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Abstract

EAGLE and Double-EAGLE are high-power, Marx-
generator-driven, water-dielectric, low-impedance
pulse generators. EAGLE was a research test
bed. It was built and tested as a prototype
module for large accelerators. These large
accelerators (called ROULETTE machines) can be
built by arranging EAGLE modules into a circle
surrounding a central load region. Double-EAGLE
(now under construction) is the first example of
such a machine. It will use two, horizontally-
opposed EAGLE modules to drive a circular vacuum
tube feeding dual-MITL's. Design parameters are
0.3 ohms, 7 TW, 0.5 MJ, 75 ns (FWHM power).
Double-EAGLE will be a radiation simulator using
either imploded-plasma sources or particle beam
diodes. Design data for the machine came from
EAGLE experiments which addressed high-power, low-
jitter switching in both gas and water, and short-
pulse water breakdown. In checking out EAGLE, we
measured peak output pulse parameters of 4.6 *
0.5 TW, 1.6 MA, 275 kJ, 75 ns (FWHM power) into a
1.9 ohm resistive load. We discuss results from
these EAGLE experiments, describe the design and
construction status of Double-EAGLE, and briefly
comment on ROULETTE conceptual designs.

Introduction

EAGLE and Double-EAGLE are elements of a
Defense Nuclear Agency program to enhance our
national capability for above-ground nuclear
weapons effects testing'. Over the past two
years, interest in using laboratory simulators for
above-ground tests (AGT) has increased. This
increased interest comes at an opportune time
technically. Over 10 years of pulsed-power
research in super-power generators®” has
provided us with a good technology base for
expanding our capabilities in AGT.

The EAGLE/Double-EAGLE Program seeks to
satisfy the increased demand for AGT by extending
the pulsed power driver technology necessary for
radiation-producing loads. Two types of load are
particularly important: megavolt electron
Bremsstrahlung (MEB), and imploding plasmas
Both types of load require low impedance genera-
tors so that output voltages are kept "low,"
between about 1-3 Mv. Thus, the trend is toward
higher current generators. This trend is espe-
cially important for imploded plasmas because
radiation yields scale strongly with current ™.

12,13,

The need to keep output voltage constant even
as machines grow larger requires the development
of an extendable, low~impedance generator tech-
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nology. The technical approach to this require-
ment in the EAGLE/Double-EAGLE Program has been to
develop modular, Marx-generator-driven, water-
dielectric pulse forming modules which can be used
as building blocks for large machines. The flow
of this technical approach is illustrated in
Figure 1. The starting point was ROULETTE-X, a
conceptual point-design for a generator with pulse
parameter targets of 40-50 TW, 4-5 MJ, 20-22 MA,
2-2.5 MV, 100 ns FWHM power (EAGLE data suggest
actual pulse parameters would be closer to 70 TW,
5 MJ, 75 ns). We used the ROULETTE-X design to
establish performance objectives for EAGLE.

ROULETTE-
15 TW

CENTRAL
PLASMA
RADIATOR sy

* PROTOTYPE
EAGLE ROULETTE-X
: MODULE CONCEPTUAL DESIGN
aTWw 70 TW

Figure 1. The ROULETTE family. ROULETTE-X was
the conceptual starting point. EAGLE

was a prototype testbed. Double-EAGLE

(under construction) is the first
working simulator. ROULETTE-1 is a
candidate step beyond Double~EAGLE.

EAGLE is a prototype for one of the 20 mod-
ules that comprise ROULETTE-X. We built EAGLE
to: 1) demonstrate output performance consistent
with ROULETTE-X objectives; 2) establish quanti-
tative performance objectives for Double-EAGLE,
the next step in the progression shown in Fig-
ure 1; 3) gather design data for Double-EAGLE and
validate design techniques (such as computer
modeling); 4) demonstrate a low enough system
jitter to ensure synchronous operation of the two
modules in Double-EAGLE; and 5) evaluate new ideas
for improving pulsed power technology.

