed at the outer surface of the

Step 2. The centrally located
explosive is detonated, and the
plasma channel is compressed,

Step 3. An instability-develops
between the plasma and explo-
sive products, This instability
mixes the non-conductive ex-
plosive products into the
plasma, and current flow is
terminated,

explosive. The explosive is detonated
at its axis, and the plasma switch is
opened when the nonconducting explo-
sive products compress the plasma and
mix into it. Typical current traces are
shown on the graph.

Primary and load currents in a small-scale
INTREPID experiment
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Small-scale experiments have demon-
strated submicrosecond switching time
at 1 megampere, and scaling data in-
dicate that a large-scale device can be
designed for much faster switching time
at even higher current levels. This ca-
pability, when used with a high-energy
inductive storage device, will furnish
the pulsed power for experiments in
ICF, particle beams, and other advanced
concepts.

Helical Explosive Generators,
and

The Electroexplosive Facility

The moving part of an electric genera-
tor (the armature) approaches the limit
of areal power density when it convects
and accumulates the magnetic flux

through which it moves. Relatively

small, explosively powered, self-de-
structive generators (explosive gener-
ators) made of ordinary copper or alu-
minum can achieve this, making them
useful as compact, one-shot sources of
pulse power.

26

Schematic of helical generator showing double-ended
detonation that increases output power in large designs.

Current Direction to External
Load Inductance

Sandia has spent much effort over sev-
eral years to develop the helical-type
explosive generator, which is the most
useful and versatile because of its rela-
tively high impedance. Designs have
been developed that produced pulse
energies of from 50 joules to 2.6 x 106
joules. Successful computer codes have
been written—including the finite-
difference, two-dimensional magne-
tohydrodynamics COMAG codes to in-

Maximum energy vs volume for seven established heli-
cal generator designs. Explosive-to-electric energy con-
version efficiency improves as generator volume
increases. Conversion efficiency is ~ 5% for the largest
generators,

107 T T T

108

Maximum Energy in Load {(J}

© Sandia's Helical Generators

1 1 1 i
107 10% 107® 1072 107!
Generator Volume (m?)

vestigate basic physics questions, and
fast-running equivalent-circuit codes for
generator design development and for
anticipating performance with various
loads (inductive, resistive, and capaci-
tive).

The Electroexplosive Facility was built

in 1969 to accommodate large explosive-

generator development and application.
Recent addition of a helium liquefier
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Application to Directed Energy Technologies

e

As we explore various ways of accel-
erating projectiles or producing directed
intense beams of light, electrons or ions,
we are finding a synergistic interplay
among the common pulsed-power tech-
nologies. We have shown that electron
beams are indispensable for excitation
of high-gain gas lasers, and that laser
triggering of switches may lead to the
low-jitter operation needed for many
applications. Now we are learning that
the combination of a laser with a pow-
erful electron beam may provide the
route to a very compact ion accelera-
tor. We have also shown that controlled
injection of electrons into a multistage
ion accelerator can greatly enhance the
allowable beam intensity in an accel-
erator that produces an ion beam of
low divergence.

RAYITO -Laser Excitation
Through
the Use of Electron Beams

High-power electron beams are gener-
ally used to excite several classes of
high-power lasers. A few examples are
rare-gas-halide (RGH) exciplex lasers,
rare-gas excimer lasers, and the hydro-
gen-fluoride laser. In other gas lasers,
electron beams are used to stabilize an
electric discharge. The electron-beam
system shown here was built to develop
advanced power-conditioning tech-
nology for RGH lasers, the primary can-
didates for future-generation drivers for
laser fusion. -

A diode driver produces an electron
beam by megavolt pulse-forming lines
that feed energy from the Marx gener-
ator. A plasma is formed on the cath-
ode by the electric-field-induced flash-
over of the cathode surface, and the
intense electric field accelerates the
electrons toward the anode. The high-
energy electrons passing through the
thin foil that separates the high-pressure
laser cell from the vacuum diode are
stopped in the cell by multiple colli-
sions with gas molecules. Excitation
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RAVYITO electron-beam system

pathways in the laser are complex and
laser-specific, but in many different la-
sers a high efficiency is realized through
converting electron-beam energy to
laser energy.

