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Foreword

Devices that convert explosive energy into electromagnetic energy are
often called Flux Compression Generators (FCGs) in the United States,
whereas the term Magnetocumulative Generators (MCGs) is more com-
monly used in Russia. Since the Russian literature is accessed more heavily
in this book, the latter term is used here. In any event, the basic process
involves using explosives to force an initial magnetic flux into a region of
smaller inductance in such a manner that loss of flux is minimized. In the
event that no flux is lost, the magnetic energy associated with the flux,
inversely proportional to the inductance, must increase. Flux loss is min-
imized by confining it with good conductors which, in turn, are driven
rapidly by the explosive to reduce the system inductance. The magnetic
energy is increased by the work the conductors do as they are forcibly
moved against the magnetic field, the energy, in turn, being supplied by
the explosive driving them. As the reader may infer, there are different
kinds of generators, some of which might be difficult to recognize as MCGs.
Nonetheless, they all possess the features outlined above.

Explosives have some unique features as energy sources. They have very
high available energy densities; they release energy rapidly, or at high
power; they can develop very high pressures. Different exploitation of these
features has led, historically, to MCG development and use along two differ-
ent lines: as generators of ultrahigh magnetic fields and as compact energy
sources for devices that require very high pulsed power levels. Some peak
performance levels achieved with these devices include the following: mag-
netic fields in excess of two-thousand Teslas have been reported recently;
pulsed power bursts of some hundred megajoules at multi-terawatt levels
have been achieved; rocket launched experiments in the ionosphere have
been performed that were only possible by using compact explosive pow-
ered electromagnetic sources.

The understanding, and thus the design and construction, of these de-
vices requires knowledge in many disciplines such as equation of state of
materials, frequently under extreme conditions of pressure, temperature,
and magnetic field, shock-wave physics, many aspects of electromagnetic
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theory, including magnetic field diffusion, the behavior of explosives, and
other topics. A number of monograms that unite some of these disciplines
have been written over the years, but only one comprehensive treatment
of the subject has been available—the well-known book by H. Knoepfel,
Pulsed High Magnetic Fields (North-Holland, Amsterdam-London, 1970).
The main thrust of this book was the production and use of high magnetic
fields and the design of the systems that produce them. Some treatment
was made of pulsed power supplies, but it was necessarily limited since
contributions from the large government weapons laboratories, the source
of most of these devices, were withheld.

In is probable that more than 80% of the publications in the field have
been published since Knoepfel’s book appeared nearly 30 years ago. Of
the eight ”Megagauss Conferences,” the major forum for this field, several
were held since the book appeared. The proceedings of the first conference
contained only 26 papers, while well over 800 papers were given at the
subsequent seven conferences. The present volume has successfully undated
the field, particularly in the treatment of MCGs designed for pulsed power
sources. Of necessity, in a field so broad, the authors have had to limit the
scope of the book. They have omitted treatment of high magnetic fields,
have restricted the treatment of pulsed power MCGs mainly to a class called
helical generators, and have restricted discussion of applications to only a
few devices. These restrictions, however, have allowed a more complete
discussion of the topics treated.

The first two chapters of the book present a review of disciplines nec-
essary for a good understanding of the subject. Included here are a fairly
comprehensive background in the electrodynamics involved in the opera-
tion of MCGs as well as a brief survey of explosives, the properties, and
effects. Several types of generators, among the many used in various appli-
cations, are next described, followed by a discussion of various techniques
used to shape the generator output pulses so that they are suitable for
various applications. Chapter 5 contains one of the most comprehensive
collections of lumped parameter solutions to various generator-load config-
urations, a number of the solutions being reduced to closed form in terms
of known functions. The preceding chapters are used somewhat as a prolog
to now lead the reader, in Chapter 6, through a complete design of a heli-
cal generator, thus putting to use much of the preceding material. Various
experimental techniques are discussed in the penultinale chapter, among
other things, giving the reader insight into various diagnostics employed in
the field. The final chapter discusses use of MCGs as power supplies for var-
ious devices, primarily laser and microwave sources. The book, enhanced
by the generous use of figures, some 200 of them, is a useful and timely
addition to the field.

C.M. Fowler
Los Alamos National Laboratory
March 20, 1999



Preface

In the 1950s, several groups of researchers proposed the use of explo-
sives to reduce rapidly the volume occupied by a magnetic field, thereby
generating a very high magnetic field. Perhaps the most prominent among
these was Andrei Sakharov, an original thinker widely known and well re-
spected fro his many important contributions across a wide spectrum of
theoretical work on atomic science and technology. Subsequently, exper-
imentalists at both the All-Russian Institute of Experimental Physics at
Sarov (Russia) and the Los Alamos National Laboratory (USA) very suc-
cessfully exploited the basic concepts that had emerged from these initial
studies, as they designed, built, and tested the first working forms of the
devices widely known as either magnetocumulative generators (MCGs) or
flux compression generators (FCGs).

Over the years, generators with many widely differenct and often highly
ingenious geometrical forms have appeared, as they have found applications
in increasing front-line areas of basic and applied research. Nowadays, they
are primarily use for the production of either very strong magnetic fields
or very high-energy and high-current electric pulses. Although the basic
science involved of course remains the same, whatever the applicatio, those
applications considered in this book describe mainly the use of MCGs as
sources of pulsed power. Typical examples are found in areas such as high-
power lasers and microwave generators; in detonator arrays and railguns;
in ion, electron, and neutron radiation sources; and in many others besides.

In order to ensure a full appreciation of the science and technology that
is involved, this book reviews the basic physics that is necessary, before
considering in detail some of the basic generator designs that have been
built and tested. Consideration is also given to the construction and design
of a typical generator for specific applications and the important role played
by the load in the overall design process.

It should be noted that most of the material presented in this book
arises from the personal experiences, views, and contributions of the various
authors and that MCG work is ongoing in many laboratories in a number
of other countries. It was not the intention of the authors to overlook the
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valuable contributions of other researchers, but owing to limitations on the
size of the volume, they decided to limit the material to that which they
are most familiar.

To achieve the objective of this book and to present a coherent account
of MCGs, Chapter 1 contains a thorough introduction to these devices.
This chapter also provides the underlying electromagnetic and shock wave
theory and the explosives technology that are required to appreciate the
material of the later chapters. Chapter 2 describes the conditions that affect
magnetic flux compression and the basic theory of how flux compression is
achieved, and raises a number of important design issues. This is followed
in Chapter 3 by a review of various basic MCG designs, including the cylin-
drical coaxial, conical, helical, plate, disk, and semiconductor generators.
This chapter concludes by discussing cascaded MCGs, built up from two
or more of the basic designs, and special purpose short-pulse designs.

Chapter 4 describes the various ancillary circuit components that en-
sure the MCG delivers its specified output pulse to the load, and includes
novel switches, transformers, and transmission lines that have been devel-
oped. The precise form these take depends on the characteristics of the
load, and Chapter 5 therefore discusses a number of possible loads and the
corresponding impact they have on the operation of the MCG.

Chapter 6 is devoted to an in-depth account of the design, construction,
and testing of a particular helical MCG developed by Loughborough Uni-
versity in the UK and termed the FLEXY I generator. This is followed
in Chapter 7 by a description of the switches and conditioning circuits
that were used with the FLEXY I, of the experimental techniques required
to obtain its operating parameters, and of an explosive laboratory. This
practical theme continues in Chapter 8, which describes the application of
MCGs as power sources for high-power laser and microwave generators,
topics selected because of the current high level of research and develop-
ment interest in several countries.

As in any big undertaking, there are many people whom we need to
acknowledge for their guidance and support provided over the three years
or so that it has taken to produce this book. Particular thanks must be
given to Dr. J. Richard Fisher (Director), Dr. Michael J. Lavan (Direc-
tor, Advance Technology Directorate), and Dr. Ira Merritt (Chief, Concept
Identification and Application Analysis Division), all of the US Army Mis-
sile Defense and Space Technology Center. We should also acknowledge Mr.
Phillip Tracy (Teledyne Brown Engineering, USA), Dr. Saulius Balevicius
(Semiconductor Physics Institute, Lithuania), Dr. Kris Kristiansen (Texas
Tech University, USA), Dr. Alexander Prishchepenko (High Mountain Geo-
physical Institute, Russia), Drs. C.M. “Max” Fowler and Doug Tasker (Los
Alamos National Laboratory, USA), Dr. Robert Hoeberling (Explosives
Pulsed Power, Inc., USA), Dr. John M. Lyons (DERA, UK), and Prof.
Michael J.Kearney (Loughborough University, UK). We would like to pay
special attention to Dr. Lee Davison, Technical Editor for Springer-Verlag,
who provided invaluable suggestions on the content and organization of
this book.
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1

Explosive-Driven Power Sources

1.1 Introduction

The generation of high-energy and high-current pulses is critical to the suc-
cess of many scientific and engineering projects. High-energy, high-current
pulses are needed to accelerate plasmas under laboratory conditions, power
intense gas-discharge light sources, accelerate high-current electron beams,
excite high-power lasers and microwave sources, accelerate projectiles in
railguns, generate high-pressure pulses, and heat plasmas in thermonuclear
fusion reactors [1.1,1.2]. These high-current pulses are used to simulate
processes that occur in space, during powerful explosions, and in aerody-
namics, as well as to generate powerful shock waves and plasma flows in
industrial processes. The technology involved in the production of these
pulses is referred to as pulsed power technology, and it deals with the gen-
eration of very-high-power electromagnetic pulses and the coupling of these
pulses into loads [1.3].

Although numerous devices that produce high-energy, high-current pulses
have been developed, the focus of this book is on pulsed power generators
that convert the chemical energy of high explosives into electrical energy.
Because explosives offer energy storage at the highest available density,
explosive-driven generators can be much smaller and lighter than those
employing other energy sources. It should be noted that explosive power
sources are unsuited for some applications, because each device can be used
only once: the high explosive destroys the power source itself and quite pos-
sibly the load.

L. L. Alegilbers et al., Magnetocumulative Generators
© Springer-Verlag New York, Inc. 2000
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Explosive-driven generators have been designed to produce high current
and energy pulses, but ancillary equipment—switches, transformers, and
transmission lines— is required to deliver properly shaped pulses to a load.
The characteristics of the load profoundly affect system operation and care-
ful, coordinated design of both the generator and the ancillary equipment
is required for pulse shaping and the efficient transfer of energy.

Following a brief introduction to several types of explosive power sources,
attention is focused on magnetocumulative generators (MCGs), the most
versatile and efficient of these devices, and their physics. This is followed
by a description of various types of MCGs in Chapter 3, their ancillary
equipment in Chapter 4, and their relationship with various types of loads
in Chapter 5. In Chapters 6 and 7, the design, construction, and testing of
one type of MCG and its ancillary equipment is presented in detail. Finally,
in Chapter 8, two specific examples—excitation of high-power lasers and
microwave sources—are discussed.

1.2 Overview of Explosive-Driven Power Sources

Among those power sources that generate high power pulses of electromag-
netic energy, only a few are capable of storing, converting, and releasing
this energy over the wide range of time domains from tens of nanoseconds
to 1 second. The characteristics of several of these devices are presented in
Table 1.1. Of these, only those that use chemical explosives and recharge-
able batteries are self-contained; capacitors, inductive stores, and rotating
machines must be connected to an external energy source.

Stored electromagnetic energy must be concentrated spatially; that is,
within the boundaries of a capacitor, inductor, or other storage device.
Usually the wave nature of an electromagnetic field can be neglected, per-
mitting a description of the sources in terms of quasistatic theory. In the
case of inductive stores, the transfer of energy can be described solely in
terms of the electric current within the conductor. This is because the
magnetic field is proportional to the current and the magnetic energy is a
function of the magnetic field. In the case of a long, straight wire, for ex-
ample, the magnetic field strength, H, at a radial distance r (greater than
the wire diameter, r.) is given by

H=-1 (1.1)

2mr,’

where I is the current flowing through the wire, and the energy store per
unit volume is E = BH/2 = pyH?/2 = B?/2u,, where B is the magnetic
flux density and g is the permeability of free space.
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Energy Source Energy Pulse Conversion
Density Length Efficiency

(MJ/m?)  (ps) (%)
Chemical Explosives 8000 0.1 2
Capacitors 0.01-0.1 0.01 80
Rotating Machines 100-500 100 30
Inductive Stores 10 - -
Rechargable Battery 500 1000 0.5

TABLE 1.1. Prime energy and energy storage systems.

The devices in Table 1.1 rely on the storage of energy in electric fields,
magnetic fields, and/or chemical bonds. In Table 1.1, the energy densities
are the maximum amounts of energy stored per unit volume and the pulse
lengths and conversion efficiencies are those that have been achieved with
power conditioning. The primary focus of this book is on those devices
that store energy in molecular bonds of an explosive, but it will be shown
that as this energy is released from the explosive, it must be stored in a
magnetic field before it can be delivered as electric current to the load.

The first experiments to generate superstrong magnetic fields were con-
ducted in the 1914 by H. Deslandres and A. Perot and in the 1920s by P.L.
Kapitsa [1.4]. In the experiments performed by Deslanders and Perot, a
rechargeable battery was connected to a specially designed inductive stor-
age device, in which 50 kOe (1 Oe = 10®/4m A/m) fields were generated
in a very small volume. By using the kinetic energy of the rotor of an AC
generator connected to a multicoil solenoid, Kapitsa generated a 320 kOe
pulsed magnetic field in a volume of 2 x 10~% m3 for a period of 0.01 s. In
the early 1950s, experiments were carried out in which the energy of high
explosives was applied to a solenoid. In these and subsequent experiments,
pulsed magnetic fields in the megagauss regime were achieved. It is these
devices that are the basis of the magnetocumulative generator (MCG), also
referred to as magnetic fluz compression generators (MFCG) or fluz com-
pression generators (FCG).

High-energy physics laboratories have usually used high-voltage capaci-
tors as the basis of their energy storage systems. After extensive research,
magnetic fields in excess of 1 MOe were achieved by discharging these
sources through single-coil solenoids. However, the dimensions of the solenoids
were very large, making it impossible to reduce their overall inductance to
low levels. The density at which energy can be stored in capacitors is 80
kJ/m® (40 J/g), a limit that is set by dielectric breakdown (attributable to
autoelectron emission) at field strengths of 10° V/m. For example, to store
100 MJ of energy in a dielectric with an energy density of 10° J/m? would
require 1000 m® of dielectric weighing 25 x 10° kg. Of course, the resulting
capacitor bank would be very large, inefficient, and expensive.
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The need to circumvent problems associated with large capacitor banks
has motivated extensive investigation of devices that convert the chemical
energy of high explosives into electromagnetic energy for charging inductive
stores. This work has been conducted in the United States, Russia, China,
Japan, United Kingdom, and other countries. These explosive-driven en-
ergy sources are collectively called explosive magnetic generators (EMGs).
They are divided into families according to how they convert chemical en-
ergy into electromagnetic energy. The five families of EMGs are:

e Ferromagnetic generators (FMG), which generate an electromotive
force (EMF) by the demagnetization of magnetic materials with ex-
plosive generated shock waves.

e Ferroelectric (Segnetoelectric) generators' (SEG), which generate an
EMTF by the depolarization of ferroelectric (segnetoelectric) materials.

e Magnetohydrodynamic generators (MHDG), which generate an EMF
when a plasma is moved through a magnetic field.

e Magnetoelectric generators (MEG), which generate an EMF by the
motion of an explosively propelled magnetic body through a magnetic
field, thus changing the structure of the field.

e Magnetocumulative generators (MCG), which generate an EMF by
the compression of a magnetic field.

Of these families of devices, the most advanced is the MCG. MCGs
are essentially pulsed current sources that generate high energy densities
and very high powers. During their final stage of operation, the magnetic
field compression process has been completed and the device becomes an
inductive energy store. The maximum density of the energy stored in the
generator may reach 10° J/m3; that is, the energy stored in a volume of
0.1 m® would be 108 J. This illustrates well one advantage of MCGs, since
the stored energy density is very much greater than the sources in Table
1.1. Another advantage of the MCG is its lower cost in comparison to these
sources.

IIn the 1930s, L.V. Kurchatov, while working at the Ioffe Physical Technical Institute
in Leningrad, was studying the properties of dielectric materials. During the course of
his studies, he examined anomalies in the dielectric properties of Rochelle salts, which
led to the discovery of a special class of crystals that behave in electric fields exactly
like ferromagnets in magnetic fields. These crystals are known as ferroelectrics, but
Kurchatov called them segnetoelectrics after the French chemist Segnier.
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1.3 Magnetocumulative Generator History

Development of magnetic flux compression techniques began in the early
1950s in Russia and the United States, followed by the United Kingdom,
France, Italy, and China in the 1960s. Research groups in Japan, Poland,
Germany, and Romania have since joined what has been referred to as the
Megagauss Club. These countries and their achievements are summarized
in Table 1.2.

According to an unpublished report [1.4] in 1944 by J.L. Fowler, magnetic
flux compression was first used during World War II at Los Alamos National
Laboratory to measure the implosion of explosive-driven liner systems. In
1954, W.B. Garn, at the suggestion of E. Teller and F.J. Willig, conducted
flux compression experiments to generate high magnetic fields. In 1957,
C.M. “Max” Fowler resumed this work [1.1]. In 1951, A.D. Sakharov at the
Kurchatov Institute in the Former Soviet Union (FSU) first proposed using
imploding devices to compress magnetic fields [1.2]. In 1952, R.Z. Lyudaev
and others conducted the first implosion experiments to generate ultrahigh
magnetic fields. The first journal article proposing the magnetic field com-
pression method was published in 1957 by Ia.P. Terletskii [1.5] in which he
suggested using this method for particle acceleration. Other prominent sci-
entists from Russia who have further developed magnetic field compression
technology include A.I. Pavlovskii and V.K. Chernyshev. Other institutes
involved in the development of MCGs in the FSU are the Institute of Nu-
clear Physics, the Efremov Research Scientific Institute of Electrophysical
Devices, and Arzamas-16, with the latter taking the lead in the devel-
opment and application of MCGs. Based upon publications in the 1980s,
it appears that 13 scientific and research institutes in the United States
were at one time engaged in the development and application of magnetic
compression techniques. The greatest number of publications; however, be-
longed to F. Herlach, G. Knoepfel, and U. Linhart at the Laboratorio Gas
Tonizzati (Euroatom-CNEN), Frascati, who were applying magnetic com-
pression to the problem of controlled thermal fusion. These teams have,
with comparative ease, been able to generate magnetic fields of 103 Tesla
(T), currents of in excess of 10® A, voltages of 1 MV, and magnetic en-
ergies of tens of megajoules. At the Megagauss VIII conference in 1998,
Arzamas-16 reported achieving a record magnetic field in an MCG of 28
MG (2800 T). The limiting values of output energy and power for certain
types of MCGs have been estimated as 1 GJ and 10* W, respectively.

In the late 1990s, the number of laboratories in the United States and
Russia working on MCGs has decreased. In the US, Los Alamos National
Laboratory, the United States Air Force’s Phillips Laboratory, Texas Tech
University, and the private company Explosive Pulsed Power, Inc., are con-



6 1. Explosive-Driven Power Sources

Magnetic Field Energy Current Program

Density Start

MG(10% T) MJ MA
Russia (USSR) 17/28 100 >300 1952
United States 10/14 50 320 1950
France 10/11.7 8.5 24 1961
Japan 5.5 - - 1970
EURATOM (Italy) 5.4/7 2 16 1961
United Kingdom 5 10 20 1956
Romania 5/7.5 0.5 12 1979
Poland 3.5 - 0.8 1973
P.R. China - - 2(7) 1967
Germany - = 1.2(?) 1975

TABLE 1.2. Countries that had started MCG programs in the 1950s through the
1970s. In the column labeled magnetic field density, the second number reflects
values that are probably rarely obtained, the boxes with the symbel () means
that data are not available, and the boxes with a question mark imply that much
higher values were probably obtained.

ducting research on and with MCGs. In Russia, the laboratories continuing
to do research are Arzamas-16, the Institute of High Temperatures, and
the Institute of Chemical Physics in Chernogolovka. However, the number
of laboratories conducting research on MCGs in other countries has in-
creased to include Loughborough University in England, Forsvarets Forskn-
ingsanstack (FOA) in Sweden, the Gramat Research Center in France, and
the Institute of Fluid Physics in China. Other countries conducting research
on MCGs are Germany and Japan.

From the 1970s onward, the study of magnetic compression began to
move in two different directions; that is, the development of power sources
based on magnetic compression and that of devices to generate ultrahigh
magnetic fields [1.2]. Systems in the first category are current or energy gen-
erators, in which the flux compression occurs in a region separated from the
inductive load, and they are designed to generate very high currents. Sys-
tems in the second category are called energy density generators, and they
are designed to generate ultrahigh magnetic fields by the radial implosion
of a hollow, conducting cylinder containing a magnetic field. Each type of
device has its own set of characteristics. In the case of the power sources,
the aim is to improve the parameters and to enhance the stability of the
MCG and thereby increase the current (MA) and energy (MJ) delivered
to an external load. In the case of the intense magnetic field sources, the
goal is to develop methods that accelerate metal liners by pulsed magnetic
fields or by compressed gases to concentrate magnetic field energy at the
center of the generator to create ultrahigh magnetic fields (MG). Linerless
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generators in which magnetic fields are compressed by shock-ionized gases
have also been investigated.

Initially, MCGs were used only to create ultrahigh magnetic fields. How-
ever, as the physics of these devices became understood through experimen-
tation, it became evident that MCGs could also be used as power sources
to generate pulses of electromagnetic energy with pulse lengths ranging
from 1078 to 10~ s. To date, experiments have been conducted in which
pulses with currents of 300 MA, powers of 10'®> W, and energies of tens to
hundreds of megajoules have been delivered to loads with pulse durations
in the microsecond regime.

There are a large number of MCG designs, and they are categorized by
whether they are implosive or explosive and by their geometrical configu-
ration. Explosive generators (Fig. 1.1) consist of a seed source (capacitor,
battery) that delivers current to a solenoid, a hollow conductor, called a
liner, filled with high explosives, and a load. When peak current is flowing
through the solenoid, the explosives are detonated and the liner expands,
compressing the magnetic field in the annular region between the solenoid
and the liner. Chemical energy from the high explosives is converted into
electromagnetic energy. Implosive generators consist of the same compo-
nents, but the liner is now imploded to compress the magnetic field.

MCGs take on different geometries, including planar, conical, helical, and
disk shapes. Several different designs are shown in Fig. 1.2. However, they
all work in basically the same way; that is, explosive-driven conductors
are used to compress magnetic fields. Each type of MCG is discussed in
Chapter 3.

In the remainder of this chapter, a brief introduction to the principles
of electromagnetic theory, shock wave physics, and explosives technology
is presented. This material is essential to the proper understanding of the
operation of MCGs, developed in later chapters.

1.4 Electromagnetic Theory

1.4.1 Field Theory: Mazwell’s Equations

In order to understand the relationship between electric current and mag-
netic fields, let us consider Maxwell’s equations [1.6]:

oD
VxE=_-28 (13)
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FIGURE 1.1. Explosive magnetocumulative generator. When the detonator ini-
tiates the explosives, the liner expands outward at one end, making contact with
the first coil of the helix. Protusions, called crowbars, from the first coil are used
to trap the magnetic flux within the generator. As the explosive continues to det-
onate, the liner continues to expand and short out succeeding coils of the helix
thereby converting chemical energy into electrical energy. a — shows the MCG
prior to detonation, b — during detonation, and ¢ — the end of operation.
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FIGURE 1.2. Different MCG geometric configurations: a — cylindrical field gen-
erator, b — helical MCG, ¢ — plate MCG, d — coaxial MCG, e — coaxial MCG
with axial initiation, f — disk MCG, and g — loop MCG.
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V-B=0, (1.4)

V.-D = p,, (1.5)

where H is the magnetic field strength or magnetic intensity (A/m), j is
the free current density (A/m2), D is the electric fluz density or elec-
tric displacement (coulombs/m?), E is the electric field strength or electric
intensity (V/m), B is the magnetic fluz density or magnetic induction
(webers/m?), and p, is the density of free electric charges (coulombs/m3).
The constitutive relations that specify the properties of materials (or free
space) must also be specified. In isotropic media, these are:

B = pH, (1.6)

D =¢E, (1.7)

in which g = popp is the magnetic permeability with pg = 47 x 10~7 H/m
and € = g¢ - e is the dielectric constant with €9 = 8.854 x 10712 F/m. The
relative quantities gy and g can be complicated functions of space, time,
fields, material properties, and field variables. An additional constitutive
relation is Ohm’s law:

j=0E, (1.8)

in which the conductivity, o, is a material coefficient that is again a compli-
cated function of temperature and magnetic field. The constitutive parame-
ters (e, p,0) are used to characterize the electrical properties of a material.
In general, materials are described as dielectrics (insulators), magnetics,
and conductors depending on whether polarization, magnetization, or con-
duction, respectively, is the predominant response to electromagnetic stim-
uli.

Throughout this book, it is assumed that the magnetic fields are quasis-
tationary; i.e., the displacement term 0D/8t can be neglected in Eq. 1.2.
In free space, where j = 0, the magnetic field varies with time but is in-
dependent of position. Therefore, the quasistationary field approximation
is valid if A >> [, where )\ is the characteristic wavelength of any field
variation and ! is a characteristic length of a magnetic coil or other spatial
configuration under consideration. In conducting media, the quasistation-
ary field approximation is valid if 1/w >> €/, where w is the frequency at
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which the magnetic field varies. For good conductors such as metals, this
condition is valid up to frequencies far in excess of those encountered in
the operation of MCGs [1.4].

The integral form of Maxwell’s equations describes the relationship be-
tween field vectors, charge densities, and current densities over extended
regions of space. They are usually used to solve boundary-value problems
that possess complete symmetry. However, the fields and their derivatives
do not need to be continuous functions. Applying Stoke’s theorem

waH%%jiHm (1.9)

to an open surface S bounded by a closed curve C, one obtains Ampere’s
Law (which states that the line integral of the magnetic field over a closed
path is equal to the current enclosed):

f}yﬂ=&, (1.10)
C

where Is = [j - ds is the total current flowing through S. In a similar
manner, one obtains Faraday’s law (which states that the electromotive
force (EMF) or electric field appearing at the open-circuited terminals of a
loop is equal to the time rate of change of magnetic flux linking the loop):

oB d
E-dl=—/———-ds=——-—/B-ds. 1.11
% s o & Js (L1)

The magnetic induction can also be expressed.-in terms of the number of
magnetic lines of force that pass through a given surface, which is called
the magnetic fluz, ® (T-m? or webers) and is defined by

¢=des (1.12)

When ® = 0, this expression is known as Gauss’s Law, which asserts that
the magnetic flux through any closed Gaussian surface must be zero.
The power density of varying electromagnetic waves is given by

S=E x H, (1.13)

where S (W/m?) is the Poynting vector and H* is the complex magnetic
field. The equation governing the time-domain Poynting vector can be de-
rived by subtracting the dot product of Eq. 1.2 with E from the dot product
of Eq. 1.3 with H. Using the vector identity:
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FIGURE 1.3. Geometry for boundary conditions of (1) tangential and (2) normal
components of the electric and magnetic fields.

H-VXE-E-VxH=V-(ExH), (1.14)

it can be shown that:

oB oD
V- (E =-H-—-E-—-1J-E. .
(E x H) > B E (1.15)

Assuming that J = 0 and using the constitutive relations of Egs. 1.6 and
1.7, Eq. 1.15 can be rewritten as

V. (BxH)=-o (%j) -2 (?) . (1.16)

The quantity in the first set of parentheses is the energy stored in the
magnetic field and the quantity in the second set is the energy stored in
the electric field.

In general, most problems of interest involve free space with conducting
boundaries. The electromagnetic equations apply in both regions; i.e., free
space and the conductor, and they are coupled together by their boundary
conditions. Identifying the two media as 1 and 2, and assuming that the
conductor has finite conductivity (Fig. 1.3), Maxwell’s equations can be
used to derive the following boundary conditions [1.6]:

e The tangential component of the electric field is continuous across
an interface between two media, with no impressed magnetic current
densities along the interface:



1.4 Electromagnetic Theory 13

nx (E—E;) =0, (1.17)

where 70 is a unit vector normal to the interface between the two media.

e The tangential component of the magnetic field across an interface

is discontinuous by an amount equal to the electric current density, j
(A/m), flowing on the surface:

7 x (Hy — Hy) = j. (1.18)

Note that the tangential component of H is continuous at the inter-
face if j = 0.

e The normal components of both the electric flux density and the
electric field on an interface on which a surface charge density resides

are discontinuous, by an amount equal to the surface charge density:

7 (Dg—Dy) = p,, (1.19)

- (E2 - Ez) = Pe- (120)
Nothe that when p, = 0, these fields are continuous at the interface.

o The normal components of the electric field intensity across an inter-
face are discontinuous:

- (EzEz - EIEI) =0. (121)

e The normal components of the magnetic flux density across an inter-
face between two media where there are no sources are continuous:

- (By—By) =0. (1.22)

e The normal components of the magnetic field intensity across an in-
terface are discontinuous:

- (uoHy — pHy) = 0. (1.23)
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FIGURE 1.4. A node is where three or more branches of an electrical circuit are
connected.

1.4.2  Clircuit Equations: Kirchhoff’s Equations

Since the equivalent circuit diagrams of MCGs and their loads are treated
by lumped-element circuit analysis, Kirchhoff’s circuit equations are now
introduced. Kirchhoff’s voltage law states that the algebraic sum of the
potential differences around any complete loop within a network is zero, or

Y v=o. (1.24)

Kirchhoff ’s current law states that the algebraic sum of the currents at any
node within the network is zero [a node is a point at which three or more
conductors are joined (Fig. 1.4)):

Y i=o0. (1.25)

The major elements of most MCG circuits are resistances (R), capac-
itances (C), and inductances (L). The potential difference across these
elements are defined by

V =iR (1.26)

for resistors (Ohm’s law),

V= % - %/idt (1.27)

for capacitors, and
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di
V=L (1.28)

for inductors. In these equations, V is potential difference (V), ¢ is current
(A), Q is charge (A-s), and t is time (s).

The differential and integral forms of Maxwell’s equations are usually
referred to as field equations, since the quantities appearing in them are
field quantities. However, Maxwell’s equations can also be written in terms
of the circuit quantities presented above.

By definition, the work done by an electric field to move a unit charge
through a displacement dl is

W= —q/E -dl. (1.29)

Since potential difference is also defined to be the work required to move
the charge, it can be related to the field quantity E by

V=——/E-dl. (1.30)

Substituting this expression into Ohm’s law,

V=—/E-dl=iR, (1.31)

it can be seen that current is generated by either a potential difference or
an electric field gradient.
Substituting Eq. 1.30 into the definition of capacitance, C = QV,

C= —Q/E-dl, (1.32)

it can be seen that the capacitance is related to a potential difference or
an electric field gradient.
Using Eq. 1.11, the voltage can be related to changes in magnetic flux,

8 o®
?iE-dl——&/SB-ds_—E, (1.33)

which can be rewritten in terms of the circuit quantities,

0P o
V=-_=—-[— 1.34
a = Lo (1.34)
where, according to Faraday’s law, a change in magnetic flux due to a

change in current causes a voltage drop.
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1.5 Electromagnetic Phenomena

1.5.1 Magnetic Pressure and Diffusion

If a magnetic field is localized within a certain spatial domain, then, ac-
cording to Maxwell’s equations, the current that maintains this field must
circulate on the boundaries of the domain. If the boundaries are ideal con-
ductors, this current is concentrated in a thin surface layer and does not
penetrate into the material. If the conductor possesses a certain resistance,
the charge carriers are scattered in the lattice and the thickness of the cur-
rent layer increases with time. The current layer is called the skin layer
and its thickness the skin depth.

To study the penetration of magnetic fields into incompressible, electri-
cally isotropic, conducting media, Maxwell’s equations and Ohm’s law are
used. Assuming the electrical conductivity is a material constant and in-
dependent of space and time, then ¢ = 0. Substituting Eqgs. 1.7 and 1.8
into the curl of Eq. 1.2 yields

Vx(VxH):cJOVxE—ﬁ-e%(VxE). (1.35)

By using the identity

VxVxA=V(V-A)-V2A (1.36)

and Egs. 1.3 and 1.4, Eq. 1.35 is transformed into the wave equation:

0B 0’°B

2 — — —_—
VH-aoat +eat2. (1.37)
In a conducting medium, the displacement currents can be neglected in
comparison to the conduction currents and the last term of Eq. 1.37 can

be omitted. This reduces the equation to the magnetic diffusion equation:

2
V‘H PR =0, (1.38)
where Ko = 1/oop is the magnetic diffusivity.

The diffusion of magnetic energy into incompressible conductors is ac-
companied by an inflow of energy, which appears in the form of magnetic
energy and Joule heat generated as a result of eddy currents. Complication
arises if the conductivity ¢ is not constant when the diffusion becomes non-
linear. If the conductor is a metal, there are further complications including
melting of its surface layer and the formation of instabilities at the metal-
field interface. An additional complication arises if the compressibility of
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the material is taken into account. In fact, compressibility of the conductor
sets the most stringent limitations on the generation of ultrahigh magnetic
fields [1.4]. Compression of the conductor by the magnetic pressure results
in its inner layer moving at a lower velocity than would be the case if it
were incompressible.

The depth of the skin layer in a conductor with constant electrical con-
ductivity can be estimated from the equation

2
§= ‘/w_;w’ (1.39)

where p is the magnetic permeability and o is the conductivity of the
conducting material and w is the frequency of the pulsed field. The time

Ts = %w,u062 (1.40)
required for the magnetic field to penetrate to a depth equal to that of
the skin layer, which is called the skin time, can be determined from Eq.
1.39. Magnetic compression is accompanied by an increase in magnetic field
strength and magnetic energy, provided that the time interval during which
the cavity compresses the magnetic field is much less than 7g.

1.5.2 Magnetic Force

A conductor carrying a current density j in a magnetic field B = yH
experiences a force per unit volume called the magnetic stress:

Fy =jx B. (1.41)

Neglecting the displacement term in Eq. 1.2 and substituting V x H for j
in the above equation yields

1
Fy=(VxH) xB=y (H-V)H—EVH2 . (1.42)

It can be shown that the magnetic force acting on a conductor carrying a
current can be expressed in terms of the surface field alone [1.4].

Likewise, a conductor moving through a magnetic field experiences a sim-
ilar force, which is the basic operating principle of the MCG. To illustrate
this, consider Fig. 1.5. As the rectangular loop is pulled out of the magnetic
field with velocity v, a force is exerted on the electrons. This force is the
Lorentz force
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FIGURE 1.5. Forces are exerted on a rectangular loop moving through a magnetic
field.

F' = qvy x B, (1.43)

where ¢ is the electric charge and v; is the drift velocity of the charge
carriers in the wire. The drift velocity is related to the current density by
vg = j/nq, where n is the charged particle density. If [ is the length of a
section of wire and A is its cross-sectional area, then the total force on this
section is

F =nlAF' =ilB, (1.44)

where 7 = jA. Making the appropriate substitutions, Eq. 1.44 becomes

F=ilxB. (1.45)

According to Faraday’s law, a change in magnetic flux induces an EMF
in the conductor:

d®
dt —

d
2 (Blz) = ~B1% — _Buw, (1.46)

V=
dt

where z is the distance the rectangular loop is displaced and v is the speed
at which it is moved. This EMF sets up a current in the loop:

.V Bl
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Substituting this expression into Eq. 1.44 yields an expression for the force
on the wire:

_ B%%

F
R

(1.48)

if it is assumed that the 1 and B are perpendicular. It will be noted that
the magnetic force on the conductor is directly proportional to the square
of the magnetic field.

1.5.8 Magnetic Pressure

Consider a conductor whose surface is subjected to a magnetic pulse H(t).
For simplicity, it is assumed that the conductor is infinitely thick and planar
and that the magnetic field lines are parallel to its surface. Neglecting the
displacement current, Eq. 1.2 for this case becomes

OH
oy = ——. 1.49
J Yy or ( )
Substituting this expression into Eq. 1.41, and integrating along the z axis,
gives the hydrodynamic pressure at a depth z:

* OH, 1
p(z,t) = —/ o B.,dx = py — §,uH2(z,t), (1.50)
0

where

1
pr = 5pH*(0,1) (1.51)

is the magnetic pressure due to the magnetic field at the surface of the
conductor.

1.5.4 FElectric Fields

Faraday’s law of induction states that a changing magnetic field produces
an electric field. Such is the case in the MCG, which is a closed circuit. As
the magnetic field is compressed, an EMF, V = d®/dt, is induced around
the circuit. The work done by the EMF on a unit charge is qV and, from
another point of view, the work done by the electric force, ¢E, to move
the charge through a distance ! is qFEl. Equating these two expressions for
work yields
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V =El (1.52)

Generalizing this expression gives

dd
V-%E-dl——z. (1.53)
Thus, as magnetic flux is compressed, electric fields are induced in the
MCG circuit, and these, in turn, circulate a current.

Another way of looking at the relationship between magnetic and electric
fields is to consider the force acting on the conductor moving through a
magnetic field by using the Lorentz force:

F =¢(E+v xB). (1.54)

Dividing both sides by ¢, yields an expression for the electric field, E*,
detected by an observer moving with the conductor:

E'=E+vxB. (1.55)

If the external electric field is E* = 0, the electric field generated by the
motion of the conductor is:

E=-vxB. (1.56)

The electric fields generated within the MCG can greatly effect the effi-
ciency of the generator through such energy loss mechanisms as electrical
breakdown in the insulator or between the liner and the solenoid.

1.6 Shock and Detonation Waves

The surfaces of conductors in MCGs are subject to very strong transient
forces produced by detonating explosives and by strong magnetic fields.
Since the pressure applied to the surface of a conductor is transmitted
to its interior by a shock wave, some knowledge of wave propagation is
required for analysis of generator performance.

A shock wave is a discontinuous high-pressure disturbance moving through
matter [1.7-1.10]. The pressures in strong shock waves stress solid materials
far beyond their elastic limits. Since differences among the stress compo-
nents are limited by the stress yield, the principal stress components are
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FIGURE 1.6. Shock discontinuity propagating at a velocity U and producing a
transition from material in the state (P, py, €0, uo) to the state (P1, p;, €1, u1).

almost equal and the stress can be approximated by its average value, the
pressure. The fields on either side of a shock discontinuity propagating at
a velocity U are as shown in Fig. 1.6.