We addressed the EAGLE research objectives in
an experimental program conducted between 1 May
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1981 and 28 January 1983. All objectives were
met. Our design calculations predicted that we
could deliver a 3.8 T™W, 1.4 MA, 2.8 MV, 230 kJ,

95 ns pulse into a 2 ohm resistive load. The
measured output performance of 4.6 + 0.5 TW,

1.6 MA, 3.0 MV, 275 kJ, 75 ns (FWHM power)
exceeded our design predictions. We established a
firm data base for Double-EAGLE, and all our
design techniques were validated. We measured a
total system jitter of < 5 ns (1 ¢) with a statis-
tical distribution that indicates the spread of
arrival time between pulses from the two modules
in Double-EAGLE will be well within acceptable
limits.

Pulsed Power Experiments on EAGLE

To design Double-EAGLE, we needed data to
answer three basic questions: 1) What are the
water breakdown limitations throughout the
system? 2) How must the switches and trigger
systems be arranged to satisfy the Double-~EAGLE
synchronism requirement? 3) What kind of output
pulse will the EAGLE modules be able to deliver to
the Double-EAGLE load region? The data we present
here are organized with these questions in mind.
They fit into the categories: 1) water breakdown
data; 2) switching and jitter experiments; and
3) waterline power flow characterization. We
start with a brief review of the experimental
apparatus, EAGLE.

The EAGLE Testbed

EAGLE has been described in previous publica-
tionsz’11’ It is a Marx-generator-driven,
water-dielectric pulse forming system. The Marx
generator system has two 25-stage modules which
collectively can store 650 kJ at + 63 kV/stage for
the nominal 4 TW operating level. The Marx gen-
erators charge a 100 nF water transfer capacitor
(TC) to about 3 MV in 1.3 us. Power flow down the
waterlines is illustrated by the voltage waveforms
in Fi?gr§12. An externally triggered gas switch
(TGS) ' allows the TC to charge the second
pulse compression stage, the charging pulseline
(CPL). The CPL is switched out in about 300 ns by
a set of self-closing, multi-site, field-enhanced
water switches®’ to charge the final pulse
compression stage, the pulse forming line (PFL).
The PFL is switched into an output line (OL£ by a
second set of self-closing water switchesz’ 0 in
< 100 ns. The output pulse is dissipated in a set
of liquid resistors mounted at the end of the
OL. ILoad resistance was 1.9 ohms, except during
the OL water breakdown experiments.

To measure voltage and current throughout the
pulse forming system, we installed 40 individual
sensors. Current monitors in the flat-plate
waterlines were single-turn B-dot loops located in
the capacitive voltage monitors. We measured load
current with full-circle Rogowski coils surround-
ing ground electrodes on each of the five liquid
resistors comprising the load. The five signals
were added to obtain total current.

We used two types of voltage monitors, one
capacitive and one resistive. We designed the
resistive monitors with a variable length to
accommodate changes in transmission line spac-
ings . Signals from the EAGLE monitors were
processed using two separate data acquisition
systems. The first was a local system using an
LSI-11 and CBMAC for routine recording of peak
voltage on each pulse compression stage and for
timing measurements of the three energy transfer

switches. The second system was PIDAS®, a central
PDP 11/34-Tektronix 7912 data acquisition system
at PI which we used for acquisition and analysis
of the output line and load voltage and current
waveforms.

Figure 2. EAGLE voltage waveforms. Voltages for
shot 137 were measured at the points
indicated by the arrows.

Water Breakdown Data

To assess breakdown limitations in the
Double-EAGLE design, we conducted two experiments
on EAGLE. The first experiment took place as part
of waterline power flow characterization. We
fired EAGLE repeatedly at the Double-EAGLE spec-
level (~ 4 TW per module) then tabulated the
results as shown in Figure 3. Note the percent of
breakdown at which each pulse compression stage in
Double-EAGLE must operate to produce an output of
about 7 TW. Percent of breakdown was determined
from the ratio E/F, where E = v/d in MV/cm, and
F is the breakdown field in MV/cm as given by the
standard formula

F = 0.23 £ V/3 70 ¢ 058, (N

where t is the time (in microseconds) that pulses
exceed 0.63 of their maxima, and A is electrode
area in cm2. The CPL is the most highly stressed
line, but it still falls within acceptable design
criteria for a machine like Double-EAGLE. The PFL
stress is reduced significantly bxgusing the
double-bounce switching technique ~. The stresses
indicated for the OL are not really relevant to
Double-EAGLE because the OL will be replaced by a
central coupler of different impedance.

