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ABSTRACT

Mission Research Corporation (MRC) has completed a design study for a compact
lightweight pulsed power source for airborne and spaceborne applications. Two designs
were developed during the contract period. Both designs were constrained to -500 kV
output pulses, 10 Hz repetition rates, and 2 ft. diameters. The designs utilized high

® voltage pulse-forming networks (PFN) composed of liquid capacitors and air-core
inductors. Dual resonance spiral strip transformers were incorporated into the designs for
charging the PFNs from lower voltage capacitor banks. A mixture of water and ethylene
glycol was used in the capacitor designs in order that the operating temperatures (-45° C
to +110° C) of the designs could be extended beyond that of pure water.

A pulser built from the final design would be capable of nominally producing
-500 kV, 100 ns, 10 0 pulses (i.e., 3 kJ). Such a pulser would be 10.9 ft. long (without
prime power, power conditioning, and load) and would weigh 1300 lbs (with power
conditioning but without prime power and load). The design has the unique advantage of

® being mechanically “tunable” to any desired pulse length {100 ns to 500 ns) or

impedance (10 N to 50 (1) as long as the output energy of the pulser is not changed from
3 kJ. However, the output energy may be extended to 4 kJ by adjusting the mixing ratio
of water and ethylene glycol in the capacitors.

The first design, based upon the original goals of the study, would yield a pulser
that would produce -500 kV, 200 ns, 100 2 pulses. Due to a slow fall time, this pulser
would generate 800 J pulses. The lower energy pulsed power source, however, could
produce very fast rising pulses (about 1 ns) with little variations in the plateau of the
voltage (9%).
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1.0 INTRODUCTION

For many years now multi-gigawatt pulsed power systems have primarily been
laboratory tools developed for a variety of applications. In the laboratory, there has been
little or no effort in constructing lightweight compact pulsers. However, recent advances
in directed energy technology and in high power devices will move these weapon and
device concepts from the laboratory to the field. A major concern in fielding these new
devices is the ability to build the electrical driving sources, the pulsed power, for these
devices. The pulsed power sources must be capable of delivering the specified electrical
requirements (e.g., voltage, impedance, pulse length, rise time, etc.) while not exceeding
the mechanical and physical requirements (e.g., weight, volume, and simplicity) necessary
for airborne and spaceborne systems.

This document describes a six month investigation conducted by Mission Research
Corporation (MRC) for the Aero Propulsion Laboratory of the U.S. Air Force’s Wright
Aeronautical Laboratories to design a high voltage pulser capable of airborne and
spaceborne operations. The original objectives of the study were to produce a design
with blueprints for a pulsed power source with the following specifications:

a. 500 kilovolt output;

b. 200 nanosecond pulse length;

c. one nanosecond or less rise time;

d. 10 hertz repetition rate;

e. load impedance of 100 {1 in series with 25 nH; and

f. minimize weight and volume with 1,300,000 cm® and 600 pounds as design goals.

Additional specifications were imposed during the study period. These additional
specifications were:

a. maximum 2 foot diameter cross-section;
b. voltage pulse flat top less than 15%;

c. maximize operating tempe: ature;




d. maximize mission life;
e. minimize cost; and

f. maximize reliability and simplicity.

A design meeting these requirements was essentially completed and is detailed in
Chapter 3. However, discussions with Air Force personnel altered the above design goals
to higher energies (multi-kilojoules) and lower impedances (10 1) while maintaining all of
the other requirements. Chapter 4 presents the results of the higher energy pulser design.
Appendix A contains the component drawings for a 3 kJ pulser described in Chapter 4.
Alternative pulse-forming networks (PFN) were examined and the results of this
examination are presented in Chapter 2. In order to understand the evolution of the
design, the remainder of this chapter describes the design approach presented in the
Phase I proposal.

The original design as presented in the Phase [ proposal (Ref. 1) utilized a lumped
element Blumlein pulse-forming network (PFN) as shown in Figure 1. Each leg or side of
the Blumlein was based on a Type B Guillemin network (Refs. 2, 3). Such Guillemin
networks have been used since World War Il in radar modulators to produce long pulse
lengths in small volumes. The Blumleir was to be packaged in a low volume low weight
geometry. Figure 2 is a sketch of the high voltage network. The shape may be described
as a corrugated tri-plate geometry. The regions of minimum spacings between the center
conductor and the corrugated sections formed the capacitors of the Blumlein; the regions
of maximum spacing formed the inductors of the Blumlein. Water was added to the
capacitor sections to increase the capacitance and reduce volume but an insulating gas
was used for the inductor sections to reduce weight. The lengths and widths of the
corrugated sections were to be adjusted to achieve the required values for the inductors
and capacitors. The Blumlein was estimated to fit in a volume measuring
7Tft x 2ft x 2.5 ft.