Applying the principles of conservation of mass, momentum, and energy
to the fields produced when a shock wave passes through a material gives
rise to the equations

&_U—uo

= 1.57
po U-—u (L57)
representing the conservation of mass,

P] - Po = po(ul - UO)(U - ’u,()) (158)

representing the conservation of momentum, and

Plul — PouO 1 2 2

e —epg = ———— — —(uy —ug), 1.59
: Ty = 5~ ) (1.59)

representing the conservation of energy. In these equations, P is the shock
pressure (Pa), U is the shock velocity (m/s), u is the particle velocity (m/s),
p is the density (kg/m3), and e is the internal energy (J/kg). The subscripts
0 and 1 refer to the state of the unshocked and shock material, respectively.
Usually, pressure is reported in GPa (1 GPa = 10° Pa = 10° N/m?) and
the velocity in km/s. Conveniently, 1 km/s = 1 mm/ps, the latter units
comparable to the dimensions and time intervals arising in the analysis of

MCGs.
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If the state of the material into which a shock is propagating is known,
Egs. 1.57-1.59 provide three relationships with the five unknown quantities
Py, uy, pq, €1, and U. One of these quantities, e.g., the pressure or particle
velocity in the material behind the shock, represents the strength of the
shock and must be specified as a boundary condition. The additional rela-
tionship needed to completely characterize the shock arises as a description
of the material behavior. In the context of shock physics, this relation is
a Hugoniot curve (or simply a Hugoniot), the locus of states achievable
by passing a shock into material in a given initial state. A Hugoniot curve
can relate any two of the variables in question and a Hugoniot relationship
between any two of the variables can be transformed into a relationship
between any other two of these variables.

Experimental measurements of the response of materials (in a given ini-
tial state) to shock compression can often be represented by the Hugoniot
relation [1.7]

U = co + up + s(u — ug), (1.60)

in which co and s are measured coefficients that depend on the initial ther-
modynamic state. This equation is broadly applicable to describing the
response of materials to compression by strong shocks, but requires re-
finement when phase transitions are encountered and at low stresses where
elastoplastic phenomena often dominate observed responses. As an example
of other Hugoniot curves that can be derived from the linear U—u Hugoniot,
the P—p Hugoniot obtained by combining Eqs. 1.57, 1.58, and 1.60 is

P1—Po=p0( —%) [1—3(1—%)]"2. (1.61)

When the boundary forces imposed to produce a shock are removed, a
decompression wave originates at the boundary and propagates into the
interior of the material. When heat conduction is neglected, the decom-
pression wave is a smooth wave rather than the shock that is observed on
compression. Each decompression wavelet advances at the rate c(p) + u,
where ¢ is the speed of sound at the point in the wave where the den-
sity is p. The speed of sound at the point immediately behind the shock
exceeds U, but decreases with the decrease of p that occurs as the wave
passes. Because of this decrease in the rate of advance of the wavelets, the
decompression wave spreads as it propagates. The speed of sound in the
material immediately behind the shock exceeds the shock velocity, so that
the decompression overtakes the shock. This causes attenuation, decreasing
both the energy and pressure changes produced by the shock. When the
rarefaction wave overtakes the shock, the pressure pulse becomes sawtooth-
shaped, decreasing in amplitude and increasing in length as the attenuation
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FIGURE 1.7. This sketch of an attenuating pressure pulse is drawn on the premise
that the pressure applied to the boundary to produce the shock is sustained until
t = t1, at which time it is removed. The decompression wave introduced into the
material at this time overtakes the shock at ¢ = t3 and the attenuation process
begins.

process proceeds, as shown in Fig. 1.7. Eventually, the shock wave becomes
a sound wave.

A detonation wave is a shock wave that is supported by an exother-
mic chemical reaction. This reaction continuously adds energy to the flow,
maintaining the shock strength in much the same way as work done on
the boundary in the case of a shock in a nonreactive medium. When the
chemical energy liberated at a shock front exceeds that required to sustain
the shock, it will grow in strength. When it is too little, the detonation
wave will be attenuated by an overtaking decompression wave, as in the
case of a nonreactive shock. In the case of a detonation, there exists an
equilibrium amplitude for which the chemical energy is just sufficient to
maintain a steady shock. In this case, the shock propagates at a constant
velocity called the detonation velocity and has a constant pressure and
particle velocity called the Chapman-Jouguet pressure and velocity.

In a nonreactive medium, the structure of the detonation wave is more
complicated than a pressure pulse, because of the exothermic reaction oc-
curring within it (Fig. 1.8). The wave front moves at the detonation velocity
and initiates the explosive reaction as it passes through the material. The
reaction takes place in a reaction zone immediately behind shock. The end
of the reaction zone is called the Chapman-Jouguet (C-J) plane and its
state is characteristic of the explosive. The hot, high pressure gas formed
by reaction couples energy into other materials as it expands.

The shock equations 1.57-1.59 apply to a detonation wave just as they
do to a nonreactive shock, except that the chemical energy released in
the reaction must be taken into account. In this case, in which the pressure
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FIGURE 1.8. Schematic illustration of a Chapman—Jouguet detonation wave.
This waveform consists of a detonation shock followed by a centered simple de-
compression wave called a Taylor wave. This waveform is very similar to the
attenuating waveform shown in Fig. 1.7, but it differs from the nonreactive wave
in that it is supported by the exothermic chemical reaction occurring in the shock
and does not attenuate.

and particle velocity are zero in the material ahead of the detonation shock,
these equations can be written as

pcj D
i 1.62
Po D = Uecj ( )

and

ch = pouch, (1.63)

where Fc;j is the pressure, p.; is the density, u.; is the particle velocity
at the C-J plane. The density of the unreacted material is p,, and the
detonation velocity is D.

The detonation velocity depends on the density of the high explosive.
For most explosives, the relationship between the detonation velocity and
the density of the unreacted explosives is linear:

D = a+bp,, (1.64)

where a and b are empirical constants that depend on the type of explosives
used. How the explosive is packed into the MCG, and therefore its density,
is critical, relative to the overall efficiency of the MCG.
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1.7 Explosives and Explosive Components

The science and the technology of explosives and components for initiating
and controlling detonation of explosives is highly developed [1.8,1.9,1.11,
1.12]. There are many explosive materials, although only a few have suffi-
cient power and detonate with the reproducibility required for use in high-
performance power sources. Only a few of these materials satisfy the ad-
ditional requirements of safety and stability that may be associated with
specific applications. The explosives used to drive power sources are al-
most entirely those in the class call secondary high explosives, a category
comprising materials of sensitivity between the easily detonable primary
explosives and the very insensitive tertiary explosives. Primary explosives
are used in blasting caps and other initiating devices, but are unsuitable
for use as main-charge explosives. Tertiary explosives are the safest ma-
terials to use, but often prove impracticably difficult to initiate, do not
function well in small charges, and are less powerful than the best available
secondary explosives. Materials such as pyrotechnics and propellants (e.g.,
gun powder) are used to accelerate projectiles in some types of generators,
but are not suited for driving magnetocumulative generators.

1.7.1 Categories of Explosives

Almost all explosives used in MCGs are organic compounds formed from
the elements C, H, N, and O and called CHNO explosives. Their molecular
structure is usually quite complicated (see Fig. 1.9) and the explosive ma-
terials are often mixtures of explosive compounds and include polymeric
binders that effect the mechanical properties, safety, etc., but are not in-
tended to alter the detonation performance. Explosives of this class liberate
their detonation energy by molecular decomposition and reformation into
detonation products such as COg2, N2, and Hy. The detonation process does
not require atmospheric oxygen. A traditional secondary high explosive is
trinitrotoluene (TNT), which is easily melted and cast into the shapes re-
quired for power supply and other applications. More powerful materials in
the same class are hexhydrotrinitrotriazine (called RDX, cylonite, or hexo-
gen) and cyclotetramethylenetetranitamine (HMX). These cannot be cast
to shape, but granules of the compounds can be mixed into molten TNT
and the mixture cast in much the same way as TNT. More powerful (but
more expensive) explosives can be made by coating granules of RDX and
HMX with polymeric binders and pressing the resulting material into high-
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FIGURE 1.9. Chemical structure of (a) RDX and (b) TNT, explosives commonly
used in MCGs.
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Theoretical Detonation  Estimated

Chemical Density Density CJ Pressure
Material ~ Formula (kg/m®) (km/s) (GPa)
PETN  CsHsN;Os 1780 826 (1770) 30 (1670)
RDX  CsHgNgOg 1810 8.7 (1770) 34 (1770)

HMX  C4HgNgOs 1900 9.11 (1890) 39 (1890)
TNT  C7HsN3Og 1650 6.93 (1640) 21 (1630)
TATB  CeHgNgOg 1940 7.76 (1880) 29 (1880)
NM CH3NO, 1130  6.35 (1130) 13 (1130)

TABLE 1.3. Properties of selected secondary high explosives.

density billets, which are then machined to the shape required. Properties
of several secondary high explosives are listed in Table 1.32.

At Los Alamos National Laboratory, one of the explosives used in MCGs
is composition B, which is a mixture containing 40% TNT and 60% RDX.
In Russia, an explosive, called hexogen, is used , which is a 50:50 mixture
of TNT and RDX. Throughout the rest of this book, the latter definition
of hexogen is used.

1.7.2 FEzxplosive Components

Most explosive systems use a number of explosive components in addition to
the main charge. These components include detonators (devices to initiate
detonation of the main charge) and lenses or other configurations used to
control the shape of a detonation wave. Explosive systems may also include
mild-detonating fuses, a slender column of high explosive in a metal sheath,
and explosive delay lines.

Detonation of the explosive used in MCGs is usually initiated by one or
more exploding bridgewire (EBW) detonators. These initiate a reaction by
electrically vaporizing (exploding) a thin gold or gold/platinum alloy wire
in contact with a pellet of a granular secondary explosive such as pentaery-
thritoltetranitrate (PETN). Additional explosives may be included in the
detonator, to ensure that it provide a sufficiently strong stimulus to initiate
the main explosive charge. The advantage of EBW detonators, in addition
to greater safety than is characteristic of blasting caps, is their short ini-
tiation delay and uniformity of performance. These latter characteristics
facilitate their use in systems where precisely timed initiating stimuli must
be provided at several different places in the system.

2Numbers in parenthesis are densities in kg/m®3. Data from Ref. 1.10. The “TATB”
of density 1880 kg/m3 is the plastic-bonded explosive PBX 9502, which is 95/5 wt %
TATB/Kel-F and is one of the most powerful tertiary explosives.
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Explosive lenses allow the production of a plane wave from tens to hun-
dreds of millimeters in diameter from a single initiation point. Convergent
cylindrical detonation waves and other configurations can also be produced.

Mild-detonating fuses can be used to propagate a detonation to an ex-
plosively driven switch or other device that may be located away from the
main charge. Mild-detonating fuses are usually made with a small amount
of explosive material and are confined in such a way that other materi-
als and components can be protected from any damage that the explosion
might produce.

Explosive delay lines are used to initiate a series of detonators at different
times. By changing the length of the delay line to a given detonator, the
time it initiates can be controlled. Explosive delay lines are usually made
from strips of Deta sheet, which is a plastic explosive.

1.8 Introduction to MCGs

The magnetocumulative generator (MCG) is a device in which chemical
energy released by a detonating explosive is converted into the kinetic en-
ergy of a conductor, which, in turn, is converted into magnetic energy as
the moving conductor is used to compress a magnetic field [1.13,1.14]. This
conversion process is very efficient (losses are less than 50%) provided there
are not high flux losses. MCGs may be divided into two classes:

e (enerators of high-energy densities or field generators, in which su-
perstrong magnetic fields are created during the radial collapse of a
cylindrical hollow conductor.

e (Generators of current or energy or energy genmerators, in which the
volume that is compressed and the inductive load are separated.

A characteristic feature of the first type of generator is that both the mag-
netic energy and its density increase significantly during the deformation
of the magnetic field—a process called energy accumulation. Generators of
either of these classes can be analyzed by field theories, although the sec-
ond type may be described more simply using the electrical circuit shown
in Fig. 1.10. Because only power sources are considered in this book, only
generators of the second type will be considered.

1.8.1 Clircuit Equations
The time-dependent inductance in Fig. 1.10 is described by the expression

L(t)=L.(t) + Ly, (1.65)
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FIGURE 1.10. Equivalent circuit diagram for an MCG, where Ly (t) is the induc-
tance of the generator, which changes in time, and Ly, is the inductance of the

load.

which includes the constant load inductance Lj and the “compressed”
time-varying inductance L, (t), that is, the inductance of the generator.
The resistance R, (t) includes all forms of magnetic flux losses. The current
I flowing through the circuit can be found from the differential equation

<1(st1) +R.I=0. (1.66)

The solution of this equation, at any instant in time, is

LI = Lolyexp {—/Ot (%) dt} , (1.67)

where Iy is the initial current and Lo = Lo + L, is the initial (¢ = 0)
inductance. Introducing the flux compression coefficient

Aet) = L‘Zo = exp {— /0 t (%) dt} (1.68)

and the inductance coefficient or inductive compression ratio

o)==, (1.69)

Eq. 1.67 can be rewritten as

1(t) = Ioy1(2) = Loy () Ae(2), (1.70)
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where 7; is the current gain coefficient or current multiplication ratio.
Because the magnetic field is proportional to the current,

I H
= (1.71)

which describes, to a first approximation, the increase in the magnetic field
and the current in the generator resulting from compression of the magnetic
flux.

The energy equation can be derived by multiplying Eq. 1.66 by I and
integrating:

W(t) LI?
MAU 1.72
Wo ~ Lo’ (1.72)
where
1 2
Wu, = 515Lo (1.73)

is the initial energy. Introducing the coefficients defined by Eqgs. 1.68 and
1.69 into Eq. 1.72, yields the basic energy equation

D 0300 (.74

for the MCG.

1.8.2 Field Equations

The effects of magnetic compression can clearly be observed in those types
of MCGs that are designed to create superstrong magnetic fields. In these
generators, an axial magnetic field is created inside a cylindrical shell, usu-
ally called the liner or armature, by an external current source. The liner
is surrounded by high explosives, which, when detonated, creates a con-
verging cylindrical detonation wave. The moment at which the explosive
is initiated is chosen such that the liner begins to move when the mag-
netic field created by the external source is at its peak. When the liner is
accelerated inward by the high explosives, it collapses coaxially, compress-
ing the magnetic field with a current-carrying cylindrical surface (called
the stator) of constant diameter. In the limiting case of infinitely fast field
compression or of a liner with ideal conductivity, the enveloped magnetic
field is conserved; i.e.,



1.8 Introduction to MCGs 31

/H ds = const, (1.75)

showing that H — oo, as s — 0. The strength of the magnetic field, H(t),
increases until the area bounded by the contour s stops decreasing. In the
ideal case in which flux is conserved, the magnitude of the magnetic field
depends on the radius, 7, of the liner cavity according to the relation

2

r

H(t) = H—=. 1.76
( ) 0 r(t)2 ( )
The initial kinetic energy of the conductor, Wy, is completely converted
into magnetic energy. The radius of the cavity at the time it stops decreas-

ing is equal to

Ty
TR = —'WO—, (L.77)
Wig
Wnmo +1
where Wyo is the initial magnetic field energy and 7y is the initial radius

of the liner. The magnetic field strength at this instant is

H(t) = Ho (VVII,/;‘(’) + 1) . (1.78)

Both the magnetic pressure and the magnetic energy density increase as r

decreases and are proportional to 7~ %.

1.8.8 Magnetocumulative Generator Performance

Pulsed magnetic fields of ~ 107 Oe have been achieved in MCGs designed
specifically to create superhigh magnetic fields. Magnetic energy densities
have reached values of 4 x 10'! J/m3, which is 40 times greater than the
chemical energy density of the explosive. The specific power in the super-
strong fields of MCGs is ~ 1017 W/m?.

In MCGs designed as power sources, magnetic energy densities of 10°
J/m® and specific powers of 10!3-10'* W/m? have been achieved. When
the dimensions of the former are compared with the latter type of MCG,
each having the same set of characteristics, it is that the latter is nearly
one order of magnitude smaller. The amplitude of the pulsed currents from
the latter MCGs has reached values of 300 MA. Energies of 10-100 MJ
have been generated at instantaneous powers of 10> W. Based on the
present state-of-the-art, it is believed that MCGs may be developed as
power sources with even higher values of these parameters.
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The significant advantage of using MCGs in experiments, as well as in
various technological applications, is that their output characteristics may
be varied over a wide range. For example, the characteristic time in which
energy is generated by MCGs is 10-100 ps. By applying special devices,
such as switches and transformers, the spatial-temporal output character-
istics of the generator can be changed to match those of the load. These
techniques allow researchers to change the shape of the output current pulse
delivered to the load, and to vary its pulse length from 0.2-0.4 us to 1-10
ms. The output power and energy may also be changed, even when the
length of the pulse remains unchanged. The high-energy density of MCGs
facilitates the delivery of high energies to the load. Models have been de-
veloped that allow researchers to predict the expected characteristics of
MCGs with satisfactory precision [1.1,1.2,1.13].

Based on the value of 1991 Rubles in the Former Soviet Union, without
taking into account inflation, the cost of energy produced by MCG’s was
~ 1073 Ruble/J (18 cents/J), and could possibly be decreased to ~ 10~*
Ruble/J (1.8 cents/J). The cost of the hardware required to deliver a pulse
having the required shape and length to a load is roughly equivalent to that
of the MCG itself. This is why it seems to be economically feasible to use
MCGs not only in expendable installations, but also in experimental facil-
ities where one needs to carry out ~ 100 experiments that require energies
of 10-100 MJ. In this case, the energy from the MCG can be transmit-
ted a safe distance from an explosive containment vessel to the installation
where the experiments are to be carried out. For example, MCGs are cur-
rently being considered to drive imploding liners at the National Ignition
Facility at Lawrence Livermore National Laboratory to achieve controlled
magnetized target fusion.
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2

Magnetocumulative Generator Physics
and Design

2.1 Conditions That Affect Magnetic Field
Compression

The conditions required to sustain compression of the magnetic field in an
MCG depend on the magnitude of the magnetic field to be generated, but
are characterized by high pressure, high current density, and high tempera-
ture. The deformation of a magnetic field by an explosive-driven conductor
is described by the magnetohydrodynamic equations, which can only be
solved by numerical methods. Modern computers allow these calculations
to be performed for specific MCG designs, but analytical methods can also
be used if certain simplifying assumptions are made [2.1-2.3].

In the case of ideal compression, there is only one restriction on device
performance—the energy condition. To investigate the implications of this
condition in the simplest context, the effect of the explosive on the driven
conductor is modeled as an impulse. That is, it is supposed that the ex-
plosive imparts an initial kinetic energy to the conductor, but provides no
sustained driving pressure. In this case, magnetic compression will proceed
until the initial kinetic energy of the collapsing conductor is completely
converted into magnetic energy. At this point, called the turnaround point,
the conductor begins to move outward and the field strength decreases.

Consider a device that produces high magnetic energy densities by com-
pressing an initial field within an imploding cylinder. Let the initial cross-
sectional area of the cavity be Zy and the initial axial field be Hy. Because
the flux in the cavity is conserved, H(t)Z(t) = HoZo, where H(t) and Z(t)

L. L. Alegilbers et al., Magnetocumulative Generators
© Springer-Verlag New York, Inc. 2000
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are the field and cavity cross-sectional area, respectively, at a time ¢t during
the compression process. The magnetic energy (per unit length of the cylin-
der) is given by Wi = (p/2) H2Z. The magnetic energy gain coefficient is
defined as 7v,; = Wux /W, where Wy is the magnetic energy (per unit
of cylinder length) and W)y, is its initial value. Combining these equations
yields the relation

W (t) _ H(t) _ Zo
Wu, Ho  Z(t)

Tm(t) = (2.1)

At the turnaround point, designated by the subscript %, the energy con-
servation equation is Wy, = Wk, + Wy, , where Wi, is the initial kinetic

energy of the collapsing conductor. Evaluation of Eq. 2.1 at the turnaround
point yields

— WMk _ WKO

_He _ 2%
7Mk WMO ‘4/1\40

1= = —.
+ Hy Zj

(22)

In real devices, the energy condition is affected by diffusion of the field
into the conductors and by compressibility, loss of conductivity, and surface
instability of the conductors. If not controlled, loss of conductivity and
surface instability can cause catastrophic failure of a generator.

2.1.1 Field Diﬁusion

Consider the diffusion of a uniform magnetic field from a cylindrical cavity
of cross-sectional area Zp into the surrounding infinite conductor shown
in Fig. 2.1 [2.4]. If an initial magnetic field, By, is created in the cavity
during an excitation time tp, then an initial skin-layer depth, d¢, is created
around the perimeter of the cavity, Fy. The magnetic flux ®o9; = BoZy is
concentrated in the cavity and the flux ®g3 = Bodo Py has penetrated into
the skin layer. Since the field in the conductor decreases exponentially with
distance from the surface of the conductor, then, from Faraday’s law

dd
f Edl=—, (2.3)

it can be shown that the integral approaches zero as the path recedes to
infinity. This implies that the total flux inside this circuit is conserved; that
is,

P4 () + P2(t) = Po1 + Doz = Po. (2.4)
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FIGURE 2.1. Diffusion of magnetic field into an infinite conductor, when a mag-
netic field is introduced into a cavity having a cross-sectional area Zj.

The result that the total flux is conserved can be applied to conductors
of finite size, provided that the thickness of the conductor is significantly
greater than the skin depth. If the field inside the closed cavity is uniform,
Eq. 2.4 can be written as

Zo + Pybo

BREIOET 000N

(2.5)

where Ps(t) is the perimeter of the diffusion region, §(t) is the skin layer,
and Z(t) is the cross-sectional area at time ¢.

The field inside the cavity increases when the rate of decrease of the cross-
sectional area of the cavity, Z(t), exceeds the rate of increase of the skin
layer cross section, Ps(t)é(t). The compression velocity required to cause
the magnetic field to increase can be found, if the initial magnetic flux inside
the cavity is sufficiently low and the skin-layer depth, 8, is comparable to
the diameter of the cavity:

2Z
6= B (2.6)
The time
Ts = 0.5mpo s> (2.7)

required for the magnetic field to penetrate into the conductor is called the
skin time, and can be determined using Eq. 1.40. The magnetic compression
is accompanied by an increase in the magnetic field strength and energy,
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FIGURE 2.2. When a conductive material moves toward a magnetic field with a
velocity v, a simple compression wave forms at its surface. As it propagates into
the conductor, the compression wave becomes increasingly steep and evolves into
a shock wave.

provided the time interval during which the cavity compresses the magnetic
field is much less than the time 75.

The efficiency with which the electromagnetic energy accumulates in-
creases with the magnetic Reynold’s number:

Ts wpobs?
- Tk - 2Tk

Np , (2.8)
which is the skin time divided by the time from the beginning of the com-
pression process to the turnaround time. The condition that must be sat-
isfied if there is to be magnetic accumulation is Np >> 1. If the conductor
moves with constant a velocity, v, that causes it to displace one skin thick-
ness in a time T, this conditions is satisfied when

vs> 2 29)
Tpod
Using this expression, it can be shown that, for conductors with o ~
36/(MQ-m), which is a typical conductivity for metals, v >> 0.0716/6
m/s. Therefore, to attain efficient magnetic compression in a cavity having
a diameter of 10 mm, the compression velocity must be hundreds of meters
per second.

2.1.2 Liner Compressibility

The magnitude of the magnetic field strength that can be attained in an
MCG is limited by the compressibility of real conductors, because the con-
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ductor that is compressing the magnetic field is also being compressed.
Even in the case of an ideal conductor, kinetic energy is used not only
to compress the magnetic field, but also to increase the internal energy of
the conductor itself. To estimate the effects of the compressibility of the
conductor, the wave propagation problem illustrated in Fig. 2.2 will be ex-
amined. When a conductive material of specific density p, moves toward
the field with a velocity v, a simple compression wave forms at the surface
of the conductor. As it propagates into the interior of the conductor, the
compression wave becomes increasingly steep, evolving into a shock. The
shock compresses the conductor material, decelerates it, and increases its
internal energy. A pressure, P, equal to the magnetic pressure is established
behind the shock front, and the velocity of the shock-compressed material
decreases to zero at the turnaround point. A current layer that exists at the
interface of the liner with the magnetic field acts like a piston to transfer
pressure to the conductor.
If follows from Egs. 1.57 and 1.60 that

P = pyv(co + sv), (2.10)

with a peak magnetic pressure, obtained from Eq. 1. 51, of

Py, =LEm? (2.11)

- 2 max"*

Equating these results shows that the magnetic field strength (and, there-
fore, the energy density), which does not depend on the thickness of the
walls of the liner, cannot exceed the value

Hpax = 4 /%pov(co + sv). (2.12)

Estimates based on Eq. 2.12 show that Hp.x = 20-30 MOe when the
velocity of the conductor is 10 km/s.

During the final stages of magnetic field compression, the kinetic energy
of the conductor is not converted into magnetic energy, but rather is used
to increase the elastic (when Hy,., approaches 10 MOe) and thermal (when
Hopax = 10-100 MOe) energies of the conductor, to ionize its atoms, and
to generate electromagnetic waves. Each of these processes causes a loss
of efficiency in the conversion of kinetic energy to magnetic energy. In the
event that the field is compressed by a planar conductor, the plot of the
peak magnetic field strength as a function of the initial velocity of the
conductor is shown in Fig. 2.3.
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FIGURE 2.3. The maximum magnetic field that can be achieved within a mag-
netic flux compressor depends on the value of the seed magnetic field and the
initial velocity of the conductor. However, this relationship is not linear owing to
various losses that occur during compression process.

For a substance with a third-order equation of state in the elastic com-
pression domain; that is, when H = 108 Qe,

the maximum field strength is equal to

: (2.13)

_ [ 81pyC? [ 0y 3 3
Hmax_{ L <C+1) -1 4, (2.14)

where C is the velocity of sound. If the thermal pressure is much greater
than the elastic pressure (i.e., when H = 10® Oe), the maximum magnetic

field is
32
Honax = ,/%vl. (2.15)

When the radiation pressure is much greater than the pressure in the con-
ductor, it has been shown that the value of Hy,ax is proportional to v1/4.

The problem of determining the limiting value of Hpax for an ideal con-
ductor reduces to that of finding the restrictions on the kinetic energy den-
sity acquired during the acceleration of the liner by the explosive products.
Magnetic compression will occur if
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2
il e
— > -—uH*%; 2.16
5 > pHHS (2.16)
i.e., when the hydrodynamic pressure is greater than the magnetic pressure.
The compressibility of the liner material noticeably limits the compres-
sion of the magnetic field. A high velocity is imparted to the liner by the ex-
plosive, and the velocity of its inner surface tends to increase further owing
to the convergence of the motion. During the collapse of an incompressible
cylindrically shaped liner, the velocity of its inner surface approaches infin-
. . . -1/2 . . .
ity according to the expression (7’2 In 7') 1 as 7 — 0; that is, the kinetic
energy is concentrated at the inner surface of the liner [2.1].

2.1.8 Conductivity Change

Diffusion of the magnetic field into the conductor leads to losses of both
magnetic lux and magnetic energy. The magnetic field does not remain
localized in the cavity enclosed by the conductor, because part of the mag-
netic energy diffuses into the conductor before it is released in the from
of Joule heat. This part of the flux is lost from further compression. The
current, density flowing through the MCG may be estimated from Ampere’s
equation (cf. Eq. 1.2):

dH H
Tdz T 2’
where z is a characteristic length of the generator. If a magnetic induction
of B = pH = 100 T were created within 10 us, then the skin current
density, according to Eq. 2.12, would be j = 2.5 x 10° A/m?.

High current densities lead to strong Joule heating of the conductor,
which may cause increasing vaporization of the material from the surface
of the liner as the magnetic field increases. This results in a hydrody-
namic explosion, and when this occurs, the normal thermal conductivity of
the material may be neglected. During the explosion process, a compres-
sion wave, followed by a rarefaction wave, passes into the material. The
rarefaction wave converts the material from a conducting medium into a
nonconducting medium. Inside the rarefaction wave, the pressure decreases
from the value inside the medium down to zero at the boundary with the
field, i.e., the surface of the liner. The front of the wave at which the con-
ductivity loss occurs separates by a certain distance from the rarefaction
wave front. Magnetic compression will take place as the front propagates
into the conductor, provided that the velocity of the conductor exceeds
the velocity of the front at which conductivity is lost. This is because the
magnetic field is compressed by the deeper layers of the medium that re-
main conductive. If this last condition is met, the hydrodynamic explosive

j= (2.17)
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process will not be catastrophic, even with the unfavorable conductivity of
the plasma layer. When the field increases, it can be expected that heating
the vapors to high temperatures will yield high conductivities. The plasma
layer is formed between the solid surface of the liner and the magnetic
field in the cavity. The conductivity of the plasma layer increases as the
magnetic field is compressed, but is limited by radiative cooling at fields
greater than 10% Oe. Therefore, the finite value of the actual conductivity
does not restrain magnetic compression. The decrease in conductivity may,
in principle, be compensated by an increase in the compression velocity
and by selectively increasing the dimensions of the region occupied by the
compressed magnetic field. Thus, when the conductivity is finite, it is still
possible to generate the same magnitudes of magnetic field strength, as
those obtained in the ideal case of infinite conductivity.

2.1.4 Surface Instability

Another phenomenon limiting magnetic compression is instability of the
surface of the conductor that is in contact with the magnetic field [2.1].
When the field strength is high, the inner surface layer is heated to its
melting temperature during the magnetic field compression process. When
this occurs, the solid matter is no longer in contact with the magnetic
lines of force. In principle, the liquid metal that separates the solid part of
the liner from the magnetic field may experience various magnetohydrody-
namic instabilities that prevent it from maintaining the smooth cylindrical
shape required to compress the magnetic field effectively. The main type of
instability is the Raleigh—Taylor instability.

Consider two ideal liquids having mass densities of p, and p,, which are
separated by a boundary that has a shape at time ¢ = 0 defined by the
equation (see Fig. 2.4a)

n(t = 0) = ny cos(kz), (2.18)
where
2
ki=— .
K== (219)

is the wave number. It follows from the theory of weak disturbances that
the surface tension, T, at the boundary between the two liquids, which
reside in the gravitational field, g, determines the temporal behavior of
the displacement of the boundary. This behavior can be expressed by the
equation

71 = N, cosh wt cos (kz) , (2.20)



2.1 Conditions That Affect Magnetic Field Compression 43

where the frequency, w, is determined from the dispersion equation:

_w2 = gkp2 — A kSTS .
Pa+p1  p2tpy

(2.21)

If p, > p;, then the amplitude of the interfacial disturbance does not
exceed its initial value, 7,. In other words, the interaction is stable for the
case of small disturbances (i.e., 75 < A). If p, < p;, then stable behav-
ior will only occur if the restoring force caused by the surface tension is
much greater than the inertial force, i.e., k*Ts > g(p, — p,); otherwise, the
amplitude of the perturbation will increase exponentially in time.

These results are still valid for the hydromagnetic problems shown in
Figs. 2.4b, 2.4c, and 2.4d, if the problem is interpreted correctly. For exam-
ple, if the density of one of the fluids is set equal to zero and if the magnetic
field lies only along the axis of the cylinder, H,, then one obtains

w? = +gk, (2.22)

where the plus sign corresponds to the unstable condition depicted in Fig.
2.4b and the minus sign to the stable condition depicted in Fig. 2.4c.

For the case shown in Fig. 2.4d, it is expected that a term containihg
the magnetic surface tension must be added to Eq. 2.21, since it is well
known that a tension uH?2/2 exists along the magnetic lines of force. For
the case of an ideally conducting fluid, analysis shows that the magnetic
surface tension is equal to

_ ol cos?

Twm .

(2.23)
where ¢ is the angle between H, and k. Thus, in place of Eq. 2.21, the

following hydromagnetic equation may be derived by using Eqgs. 2.22 and
2.23:

k3
w? = +gk — 7(TM + Ts). (2.24)

The sign of the first term is selected in the same way as it is for Eq. 2.22;
that is, the plus sign corresponds to unstable conditions and the minus sign
to stable conditions. In the majority of the practical cases, the Ts term may
be neglected.

For the case of an unstable condition, the second term may stabilize the
disturbances even if Ts =2 0, provided that the wavelengths are sufficiently
short. This occurs when
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FIGURE 2.4. During magnetic compression, heating causes the surface of the
conductor to melt and, depending on the level of disturbances that form, can
lead to magnetohydrodynamic instabilities. The four cases depicted in this figure
are: a — weak disturbance at the boundary separating two liquids, b — unstable
disturbance at the boundary separating a liquid and magnetic field, ¢ — stable
disturbance at the boundary separating a magnetic field and liquid, and d —
effect of magnetically induced surface tension. When the acceleration vector is
perpendicular to the boundary, the surface is stable for small disturbances as

shown in a and b. Otherwise, the system is unstable as shown in c.
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2
A< p—Z;LOHgo cos? . (2.25)

The above expressions are useful in more general circumstances than are
suggested by the derivation. For example, the stability criterion does not
change, if instead of an infinitely thick layer of fluid, a layer with thickness
hr,, supported by the magnetic pressure

1
5koHz = hipg (2.26)

is considered. The stability criterion in this case takes on the simpler form:

A < 4mhy, cos? . (2.27)

The above results can be used to analyze the stability of the moving liner
in a MCG by replacing the gravity forces with inertial forces and the direc-
tion in which these forces act by changing the sign of the acceleration of the
fluid. Therefore, when the acceleration vector at the boundary separating
the magnetic field and the fluid is directed into the fluid (see Figs. 2.4a and
2.4b), this surface will be stable for small disturbances with wavelengths
that satisfy the condition in Eq. 2.27. Otherwise, as is shown in Fig. 2.4c,
the system is stable for any wavelength.

Excitation of Raleigh—Taylor instabilities as the liner moves into the vol-
ume where superstrong magnetic fields are being created strongly limits the
capabilities of the generator. This occurs when the main conductive por-
tions of the liner are being slowed by the retarding pressure created by the
magnetic field. This is the final, and most critical stage of the compression
process.

To decrease hydrodynamic instabilities in coaxial MCGs, it has been
proposed that several coaxial stages, each acting as a liner, be used to
successively compress the magnetic field. This process increases magnetic
field accumulation and generates magnetic fields having strengths in the
thousands of Tesla.

2.2 Theory of Magnetocumulative Current
Generators

The discussion of the previous section has been couched in terms of devices
that compress flux to produce superhigh magnetic fields. All the issues
addressed are also relevant to generators that are intended to produce large
currents in a load. Some additional matters arise when this latter class of



46 2. Magnetocumulative Generator Physics and Design

devices is considered, and the relative importance of the various phenomena
is altered [2.5-2.7].

Magnetocumulative generators that operate in the energy-generation
mode produce magnetic fields no higher than 0.5 MOe. In this case, the
conductor is a solid and has a smooth, well-defined boundary. The conduc-
tor motion is much more affected by the accelerating effect of the explosive
driver than it is by the retarding effect of the magnetic pressure, so that
liner motion can often be analyzed without regard to the electromagnetic
behavior of the device. In this case, the electromagnetic analysis can be
conducted using a priori knowledge of the conductor motion. Because flux
diffusion into the conductors is also less important than for superhigh field
devices, the laws that describe the change in the magnetic field (or electric
current) are also simplified. Capitalizing on these observations permits the
creation of simplified models that can be solved analytically.

Consider a MCG analysis based on a specific assumption regarding the
change in the magnetic field, H(t). In this case, the problem can be solved
with relative ease and with a precision comparable to that of available
experimental measurements.

When taking into account the leakage of magnetic flux in a planar MCG,
it is sufficient to use the field diffusion equation for incompressible conduc-
tors:

dH d dH
E—EQE) (2.28)
where
1
x=— 2.29
i (2.29)

and o is the electrical conductivity (Eq. 2.28 specializes Eq. 1.40 to plane
fields but generalizes it to allow variable conductivity). It is more convenient
to rewrite this equation in the form

52 — XT(I + (5’) _ Xl‘r'g’ (2‘30)
where
H H a6 dx
5:_68j, T=%z’ 6’:-8—$,X’='é;. (231)
T t

All these quantities are functions of time, £, and the coordinate, x, which
is the distance from the surface of the conductor into its medium. If the
condition
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146
XL+8) o, (2.32)
X
is satisfied, as it is for various types of MCGs, when o = const, then the
diffusion equation is

§ = £/x(1+9)., (2.33)

For most MCGs, any current-carrying path formed on the conducting
boundary of the surface of the MCG cavity encloses the magnetic flux
® = [ H dS, where S is the area bounded by the path. Applying Faraday’s
and Ohm’s laws to this circuit yields Kirchhoff’s equation:

R'I+(dL'/dt) [+ LT =0, (2.34)

where I and [ are the current and its derivative with respect to time; R’ is
the resistance, if it is assumed that § is the skin depth at the surface of the
conductor, L = ®/I is the inductance of the MCG cavity; ® is the mag-
netic flux in the cavity (which does not include the flux that lies beyond the
boundaries of the cavity), and dL'/dt is the rate at which the inductance
changes, which depends on the motion of the conductor as the magnetic
field is deformed. Using these definitions of R, L, dL'/dt, Kirchhofl’s equa-
tion for the MCG is as precise as Maxwell’s equations. A portion of the
magnetic flux may not participate in the magnetic compression process if
it is separated from the magnetic flux in the main cavity of the MCG. For
example, some of the flux trapped in the solid dielectric or in slots between
the conductors in the outside coil of the MCG will not be compressed.

If the flux cut-off occurs continuously (or almost continuously), then
Kirchhoff’s equation may be rewritten to have the same form as Eq. 1.66.
This equation determines the flux and energy losses. During operation of
the MCG, the lost flux is that which leaks through the internal surface of
the conductor and is equal to

t
/ R'T dt = LoIo(1 — \g), (2.35)
0

while the lost energy is equal to

t Ak )\k
Wioss = / I’R' dt =I2L? / 7 D, (2.36)
0 1
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which is that part of the magnetic energy that passes through the boundary
of the conductor and is converted into Joule heat during the time interval,
t. The energy loss, Wposs, tends to zero as A\ — 1.

After field compression in the MCG has been completed, the flux and
energy losses in the conductor may also stop; i.e., the value of R may be-
come negative: 9H/dx > 0,8 < 0. The value of §(0,t) required to calculate
R can be easily determined, if it does not depend on time. For the case
under consideration, it is useful to assume that the magnetic field strength
at the conducting boundary is given by the equation

H(0,¢) = H(0,0) (1 - n%) - (2.37)

where 7o = 7(0,0) and 7 is some number. If n > 0, then the field H(0,t)
increases hyperbolically. The magnetic field in MCGs with ideal conductors
(0 = 00) also changes hyperbolically. If n > 1, where the value of n depends
on the type of MCG being considered, §' = 1/4. As n — oo, H(0,t) —
H(0,0) exp (t/70), T — const, §' = 1/4n — 0, and § — /x™ = const
(which is the well-known exponential approximation).