We conducted our second breakdown experiment
to confirm that Equation 1 is valid for the
unusual output waveform produced by double-bounce
switching (refer to Figure 7a). To make it easier
to overstress the OL, we reduced its impedance to
1 Ohm and changed the load resistance to match the
OL. The effective area of the QL (the area over
which E » 0.9 E ) was 4500 cm?; t was 74 ns.

For these parameters, Equation 1 gives
F = 335 kV/cm.

Our breakdown results agree with Equation 1
very well. We observed late-time breakdowns in
the range 300 kV/cm < E < 330 kV/cm. For
E _ 340 kV/cm breakdown occured early enough to
affect the main output pulse waveform. These
results confirmed that Equation 1 was adequate to
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use for designing the Double-EAGLE waterline
coupler.

TC CPL

Area, cm? 291,000 96,700 {23,200 41,600
toff, US 0.62 0.21 0.11 ]0.107 | 0.083
d, em 30.1 19.1 1.8 [11.4 |108
Vv, MV 3.1 33 2.8 2.3 2.8
F=V/d, MV/em 0.103 0.173 0.237 | 0.202 | 0.259
Percent of

: Breakdown 77% 86% |90% |77%|90%

Figure 3. EAGLE waterline stresses at 4 TW.

Voltage and average field maxima are
given for shot 243.

Switching and Jitter Experiments

The high power switches in Double-EAGLE must
shape the output pulse properly, protect the
system in case of a fault, and ensure that the two
modules are synchronized.

For protection, we used two sets of diverter
switches, one for the TC, one for the OL. The TC
diverters are particularly important. The TC
diverters are necessary to protect the oil/water
diaphragms and gas switch against high voltage
"ringdown" in case the trigger system malfunc-
tions. The diverters are self-closing water
switches in series with a liquid resistor. The
resistor helps to damp post-pulse oscillations on
the TC (see Figure 4).

VTC WITHOUT
DIVERTERS ‘l;.lr\?Eg'?g:g
2,0;- SHOT 67 . SHOT 56
E ® Marx charge ® Marx charge
= 151 +35 kv - * 40 kv
g 1ok @ 15.2-cm diverter ® 12.0-cm diverter
g " gap gap
o
3 05 =
> 0 { { ALK{ 5 3 7y
12 \’/3 4/ 5 1
05~

834417

TC diverter switch action. Post-pulse
oscillations on the TC are damped when
diverters are used.

We accomplished pulse shaping with two sets
of main water switches and a triggered gas
switch. The two sets of main water switches in
EAGLE both must operate with low jitter to ensure
Double~EAGLE module synchronism. The CPL and PFL
switches, respectively, exhibit 1 ¢ jitter of
2.5 ns and 2.7 ns at average voltages of 3.2 MV
and 1.8 MV. Interestingly, the total jitter of
the two water switches, the TGS, and trigger
package is less than one would predict by adding
the individual jitters in quadrature. This is
because there is compensation between switches
under real system conditions.
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The triggered gas switch (TGS) and its
associated trigger system will be the key to
synchronous operation of Double-~EAGLE (or any
other member of the ROULETTE family). The gwitch
has been described in previous publications“’

It consists of an eight-stage, UV-illuminated,
multiple-electrode, electrically triggered SF6
switch. It is triggered by an on-board pulse
generator activated by a fiber optic link which
enters the machine in the region of the CPL. Both
the trigger system and two different versions of
the TGS are described in separate publica-

tions -’ We present only the results relevant
to the Double-EAGLE design here.

To determine whether Double-~EAGLE synchronism
requirements could be met by the EAGLE switching
system, we conducted a series of tests to measure
shot-to-shot reproducibility of the output pulse
timing. We measured a shot-to-shot system jitter
of < 5 ns for sustained operation at 4 TW. System
jitter is defined as the standard deviation of td’
the delay time between the low-level optical
signal sent to activate the TGS trigger package
and the injection of the output pulse into the
OL. That includes jitter of both water switches,
the TGS, and all components in the trigger package
and control room. To determine whether measured
jitter was low enough for Double-~EAGLE, we had to
take the statistical distribution into account.
The important parameter for synchronism of multi-
module machines is the spread in pulse arrival
times at the point where module outputs are
combined. For Double-EAGLE, we chose as a design
goal to have > 70% of all shots with < 15 ns
spread in arrival time. We used our measured
values of td to see if this goal could be met.