To achieve the fast rise times required, resistors were placed in parallel to the
inductors nearest the load. These resistors dramatically reduced the rise time of the
pulser as compared to the case where the resistors were not present without significantly
reducing the energy delivered to the load. In a conventional lumped element
pulse-forming network, the rise time is limited, approximately, by the sinusoidal rise
associated with the inductor and capacitor combination of the last stage before the load.
In the original design, the rise time was limited by the exponential folding time (i.e., L/R
time) of the resistors and load in series with the stray inductances of the resistors,
switch, and load. The use of the resistors along with appropriate timing of the closure of
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the start and prepulse switches reduced the rise time by a factor of over 50 in circuit
simulations. Figure 3 shows the output voltage pulse of the original design.
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Figure 3. Output pulse of Phase I proposal pulser.

An air-core step-up transformer, operated in dual resonance, was to charge the
Blumlein circuit. Such transformers can achieve 20 to 1 step-up ratios with better than
90% energy transfer from primary to secondary. Unlike Marx generators, transformers
allow the initial energy storage capacitors (placed on the primary side of the transformer)
to be completely operated at low voltages with a correspondingly reduced volume for
voltage stand-off. Also, the initial energy storage capacitors can be switched into the
PFN with only one switch as opposed to many switches required for Marx generators
charging PFNs.

The original design was estimated to weigh less than 600 pounds and be contained
in a volume of about 46 ft3. Table 1 lists the weight, volume, and energy efficiencies of
the original design.

During the course of the Phase I design study MRC conducted discussions with Air
Force engineers and officers at the Aero Propulsion Laboratory and the Air Force
Weapons Laboratory. Based upon these discussions, several of the specifications for the
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pulser were changed. In the end, it was decided that the pulser must be capable of
producing an output with 500 kV, 10 1 or lower, 200 ns or longer, and approximately
10% rise time in as compact and lightweight geometry as possible. With that in mind,
MRC has produced a design that exceeds the original design goals (except for weight) and
nearly achieves the specifications lisied for a 10 {J puiser. The final design, as described
in Chapter 4, would be capable of producing 500 kV pulses into 10  with pulse lengths
between 100 ns and 150 ns (depending upon the water/ethylene glycol mixture used in
the capacitors). The pulser would be 2 ft in diameter by 10.9 ft long from primary
capacitor bank to output switch, including housing. The pulser would weigh about

1,300 lbs. Most interestingly, though, is that the pulser design allows adjustment for
different load impedances. By simply changing-out the inductors of the PFN, the output
impedance and pulse length can be changed to almost any value between 10 and 50 Q.




2.0 ALTERNATIVE DESIGNS

The first activity of the design study concentrated upon examining and comparing
different circuit designs for the high voltage section of the pulser. Two classes of circuits
were examined: Guillemin voltage fed pulse-forming networks and slow wave structures.
The criteria for comparisons not only included electrical, size, and weight performances
but also potential problems associated with operations (e.g., charging of the circuits) and
difficulties of fabrication and cost management.

Two additional approaches to the design of compact pulsers became apparent
during the course of the study. The first approach would utilize high dielectric constant
materials in pulse-forming line geometries to achieve the desired compactness.
Fabrication of both ceramics (Ref. 4) and plastics (Ref. 5) with high dielectric constants
has been demonstrated. However, these materials are probably several years away from
use in laboratory pulsed power sources and even further away from use in airborne or
spaceborne applications. The second approach would directly drive a load with a
transformer. This would eliminate the high voltage pulse-forming line or network. All of
the pulse shaping would be performed by a network on the primary side of the
transformer. Initially in this design study, fast rise time was an important output
parameter. The inductance associated with a transformer was believed to restrict the
fast rise time. Recent results, however, indicate that fast rise times are possible with this
approach.