For the case of a uniform magnetic field, the value of R’ is proportional to
the perimeter p. of the cross-sectional area of the cavity, and the value of L
is proportional to the cross-sectional area, S, of the cavity. The geometry of
the field compression region is related to the ratio p. = po (S/S0)“, where
po and Sy are the initial values of p and S, @ = 1 — 1/m, and m is an
arbitrary number. If it is assumed that the kinematics of the compression
process are described by the hyperbolic equation, H(t), i.e., n > 1, then
from Kirchhoff’s equation the magnetic fluz conservation coefficient is

m

2

Ymm\/(4n + 1) Ry, =01

where m # 00, v, = (2n —m)/2nm, Ry = S3/p§x""°, and vy =
H(0,t)/H(0,0). In most typical cases, n =m = 1,2, or co.

The electrical current I is equal to /L, and it is amplified if (—L) > R.
For the case of a uniform magnetic field, the value of I is proportional to H.
The magnetic field may also be amplified if the thickness of the surrounding

Ap=|1—

(2.38)

conductor is § > —2xp./ S. When (—L) >> R, then y; = Lo/L, which
implies an ideal amplifier. The magnetic energy is W = I?L/2 = ®2/2L,
and it is amplified (i.e., W > 0), if (L) > 2R.

If Kirchhoff’s equation is applied to a uniform magnetic field, then the

cross-sectional area of the cavity, where the energy amplification is critical
(i.e., W = 0), can be found:
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_ 2xp? _ b.pes
T (=8,)1+8)  (1+6)

(2.39)

*

When 6, — 1, s, — 0o, and when &, — 0, s, — 8,pc..

2.3 Current Generator Design Issues

2.8.1 FEliminating FElectric Breakdown

At the surface of an ideal conductor moving with a velocity of v through
a magnetic field, the electric field strength is given by the equation

E=-vxB. (2.40)

If the magnetic field is parallel to the surface of the conductor, then the
magnitude of the electric field strength depends only on the normal com-
ponent of the velocity, v,, i.e.,

E =v,B. (2.41)

When the magnetic induction is B = 100 T and the velocity of the con-
ductor is v, = 1 km/s, the electric field strength is F = 100 kV/m. Thus,
one may conclude that MCGs can be distinguished as devices that create
strong magnetic fields and very high electric currents but comparatively
low electric fields.

However, in some types of MCGs, an angle forms between the collapsing
liner and the current-carrying coil, which leads to the formation of strong
electric fields, as shown in Fig. 2.5. In this case, the strength of the electric
field is determined from the expression

vB
sina’

E= (2.42)
where « is the angle formed by the collapsing shell.

Breakdown occurs ahead of the colliding surfaces at small angles, «,
owing to the formation of high electric fields, E. The short-circuiting of the
cavity compressing the magnetic field leads to high losses and decreases
their capability to compress the magnetic fields. One way to increase the
efficiency of MCGs is to fill the compression region with gases having higher
breakdown thresholds than air. In experiments that have been done using
gases with high breakdown thresholds, the current-bearing surfaces have
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FIGURE 2.5. The angle between collapsing liner and current carrying-conductor
can lead to the formation of strong electric fields, which can cause breakdown
and reduce the efficiency of the flux compressor.

made contact at angles of @ = 0.02 to 0.06 radian with no noticeable loss
of flux due to breakdown.

On the basis of the material provided above, it may be concluded that
magnetic field compression can generate high magnetic fields, high currents,
high temperatures, and high electric fields, depending on the particular de-
sign. The factors that limit the capabilities of MCGs are finite conductivity,
compressibility of the liner material, hydrodynamic instabilities, and arc
formation.

2.3.2 Increasing the Energy Amplification Factor

Helical MCGs, which are discussed in Section 3.4, are designed to amplify
a small input current. The amplification factor can be increased without
increasing the cavity volume by artificially increasing its length. This is
done by adding an infinite number of turns with infinitesimally decreas-
ing step sizes, i.e., decreasing the distance between each succeeding turn
without changing the length of the cavity. For a helix of specified length,
the magnitude of the energy amplification factor y,,():), where A, is the
length of the selected section of the MCG spiral in which the inductance
has decreased by a factor of e, reaches a maximum when the length of the
section is chosen to be equal to A\, =~ ppD/u? x 10'°. In this expression,
D is the detonation velocity, u is the mass velocity, and pg = 1/0 Q-cm.
Over the whole length, !, of the preamplifier, it is found that

.

1\ w (1)
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The value of 7,, increases rather strongly with an increase in the velocity
u, and the value of D/u is in the range 3-5 in most MCGs. A generator
that has an optimized gain must have a high magnetic flux conservation
coeflicient, not a high efficiency. However, this is not required for the case
where the input energy to the amplifier is low. During the initial stages
of magnetic field compression, the magnetic energy density may be several
orders of magnitude less than the energy density of the high explosives.

2.3.8 Delivering the Mazimum Possible Energy to the Load

When a high value of the energy gain, v,,, has been specified and when the
inductance of the load is low, it is possible to select generator parameters
that ensure delivery of the maximum possible energy to the load. For given
values of v,, and fixed initial inductance and when the condition 5 <<
§/2, where 6§ 5 is the thickness of the helical turns, is satisfied, the maximum
possible energy is delivered to the load when the Q-factor of the MCG is
at its peak value. The quality- factor (or Q-factor) is defined to be ratio of
the energy stored in the MCG to the energy lost. The Q-factor is:

L
a = ﬁ, (244)

where T is the characteristic MCG coupling time and L is the total induc-
tance of the MCG. Likewise, the Q-factor of the load is

T 2TR;’

aj, (2.45)

The amount of energy delivered to the load is given by the expression

2
Ac
W, = —0%el (2.46)

2, 7T
2L;, D TMm

where ). is the length of the coupling section.

2.8.4 Attaining the Mazimum Possible Gain

When a specified amount of energy is to be delivered to a load having a
high inductance, Ly, it is possible to select generator parameters to achieve
the maximum possible gain. The critical limitation on generators having
a high load inductance is the high electric field strength, which depends
on the EMF and the geometry of the MCG. The magnitude of the EMF,

E = — [ I, will be maintained at its maximum allowed value, E = E,, if
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L = Lyexp[—2(a — ag)] = Lo exp(—t/T), (2.47)

where o = ag exp(t/T,), T = t/200(e/ ™ — 1) # const, and 7, = L/R =
const.

If the energy delivered to the load is Wi, = E272/8a2Ly,, then the max-
imum value of 7,, is achieved at the initial value of & = a9 = 1. In this
case, the energy delivered to the load is 7}\4(0‘—1) times greater than the
energy that would be delivered if the inductance of the generator varies
exponentially for the same L; however, the energy amplification factor is
limited by the value of «,.

2.8.5 Unconstrained Energy Amplification

When a given value of energy, Wi, is delivered to the load, then to achieve
an infinite amplification factor, 7v,,, for an MCG having a constant cross-
sectional area that does not tend to zero, an ideal dielectric insulator, hav-
ing infinitesimal conductivity, must be used. In this case, the EMF and ,,
could approach infinity and the value of Wi, remains the same for a lim-
ited value of the Q-factor, . The use of a single ideal conductor (¢ = co)
appears to be insufficient. The magnetic flux needs to be completely con-
served. No flux cut-off is possible, including that related to the irregular
motion of the conductor. Ideally, a compressed dielectric is needed, for only
in this case will a and 7 tend to infinity.

The finite conductivity of real conductors allows an unconstrained in-
crease in 7y,, at given values of W[, but only when the dimensions of the
generator increase in all three dimensions. This is referred to as the quasi-
time-independent model of the MCG. The presence of a conductive medium
(a gas) inside the generator may limit the parameters of the generator.

According to the quasi-time-independent model, infinitely large values
of ), can be achieved through an increase in the length of the MCG and
when W1, goes to zero. However, the finite value of the velocity of the
electromagnetic wave constrains this possibility. For example, in the spiral
MCG, the step size of the spiral must be made infinitely small, so that
the phase velocity with which the liner makes contact with the turns of
the spiral does not exceed the speed of light. The upper limit of 7y, for a
spiral with a diameter of 1 cm appears to be on the order of 103. When
the diameter increases, i.e., tends to infinity, the upper limit of v,, tends
to 108,

In MCG amplifiers, the conversion of chemical energy from high explo-
sives into magnetic energy does not need to be highly efficient. To achieve
the highest values of v, from an MCG with an optimized design and a
coupling inductance that obeys the relation L = Lgexp (£/7), only high
explosive charges having a length of A = 7D < \;, where D = const, a
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diameter of d; = const, and that releases its energy linearly, can be utilized
efficiently.

Energy amplification can be achieved with high efficiency, if the equation
that describes the release of energy by the high explosives (WgE) is in
good agreement with the relation that describes the optimal generation of
magnetic energy. This may be accomplished in two ways:

e Properly shaping the explosive charge so as to increase the effective-
ness of the explosive.

e Distributing the high-explosive detonators that drive the detonation
process.

The second method can be accomplished by using a large number of
volumetrically distributed detonators, which are detonated according to a
specified scheme. It is also possible to use a wire along which are located
a chain of detonators to initiate the explosives. This last method is shown
in Fig. 3.4. )

Using the expression LI?/2 = kygWpgE, which was derived for helical
MCGs by assuming that the inductance varies exponentially according to
the expression L = Lg exp (t/7) and that the diameter of the high explosives
is constant, the expression

D~ VMO exp [-t- (1 - l)] (2.48)
TkHET2qT T a
can be derived for the detonation velocity. In this expression, kgp = const
is the efficiency with which magnetic energy is generated, r. is the radius
of the explosive charge, and ¢ is the energy density of the high explosive.

Replacing a single-point initiation of the high explosives with volumetric,
surface, or axial detonation can lead to an increase in the rate of magnetic
field compression during the final stages of the compression process. Higher
efficiencies and specific energies can also be achieved by using these initia-
tion systems.

One of the most efficient MCGs is the coaxial MCG with axial initiation,
which is shown in Fig. 3.4. The equations that describe the operation of
this generator, which do not take into consideration the compressibility
or strength of the walls, consists of Kirchhoff’s equation and the equations
that describe the motion of the conductor and field diffusion. The boundary
condition is

. _ (puE —DPM)
= 2.49
T1 Ml ) ( )

where py g is the pressure created by the detonation of the explosives, M;
is the mass of a unit area of the tube, and r; is the radius of the liner wall.
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An analytical expression for the initial velocity imparted to the liner wall
by an axial detonation is

u= L Mﬂ_, (2.50)
4 (7u + K‘m)

where K,, = m/M, m is the mass of the high explosive, M is the mass of

the tube, and v, = 0.5logy K, ~ 1.540.75 In Kp,. The value of K, lies in

the range 0.25 < K,,, < 4. The efficiency with which the chemical energy

of the high explosives is converted into magnetic energy is given by

)u
=2 2.51
MHE T+ K (2.51)

For the case in which the maximum energy of the explosion is converted
into magnetic energy, there is an optimal value for H (t). In the case of coax-
ial MCGs, which are designed to optimize the specific energy, the magnetic
field strength is H ~ 0.7 MOe. When r; > 100 mm, this value is much
less than the maximum possible achieved values. The restrictions on per-
formance are due to field diffusion and irregular motion of the liner walls
and are most significant in MCGs with small dimensions.

For the case of axial detonation, the coaxial MCG may achieve rather
high powers, because the liner has a large surface area, s, and higher veloc-
ities, u, which reach 4 x 103 m/s. The magnetic energy flux (power density)
is Py = 2ww, where wy = H?/8m. The total energy flux depends on the
surface area of the liner, s, i.e., P = Pys. For example, if u ~ 103-10*
m/s, H ~ 1 MOe, and E ~ 10°-10% V/m, then Py ~ 10'3-10* W/m?2.

When coupling the energy from the MCG into the load, the derivatives
of the power and current are limited by the electrical strength of the con-
ductors that make up the transmission line from the MCG to the load.
These values may be increased by increasing the radius of the transmission
line.
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3

Magnetocumulative Generators

3.1 Introduction

As was discussed in the previous chapter, MCGs convert chemical energy
from high explosives into electromagnetic energy. A highly conductive body,
accelerated as the result of an explosion, moves through a magnetic field,
which, in turn, does work against magnetic forces and induces an electro-
motive force in a second conductor that surrounds the magnetic field. If the
deformation of the magnetic field is sufficiently fast, the magnetic flux will
not penetrate through the walls of the moving conductor and the energy
in the magnetic field increases. This energy is accumulated in an inductive
coil and delivered to a load.

The energy transformation process consists of three stages, that in reality
occur simultaneously:

e transfer of explosive energy to the moving conductor in the form of
kinetic energy,

e conversion of the kinetic energy into magnetic energy, and

e conversion of magnetic energy into electrical energy.

The conversion of explosive energy into kinetic energy is optimal when
the high explosive completely covers the surface of the moving conductor
(the liner) and when the mass of the explosive is approximately equal to
that of the liner. Exact calculations and experiments show that more than
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half of the explosive energy can be transformed into kinetic energy. How-
ever, the velocity of the liner is not very high in this case, being only about
1-2 km/s. Effective conversion of explosive energy into magnetic energy
depends on the velocity of the liner and on the initial magnetic energy den-
sity. The optimal condition occurs when the initial magnetic energy density
has the same order of magnitude as the energy density stored in the high
explosive. This condition is satisfied when the magnetic field strength has a
value in the range of 0.25-1 MOQe. This field is optimal because it provides
the most effective force for stopping the liner. Moreover, there is no ben-
efit in increasing the initial magnetic field beyond 1 MOe, because to do
so disproportionately increases the Joule heating in the walls of the liner,
thus decreasing the efficiency of the MCG.

Another factor that affects the output of the MCG is its specific design.
Each design has its own unique set of parameters that makes certain designs
better for one application and others better for other applications. That is,
the characteristics of the load dictate which type of MCG is best for use
with that load. In this chapter, various MCG designs are examined.

3.2 Classifications of MCGs

Since 1952, two general classes of MCGs, referred to as MK-1 and MK-
2 [3.1], have evolved. The MK-1 class (Fig 3.1a) is an “explosive-driven”
or “implosive-driven” flux type of generator in which the detonation wave
covers a broad area and accelerates the entire surface of the liner or outer
conductor, respectively. The MK-2 class (Fig. 3.1b) is an “explosive-driven
flux” type of generator, in which the detonation wave moves along its axis
and accelerates the liner continually outward to form a flange that moves
from one end to the other end.

There are several MCG designs based on the MK-1 and MK-2 classes of
generators, or some combination of the two. The MK-1 class of generators
is more effective, because the explosives fully surround the liner and the
conversion of explosive energy into magnetic energy can be preformed un-
der optimal conditions. However, this design requires rather a high initial
magnetic field, which increases the mass of the generator if the coil used to
create the initial magnetic field is powered either by capacitors or batter-
ies. The MK-2 class of generators is less effective, but requires lower initial
magnetic fields, thus making it more portable. Which class of generator is
optimal for a particular application will be determined by the nature of the
electrical load and the mass and volume constraints imposed on the sys-
tem. In some applications, the MK-2 is used to create the initial magnetic
field in an MK-1 generator, and in other cases the two designs have been
integrated into a multistage generator.
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FIGURE 3.1. Schematic drawings of (a) MK-1 and (b) MK-2 type MCGs. In the
MEK-1 generator, the implosive waves are directed towards the axis of the MCGQG,
while in the MK-2 the explosive wave is directed along the axis.

There are several ways of initiating MK-1 and MK-2 generators. Typi-
cally MK-2 generators are end-initiated; i.e., the detonator is placed at the
end of a column of explosives, while MK-1 generators are detonated by an
array of detonators, which results in either

e surface initiation,
e axial initiation,
e combined surface and axial initiation.

MCGs can also be classified according to whether their rate-of-change in
inductance is time constant or time variable. Time-constant inductance rate
of change is observed in plate, bellows, cylindrical-coaxial, and single-pitch
helical generators, and time-variable inductance rate of change is observed
in all generators including all the above (or multisection and/or variable-
pitch helical generators). In addition, MCGs can be classified as either slow
(tens to hundreds of microseconds) or fast (less than ten microseconds). The

characteristic values of parameters MK-1 and MK-2 generators is presented
in Table 3.1 [3.2].
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Class Final Driving Force
Characteristics Explosives Electromagnetic
Metallic Dielectric- Metallic
Liners Metallic Liners
Shock-
Wave
Transition
MK-1  Bj = By (xg-?- AR 0.8 A % 0.056 AR 0.6
S S S
2 ~ 200 gi;- ~ 1600 32 =440
Bmax ~ 1700 T Brmax = 1600 Bmax ~ BBO T
L ~
MK-2 Ip=1Ip ("I‘?‘) AR 0.2-0.38 ? -

%Q- ~ B — 16000
f

Wy = Wo (Af—%) Imax = 320 MA Imax = 0.027 MA
Winax &~ 100 MJ  Winax & 0.20 MJ

TABLE 3.1. Characteristic parameter values of the MK-1 and MK-2 generators:
B — magnetic induction, I — electrical current, W — magnetic energy, L — induc-
tance, S — cross-sectional area, A — magentic flux conservation factor, and the
subscripts 0 and f are the initial and final values respectively.

In this chapter, the following designs are examined:

e coaxial MCGs (CMCG)

e spiral (helical) MCGs (SMCG)

e plate MCGs (PMCQG)

e loop MCGs (LMCG)

e disk MCGs (DMCQ)

e shock wave or semiconductor MCGs (SWMCG).

Of these generators, the CMCG, SMCG, PMCG, and SWMCG can be
either MK-1 or MK-2. The class and design of MCG used in a particular
application depends on the requirements of the load, that is, pulse length,
rise time, impedance, and/or voltage. The reasons for selecting a particular
class and design of MCG is discussed in Chapter 5.

In addition, multistage MCGs and multi-MCG systems called “batteries”
are discussed. Multistage MCGs are where different classes and designs of
MCGs are integrated into the same system, such as when an MK-2 spiral
generator is used to drive an MK-1 spiral generator through flux trapping.
Multistage MCGs are two or more MCGs connected in series, such as when
an MK-2 spiral generator is used to drive another MK-2 spiral generator
through a transformer.

3.3 Coaxial MCGs

One of the simplest MCG designs is the coaxial MCG (CMCG) [3.3-3.5],
which consists of two coaxial cylinders, where the inner cylinder has an
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FIGURE 3.2. General view of a coaxial MCG: 1 — external conductor, 2 — internal
conductor (liner), 3 — explosive, 4 — measuring coil, 5 — switch, and 6 — Plexiglas
ring. The explosive is detonated at one end of the generator. The liner expands
toward the outer conductor and makes contact with the outer conductor. This
expansion process moves along the length of the generator.

outside radius of 7 and the outer an inside radius of R. Flux compression
takes place in the annular space between the two coaxial cylinders by ex-
plosively expanding the inner cylinder, called the liner. The inner cylinder
begins to expand toward the outer cylinder at one end. This expansion
process moves down the cylinder reducing the length of the annular region,
thus compressing the magnetic field.

A general view of the CMCG is presented in Fig. 3.2. It consists of
two tubes, portions of which are pressed into a strong turned barrel. The
portions of the coaxial cylinders placed in the barrel act like a load for the
generator. A measuring coil is embedded in the cylindrical Plexiglas ring.

Flux compression may be achieved by either explosively expanding the in-
ner conductor or explosively collapsing the outer cylinder. In some designs,
both processes have been carried out simultaneously. The first method is
the more interesting, since it is energetically efficient, easy to design, and
more effectively used with other MCGs in cascaded systems.

Let us now derive the basic expressions that describe magnetic compres-
sion in the CMCG. Analysis of experimental data shows that the output
current of CMCGs using low-energy explosives is limited by the maximum
work that the liner does against the magnetic field during flux compression.
When the high explosives are detonated, the amount of power generated
is proportional to the expression ¢S¢ D, where q is the density of the high
explosive, Sg is the area of the detonation front, and D is the detonation
velocity. The fraction of the explosive energy that is converted into kinetic
energy of the liner is denoted by kyg.
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It is worth noting that the pressure of the explosion products decreases
rapidly, so that the acceleration of the liner is completed after the explosive
products have expanded to 1.5-2 times the initial diameter of the high
explosive. Experimental studies of the acceleration of copper tubes by high
explosives show that the tubes acquire 70-85% of their maximum kinetic
energy within the first third of their final increase in diameter. When the
tube has expanded to more than 2.5 times its original diameter, longitudinal
fractures develop, which implies that the circumferential conductivity goes
to zero.

The efficiency with which the high-explosive energy is converted into
kinetic energy is determined mainly by the ratio of the mass of the high
explosive, m, to that of the liner, M:

Calculations show that the smaller the value of k,,, the weaker the depen-
dence of the acceleration efficiency is on both the type of high explosives
used and the materials from which the liner is constructed. The maximum
velocity of the liner is [3.4]

A1+ 2kn -1
w=pV 270 (3.2)
1+ Bk +1

The optimal value of k,, is 81/32, which is explained by the fact that the
liner is efficiently accelerated by only the comparatively small layer of high
explosive that is in direct contact with the surface of the liner. Increasing
the mass of the high explosive, such that it increases the value of k., beyond
the optimal value, only decreases kyg and does not increase the velocity
of the liner. It should be noted that Eq. 3.2 has to do only with explosive
performance and can be applied to other types of MCGs.

If it is assumed that the velocity of the explosion products is linearly
distributed, then the acceleration efficiency can be estimated from the fol-
lowing expression:

2
T 24 km

kue (3.3)

Analysis of this expression shows that as kyg — 1, so k,, — 0. Experiments
confirm that k,, does decrease as kyg increases; however, kyg does not
increase to 1, but rather to nearly 0.8, before decreasing to 0.5 — 0.6. This is
because, along with the decrease in k,,, there is an increase in the thickness
of the liner walls in comparison to the thickness of the high explosives and
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in the pulse length of the compression wave created by the high explosives.
This length is proportional to the thickness of the explosive charge, and so
the wave processes play an important role in the energy distribution.

In designing MCGs, it is frequently necessary to know the angle formed
between the liner and the center line of the cylinder. If the thicknesses of
the liner and outside cylinder are 0.4-2 mm and the distance between the
two cylinders is 12-15 times this thickness, then a specific angle, ﬂp, is
formed, which is time independent. This angle is

1 0.1
ﬁp=«/%$ (m+ 1.86+?), (3.4)

where 7., = por3/p;(R% — r?) is the normalized distance moved by a mass
per unit area of high explosive and of liner, £ = (r; — 7)/r is an increment
of radius, r is the outer radius of the liner, r; is the radius of the liner
during its motion, R is the inner radius of the outer conductor, p is the
density of the high explosive, and p, is the density of the liner material.

After being accelerated, the moving liner compresses the magnetic field,
thus performing work against the magnetic field defined by the expression
—I2AL/2. Part of the kinetic energy of the liner is converted into magnetic
energy when the magnetic field is compressed, which means that a fraction,
Nyg, of the explosive energy is converted into magnetic energy. The energy
balance for this process is

1
-51212* = NurgSe D, (3.5)

where R, = dL/dt is the resistance due to the change in the inductance.
From Eq. 3.5, an expression for the maximum output current of the MCG

can be derived as
2 Se D
Imax = TIH_E__;I{ L . (36)

Because the skin depth is usually much smaller than the radius r, its cur-
vature may be neglected, and it can be assumed that the CMCG has a
planar skin-layer. However, the fact that the fields at the surfaces of the
two conducting cylinders are different must be taken into account.

If it is assumed that the magnetic field at the inner surface of the outer
cylinder is H, then the field at the outer surface of the liner is equal to
HR/2 and the current in the circuit is

I=2rHR. (3.7)
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The inductance of the generator during the longitudinal compression of
the magnetic field is

_ Fog R
L(t) = o (lo — Dt) In = (3.8)
where [ is the length of the CMCG. The magnetic flux in the CMCG can
be derived from Egs. 3.7 and 3.8 as
R
® = LI = pyHR(lp — Dt) 1n7. (3.9)

The flux losses in the CMCG are determined from the formula

R1n§ﬁ [(1 - %) uH(t)] (3.10)

et (-8,

or, in normalized form, where time is related to the compression time 7. =
lo/ D and the distance z to a characteristic linear dimension,

d 1 1\l 1 1-t dH
Et_(l —t)puH({) = [5 (ﬁ + ;) B@—G—#E]R (3.11)

The magnetic Reynolds number depends on the diameter, a, and length,
lo, of the cavity:

a2 D

If the coefficient on the right-hand side of Eq. 3.11 is equal to 2/ and
ifais

N, (3.12)

In=, (3.13)

so that

N =L1D ( 2Rr )1n25, (3.14)
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then the flux compression is reduced to that of longitudinal compression
along the axis of the generator.

To derive the basic parameters of the CMCG, it is useful to express all the
formulae in terms of the dimensions of the generator. With this purpose in
mind, and taking into account the assumptions that the compression pro-
cess is time-independent, and that R, = dL/dt = —DdL/dx, substituting
the expression for the inductance per unit length of the generator into Eq.
3.6

_ o B
L= o In - (3.15)
yields the maximum current as
Maed
Lyox =7, | ———(R-4.), 3.16
o (R—5) (3.16)

where 6. is the thickness of the liner wall.
The maximum field strength, generated by the field compression, can be
derived by substituting Eq. 3.16 into Eq. 3.7:

_ 1 [ugq R4
H‘“‘”‘_2*/u01nLR e (3.17)

The energy density of modern high explosives is about 8 x 10° J/m?3. If
it is assumed that 7y = 1 and that In(r/R) = 1, then Egs. 3.16 and 3.17
become

Imax = 2.5 X 10°(R = §,) (3.18)
and
Hppox = 5;5—?102, (3.19)
2uR

respectively. It can seen from these expressions, that the maximum currents
and fields do not increase with the length of the CMCG. They can only be
increased by increasing the radius of the generator.

Analysis of Eqgs. 3.18 and 3.19 reveals that the CMCG can create az-
imuthal magnetic fields on the order of 100 T and currents of up to several
megaamperes.

The basic disadvantages that limit these generators as energy sources are
their comparatively low output currents and energy gains. These limitations
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FIGURE 3.3. Cone-shaped MCG: 1 — internal conductor (liner), 2 — external
conductor, 3 — explosives, 4 — detonation cord, 5 — load, and 6 — detonation
wave. By constructing the inner and outer conductors as truncated cones, the
compression time is decreased, which reduces magnetic flux losses.

are due to several reasons, with the most important of these being the high
losses of magnetic flux and the small changes in inductance.

Because the high magnetic flux losses are caused by the comparatively
long compression time, magnetic flux may be conserved by reducing the
compression time. One possible MCG design that has a short compression
time is shown in Fig. 3.3, and it will be seen that both the inner and outer
conductors are constructed as truncated cones. The high explosives are
placed inside the liner, and a detonation cord is placed along the central axis
of the generator. The ratio of the explosive and detonation cord velocities
depends on the sine of the angle between the liner and the axis of the
generator:

Q = arcsin -&, (3.20)
D,

where D, is the detonation velocity of the high explosive and Dy is the
detonation velocity of the detonation cord. This particular design causes
the entire length of the liner wall to move, since, as the detonation wave
moves along the cord, it detonates the high explosive that burns radially
outwards, but because of the decreasing amount of explosive in the direction
of the load, the detonation wave of the high explosives reaches the liner
simultaneously along the entire length of the generator, thus causing the
entire liner to move at the same time. The compression time now becomes

Te=—, (3.21)
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FIGURE 3.4. Coaxial MCG with simultaneous HE initiation: 1 — liner, 2 — case,
3 — exploding conductor, 4 — spiral feed, and 5 — gas like exploding mixture.
Simultaneous axial initiation of the explosive can reduce the compression time
by a factor of 10 compared to that of other CMCG designs.

where h,, is the radial distance between the inner and outer conductors
and v is the liner velocity. This particular generator design decreases the
compression time by a factor of 10 over that of typical CMCG designs.

The compression time can also be shortened by simultaneously initiating
high explosives along the entire length of the generator, as shown in Fig.
3.4. The detonator consists of a conductor with a cross section that varies
along its length and located on the center line of the generator. When a
pulse of current flows through this conductor, it is explosively vaporized at
those points along the length of the wire where the cross section changes
sharply. The high explosives are detonated simultaneously at these points,
and they can also be detonated along the entire length of the CMCG by
uniformly distributing a series of electric detonators along its axis.

The output current of a generator that uses the simultaneous initiation
of detonators placed along the axis of the generator is

Ly _ Ay,
I(r)_IOL(T‘) _IOBk—ln e (3.22)

where

Ro +28.
S 3.
Ay 216 L pm2T e - (3.23)

By = 2LIL +1In (Ro + 26) (3.24)
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l. is the length of the coaxial generator, . is the thickness of the outer
wall, Ry is the inner radius of the outer conductor, and Lj, is the load
inductance.

Taking into account magnetic field diffusion, the inductance of the gen-
erator, which depends on the radius of the inner conductor during the time
it is operating, is

L(r) = Ly, + 2L, 1nR°+25°.

(3.25)

The design shown in Fig. 3.4 uses a spiral coil, which is positioned concen-
tric to the liner, to increase the initial inductance. When the liner makes
contact with the spiral, the magnetic energy in the CMCG remains the
same, but the inductance decreases rapidly. The current in the generator
changes according to the expression

Ir=1 II;,_;’ (3.26)
where I; and L; are the current and inductance before the liner makes con-
tact with the spiral coil and I3 and Lg are the current and inductance after
the liner makes contact with the spiral coil. The current flowing through
the generator will increase only after the liner makes contact with the coil,
and this particular design allows the current to be amplified by a factor of
10.

Therefore, to obtain maximum current and energy gains, it is necessary
to use either simultaneous initiation of the high explosive over the entire
length of the generator or a cone-shaped design that uses two kinds of
explosives having different detonation velocities. To increase the energy
initially stored in the generator, the outside conductor needs to be placed
near to and concentric with the liner.

3.4 Spiral (Helical) MCGs

The most advanced and easy to design generators, which can amplify the
output energy by a 100-fold, are the highly inductive multisectioned spiral
MCGs. The spiral or helical MCG (SMCG) [3.3,3.5] is a modification of
the coaxial generator, in which the solid outside conductor is replaced by
a spiral winding, which gives the generator its comparatively high specific
inductance. The magnetic flux is compressed by the expanding inner con-
ductor (the liner). A drawing of a typical spiral generator is presented in
Fig. 3.5. Depending on the specific application, numerous variations of this
basic design have been produced. A summary of these important variations
and their modifications are
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FIGURE 3.5. Sprial MCG: 1 — liner, 2 — spiral coil, 3 — explosives, and 4 —
detonator. The spiral MCG is a modification of coaxial MCG, where the outside
solid conductor is replaced by a spiral winding, which gives the generator a higher
inductance than the corresponding coaxial MCG.

e Fast pulse — two-end initiation and/or inductive coupling plus late
crowbarring.

e High efficiency — dL/dt optimization.

e High voltage — inductive feed plus axial initiation, shaping, and/or
nesting.

e High current — shaping of helical coil and/or armature, tilted turns,
parallel “battery” coupling, and low value inductive/resistive load.

e High energy — dL/dt optimization, high value inductive/resistive
load.

The operating principles of the spiral MCG are similar to those of the
CMCG. Magnetic flux compression occurs as described in Section 2.2. Be-
cause the magnetic flux diffuses into the conductive elements of the circuit,
the diameter of the wires of the solenoid and the thickness of the walls of
the liner must be selected accordingly. It is necessary that the diameter
of the wire and the thickness of the liner walls are greater than the skin
depth, as described in Section 2.1.1.

The inductance of the SMCG is

L=y, / l T (R? — r?) n?(2)dz, (3.27)

where p, is the magnetic permeability of vacuum, n(z) is the number of
turns per unit length, R is the inner diameter of the spiral coil, and 7y is
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the outer diameter of the liner. This equation may be used to calculate the
inductance of other generator designs. However, when designing a SMCG,
the flux losses that occur during magnetic flux compression must be taken
into account. These losses can be accounted for by deriving an expression
that describes the corresponding changes in the inductance of the generator.

It is well known that, owing to the rapid increase in magnetic flux during
magnetic field compression, electric fields are formed in the active volume
of the generator. These fields can lead to electric breakdown, resulting in
less energy being delivered to the load. In the limiting case, the maximum
voltage in spiral generators must satisfy the condition: LdI/dt = IdL/dt =
(®/L) dL/dt. Especially high voltages are formed in the highly inductive
spiral coils, since these coils are a fed high magnetic flux; i.e., for a specified
flux in the load, the value of the initial flux, ®y, must be lower, so that
the ratio Lo/Ly, is higher. Voltages in the SMCG may reach tens, or even
hundreds of kilovolts, depending on the initial energy in the generator,
how the inductance changes, and its dimensions. The operating voltage will
remain at a minimum value for specified generator parameters, if, during
the entire compression process, the value of LdI/dt remains constant.

Experiments show that for highly inductive spiral coils operating with no
significant flux losses, i.e., without breakdown, the ratio &’ = R/L remains
practically constant during the entire time that the liner is coupling with
the spiral turns. If it is assumed that o' is constant, then Eq. 1.57 can be
rewritten as

B q)oe—a't
I(t) = IO (3.28)
Taking the derivative of Eq. 3.28 with respect to time,
dl _ ®oe™** [ + 'Lt
I — o€ [dt +a ( )] (329)

dt L2(t) ’

multiplying both sides of this expression by L, and assuming that LdI/dt =
E = const, it follows that

dL (E
P <&%e°‘ b+ a’) L=0, (3.30)

which can be solved to give,

L(t) = Lo exp [(1 - ea’t) &% - a’t] . (3.31)
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Eq. 3.30 describes the coupling inductance of the MCG, where the max-
imum voltage between the liner and the spiral coils during the operating
time of the generator has been assumed to be constant.

In order to achieve maximum conversion of chemical energy from the
high explosive into magnetic energy, the distance between the spiral turns
must be increased along the length of the generator. This will conserve
the current density. The requisite distance between the spiral turns can be
derived from the law of the conservation of energy, which yields

1 (R2 — r2)Wo <a’W >
Ap=—= T 1 z+1 3.32
n(2) \/;0 B'LoWi Wno (3:32)

where Wy is the kinetic energy per unit length of the liner, Wy, is the
initial magnetic energy, Lo is the initial inductance of the generator, and
the coefficient ' is less than 1.

The energy coupled into the load is

Lo+ Ly, 2 Ly
W, = X2 (t)W, : 3.33
L k() 0< Ly, ) <LL+LB +LG) ( )

where W) is the initial energy in the system, which includes the capacitive
stores (provided it is used to create the initial magnetic field in the SMCG),
generator, and load; W1, is the energy coupled into the load; and Lg, Lg,
and Lj are the inductances of the capacitive store, generator, and load,
respectively. From this equation, the ratio of the energy coupled into the
load to the initial energy can be found:

W ( %f)
Wo )\k(t L+ T Ioilz (3.34)
The efficiency with which the energy of the generator is coupled into the
load depends on the conservation of magnetic flux and on the ratio of the
load inductance to the inductance of the generator.

Figure 3.6 presents plots of the normalized energy versus the normalized
inductance for different values of A\x. From these curves, the inductance of
the generator can be found for given values of Wi, /Wy, Ly, and Ag.

Taking into account the magnetic field losses, an expression for the cur-
rent gain can be derived. The magnetic flux losses are due to the diffusion
of magnetic field into the liner at the rate

ad 2rRD

T = o [0181(0) + 8B, (3.35)
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FIGURE 3.6. Normalized load energy and inductance for different values of the
coupling factor. From these curves, the inductance of the generator can by found
for different values of the ratio of load energy to initial energy, W /W, load
inductance, Lr, and magnetic flux conservation coefficient, Ax.

where R is the inner radius of the spiral; D is the detonation velocity; §, is
the thickness of the skin layer, which depends on the time of flight of the
liner, which is the time for the liner to almost make contact with the spiral
coils; and 8, is the thickness of the skin layer after the liner and spiral
coils have made contact, which depends on the total operating time of the
generator. The total flux losses due to diffusion of magnetic flux into the
metal and due to the eccentricity of the liner and spiral coil are

F
B Lo
BO - |:(l -—lZZLo + LL ’ (336)
where
262R 261 tan(BA.) by tanf
F=1- 3.37
|:R2—7‘% (R-—’l"l)(Ao—d) WR(R—'I"l) ( )
is the quality or perfectness factor. In this case, the current gain is
I L i
0
=== 3.3

where 2 represents the distance along the generator axis that the liner has
expanded and d is the diameter of the wire used to make the spiral coil.

An empirical formula for the quality factor is
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_ In(£)
m(%g ’

5 (3.39)

which has been found to have values that lie in the range 0.5 to 0.7. From
Eq. 3.37, it can be seen that the magnitude of the quality factor can be
increased (i.e., the magnetic flux losses decreased) by increasing the differ-
ence in the radii, R—r;, but an increase by a factor greater than 2.5 makes
no sense due to the destruction of the liner.

To increase the energy and current gains, the expression that describes
the conversion of chemical energy from the high explosives must be adjusted
by using the optimal expression, which is exponential, for the generation
of magnetic energy. This may be achieved by two methods:

e Properly shaping the explosive charge and varying its diameter.

e Properly driving the detonation of the high explosive, for example,
by distributing a large number of detonators along the whole length
of the high explosive or by exponentially releasing the energy of the
high explosive, assuming that it has a constant cross sectional area.

In Fig. 3.7, which shows an SMCG constructed according to the second
of these methods, ED represents a chain of simultaneously initiated electric
detonators. The high explosive in a section is detonated when the walls of
the liner simultaneously impact with the coils in the preceding section. To
adjust the conversion of chemical energy into magnetic energy, the amount
of high explosives in each section must exceed the amount in its subsequent
section.

SMCGs that use simultaneous initiation of the high explosive may be
used as high voltage generators [3.6]. This is due to the fact that these
generators have the high inductances that are characteristic of spiral gen-
erators and shortened generation times. As a result, the total resistance of
the generator increases, and, therefore, high voltages are created. For these
generators, the parameter dL/dt is much greater than it is for other types
of generators, and they operate more efficiently when connected to high
resistance loads. In the schematic diagram of Fig. 3.8, the thickness of the
liner walls varies along the length of the generator in such a way that at
the moment the liner makes contact with the spiral coils, the input to the
load is opened. This is designed in such a way that it will survive the high
voltages formed in the load.