The RAYITO facility functions as a test
bed of advanced power-conditioning
technology for laser-fusion RGH lasers.
System specifications require a large
increase in the efficiency of the pulsed-
power system, and improved methods
of managing the intense electron beam

in both the diode and the laser cell.
Electron beams can be managed through
the use of intense magnetic fields to
control electron trajectories. But ad-
vanced technology is needed to reduce
the magnetic-field requirement in order
to realize an energy-efficient, affordable
system.

Other areas of technology development
include methods of increasing transfer
efficiencies of the pulsed-power system
and the ribbed structure that supports

RAYITO diode

: _sup‘poﬂ

the thin anode foil. This foil separates
the high-pressure laser cell from the
vacuum diode.
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The IFA Concept

Special Working Gas
lon Bunch

The Ionization-Front
Accelerator (IFA)

In the IFA—a high-gradient, collective-
effort accelerator—ions are accelerated
in a deep potential well at the head of
an intense relativistic electron beam
(IREB). The potential well is made to
move with the desired phase velocity
by actively controlling the ionization
of a suitable working gas. Laser photo-
ionization is used to ionize the gas,
and the laser light is accurately swept
to produce a moving ionization front.
The potential well at the IREB head
follows this front synchronously. Ions
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Demonstration of IFA beam-front control, The beam
enters from the left and follows the programmed
sweep of the curved line. Here protons are accelerated
from rest to 5 MeV in 10 cm.

10 nsec

L.

Z{cm)

are trapped and accelerated in the po-
tential well up to high energies,

Conventional ion linacs have acceler-
ating fields of only about 1 megavolt
per metre, whereas the IFA provides a
direct way to control accelerating fields
of about 100 megavolts per metre and
higher. This IFA concept promises a
new generation of compact, high-
energy, high-power, low-cost accelera-
tors for all types of ions. Besides mili-
tary applications, applications should
be found in nuclear physics, intense
neutron generation, spallation breeding,
cancer therapy, and heavy ion fusion.

IFA proof-of-principle experiments are
complete. For these experiments Cs was
the working gas. In a two-step photoi-
onization process, a dye laser excited
the Cs and a frequency-doubled ruby
laser ionized the excited Cs. The key
results are the demonstration of the
IFA-controlled beam-front motion (the
streak-camera picture shows an exam-
ple of this control), and the collection
of ion data which suggest that con-
trolled accelerating fields of 50 mega-
volts per metre have been achieved over
an acceleration length of 10 centimetres.

A larger, improved IFA is now being
designed to produce controlled accel-
erating fields of 100 megavolts per
metre over an acceleration length of 1
metre. This system will use a new work-
ing gas that requires only one laser for
photoionization. The ion data base will
investigate scaling of the acceleration
length up to 1 metre, as well as power
amplification (i.e., an instantaneous ion
power higher than the instantaneous
IREB power) with an ion beam at the
terawatt power level.
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Pulselac,
A MultiStage Ion Accelerator

Pulselac grew out of studies of the al-
leviation of space charge effects in ion
beams (neutralization), and application
of this phenomenon to high-current
transport in accelerators. We seek to
use the natural tendency of electrons

to flow quickly into an unneutralized

distribution of ions, greatly reducing
the space charge fields. This is straight-
forward in regions with no applied elec-
tric fields——theoretical studies have

shown that neutralization can occur
within nanoseconds. But in the pres-
ence of electric fields, as in an accel-
eration gap, the electrons must be con-
trolled so that they do not cross the
potential. The figure shows how this
is done with transverse magnetic fields
that turn the electrons while allowing
the ions to pass unimpeded. Focusing
components can be added to the accel-
eration field by influencing the elec-
tron distribution through magnetic-field
shaping.