2.1 Guillemin Networks

During World War II Ernst Guillemin developed several passive electrical networks
for producing rectangular voltage pulses of any desired pulse lengths or impedances
(within the limits of realistic element values) (Refs. 2, 6). Guillemin networks have been
utilized in pulsed power systems and modulators since their invention. However, no one
has attempted to develop them for very high voltage pulsers (above a few hundred
kilovolts). The five basic Guillemin networks are shown in Figure 4. For a pulse of
impedance Z and pulse length r, the inductor values are calculated by multiplying the
factors for the inductors by Zr and the capacitor values are calculated by multiplying the
factors for the capacitors by r/Z. The networks are canonical realizations of each other.
In fact, the most basic realization, not shown in Figure 4, involves several LC series
resonant circuits connected in parallel. The resonances of the LC sections of this most
basic network drive the load at the frequencies of the lower order Fourier components of
the voltage pulse. That is, the Guillemin netv >r- s mock the important frequencies
necessary for a rectangular pulse. It can be s 'wn that only the first five frequency
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components are necessary for a pulse with a rise time that is approximately 8% of the
pulse length. Consequently, only five LC sections are necessary for a network with an
8% rise time.

From Figure 4 it is obvious that the Type D is not realizable since negative
inductor values are necessary. However, the Type E network is actually another
realization of the Type D where the negative inductors have been replaced by mutual
inductances or transformers. For a compact high voltage system, the mutual inductances
present an unnecessary complication, especially when considering the Type B network.
The Type E network, however, allows constant capacitor values from one stage to the
next, and, indeed, many radar modulators are constructed from the Type E. Since the
capacitors imagined in this design study may be adjusted to any value, the constant
capacitance values of the Type E are of no significant advantage.

Both the Type A and Type F orient the capacitors such that they are stacked in
series, so to speak, and parallel with the load. This suggests the possibility of operating
these PFNs in a Marx generator like arrangement. Figure 5 illustrates a Type F in a
Marx like configuration. The capacitors could be charged in parallel at low voltage
through charging resistors or, as in Figure 5, inductors. At peak charge, switches
between the stages of the PFN would be closed with a resulting rectangular pulse at the
load. This would have the obvious advantage of reducing the voltage required to charge
the PFN. Unfortunately, the Types A and F networks require large variations in either or
both of the inductor and capacitor values from the first to the last LC section. In
practice, such variations are difficult to construct. Additionally, the capacitors are
difficult to physically layout in a compact geometry. The capacitors must be stacked
along the long axis of the pulser housing. Since the housing must be at ground potential
(for equipment and personnel safety external to the pulser), the electric field effects at
the edges of the capacitors become difficult to maintain below breakdown levels. This
problem is further compounded by placement of the inductors near the capacitors.

The only Guillemin network remaining is the Type B. This type has reasonable
component values and has no negative or mutual inductances. The Type B also lends
itself well to construction in a compact fashion. One side of all of the capacitors can be a
common conductor acting as the PFN ground. As will be shown below, for these reasons,
the Type B was chosen as the PFN for the pulsed power source.

2.2 Slow Wave Structures

Slow wave structures (SWS) have been proposed as PFNs for pulsed power
machines (Ref. 7). Slow wave structures act in a distributed parameter fashion to reduce

10
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Figure 5. Guillemin Type F network in a Marx-like configuration.

the speed of light in a circuit (Ref. 8). Typically, a structure is built which requires
electromagnetic waves to travel a convoluted route requiring more time for the waves to
travel the convoluted path rather than a straight path. Consequently, the SWS acts as a
delay line. For example, many SWSs are built in a coaxial geometry with a helical inner
conductor. To first order, the electromagnetic waves in the helical SWS are forced to
follow the path of the helix. Thus, the time required for the waves to travel from one end
of the helix to the other is longer than the time required for a wave to travel a path
parallel to the axis of the helix.