Let us now determine how the inductance of a simultaneously initiated
spiral generator changes. Assuming that the axial field is uniform, that is,
neglecting boundary effects and the existence of any small radial compo-
nents of the field, the effective cross-sectional area of the spiral coils can
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to LL

FIGURE 3.7. “Matrioshka” type of multisection spiral MCG has a chain of elec-
tric detonators, which are simultaneously initiated. This is one method for in-
creasing the energy and current gains of the generator.
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FIGURE 3.8. The short-pulse spiral MCG generate high voltages as a result of
its high inductance. These generators operate more efficiently when connected to

high-resistance loads.




3.4 Spiral (Helical) MCGs 75

be calculated. Denoting the radius of the i-th coil by R;(t), its effective
cross-sectional area is

N
1 2

Aep = — Zln [R? — R2(t)], (3.40)

=
where m is the number of conductors in a section, R is the radius of the
spiral coils in a section, and N is the number of sections that make up
the spiral coil. Since Nm is a large number, the summation sign can be

replaced with an integral or

Aes = ;n% /0 l [R? — R?(z,1)] da, (3.41)

where A is the distance between the turns of the coil and ! is the length
of the spiral coil. When 8 = pgNI/l and | = NmA, the inductance of the
SMCG is

L(t) = W—;ﬁ [% /O l(R2 - Rz(w,t))da:} : (3.42)

If it is assumed that the liner, with radius R;(t), is concentric with the
spiral coil, then by using Eq. 3.42, it can be shown that

pomN?

L(t) = ]

[R? - R3(t)]. (3.43)

If the walls of the liner increase in thickness along its length according to

_(Re—Ri)x

Ry =Ry 7

(3.44)

then Eq. 3.43 becomes

I- pom™N?(Ry — R1)(2Rs + R;)
3l ’

(3.45)

When designing and manufacturing MCGs, account must be taken of the
fact that they obey the law of similarity. That is, investigations do not have
to be carried out on a full-size device, but can be based on scale models,
which significantly reduces the investigation time and the research costs.
For example, denoting the inductance, resistance, and operating times of
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a model and of a real device as L;, Ry, and t; and Lg, Rgp, and ts,
respectively, and assuming that all the linear dimensions of the real device
are m times larger than they are of the model, then for each time t3 = nt,
the equality Ly = nL; is valid and the flux conservation coefficients are

t1 R to R
Ak1 = exp [—/ L—‘ﬂdt] , Ak2 = eXp [——/ L—gzdt] . (3.46)
0 1 0 2
If at each time t3 = n¢;, Ry2 = Ry1, then
t1 R niy R
g1 92
—=dt = —2=dt, Mg = k2. 3.47
f = [ e n = (3.47)

However, this n-fold increase in the dimensions of the generator causes an
n-fold decrease in the equivalent frequency, w = (2/I) dI/dt, which means
that there is a /7 increase in the skin depth and a \/n decrease in the
active resistance of the circuit. If the flux losses in the MCG are due only
to the final conductivity, then

Ry = %, Akg = /\,?1'-“ (3.48)
This relation works well for axially symmetric systems. Experimental in-
vestigations of highly inductive spiral MCGs have shown that if the coils
are insulated and are optimally distributed along the axis, then a generator
can amplify the initial energy by 1000 times or more. The specific energy,
which is the ratio of the energy delivered to the load to the initial volume
of the MCG, is 30-60 J/cm?, and the efficiency with which high explosive
energy is converted into energy delivered to the load is near 4.8%.

3.5 Plate MCGs

Planar MCGs are basically two plates that are explosively driven together
to compress a magnetic field, and they are also referred to as strip, bellows,
or plate generators [3.3,3.7]. The term plate MCG will be used in this
book. The schematic drawing of Fig. 3.9 shows that a plate MCG (PMCG)
consists of two copper plates (1), isolated from the cassette (3) that is filled
with the explosive charge (4), with a single coil solenoid at one end. When
the high explosives is detonated, the force drives the walls of the cassette
toward the copper plates. As a result, the initial magnetic field is driven
into the solenoid.

Investigations of MCGs have focused on the energy characteristics of
these generators, with the goal being to deliver either the maximum amount
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FIGURE 3.9. In plate MCGs, the explosive is used to drive to metal plates
together to compress magnetic fields. The generator consists of 1 — copper plates,
2 — load, 3 — cassette filled with 4 — explosives.

of energy to an active load or the maximum amount of energy from the
high explosive to the load (that is, increase the efficiency of this process).
Considering these two objectives, the optimal inductance of the MCG driv-
ing an ohmic load, the resistance of which is changing as it is heated, can
be determined.

The PMCG can be represented by the equivalent circuit shown in Fig.
1.10, where the generator has a decreasing inductance, L,(t), and a resis-
tance, R,(t), and is connected to a load having an inductance Ly,. At the
moment that the magnetic field compression begins (t = 0), a current Iy is
flowing through the generator. In performing the calculations, it is assumed
that the magnetic flux losses in the generator are much less than the losses
in the load.

Using Faraday’s law of induction, the current in the MCG can be found
as

d In(I) = (1—p,)d In(L), (3.49)

where L = Lgy(t)+Ly,. The current also depends on the normalized function
p,; i.e., the normalized resistance of the circuit, which, in turn, depends on
the resistance Ry(t) and the MCG design through dL/dt:

R,(t
Py = ‘_5_2‘2' (3.50)
dt

In certain cases, the current equation can be derived explicitly, provided
that the behavior of p,(t) is known. By changing dL/dt for specific values
of Ry(t), different temporal curves for p,(t) and for the current flowing
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through the load can be plotted. The dependence of the current on the
normalized circuit parameters in Eq. 3.50 can be used to generate these
curves.

The generator is considered to be operating optimally relative to the
high-explosive energy, if it converts a larger portion of its explosive energy
into electromagnetic energy. The optimal conditions are given in Section
3.1 and are valid if the power created during the deformation of the circuit
in any section of the generator is equal to the maximum share of the power
produced during the detonation of the high explosive, that is,

I? dL

If the resistance changes linearly with respect to temperature, R, =
Ryo(1 + a7T), due to Joule heating, then

ng RgoaT 2
— = —=—-R,I 3.52
dt C., 7 (3:52)
where a7 is the temperature coefficient of the resistance, C,, is the total
heat capacitance of the load, and Ry is the initial value of the resistance.
Using Eqs. 3.50-3.52, it can be shown that the dependence of the resistance

on time is

Ry(t) = Ryo [1 e / S©p. (s)a] (3.53)

and that the optimal inductance of the generator is

t
Ly(t) = Ly (0) — /0 pR(g:)A dr, (3.54)
where
2 D [t
A=14 2erliedD / S(€)p. (€)de. (3.55)

Let us now determine the optimal width of the plates, current, power,
and the behavior of the ohmic load in time. This optimization is based
on the amount of energy generated by the high explosives. Assuming that
the PMCG is connected to a resistive load, where the resistance increases
linearly with temperature, the inductance of the PMCG is given by

—1+Dt
Ly(t) = Lo0) - [ | ﬁ%dm (3.56)
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In this analysis, it is also assumed that the magnetic field in the generator
is uniform and that the distance between the plates, 2b = const, is smaller
than the width of the plates, 2y(z), where the width of the plates changes
along the length of the generator, z(t). The plates are accelerated toward
each other at a speed equal to the detonation velocity of the high explosives.
The parameter [ is the total length of the generator, where the origin of the
coordinate system is at the end where the plates are connected to the load.
The cross-sectional area of the high-explosive charge, which has a constant
thickness of 26y, is

Sq) = 46HEy(:z:). (3.57)

It follows from Egs. 3.51 and 3.56 that the change in the current in the
optimized PMCG coincides with the change in the width of the plates that
are compressing the magnetic field, i.e.,

I=1LZ, (3.58)
Yo

where yo = y(—!). This behavior may be explained by the fact that the
PMCG was optimized on the basis that 7y = const and that the kinetic
energy reserve of any of the conducting elements obtained from the high-
explosive charge, which has a constant thickness, remains unchanged along
the length of the generator. To attain an optimal value of 7y, it is neces-
sary that the force acting on the conductor from the side of the magnetic
field, which decelerates the plates over the distance 2b = const, remains
unchanged over the length of the explosive charge. This means that the
width of the plates must change so that the linear current density on the
surface of the plates remains the same.

If it is assumed that p, = p,oexp(B,t), where B, = const, then the
equation that describes the optimal width of the plates along the length of
the generator is

z+l
y(z) = yBo exp (B, DZH , (3.59)
\/1 + 5 [exp (28,%5) — 1]
where
B= 16&TT]HEq6*yODp*O (360)

Ca

and the increase in the resistance of the inductor is
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Ry(t) = RgO\/ - 5‘2— lexp(28,1) — 1] (3.61)

Knowing R, (t) and I(t), an expression for the power delivered to the load
can be derived.

If the generator is sufficiently long, the change in the width of the plates,
current, resistance, and power strongly depend on the parameter 3,. When
B, > 0 and as t — oo, the width of the plates tends toward the limiting
value

y(z) =90 zg* ; (3.62)

and the current tends toward the limiting value

I= 101/2%*. (3.63)

The resistance and power increase exponentially according to the expres-
sions

B
Rg — RgO Eﬁ— exp(ﬁ,‘t), (364)

P— Ryl3y/ zg, exp(8,t). (3.65)

When 3, < 0, the resistance may be no greater than Ry+/1 — B/2(, and
the width of the plates, current, and power decrease to zero. When the
active load is constant, that is, ap = 0, then

z+1
y(z) = yoexp (ﬂ*—b—> . (3.66)

If it is assumed that p, = p,q, the operation of the PMCG will differ
qualitatively. In this case, the width of the plates, and thus the current,
will decrease according to the expression

Yo

Y(z) = ——=,
\/1+B%

(3.67)
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and the ohmic resistance of the load will increase in time:

Ry = RyoV1+ Bt (3.68)

The decrease in the width of the plate is quite natural, because of the in-
creasing resistance. The condition p, = const remains valid only if —dL/dt =
4mbD /y(z) increases. This is why the requirement that p, = const leads
to a narrowing of the plates of the generator. Assuming this geometry for
the plates, the energy delivered to the load during the compression of the
magnetic field is

w —/%Rlzdt—& 1/1+BL—1 (3.69)
"= 0 9 —aT D ’ ’

The energy produced by the explosive charge is

0
Wye = /4q6HEy(:c)d:c (3.70)
!

C l
= —= [4/1+B——-1}.
21Ny, w0 D
It follows from the relationship

Wy
=92 . 3.71
Was TIHEPx0 ( )

that, when p,; > 1/2, the amount of energy delivered to the resistive load
may be greater than the amount of energy contained in the high explosive.
This apparent contradiction can be explained as follows.

The amount of power that is used to increase the magnetic field en-
ergy and that is delivered to the active load is —(I2/2) dL/dt. The energy
equation for the system is

g = R,I? — o (-2—) . (3.72)

It follows, that, if Ry > —(1/2) dL/dt, not only is high explosive energy,
but so too is part of the initial magnetic field energy in the generator. This
is why Eq. 3.71 does not make sense. Integrating Eq. 3.51 and assuming
that the cross-sectional area, S (), is known, the inductance of the MCG
is



82 3. Magnetocumulative Generators

Ly(t) = Ly (0) - /0 t 2”““;3‘2’5()5)12(5) d¢. (3.73)

The MCG is capable of delivering power, P = I?/ Ry, which has the re-
quired dependence on time, to the resistance R(t).

Let us now consider methods for calculating the parameters of a profiled
PMCG. Profiling refers to changing not only the dimensions, but also the
shape of the plates by adding notches as shown in Fig. 3.10. If the mag-
netic Reynolds number, Ny, and the inductance trimming coefficient, v,
of the PMCG are known, then its basic parameters can be determined. The
current gain is

YH yp—1
= =y — , 3.74
M o YL N, (3.74)
the energy conservation coefficient is
1 1

AMd=1l—— 4 —— 3.75
Np v Np ( )

and the magnetic energy coefficient is

1 1
= A2 = _——— . .

E=YL Ak =L (1 N, "7, N,,) (3.76)

When the above parameters are associated with a specified plate width
2yy in the last sections of the generator, the distance between the plates
is

_ 2Npyyn R,
poD

In deriving Eq. 3.77, it was assumed that the inductance of a generator
having arbitrary lengths and widths of 2yy is

b (3.77)

Ly = pg—2. (3.78)

If Iy and N, are known, then change in the width of the plates over their
length can be determined from the following expression:

y(z) = yq exp [(1 - —;,;) 3} , (3.79)

lg
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Therefore, if the substitutions z = ly and y = yo are made and the following
equation is employed,

Yo =YH—~ 1> (3.80)
T — lf'vfl'

the length of the generator can be found as

_ H _’YL—l
lo= 1_N%,ln<fyL N, > (3.81)

If the operating time of the PMCG satisfies the previously defined condi-
tions, then yy is not an independent parameter and may be determined
from the solution of Eqgs. 3.77, 3.78, and 3.81 and the equation

(3.82)

where ¢, is the operating time of the generator.

If R =0 and if it is assumed that N, — oo, the working equations for
a generator that have been optimized for the conversion of the maximum
high explosive energy connected to an inductive load can be derived. For
such a generator, it can be assumed that A\, = 1, v; = 7, and € = ;.
An expression describing how the width of the plates should vary along the
length of the generator can be derived as

T

Y(z) = yn exp <E> : (3.83)

Using Eq. 3.81, an expression for the length of this generator can also be
derived as

lo=1lgInyy. (3.84)

When N, > 1, it has been shown that profiled PMCGs can generate
significantly higher output energies than PMCGs that have not been pro-
filed. The most efficient use of the energy from the high explosive can be
achieved when the generator is profiled.

When the linear dimensions of the generator are changed, the energy
scale of the experiments can be widely varied. For these generators, the
current gain can reach values of 22-24 and the energy gain values of 8-9.
In order to increase the efficiency of the generator, one way, for example,
is to increase the length of the generator, ly, or the distance between the
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FIGURE 3.10. Diagram of profiled plate for PMCG. The inductance of the
PMCG can be increased by changing the profile of the plates, without changing
the current, because the highest flux losses occur in the notched regions owing
to the complex topology of its fields and its current distribution.

plate and the cassette. However, an increase in the length Iy leads to an
increase in the amount of high explosive charge used and an increase in the
distance b leads to an increase in flux losses.

The inductance of the MCG can be increased by changing the profile of
the plates, as shown in Fig. 3.10, without increasing the current, because
the highest flux losses occur in the notched regions owing to the complex
topology of its fields and its current distributions.

In summary, when designing PMCGs, it is best to increase the length of
the gap between the cassette and the plates to its maximum allowed value
and to decrease the length of the generator, which reduces the amount of
high explosive used and increases isolation.

3.6 Loop MCGs

To increase the efficiency of an MCG, it is important that, first, the in-
crease in magnetic field strength in the compression region of the generator
during its operation is restricted to an upper limit, i.e., H(t) < H,, which
depends on the electrophysical characteristics of the materials used in the
conductors. The material must be selected to prevent the electrical explo-
sion of the skin layer of the conductor (i.e., electrical breakdown) at high
fields, for example, H, ~ 1.2 MOe in the case of copper. Second, it is also
necessary that electrical breakdown between sliding contact areas, which
are characteristic of MCGs, be eliminated.

The first objective can be achieved by developing specific profiles for
the generator circuit, and the second by increasing the angle at which the
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conductors come in contact with each other during the operation of the
generator. These objectives are easily achievable by using a single-turn
(loop) MCG, where the loop has a parabolic shape.

The loop MCG (LMCG) [3.3,3.8] is related to the class of so called “fast”
MCGs, in which relatively high powers (several terawatts) are generated by
the simultaneous compression of relative high magnetic fluxes by the entire
surface of a conductor. Rather high specific energy densities (2x10® J/m3)
are generated in the volume of the MCG and rather high surface current
densities (80 MA/m?) are created in the electrical circuit of these relative
easy to construct and low-cost generator designs. The LMCGs parameters
can be reliably predicted. The parameters of these generators may be var-
ied over a wide range either by changing the geometrical layout of a single
generator or by using multiple generators. The output currents range up
to tens of megaamperes and the output energy from hundreds of kilojoules
to tens of megajoules, when the generator is connected to loads with in-
ductances ranging from a few nanohenrys to 100 nH. The LMCGs wide
range of output parameters excludes the necessity of complicated designs
and determines its advantage in a wide range of applications.

A schematic drawing of an LMCG is presented in Fig. 3.11. The electrical
circuit consists of the external loop (1) with an explosive-filled cylindrical
shell (2) placed inside the loop. The high explosive charge (5) is initiated
by a chain of electric detonators placed along the axis O;, which are initi-
ated simultaneously along the length of the generator. The cylindrical shell
expands as a result of the action of the explosive and closes the contacts
(6) at the moment the initial current in the LMCG reaches its peak value.
Further expansion of the shell compresses the captured magnetic flux with
its entire surface. The magnetic flux is pushed into the load (3) through
channel (4).

The inductance of the LMCG depends on the distance between the axis of
the shell and the axis of the external loop. The inductance of the generator
increases and its operating time decreases, as the distance between the axis
of the shell and the axis of the external loop, §,., decreases. The inductance
of an LMCG with a uniform loop profile is

— KoSKa

L, L

(3.85)

where S is the cross-sectional area of the gap between the loop and the
internal shell, [, is the loop width, and K, is a tabulated form factor (0.5
1.0), which depends on the ratio of the loop width to the length of the gap
between the coil and the shell. The working equations for the LMCG are

e magnetic flux balance equation:



86 3. Magnetocumulative Generators

FIGURE 3.11. Diagram of a single-turn LMCG. In order to increase the efficiency
of MCGs, the magnetic field strength in the compression region must be restricted
to an upper limit and electrical breakdown between the sliding contact areas
eliminated. The first can be achieved by developing specific generator profiles
and the second by increasing the angle at which the conductors come together.
Both of these objectives can be achieved by using a single-turn LMCG. The
LMCG consists of 1 — external conductor, 2 — explosive-filled inner conductor,
3 — load, 4 — channel connecting compression region to the load, 5 — explosive
charge, and 6 — electrical contacts.

dl dL, . dLy
— —Z+—=1+V=0 3.86
(Lg+Lh)dt+I(dt+ dt)+ , (3.86)

which is derived from Faraday’s induction law,

e the skin-layer equation,

dé I?
dt — 2.1- 101761, (3.87)
e and an equation that accounts for the load parameters,
dl
V= Lg-(—i-t- + Ryl (3.88)

where Ly, is the inductance of the magnetic flux skin-layer, V is the
voltage on the load, and L9 and R are the inductance and resistance

of the load, respectively. The inductance of the skin-layer magnetic
flux in the LMCQG is



3.6 Loop MCGs 87

— /loPT&
by

where Pr is the perimeter of the circuit of the LMCG. Equations 3.86-3.88
can be used when the magnetic field amplitude is greater than 430 kOe,
that is, when the initial asymptotic conditions assumed in the derivation
of § are true.

The current gain of the LMCG is 7-10, its magnetic flux conservation
coefficient is 0.7-0.8, and the specific energy increase in its volume is 2.0—
2.5 x10% J/m3. The magnetic field in the volume being compressed by the
liner increases up to 1 MOe. The current densities and field amplitudes
attained in LMCGs are close to the optimal values that can be generated
by the conversion of high explosive energy into electromagnetic energy. At
these field values, the magnetic counterpressure, pyH?/2, decelerates the
expanding liner to ~ 0.5 of its initial velocity, and about 70% of the kinetic
energy of the liner is converted into electromagnetic energy. A further in-
crease in current density is limited by the internal losses that arise from
vaporization of the surface of the conductors and disruption of the sliding
contact between the liner and the loop due to the deceleration of the liner
by the magnetic pressure. To achieve efficient deceleration of the expanding
liner over the length of the generator, the loop of the generator must have
an azimuthally changing width.

In previous sections, it was shown that one of the factors that causes the
loss of energy is breakdown in the compression region of the generator. The
origin of these breakdowns is related to the preionization of the gas (air)
in the generator by the shock waves that compress the magnetic field.

Since compression takes place simultaneously along the entire length of
the generator, multiply reflected shock waves may form. These reflected
shock waves may lead to intensive heating of the gas in the generator. Near
the sliding contact between the inner and the outer conductors during
the compression process, the gas is intensely compressed, and, therefore,
heated to high temperatures. In the sliding contact region, the degree of
compression and heating and the effects of the gas on the output parameters
of the generator depend on the angle at which the liner approaches the outer
conductor. Therefore, by properly selecting the placement of the internal
conductor and the external loop, i.e., by properly selecting the eccentricity
angle, electric field strengths may be created that practically exclude the
possibility of electric breakdown in the region of the sliding contact of the
current-bearing conductors when critical magnetic field strengths H = H,
are achieved.

The dependence of flux conservation on the angle between the conduc-
tors as they approach each other for one model of LMCG is shown in Fig.
3.12. The angle of approach was changed by selecting the eccentricity of the
liner relative to the loop. It can be concluded that the initial inductance

Ly, , (3.89)
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FIGURE 3.12. The dependence of magnetic flux conservation on the eccentricity,
€s, of the shell relative to the conductor for one type of LMCG. The angle of
approach is changed by selecting the eccentricity of the liner relative to the loop,
which implies that the initial inductance of the LMCG depends on the distance
between the axis of the liner and of the loop.

of a profiled MCGQG, as opposed to one that has not been profiled, depends
on the distance between the axes of the liner and of the loop. The induc-
tance increases and the operating time of the generator decreases as the
eccentricity, o, increases. The speed at which the inductance changes is
maximum when §,. = 0. However, the value of §,. is based, first of all, on
the reduction of magnetic losses in the compression zone of the generator
and elimination of electrical breakdown.

An important feature of LMCGs is the ease with which they can be com-
bined into multistage generator sets, where the inductance of the connected
elements is minimal, which allows one to vary the values of I, U, and t over
a wide range. The compression of the magnetic field in the various loops
that make up the generator set may be performed simultaneously or seri-
ally so as to provide a tailored current increase. A generator set consisting
of three identical LMCGs connected in series has generated currents of 46
MA, voltages of 120 kV, and energy pulses of 30 MJ into a 30 nH load.

3.7 Disk MCGs

The characteristic magnetic flux compression time of most MCGs is sev-
eral tens of microseconds, which means that the generated magnetic field
strengths do not exceed ~ 1 MOe. In the case of the coaxial MCG, this
condition restricts their output current. To generate higher currents, the
radius of the coaxial MCG must be increased. (See Section 3.3.)
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One version of MCG that generates higher currents is the disk MCG
(DMCG) [3.9-3.13]. The earliest form of this generator consisted of a metal
toroidal shell with a rectangular cross section. A disk-shaped high explosive
charge is placed on one of the end surfaces of the disk. The concept of
compressing a magnetic field created by DC current with a moving disk
was first proposed by V.K. Chernyshev and A.I. Korolev in the 1961-1962
time frame. The basic idea behind the DMCG is to compress the field in
a short cavity, where the field in compressed radially from the axis of the
generator toward its perimeter. Chernyshev and Korolev experimentally
compared five different configurations of the toroidal cavity. Three of the
configurations consisted of the usual coaxial conductors, with the internal
conductor expanding, while the other two configurations were disks, where
the high explosive charge was positioned at the base of the circuit to be
deformed and was initiated along the length of the axis. Drawings of two
of the first types of DMCG are shown in Figs. 3.13a and 3.13b. These are
coaxial designs in which the internal tube expands when the high explosive
is detonated. A comparative analysis of the coaxial and disk versions of
DMCG having the same design parameters revealed that the magnetic
flux conservation coefficient is significantly less for the coaxial design than
the disk or plate design in which a disk-shaped explosive charge is used.
In Chernyshev and Korolev’s experiments using the design shown in Fig.
3.13a, the energy gain, €, was equal to 35 and the current gain, 7y;, was
equal to 43, when the magnetic flux conservation factor was Ay = 0.82.

Further improvements were made in the disk generator to increase the
current amplitude to 100 MA and to increase the output power of the
generator. The DMCG that generates the greatest energies and powers are
those where the conductors are accelerated toward each other. A drawing
of this generator is presented in Fig. 3.13b. To increase the output power,
the width of the cavity to be compressed must be decreased, by increasing
the radius of the inner conductor radially from the axis of the generator
out toward its perimeter. When the magnetic flux transitions from the
compression cavity into the toroidal load through the gap, the operating
time of the DMCG decreases to g /D, where 7 is the outer radius of the
compression cavity and D is the detonation velocity.

A DMCG design that generates with the greatest possible efficiency is
shown in Fig. 3.13c. In this design, the release of energy by the high explo-
sive, which depends on the time taken for the detonation front to propagate
from the center of the disk to its periphery, is coordinated with the increase
of electromagnetic energy in the DMCGs electrical circuit. As a result, the
efficiency at which high explosive energy is converted into magnetic energy
is the highest, i.e., 40%, of all the possible DMCG designs. However, it
must be noted that, as the efficiency increases, the output power decreases.
Coordinating the optimization of the efficiency of the generator with its
other parameters is difficult to do.
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FIGURE 3.13. Disk-shaped MCGs produce higher currents than a correspond-
ing spiral MCG. These generators consist of 1 — flux-compression cavity, 2 —
compression circuit, 3 — load, 4,6 — terminals, and 5 — explosives.
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The basic parameter that characterizes the operation of the DMCG
shown in Fig. 3.13c can be determined by using the magnetic flux balance
equation ®1(t) + P2(t) = P2(to), which, for to <t < ty, is

Ap = [1 + g—g;] - , (3.90)

where the indices 1 and 2 refer to the shell and the dielectric cavity enclosed
by the shell. The functions L;(t) and Ls(t) are defined by the expressions

Li(t) = ?€< | DK )ds (3.91)
and
Ly(t) = 52 / " 22 1r(t) %t)) + Ly, (3.92)

where K(s) = Bg(0,t)/1(t), K(t) is a circuit parameter, Ly is the load
inductance, Z [r(t)] is the disk profile, and

W(s,t) = I‘l—%. (3.93)

Assuming the linear diffusion approximation, the function ¥(z,t) can be
found by using the equation

OB a’B
. = K657 (3.94)

for the selected initial and boundary conditions. For example, when a power
law, sinusoidal, or exponential field is excited on the boundary of a hemi-
sphere when z > 0, that is

Bs(0,t) = Bo (%) "
Bs(0,t) = By sin(wt), (3.95)

BS(O,t) = B()e%
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and when the initial conditions are Bg(z,0) = 0 in the regime 0 < = < oo,
then it can be shown that

¥(s,t,m) = 2VE()

m+1

Il

¥(s,t,m) = 22&2, (3.96)

¥(s,t,m) = \/K(s)T,

respectively. K(s) = o5 ug" is the magnetic diffusivity, where diffusion is
assumed to take place in the x direction, which is perpendicular to the con-
ductor surface. It follows from the form of Eq. 3.96 and numerical analysis
of this equation that the function ¥(z,t) does not exhibit a sensitive de-
pendence on the shape of the boundary, which is why any of the functions
in Eq. 3.96 may be used as a rather good approximation. Since ro —7; > 2
in the case of the DMCG, where r; is the initial contact radius and 7 is
the contact radius when the compression process has been completed, it
can be assumed that the azimuthal magnetic field By, which is expressed
in cylindrical coordinates (T, ¢, 2) aligned with the axis of symmetry of the
DMCG, is compressed in the toroidal cavity by a cylindrical conductive
piston moving at the detonation velocity D = const between two fixed con-
ductive walls at z = —2p/2 and z = +2p/2. The piston begins its motion
at time ty = 71 + (ry —71)/D and radius » = ry < ;. The equation of
motion for the piston is

r(t) =r1+ D(t —to). (3.97)

The magnetic flux losses related to nonuniformities in the contact surface
may be neglected. Thus, Egs. 3.91 and 3.92 can be written as

Li(t) = %‘I’(t) {2 + % (r_ll - r_lz> B 2% o [EJ—%—T—E—JL)

and

Ko r
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where T, = D(t — tp)/r1. Substituting Eqgs. 3.98 and 3.99 into Eq. 3.90,
analytical expressions that describe the operation of the DMCG are derived
as

A(t) = {1+ 29(t)G} (3.100)
and
r2
— T1
At) = (3.101)
r1(1474)
where:

2 1,1 s
wt (; + 3) - 2arctan;§£\/T—‘
It

In one experiment, a current pulse of 150 MA with a rise time of 4 ps was
created by a DMCG having a diameter of 400 mm and an initial current of
5.7 MA. The current increased at a rate of 3.8 x 10!® A/s and the generator
operating time was approximately 20 ys. The magnetic energy delivered to
the load was approximately 3.5 MJ. When the magnetic field in the load
reached its peak value, the magnetic flux conservation coefficient was still
high, i.e., Ay ~ 0.6.

Investigations of the DMCG have shown that they have a high energy
capacity. For those designs that have been tested, the specific magnetic en-
ergy density, which is the ratio of the stored magnetic energy to the source
volume of the generator, reached a value of ~ 400 J/cm3. A characteristic
feature of the DMCG is the high speed with which the electromagnetic en-
ergy is coupled into the load, which is on the order of units of microseconds.
This permits the delivery of powers on the order of 1012 W to the load.

G =

- 2. (3.102)

3.8 Semiconductor MCGs

The traditional MCG converts energy from high explosives into electro-
magnetic energy by means of conductors moving through a magnetic field.
The metal parts of the electric circuit of the generator (i.e., the liner and
spiral coil in the case of the spiral MCG) form these conductors. One dif-
ficulty associated with MCGs is the considerable loss of magnetic flux
due to the compressibility of the liner materials, which may even occur
in substances having infinite electrical conductivity. To reduce these losses,
new techniques have been developed for compressing magnetic flux. It is
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well known that certain materials, including semiconductors and insulators,
when exposed to high pressures transition from a nonconducting state into
a conducting state, where the increase in conductivity can be as high as 6
to 8 orders of magnitude. Some substances that exhibit this property are
silicon, germanium, gray tin, silicon oxide, cesium iodide, and germanium
iodide. Based on this property, it may be possible to create highly con-
ductive layers that propagate through these semiconducting or dielectric
materials and compress magnetic flux, that is, nonmetallic liners.

It has also been observed that a shock wave moving through these materi-
als causes semiconductor-to-metal or insulator-to-metal transitions within
the shock wave itself [3.14,3.15]). This conductive region moves with the
shock wave. This means that the current-bearing conductors (i.e., the liner)
used to compress the magnetic fields in standard MCGs can be minimized
or even eliminated, thus simplifying the problem of contact losses. This also
allows magnetic compression to be achieved with almost any shape and po-
sitioning of the generator plates. In addition, the use of moving conductive
waves to compress magnetic fields offers the possibilities of new methods for
manufacturing low-weight, compact generators with superstrong magnetic
fields. These types of MCGs are called shock wave magnetocumulative gen-
erators (SWMCG) or semiconductor magnetocumulative generators. The
advantages of the SWMCG over the conventional MCGs are

e more efficient transfer of chemical energy from the explosive to the
shock wave,

e practically complete compression of the magnetic field generated in
the working volume,

e increased initial magnetic field in the generator because the energy is
concentrated.

Solving the magnetohydrodynamics (MHD) equations, it has been shown
that magnetic flux accumulation by a metalized shock wave has the added
advantages of being

e practically independent of the time it takes to create the initial mag-
netic field in a conventional MCG,

e free of the instabilities associated with imploding liners in conven-
tional MCGs,

e very fast, which is determined by the shock velocity.

3.8.1 Theory of Operation

In the schematic drawing of a SWMCG presented in Fig. 3.14, either perma-
nent magnets or electromagnets can be used to create the initial magnetic
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FIGURE 3.14. In shock wave MCGs, magnetic compression takes place in
a monocrystalline or powdered medium. This reduces MHD losses, such as
Rayleigh—Taylor instabilities. This generator consists of 1 — copper plate, 2 —
copper cassette, 3 — explosives, 4 — load loop, 5 — crystal silicon powder, 6 —
shock wave moving through the semiconductor, and 7 — shock wave in moving
through the explosives. Either permanent or electromagnets are used to generate
the seed magnetic field. The current flows through the closed loop consisting of
the metal conductors and the conducting shock front.

field. The darker line (6) represents the shock wave front in the semicon-
ductor material, which moves with velocity D,, and the lighter line (7)
represents the front of the shock wave moving through the explosives with
velocity D;. In these devices, a conductive layer is formed in the shock wave,
which moves transverse to the external magnetic field, thereby exciting an
EMF in this layer. Since this conductive layer and the other circuit ele-
ments form a closed circuit, the magnetic field is captured and compressed.
The distribution of the magnetic field, the direction of motion of the shock
wave, and the direction of current flow are all shown in Fig. 3.14. In exper-
iments conducted in the Former Soviet Union, a 90-fold amplification of an
initial magnetic field of 40 kG to 3.5 MG was achieved [3.14].

The basic features of this method for compressing magnetic fields by
shock waves are that a wave of changing conductivity propagates through
the medium with a velocity, D, equal to that of the shock wave and that
work is done against the magnetic pressure by the compressed material
which is moving at a velocity U, where U < D. If the shock wave is suffi-
ciently strong and if it compresses the substance to a density greater than
some critical value of p,, then the field frozen in the highly conductive re-
gion increases proportionally to the degree of compression. However, this
will not affect the field value before the shock front. The value of the ratio
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u Po
===1-= .103
p=p=1-"4 (3.108)

depends on the compressibility of the working substance, where p, is the
initial density of this substance and p is the density of the substance in
the shock wave. If the substance is not very compressible, then p, ~ p
and U/D << 1. On the other hand, if the substance is compressible, then
U ~ D. The difference in the values of U and D, even if the conductivity
behind the shock wave front is ideal, leads to the capture of magnetic
flux by the substance and its removal from the shock wave front, with a
velocity of D — U relative to the moving shock front. Owing to this effect,
the magnetic flux in the compressed region decreases.

When 8 = U/D = const, the magnetic flux gain in the working volume
is

® Sy B1
=z = (-) (3.104)
0

and that of the magnetic field is

B So\ 2
0
- — = (=22 3.
04 By < 3 ) , (3.105)

where By is the initial magnetic field strength, ®¢ is the initial magnetic
flux, B is the final magnetic field strength, ® is the final magnetic flux, So
is the initial cross-sectional area of the working volume, and S is the final
cross-sectional area. If U/D << 1, then within the limits of the approxima-
tion that the cross-sectional area approaches zero, all the flux is removed
from the working volume, but the magnetic field increases. The magnetic
energy in the working volume is

2% -1
S") : (3.106)

EH=’)/\I/=(§-

From this expression, it can be seen that the magnetic energy strongly
depends on the parameter f = U/D. If # > 1/2, the magnetic energy in
the working volume increases; if § < 1/2, it decreases; and if 8 = 1/2,
it remains the same. When 8 < 1/2, the magnetic energy in the working
volume does not increase, and the deceleration of the shock wave by the
magnetic field does not lead to the extraction of large amounts of energy
from the shock wave. This mode of completely “collapsing” the shock wave
does not contradict the law of the conservation of energy. The magnetic
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energy remains finite in value, and the flux is completely captured by the
conductor, so that the magnetic energy density increases without limit,
though the initial energy in the system is finite. In other words, as the
cross-sectional area of the generator decreases, the captured flux increases,
ie, /5 — oo, as S — 0. This effect has an analog in theoretical hy-
drodynamics known as the “phenomenon of infinite accumulation.” Hence,
magnetic energy accumulation in the finite compressed region of the shock
wave, where the transition from a nonconducting to a conducting state
occurs when p/p, > 0.5, is an interesting example of magnetic energy ac-
cumulation that possesses, theoretically at least, the potential for a strong
increase in the magnetic energy density.

The effects of finite conductivity on the operating parameters of the
SWMCG can be estimated. The capture of the magnetic field by the work-
ing medium in the shock, and its removal at a velocity of D — U relative
to the shock front, leads to a smooth distribution of the field across the
shock front. Since the magnetic diffusion losses are proportional to the field
gradient, that portion of the magnetic flux removed is insignificant, and it
is reduced to the slow smoothing of the field distribution that is frozen into
the working medium. Like the classical MCG, the restrictions due to fi-
nite conductivity are not the principal limitations, and only affect the final
stages of the compression process.

Let us now consider magnetic field compression in the two-dimensional
case shown in Fig. 3.15. After the compression process has been completed,
the value of the magnetic field for this configuration may be obtained from

2(l-8)+m 2821 A _em

where

Mu?
oM Mg
m=—, €= —=—
zo ) € B2mo bl

2p0

(3.108)

Zo is the initial radius of the magnetic field, and By is the initial magnetic
field strength. When the magnetic field diffusion becomes significant, the
compressed distance, x4, is estimated to be

Zg D+U

—_—= 3.10
Zo Rem(D - U)2 ’ ( 9)
where Rep, = 11o7 Dz is the magnetic Reynold’s number.

It can be seen from Eq. 3.109 that, when the magnetic Reynold’s number
is high, the nonideal conductivity of the working substance is negligibly
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FIGURE 3.15. In the top figure, the shock wave has not entered the region
containing the magnetic field and it moves with velocity Do. In the bottom figure,
when the shock wave enters the magnetic field, it moves with a velocity D and
work is done against the magnetic field by the compressed material that moves
at velocity U. If the shock wave is sufficiently strong and if the substance is
compressed to a density greater than some critical value, then the field is frozen
into the highly conductive region increases proportionally.

small during almost the entire compression time, and only during the final
stages of compression is there a finite increase in the field gain:

S\ B
w=(3)" (3.110)

where S; is the cross-sectional area of the compressed region into which
magnetic field has diffused.

The energy losses during flux compression in the SWMCG can be divided
into three regimes:

e dynamic losses,
e magnetic energy losses,

e thermal losses.

The thermal processes cause melting of the working substance. The most
important feature of the SWMCG is the high electrical conductivity of the
melted material in the thin shock wave front. For example, experimental
data show that the resistance of silicon at high shock pressures is reduced
to 0.1 mf. Theoretical investigations have demonstrated the importance of
the dependence of resistance on temperature. During the initial stages of
operation of the SWMCG in which the radius of the material has decreased
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from R = 1.0 to R = 0.5 relative units, magnetic compression does not take
place due to the low conductivity of the material. However, when R = 0.015,
compression does occur and the ratio B/ By increases to 1950, where By and
B are the initial and final magnetic field strengths, respectively. At that
moment, the magnetic pressure in the material begins to counteract the
shock wave, thus decreasing its energy. That is, as the field is compressed,
the current increases, thus creating a force opposite to the shock wave,
which causes its velocity to decrease.