Since the two modules of Double-EAGLE will be
triggered simultaneously, and since the statistics
of t, for each module will be independent (the
modules cannot interact until pulses are gene-
rated) we can use the shot-to~shot variation on
EAGLE to predict the synchronism of Double-EAGLE.
To do so, we tabulated all possible pairs of t
values for each set of data (data set usually was
about 30 shots, giving several hundred possible
pairs of t_, values). Then we took the difference
between t_  for each pair, A td’ and plotted the

cumulative distribution of values, as shown in
Figure 5.
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Figure 5. Double-EAGLE synchronism prediction.

EAGLE shot-to~shot data is arranged in
pairs to give Atd, the arrival-time
differences.



The data show that 90% of the pairs had Atd
< 15 ns, thereby significantly exceeding our
design criterion of 70% with Aty € 15 ns. In
fact, 80% in the pairs have Atd < 10 ns. Perform-
ance predictions for Double-EAGLE indicate that
the distribution in arrival times we infer is more
than adequate to meet specifications.

Waterline Power Flow Characterization

During our power flow characterization we
sought to: 1) verify the accuracy of the computer
modeling techniques we used to design Double-
EAGLE; 2) estimate energy transfer efficiencies
throughout the system; 3) investigate the double-
bounce switching technique; 4) determine the
extent to which the EAGLE output waveform can be
varied; and S) quantify the EAGLE output power and
energy capabilities. BAchieving these experimental
objectives provided us with a design baseline for
Double-EAGLE.

To validate our computer modeling techniques
we compared predicted-to-measured voltage wave-—
forms at several points in the waterline. Peak
amplitudes are predicted to better than + 10%
(within measurement error of the voltage moni-
tors), and wave shapes are well represented on the
computer even at late times. This agreement gave
us high confidence in using the model to design
Double-EAGLE.

Energy transfer efficiencies between stages
in a fast~charged waterline system like EAGLE are
difficult to measure experimentally. Figure 6
gives a_tabulation of peak electrostatic energy
(1/2 CV°) delivered to each pulse forming element
in EAGLE on a particular shot. The overall
efficiency of 50% is unambiguous because it simply
is the ratio of two well known quantities: DC
Marx generator energy and energy dissipated in the
load resistor. But the peculiar-looking transfer
efficiencies between the CPL and load indicate a
strong contribution of traveling wave energy in
the PFL.

The electrostatic energy transfer efficien-
cies from the Marx generator to the TC (64%) and
from the TC to CPL (87%) indicated in Figure 6
seem reasonable. The fact that less than 40% of
the energy that eventually is delivered to the
load appears as electrostatic energy in the PFL,
however, means that over 60% of the energy flowing
through the PFL was in the form of a traveling
wave which did not increase the line voltage.

This low-voltage operation of the PFL results from
the double-bounce switching mode (a detailed
discussion which is beyond the scope of this
paper).

The double-bounce switching19 option not only
provides us with a means to reduce PFL line and
switch voltage, but also allows significant varia-
tion of the output wave shape. Figure 7 shows
three different output waveforms (voltage across
the load resistor) produced by varying output
switch spacing over a factor of 2 at roughly
constant machine power. The first waveform (7a)
is unique to the double-bounce switching mode.
Voltage rises to about 40% of its peak value in

< 10 ns, then ramps to peak over about 90 ns.
(This, incidently, is an excellent waveform for
driving pure inductive loads such as imploded
plasmas.) The other two waveforms (7b and 7c¢)
progress toward a more conventional shape for a
three-stage waterline machine. These examples
show that we can vary pulse risetime (10-90%) from

45 to 70 ns, and pulse width (FWHM) from 120 to
155 ns at constant power by varying only the
output switch spacing. This will be an advantage
in tailoring the Double-EAGLE output pulse to fit
various load conditions.

