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FIGURE 2.1
Components of an HPM system.

For example, potver conditioning, which indeed is reguired for burst-mode

operation, is missing.
The need for adopting a systert approach stems
ss of designing and building a complex system that must meet the

requirements posed by a user’s application within a set of sometimes com-
peting constraints. In addressing complexity, while striving to meet require-
ments within a set of constraints, one must learn to step back and view the
system from end to end, considering the effect that each subsystem has on
the other subsystems, both upstream and downstream in the sense of the

power flow depicted in Figure 2.1. Before we characterize our systems

approach, let us consider these three motivating elements: complexity,
requirements, and constraints. The logical line of development is to follow

a systems approach consisting of the steps below:

from the nature of the
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¢ (Construc

Unfortunately, these logical steps can rarely be performed in this order because,
in practice, the system designer performs some or all of these functions
simultaneously throughout the process. The reason for this is rather circular:

problems cannot be adequately formulated until they are well understood,

but they cannot be well understood until approximately solved. Thus, the

two processes of understanding the problem and devising solutions are inter-
twined. Design of a system is extremely
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tion is the common failure mode in systems, and it is a problem that occurs with
high frequency. Common ways to suboptimize are:

o Win the battle/lose the war: You optimize a subsystem to the detriment
of overall system performance.

o Hammer looking for a nail: Your solution was decided in advance, so
that all solutions employ your chosen subsystem or component.

o A little knowledge is a dangerous thing: Operating with limited knowl-
edge, you miss or mischaracterize a better solution.

To avoid suboptimization, the system designer has to think one level up and one
level down from his particular viewpoint at any step in the process. This is because
the drivers he receives from above, at the system application level, and those
he receives from below, from the component technologies, are never suffi-
ciently well defined to make choices easy. Nevertheless, designing a system
requires keeping both sets of requirements and constraints in mind simul-
taneously while integrating the full system.

2.2 Looking at Systems

The hope of the system designer is that the problem can be subdivided in
such a way that the parts can be handled somewhat separately. Of course,
a system can be described in many ways. For example, one can look at a
system in terms of the phases of its chronological development and opera-
tion, a long timescale. Or one can look at only the short timescale of opera-
tion, the time sequence of system functioning, focusing on time evolution of
quantities. Here we choose to describe systems in terms of the subsystems.

The nomenclature we will use is shown in Figure 2.2. The entire sysfem is .

made up of subsystems, by which we mean the technological subassemblies
that make it up. A common set of subsystems are prime power, pulsed power,
etc., as in Figure 2.1. Each subsystem is composed of compornents. For exam-
ple, a microwave source can have a slow wave structure and may require a
magnet. In turn, components are made up of individual parts; a Marx gen-
erator’s parts would be capacitors, inductors, and resistors. In an antenna,
the components are a pedestal, a dish, and a feed hom. '

Existing system design methods and expert systems use this system-sub-

system—component—part breakdown point of view. An excellent example of
this is HEIMDALL, the expert system for HPM weapons,! which does system
concepts, meaning that it includes the subsystems but not all the ancillary

equipment, such as vacuum punips. In Figure 2.1 energy flows from prime

power to higher-voltage, shorter-pulse-length pulsed power, then to the
HPM source. Here the energy is converted into microwaves, is extracted n
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FIGURE 2.2

Nomenclature: Systems are made u
p of subsystems (pulsed power, etc.) that
(Marx generator, etc.) composed of parts (capacitors, etc.). F ) that have components

a w'aveguide mode, which may be converted to another mode, and th

radiat-es from an antenna. This diagram applies exactly to systems, for po o
beaming and HPM weapons (see Chapter 3). In particle acceleratofs ‘fﬁr
energy would not radiate, instead going directly to an accelerating cax;ity ’