Theoretical investigations were performed assuming an initial density of
4.5 g/cm?® at atmospheric pressure, a temperature of 298 K, and an initial
magnetic field radius of 5 mm. When the shock wave was initiated, the
magnetic field increased from 0.4 T to 5 T, as the pressure increased from
0.3 Mbar to 1 Mbar. At such high pressures (1 Mbar), the density ratio
p/po increased from 1.7 to 2.2. At the same time the temperature of the
working substance increased to its melting point, and, as a result, a highly
conductive state was created. The melting process was suppressed when
the density ratio was relaxed down to 1.67.

3.8.2 SWMCG Working Substances

The working substances used in SWMCGs are typically dielectric or semi-
conductor monocrystals or powders. Conductive layers can be created in
these materials due to the effects of shock wave pressures on these materi-
als. However, it has been found that powdered metals coated with an oxide
layer can also be used.

The transition of dielectrics and semiconductors into a metallic state
has been observed when these materials are subjected to either very high
static pressures or shock pressures. For example, changes of six orders of
magnitude have been observed in the conductivity of both silicon and ger-
manium. These shock induced transitions take place only in the very thin
shock front.

If the conductivity in the region behind the shock is sufficiently high,
the magnetic flux becomes “frozen” into this region, and moves with the
particle velocity at each point. Since the flux passes through the conducting
material in the shock wave front, eddy currents are induced in the surface
of the shock wave, which prevents the flux from diffusing through it.

In addition to silicon and germanium, another substance that has been
studied is cesium iodide (CsI) doped with approximately 1% thallium. The
interest in Csl arises from the fact that it is an ideal substance for study-
ing both insulator-to-metal transitions and melting under high pressures.
Another reason for this interest is the fact that Csl is isoelectronic to the
rare-gas solid xenon (Xe), which is the most studied material in insulator-
to-metal transition experiments. Both Csl and Xe consist of atoms having
filled 5p orbitals separated by a large energy gap from an empty conduction
band. In both cases, it is believed that they take on metallic properties as
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a result of band closure. It has been observed that under high pressures,
the band gaps of Csl and Xe begin to shift, until, in the case of Csl, at
sufficiently high pressures, the 5d band of the cesium and the 5p band of
the iodine overlap to cause metallization. The metallization pressure of Csl
has been predicted to be ~ 1 Mbar, which is lower than that of Xe, which
is ~ 1.3 Mbar. This is physically reasonable, since the energy gap of CsI at
zero pressure is 6.4 eV, while that of Xe is 9.3 eV. In addition, if shock waves
are used to cause the transition to a metallic state, high shock tempera-
tures, on the order of thousands of degrees Kelvin, are generated, which
causes a significant number of electrons to be excited across the rapidly
closing gap. The shock wave converts the ionic crystal of Csl into a semi-
conductor with donor and acceptor levels formed by defects in the lattice.
Thermal activation of electrons from these levels leads to a predominate
n-type conductivity, o:

o(P) ~ ™ 3T, (3.111)
where T is the temperature and W is the energy gap corresponding to the
external pressure P. As the pressure increases from 10.3 GPa to 23.0 GPa,
the energy gap of Csl decreases from 7 €V to 2 eV. This causes a significant
increase in the electrical conductivity of Csl.

At higher pressures (P > 40 GPa) and higher temperatures, CsI is trans-
formed into a melted state that has semiconductor properties. At even
higher pressures (P ~ 100 GPa), Csl transitions into a highly conductive
state with a conductivity of 10° Q- lcm™1.

When planar shock waves move through a sample of Csl, the material
is compressed and irreversibly heated to thousands of degrees Kelvin. The
hot material behind the shock front is opaque, and emits thermal radiation
in the visible region of the electromagnetic spectrum. This radiation can
escape in the forward direction through the unshocked and still transpar-
ent material. This provides a technique for observing the thermal radiation
emitted from the electrons behind the shock wave, which are in thermody-
namic equilibrium with the lattice.

The type of material used in the SWMCG depends on the acceptable
pressures that cause the transition to the metallic state. While Csl appears
to be acceptable, because its conductivity changes from 10 to 10° Q- 'cm™!
are achievable for pressure changes from 20 to 100 GPa, it is in fact not
suitable, since the material is unstable after the shock wave has passed. In
addition, other physical characteristics of the substance, such as brittleness,
must be considered.

Another substance that has been investigated is oxide coated aluminum
(Al) powder. The Al powders demonstrate high electrical resistivity due
to the aluminum oxide that coats the surface of the powder grains. The
Al;03 coating is necessary in order for the external initial magnetic field
to penetrate into the space between the grains of powder. When a shock
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wave is applied to the powder, it breaks down the insulator coating of
aluminum oxide, so that the aluminum in the various grains can make
electrical contact with each other, thus trapping the magnetic field, since
the magnetic field cannot propagate rapidly through the metal.

3.8.8 SWMCG Designs

Both MK-1 and MK-2 types of SWMCGs have been designed, built, and
tested. The three designs that will be considered in this section are coax-
ial, planar, and spherical. The feasibility of using shock-generated metallize
waves to compress magnetic fields and generate electrical power was first
demonstrated using the coaxial configuration of this generator. A diagram
of this generator is presented in Fig. 3.14. The generator is made of copper
tubes, welded together at one end. The inner tube is filled with high ex-
plosive, and powdered silicon is packed into the annular space between the
tubes. A capacitor is discharged into an external electromagnet to create
the initial magnetic field within the generator. When the current created
by the capacitor reaches its peak value, the explosive charge is initiated at
the end of the generator away from the load. When the shock wave caused
by the explosives is coupled into the silicon powder, a conductive layer is
formed, which connects the inner and outer conductors. This conductive
layer moves along with the detonation wave toward the load, thus compress-
ing the magnetic field created by the external electromagnets. Permanent
magnets can be used in place of electromagnets.

A diagram of the planar generator is presented in Fig. 3.16. It consists
of two metal plates separated by a cassette filled with high explosives. A
single-turn solenoid serves as the load for the generator. The initial mag-
netic flux in the generator is created by an external electromagnet with a
current rise time much longer than the operating time of the generator,
or by connecting the plates directly to a capacitor. In the latter case, the
circuit equation for this generator is

%(Ll) + [Rg - (1 - %) ‘f—i] I=0, (3.112)

where vy, is the velocity of the shock wave in the silicon, u is the mass
velocity behind the shock wave, and R, is the resistance of the generator
circuit. This equation differs from the equations for conventional MCGs by
the factor u/vg, which describes the convection of the field frozen in the
conductive layer formed during the phase transition of the silicon.

If it is assumed that the speed at which the inductance changes is con-
stant, then the solution of Eq. 3.112 for the initial conditions L(0) = Lo
and I(0) =1 is
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FIGURE 3.16. Plate version of the shock wave MCG: 1 — solenoid, 2 — copper
plates, and 3 — explosives.

uRg
L v tl
I=1, (L—Z) | (3.113)

This solution conserves the power-law dependence of current amplification
on the trimming coefficient, Lo/ L, of the circuit, like conventional MCGs.
However, the degree of the power law is determined not only by the mag-

netic Reynold’s number of the MCG circuit, i.e., |L| /R, but also by the

ratio of the convection speed, u, of the moving conductive layer to the shock
wave velocity, vg. It is worth noting that the rate at which the inductance

changes, ‘L‘, depends on the velocity of the boundary of the high-pressure

region, vy, along the length of the generator. If the shock wave forms an
angle with the axis, as shown in Fig. 3.16, this velocity will differ from the
shock wave velocity, vi. These two velocities are related to each other by
the expression vy = vUg; sin «, where « is the angle between the direction
of motion of the shock wave and the direction of motion of the detonation
wave along the axis of the generator.

The circuit equation for the above planar generator in an external mag-
netic field By is

d u \ dL uaBy
7 (LI) + [Rg — (1 — 'U—k) a—{} I= g (3.114)

where a is the width of the generator channel. Taking into account the
initial conditions given above, the solution of this equation is
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where hj is the height of the generator channel.
It follows from Eq. 3.113 that the current in the generator increases if

Ry < —|E]. (3.116)
Vg

To control the shape of the pulse in the planar SWMCG, the shape of the
generator plates can be varied. The condition presented in Eq. 3.116 shows
that the shape of the current pulse in the filled generator can be controlled
within certain limits by changing the ratio w/v;, which depends on how
the explosive charge is distributed over the length of the generator and on
the filling density.

Using Eq. 3.113 and neglecting the active resistance of the circuit, the
expression for calculating the field increase over the length, lg, of the gen-
erator is

P

B(t)=Bo( fo >“k. (3.117)

lo — vt

It can seen from this equation that the energy stored in the generator
will increase provided the condition 2u > vy is satisfied. Likewise, it also
follows from Eq. 3.115 that the energy due to the initial magnetic field in
the generator will increase during the operation of the generator, provided
that this last condition is satisfied.

These distinctive features of current and energy amplification are spe-
cific to those types of generators in which a substance transitions into a
conductive state and in which the convective-like removal of the field from
the generator takes place, even for ideal conductivities. To increase the ef-
ficiency of these types of generators, materials having high compressibility,
i.e., when © ~ v, must be used in the generator. It is for this reason that
silicon powder was selected as the working substance for the SWMCGs
described in this section. However, since silicon is rather expensive, exper-
iments have been carried out with aluminum powder, which has a density
of 1.6 g/cm? and a grain size of 0.03 mm.

Despite the principal limitation that the working substance must undergo
a phase change, this method is still useful for developing compact sources
of high pulsed currents and for generating high magnetic fields within small
volumes. Current gains of oy = 1.5 have been achieved in SWMCGs.
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FIGURE 3.17. Different geometries of the MK-1 shock wave MCG developed
by Bichenkov [3.14-3.16]. Powered aluminum is pressed into blocks and encased
in hexogen. The initial magnetic field was generated by a battery of capacitors
connected to a inductive coil outside the generator. The detonators were placed
at the points marked with an ‘“«x”.

Examples of MK-1 Generators

E.I. Bichenkov et al. [3.15] and S.D. Gileev and A.M. Trubachev [3.16] de-
veloped rectangular-shaped SWMCGs of the MK-1 class. Schematic draw-
ings of these generators are given in Figs. 3.17a and 3.17b. The difference
between this type of generator and the MK-2 generators described in the
next section is that the aluminum powder is pressed into rectangular blocks
with dimensions of 50 x 50 x 30 mm?® and 92 x 92 x 30 mm3. The initial
density of the powder blocks varied from 0.33 to 1.6 g/cm?, depending on
the nature of the experiment.

Powdered hexogen, with an initial density of approximately 1 g/cm3, was
placed on each surface of the aluminum block, as shown in Fig. 3.17. The
mass of the explosive varied from 50 to 200 g. The initial magnetic flux in
the SWMCG was generated by a battery of capacitors connected to a single
inductive coil located outside the generator as shown in Fig. 3.17b. The
detonators were placed at the corners of a square filled with high explosives
and marked with an “x” in Fig. 3.17. The results of Bichenkov et al.’s
[3.14,3.15] experiments are presented in Table 3.2. The maximum values of
the final magnetic field, By = 1000 kG, and the ratio By/By = 46 were
achieved for the case when the mass of hexogen was 200 g. The high value
of the ratio allowed Bichenkov et.al. [3.15] to demonstrate the advantage
of using aluminum over silicon or germanium, which only have a maximum
ratio of By/Byg = 10. Bichenkov believes that if both the initial magnetic
field and the dimensions of the SWMCG are increased, then the value of
By can be also increased.
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Mass of Hexogen (g) By (kG) B;y/Bo

70 68 10

70 115 18

70 440 20
200 17.2 3.5
200 76 20
200 630 33.5
200 500 26
200 340 18
200 900 46
200 1000 26

TABLE 3.2. Results of Bichenkov MK-1 SWMCG experiments [3.14-3.16].

A more effective version of the MK—-1 class SWMCGs is the spherical
variant proposed by A.B. Prishchepenko and his colleagues [3.17]. While
very little information on the parameters of this device are available, some
of its parameters can be estimated from on a photograph (Fig. 3.18a) pre-
sented in the article. This device is of particular interest because of the
difficulties associated with initiating uniform spherical implosions.

Owing to the poor quality of the photograph in [3.17], a conceptual
drawing based on the written description is presented in Fig. 3.18. It is
estimated that the diameter of the generator is somewhere between 75 and
80 mm. The generator is criss-crossed by six semicircular iron rings that are
”field guides”. It is assumed that the magnets are made from either Sm-Co
or Nd-Fe-B-Co-Al. Based on the assumed dimensions and type of magnetic
material used, the axial magnetic field is estimated to be approximately 0.4
T. It is also assumed that a single spherical monocrystal of some type of
insulator (possibly silicon, CsI, or germanium) is used as the working body
of the generator, the most probable diameter of the working body is 25-30
mm, and the mass is about equal to the mass of the explosives, which is
approximately 320 g, if the density of the explosive is assumed to be 3.5
g/cm3.

In the photograph of the spherical generator, narrow tracks having a
width of 1.5-2.0 mm are visible on its surface. It is assumed that these are
explosive delay lines and are used to detonate the high explosive in some
prescribed manner so as to achieve a uniform implosion. The tracks at the
equator of the generator have the highest density. The equator plane is
probably perpendicular to the direction of the axial magnetic field, which
is created by permanent magnets in the form of an ellipsoid of revolution.
The shape of the working body and the magnetic field have been arranged
to ensure that the shock wave propagating through the working body is
perpendicular to the direction of the axial magnetic field. The resulting
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FIGURE 3.18. Photograph (a) and diagram (b) of a MK-1 type spherical version
of the shock wave MCG. It consists of 1 — the working body (Csl), 2 — permanent
magnets, 3 — high-explosive, 4, 5 — magentic field concentrators, and 6 — detonator.
The white lines on the body of the device are explosive delay lines configured to
ensure a uniform implosion.

converging cylindrical shock wave in the working body creates a metal-
lized front that compresses the magnetic field, and thus generates electrical
power. If it is assumed that 320 g of explosives is used, then it is estimated
that about 8.7 J of electrical energy is generated, with a pulse length of
10-20 pus.

Examples of MK-2 Generators

E.I. Bichenkov et al. [3.15] constructed three types of MK-2 class genera-
tors. One of these was a coaxial generator and the other two were planar
generators. A schematic drawing of the coaxial generator with a capacitor
as its prime energy source is similar to that in Fig. 3.14. The generator was
made of two coaxial copper tubes connected at one end by a loop load with
a diameter of 10 mm. The length of the outer tube was 300 mm, and its
wall thickness was 2 mm. The greatest diameter of the inner tube was 18
mm, and its walls had a thickness of 15 mm. The annular space between
the tubes was filled with silicon crystalline powder consisting of particles
having a diameter of 0.10-0.15 mm. The pressure at which the phase tran-
sition occurs in silicon is 1200 kbar, and the conductivity of the silicon
while in the metallic phase is close to the conductivity of a normal metal.
In one set of experiments, an initial current of 6.7 kA was delivered to the
generator. When the central tube was filled with 180 g of high explosive, a
final current of 27 kA was generated. The duration of the electrical pulse
was 20-30 ps. In the best case, half of the energy of the high explosive was
used for flux compression. The rest of the energy is converted into heat. If
it is assumed that each gram of high explosive is capable of generating 2
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kJ of energy and that the density of the high explosive is 3.5 g/cm?®, then
the total energy available for flux compression is 180 kJ.

The value of 7, which is the ratio of the final magnetic field strength to
its initial value, ranges from 10 to 27 in these types of generators. The max-
imum magnetic field strengths achieved during the final stage of operation
was 1 MGauss for an initial magnetic field strength of 38.6 kGauss.

A second example of the MK-2 type SWMCG is similar to the planar
generator shown in Fig. 3.16. This generator consisted of a strip of copper
having a width of 15-20 mm and a thickness of 1 mm. This strip was folded
to form a cavity with a volume of 17 x 80 x 250 mm®. A copper capsule,
having a volume of 17 x 12 x 250 mm?, was inserted into the cavity. The
height of the capsule was 12 mm, and the distance between the capsule and
the cavity walls was 32 mm. The space between the capsule and the copper
foil was filled with silicon powder having a grain size of 0.10-0.15 mm. The
load of the SWMCG was a single-turn solenoid coil with a diameter of 8 mm
connected to the closed end of the copper cavity. The total active length
of the generator was 200-270 mm. The axial magnetic field was created by
electromagnets having an initial magnetic field strength of 3 kGauss. The
pressure at which the phase transition occurs was 130 kbars. The initial
current in the generator is 3.3 kA, and the output current was 9.1 kA with
a pulse length of approximately 15 us. If it is assumed that 180 g of high
explosives was used, then the output energy is estimated to be 190 kJ.
The output of the planar SWMCG can be controlled by either changing
the shape of the generator or by varying the ratio #, which depends on
how the explosives is distributed along the length of the generator and the
density of the working substance.

3.9 Cascaded MCGs

In order to produce higher current gains and increase energy outputs, cas-
caded MCGs were developed [3.18-3.22]. A cascaded system consists of
two or more MCGs connected in series with air transformers, where each
succeeding MCG is the load of the previous generator. In this system, the
total gain, which may reach very high values, is equal to the product of
the gains of each MCG in the cascade. Any type of MCG may be used
in cascaded systems. However, in the majority of cases, the spiral MCG is
used as the first stage. One example of a cascaded system is a planar MCG
connected in series with a spiral generator without using a transformer as
a coupling device. The current gain of this system is approximately 1000
when the mass of the high explosive used is about 1 kg.

Another example of a cascaded system is the coupling of a spiral gener-
ator with a coaxial MCGQG, as shown in Fig. 3.19 A cylindrical transformer
was used to couple the generators. In one experiment, this system delivered
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FIGURE 3.19. Cascaded MCG systems consist of two or more MCGs connected
in series with air transformers, where each succeeding MCG being the load of the
previous generator. As an example, a spiral-coaxial cascaded MCG is shown and
it consists of 1 — spiral coil, 2 — coaxial section, 3 — liner, 4 — conducting plates,
5 — insulation, 6 — transformer, 7 — generator input, and 8 — generator output.

a current of 250 kA into a 6.5 uH load, when the initial current was 16 kA.
When the same generator was connected to the passive feed circuit of a
betatron, it delivered approximately 1 MJ of energy in 100 ps.

When N generators are connected in series, the magnetic flux, energy
(power), and inductance of the load, which is matched to the inductance
of the MCG, increase N-fold, while the current and operating time remain
the same. Figure 3.20 shows the diagram of a four-barrel (four stage) MCG
battery in which the MCGs are connected in series and in parallel. In this
diagram, the spiral coil is (1) and the centerline of the high explosive is (2).
The generator L,( is used to power generators L;;—L4. The loop L, con-
nects L1g to Ly14. Lo is the load, where L, > Lo. This generator operates in
the following way. Initially, generator Lo drives generator L4, but current
does not flow through the central tubes of two of the generators. After this,
all four generators, L11—Li4, act simultaneously. When four generators are
connected according to this series—parallel scheme, the inductance of the
load, which is matched to the inductance of the MCG system, does not
change, and the energy delivered to the load is increased by a factor of
4 and the magnetic flux by a factor of 2. The magnetic flux coupled from
these batteries to the load coil exceeds that of the input magnetic field, i.e.,
the batteries operate like magnetic flux amplifiers. These cascaded systems
have generated current pulses with an amplitude of 500 MA and power
densities in the realm of 107-10'* W/m3.
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FIGURE 3.20. Diagram of four-barrel MCG battery. The MCGs are connected
in series and in parallel.

3.10 Short-Pulse MCGs

Magnetocumulative generators produce electrical current pulses that rise
from zero to a maximum in tens to hundreds of microseconds. However,
many loads require that the risetime to be of the order of microseconds
or less. These risetimes are usually achieved by applying combinations of
opening and closing switches at the output of the generator. Switches de-
veloped for use with MCGs are hard to manufacture and are very large in
size and weight. In this section, MCG designs will be described that are
independent of the energy storage and coupling times relative to the load.
These MCGs are called short-pulse generators [3.6,3.23], which are capable
of coupling megaamperes of current into loads in hundreds of nanoseconds
to microseconds.

The design of one such short-pulse generator is shown in Fig. 3.21. The
initial magnetic flux is created by a single-turn coil, which surrounds the
entire generator, using either a capacitor or another MCG. At the moment
the initial magnetic field attains its peak value, the input to the coil is
closed by detonation of a high explosive charge. The initial magnetic flux
is captured in the region enclosed by the short-circuited single-turn coil and
the cylindrical liner. The generator is designed such that the outer surface
of the liner starts to move at the moment the coil closes. The explosive is
initiated simultaneously along the whole axis of the generator and the liner
expands radially.

When the liner begins to move, the magnetic compression process begins.
However, a voltage will appear at the output of the generator only when
the liner reaches the contact rings. This is a key feature in the operation of
short-pulse MCGs. After the liner meets the contact rings, the flux trapped
between the liner and stator coil is driven in a radial direction. The distance



110 3. Magnetocumulative Generators

FIGURE 3.21. Diagrams describing the operation of short-pulse MCGs. The seed
magnetic flux is created by a single-turn coil that surrounds the entire generator.
When the explosives are detonated, the liner is accelerated and compresses the
magnetic field. However, voltages only appear when the liner reaches the contact
rings.The distance between the contact rings and the inner surface of the stator
determines the length of the current pulse delivered to the load. Figures a and b
show the position of the components of the generator prior to and just after the
liner makes contact with the contact rings, respectively.
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between the contact rings and the inner surface of the stator determines
the length of the current pulse delivered to the load. Figures 3.21a and
3.21b show the position of the components of the generator just prior to
and just after the liner makes contact with the contract rings, respectively.

Let us now determine the basic parameters of the short-pulse generator
discussed above. The initial magnetic flux, ®¢, between the armature and
primary coil is

&g =7 (r2 —r3) Bo (3.118)

where Bj is the initial axial magnetic inductance. If it is assumed that the
magnetic field inside the single-turn coil remains constant during the entire
time the liner is moving, then

By (r2—r3) =By (r2—r2) + By (r? —1r?), (3.119)

where B is the magnetic induction between the primary coil and the stator
and B is the magnetic induction between the stator and the liner. To
simplify these calculations, the following assumptions are made:

e The stator and liner materials have infinite conductivities; i.e., the
flux losses are zero (A = 1).

e The current flowing through the stator and the liner is equal to beam
currents with zero density.

o The magnetic field inside the generator is constant in the axial direc-
tion.

It follows from the second assumption that

Hows !
l

Solving Eqgs. 3.119 and 1.120 for B; and Bg, gives

=By - By. (3.120)

(2 _ 2 L [r2 — 2
_ s Powsls |75 —7T
B1 = By EEG -7 7‘%—7‘2}’ (3.121)
[,.2 27 .2 2
Tp—T I, |y —7
Bo=Bo ||+ \ BT g
L'» =" ¥

The magnetic flux inside the liner is
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b, = mTw, (rf — 7'2) Bs.

Introducing the following notation,

2
f=HB (12—,

Eq. 3.123 becomes

@, =Y (r) (wsPo + f1I,) .

(3.123)

(3.124)

(3.125)

(3.126)

Using this equation, the output voltage of the generator can be found as

dd
U=—=0
dt ’
for r < r., and
dI dLp
U=U, — —_—
p+Lpg +1=07,

for r, < r < ry, where

Up =ws¢0%,
Lp=Yf,
aLp _ av

dt dt’
Y (rz —1%)

(3.127)

(3.128)

(3.129)

(3.130)

(3.131)

(3.132)



3.10 Short-Pulse MCGs 113

From Eqs. 129-132, it can be seen that the output voltage is present
even when it is in the passive mode.

Now let us consider a short-pulse generator connected to a load having
an inductance Ly,. Using the first assumption defined above, it follows that:

2
-7

2
B, + L] = Bpt . (3.133)
T2 — 12
Substituting Eq. 3.126 into Eq. 3.133, it is found that
Y.-Y
I=w:d .13
w e Y7’ (3.134)

where Y, = Y(r.). Using the definition U = —LdI/dt and taking the
derivative of Eq. 3.134, an expression for the voltage on the load can be
derived as

1+ %L gy
L,
U= w0 —r i (3.135)

To prevent premature closure of the stator winding by the liner, the
radius of one end of the stator is greater than at the other. When designing
an MCG with a specific set of parameters, the third assumption above
must also be taken into account. The magnetic field is a function of only
the axial distance, that is, By = B1(2) and By = By(z2). If the radius of
one end of the stator is denoted as r; and at the other end as 75 + §,, it
can be shown that the expressions that describe the current and voltage
remain the same. However, the expressions for Y and dY/dt are different.
Since the primary coil has the same conical shape as the stator coil, where
the cone opening is A, the following equations can be derived:

Y(T)ZI"%{%Q"gm[zgim} (3.136)

for r. <r <r,, and

Y(r) = (1—6)—5%{%132——% (3.137)
A [(+a)(1+Db)
EadlEenl)

forry, <r <r,+08,, where
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r—17s
5 - 63 )
o = T’%—”, (3.138)
_ Ip—r
b= T
and
v _ UJA|l-§ l+g (3.139)
dt 85| 6s [b(1+D) a(l+a) '

)

for r. <r <rg, and

vy U A AN( 1 1-£
e _E{1+5_s[<1+§> <1+a—m) (3.140)

- A] A? [<s+a)(1+b)]}

176 | T2 P €50 (1+a)

2r2

for ry < 7 < r5 + b5. In deriving these expressions, it was assumed that
by << r,. Calculations show that the operating time of this generator when
loaded may be 0.5 us.

Another type of short-pulse generator is shown in Fig. 3.22. To separate
the energy accumulation stage from the energy coupling into the load stage
during the operation of the MCG, a piston is added. This MCG consists of
the liner (2) that contains the high explosive (3) and an external conductor
(4) in the form of a spiral. The cable (5), which is isolated by the dielectric
(6), is connected to the liner between the turns of the spiral coil. Electrical
contact between the spiral and the liner is provided by the piston (7) and
the switch (8) with terminal (9).

At the moment the initial magnetic field reaches its peak value, the explo-
sive charge is initiated. The liner begins to move and compress the magnetic
field stored in the generator. This leads to an increase in the current flow-
ing through the “spiral-switch—piston—liner circuit.” When the detonation
wave propagating through the explosive reaches the piston, it is acted on
by the explosion products and it begins to move, thus disconnecting the
“spiral-switch—piston-liner” circuit. The current pulse is coupled into the
load through terminals (5) and (9).
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FIGURE 3.22. Short-pulse piston-type spiral MCG: 1 — detonator, 2 — liner, 3 —
explosives, 4 — spiral external conductor, 5 — cable, 6 — insulation, 7 — piston, 8
— switch, and 9 — terminal. The energy-accumulation stage is separated from the
coupling stage by the piston. The time it takes for the piston to separate these
stages determines the length of the current pulse.

The length of the current pulse in the load may be calculated from

_ Ryl
- Eb,.’l)p’

Tp (3.141)
where Ry is the load resistance, I is the current generated by the MCG,
Ey, is the breakdown field strength of the liner—piston gap, and v, is the
average velocity of the piston. For the values Ry = 1 Q, Ep, = 107 V/m,
I =50 kA, and v, = 5 km/s, the time it takes for the generator to release
its energy into the load is 7, = 1 ps.

The time taken for the MCG to deliver its energy to the load may be
reduced by either increasing the electric field breakdown threshold or by
decreasing the current generated. However, it is not desirable to decrease
the output current. Therefore, in order to decrease 7, it is necessary for Ey,
to be increased. The advantage of this method is that it has an insignificant
effect on the mass and dimensions of the switch.

All types of MCGs use ballast inductance to separate the energy storage
and the energy delivery stages during the operation of the MCG. During
the “lengthy” operation of the MCG, the inductance of the generator stores
energy. During the final stage of operation, the ballast inductance is con-
nected to the load. As a result, the pulse in the load is shortened by a
factor of 10 or more, and its power is increased. When an inductive load
is attached to the MCG, the voltage drop in the load increases. To under-
stand these processes, consider the PMCG. Unlike the typical PMCG, the
plates of the short-pulse PMCG are connected to the ballast inductance
shown in Fig. 3.23. The current-bearing conductors are positioned parallel
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FIGURE 3.23. Short-pulse plate MCG: 1 — ballast, 2 — plates, and 3 — solenoid.
The ballast is used to separate the energy-storage stage from the lengthy delivery
stage during the operation of the MCG. While the MCG is operating, energy is
stored in the ballast, after which it is connected to the load. As a result, the pulse
delivered to the load is shortened by a factor of 10 or more.

to the standard plates at the end of the generator. The load is connected
to the current-bearing conductors. A polyethylene film is used to insulate
the plates and the current-bearing conductors.

This PMCG operates in the following way. When the current flowing
through the generator reaches its peak value, the explosive is initiated.
The cassette walls begin to move, thus closing the generator plates, com-
pressing the magnetic field, and pushing the field into the ballast solenoid.
The amount of current flowing through the plates and the ballast solenoid
increases. When the point-of contact between the plates and the cassette
reaches the added current conductors, the “plate-ballast solenoid circuit”
is switched to the additional “conductor—load solenoid circuit.” In addition,
magnetic flux compression will take place between the additional current
conductors and the cassette. The risetime of the electromagnetic energy
pulse coupled into the load is determined by the time of compression.

Let’s now determine that part of the electromagnetic energy and current
that is transferred from the ballast inductance into the inductive load. The
energy stored in the ballast inductance is

1

W, =
2

LsIZ, (3.142)
where I; is the current flowing through the MCG at the moment the cir-
cuit is switched. To find the residual magnetic energy, Wy, in the ballast
inductance and the energy transferred into the magnetic inductance of the
load, Wy, the following expressions are used:
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: L3
= — W, (3.143)
(Ls + Lu)
LsL
L= —2E W, (3.144)

B (Ls + Ly)?

where Ly = Ly + L¢;, Ly is the inductance of the load of the generator
and Ly, is the inductance of the current-bearing conductors. Using Egs.
3.143 and 144, the ratio of energy transfer from the ballast inductance into
the load is

!
Wy _ __Lsbw (3.145)
Wi~ (Ls+Ln)®
This ratio has a maximum of 25%, when Ly = Ls. Taking into account
Eq. 3.142, it can be shown that the peak current through the load as a
result of the presence of the ballast inductance is equal to 0.51;.

Therefore, adding the ballast inductance to separate the energy-storage
and energy-delivery stages leads to a decrease in energy delivered to the
load by a factor of 4 and a decrease in current by a factor of 2. This par-
ticular generator design, despite its specific limitations, may be efficiently
used if the solenoidal load of the generator is the primary winding of a
pulsed transformer. It is a well-known fact that the voltage drop across an
inductance is given by the expression

dl

V=L
cdt’

(3.146)
where L. is the inductance of the solenoidal load. If it is assumed that the
current changes linearly in time, Eq. 3.146 can be rewritten as

Al
V=L, A7 (3.147)
By using the ballast inductance and the additional current conductors,
the time required to release the energy into the load can be reduced from
hundreds of microseconds down to microseconds. Therefore, for a generator
of length lp = 1 m filled with high explosives with a detonation velocity
of D = 7500 m/s and with current conductors of length l; = 0.1 m, this
time is shortened by approximately a factor of 60. Using Eq. 3.147 and the
assumption Ls = Ly, the voltage on the solenoidal load is increased by a

factor of 30.
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The time taken for the MCG to deliver its energy to the load can be
reduced to a minimum if the ballast inductance is switched to the load
during the final stage of electromagnetic energy accumulation. With this
purpose in mind, a massive metal lug is welded to the end of the high
explosive cassette. This lug compresses the magnetic flux during the final
stages of operation of the generator and switches the ballast inductance
circuit into the inductive circuit of the load.

To determine the rate at which the current increases during the switching
of the ballast inductance into the load inductance, the law of conservation
of magnetic flux is applied to the circuit;:

LhLs=IgLs+IuLy. (3.148)

Solving this equation for Iy and taking the derivative with respect to time
yields

dly Ls dI

& T Liilpdt (3.149)

To find the rate at which the current flowing through the generator changes
during the accumulation of electromagnetic energy, the circuit equation for
an MCG connected to an inductive load can be used:

dI dLg dl; _
Lg % + 1 I + Ls % =0. (3.150)

Rearranging, an expression for the rate of change of current can be found:

dIl _ 11 dLG
ﬁ_h+h( ). (3.151)

In this expression, the factor (—dL¢g/dt) is the rate at which the magnetic
flux is compressed. Substituting Eq. 3.151 into Eq. 3.149, an expression for
the rate of change of current in the load is obtained as

daI Ls I ( dLg) (3.152)

dt  Ls+LpLs+ Lo\ dt

At the moment of switching, Lg = 0 and Eq. 3.152 becomes

dly L dlg
dt ~ Ls+Ly < dt ) (3-153)
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Substituting the values of the MCG parameters given above into this equa-
tion and assuming that Ls; = Ly = 10 nH, the pulse length when the
ballast inductance is switched into the load during the final stages of oper-
ation of the generator is calculated to be 100 times smaller than the pulse
length of a generator with additional current conductors. Thus, according
to Eq. 3.147, there is a 100-fold voltage drop across the load.

For the MCG designs considered in this section, it has been found that
the time taken to release energy into the load may be significantly shortened
by employing several design concepts, which lead to significant increases
in the amount of pulsed power delivered to the load and voltage decreases
in the load. However, it should be mentioned that significant energy losses
arise as the result of shortening the pulse in the load, which is a significant
disadvantage of short-pulse generators. When estimating the expedience
of using these generators for specific applications, the output parameters
of the generator must be taken into account relative to the nature and
requirements of the load. The ancillary equipment required to match the
output parameters of the MCG to its load is discussed in the next chapter.
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Pulse-Forming Networks

The energy in magnetocumulative generators is stored in low value induc-
tances, of the order of 10 nH, but the currents involved may reach tens
and even hundreds of megaamperes. Transferring the corresponding large
amount of energy into different types of loads poses a major problem, be-
cause the inductance of the MCG is smaller than that of the load. When
the load is series connected to the MCG, efficient operation is only possible
when the load parameters are matched to those of the generator. If pulse
sharpening or matching devices are not used on the output of the MCG,
it may still operate satisfactorily with an inductive load, provided that the
inductance of the load is of the same order of magnitude as that of the
MCQG, i.e., several nanohenrys, or with an active resistance provided that
its resistance is of the order of milliohms. To match the MCG to loads that
do not meet these criteria, several methods have been developed to couple
the energy from the MCG into the load. These methods include:

o disconnecting the MCG from a circuit branch using an opening switch,
followed by its connection to the load in a parallel circuit branch (Fig.
4.1). When the switch opens, a voltage pulse is delivered to the load,

e using a transformer connected through an opening switch to the MCG
and a closing switch to the load (Fig.4.2). When the opening switch
is activated, energy is stored in the transformer. When the closing
switch is activated, energy is delivered from the transformer to the
load,

L. L. Alegilbers et al., Magnetocumulative Generators
© Springer-Verlag New York, Inc. 2000
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Opening
MCG Switch Load

FIGURE 4.1. Prior to the opening switch activating, most of the current flows
through the circuit containing the MCG and switch. When the switch opens, the
current flows from the MCG into the load.

e using an opening switch to shunt the current. When the switch opens,
a closing switch simultaneously connects the load to the output of the

MCG (Fig. 4.3).

In order to apply these methods, the MCG and the load are usually in-
terconnected by high-speed switches, pulse transformers, spark discharge
(spark gap) switches, pulse-sharpening inductors, pulse-forming lines, and
so on. These components comprise what is called the pulse-forming net-
work, since it is used to provide impedance matching of the load to the
MCG and to shape the electrical output pulse of the MCG to optimize the
load performance [4.1]. This chapter is devoted to a study of the design of
these ancillary, but very important devices.

4.1 High-Speed Opening Switches

The major disadvantage of inductive stores, such as MCGs and transform-
ers, is the difficulty encountered in extracting the stored energy from them.
This problem is overcome by using high-speed current breakers (open-
ing switches), which permit efficient switching of the stored energy from
the inductive store into the load. The purpose of the opening switch is
to interrupt the flow of current in the circuit branch that contains the
switch and to force it to transfer to a parallel circuit branch containing
the load [4.2]. Various opening switches have been developed including
diffuse discharge opening switches, low-pressure plasma opening switches,
plasma opening switches, reflex switches, plasmadynamic opening switches,
fuse opening switches, explosively driven opening switches, and solid-state
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FIGURE 4.2. When the opening switch activates, the MCG delivers its energy to
the transformer, where it is stored. When the closing switch activates, it delivers
the energy to the load.
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FIGURE 4.3. The branch with the opening switch initially shunts the current.
When the opening switch activates, current is delivered to the branch containing

the closing switch and load. When the closing switch activates, the energy from
the MCG is delivered to the load.
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opening switches. The family of switches can be divided into two funda-
mental types: direct-interruption opening switches and current-zero open-
ing switches. The former develop the transfer voltage internally, through a
mechanism in which the generalized impedance of the switch is increased.
Examples include fuses, dense plasma focus devices, and superconducting
switches. The latter use a voltage source external to the switch to drive
the switch current to zero and thereby allow the switch to open. Examples
include solid-state thyristors, vacuum switches, and liquid metal plasma
valves.

The combined operation of the high-speed opening switch and the MCG
allows the separation of the energy storage and the energy extraction stages,
and the provision of both impedance matching and pulse shaping. The three
switches that are most widely used with MCGs are explosive, electroexplo-
sive (fuse, exploding wire, or exploding foil), and explosive plasma switches.
Explosive switches use high explosives to break or open the electrical circuit
by cutting a metal conductor with a dielectric knife blade. Electroezplosive
switches (also called ezploding wire or foil switches) use the high electrical
currents generated by the MCG to heat materials that experience a very
rapid rise in resistance as the result of ohmic heating. This heating leads to
melting and eventually to vaporization of the conductor, which opens the
circuit. Ezplosive plasma switches use the shock waves from the detonation
to extinguish an electric arc to interrupt a circuit.

It should be noted that this chapter is not intended to be an exhaustive
review of opening switch technologies, since excellent reviews are available
elsewhere, for example, [4.2] and [4.3].

4.1.1 Eaxplosive Opening Switches

One type of explosive opening switch [4.4-4.6] is shown in Fig. 4.4. It
consists of the current carrying bus (1), insulator (2), explosive charge (3),
plane wave generator (4), and electrodetonator (5).