As with transmission lines or PFNs, SWSs can be used as energy storage devices.
Typically, the impedance of SWSs will be proportional to the electromagnetic wave
velocity in the circuit. Thus, for pulse-forming SWSs are only suited for high impedance
outputs. Unfortunately, SWSs are dispersive to electromagnetic waves. For pulse
generation, poor flat tops are produced. Since a pulse is composed of different frequency
components, a SWS allows different frequency components to arrive at the load at
different times in the pulse. The result is a pulse with large voltage excursions at the end
of the pulse. In order to reduce this effect the convolution of the SWS would have to be
tapered or tailored in a specific way. This would require on the order of 100 individually
fabricated parts per PFN. Additionally, there are some questions related to the dielectric
strength of the SWS. The convoluted structures can require edges and spacings between
the edges where voltage stand-off become difficult for fractional megavolt devices. As a
result of these difficulties associated with the SWS and their impedance characteristics,
SWSs were ruled-out as candidates for the design of this program.
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3.0 THE EIGHT-HUNDRED JOULE DESIGN

This chapter describes the design which achieved the original design goals outlined
in the first chapter. These goals correspond to an output energy of 500 J per pulse.
However, the final design described here produced closer to 800 J as the result of a slow
pulse fall time.

3.1 Network Design

Based upon the results of comparing the alternative circuit designs, a Type B
Guillemin PFN was chosen as the circuit for the Blumlein. In order to reduce the
number of inductors with their corresponding volume, an attempt was made to reduce
the number of LC sections for the PFN. The energy storage was to be held constant by
increasing the capacitances. The number of LC stages was reduced from 5 to 2 per
Blumlein side (i.e., the total number of stages was reduced from 10 to 4). This was
accomplished by synthesizing (Ref. 2) a Type B Guillemin network with a 33% rise time
(i.e., 33% of the pulse length).

A network of two LC series tank circuits connected in parallel was developed. The
current from one such tank circuit is given by:

i, =Vn \/% sin (\/th) , (1)

where i, is the current in the tank, v is the stage or section number of the tank circuit,
Vy is the PFN output voltage, t is time, C, is the stage capacitance, and L, is the stage
inductance. Now the Fourier series of a pulse train beginning at time zero (an odd
function) is given by:

i(t) =1, i b, sin (vmt/7) (2)

v=1

where 7 is the pulse width, I, is a the PFN output current, and:

b,=§ /0 ' ‘—(IQ sin (vmt/r) dt . (3)
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The values of the capacitances and inductances were determined by matching the
coefficients for the terms in the Fourier series and the tank circuit currents. Thus, the
parameters may be expressed as follows:

INT rh,
=V v = , C,= :
ZN N/Il ) L l/ﬂ'bu UWZN (4)

The integral for b, was evaluated for pulses with parabolic rise and fall of 33% of the
pulse width. That is the current of the PFN was specified to be:

| (2£-4%), o<t<ar,
&= 1, ar<t<Lrt-—ar, (5)
I, [1_ (t—f+ar>2] , T—ar <t<r,

ar - -

where a is the rise time and fall time of the pulse. In this case a was 0.33.

The parallel series resonant circuit was then converted to the ladder network of the
Type B form by alternately removing poles and zeros at infinity of the complex frequency
space of the PFN’s driving point impedance (first Cauer form Ref. 9). The result was the
circuit shown in Figure 6. Although the purely reactive PFN circuit would only produce
33% rise times, the addition of the bypass resistors to the last inductors of the Blumlein
produced fast rising pulses in the circuit simulations.

The overall circuit design for the 100 1 pulser is shown in Figure 6. As with the
original proposal design, stray reactances are shown at the load. Additionally,
inductances of the bypass resistors were added. Figures 7 and 8 show the simulated
output pulse with different voltage and time resolutions for the circuit of Figure 6.
Excluding the initial voltage drop after the fast rise, the voltage flat top varied by no
more than 7% over the 200 ns pulse. The rise time was less than a nanosecond. However,
this very fast rise was the result of the 30 pF stray capacitor on the Blumlein side of the
prepulse switch. When this 30 pF capacitor was removed, the rise time corresponded to
the slower second (about 20 ns) rise as seen in Figures 7 and 8. This slower rise was the
L/R exponentiation time of the bypass resistors in series with their inductances (100 nH)
and the load and its inductance (25 nH).