2.3 Linking Components into a System

Conceptually, think of systems as collections of subsystems in the way th
althm.lgh an atom has a complicated internal structure, for the stti’d' at%
chemistry one needs to know only an atom’s valence., Tkl‘te buildin:. blz I(<)
of a system, the subsystems, can be described as shown in Figure 2g3 I at
g:;zﬁe’;ers co}r?b;ne with features of the subsystem to prodﬁgg 'thé .our;gﬁt
eters, which in turn become input parameters for the next sub

The output parameters flow to the next subs ding 1t SYStEI'n-
input information. System features such as thg stf)e’c?i’ V};;?;ﬁil?i; ;ziena’f;ﬁ

total electrical energy consumed can be calculated by summing those quan-

tities for each subsystem.
E 2
oh e;ci?asiubsystem in Figure 2..1 has many parameters. They vary from simple
P! zur }zarameters suchl as sizes and weights, to electrical parameters such
rent, voltage, and impedance, to microwave parameters such as fre-

= ;};lsilelg :;Innciv(\:r}lld‘fh, and waveguide mode. To assemble components into a
'describ’e ome et oulze of.set.:s of parameters must be made. In this chapter, we
S particular l‘mkmg' parameter set of input and output parameteré
'Choc():; I;co use them in designing conceptual systems.
ompone % to take some parameters as independent variables to describe
.. nts means that other parameters are then dependent, being derived
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FIGURE 2.3 o
Interface parameters knit the components together. For examples of linking parameters, see

Figure 2.4,

from independent parameters. (Choice of independent variables may not
be the same for all systems; selecting which is part of the system art.) In
order to capture a description of the components in terms of major param-
eters, the particular linking parameter set for eac.h component c?as.s, such
as pulsed power components, has its own particular characteristics. We
show a well-tested set in Figure 2.4. These are one useful way to Con51stept1y
connect component classes to operate with other corr}ponent classes. Tl:llS is
the energy flow direction. However, for system design (::‘fforts, there is no
intrinsic direction of flow for the exchange of information or parameters
between subsystems. _
Note that there usually are several stages of electrical pulse compression,
called power conditioning. It is less common to use an gddlt:lonal stage of
compression of the microwave pulse itself. Although it is quite common to

Average power Average power Peak power Peal power Peak power

repetition rate energy/pulse pulse length pulse length pulse length

output voltage time to peak frequency frequency frecquency
ourput mode output mode antenna gain

FIGURE 2.4 B {.
Energy flow between component classes in an HPM systern. Quantities between componen

classes are those needed for linking them info a system. Optional branches are for an z.additional
stage of electrical pulse compression (e.g., Marx to PFL) and pulse compression of microwaves

after their generation.
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see microwave pulse compression in conventional radar systerns, it is less
commonly used in the HPM world, although it was considered at the level
of 100 MW for the Next Linear Collider (see Chapter 3 and Section 5.4). The
advantage of microwave pulse compression allows use of lower-power, and
therefore lower-voltage, pulsed power components. '

Compatibility, i.e., which other technologies a subsystem can or cannot be
mated to, is important to linking components together into a system.
Beyond compatibility are preferences, the typical best design practice in
linking subsystems. For example, each microwave source will produce
radiation in a specific waveguide mode. That mode will influence the type
of antenna with which a microwave source can operate. Whether available
hardware can handle the mode via commercial availability or easy fabri-
cation influences the design choice. Therefore, one must consider and spec-
ify which modes a source will produce and which modes an antenna can
accept and radiate.

2.3.1 Prime Power

For linking prime power to pulsed power (Figure 2.5), the important param-
eters are the average power, the repetition rate — which together define the
energy per pulse — and the output voltage. There are many technology
choices for prime power. In Figure 2.6, we show a set of options that could
be employed to provide continuous prime power output to a number of
pulsed power options mentioned at the right of the figure, which would
ultimately drive a microwave source. Qur use of the term confinuous is
somewhat guarded, since the subsystem at the bottom of the figure, which
involves an explosively driven magneto-cumulative generator, is purely a
single-shot subsystem. For clarity, we emphasize that the diagram is not the
connection diagram for a prime power subsystem, but rather a presentation
of possible component choices within a prime power subsystem. A common
choice for many systems is to use a generator powered by an internal com-
bustion engine, such as the diesel alternator or the turbo alternator, but it is
also possible to drive systems with batteries for long periods. In either case,
the common feature of these subsystem options is that either an alternatin

o+ current (AC) internal combustion generator or a direct current (DC) battery

provides long-pulse or continuous power that is converted to a DC output

- that functions as input to the pulsed power.