The insulating plate is usually made from Teflon, with grooves cut into
this plate to create several unconnected gaps. When the explosive is det-
onated, a length of conductor is removed and the circuit is opened. The
characteristic time required for this type of switch to decrease the current
by 30% from 30 kA is 2 us. These switches have been successfully used to
switch currents of ~ 100 kA at current densities of 50 kA/cm?. In order to
achieve a switching time of ~ 2 us, 0.1-0.3 kg of high explosives must be
used. These switches may survive up to voltages of 50 kV at power levels
of 5 GW.

An example of an opening switch in which massive conductors are me-
chanically destroyed by an explosive charge is shown in Fig. 4.5. The switch
consists of a metal ring (1), one side of which is connected to the current-
carrying plates of the MCG and the other side to the storage coil (3).
Grooves (4) cut into the wall of the ring facilitate the breakage of the ring.
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FIGURE 4.4. Schematic diagram of an explosive opening switch: 1 — current
carrying bus, 2 — insulation, 3 — explosives, 4 — plane wave generator, and 5 —
detonator. When the explosives is detonated, the current carrying bus is broken
and interrupts the flow of current.

When the explosive charge (7) is detonated, the current source is shunted
by plate (5) followed by connection to the storage coils by plate (6), and
the MCG circuit is disconnected by the opening ring walls. Experimentally,
currents up to 5 x 10°A have been switched in 5 us.

One disadvantage of explosive opening switches is the large amount of
high explosive required, that in some cases may exceed the explosive charge
in the MCG. For example, a spiral generator with an output current of ~
160 kA requires an explosive charge of 70 g in the switch. A second disad-
vantage is that the current switching time is of the order of microseconds,
which in some cases may exceed the maximum pulse length requirement
imposed by the load or the intended application.

4.1.2  FElectroezplosive Switches

Electroexplosive breakers (EEB) (electroexplosive opening switches) [4.7,4.8]
are used when switching times are required shorter than those available
when using explosive opening switches. Usually, EEBs consist of either
thin wires connected in parallel or foils. To understand how they work,
consider the voltage changes with time presented in Fig. 4.6. During the
initial stages of operation, that is, when t < t;, the resistance of the con-
ductor increases uniformly, which implies that the voltage on the conductor
changes uniformly. If thermal losses are neglected, the resistance is propor-
tional to the amount of energy injected into the conductor. During the
period t; < t < tg, melting occurs, and when t > t3, one of three possible
processes can take place depending on the current density. If the injection
of energy into the conductor occurs at the peak of the curve, the voltage
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FIGURE 4.5. MCG with an electroexplosive opening switch: 1 — metal ring, 2 -
current-carrying plates, 3 — storage coil, 4 — groves cut into ring, 5 — shunt, 6 —
current-carrying plate, 7 — explosives. When the explosive charge is detonated,
the current source is shunted by plates 5 and 6 and the circuit disconnected due
to the destruction of the ring walls.

will fall to zero and the conductor remains intact. If a small amount of
energy is injected beyond the peak, the conductor will be destroyed at one
or more places, and the voltage will also fall. Finally, if the injected power
is sufficiently high, the conductor material disintegrates and forms a va-
porized wave front that moves toward the center of the conductor. During
this final stage of the process, part of the electromagnetic energy is con-
verted into kinetic energy of the vapor, depending on the current density.
The voltage on the conductor increases sharply and may exceed the initial
voltage by more than one order of magnitude.

If the metal used in the EEB has a boiling point that is sufficiently
high, then, even before the explosion, a shunting discharge arises at the
surface of the conductor and destruction of the metal does not occur. It
has been shown experimentally, that, under normal conditions, tungsten,
molybdenum, tantalum, and zirconium do not explode. These metals are
not suitable for current switching.

To achieve a high energy transmission coefficient with an EEB, metals
having as small a specific resistance as possible should be used. Some ex-
amples are silver, copper, gold, aluminum, and zinc. Since that part of the
energy used for heating and vaporization lowers the efficiency of the EEB,
it is best to use materials having a low thermal capacity and a low heat
of vaporization. If only these parameters are taken into account, then the
product of the specific resistance and the sum of the energy used to heat
and vaporize the metal is an acceptable parameter for characterizing the
suitability of using a particular metal in the EEB. These calculations show
that silver, gold, aluminum, zinc, and copper have the smallest products of
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FIGURE 4.6. Voltage changes in EEB as a function of time. If the EEB con-
sists of parallel wires, then during the initial stages (t < t;), their resistance
increases, which means that the votage across them also increases. During the
period, t; < t < ta, melting occurs, and when t > t3, the wires disintegrate and
the circuit opens.

the specific resistance and heat of sublimation. When comparing aluminum
and copper wire, it has been shown that aluminum wires have less electrical
strength during the explosion. As a result, the length of the aluminum wire
used in the EEB must be some 1.8 times greater than the length of silver
or copper.

To find an expression that describes how the resistance of the EBB
changes, a model for surface vaporization, which depends on the current
flowing through the conductor, is used. The speed at which the vaporization
wave moves is

Uy = U’UOf (0, av) ) (41)
where
ATOOL,,—O.S
Vo = —57—, 4.2
0 pca‘)/,s ( )

f0,00) = 6% 3(1+ ay0),

p is the specific resistance of the metal used in the EEB, § = T/T,, a, is a
coefficient (1.2 for copper), Cy is the thermal capacity (5 J/cm3-grad), and
To = Aby/Rg is the ratio of the specific heat of vaporization to the gas
constant. The vaporization wave velocity for copper can be approximated
by the step change v,, where v, = 0, if Wp < 0.27 J/mm?3, and v, =
0.175, if Wp > 0.27 J/mm?® and where Wp is the energy absorbed by the
conductor.
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The maximum voltage generated in the EEB is given by

LZ’U,?)IL RLd
Uy =2.16 R exp (2’01,L) , (4.3)

where L is the circuit inductance, I}, is the current, d is the diameter of
the wire, and Ry, is the wire resistance. The index “L” refers to the instant
in time at which the vaporization wave begins to move. The applicability
of this surface wave model to the EEB is explained by the fact that the
conductor used as the current breaker element has been heated beyond its
boiling point, but does not suffer strong overheating, because the load is
connected in parallel and absorbs part of the energy.

If a foil is used in the EEB instead of a wire, it may exist in two states:

e solid metal through which the vaporizing wave has not passed,

e expanding saturated vapor.

For the case of a vaporization wave moving through the foil with a con-
stant velocity v,, the size of the conducting portion changes according to
the expression

d t
5 —/0 ’Uvdt, (44)

where d is the thickness of the foil. Since the foil resistance is inversely
proportional to its thickness, it can be shown that

20y ]_1 . (4.5)

Re(t) = Rp(0)£(2) [1_ /0 2o gt

Neglecting the dependence of f(t) on temperature and introducing the
following parameters

5 N=— (46)
enables Eq. 4.5 to be rewritten as:
Rp(0)

-’

It can be shown that, for EEBs that use wires, instead of foils, the resistance
changes in time according to the equation

Rp(t) T (4.7)
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m@:f%%. (4.8)

The most important parameters that characterize the capabilities of the
EBB are the switching time, operating current, and maximum voltage.
The first of these determines the switching quality and the losses, while the
latter two determine the amount of power switched and the basic operating
parameters of the switch.

It follows from Eqs. 4.7 and 4.8 that the current switching time of the
EEB depends on the cross-sectional area of the exploding conductors and
on the velocity at which the vaporization wave propagates through them.
The cross-sectional area must be selected so that the total current flowing
through it approaches the magnitude required to vaporize the conductor
at the moment switching occurs. The energy required to explode the mass
of the metal may exceed the energy of sublimation of the metal due to
overheating of the vapor phase.

The number of parallel conductors required to switch the current I flow-
ing from the MCG can be found. The total cross-sectional area, S, of the
wires is

tGI
%:%A P, 4.9)

where £, is the inertial integral, which is equal to 1.95 x 1017 A%.s.m~*

for copper and 1.09 x 10'7 A%.s:-m~* for aluminum, and t., is the time
at which the wires explode. If it is assumed that the inductance of the
generator changes linearly, Lo(t) = Lo — Lst, then an analytical expression
can be derived to calculate the overall cross-sectional area of the switch:

LOtez

Sy = Al
P k40 eva’

(4.10)

where Ly, is the inductance of the MCG at t = te.

If the EEB is connected to the secondary circuit of a pulsed transformer,
where the primary circuit is the load for the MCG, the following analytical
expression can be used to determine the overall cross-sectional area of the

EEB:

= A a5 - 157V, a
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FIGURE 4.7. Another example of an EEB is the exploding foil switch. In order to
reduce the opening time of the switch, the foils (1) are surrounded by powdered
aluminum oxide (2), which hinders the foil vapor from spreading following the
explosion of the foil and an increase in conductivity of the material. The input
and output electrodes are denoted by (3).

where
M2
= Log— —
fW 0 L2,
2
tes (M
= = (g
fp gv (L2 0) b)
1
fr = ————, (4.12)
(2R1—LS)te:z:
M2
fe = Lk_L_z,
2R,
S = —
t Ll )

M is the mutual inductance between the windings of the transformer, and
L is the rate at which the inductance of the MCG changes. If the metal
vaporizes sufficiently fast, there will exist a time interval, called the current
pause, during which the electrical conductivity of the metal is very small,
i.e., the circuit is open. Following this, an electrical discharge will take
place in the outer layers of the metal vapor where the pressure is low,
and the high-conductivity state will begin to be restored. However, this
recovery process may be slowed by surrounding the exploding wire with a
powder such as Al;O3, which hinders the vapor from spreading following
the explosion. This is depicted in Fig. 4.7 [4.9].

It is usually necessary to determine the critical length of the switch,
which is the length that will allow the explosive products of the conductor
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FIGURE 4.8. Example of a switch based on parallel exploding wires: 1 —
high-voltage cables, 2 — Rogowski belt, 3 — copper wires in parallel, 4 — Plex-
iglas insulator, 5 — fastening nuts, and 6 — discharge gap.

to survive the high voltages produced within it without breakdown. On
the one hand, the voltage on the switch is inversely proportional to the
breakdown time, i.e., U = LdI/dt, and increases as the radius of the con-
ductors decrease. On the other hand, increasing the length of the EEBs
will lead to an increase in the total mass of the EEB. Heating the mass
of the conductors until they explode may consume a major portion of the
energy generated by the MCG, which means that only a small portion of
this energy is delivered to the load. It has been observed experimentally
that the electrical strength of conductors having diameters of 0.11 and 0.80
mm is 4-5 kV/cm and 8-9 kV/cm, respectively. When the conductors are
longer than a critical length, a steady current flows and the rate at which
energy is delivered to the load does not change. Maximum pulsed power
is delivered to the load when the length of the conductors is equal to the
critical length, which increases as the load resistance increases.

Figure 4.8 is a drawing of an EEB based on conductors connected in
parallel, in which (1) is high-voltage cables, (2) is a Rogowski belt for
measuring the current pulse, (3) are several tens of copper wire connected
in parallel, (4) is a Plexiglas insulator, (5) are fastening nuts, and (6) is
a discharge gap. Switches based on the electrical explosion of wires may

switch energies in the megajoule range. The switched currents are rather
high.

4.1.3 Fzplosive Plasma Switches

The operation of explosive plasma switches (EPS) [4.10] is based on ex-
tinguishing an electric arc by means of a shock wave. A drawing of this
type of switch is presented in Fig. 4.9. The electric arc is ignited between
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FIGURE 4.9. Explosive plasma switch: 1 — circular electrodes, 2 — insulation,
and 3 — explosives. An electric arc is ignited between the circular electrodes in
the ring channel along the perimeter of the explosive charge. When the explosive
charge is detonated, the arc is driven toward the walls of the insulator, where it
is extinguished and the circuit opened.

the circular electrodes (1) in the ring channel along the perimeter of the
high-explosive charge (3). After the charge is initiated in the center, the
arc is driven toward the walls of the insulator (2), where it is compressed
and extinguished.. If the high-explosive charge is hexogen, with a diameter
of 30 mm and a thickness of 10 mm, the EPS can switch 23 kA in 3 us.
The voltage on the electrodes is 30 kV.

The switching process is affected by the interaction of the expanding ex-
plosion products with the plasma arc, the risetime of the switched current
and voltage, and the parameters of the electric circuit. The specific con-
ductivity of the detonation products, which shunts the shock-compressed
plasma arc and which decreases in time as the explosion products expand,
also affect the switching process.

To find an expression that characterizes the operation of the EPS, its
principles of operation, shown in Fig. 4.10, must first be analyzed. The
switch serves as an energy store during the rather lengthy operating time
of the MCG, followed by the rapid coupling of the energy into the load.
The energy storage system consists of a metal tube and a cylindrical plasma
channel, which are located in the region between the dielectric barrier and
the surface of the high-explosive charge. When the current reaches its peak
value in the storage portion of the switch, the plasma channel is simulta-
neously compressed along its entire length by the detonation of the high
explosive. At the moment the plasma channel breaks, the volume of the
storage system is filled with explosive by-products, which cause an increase
in the inductance of the load and switching of the current into the load.



4.1 High-Speed Opening Switches 137

\\

N

+ P+ o+ + AN

Z N

L / ) | @ 4 + N

X 4, ‘v + N

b ? # E qa * :\

++ .,A -_!— % 4 . S

J LJ AN
7__\/—-—[HHH'|~IIIIH N

1

FIGURE 4.10. Switch with coaxial storage structure: 1 — dielectric, 2,5 — coaxial
storage unit, 3 — explosive charge, 4 — detonator, 5 — polyethylene insulator, and
7 — load. The switch is designed to store energy during operation of the MCG,
followed by the rapid coupling of this energy into the load. The energy storage
systems consist of the metal tube and the cylindrical plasma channel, which
are located in the region between the dielectric insulator and the surface of the
explosive charge. When the current reaches its peak value, the plasma channel
is simultaneously compressed along its entire length by the explosive charge. At
the moment the plasma in the channel is extinquished, the volume of the storage
system is filled with explosive by-products and the energy is switched into the
load.

The change in the magnetic field in the storage volume of the system can
be found by using the diffusion equation:

dH

[,LOO'EE = AH, (413)

where o, is the electrical conductivity of the explosion products and p,
is the magnetic permeability. The boundary condition at the radius of the
inner tube, 19, is

aH(’I‘o,to) + H(’I’o,t)

5 =0 (4.14)

which was derived from the following equation based on the assumption
that E = 0 at the inner tube:

V x H=o0,E. (4.15)

If 75 is the radius of the plasma channel, the definition of E is
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, (4.16)

where R, is the resistance and I, is the length of the plasma channel and I,
is the current flowing through it. Rewriting I, in terms of the load current,
I1,, and the magnetic field in the storage portion of the switch yields:

I, = 2y H(rg,t) — I (4.17)

From this expression, the boundary condition at the radius of the plasma
channel can be derived as

OH(rs,t) | H(rat) _  p Iu—2mraH(rot) (4.18)
or T2 lx
or, after introducing the expressions for I;, and R,,
dIy,
LLE + RpIL, = R, [2mreH (ro,t) — I, (4.19)
dR, 1 dS; 1 do,
ar. _ *(s_k_dT a_,dt>’ (4.20)

where Sy is the cross-sectional area of the channel, which is perpendicular
to the flow of current, and o, is the conductivity of the plasma channel.
Using the following relationship between the parameters of air and plasma,

0.12
p=6.65T3 (p—:) , (4.21)

which was derived from the equation of state

p

W= ——— 4.22
(k=1)p (422)
and the internal energy expression
s [P 0.12
W =277T= (f) , (4.23)

together with the first law of thermodynamics
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dq = dW + pdV, (4.24)

an equation that describes the rate at which the electrical conductivity of
the plasma channel changes can be derived:

do,
dt

27 25\ 4T T\*"™ dn

= 3.947%%"1n (4- 10%n) & 054 (n) = (4.25)
where p is pressure, T' is temperature, p, is the plasma density, p is the
density of air under normal conditions, k is the adiabatic exponent, dq =
I2/pS%0.dt is the amount of heat generated per unit mass of plasma, and
V = 1/p is the specific volume of the plasma. In deriving Eq. 4.25, the for-
mula that relates the air—plasma conductivity to temperature and density
was used:

0, = 547%™ n(4-10~%n), (4.26)

which was constructed from tabulated data for temperatures, T, from 20
kT to 100 kT and for densities from p, to 10p,, where 7 is the total con-
centration of atoms and ions.

4.2 Pulsed Transformers

One method for electrically matching the parameters of the MCG to those
of the load is to use a step—up transformer [4.11-4.14]. The load is connected
to the secondary winding of the transformer, and the MCG is connected to
the primary winding.

The use of pulsed transformers to match the output of the MCG to the
input of various loads was first proposed by Gaaze and Shneerson [4.15]
in the FSU in 1965. The proposed design is based on the pulsed cable
transformer. In this arrangement, the basic component is a high-voltage
coaxial cable wound in the form of a helix, as shown in Fig. 4.11a. At each
turn of the helix, the conducting shell or braiding of the cable 1 is removed
from a section of length 2. These cuts are positioned above each other over
the length of the spiral coil. The ends of the cuts are connected to plates
or cables, which are connected to the MCG. That is, the braiding of the
coaxial cable is the primary winding of the transformer. The diameter of
the core conductor is d. > 20d;, where dg}, is the thickness of the shell of
the cable.

The load is connected to both ends of the cable core, which is the sec-
ondary winding of the transformer. This lowers the requirements placed on
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the insulation of the cable. Variations in the inductance of the secondary
winding, which depends on the inductance of the cable, due to leakage may
be decreased by winding the cables in parallel, which decreases its resistance
and the magnitude of the current flowing through the cable. The displace-
ment (1) is caused by the radial stretching of the turns, the displacement
(2) of the wire sections of the cable without braid is caused by the differ-
ence in the fields within the current conductor and within the transformer,
and the displacement (3) of the insulation of the cable is caused by the cur-
rent flowing through the cable. When using cylindrically solenoidal-shaped
cable transformers, the displacement at the ends must be taken into ac-
count. Both toroidal cable transformers (shown in Fig. 4.11b) and some
of its variants have been constructed. In this case, the primary winding 1
consists of several sectors of cable braid connected to the current-bearing
flanges of the MCG. The transformer coefficient is approximately equal to
the number of sectors [4.16].

The cable transformer possesses several advantages over other types of
transformers including

e variations in the value of the inductance decreases significantly due
to the fact that it is determined only by the inductance of the cable,

e the insulation problem is automatically solved,

e the cable wire is for all practical purposes not affected by the action
of electromagnetic forces.

A coupling coefficient of k. = 0.9 can be achieved in cable transformers.
This means that up to 35% of the energy of the MCG can be transmitted
to the load.

If the operating time of the transformer must be proportional to that of
the MCG, then the transformer must be mounted directly on the generator.
This increases the coupling factor k. and reduces the requirements placed
on the transmission line to the load. In the case of high-energy spiral gen-
erators, a two-turn cable transformer (1 and 2 in Fig. 4.11c) may be used
to couple the energy from the MCG to the load. This type of transformer
permits the load to be connected to the gap in the braiding at any place
on the cable that is desired. This is why the length of the transformer may
be increased to increase the inductance of the primary winding and to de-
crease the overall dimensions of the transformer, as well as partially use it
as the energy transmission line to the load.

The cylindrical transformers shown in Fig. 4.12 are very convenient for
connecting to the plates of the PMCG. The primary winding, which is a
single-turn solenoid, is the load of the generator. The secondary winding
of the transformer is usually made in the form of a spiral (Fig. 4.12a) or a
tape (Fig. 4.12b). The secondary winding (Fig. 4.12a) is usually a copper
band having a certain thickness that is wound in the form of a spiral around
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FIGURE 4.11. Diagrams of cable tranformers: 1 — conducting sheath (braid) and
2 — length of section removed. In figs. a and b, a length of conducting sheath is
removed and connected by a cable. The load is connected to both ends of this
cable. The primary winding is the braid, which is connected to the MCG, and the
secondary winding is the center conductor of the coaxial cable. Figure ¢ shows a
two-turn cable that is mounted directly on the MCG. This increases the coupling
factor, k..
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FIGURE 4.12. Diagrams of cylindrical transformers — (a) spiral wound and (b)
tape wound.

a dielectric cylinder. Polyehtylene film is used as the insulator. The tape-
wound transformer, shown in Fig. 4.12b, has several advantages over other
types of transformers:

e the secondary winding is placed inside the primary winding,
e the output voltage is coupled into the center of the transformer,
e the change in the voltage inside the coil varies radially.

The basic problems associated with this type of transformer are break-
down between the turns and eddy currents induced in the components of
the structure. However, the capacitance of roll transformers may be sig-
nificant, owing to the large area and close positioning of the turns of the
conducting foil. This leads to an independent capacitive equalizing of the
voltage on the secondary winding of the transformer, and therefore to a
lowering of the susceptibility of the transformer to damage due to unstable
breakdown voltages.

The principal disadvantage of the foil and tape windings is their suscep-
tibility to breakdown at the edges of the foil. Breakdown at the edges arises
as the result of a sharp increase in the electric field that forms between the
coils that are at high voltage and that bends sharply around the edges in
the direction of the turns that are at low voltage. These high field strengths
and their associated potentials may be significantly decreased by selecting
boundaries that form coaxial equipotentials, which are almost parallel to
the uniform field along the diameter of the winding. ~.

A “leveling” technology, successfully applied by Martin and Smith to
expendable transformers, consisted of filling the volume of the transformer
with a resistive liquid, such as a weak solution of copper sulfate made with
distilled water. This technology provides resistive leveling of the voltage,
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FIGURE 4.13. Diagram of winding for cable transformers: 1 — central wire of
cable welded to origin of winding to couple current, 2,3 — unreeled foil roll, 4,5,6
— insulation, 7 — profiled edges of the lobes to which the cable braiding is welded,
and 8 — is a top view of the welded cable. In order to prevent damage to the
transformer when the output of the transformer is welded to the inner part of
the secondary winding, several nodes may be welded to the the terminal as shown
in this figure.

which may be applied to expendable transformers, but is not good for
reusable transformers, due to changes in the properties of the liquid.

If the output of the transformer is welded to the inner part of its sec-
ondary winding, the transformer may be damaged. The problem is that
the current density in this case is highest at the output end of the ter-
minal (where it is almost zero at the input end of the terminal) and may
exceed the critical current density, which would cause the foil at this point
to explode and the transformer to be destroyed. This disadvantage may
be eliminated by welding several lobes made of the same foil, but with
decreasing area, to the end of the terminal, as shown in Fig. 4.13.

To calculate the inductance of the primary and of the secondary windings
of a cylindrical transformer, the expressions used are

d2k
L= H—‘%A—’i—L (4.27)
and
2.3
Lp= %, (4.28)

where kf, is the trimming coefficient for the widths Ay and At and the
diameters dj and dr. Neglecting surface effects, the average diameter dr
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of the secondary winding of the transformer can be calculated using the
equation

1
— 3d? . 212
dT=[ ,+2d,do+do] , (4.29)

6

where d; is the inside diameter and dy is the outside diameter of the sec-
ondary winding. The coupling coefficient of the transformer windings is
calculated from

- 1
_dr (Ar)?

or by using

k, = /M, (4.31)
Lr

where L% is the inductance of the secondary winding, when the primary
winding is short-circuited.

The advantage of the tape-wound cylindrical transformer resides in the
small gap between the coils, which increases the coupling factor. When the
transformers operate at high currents, the linear current density must be
conserved and the height of the tape must be selected proportionally to
the total current. Finally, the design of the secondary winding must fit the
design of the load (a cylindrical coil) of the PMCG. Only the secondary
winding is inserted into the load turn of the generator.

To determine that part of the energy produced by the MCG that is
transmitted into the load by a pulse transformer, consider the system de-
picted in Fig. 4.14. Here, the MCG is connected through a transformer to
an inductive load, where Lgy(t) is the inductance of the MCG, Lp is the
inductance of the component that transitions the energy from the MCG
into the transformer, Ly is the inductance of the load of the MCG, which
in this case is the primary winding of the cylindrical transformer, Ly, is
the inductance of the load, and M = k.v/Ly L7 is the mutual inductance.
Solving the equations associated with the circuit shown in Fig. 4.14 for the
initial conditions, I1(0) = Io, Ly(0) = Lo, I2(0) = Iz, and Ly(t,) = 0,
and assuming that the generator begins operating at ¢ = 0, an expression
that describes how the MCG operates when it is connected to a load having
an equivalent inductance without using a transformer can be derived:

k2L1Ly ] dI; = dI

_ e flre =41 =
(Lg + Lgp +L1) Tot L | dt + gt L =0, (4.32)
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where the equivalent inductance, Lg, is

k2L, Ly

LEZLB+L1—m

1 — k2
=L2+L1 (L)

T (4.33)

and where o, = L,/ Ls. It can be seen that the operation of an MCG con-
nected to an inductive load through a transformer depends on Lp, k2, and
L1/Ls. Therefore, connecting the primary winding of the transformer to
the generator increases the efficiency of the MCG. To minimize the change
in the diameter of the primary winding due to its expansion, it must be
manufactured in the form of a massive solenoid. As to k. and the ratio of
the inductances, the strongest effects are due to the coupling factor, which
is a second-order effect. The equivalent inductance may change, depending
on the ratio Lp/Lq, from Lp + Ly (1 - Icf) to Lg + L,. If the coupling
factor is close to 1 (i.e., an ideal transformer), then Lr may decrease sig-
nificantly due to the increase in Lo, provided that Lp is also very small,
and, therefore, increase the trimming factor of the generator and improve
its operating parameters. The transformer coefficient, 7,,, may be derived
without taking into account Lpg, by using the ratio of the currents in the
primary and secondary windings:

Lt (L\?
MNr = E(E)
_ Ly(l+ap) (kI Ly
- (1+aL—k§)(L2+LL)
aka

I+ ap - ]Cg)(l +01L)‘

(4.34)

The magnitude of 7,, attains its peak value when k2 = 1 — a2 . Taking into
account Lp leads to a more complex form of the expression for 7,,:

Othz

(42 +1) 1+ o) — k21 + )

Nir = (435)

To facilitate use of this equation, Table 4.1 lists calculated values of 7,,. for
different values of k¢, ar, and [, where 8, = Lg/L;. It is clear from the
table, that large amounts of energy, ~ 90%, may be coupled into the load
when the coupling factor is ~ 0.999 and Lg = 0.
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ap, 07 08 09 095 0.99

Br=0
ke

0.02 0.02 0.03 008 0.15 0.89
0.06 004 0.07 0.16 0.29 091
0.10 007 0.13 025 042 0.89
0.50 0.16 0.25 039 0.52 0.66
1.00 0.16 024 034 041 0.50
2.00 0.13 0.18 025 029 0.33
5.00 0.07 0.10 0.13 0.15 0.17
10.0 0.04 0.06 0.07 0.08 0.09

Br =05
0.02 0.01 0.01 0.02 0.03 0.04
0.06 0.02 0.03 0.05 0.06 0.09
0.10 004 0.06 0,09 0.11 0.14
0.50 0.13 0.19 023 026 0.06
1.00 0.10 0.15 0.18 021 0.25
2.00 0.08 0.11 0.15 0.17 0.19
5.00 0.04 0.06 0.08 0.09 O0.11
10.0 0.02 0.04 0.05 0.06 0.07

Br=10
0.02 001 001 001 0.02 0.9
0.06 001 0.02 0.03 0.04 0.04
0.10 0.03 0.04 0.05 0.06 0.08
0.50 0.09 0.12 0.14 0.16 0.17
1.00 0.07 0.10 0.13 0.15 0.17
2.00 0.06 0.08 0.10 0.12 0.13
5.00 0.04 0.05 0.07 0.08 0.08
10.0 0.03 0.04 004 004 0.04

TABLE 4.1. Energy coupling coefficients for MCGs connected through trans-
formers to inductive loads.
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FIGURE 4.14. Equivalent circuit diagram of an MCG connected through a trans-
former to an active load.

If the energy is coupled into an active load through a transformer, the
expression used to calculate 7,, is

xR

2
2 g oo (-5)

”Itr = kz L 2 oT
4 (1 + —Llf) —2K2 (1 +0.5exp (-E))
K2 k2
2<1+£L1;1) 2(14+8L)’

(4.36)

Q

where T is the operating time of the generator and o = Ly/Ry,. It follows
from Eq. 4.36 that, for this type of coupling, it is impossible to couple more
than half of the energy from the MCG into the load, even when k. = 1.

Numerical solutions of the equations that describe the operation of an
MCG connected through a transformer to a load show that the profile of
the current pulse of the MCG remains the same, even when the parameters
of the load change. As Ry, and L, increase, there is a minimal decrease in
the value of the current.

When selecting the proper thickness of the copper foil used in the cylin-
drical spiral transformer, its operating mode must be taken into account.
The dimensions of the section of current carrying copper foil must be se-
lected in such a way that the current flowing through it does not exceed
the total current that would melt the foil.

At present, pulsed transformers that are used to electrically match MCGs
to active loads of Ry, = 20 2 at voltages of ~ 1 MV can couple up to 30
MJ into the load.
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4.3 Spark Gap Switches

Closing switches [4.3,4.17,4.18] in very-high-power systems are designed to
hold off the voltage during its build-up and to close and allow the cur-
rent to flow into the load at a specified voltage level or time. The voltage
stand-off of high-power closing switches are based on the voltage breakdown
characteristics of some type of medium (solid, liquid, gas) or electron sur-
face emission characteristics of separated electrodes at low pressures. Some
examples of the former type of switch are gas discharge switches, liquid
dielectric switches, and solid dielectric switches, and some examples of the
latter type are vacuum spark gap switches and vacuum surface discharge
switches.

To further sharpen the risetime of the output pulse of the MCG, both
explosive opening switches and spark gap closing switches (gas discharge
switches) are added to the MCG-load circuit. The basic requirements placed
on these switches are that they must have

e low inductance,
e low Ohmic losses,

e jitter times that do not exceed several nanoseconds.

Sharpening switches are divided into two categories: controlled and un-
controlled. The uncontrolled switches are filled with high pressure-gas, oil,
or water, which allows the switch to generate very short risetime pulses.
The controlled switches are usually filled with SFg.

The breakdown processes that occur in spark gap switches are very com-
plex. The basic process is the formation of positive and negative “stream-
ers,” i.e., moving domains of spatial charge. The evolution of the breakdown
process resembles the propagation of a combustion front. In spark gaps with
a nonuniform field distribution, such as that associated with the edge of a
plane or a blade, the average velocity of a streamer in oil at voltages less
than 1 MV can be determined from the empirical expression

de
Vs = kU™ cm/ps, (4.37)

where U is the voltage across the switch in megavolts, t is time in us, n
and k are material constants, and d, is the distance between the electrodes
in centimeters. For a positive polarity, £y = 90 and n,. = 1.75, and for a
negative polarity, k- = 31 and n_ = 1.28. In the voltage range of 1-5 MV,
Eq. 4.37 for both polarities becomes

v, = 80U 647 0-%5, (4.38)
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de
Electrode Shape 2 F,

Cylindrical 0.115 1.3
Spherical 0.057 1.8

TABLE 4.2. Parameters of a spark gap filled with air or nitrogen.

When the switches are filled with water, the streamer velocities are deter-
mined from the empirical relations

vst? = 8.8U°%6 (positive polarity), (4.39)

vst% = 16U (negative polarity). (4.40)

The four gases most widely used in uncontrolled gas discharge switches
are air, nitrogen, Freon, and sulfur hexafluoride. The uniform electric field
strength required to cause breakdown in air or nitrogen is

1.2
Epr = [24.61) +6.7 (i)

F1 )
i; , (4.41)

P

where p is the gas pressure in atmospheres, d.s is the effective distance
between the electrodes, and Fj, is the field gain; i.e., the ratio of the max-
imum field on the electrodes to the average field in the gap between the
electrodes. Table 4.2 gives the values of d.; and F, for a discharge gap,
when the distance between the electrodes is equal to the diameter of the
electrodes, d..

In practice, breakdown in SFg and Freon occurs at field strengths that
are 2.5-5.0 times the values given by Eq. 4.28. However, it is better to use
SF, since carbon is not formed during the discharge, as it is when Freon
is used as the working gas.

In gas discharge switches with a strong nonuniform field distribution,
such as between a point and a plane or between the edge of a blade and a
plane, the breakdown field distribution depends on both the pulse length
and the pulse polarity. The breakdown field is given approximately by

By = k1p™(det)® kV/cm, (4.42)

where Ep. = U/d. is the average value of the breakdown field, d. is the
distance between the electrodes, t is time in microseconds, and p is pres-
sure in atmospheres. The values of k1 and m are presented in Table 4.3.
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Gas k. k- n
air 22 24 04
SFe 4 72 04

TABLE 4.3. Values of constants associated with the electrical breakdown of air
and sulfure hexaflouride in gas discharge switches with strong nonuniform field
distributions.

v

FIGURE 4.15. Schematic diagram of the side view of a field-distortion discharge
switch. The control electrode (2) is placed between the spherical electrodes (1)
and is shaped in the form of a disk with a central opening. When a driving pulse
is applied to the electrodes, the field distribution is distorted and breakdown
occurs in one-half of the switch. As a result, the full voltage is applied to the
second half and self-breakdown occurs.

Eq. 4.42 is valid over the pressure range of 1-10 atm and for electrode sep-
aration distances no greater than 10 cm. At greater pressures, additional
nonlinearities must be accounted for.

The most popular of the controlled gas discharge switches are the triga-
tron and the field-distortion switches that have a controlling central elec-
trode. Figure 4.15 shows a schematic drawing of the side view of a field
distortion discharge switch. The controlling electrode (2) is placed in be-
tween the spherical (or cylindrical) electrodes (1) and is shaped in the form
of a disk with a central opening (ring). When a driving pulse is applied to
this electrode, the field distribution is distorted and breakdown occurs in
one-half of the discharge switch. As a result, the full voltage is applied to
the second half and self-breakdown occurs there.

A schematic of the side of the trigatron is shown in Fig. 4.16. When a
driving pulse is applied to the controlled needle-like electrode (2), an arc
discharge forms between it and its neighboring electrode (1). This discharge
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FIGURE 4.16. Schematic diagram of the longitudinal section of a trigatron with
the controlling electrode embedded (2) within one of the electrodes (1). When a
driving pulse is applied to the contolling needle-like electrode, an arc discharge
forms between this and the neighboring electrode. This discharge distorts the
field distribution near the electrode and generates electromagnetic radiation that
facilitates the formation of streamers and operation of the switch.

distorts the field distribution near the electrode and, in addition to exciting
the electrodes, generates photons that facilitate the formation of streamers
and the closing of the discharge switch.

In addition to the controlled discharge switches discussed above, there
are several other discharge switches that deserve attention. These include
ultraviolet (UV), laser, soft X-ray, and electron-beam-triggered switches.
In these switches, smaller amounts of energy are required to discharge the
switch and the switch jitter decreases.

The operation of a discharge switch must be characterized not only by
its breakdown parameters, but also by its pulse risetime, which depends
on the inductance of the switch and the resistance of the heated discharge
channel. The relative contribution of each of these factors is determined
by the specific conditions under which the switch is operating. The time
required for the current to increase e-fold, where e = 2.718..., in a switch
with an inductance of L, connected to a circuit with an impedance of Z
(or similarly the e-fold voltage drop over the switch) is equal to

L

=2 (4.43)

Tp

To calculate the channel inductance, L,, the precise radius of the channel,
7%, must be known, although it is usually sufficient to approximate L,, by
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Te

L, ~2d.1n ( ) ~ 14d, nH, (4.44)

Tk
where d, is the length of the channel. Since r, >> %, the inductance L, has
arelatively weak dependence on 7, and for risetimes of several nanoseconds,
the logarithm is usually assumed to have a value of 7.

A second factor that affects the pulse risetime of the switch is the dis-
sipation of energy in the channel, which depends on the resistance of the
channel. However, the resistance of the channel decreases along with its
heating and expansion. The e-fold current rise time in gases, which is due
to the resistance of the discharge channel, satisfies the empirical relation-
ship

1

88 2

TR = v (ﬁ) ns, (4.45)
Z3EZ \Po

where p/p, is the ratio of the density of the gas to the density of air under
standard conditions, Z is the line impedance, and Ej, is the breakdown
field strength along the length of the channel. In liquids and solids, the
respective risetimes can be obtained from the formula

T IS, (4.46)

where Ey, is measured in MV/m.
The total pulse risetime is the sum of the times described by Egs. 4.43
and 4.45, i.e.,

Ttot = TP + TR. (4.47)

This expression gives the e-fold risetime for the cases where the pulse in-
creases according to an exponential law. If the rate at which the pulse
rises depends on a non—exponential law, then 7, equals the ratio of the
maximum voltage to the maximum time derivative of the voltage at the
output:

Uma.x
(Ut)ma.x .

It follows from Eqs. 4.43, 4.45, and 4.46, that the pulse risetime in a low
impedance load may significantly restrict the useful length of the pulse.

(4.48)

Ttot =~
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This is why a more efficient approach is proposed, based on the fact that
in order to generate a pulse with a short risetime, a high-impedance pulse-
forming line must be switched first to reduce the impedance to a desirable
level.

Another method for decreasing the pulse risetime is based on the use
of several discharge channels, instead of a single channel. If there are n
channels conducting current, Z must be replaced by nZ in Eqs. 4.43, 4.45,
and 4.46. In this case, the risetime decreases by a factor of =1, owing to the
inductance, and n~1/3, owing to the resistance. The number of discharge
channels that are closed may be predicted with high accuracy from

U
20y (717) <0.1(Tp+7y) +0.8T;, (4.49)
@t

where oy is the normalized standard deviation in the breakdown time for
rapidly rising pulses. The left-hand side of Eq. 4.49 appears to be the stan-
dard deviation for the formation time of a streamer in the channel, which
is accounted for by the presence of the multiplier U/(dU/dt). In actuality,
this is the time interval during which useful current conducting channels are
formed. The time T, appears to be the time for the electromagnetic waves
to propagate between the channels and is proportional to n~!. Therefore,
the right-hand side of the inequality, Eq. 4.49, corresponds to the time for
the voltage in the channel to decrease from its initial value by approxi-
mately 10% and the time it takes for the information about this decrease
to reach neighboring channels.

It can be seen from Eq. 4.49 that the number of current-conducting
channels may be increased by one of two methods. The first is to increase
dU/dt, and the second is to decrease oy . In reality, oy increases along with
an increase in dU/dt, so that both of these methods can be used to improve
the operation of the switch.

Using discharge switches, experimenters have been able to switch pulses
with a leading edge risetime of 30 ns from the generator to the load.

4.4 Pulse-Forming Lines

As shown above, to efficiently couple energy from the generator into the
load, the output pulse of the MCG must be shortened. The desired effect
may also be achieved by employing pulse-forming lines. These may take
on different geometries including planar, coaxial, and radial. The two types
that are normally used are single and dual pulse forming lines.