Once the Blumlein circuit had been designed, attention was turned to the values
and sizes of the various charging and isolation inductors of the Blumlein. The various
inductors are shown in Figure 9. The capacitors of the Blumlein (Cprn) are charged
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Figure 7. Blumlein output voltage.
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through a transformer by dual resonance charging from capacitors on the transformer’s
primary side (Cp). The transformer has inductances associated with its primary (Lyn)
and secondary (L,e) sides. One condition for maximum energy transfer from one side of
the transformer to the other side is that the resonant frequencies of the primary and
secondary sides be equal. If L; is small this resonance ccndition may be expressed as:

1 1
\/Zpﬁcp,,' a \/Laec2 CPFN ’

(6)

or:
Lpn'cpn' =2 LyeeCoee - (7)

An isolation inductor (L;) must be placed between the two sides of the Blumlein so
that both sides reach full charge. In Figure 9 the isolation inductor maintains the upper
side of the upper Blumlein capacitor (the upper Cppy) at ground potential during
charging of the Blumlein. Since the upper capacitor will essentially invert its voltage
polarity when the start switch is closed, the isolation inductor must appear as an open
circuit during the output time of the pulser. These conditions for the isolation inductor
may be written as:

wL < Corn (8)
or:
v € (9)
VLiCprn
and:

27TL1

> ZprN (10)

where 7 is the pulse length of the PFN, and Zpgy is the output impedance of the PFN.

In order for the Blumlein to operate, the voltage of the upper PFN in Figure 9
must invert. This is accomplished by an inductor, referred to here as the swing inductor,
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in series with the start switch (Ls). The upper PFN capacitor and the swing inductor
oscillate as a parallel LC circ:it. The oscillation period of the PFN capacitor and the
swing inductor must be larger than the pulse length of the Blumlein. Otherwise, the
oscillation of the PFN capacitor and the swing inductor is imposed upon on the Blumlein
output. This may be expressed as follows:

\"‘LSCPFN >r o, (11)

or:

2

Ls > (12)

CprN

Additionally, the swing inductor must be much smaller than the isolation inductor so
that the voltage on the upper PFN inverts before any charge can be depleted through the
isolation inductor (L; > Lg).

All of these conditions can be combined and written as follows:

L[ Ls T2

Lyee > — > — > 13
£ 2 2 7 2Cppn (13)
Now if one allows > to mean 5 times greater than and since r = 200 ns and
Cpry = 3.7 nF, the values for the inductors become:

Ls=54uH, L;=270uH ,and L,.=675uH . (14)

The value for the transformer secondary is within the range of such transformers, and the
swing inductor value is larger than desirable but not unreasonably large. However, the
isolation inductor value for the high voltages it must stand-off was deemed too ':r- "~ a
compact system.

Two additional disadvantages of the Blumlein arrangement became apparent. First,
although the Blumlein is charged to the output pulise voltage, the voltage inversion
necessary for one PFN of the Blumlein requires the same voltage stand-off as the a
conventional PFN (twice the output voltage). This is particularly true for long pulse
length sources where delay times of breakdown events cannot be utilized to enhance the
stand-off voltages of the pulser components. Blumlein operations provide an advantage
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where power supply voltages are limited. (Not a problem in this case.) Second, the
Blumlein has two additional inductors and an additional switch that a simple PFN pulser
would not. Although, these components present no real problem (except for the isolation
inductor) they do reduce simplicity and would reduce reliability. Consequently, the
Blumlein configuration was abandoned and a straight PFN circuit was adopted.

The resulting 100 2 pulser circuit is shown in Figure 10. The PFN design is the
same as that for the Blumlein. However, the impedance of the straight PFN is twice that
of the PFN arms of the Blumlein design. Consequently, the inductor and capacitor values
are different. Figure 11 shows the simulated output of the PFN. Again, the initial fast
spike at the beginning of the pulse was the result of the stray 30 pF capacitor discharging
into the load. However, the flat top of the pulse only varied by 9%. The better flat top
performance was the result of two effects. A Blumlein operates by essentially allowing
one side of the Blumlein to change voltage polarity and then stack the outputs of the two
PFNs or transmission lines in series. Thus, any voltage variations in the individual arms
of the Blumlein design were multiplied by two in the output of the Blumlein since the
two arms are exactly alike (i.e., have the same driving point impedance). Second, the
inductance of the bypass resistor was reduced by eliminating the large loop in the stage
of the PFN nearest the load in the Blumlein. Consequently, the L /R time of the bypass
resistor loop was smaller.

100} 80nH
—AAA—YY
4.44uH 5.06uH
[ LYY Y N —t YY) /
CHARGING
CIRCUIT 975 pF = 875 pF :JT: 30 pF 20 pF ——
| 1001

Figure 10. Network schematic of 800 J PFN.
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