Continuous (i.e., DC) power
Repetition rate
Voltage

“FIGURE 2.5

{_nkmg parameters for connecting prime power to pulsed power.
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Possible prime power component connections for continuous power.
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For firing a system in a burst mode so that the energy store is exhausted
over the course of firing a burst of pulses, then replenished between bursts,
other alternatives exist, as shown in Figure 2.7. Note that each option within
this set of subsystem options has four components: an internal combustion
prime mover producing an AC oufput; an interface component followed by
an energy store and electrical source that, depending on the option, operates
at either AC or DC; and a converter, the output of which provides a series
of switched DC pulses to the pulsed power.

To better understand the operation, consider the iming diagram of Figure -
2.8. The upper plot shows the power pulses delivered by the burst-mode
prime power store to the input of a pulsed power system, with power pulses
of duration Ty separated by an interburst period of length Ty, Below, we see
the timing for the individual pulses of duration T delivered by the pulsed :
power during the period Ts. The prime mover component delivers power .
continuously to the energy store and electrical source, which stores it over -
the interburst period and then delivers it ata higher power over the course
of a burst. The pulsed power in turn stores the power during the burst and -
delivers it at much higher power during each puise. For example, it is-
possible to store the energy in a flywheel or pulsed alternator and then :
convert it to AC or DC.

Thus, the key difference between the continuous and burst-mode systems
is the added energy storage in the latter. Average power is much higher in
continuous mode, so thermal management becomes a larger issue. In th
burst mode, the system has four operational states: firing, charging, charged
and waiting, or off. :

_FIGURE 2.8
- The four states of burst-mode operation.

The repetiti
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the platform power system, usually coming from the engine. Ground-based
systems can use more conventional prime power, such as internal combus-
tion engines. The designer of airbourne systems tries to avoid adding another
internal combustion engine, so will prefer tapping the system power.

2.3.2 Pulsed Power

Pulsed power is used in most applications, with the major exceptions being
continuous power beaming and plasma heating. The existing types of pulsed
power (see Chapter 5) are modulators, Marx generators, pulse-forming lines
(PFLs), pulse-forming networks (PFNs), and inductive energy storage in
combination with opening switches. With the input voltage, average power,
and repetition rate taken from prime power, the output of pulsed power
components can be characterized by three classes of possible downstream
elements: (1) another pulsed power component for further pulse compres-
sion, (2) directly to a microwave source, or (3) an impedance and voltage
transformer. In the last case, the pulsed power component may produce the
correct pulse length, but not the voltage or impedance, in which event one
could use a pulse transformer, voltage adder (linear induction accelerator
[LIA]; see Chapter 5), or a tapered transmission line, which is another kind
of impedance transformer.
The most typical case is connecting a series of pulsed power components.

A component, such as a Marx generator, provides the input toa further stage
of elecirical pulse compression, such as a PFL. The other, less typical, case

is that the output of the first pulsed power component is connected to a

microwave source, such as a Marx directly driving an antenna. For both

cases, the output qualities that must be specified are output voltage, imped-

ance (therefore current, the ratio of voltage to impedance), and pulse length

(Figure 2.9). It is also important 1o specify rise and fall times because of

resonance conditions that must be met for the source to generate microwaves.