Several experiments have been carried
out to investigate neutralization phys-

Cutaway of Pulselac Acceferation Gap
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ics and demonstrate the feasibility of
high-current ion accelerator technology.
A 3-kiloampere injector of carbon ions
was developed that used active plasma
suns to introduce ions at the anode.
The resulting beams were space-charge-
neutralized and transported to a sec-
ond, independent gap where the ions
were postaccelerated. Electrostatic ion--
beam focusing by magnetic-field shap-
ing was also demonstrated. Recent ex-
periments have concentrated on devel-
oping large-area electron sources and’
studying a gas-injection plasma gun
to enable investigations with a wide
variety of ions.
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Pulselac C Multistage lon Accelerator
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A. Qil housing for injector voltage source

B, Pulse-forming network for injector

C. Triggered switch

D, 4:1 iron core transformer

E. Transformer secondary with power lines for plasma gun
F. Pulsed gas valve )

G, Pulsed coils to magnetically accelerate plasma

H, Plasma expansion chamber

I, Injector gap anode with extraction slots

Pulselac D
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An inductive linear accelerator called
Pulselac C is under development. Shown
here are the injector, first stage, and a
preliminary focusing experiment with
a toroidal sector lens. A beam current
of 3 kiloamperes of N7 is expected. A
conceptual design of a 50-megavolt,
10-kiloampere Pulselac D is shown.




Electromagnetic Launching

Launching projectiles by means of
strong electromagnetic fields instead
of chemical-gun propellant or rocket
fuel promises benefits that have been
pursued sporadically for more than a
ccentury. If this Jules Vernean dream of
launching vehicles from earth into
space could be realized, the impact on
modern space activities would be pro-
" found. Advances in pulsed-power tech-
nology, along with modern defense and
space requirements, have led to new
efforts at several laboratories to look at
the possibilities.

Schematic of 0 gun, two stages. Driving currents in the
@ direction are synchronized with projectile position
and delayed until mutual inductance between the pro-
jectile and the drive coil begins ta decrease.

Driving Current
Induced Current

Drive Coil Projectile Drive Coil

At Sandia, emphasis has been in eval-
uating an electromagnetic gun with po-
tential for both military and space uses.
This “theta” gun differs from the rail
gun under study elsewhere in that its
accelerating forces are distributed along
the length of the projectile, not con-
centrated at the end. This allows greater
acceleration (from shorter guns) of the
long, thin projectiles needed for earth-
to-space launching and most military
applications. Computer codes have been
developed to calculate the performance
of the theta gun and to predict optimum
arrangements for its use with various
pulsed-power sources.

Computer calculation of the performance of a single-
stage 0 gun. The projectile is a 50-mm-dia, 0.2.kg
aluminum cylinder. An explosive generator drives the
4-turn drive coil.
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In addition, an experimental program
has begun. Its technical challenge lies
in achieving electomagnetically driven
projectiles that combine high acceler-
ation, acceptable ochmic and aerody-
namic heating, high ballistic coefficient,
and stable flight through the atmo-
sphere.
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Appendix A

1. Marx Generator Energy Store

Electrical Power

D= =>

Typical Charge Time: 90 S

Pulsed-Power Accelerator Operation

A pulsed-power particle-beam acceler-
ator generates and focuses intense
beams of energetic particles. Because
the power requirements for fusion are
many times greater than the world’s
present power production capability,
energy in these accelerators is taken
slowly from the local power grid and
then compressed temporally through
a series of stages. This temporal com-
pression bridges the gap between ac-
celerator power consumption at 40 kilo-
watts and the production of power at a
rate approaching 100 terawatts.
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2. Pulse Forming Line

Typical Pulse Length: 25 to 100 ns

Four stages characterize the operation
of such accelerators:

1. Electrical energy is slowly stored
in a bank of high-voltage capaci-
tors (often called a Marx genera-
tor).

2. Through the use of high-speed
switches to multiply voltage, the
energy is transferred rapidly into
a pulse-forming line. This line
then shapes the energy into a pulse
of large amplitude and short du-
ration.

3, Particle Beam Ganeration in Diode  Beam Transport 4, Target

| =N ' |
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3. The power pulse is delivered to a
high-voltage diode in vacuum for
conversion into a beam of ener-
getic electrons or light ions,

4. Under forces produced by elec-
tric and magnetic fields within
the diode, the beam acquires en-
ergy and can then be focused to
almost 1/100 its original area.