Figure 4.17 presents the schematic drawing of a single coaxial pulse-
forming line. If the electrical length of the pulse-forming line is small in
comparison to the time it takes for the MCG to charge the line, then the
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R

FIGURE 4.17. Diagram of a single coaxial pulse forming line. If the electrical
length of this pulse forming line is short compared to the time it takes for the
MCG to charge the line, then the pulse-forming line operates like a lumped
capacitor shown in Fig. 4.18.

pulse-forming line operates like the lumped capacitor shown in the simple
equivalent circuit in Fig. 4.18. The pulse-forming line can be charged up
to the maximum voltage of Unax as the current in the circuit approaches
zero. It can easily be shown that the value of Uy, depends on the voltage
Up at the output of the MCG:

W C,

Uma.x = 5 T~
Cg-i-CL

(4.50)

where Cj is the shock capacitance of the generator and Cy, is the capaci-
tance of the pulse forming line. The multiplier 2Cy/(C,y + CL) is called the
voltage increase coefficient, when resonantly charging a pulse-forming line
in the absence of losses.

When charging a pulse-forming line, it can be assumed that it is an elec-
trically long line with a wave impedance of Zy = (L;/ Cl)l/ 2. The basic
operating features of a single pulse-forming line can be easily understood
by studying Fig. 4.19. An opened charged pulse-forming line with an elec-
trical length of 7 = (LC)I/ 2 may be described by the superposition of the
forward and backward waves shown in Fig. 4.19a. To satisfy the boundary
conditions of an opened circuit, the polarity of the voltage for each wave
must be the same and the polarity of the current must change when the
wave is reflected from the open ends of the pulse-forming line. This is why
the total current in the transmission line is equal to zero and the voltage
is a constant equal to Upax. When the switch P in Fig. 4.19b is closed, the
load, with impedance Zj,, is connected to the output of the pulse-forming
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FIGURE 4.18. Equivalent circuit diagram of a single coaxial pulse-forming line.

line and the energy is transmitted from the transmission line in the form
of an electromagnetic wave moving in the positive direction. If Z;, = Z
(a matched load), then the wave is not reflected at the output and all the
energy stored in the pulse-forming line is coupled in time 27. Since the
current flowing through the load resistance equals Inax/2, the voltage on
the load is equal to Unax/2, i.e., half the value of the charging voltage.

Unlike the single pulse-forming line, the dual line forms a voltage pulse
in a matched load with an amplitude equal to the charging voltage. The
schematic of a cylindrical dual pulse-forming line is presented in Fig. 4.20.
It consists of three coaxial cylindrical conductors with the central con-
ductor being charged by the MCG. The central conductor is connected to
an externally grounded conductor by means of a charging inductance coil.
Under ideal conditions, the inductance coil operates like a short circuit
during the charging cycle and an open circuit during the formation of the
short output pulse. The operating principles of the dual pulse-forming line
can be understood by examining Fig. 4.21. During the slow charging by
the MCG, the inductive coil shorts the central and external conductors, so
that the voltage difference between these conductors is equal to zero. When
the switch connects the central and intermediate conductors, the polarity
of the voltage wave propagating to the right reverses. After a time 7, the
total voltage at the opened output is equal to 2Up,.x. This voltage is con-
served for a period of 27. It should be noted that the inductive coil remains
in the diagram because it represents the high-impedance load for the short
pulse. If a matched load with impedance Zj, is connected to the output of
the dual pulse-forming line after time 7, then the voltage on the output
decreases to Upay; however, all the energy stored in the pulse-forming line
is coupled during time 27.
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FIGURE 4.19. Single coaxial pulse-forming lines. The opened charged
pulse-forming line in Fig. a can be described by the superposition of the forward
and backward waves shown. To satisfy the boundary conditons, the polarity of
the voltage for each wave must be the same and the polarity of the current must
change, when the wave is reflected from the open ends. In this case, the total
current in the transmission line is zero and the voltage is a constant equal to its
peak value. When the swtich, P, is closed in Fig. b, the load is connected to the
output of the pulse-forming line and energy is transmitted from the transmission
line to the load.
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FIGURE 4.20. Schematic diagram of dual pulse-forming line. It consists of a 1 —
output conductor, 2 — grounded conductor, 3 — central conductor, 4 — MCG, and
5 — charging inductance coil. Unlike the single pulse-forming line, the dual line
forms a voltage pulse in a matched load with an amplitude equal to the charging
voltage. This pulse-forming line consists of three coaxial cylindrial conductors,
with the central conductor being charged by the MCG.

The electrical parameters of the pulse-forming line depend on its geom-
etry and the properties of the dielectric used. For example, in the case of
the single coaxial pulse-forming line, the line impedance is

60 ™
— — Int )
VA 7 n 7’2 (4.51)

and the pulse length 27 is

2Ve (4.52)

T
P c

where € is the dielectric permittivity, c is the speed of light, [ is the length of
the coaxial pulse-forming line, 7 is the radius of the internal conductor, and
r9 that of the external conductor. The radii of the internal and external
conductors depend on the desired impedance of the pulse-forming line,
the charging voltage, and restrictions related to electrical breakdown. The
two most widely used dielectrics are water (¢ = 80) and transformer oil
(e = 2.4). The electric field strength required to cause breakdown in these
two liquids may be approximated by

By = ——, (4.53)
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Dielectric ki k-
oil 05 05
water 03 0.6

TABLE 4.4. Electric breakdown constants for water and transformer oil.

where A is the surface area in cm? of the electrode over which the electric
field does not change by more than 10% of its maximum value and t.; is
the time in microseconds it takes for the electric field strength to change
from 0.63E}, to Ey,.. The values of the constant k are given in Table 4.4.
Note that in the case of water, the value of k¥ depends on the polarity of
the voltage [4.19]. For example, if it is assumed that the conductors have a
surface area of ~ 1000 cm? and that the operating time is in the microsec-
ond regime, then the electric field strength required to cause breakdown is
about 15 MV/m for water (+) and 25 MV/m for transformer oil. For even
shorter pulses (tens of nanoseconds), the breakdown voltage calculated by
using Eq. 4.53 appears to be two times too high.

By investigating the characteristics of single and dual pulse-forming lines
filled with water or transformer oil, the range of maximum allowed voltages
and load impedances can be determined from Fig. 4.22. The dual pulse-
forming line has advantages at higher voltages, because this pulse-forming
line requires lower charging voltages. On the other hand, the single pulse-
forming lines are more compact at lower voltages. When powering low-
impedance loads, it is best to use water as the dielectric owing to its higher
dielectric permittivity. When powering high-impedance loads, it is best to
use oil as the dielectric to get better impedance matching.

4.5 High-Voltage MCG Systems

In order to demonstrate the role that ancillary equipment play in developing
MCG driven systems, a couple of specific examples will be examined. In
particular, certain applications require high voltages, which means that the
relatively low voltages of MCGs must be transformed to high values. In this
section, two methods are examined: flux trapping and transformers.
Magnetocumulative generators (MCG) have been used to power vacuum
diodes in particle accelerators and high-power microwave sources. In order
to deliver high powers to the load, the MCG must undergo a rapid change
in inductance, dL/dt, and must also generate high voltages (105-108 V). At
the present time, the highest voltages that can be achieved across loads is
through the use of transformers. Two transformer experiments were carried
out at Los Alamos National Laboratory (LANL). In the first, a voltage of
1.2 MV with a pulse risetime of 300 ps was achieved across a vacuum diode
load impedance matched through a transformer to a loop MCG (LMCG)
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FIGURE 4.21. Principles of operation of dual pulse-forming lines. During the slow
charging by the MCG in Fig. a, the inductive coil shorts the central and external
conductors, so that the voltage difference between them is zero. When the switch
connects the central and intermediate conductors in Fig. b, the polarity of the
voltage wave propagating to the right is reversed and the amplitude of the pulse
is doubled. If a matched load, as shown in the Fig. c, is connected to the output of
the transmission line, the amplitude of the voltage pulse decreases to its original
value. However, all the energy stored in the pulse-forming line is coupled to the
load.



160 4. Pulse-Forming Networks

00 -
()
(o>
,
1

U, MV

10

FIGURE 4.22. Domains of maximum allowed voltages and impedances in single
and dual pulse-forming lines when filled with water or transformer oil: A — sin-
gle pulse-forming line (water), B — dual pulse-forming line (water), C — single
pulse-forming line (oil), and D — dual pulse-forming line (oil).

operating at a voltage of 35 kV [4.20]. In the second, a high speed 40 kV
plate MCG (PMCG) connected through a switch and transformer gener-
ated a voltage of 1.1 MV across a 25 ) load. When this latter system was
connected to a vacuum diode, a voltage of 530 kV was generated across the
diode [4.21].

In both these experiments, fast MCGs with characteristic operating times
of 10 us were used. As noted by Sheindlin and Fortov [4.22], the inductance
of these generators was low (L = 100 nH), which means that their internal
impedance was also low (1072 ). On the other hand, spiral MCGs have
higher inductances (> 100 yH) and slower speeds (100 us). The operating
time of these generators are limited by the speed of the sliding electrical
contact point between the liner and the coil. It is possible to increase the
speed of the contact point by either increasing the detonation velocity of
the explosive or by decreasing the angle at which the liner collides with
the coil. Since there is an upper bound to the detonation velocities of high
explosives, in practice, only the collision angle can be changed. However,
the ability to reduce this angle is limited by liner and coil manufacturing
accuracies and electrical breakdown. Imperfections in the construction of
the liner and/or coil can lead to the contact point jumping portions of the
coil (27-clocking), which reduces the flux in the working volume. The loss of
magnetic flux can be so large that electrical energy is no longer generated.
Rapid expulsion of magnetic flux from the narrow gaps formed when the
liner and coil collide at low angles can lead to breakdown. To avoid this, the
turns of the coil must be carefully insulated by a solid dielectric with very
high electrical strength. The insulation must have a minimum thickness to
avoid significant flux losses in the insulator itself and to avoid reducing the
cross-sectional area of the conductors in the coil. In actuality the ratio of
the speed of the contact point to the speed of the liner can not be increased
by more than 20-50 [4.23].
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FIGURE 4.23. The top figure shows a simultaneously initiated helical MCG and
the bottom figure an end-initiated helical MCG with a moving contact point.
Both generators use flux trapping.

According to [4.22], helical generators cannot achieve voltages that ex-
ceed 60-70 kV. However, 1 MV generator designs have been proposed using
highly evacuated working volumes and magnetic insulation of basic com-
ponents. Similar problems must be solved when designing generators that
utilize magnetic flux trapping.

4.5.1 Magnetic Fluz Trapping

Multi-stage MCG systems (cascaded MCGs) that use magnetic flux trap-
ping instead of transformers to connect the stages are used to generate and
sharpen high-voltage electrical pulses. Magnetic flux trapping occurs when
the magnetic energy generated in one circuit is transferred into another cir-
cuit and amplified. Both theoretical and experimental studies [4.24-4.29)
show that flux trapping has advantages over systems that use conventional
transformers, the most important of which is weight reduction. Cascaded
systems have achieved magnetic flux amplifications up to 310 and energy
increases by a factor of 106 [4.27].

Two MCG models that use magnetic flux trapping were studied by
Sheindlin and Fortov [4.22]. The first is a simultaneous helical generator
(top half of Fig.4.23) and the second an end-initiated helical generator with
a moving contact point (bottom half of Fig.4.23). An MCG with magnetic
flux trapping consists of a coaxially located external feed solenoid, L, in-
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FIGURE 4.24. Diagram of end-initiated MCG with flux trapping.

ternal solenoid, Lg, and cylindrical liner, Lz. The initial magnetic flux in
the external solenoid is created by discharging the capacitor, Cy, into it.
When the current reaches its peak value, the explosives are detonated,
which closes the secondary circuit, trapping the flux created by the exter-
nal solenoid. In the case of the simultaneous helical generator, the liner
expands radially along the entire length of the generator, while in the case
of the end-initiated generator, one end expands, makes contact with the
coil, and the contact point moves along the axis of the generator. In both
cases, the trapped flux is forced into the load, L. The length of the pulse
in the load depends on the dynamics of the expansion of the liner. Math-
ematical models of both types of generators have been developed and are
described in [4.22]

The efficient operation of MCGs with flux trapping require a high in-
ternal helical inductances, which leads to a number of problems when the
generator operates into high-impedance loads. Owing to the rapid rate at
which the magnetic field increases within the working volume of the gener-
ator, strong electrical fields are generated, which could lead to breakdown
and loss of energy. In estimates conducted by Sheindlin and Fortov [4.22],
the output voltage of the generators he designed is no less than 50 kV. This
voltage is generated between the liner and the end of the internal helix in
Fig. 4.24. These high voltages require that both the electrical insulation
between the turns of the coil and the insulation and between the liner and
the coil be sufficient to prevent breakdown. The latter problem is difficult
to solve, and for this reason, the turns of the coil in axially initiated MCGs
are sometimes wound on a thick polyethylene pipe and covered with fiber-
glass to ensure that breakdown does not occur between the liner and the
coil. This allows the generation of voltage pulses with amplitudes up to
200 kV. In the case of end-initiated generators, the insulation cannot be
as thick, since this reduces the magnetic flux available for compression due
to diffusion. Using an insulator with a breakdown strength of 100 kV/mm,
the required thickness of the insulation is > 0.5 mm.
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Generators with flux trapping place additional requirements on the insu-
lation of the solenoids, since this insulation must prevent both volumetric
breakdown and breakdown between the turns of the coil. This requires the
insulation between the solenoids to be thickened, which decreases the cou-
pling between the coils and the efficiency of the generator, since at the end
of generator operation a significant portion of the flux remains trapped in
the space between the solenoids.

In addition to the voltage limitations, the maximum impedance of the
internal helical coil is limited by the fact that it is impossible to manufacture
coils with arbitrarily small step sizes between turns. The step size cannot
be less than the thickness of the wire, the minimum of which, considering
the skin effect, must ensure that there is no significant resistive heating.
The minimum diameter is estimated to be approximately 1 mm and the
minimum step size to be 1.5 mm [4.22] at 50 kV. In order for the MCG to
operate efficiently at this step size, the parts must be manufactured with
a high degree of mechanical precision. Flux losses at the point of contact
increase greatly if the expanding portion of the liner is not a regular cone or
is not coaxial with the coil, since the contact point may jump forward and
the flux trapped between contact points lost (27-clocking). In studies done
by Sheindlin and Fortov [4.22], they estimated that the center lines of the
liner and coil must not differ by more than 0.1 mm, that the uniformity of
the walls must not deviate by more than 0.01 mm, and that the placement
of the initiators must have an accuracy of not less than 0.2 mm.

In order to investigate MCGs with flux trapping that can deliver electri-
cal pulses to loads with the desired parameters, Sheindlin and Fortov [4.22]
designed and tested three generators, with single-turn helical coils having
a constant step size.

Simultaneous Axially Initiated MCG

The axially initiated spiral MCG in Fig. 4.25 consists of a liner (1), internal
solenoid (2), and external solenoid (3). The length of this generator is 200
mm. To prevent breakdown between the turns of the coil and between the
liner and coil, the internal solenoid was wound with fiberglass-insulated
copper strips in helical channels in a Teflon tube (4). The diameter of
the tube was 104 mm, and its wall thickness was 3 mm. The channels
were filled with epoxy and several layers of polyamide film (5) were placed
in the channels to a thickness of 2 mm. The width of the film was 200
mm greater than the length of the solenoids, thereby ensuring no surface
breakdown. The external coil was secured with several layers of glass tape
(6), saturated with epoxy compound. Special ribs (7) were glued to the
body of the generator to avoid surface breakdown. The liner was made of
copper tube and had a length of 70 mm and a wall thickness of 2.5 mm.
The tube was stretched on a mandrel and its outer surface ground. The
liner was centered on the axis of symmetry of the generator by means of
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FIGURE 4.25. Axially initiated simultaneous cylindrical MCG with flux trapping:
1 —liner, 2 — internal solenoid, 3 — external solenoid, 4 — Teflon tube, 5 — polyamide
film, 6 — glass tape saturated with epoxy compound, 7 — ribs glued to body of
generator, 8 — retaining rings, 9 — Teflon inserts, 10 — organic glass rings, 11 —
explosive charge, and 12 — copper wires.

conical retaining rings (8) with Teflon inserts (9) and rings of organic glass
(10). The high explosive (11) (600 g of hexogen) was initiated by exploding
copper wires (12) located along the longitudinal axis of the liner.

Cylindrical Spiral MCGs

Cylindrical spiral MCGs with slipping contact points are the easiest to
manufacture, and therefore have been designed, built, and tested with a
wide range of parameters in an attempt to understand their limitations.
A cylindrical MCG with flux capture (Fig. 4.26) consists of an external
feed solenoid, L;, internal solenoid, Lz, and copper liner, which contains
200400 g of explosives. The internal solenoid is constructed with copper
wire, which is uniformly laid in a single pass within slots cut into either a
polyethylene or Teflon tube with a length of 60-200 mm and a diameter
of 80-100 mm. The thickness of tube wall is typically 0.3 mm. Epoxy and
Teflon, to which the external solenoid is attached, covers the outside of
the pipe. The entire assembly is wrapped with Teflon tape saturated with
epoxy. The liner is a copper tube having a diameter of 50 mm and wall
thickness of 3 mm. The explosive charge is detonated at one end by the
electrical detonator d. When the liner expands, it forms a cone that closes
switch K first and then shorts out each turn of the internal coil in turn,
thus capturing the magnetic flux and generating current in the load.

Conical Spiral MCGs

The operating time of the cylindrical spiral MCG depends on the length
of the helical coil. In order to reduce the operating time of MCGs, it can
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FIGURE 4.26. Two-stage cylindrical and conical MCG system. The magnetic flux
is initially compressed in the cylindrical MCG generator, followed by capture in
the conical and further compression to ampify the energy from the first generator.
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be tapered to form a conical MCG, as shown in Fig. 4.26. In this case, the
operating time of the MCG depends on the diameters at the base and tip of
the conical structure. In general, the design of conical MCGs differs little
from that of cylindrical MCGs. Since higher voltages are formed within
conical MCGs, the copper wires are wound with 0.2-mm-thick Teflon at
the base and 0.5-mm-thick Teflon at the tip of the conical structure. In
order to ensure shorter operating times, a special switch is used so that
the secondary circuit begins to operate just as the liner reaches the coil.
The length of the solenoid is 80-100 mm, the diameter of the base end is
104 mm, and the diameter of the tip varies from 60 to 90 mm. The liner
is filled with 200-300 g of explosives. This generator was tested to ensure
that breakdown does not occur for average voltages up to 50 kV and peak
voltages up to 150 kV.

4.5.2 Fluz Trapping and No Transformer

Using MCGs with flux trapping, Sheindlin and Fortov [4.22] developed a
high voltage system that does not require transformers. It uses a “booster”
helical MCG to drive a “fast” high-voltage MCG with flux trapping, an
exploding wire switch, a gas-filled discharge switch, a peaking capacitor,
and a vacuum diode as the load.

A small 100 uF, 3 kV capacitor, Cp, is used to feed the external coil
of the booster MCG, Lj;, which to 5 kJ amplifies the energy delivered
to the external coil of the high-voltage axially initiated MCG. The energy
output of the high-voltage MCG is 60 kJ. The explosive charge in the high-
voltage MCG is initiated such that the closure of switch, Sa, occurs when
the current is at its peak value in circuit L;. As the liner in the high-voltage
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FIGURE 4.27. Equivalent circuit diagram for a high-voltage MCG and
pulse-forming line. This system consists of a spiral MCG, pulse transformer (PT),
electroexplosive switch (EES), and gas discharge switch (P). The transformer is
required to provide impedance matching between the MCG and the inductive
load.

FIGURE 4.28. Two-stage MCG with flux trapping. The first stage is a conven-
tional end-initiated helical MCG, and the second stage an axially initiated helical
MCG. As the detonation wave in the first generator approaches the point labeled
“Q,” its flux is trapped in the second genertor and compressed. This shortens the

operating time of the second generator and increases the overall efficiency of the
MCG.
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FIGURE 4.29. Schematic diagram of a two-stage spiral MCG: 1 — detonator for
end-initiated MCG, 2 — seed current input couplers, 3 — liner separators, 4 —
source contact, 5 — metal band, 6 — multiturn spiral coil, 7 — explosive charge,
8 — liner, 9 — output couplers to load, 10 — output structure, 11 — detonator for
axially initiated MCG.

separators (3), source contact (4), and output couplers (9) to the load. The
spiral coil has an inner diameter of 80 mm. The coil consists of four 80-
mm-long sections with pitches of 5, 10, 20, and 40 mm, respectively, and a
final section that has a length of 160 mm and a winding pitch of 120 mm.
The first section is wound with two insulated wires per turn, where each
wire has a diameter of 2.5 mm. In the next three sections the number of
wires per turn is doubled, and in the final section the number is tripled.
The detonator cord used for end-initiated MCG (1) is made from plastic
explosives. The detonator for the axially initiated MCG is an exploding
wire (11). The liner is made of copper that has an outer diameter of 40 mm
and a wall thickness of 2 mm.

The axial detonator in the second stage is a thin-walled metal tube filled
with nonflegmatized high explosive powder (TNT, hexagen). A copper wire
with variable diameter is placed along the axis of the tube. By using variable
diameter wire, the demands on the capacitive power supply and its switch
are lessened. The tube and wire are connected to the capacitive store, which
provides sufficient current to explode electrically the wire and detonate the
explosive along the length of the tube with no delay. Calculations have
shown that if the composition and packing density of the hexagen powder
and the length and diameter of the wire are optimized, the specific energy
required to activate the detonator is greater than twice the sublimation
energy of the wire. The variability in the diameter of the wire, which is
basically a string of bridgewires, is chosen to generate a smooth cylindrical
detonation wave at the internal surface of the liner. Calculations also show
that the equivalent length of the wire should be no less than 50 mm when its
diameter is 0.14 mm. The capacitive stores used to activate both detonators
should have a voltage of 16 kV, wave resistance of 1 2, capacitance of 1
pF, and stored energy of 0.15 kJ.
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FIGURE 4.30. Foil transformer: 1 — primary winding, 2 — insulating layer, and 3
— secondary winding. The primary winding is a copper ring, and the secondary
is a reel of thin foils, where the foils are separated by layers of plastic film and
capacitor paper impregnated under vacuum with liquid insulator.

When designing the pulse step-up transformer, the maximum coupling
factor, electrical strength, reliability, and restrictions on size and mass must
be taken into account, as well as the output current of hundreds of kA.
Therefore, the transformer selected has a foil-type construction (Fig. 4.30).
The primary winding is a copper ring with a diameter of a. The secondary
winding is a reel of thin foil, where the foils are separated by several layers
of plastic film and capacitor paper impregnated under vacuum with a liquid
insulator. The inner coil of the secondary winding is designed to sustain
high voltages. The external coil sustains lower voltages and shields the high-
voltage end from the grounded primary winding. This design is based on
paper—film capacitor technology, enabling high discharge voltage gradients,
exceeding 2 MV/cm, to be obtained.

Impregnating the insulation requires that the paper be in a vacuum prior
to impregnation, thus the secondary winding is placed in a vacuum-tight
insulated container. The insulator between the windings (2) reduces cou-
pling between them and must have a certain minimum thickness to avoid
damage when the casing is pumped to low pressures. Therefore, the pri-
mary winding is also placed in the same container, which means it requires
vacuum-tight connectors that increases the parasitic inductance in the pri-
mary winding. Calculations show that these parasitic inductances should
not have a significant impact on the efficiency of the transformer.

The diameter and width of the primary winding of the transformer are
196 mm and 50 mm, respectively. The estimated coupling factor of the
transformer is approximately 0.89. The effective inductance of the primary
winding is 45 nH. There are four input cables connecting it to the pulse-
forming line. The transformer is housed in a vacuum-tight chamber made
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Parameter Value
Peak Current in Load  0.209 MA
Peak Voltage in Load 436 kV
Peak Power in Load 88.1 GW
Voltage Pulse Length 215 ns
Voltage Pulse Rise Time 50 ns

TABLE 4.5. Output parameters of the high-voltage MCG-transformer system.

of corrosion-proof steel. The chamber is pumped down and then back filled
with transformer oil and sealed.

The electroexplosive switch has a length of 400 mm and permits the use
of wires with lengths up to 650 mm by using a criss-cross arrangement.
The switch cartridge is designed to operate at atmospheric pressure, but
can be maintained at pressures greater than 2 atm to increase the electric
strength at the internal surface of the cartridge.

The discharge switch is filled with pure nitrogen at a pressure of 3—6
atm. To control the pressure, the unit casing has a gas intake valve. The
interelectrode gap is 14 mm long. The field distribution across the gap is
weakly nonuniform.

The output parameters of this high-voltage MCG are given in Table 4.5.
It has been shown in this section, that a variety of techniques—switches,
transformers, and flux trapping—are needed to electrically match the MCG
to the load. As the requirements of the load change, a variety of ancillary
equipment are available to optimize the operation of the MCG-load system.
How the characteristics of the load affect the operation of the MCG and
influence what ancillary equipment is needed are discussed in the next
chapter.
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5)
Electrical Loads

In this chapter, various schemes used to connect magnetocumulative gen-
erators to loads are discussed, where the loads may be complex, with in-
ductive, capacitive, and/or resistive characteristics. It is necessary that the
characteristics of the load are fully taken into account when designing a
system, in order to achieve good matching between it and the generator
and in order to achieve efficient operation of the generator. The nature of
the loads vary widely. For example, MCGs have been use to rapidly charge
inductive and capacitive energy stores, initiate detonator arrays, and drive
such devices as plasma focus machines [5.1,5.2], neutron generators, high-
power lasers [5.3-5.5], charged particle accelerators [5.6], high-power mi-
crowave sources [5.7], and electromagnetic launchers [5.8]. How the MCG
is connected to a particular load depends on the characteristics of both the
MCG and the load and usually dictates what type of ancillary equipment
needs to be used [5.9,5.10].

5.1 Direct Connection to a Load

In this section, the direct connection of an MCG to a load with resistive,
capacitive, and/or inductive characteristics is examined. The phrase direct
connection means that components such as switches and transformers are
not used to connect the MCG to the load. The circuit diagram for an
MCG connected to a complez load is presented in Fig. 5.1, where the load
impedance is described by the expression Z = R + X, where R is the

L. L. Alegilbers et al., Magnetocumulative Generators
© Springer-Verlag New York, Inc. 2000
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L
Lg CL —
Rc
| I |

FIGURE 5.1. Equivalent circuit diagram for an MCG connected directly to a
complex load. No pulse conditioning devices are used.

active (time-dependent) resistance and X is the imaginary component of
the load impedance (i.e., the reactance). In this diagram, L = Ly(t) +
Ly, where Ly(t) represents the changing inductance of the MCG and Ly,
is the inductance of the load; R is the circuit resistance including all
magnetic losses and the resistance of the load; and Cy, is the capacitance
of the load. The decreasing inductance of the MCG significantly affects
the characteritics of the series-connected LRC circuit. Since the energy
originates from within the circuit itself, the circuit may be described by
the equation

d?I dL dl (L dR. 1
A Ly Y (LI .
dt2+(dt+ )dt+(dt2+dt+CL> (5.1)
with the voltage on the capacitor being given by
d?U  (dL au U
iR )Y L o 5.
Ldt2+<dt+R)dt+CL (5.2)

The functional form of the inductance L(t) and the resistance R.(t) depends
on the type of MCG used. In the rest of this section, Eqgs. 5.1 and 5.2 will
be solved for five cases, where the resistance and inductance are described
by different relationships [5.11].

5.1.1 Case 1: R, =0, L(t) = Loexp(—oat)

In the first case, it is assumed that R, = 0, Cf, # 0, and that L(t) varies
exponentially according to the expression L(t) = Lo exp(—at), where « is
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a positive constant with dimensions of s™!. The exponential behavior of
L(t) is similar to that of a spiral MCG with changing step sizes between
the coils. Eq. 5.1 can now be rewritten as

d21 al 2 2 at

where 0 = 1/ (a/LoCp) . The solution of Eq. 5.3 is

1= [C] Jo(iII) + CgNo(iB)] eat, (5.4)

where Jo(z) and No(zx) are zero-order Bessel functions of the first and
second kind and have the argument x = 20e**. When t = 0, it can be
shown that z = 26, but, as = increases, it is found that z = zo,/7, where
71 = Lo/L. Determining the value of the integration constants C; and Cp
from the initial conditions, Eq. 5.4 becomes

71'.'172
Y1 = [=N1(20)Jo(x) + J1 (w0) No(z)] 5~ (5.5)

where v; = I/Ip. Eq. 5.5 can be rewritten in terms of time, since t =
2a~'In(z/zo) . In a similar manner, it can be derived that

Yy = [N (20) 1 () + J1 (o) Ny ()] o (5.6)

2 )
where v = U/ (IO\/LOCL) .

The functions J;(zo) and Nj(zo) indicate what processes occur during
the initial phases of the system operation. If the zeros of the functions J,,
and N,, arerepresented by p,.,, and 7,,,, respectively, where m is the order
of the function and n is the order of the zero of the Bessel function, then
when z < 7)y;, the function Ny(z) behaves monotonically and the function
v1(z) behaves aperiodically. When > pg,, v;(z) becomes oscillatory in
nature. vy behaves similarly for 7;; and p,;. The nature of the processes
that occur during the initial stage of operation of the MCG is indicated by
the value of z¢. If the operating time of the MCG, Tp, is sufficiently long
and if the inductance decreases exponentially, then the initial aperiodic
processes become oscillatory in nature.

For small values of z, only the first terms of the expanded Bessel function
series need to be considered. The error in doing this is less than 1% when
z < 0.1 and several percent when z < 0.3. For small values of o, Egs. 5.5
and 5.6 can be rewritten as

T}
71 =7 |Jo(z) + = No(2) (5.7)
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1.2
T = VL |h(@) + 2N (@) - (5.8)

If z; is small, where the subscript f refers to values of the parameter
at the moment the MCG has completed its operation, then I = ®y/L,
v = €** =, and vy = zo(y — 1)/2. In this case, the magnetic flux in
the circuit is conserved, and the value of the current does not depend on
the capacitance.

For larger values of x, more precise approximations can be derived for
the oscillatory mode of operation, where

Y1 = AL [—Nl (o) cos (:v - g) + Jy (zo) sin (:v - %)] , (5.9)

Tu = [—Nl(z‘o) sin (:1; - %) — J1(o) cos (:1; - %)] } (5.10)

If the parameter zp is also large, then v; =~ 'yi/ 4 cos(z — zo) and vy =

'y}/ 4 sin(z — zo), i.e., current and voltage oscillations, with increasing am-
plitude and frequency, are generated. The final values, 7, s and Yy, depend
on the phase of the oscillations. The functions y;(z) and 7y (z) were cal-
culated for various values of x using Egs. 5.5 and 5.6, over the range from
zg = 0.1 to z; = 10, and the resulting plots are presented in Fig. 5.2. It can
be seen that initially the system behaves aperiodically, but it subsequently
becomes oscillatory in nature. The plot of the magnetic flux conservation
factor )\ is presented in the same figure. In the aperiodic mode, A\ = 1,
but in the oscillatory mode, \x = 7;1/ 4 cos(z — o), the magnetic flux os-
cillates in phase with the current and with an amplitude that decreases by
a factor of '7;1/ 4 Therefore, when the MCG is connected to a capacitive
load, the magnetic flux in the generator is not conserved, even when there
is no Ohmic resistance.

Denoting the energy stored in the capacitor by W and that in the
inductor by Wy, the following expressions can be written: e¢c = 72U, e =
Y2 /71, and € = ec + €1, where e, = W,/Wp, ec = Wo/Wp, and € =
(We + W1)/Ws. Plots of these functions are presented in Fig. 5.3 over
the range £o = 0.1 to zy = 10. In the aperiodic regime, i.e., when z; is
small, energy is primarily stored inductively, €, >> ec. When the MCG
has completed its operation, energy is primarily stored capacitively, but in
this case, when 2m,/L;CL, >> Tp, where T, is the operating time of the
MCG, the magnetic flux is noticeably not conserved.
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FIGURE 5.2. Plots of voltage, current, and magnetic flux conservation coefficient
for a complex load in which the resistance is zero and the inductance change is
exponential. Initially, the system behave aperiodically, but than becomes oscilla-
tory. When the load MCG is connected to a capacitive load, magnetic flux is not
conserved, even when there is no Ohmic resistance.
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FIGURE 5.3. Plots of energy delivered to complex load by MCG. In the aperiodic
regime of operation, the energy is primarily stored inductively, but when the MCG
has completed operation, the energy is primarily stored capacitively. In the latter
case, magnetic flux is not conserved.
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5.1.2 Case 2: R, =0, L= Lo(1 — at)

In this case, it is assumed that R, = 0, C, # 0, and that the inductance
varies linearly, with the form of the function L depending on the inductive
coupling characteristics of the spiral MCG, the coil step size, and so forth.
Using these assumptions, Eq. 5.1 becomes

d? d
(1 - at) 25 — 205 + 0% =0, (5.11)

The solution of this equation is

I=[Cihi(y) + CaMi(y)] (1 —at) 3, (5.12)

where the argument of the Bessel function is y = 20 (1 — «) 1 2, which,
unlike z in the previous case, decreases with time. The function I(y) is

inversely proportional to time because t = <1 - (y/yo)z) /a, but is also

directly proportional to the inductance L. Solving for C; and C; and sub-
stituting into Eq. 5.12 yields

T
¥1 = [No(%0)J1(¥) — Jo(¥0)N1(y)] %Q. (5.13)

In like manner, a similar expression can be derived for the voltage:

7o = [No(v0)Jo(y) — Jo(u0) No)] 5= (5.14)

When y < 0.3, Egs. 5.13 and 5.14 become

1= [(%)21\70(1/0) +7LJo(yo)] , (5.15)
Yo = [(%’2) No(o) — % (0.577 +1n (%)) Jo(yo)] . (5.16)

In this case, the final values 7;; and 7y, depend on the initial values of
No(yo) and Jo(yo). If Jo(yo) # O, then 7; — o0, as y — 0. If yo = pg,,
then even if y; = 0, the current is finite:

117 = WNo(un)] (722", (5.17)
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FIGURE 5.4. Plot of voltage versus the Bessel function argument when the re-
sistance is zero and the inductance varies linearly (Case 2). Unlike inductive
coupling, linear coupling does not allow aperiodic operation to transition into an
oscillatory mode during the initial stages of operation.

If yo is small, then I = &/L, v; = v, and vy = ¥oIn (yo/y) . During the
oscillatory mode at high values of y¢,

3 1
Y1 =7fcos(Yo—vy), Yuv =7Esin(yo—vy). (5.18)

Plots of vy (y) for y; = 0.1, when yo = 793 and yo = 7,3, are presented
in Fig. 5.4. For this case, there is no growth as y — 0. For small y, the
magnetic flux conservation coefficient is

i = [(%Q)ZNO(QO) + Jo(yo)| - (5.19)

When y decreases, the magnetic flux conservation coefficient also decreases.
When y tends toward zero, A; tends toward Jo(yo). If yo is small, then
Az ~ 1. In the oscillatory mode, ¢ = 721/4 cos (Yo — y) -

In summary, unlike exponential coupling, linear coupling of the induc-
tance does not allow the aperiodic mode of operation to transition into
an oscillatory mode of operation during the initial stages of operation of
the MCG. In addition, for sufficiently long operating times, 7,, the oscil-
lating operation changes to an aperiodic process during the final stage of
operation.

5.1.8 Case 3: R, #0,L = Lo(1 — at)

In this case, it is assumed that R, = const, Cf, # 0, and that the inductance
varies linearly. Letting R, = const and L = Lo(1 — at), Eq. 5.1 becomes
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21 dI 212
(1—at)ﬁ—a(v—2)a+a01=0, (5.20)
where v = R./aLg. Introducing the appropriate boundary conditions, the
solution of this equation is

o= ) o-s0) ~ Mool 22 (L), o

The index of the Bessel function depends on R, which is why it is necessary
that J, and N, depend on v and y.

In like manner, similar expressions can be derived for the voltage by
using Eq. 5.2, the solution of which is

T = M)A 0) - A B (L) 62

When R, = 0, the index v = 0, and when R, = —dL/dt, the index v = 1.
In the interval, 0 < v < 1, the criterion for the current to transition into
the aperiodic mode, depending on the value of v, lies between py, and
L41;- When v > 1, the amplitude of the current does not increase, and the
transition to an aperiodic mode shifts to higher values of y as v increases.
For the oscillating mode to occur, then y >> 1 and y >> v, so that

vp =72 cos(yo — y) and vy = 721_2”)/4 sin(yo — y). As can be seen,
the amplitude of I increases if v < 3/2 and the amplitude of U increases if
v<1/2.

Assuming that L = Loe™* for the case when R./L = const, Eq. 5.1 can
be rewritten as

d21 dl
ﬁ + a(v — 2)-—

i (P0%* —v+1)I=0 (5.23)

Solving for the current I yields

I = [C1Jy(z) + CaNy(z)] 272, (5.24)

where v = R./aL. Introducing the initial conditions, gives the integration
constants as

Cl = I() [AN,, (ZII()) - BNu+1 (.’.Co)] : (5.25)
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Cy =1y [AJ.,, ((Eo) + BJ.U+1(£I70)] s (5.26)
where A and B are constants expressed in terms of complex polynomials

that are functions of v and zg. For large values of zy,

i
2 1—v

Y1 = [Acos(zo — z) + Bsin(zo — z)) (%) zT . (5.27)

This expression will be simpler for other initial conditions.

If Egs. 5.1 and 5.2 are solved numerically, the maximum possible value
of Iy must be selected based on the type of MCG used, irrespective of how
the MCG is coupled to the load, in order to optimize the parameters of the
MCQG. If, for a constant current Iy, C is decreased, then the amplitude of
the first oscillation will increase. Further increases in the amplitude may be
less significant. In practice, this mode of operation determines the optimal
value of the initial current.

The frequency of the oscillations in the circuit, 1/4/LC},, may exceed the
equivalent frequency, which is characteristic of the chosen MCG connected
to inductive or resistive loads and which is determined by the basic prop-
erties of the generator. This will increase the resistance of the generator
and cause additional energy losses. In order to use MCGs with capacitive
loads, special designs must be created.