FElectrical energy sent into the source before and after the resonance is met

is useless, and unused electrical energy passed through the source must
eventually be handled by the cooling system. A complex issue at the pulsed -
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FIGURE 2.9
Linking parameters for connecting pulsed power to microwave source.
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2.3.3 Microwave Sources

Iy\g;ff:qa;g zﬁgl;sgs Saz.re ulsually the most complex element of the systein, as
lmente oo . 1' ;:ﬁp v }th_lt, for purposes of connecting to downstream
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beam. There may be a master osiiilz?or ?ftcl?e SCC)EI;: ;s e o caprure the

| : an amplifier.
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Zon, wobile fa powgr), and a pulsed power output impedance

cre microwave source is characterized by its impedance, ZSDURCE,
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Circuit for the vita! pulsed power-microwave source interfac

determines electrical input to source.

e. The combination of impedances

The importance of this interface comes from the need for the impedances
of the pulsed power and the microwave source to be well matched, or
serious energy and power efficiency losses will occur (see Section 5.2).
This in turn affects the size, mass, and cost of the system. Impedance
matching is made complex by the fact that typically the source impedance
varies with time. It usually falls from an initial value because of gap
closure in the beam-generating diode. For a Child-Langmuir and foil-less
diodes (see Section 4.6.1), which many sources have, the impedance varies
with the anode—cathode gap d, but weakly with voltage. For Child-Lang-

muir diodes,

Z & 21)

source
V1/2

so plasma generated at the cathode or anode and moving to close the gap
can change impedance steadily. Therefore, the time when peak microwave
power should occur (when the microwave resonance is reached) is the best

time for impedance match to occur.

RF frequency
Peak power
RF pulse length
Pulse energy (I’ x T)
Fractional bandwidth
Wavelength (c/f)

FIGURE 2.12
Linking parameters for connecting microwave source o the antenna.

E-Plane beamwidth FWHM
H-Plane beamwidth FWHM
Axial radiation intensity
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FIGURE 2,13
The antenna outpui parameters determine propagation of the microwave beam

2.4 Systems Issues

It is frequently thought that the factor that drives selection of components
for sources is efficient transfer of energy from electricity to micr(l:waves
While this is a factor, it is actually a stalking horse for the truly im ortant-
factor_s. Various applications have different driving factors. In ChaptIe)r 1 we
described the early years of HPM, when peak power was the driving factor.
But more recently, the compatibility of sources with the other elements m
the system has become more important. There are also other factors, such
as rehablhty,-complexity, maintainability, and mobility. It has been sai’d that
we are now in a new era of “-ilities.”

P.:O.r military applications, which typically require a mobile system, the
driving parameters for the system are usually the volume and on—b:;)ard

average power requirement of the system. Weight is less important, which
may seem counterintuitive. For example, airborne usually mean; light-
:;flelght. An HPM weapon will usually be fitted onto an existing platform in
€ space previously reserved for another weapon. Such weapons are usuall
denser than HPM devices, For example, if an HPM system, with somz
: Vac'uEm volume, substitutes for an explosive warhead with high density, the
the_)lg t actually drops. So, often the real constraint is volume. ,
:ape;);\flf;besn}uﬁg applications. are usually limited by the available antenna
i at either the transmitting antenna or the receiving rectenna. Tor
patticle accelerators, on the other hand, one major driving factor is the cost

2.3.4 Mode Converter and Antenna

The output parameters of the source determine the connection to the anterna

(Figure 2.12). The most crucial factor is a waveguide mode, which must be
made compatible with the desired antenna. The characteristics of the output
of the antenna are the power, frequency, and antenna gain or angular beam
width. They determine the outplit beam propagation characteristics (Figure

2.13). Antennas are discussed in Section 3.5. :




of the source when manufactured in quantity. This is true because of very
stringent performance requirements on lifetime, average power, and energy
per pulse. Another is reliability, which stems from the complexity of the
system: when there are so many microwave sources, frequent breakdowns
would be intolerable. This requirement argues in favor of more conservative
technology choices.