A single beam may irradiate a target
within a diode—or several beams may
be propagated outside the diode along
a narrow preionized channel toward
the target.
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pendix B

sed-Power Historical Milestones

50-kj output

FACILITY/
TE DESCRIPTION DEVICES SPECIFIC RESULTS SIGNIFICANCE
4 Atomic Weapons Research SMOG Initial operation of first Start of pulsed-power
Establishment accelerator (AWRE) pulsed-power accelerator at technology transfer to
inception AWRE, ~3 MV, 50 kA Sandia.
35 Accelerator operation SPASTIC First US pulsed-power Collaboration with
accelerator operation, AWRE; Sandia commit- ‘
3 MV, 50 kA ment to pulse power.
35 Formation of Sandia AreaV Pulsed-power division estab- Sandia commitment to
pulsed-power group lished to build facility large pulsed-power
for simulation apparatus and research
66 Accelerator operation Hermes-I Oil-filled Blumlein ac- Extendable technology
: celerator operation at 3 MV, for high-voltage accel-
~50 kA erator and simulation
facility.
168 Accelerator operation Hermes-I1 Operation at 1.3 TW-100 k] Largest simulator accel-
output at 13 MV, 100 kA erator and simulation
facility.
370 Accelerator operation Nereus 350-kV, 100-kA, 2Q output Our first low-impedance,
accelerator water-insulated line,
solid dielectric-switched
unit.
972 Accelerator operation Hydra Modular-1-MV, 1-MA, Pinching and fusion

experiments started.

35
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1978

1978

1979

1979

1979

Test bed operation

First multiple-stage ion
acceleration demonstration
with pulsed-power drive

Test bed — cavity design
and beam stability studies

Test bed — accelerator
operation

Adoption of ion baseline
approach for PBFA-I and 11

MITE/MITL

Pulselac

RADLAC

HydraMITE

MITE,
Hydra-MITE

Test of PBFA-I technology
utilizing Magnetically
Insulated Transmission Line

Magnetic insulation of
multiple gaps and space
charged-neutralized trans-
port demonstrated

9 MV, 25 kA, ns operation

Full power test of PBFA-I
module

Pulse inversion and
stacking demonstrated

10% shot diode opera-
tion at 100 kA/cm?.

Developed prepulse
shields, convoluted
lines, magnetic insula-
tion, 208 kJ Marx, pulse
inversion,dual polarity,
power flow, and 90%
efficient magnetically
insulated power flow
for 7 m at 10** W/icm?2.

First experiment veri-
fication of new low
cost means that may be
extendable to generate
intense ion beams at
100 MeV or more.

First modular multistage
high-current accelerator
with cavities employing
radial transmission
lines.

Provided 0.8-TW, 2-MV,
400-kA, 35-ns pulse for
PBFA-type experiments.
Permitted the final de-
sign to be released for
PBFA-I fabrication.

Allow higher voltage
modules with either
polarity to be used in
PBFA.

g
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Sandia National Laboratories

Sandia is one of the multiprogram lab-
oratories of the Department of Energy
(DOE). Since 1949 it has been operated
by the Bell System under a contract
with Western Electric. It is an engineer-
ing laboratory with a broad scientific
base and a diverse capability in many
areas. ‘At its two major facilities at Al-
buquerque, New Mexico, and Liver-
more, California, Sandia employs 7900
people, 2500 of whom are professional/
technical staff. During its 30-year his-
tory, Sandia has become known as a
laboratory that can take projects from
problem definition through research
and development to hardware produc-

tion. Its engineering and scientific ca-
pabilities are now being applied to meet
urgent national needs for nuclear safety
and safeguards, fuel cycle protection,
and energy development as well as
weapons, Sandia’s expertise spans the
range from basic research in a number
of physical and engineering sciences,
through development and design stag-
es, into manufacturing liaison, and fi-
nally into stockpile management and
field engineering.

Sandia’s major role is that of a systems
engineering laboratory with responsi-
bility for the nonnuclear portions of

nuclear weapons systems. However,
Sandia’s experience in the safety, se-
curity, and control of nuclear weapons,
weapon effects, and with surface and
satellite sensor systems is now being
applied to such areas as controlled fu-
sion, reactor safety, nuclear waste
management, and fuel-cycle and ma-
terials safeguards. The extensive en-
gineering and scientific capabilities of
the Laboratories are also being directed
toward the execution of a broad spec-
trum of nonnuclear energy problems,
such as solar energy, drilling technol-
ogy, and fossil-fuel extraction, conver-
sion, and combustion.
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