64% 87% 34% 258%
500 kJ - 322 kJ — 281 kJ=—P95 k) —————» 245 kJ
TC CPL PFL LOAD
|
=

MARX . O Jis8qj]

[ S

S

JPdt INTO RESISTOR

250
® OVERALL EFFICIENCY = 50%

® TRAVELING WAVE ENERGY MAKES
A LARGE CONTRIBUTION IN PFL kd
{(HENCE LOWER VOLTS)

{Shot 137)

0 250
ns

81.11.265
=)

Figure 6. EAGLE energy transfer efficiencies.
The electrostatic (1/2 CV2) enerqy for
each stage is shown for shot 137.
Load energy came from the integral
shown in the inset. The low value for
PFL electrostatic energy is achieved
by double-bounce switching.

dog = 25 cm | dgg = 3.8 cm dgg = 51 cm

> 2
g
Un 4.5 TW 51 TW
330 kJ 340 kJ
o1 1 [ 1 IR N I T
0 100 200 0 100 200
. 0 100 200
i ns

Figure 7. Output waveshape variability. The
shape of voltage across the load is
varied by changing PFL switch spacing.
The shapes vary from double-bounce
switching (7a) to conventional switch-
ing waveforms (7¢).

The final data point we needed to design
Double-EAGLE was the maximum output power capabil-
ity for each module. The nominal output pulse
parameters we measured are 4.6 + 0.5 TW, 1.6 MA,
275 kJ, 75 ns (FWHM power) into 1.9 ohm resistive
load. Figure 8 shows output waveforms for a shot
at the high end of the measured range. Peak power
is 5.1 TW. We chose to design Double-EAGLE for
operation at 4 TW per module to provide a margin
for safety.

Double-EAGLE Design

The EAGLE experimental program provided us
with a firm design for the modular drivers of
Double-EAGLE. The Double~EAGLE design approach is
to use two modules to drive a single load. The
outputs of the two modules will be combined into a
single axisymmetric tube with double-sided power
flow. We will merge the double-sided power flow
through a magnetically insulated vacuum convolute
when driving plasma loads. Since the module
design essentially was established, the primary
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focus of Double-EAGLE design was on the question
of how to combine module outputs and merge them
into a single load. The performance goals for the
Double-~-EAGLE generator are summarized in Figure 9.
An artist's rendering of the generator is shown in
Figure 10.

SHOT 255
3
VL 29 MV 5 P 51 TW
2 4
>
s g3
1 2
1
0 | | 0 | L
0 100 200 300 0 100 200 300
ns ns
2 I 1.8 MA 400+ Ep 350 kJ
< e
2 1 < 200
R 0 | 0 { | ]
0 100 200 300 0 100 200 300
ns ns

Figure 8. Output waveforms at 5.1 TW. Voltage,
current, power, and energy for a
maximum power shot on EAGLE are shown.

Power injected into tube 7TW
Pulse width (FWHM power) 75 ns
Tube voltage 1.7 MV
Tube current 54 MA

835448

Figure 9. Performance goals for Double-EAGLE.
Tube voltage and current values apply
to an imploded plasma load.

, )
it

l-\‘;.ﬁ
s

Figure 10. Artist's rendering of the Double-EAGLE
generator.
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Transit-Time Equalizexr

The primary difficulty associated with the
design of the Double-EAGLE generator has been how
to maximize the azimuthal uniformity of the
current delivered to the magnetically insulated
feeds of the tube. As shown in Figure 11, the
high wave propagation velocity in the vacuum,
relative to water, produces significant non-
uniformities in the currents flowing in the vacuum
feeds of a tube driven with plane waves from two
sides. In fact, in those sections of the tube
which are at 90° to the incident wave directions,
the current actually flows outward early in the

aQ°

|
I

—
|-
[

t1 : —- Q0

| T T LB I’ T T T T I T
00
| ,/',/’—\: 45°
i 90°
= 1y ]
0 =
fT t, ns 100
tity

834402

Figure 11. Wave propagation in a parallel plate
transmission line driving a circular
tube.

pulse then reverses to flow inward after the water
section of the pulse has arrived at the edge of
the tube. This produces a current null in the
vacuum feed at a time when it has reached sig-
nificant voltages. This could result in a failure
of the magnetic insulation of the feed.