The key distinguishing electrical parameters of the system components are
the voltage and current and their ratio, impedance. Impedance is a quite
general quantity, as it also relates to appropriate components of E and B
through the component geomelry and to particle drifts in the source, which
are proportional to local electric and magnetic fields, E/B. Impedance also
relates to antennas through the complex impedance, including both the real
part, resistance, and the imaginary part, reactance.? Antenna design fre-
quently consists of reducing the reactive component, making impedance
matching simpler. The voltage-impedance parameter space into which HPM
source technologies fall is shown in Figure 5.2. With voltages of <100 kV and
impedances of >1 kQ, conventional microwave applications (radar, electronic
countermeasures, communications) lie at the low power end (power = V2/
7). Most, but not all, present-day HPM devices cluster at 10 to 100 €2. Voltages
generally span the range of 0.1 to 1 MV, but some sources have been operated
up to several megavolts.

The implication is that efficient transfer of electrical energy to microwave
sources that span a broad range of impedances will require pulsed power
technologies that similarly span a substantial impedance range. When
adjoining circuit elements do not have the same impedance, voltage, current,
and energy transferred to the downstream element can be very different
(Figure 5.3). Efficient energy transfer suffers if impedance mismatch exists,
especially if the downstream component is of lower impedance than the
circuit driving it. Nevertheless, there are exceptions: mismatching upward
to higher-load impedance is sometimes used as an inefficient means of
increasing load voltage.

As an example of the effect of system considerations, consider the case of
the use of flux compression generators (FCGs, see Section 5.2.2), also known
as explosive generators and magneto-cumulative generators (MCGs), to
drive single-shot HPM weapons. These devices have been extensively devel-
oped in Russia and the U.S. and are now being widely studied. FCGs operate
at time-varying impedances well below 1 Q, producing very high currents
at low voltages. As a consequence, workers use transformers, in part to get
better rise times for inductive loads. Because of the very high currents, the
preferred pulsed power system for such devices is inductive energy storage
with an opening switch (see Section 5.2). The impedance transformation
required to couple FCGs to ~100-Q sources would be very inefficient. In the

1990s the search for high power, low-impedance microwave sources to better -

match FCGs led to interest in the Magnetically Insulated Line Oscillator

(MILO} (Chapter 8), which has an impedance of ~10 €. But the MILO is not
tunable, is heavy, and requires a more complex antenna to radiate in a usefui_

;fgtterr; 'Consequently, t.he Russians chose to use both a vircator (Chapter
), which, although higher in impedance, is lower than other Russian
sources, and the backward wave oscillator (BWO) (Chapter 8). The vircator’s

. other advantages are its small size and simple, inexpensive construction. Tts

very low efficiency is made up for by the very hi i i

v high energies available from
FCGs and low mass due. to the very high energy density of high explosives
as a source of energy. This shows why system considerations will determine

what components are actually used rather than single parameter choices
such as impedance or efficiency. ,

2.5 Scoping an Advanced System

As we he'we said, designing a system is at least as much art as it is science
and creating a design conceptisa highly iterative process. To show the thou hg
processes,.here we construct and work through a specific example at the stite
of the art in HPM systems. QOur example system does not actually exist, but
as we shall see, it is similar to those either built or proposed by others’, Wé
will call it the SuperSystem, which we specify by the top-level system re Il.lire-
ments shown in Table 2.1 (see Problem 1}. All of those requirements gvern
the output of the system. There are no explicit constraints on size org mass;
however, we assume the system will be ground mobile, so that the choice of’
a platfor@ would ultimately limit the size and mass of the system
Operating in the burst mode is essential if the SuperSystem is -to have a
transportable size and weight. Figure 2.14 shows a time plot with the fo
states for a system firing four bursts. Within each burst of duration T durirlll .
which the system is in the firing state, individual shots of pulse 151;1 th 1 i
are radiated from the antenna at a pulse repetition rate PRR of 5§0 HI;F
Between bursts, during which the system is in the charging state, an inter:

. tb}tlrst charging period Of‘duration g 15 required to recharge the system for
the next burst. If the period between bursts exceeds Ty, as it does between
- the third and fourth bursts in Tigure 2.14, the system goes into the charged-
. “TABLE 2.1
‘Specifications for an Advanced HPM System Called SuperSystem

ot Parameter Value Comment
G _gzldiated power 506 MW . ORION system level
j':.PuI:: iz;iﬁ';on . ;0—20 nsec Means smaller pulsed energy store
Frequonsy rate Xog Hz Has been done for BWOs and relativistic magnetrons
N -~ 45- and Muc.h_ BWO expetience here
Burst o X -50 dB Sufﬁc.lent for long range
et | sec Cons%stent with defense missions
1 petio 10 sec Consistent with defense missions
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FIGURE 2.14

Interna! structure of the SINUS pulsed power generator.

and-waiting state. When no more bursts are fired, the system is off. For this
example, we choose to make the two timescales, T3 and T, 1 and 10 sec,
respectively. These timescales are consistent with those for defense missions.
We will describe burst-mode operation and the effect of the paramefer choices
on system performance in detail below. First, we discuss technology choices.

The operating parameters of the SuperSystem are all compatible with a
aumber of known systems that are based on the SINUS sexies of pulsed
power generators originally developed at the Institute of High-Current Elec-
tronics (IHCE) in Tomsk, Russia. Examples of different versions of SINUS
pulsed power generators are listed in Table 8.3, which shows a range of
voltages, currents, pulse lengths, and repetition rates. The same basic tech-
nology is involved in the construction of each of these, as shown in Figure
2.14: capacitive input energy storage, an integrated pulse-forming line and
resonant Tesla transformer, a high-repetition-rate gas switch, and a voltage-
and current-transforming transmission to match the radio frequency (RF)
source electrical requirements. We therefore assume that the SuperSystem
utilizes SINUS technology, based particularly on the distinctive pulse length
and repetition rate.

2.5.1 NAGIRA: Prototype for the SuperSystem

To model the SuperSystem, first consider a SINUS-based system produced
by THCE: the NAGIRA? high power microwave radar (acronym for Nano-
second Gigawatt Radar). 1t was delivered to the UK. Ministry of Defense

and the British company GEC-Marconi in 1995 and is now in the US. The .

radar system is housed in two containers, the transmitter cabin and the
operations container. The transmitter cabin i3 shown in Figure 2.15, a pho-

tograph taken from the rear of the transporting trailer. The SINUS accelerator .
in the NAGIRA system produces an electron beam of 600 kV and 5 kAina-
10-nsec pulse with a 150-Hz repetition rate. This 3-GW electron beam is-.
injected into a backward wave oscillator (BWO) to generate an RF output in

the X-band with a power of nominally 500 MW, implying a power efficiency

in the BWO of about 17%. The TMy, output mode of the BWO passes through
a T™M_-to-TE;; mode converter, Sfter which a quasi-optical coupler passes:
the output to a 1.2-m-diameter parabolic dish. The superconducting magnet.

for the BWO produces a 3-T magnetic field.

" from the BWO is 500 :
of 1, = 95%, MW and the mode converter is said to hav

.M, = 85%. The electrical power into i
o the BWOQ is, as stated previ
| in a 10-nsec electron beam, so we define an energy eﬁcienc}; f;ﬁslgv%fg Y)\;

where T, is the leng

pulse, Py, is the mi
_ia_diatedR;r icrowave output of the BWO (500 MW vs. the 400 MW
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FIGURE 2.15

T i i .
ransmitter cabin for the NAGIRA system. Most prominently, note the back end of the SINUS
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The radiated output is about 400 MW in a 5-nsec pulse. Since the power

; : e an efficienc
we infer that coupling to the antenna has an efficiency of abou{

_| _Trr B 5
MNawe = ( RE J(ﬁ— =t = _500 _
Toeam N\ Voly 10 A 3000 ) 0.083 (2.2)

th of the microwave pulse, Ty, is the length of the beam

om
trace bk a’i\:{ 32:2:11?)’ at?ld Vﬂl and I, are the beam voltage and current.
Setical et et thnusne e prime power requirement, we also need the

the powor oo g f the INUS pulsed power machine, Ny and the efficienc
nditioning system, np, which we take to be a transfon’ner}i