The solution we have chosen to this problem
is to delay the arrival of the pulse traveling
along the centerline of the generator, so that all
portions of the tube see the electric wave arriv-
ing at the water/plastic interface simultaneously.
This is accomplished by the use of the "transit
time equalizer," shown schematically in Figure 12
and in the artist's rendering of Figure 13. We
have used the NET-2 circuit code to model the
performance of the coupler, which incorporates the
transit time equalizer, by using a two-dimensional
lumped-element circuit model shown schematically
in Figure 14. As can be seen in the waveforms of
Figure 13, the transit time equalizer signifi-
cantly improves the azimuthal uniformity of the
current, and eliminates the current null which
could cause the failure of magnetic insulation.
Independent calculations by Mandell and Wilson
using a three-dimensional Maxwell equation solver
agree well with these predictions.

Double-EAGLE Tube

The tube for the Double-EAGLE generator will
be a vertical-axis tube with double-sided power
flow. The upper half of the tube combines the
currents from the upper halves of each of the two
EAGLE modules; the lower tube combines the
currents from the lower halves of the two EAGLE
modules.
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Figure 12. A schematic of the Double-EAGLE
coupler region which includes the
transit time equalizer. Raised ele-
ments in central portion of coupler
delay the central portion of the wave
with respect to the wings.
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Figure 13. Artist's rendering of the Double-EAGLE
coupler, which includes the transit
time equalizer. The tube and vacuum
feed region are at the center of the
rendering.
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Figure 14. Two-dimensional lumped element circuit
model for coupler region of
ROULETTE-1.

When used with imploded plasma loads, the
currents from the upper and lower feeds will be
combined in a magnetically insulated convolute
close to the load. The asymmetric feeds shown in
Figure 15 give the maximum acceptance angle for
X-rays from the source. To optimize the perform-
ance of the feed, we will field a rod anode (see
Reference 23) to maximize pumping speed and to
minimize damage to the feed in the case of a local

arc.
/ UPPER MITL

INSULATORS GRADIENT

RINGS

WATER-”

A/\CATHODE

LOWER MITL IMPLODING

PLASMA

834418

Figure 15. The Double-EAGLE tube and load region.

Double-EAGLE Construction Status

The construction of Double-EAGLE involves the
fabrication of the second EAGLE module, the
coupler which joins the two EAGLE modules, the
vacuum tube, and the vacuum feed hardware. Also
required was the extension of the existing EAGLE
building to accommodate the two EAGLE modules, and
other modifications of the facility to allow
simulations testing on relatively large hardware.

The Double-EAGLE wvacuum tube, vacuum feed,
and post-hole convolute hardware are currently
undergoing testing on PITHON. This is the actual
hardware to be installed on Double-EAGLE. The
lower feed““ has been tested separately from the
upper feed, allowing the feeds to be operated at
the full voltage and current levels they will see
on Double-EAGLE. Additional tests are planned to
obtain further operational performance and relia-
bility data.

Facility construction, now complete, included
expansion of the building to house the two mod-
ules; a large recessed test area to accommodate a
large vacuum chamber for full system tests; and
excavation of an oil containment berm for the oil
storage and the second Marx generator.

Fabrication and assembly is ahead of sched-
ule. Marx generator assembly has started and the
outer tanks of the waterline are complete and
ready for installation and alignment in the new
facility. Construction of the screen room and
operator area has been started and the computer-
controlled command, control, and data acquisition
system is being designed.

Summary

The data collected from the EAGLE testbed
has been used extensively in the design of the
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first of our low-impedance multi-module simula-
tors, Double-EAGLE. The Double-EAGLE generator,
designed to accommodate Megavolt Electron
Bremsstrahlung and Plasma Radiation Sources for
simulation testing, is presently being fabricated
and will begin checkout testing in late 1983.

The modular approach to the generator has
significantly reduced risks in the program. For
example, the existing, thoroughly tested EAGLE
module forms one of the two modules, and the
second module is a direct copy of the existing
EAGLE module.

The coupler which joins the two modules
together has been extensively modeled with
computer simulations. Furthermore, simulation
predictions have been validated with experimental
data from a half-scale mock-up of the coupler and
cross—checked with three-dimensional computer
solutions to Maxwell's equations®“. To reduce
risk in the tube and vacuum feed, the hardware is
being checked on PITHON before final assembly into
Double-EAGLE. Facility modifications for Double-
EAGLE are complete and the fabrication of the
hardware is going along on schedule. This 7 TW,
0.5 MJ, 75 ns (FWHM power) simulator will be
available for radiation simulation testing in
1984.
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