5.1.4 Case 4: Cp =0

In this case, it is assumed that the load has no capacitive component. When
Cr, =0, Eq. 5.1 takes on the same form as Eq. 1.67, the solution of which
is

Lo 'R,
I=— — [ —dt|. .
T SXP [ /0 T ] (5.28)

During the final stage of operation of the generator, this equation becomes

I=v.M. (5.29)

The increase in the magnetic energy stored in the generator can be deter-
mined from

Lo

k

where Ly is the inductance at the moment it begins to operate (¢ = 0).
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FIGURE 5.5. Plots of energy delivered to the load when the resistance and load
capacitance are both zero (Case 5).

515 Case5:Cr=0,R.=0

In this case, it is assumed that the load has no capacitive component and
that the circuit resistance is zero. If C, =0 and R, = 0, then the MCG is
connected to an inductive load, and

ar, e § S (5.31)

L —_
9 dt2 dt = dt

Solving this equation for the current flowing through the load, the solution
is

Ly

I=I—2—.
°L, + Ly

(5.32)

The ratio of the energy coupled to the load to the initial energy is

"

€L
Wo

o122
=M (0) |11+ . (5.33)
Ly

From this equation, it can be seen that the efficiency with which the MCG
couples energy into a purely inductive load, depends first on the magnetic
flux conservation coefficient and second on the ratio of the load inductance
to the inductance of the generator. The plot of the normalized energy € ver-
sus the normalized inductance L1,/ Ly, for different values of Az, is presented
in Fig. 5.5. The parameters of a generator with specific energy amplification
coefficients can be found from these plots.
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5.2 Connection Through Pulsed Transformers

In this section, seven cases in which an MCG is connected through a pulsed
transformer to different types of loads are discussed [5.12-5.15].

5.2.1 Case 1: Complezx Loads

The equivalent circuit of an MCG with a complex load connected to the
secondary coil of a transformer is shown in Fig. 5.6. In this diagram, L; and
L, and R; and R; are the inductances and resistances of the primary and
secondary circuits, respectively; Ly = Ly + Lir, where L, is the operating
inductance of the MCG and L7 is the inductance of the primary winding
(which for a cylindrical transformer is Ly = L, where Ly is the inductance
of the primary winding of the cylindrical transformer); Ly = Lot + Ly,
where Lot is the inductance of the secondary winding; M is the mutual
inductance; and I; and I are the currents in the primary and secondary
circuits, respectively. The circuit equations are

dIl dIl dI2 _

L, it + (_dt +R1> L+M i =0, (5.34)
d2I, dl, I, L

Lo a2 + Ro p C 72 0 (5 35)

Assuming that Ry =0, Ry, =0, Uy =0, and Iy = 0, it can be shown that

®y MI,
I, = I, L (5.36)
Since the influence of the second term of this equation only becomes notice-
able during the final stage of operation, the effects of I3 can be neglected,
even if there are high frequency oscillations in the secondary circuit. The
current, I3, can be assumed to be the sum of the current in the MCG and
that in the secondary circuit, when the capacitance is zero and when the
current oscillates during the initial stages of operation of the MCG with
a frequency of approximately 1/4/LsCp, which decreases in time. When
Tp << V/LgCp, where Lp = (Ll - M2/L2) L%/M?, then oscillations are
not excited in the secondary circuit.
Assuming that Ly = Lo/(1+ot), an inductance that is not characteristic
of MCGs, but is suitable for coupling the inductance of a sectioned spiral
coil, Egs. 5.34 and 5.35 may be solved analytically to give

TZolr (1 + @)

Yr2 = [N1(Z0)J1(Z) — N1(Z) J1(Zo)] 2y (5.37)
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FIGURE 5.6. Equivalent circuit diagram for MCG connected through a pulsed
transformer to a complex load.

where ;5 = —I2La/MIyo; I, = Lo/Li7; o = L1/ Lar; k. is the coupling
factor of the transformer; I1o, Iz, and Ly are the initial values of Iy, Iy,
and L, respectively; § = 1/ay/L2CL; and

2Ly, k2

- — (14 ot)=2 ). :

VA Gkg\/(l+a)(1+a 1+ )lL> (5.38)
While the MCG is operating, the value of Z decreases from

Z =2 l+a)(l+a ke (5.39)

07 B2 I '

to
2l

Zr =55 V(1+a)(1+a— k2). (5.40)

If Z; > pqq, then 7,5 has an oscillating component for large Z; :

(1 +a)Z¢

gt sin (%0~ 2). (5.41)
2

Y2 =

Z¢\ iL(l+a)



5.2 Connection Through Pulsed Transformers 187

i.e., the current is the same as for the MCG operating into a secondary
circuit with no capacitance.

Integrating Eq. 5.41, an expression for 7y can be found as, ie., vy =
F/E, where

_ —U(L:CL)?
E= —1102I/2L (5.43)
and
F = [Ny(Zo)Jo(Z) — No(Z)J1(Zo)] ”—?’ +1. (5.44)

For large Zy,

(-Zza)% cos(Zo— Z) — 1

~ 5.45
Tu E ( )
and for small Zj
1
(20— 2)°
PR —— 5.46
Tu oF ( )
Therefore,
2 1.2
— ’YUkc
Ec = ita) (5.47)
2 1.2
712akc (548)

Em = —-—ZL(]_ +a)2

Several plots of I3(t) and U(t) calculated for a generator coupled through
a transformer into a load with different capacitances are presented in Fig.
5.7. The secondary circuit of the generator is closed 80 s prior to the end
of its run, at which time

Ly(t) = 9.1 x 107 — 10.6 x 10* — 1.95¢% 4 6.2 x 10*3 (5.49)

and R = 8.8 x 10% — 0.83¢t. The secondary winding has 16 turns, L;7 = 6.8
pH, M = 0.4 uH, k. = 0.96, a = 0.4, Ry = 0.02 Ohm, and I = 5.4 MA.

The above examples show that under certain conditions the MCG may
operate efficiently into capacitive loads. The operation of the MCG may be
significantly different from when it operates into an inductive or resistive
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FIGURE 5.7. Plots of voltage and current for an MCG connected through a
transformer of loads of different capacitances. When the MCG operates in an
oscillatory mode, the energy yield increases slowly, whereas in the aperiodic mode,
it is mainly stored inductively.

load. The basic difference is related to the possible existence of an oscillat-
ing component in the current. Even when there is no load resistance, the
magnetic flux in the MCG circuit may not be conserved.

When the MCG operates in an oscillatory mode, its energy yield increases
slowly, whereas in the aperiodic mode, the energy is accumulated mainly
in the inductance. There are other possible methods by which a capacitive
load may be connected to an MCG: for example, it may be connected in
parallel to an inductive or resistive load or it may be introduced via a
switch.

To operate an MCG into a capacitive load, the MCG must be specially
designed. Such an MCG with a capacitive load generates a train of current
pulses. In Chapter 8, it will be shown that an open tuned circuit with an
MCG as its power source can convert the MCGs energy into radio waves.
The operation of MCGs into transmission lines with distributed parameters
has also been studied.

5.2.2 C(Case 2: Resistive and Inductive Loads

The equivalent circuit for an MCG connected through a transformer to a
load with resistance R and inductance Lj,, closing switch K, and con-
stant Ry and Ly is presented in Fig. 5.8. The system of equations for this
equivalent circuit is

d(L11h) dly
i +RiL+M T 0, (5.50)
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| | |

FIGURE 5.8. Equivalent circuit diagram for an MCG connected through a pulsed
transformer to an active inductive load.

dls dl,
< — =0 .
Lo 3t + Rolo + M it , (5 51)

where M = kc/LiT7Latr and Ly = Ly + Ly7. This system of equations has
no analytical solutions for general cases and may only be solved numerically.
Since these equations describe the operation of the MCG from the moment
when the discharge current from the battery has achieved its peak value in
the generator, steady-state initial conditions can be used; i.e., when £ = 0,
1,(0) = Ino and I3(0) = Ioo = M/Lay/1+ 1 (Ra7c/L2), where 7, is the
discharge time of the battery.

For the limiting cases of low and high resistances, Egs. 5.50 and 5.51
can be simplified. In the case of high resistances, i.e., when Ry >> Lo/,

where 7, is the operating time of the MCG, the term LydI;/dt may be
neglected, because

dl; - Loy
Lo i T << Rgls, (5.52)
I M dI,
2 = S
R, dt

Substituting Eq. 5.52 into Egs. 5.50 and 5.51, yields

a M2 dI
R, dt

dt L111 - ——:| + Rlll =0. (553)

Assuming that
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M?dI,
L —_—— 5.
1 >> R, dt (5.54)

and that

M2dl,  M?I, __ M?
Miah ML M crr 5.55
Ro dt ~Rar, "Iyt ShWm (5.55)

the above differential equation becomes
d(L I
% + R =0. (5.56)

Assuming that the inductance of the generator is linearly coupled, i.e.,
Ly = Lo (1 — ot), and that R; = const, the solution of Eq. 5.56 is

_B
Lo 1 Loa
={= 5.5
’YII (Ll) ’ ( 7)

when t < 7p, and

_ R
Lo\ ' Tos Rimp [t
=(2 - -1 .
Yn <L1) exp [ Lr \7 , (5.58)

when t > 7,, where

I
Tn =1 (5.59)
10

The current flowing in the secondary circuit of the pulsed transformer
may be found from 7;, = (M/RyI10)dI/dt as

R
_ MLoar, ( R ) ( Ly )2—7&- (5.60)
2= TR, Loa ) \Iir ! '

when t < 75, and as

Re
MR, (Lo)l—Lo« [ erp(t )]
=/ — exp |— —=1)], 5.61
712 = " LR \Lir Pl T \7 (5.61)
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when t > 7,, where ;9 = I3/Io. When z = 1, Egs. 5.60 and 5.61 become

_ M Leat, (1_ Rty ) (i)%% (5.62)
Ti2m= = Ry, Lir Loar, ) \Iir '
and
R
M Ry [ Ly \' Tos
Tt = LR \Lir) (69

The energy released into the active load is

R
e = M0 (| B\ (Lo \UTE (L 2R\ (5.64)
R L()R/z L()Ot LlT Loa ’ '

M? R, (Lo )2(1—%%)
" LoLyr Rp \ L1t ’

Examining these two equations, it can be seen that if the load has a high
resistance, Ry, the energy it receives is inversely proportional to Ry, inde-
pendent of the load inductance, and directly proportional to the inductance
of the secondary winding, Lo7, of the transformer.

When an MCG, with a specific set of parameters, operates into a high-
resistance load, the energy transmitted to the load can be increased by
increasing the inductance of the secondary winding, since

ER, (5.65)

ER — R — N —. (5.66)

In this case, the operating mode of the MCG is similar to that of an EMF
source (open circuit mode). The increase in Lot is limited by the condition:

Ry, >> L2T/7—p.

5.2.3 Case 8: Ry =0 and I[,0=0

If it is assumed that R; = 0 and that I3 = 0, i.e., that the switch K is closed
at the moment the MCG begins operating, then Eqgs. 5.50 and 5.51 may
be solved by the method of quadratures for both linear and exponential L;
coupling. When the inductance of the generator, Ly, varies exponentially,
the following expression can be derived:
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Yo = (l+ar) [le(l+a) - k2eot]" ! (5.67)

t z Z b
e dz.
/1 [lL(1+aL)—k§Z]

The final form of this function is

Yier = (L+ap)(1+ag— k2! (5.68)

l
/ z dz
[ e

where v}, = —IoLo/MI, z = Lo/Ly = e*, v = Ryp/aLl,, and a, =
Ly/Lor.

Similar expressions may be derived for both exponential and linear cou-
pling of Ly. The final values of the energy coefficient for both cases are

ok (v195)?
= 2 5.69
Emf lL(1+aL)2 ( )
ak2(’7,12 )2
Upp = e 12f , 5.70
M= 1T @) + ke(l+ o — ) (7 )? (5.70)
wk: (1]
ERSf Yl (712) dz y (5.71)

= lL(1+OtL) 1 22

where egy = Wg/Wy, WRr is the energy released into Ry during the oper-
ating time of the MCG, Wy, = L, M?%/Lo(L1 Ly — M?), and WgsRL/R; is
the energy released into the load. The only difference in these expressions
for exponential and linear coupling is in how ], is defined. Therefore, the
operation of this system depends on the normalized parameters: k., {1, a,
and v. Plots of e,y and gy versus a for various values of v for both linear
and exponential coupling are presented in Fig. 5.9. The curves are calcu-
lated for the typical case when I, = 10 and k. = 0.9. The two cases differ
by how the characteristics of o and v affect the peaks of the curves. The
curves in Fig. 5.9(a) are for exponential coupling [L; = Lo(exp(—at))] and
the curves in Fig. 5.9(b) for linear coupling [L; = Lo(1 — at)).

Plots of e gy versus v for different values of a, with I, = 10 and k. = 0.95,
are presented in Fig. 5.10. The solid lines are for exponential coupling, and
the broken lines for linear coupling.

When the condition Ry << Lodly/Izdt is satisfied, Egs. 5.50 and 5.51
has the approximate solutions
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FIGURE 5.9. Plots of energy delivered to (a) exponentially and (b) linearly
coupled loads through a transformer when R; =0 and I20 =0 (Case 3).

FIGURE 5.10. Plots of energy delivered to Rz through a transformer when R; =0
and Izo = 0 (Case 3) for (—) exponential and (- - -) linear coupling.
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I = 32k (5.72)
AE
I
Iy =—-M— .
2 oo (5.73)

where )\, = exp (— I RE/LEdt) ,Rp=Ri+ReM?/L% and Lg = L; —
M?/L,.

It is worth noting that it is possible to obtain an analytical solution for
Egs. 5.50 and 5.51 provided that L; = Lo(1+at) and R; = 0, but inductive
coupling is not characteristic of real MCGs.

5.2.4 Case j: Low-Resistance Loads

When an MCG is connected to a load having low resistance, and it is
assumed that Ry = 0, Egs. 5.50 and 5.51 can be rewritten as

dly Ri+4%
12 dt (7.74)
dt L, -4

dl;, Mdl;

Y A (7.75)

In deriving Egs. 5.74 and 7.75, it was assumed that the terms containing
M had a negative sign in Egs. 5.50 and 5.51. When t/7, < 1, dL,/dt =0,
and L; = L, the solution of Egs. 5.74 and 5.75 is

LO - Ig_z t Rl
I = [io——L2 exp —/ L S 5.76
e |- [ o (5.76)

Assuming linear inductive coupling and that R; is constant in the domain
t < 7p, the solution of this equation is

M2 11"t
Lelo| 2" | (5.77)
1 = 110 . :
Lit) - £

Assuming that L; = L;7, the solution of Eq. 5.76 in the domain ¢ > 7, is
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Lo — M2 1-3%

RyT t
L =1 — exp | ————E&— (— - 1) . 5.78
lL” IZI:] Lir— M2\ T ( )

1 1z \TP

Taking into account the initial conditions, the current flowing through the
load can be determined from Eqgs. 5.74 and 5.75 as

M
=1 h (5.79)

The energy coupled into the load is

t M2 t
WR=R»2/ I%dt:R'Z—z-/ Iidt.
0 Ly Jo

(5.80)
The ratio of Wg to the initial energy Wy is
2Wr  2RyM? /t ( L >2
ER= T = ——— — | dt. 5.81
B=TLol2 ™ "LoL2 Jo \Ino (5.81)

The total energy delivered to the active load is

2R,M? | 7 (I, \? © 71\ 2
. = L) g .
ER ToL2 [/0 (110) t+ /r,, T dt (5.82)

Wir + Wag

Wo
where
9_ 2Ry
Wir 2R, M? /‘ Lo—AI:I—: aL°dt
Wo LoL% Jo Ll—%lz—z

1T M? 2'2‘%]6

2RpM? [V (Lo— T

otz JL, 1= I,
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M? N\ 2 aTs
War _ 2R2M2 Lo - T,
Wo LoLi \ Lir — &
- 2R; (£ - 1)
x / exp |[———2 2| dt (5.84)
Tp LlT ~ Ls

Analysis of this mode of operation of the MCG shows that the inductance
of the secondary circuit decreases from Ly to Lg = L; — M? /Ls. Thus the
generator does not see the load Ly = L;7, but rather Lg;. This means that
the experimental data for specific MCGs, depending on the value of the final
inductance, can be used to select Lg; for new optimized models of MCGs.
The magnetic energy in the load is Wi, = ¥iW, where W is the total
magnetic energy in the MCG. By examining the asymptotic expressions
given in Eqs. 5.83 and 5.84, it can be seen that for loads with low resistance,
R;, the energy transmitted to the load is directly proportional to Ry and
strongly depends on the inductance of the load, Lj,.

If k. =1and a;, = Ly, /Lar # 0, then ¥4y =1/(1+a1) <1;ie, even
a transformer with ideal coupling will not deliver all the energy created by
the generator to an inductive load. When a;, — 0, then ¥y — 1, which
means that Lgy = Lir(1 — ¥xs) — 0 and may become smaller than the
optimal value of the final inductance of the MCG.

If k. # 1, then Lgy = L7 (1 - k2/(1 +aL)) . Plots of Lgs/LyT versus

a for different values of k. are presented in Fig. 5.11. The value of Wx; is

maximum when Lgy/Lir = (1 - kg)lﬂ .

For low resistances Ry, the generator operates like a current source (short
circuit mode). As the resistance of the load increases, the energy coupled
into the load increases to a peak value and then begins to fall off. Therefore,
for a given value of inductance in the secondary winding of the transformer,
there is an optimal value of Ry, that permits the maximum transfer of
energy.

In general, the ratio Wg /W, for a MCG with a specified set of parameters
is a function of Ry/Lt and L,/ Lt. As the ratio L1/ Lt increases, the ratio
Wg/Wy will always increase except for those cases where the resistances
are high and the effects of the inductive impedance of the load may be
neglected. Plots of Wr/Wy versus Rp/Lr for specific values of Ly /Lt
have a peak value, which determines the optimal conditions for matching
the MCG to the load.
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FIGURE 5.11. Plots of inductance versus a for different coupling coefficients, k.,
when the load resistance is small (Case 4).

52.5 Caseb: R =0, Ry=0,and Cp,=0

Consider the case when R; = 0, Ry = 0, C, = 0, and the switch K is
kept closed. This problem can be simplified by considering two simpler
independent problems:

e Operation of the MCG into loads with specified finite equivalent in-
ductances.

e Transfer of energy through a transformer from an external EMF
source into an inductive load.

Using this approach and possessing data on the MCG such as final in-
ductance and amplitude and shape of the current pulse, as well as having
specified the dependence of the energy coupling factor of the transformer
on the parameters of the transformer and MCG, the amplitude and shape
of the current pulse in the load can be found. In this case, the number of
independent variables that determine the energy transfer may be reduced.
The simplest system will be considered, i.e., when the active resistance of
the circuit, which consists of a transformer (see Fig. 5.12) connected to an
external EMF source, {(t), is negligibly small. The secondary winding of the
transformer, with inductance Lo, is connected to the load with inductance
L. For this case, there are four independent variables, L7, Lo, Ly, and
M, which unambiguously determine the nature of the system. However,
expressing the coupling factor, 7,,., in terms of more than two variables,
while desirable, leads to two disadvantages. First, 7,, tends to depend on
a parameter that has dimensions (in particular length), which are inconve-
nient. Second, when there are four independent variables, there is no clear
understanding about which of the parameters has the strongest impact on
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FIGURE 5.12. Equivalent circuit diagram for an MCG connected through a
pulsed transformer to an inductive load.

the coupling factor and what relationships among the parameters should
be used.

It is possible to get a clearer idea of what factors affect the coupling
factor by reducing the number of independent variables by making some of
them small in value. For example, if the active resistances of the primary
and secondary circuits are neglected, then the system of equations that
describe the circuit becomes extremely simple:

LSt + 22 =0, (5.85)
(Lor + LL)?-{% + M% —o0. (5.86)
Rearranging Egs. 5.85 and 5.86, yields
dal __Lle‘i — %1 =0, (5.87)
Lo M dh (5.88)

dt Lor+ Ly, dt

Taking into account that k. = M/+/LyrLor, enables Egs. 5.87 and 5.88 to
be rewritten as

dI k:LirL
it (LIT — SeAT2T ZT) = £(2). (5.89)
2T L
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From this last expression, the optimal inductance of the external EMF
source is found to be

kcLyrLor _ Lir(1+a; — k%)
Lor + L, 14+ar

LlE - L]T - y (590)

where ay, = L1,/ Lor.
Taking into account the initial conditions at t =0, i.e., I; = I3 = 0, the
solution of Eq. 6.88 is

I (5.91)

or

Iy _ kevIirLer

= - . 5.92
L Lot + Ly, (5.92)

From these expressions, the energy transfer coupling factor of the trans-
former is

(5.93)

W, Ly (12)2_ ar(l+ap)k?
ELf— - |\ -

Wy Lig\L/) — (I+ar —k2)(1+ar)?

Since for any ay, the sum 1+ af, # 0, this equation can be rewritten as

_ aka
T (l+a-k)(1+ar)

ELf (5.94)

Taking the derivative of Eq. 5.93 with respect to time and setting the result
equal to zero, the peak value of the coupling factor can be found provided
the following condition is met:

1—a?2 =k2. (5.95)

Substituting this condition into Eq. 5.93, it is found that es__ _is equal to

(1-a})ar
202 +2ar, — (1 —a?)ay’

eLfmax = (596)

Since ay, # 0, it can be shown that
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FIGURE 5.13. Plots of W3 versus inductance for different coupling factors (Case
5).

1- 1—/1—k2
ELfme = Tt = = (5.97)
l+ar 14 /1+k2

In Fig. 5.13, in which ¥x(ar, k.) is plotted versus ay,, it can be seen that the
position of the peak value of €1,y depends on the ratio L;/Lor. It can also
be seen that high values of the energy coupling coefficient, i.e., ey = 0.9,
require that the coupling factor of the transformer be extremely high, i.e.,
k. = 0.999, which is unlikely in practice. When the value of k. is high,
i.e., k. = 0.9, then only 40% of the energy generated by the MCG can be
coupled into the load by the transformer. If the value of k. decreases by
nearly 9%, i.e., from 0.99 to 0.9, the amount of energy delivered to the load
decreases by almost a factor of two, i.e.,. from 75% to 39%. The influence
of the second normalized parameter of the system, i.e., ar, on the energy
coupling factor is much weaker. For example, when using practical values
of the coupling factor (0.9 < k. < 0.95), even noticeable deviations in the
parameters, i.e., nearly 20-25%, from those values that yield the peak value
of €17, in practice, do not lower the amount of energy coupled to the load.
To verify the dependency of €15 on « and k., experiments were conducted,
and these showed that experimental and numerical results agree to within
approximately 5%.

When the inductance of the MCG is taken into account, the energy
coefficient, which is the ratio of the energy delivered to the load to that
energy stored in the generator, is

_ lL(l + aL) - kf
€ = 1+ag —kg ’ (5.98)
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k,=0.95 1y, =10

a

FIGURE 5.14. Plots of €y versus inductance for different coupling factors (Case
5).

apk? k2
=% (g, e .
eLf 1+aL-—k§<L 14ay /)’ (5.99)

where lL = LO/LIT, € = Wf/W(), €Ly = WLf/W(), and Wf is the energy
in the generator during the final stages of its operation. Plots of €,,; versus
ay, for different values of k. at v, = 10 are presented in Fig. 5.14. At the
peak value of €7, it can be shown that Lgs/Lir = 1 —k2/(1 —k2/2) and
that a = 1 — k2. When R; # 0, the location of the peak depends on the
magnetic flux attenuation. For example, when Ly = Lo(1 — ot) and R; =
const, £n,5 has a peak value at aj, = (\/5%1‘:;4 +4(1 — k2) — 6,k2)/2, where
8. = (1+ 2R;y)/(dL1/dt). This is also true when the inductance decreases
exponentially, i.e., L; = Loe~** and when L, /R1 = const.

The required value of ay, for a fixed value of Lot depends on the selected
value of L1,. When choosing a transformer for a predetermined value of Ly,
the value of ay, is determined by the values of L7 and M, i.e., by adjusting
the number of turns in the secondary winding. If the value of k. can be made
constant by suitable design, which is not always possible, then for Wy to be
at its peak value it is necessary that M = k,{Z%..L2 (1—k2)]'/*, and for ], 5
to be at its peak value, that Ry = 0, when M = kcy/Li7LL(1 — k2%). The
relationship between M and L1 depends on the design of the transformer.
If, for example, Ly = M/k.w, where w is the number of secondary winding
turns, then, at fixed values of Lir and k., for ¥ to be at its peak value,
it is necessary that w = (Lp L17)"/?(1—k2)!/* and at fixed values of w and
k. that Lyr = Ly /w?(1 — k2)1/2.
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5.2.6 Case 6: Active Load, When R; =0

Consider the case when the MCG is connected through a transformer to
an active load with R; = 0. An active load is one that is considered to act
like a current or voltage source or sink. The circuit equations for this case
are

d(L0y) . dlp
- M—2 =0, (5.100)

dl, dl,
Lor— — R + v = .
2T Llo+ M 0, (5 101)

where Ly = Lir+ L + Ly. The energy transmitted to the load during the
time the generator is operating is given by
Tp
WL, = Ry, / I2(t)dt, (5.102)
0

where T, = I3/ D, l, is the length of the generator, and D is the velocity of
the detonation wave. The mechanical work done by the explosion products
against the electromagnetic forces is

1 [T
Wiy =—3 / I2(t)dt. (5.103)
0

The initially stored electromagnetic energy, i.e., at t =0, is

1 1
Wiro = E(Lgo + Lyr) I3 + §L2TI§0 + MI1pIs, (5.104)

where Lgo = Ly4(0), I1o = I(0), and I3g = I3(0). The energy stored when
t=1pis

1
2

1

Wy = 5

LirI?, + = LorI2,, + MI1mLom, (5.105)
where Iym = I1(7p) and Ipm = Iz(Tp) are the peak values of I; and I,
respectively. The energy balance equation, while the system it is operating,

1S

Wre + Wy = WMf + Wy (5.106)
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While the generator is operating, part of the energy is stored in the form
of magnetic energy in the windings of the pulsed transformer. After the
operating cycle of the generator is complete, the energy stored in the trans-
former is discharged into the load. The discharge current may be found by
letting Ly, = 0 in Eqgs. 5.100 and 5.101:

£
Iy = Igpe® , (5107)

where 7, = 7 (1 — k2/(1+ Lp/L,)) is the discharge time constant, T =
Lor /Ry, and Lp is the inductance of the transmission lines from the MCG
to the transformer. Using Eqs. 5.100 and 5.101, it can be shown that

(LB + LIT)II + MI; = const (5.108)
(LB + le)llm + MI2m

From this expression, it is clear that not all the electromagnetic energy
in the primary circuit is delivered to the load; that is, when ¢ — 0, then
12 — 0 and Il - Iloo = Ilm + M/(LB + LlT)Igm.

It was shown in Chapter 3 that it is necessary that the linear current
density, along the line where the plates of the PMCG make contact, is
constant to provide the maximum conversion of explosive energy into elec-
tromagnetic energy. If this condition is accepted, then j = I /y = jo, where
y(z) is the width of the plates at a distance = from the origin. Optimization
of this problem thus reduces to that of seeking the proper form of the ex-
pression y(z) and of Eqgs. 5.100 and 5.101 for the condition that I /y = jo
and when dL,/dt = —fy/y, where f; = 2pybD and b is the length of the
gap between the plate and cassette (for a PMCG). The solutions of the
resulting equations are

Y =yoe~, (5.109)

L= (e‘* - elvz) , (5.110)
Yo

I = Iyge*, (5.111)

Ip = Ipge™s (5.112)
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L _
k3=2(1+f’15—ffi%e ?‘5), (5.113)
ke [L
In=—% L—;Iw. (5.114)

Equation 5.113 directly follows from the energy balance equation for an
PMCG with an exponential profile, and Eq. 5.114 must be satisfied while
the generator is operating. The following equations can be derived from
Egs. 5.103, 5.104, and 5.109-5.114:

W = -gz_z (e? - 1) 2, (5.115)
Wuo =5 Lgo +Lp + (1~ 7k¢ | Lt ) Lo, (5.116)
Wy = Ly 35\ Lir\ "
=e® (1+ =2 +(1-2k2)2L) . 5.11
Wmo < ( * I +( 1 ) Lo (5.117)

The most efficient mode of operation occurs when Wys/Wiso >> 1, which
means that e™»/7 >> 1, Ly < Ly, and Ly < Lgo. The electrical efficiency
is

k2 s
Wu 2 2= II%E e
_ R ir — (5.118)
Wito + Wi 11+ %f;) — 2Kk2(1 +0.5e~ )

k2

- ¢
1(1+LA§)

which in the most favorable case, i.e., when k. = 1 and Lg/Lir << 1,
is 0.5. When k. = 0.9 and Lg/L;r << 1, the efficiency is 0.4. Thus, the
requirement that the linear current density is constant implies that not

more than half of the total electromagnetic energy can be coupled into the
load.

5.2.7 Case 7T: Pulse-Shaping Transformers

Transformers allow some shaping of the current pulse being delivered to the
load. Peak power is usually achieved during the final stages of operation
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of the MCG. The method used to sharpen the current pulse front with the
opening of the circuit is based on the following scheme: the transformer
operates initially with the secondary circuit in the open circuited mode,
and the switch K is closed a time 75 after the MCG begins to operate. In
this case, the pulse length will be 7, — 7,, provided that the current I
increases throughout the operation of the generator. After the switch K is
closed and the inductive load is introduced into the circuit (Rg = 0), the
currents are

_ PoksAklis I, = Do Aps M (AkAEs _ 1)

L= L= 5.119
' MesLesLg 27 LisLizs \ Msre ( )

where the index S refers to the value of the parameter at the moment
the switch is closed. The rate of change of I, dI;/dt, increases sharply
(steplike) by a factor of L;/Lgs at the moment the switch is closed.

The parameter €5 decreases as T, — T, decreases. Denoting the fraction
of energy in the MCG by eg, which is the ratio of the energy in the load
when the secondary circuit is closed, W, to the energy in the load at the
moment, Tg, the switch is closed, Wis. When R; = 0, it can be shown
that es = 1 — Ly1/L1s. The degree to which the pulse front decreases is

Tp/(Tp—Ts) = (v, — 1) (8;1/ 2_ 1) for linear coupling of the inductance,

Ly, and 7,/(Tp — Ts) = —Iny,/In (1 - 6;1/2) for exponential coupling.
If R; #0, then

Aks (LES LEf):lz
eg=|— | — — — . 5.120
5 [LIS AES  $Ef ( )

In the case of an inductive load, this method allows one to shorten the
current pulse front by a factor of 5-10 and still have an acceptable value
of £g. During those periods when the transformer is idle, the values of ®¢
should be higher, because, in comparison to the operating mode when the
switch is closed, the generator will operate as in an unloaded mode. If in
both cases the value of the parameter Wy is the same, then €5 increases
by a factor of Iy, (1 +ar)/[lL(1 + ar) — k2], and if I1o is the same for both
cases, then €5 increases by a factor of l%(l +ar)?/ [lL(l +ap)— kf]z In
the case of resistive loads, sharpening the front of the current pulse also
sharpens the front of the power pulse.

If the length of the current pulse delivered to a resistive load needs to be
longer than 7, a storage inductor can be connected in series to Ry. This
effectively increases Ly, so that during the time that the MCG is operat-
ing, the bulk of the energy is stored in L}, and it is subsequently released
into Ry, with a relaxation time of Ly /Ry. The transformer, which is de-
stroyed when the MCG has completed operating is shunted by an additional



206 5. Electrical Loads

switch. When the MCG is used in this manner, it operates, in practice, like
an inductive store. The high powers generated by MCGs makes them dif-
ferent from low-power inductive stores and allow the inductive losses to be
significantly lower during the charging process.

Attenuation of the current at the end of the MCG operation is described
by the equations for an RL circuit with initial currents of Iy and Ioy. If
the transformer is functioning during the attenuation period, an additional
amount of the energy in the MCG may be transferred to the load. If Ry
has a low value when the MCG is operating and if the secondary circuit
of the transformer is closed, then 7;5; = 7;1;. While the current is being
attenuated,

eklt _ ekzt )\1
V1o = V195 [€M + % ) (5.121)
where
2
(61 _ 6 ) + 4(51(52’0:
Az = |=(01+62)F \/ T e
1+aL
R
6 = L—l; (5.122)
Ry
by = —.
2 I

At the end of the MCG operation, when t; =1In(A2/A;1) /(A1—A2), 712 =0,
after which it changes sign. The peak value of y;, occurs when time ty =
2t,, after which the value of ;9 decreases. The additional energy, AWg,
delivered to Rg while the current is being attenuated is given by

AWa _ K2
Wi (e (1+2)

(5.123)

which means that the condition §2 >> §; must be satisfied. This condition
is rather hard to achieve, when a prolonged current pulse must be provided
to the load. When a, is varied, its effect on the MCG should be taken into
account while it is operating. If R; is also neglected as well, then

Wr+AWR k2 [yL(1+ar) — k7]

. 5.124
Wo (L+as)(t+or —k2) (1+ &) (o124
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If the secondary circuit is closed at time 7g, then for small values of
Ry and Ry, Y195 = Y11y — Ynis- The parameter 7o, decreases and the
amplitude in the backward-traveling half-wave increases, along with an
increase in Tg, so that the peak amplitude in the second half-wave lies
between t; and t3. The magnetic flux captured by the secondary circuit
at the instant the switch is closed also decreases. In practice, when 7 =
Tp, all the magnetic flux has been captured and Y125 = 0, and only the
backward-traveling half-wave of the current exists with a peak amplitude
at t;, which determines the rise time of the current pulse. Since, in this
mode of operation, the secondary circuit does not affect the operation of
the MCG for any values of R; and Rg, it can be shown that

— Yr1761(1 +ar)
T2 = (1 + ar — k/g)(ekzt — eklt) (5125)
and
AW, k2
2 7 (5.126)

Wi (L+az) (1+%)

If 6 << &, then W, decreases, which is why it is desirable to increase
61 only after the MCG has completed its operation by introducing, for
example, an opening switch. The most effective way of increasing §, is not
by changing ay,, but rather by decreasing Rg, which increases the Q-factor
of the secondary circuit and, thus, the dimensions of the transformer.

Plots of 7y, versus the operating time of the MCG, calculated by assum-
ing linear coupling of Ly, for v, = 10, k. = 0.9, a, = 1, §;7, = 0.5, and
027p = 0.1 and by neglecting R; and Rj, are presented in Fig. 5.15. Curve
1 corresponds to the operating mode when the secondary circuit is closed,
and Curve 2 to the case when 75 = 0, Curve 3 to 75 = 0.47,, and Curve
4 to 75 = T, (the flux capture mode).

During the flux capture mode, which occurs a time ¢;, so that after the
circuit is closed, the energy in Ly, is at its peak value

WL achéf )\2 *121*2
—= | = . (5.127)
Wi (14ar —k2)X \ M
When 62 >> 61, then
61(1 + aL)t
Y2 = —Vny {1 — eXp [—_—1 Y ag — k2 (5.128)

and
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FIGURE 5.15. Plots of relative current in the load versus operating time of the
MCG assuming that the MCG is linearly coupled and that v, = 10, k. = 0.9,
ar =1, 617p = 0.5, and 627, = 0.1. Curve 1 corresponds to the case when
the secondary circuit is closed, Curve 2 to the case when 75 = 0, Curve 3 to
Ts = 0.47,, and Curve 4 to 75 = 7p.

2
Wa ke (5.129)
Wf (1 +a L)2
If, at the end of the operation cycle of the MCG, §; increases sharply, then,
for significantly low values of 82, a current pulse with a fast risetime and
attenuation over a long period of time may be generated.

During the flux capturing mode, it is desirable to select the value of L;p
to be equal to the optimal value of the final inductance, while preserving
the values of v, k., and ar. This provides the same mode of operation
as for a closed secondary circuit, and the peak value of 7, increases, as
shown in Curve 4 of Fig. 5.15.

5.3 Connecting Through an Electroexplosive
Switch

This section will consider the coupling of energy from an MCG into a load
through an electroexplosive switch [5.16], used to match the impedance of
the load to that of the generator. Three types of loads will be discussed:
complex, active, and inductive.



5.3 Connecting Through an Electroexplosive Switch 209

R RL

Lg

FIGURE 5.16. Equivalent circuit diagram for an MCG connected through an
EEB to a complex load.

5.3.1 Complex Load

If the load exhibits a complex behavior, then the processes that take place
in the circuit may be separated into three stages. During the first of these,
the resistance of the electroexplosive switch is R, << |ZL|, where |Z| is
the absolute value of the complex impedance of the load. If it is assumed
that the switch resistance during this stage of operation is equal to its
resistance at the temperature at which the material vaporizes, the equation
of the equivalent circuit diagram in Fig. 5.16 is

d(L,I)
dt

+Rit=0, (5.130)

where R; = R,(t)+R, is the active resistance of the circuit, R, is the active
resistance for the generator, and L, is the inductance of the generator.

In order to solve this equation for its first stage of operation, the number
of conductors required in the switch must first be determined. If it is as-
sumed that the generator inductance behaves linearly, i.e., Ly = Lo(1—at),
then the overall dimensions of the switch can be found by using Eq. 4.10.
Knowing the geometrical dimensions of the switch conductors and the de-
tails of the materials used in their construction, the number of parallel
conductors, IV, required and their total resistance can be determined. By
substituting this information into Eq. 5.25 and solving Eq. 5.130, the cur-
rent flowing through the MCG-switch circuit during the first stage of op-
eration can be calculated.

Since the resistance of the switch is small (~ 0.01 Ohm), it shunts the
complex load. Therefore, during this first stage of operation, practically no
current flows through the load and no energy is coupled into the load.
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This stage of operation continues until the exploding conductors in the
switch are vaporized, at which time the second stage of operation begins.
The resistance of the switch can be found by using Eq. 4.8. Operation of
the circuit during the second stage is described by the following system of
equations:

d(LgI
(dt ) + R,I, =0, (5.131)
I Ts+tk
d(L ) +L— +RpI;, + — Idt=0, (5.132)
dt dt
I=I,+1, (5.133)

where I, is the current flowing through the switch and Iy, is that flowing
through the load. This system of equations can only be solved numerically.
Egs. 5.131-5.133 can be rewritten in a form more suitable for numerical
solution:

i __, By,

% =t (5.134)
‘2_1; =y, (5.135)

dy __ (tkf—zz,, +y) , (5.136)

% = —L—IL (tkl?p (t’ZR” +y> +te Ry + —CLLL) (5.137)

Ry _ _ 280 (5.138)

.~ (1—z)-%

by introducing the normalized variable x = t/t;, which is the ratio of the
moment in time under consideration to the time at which the conductors
explode. This transition to normalized variables simplifies the calculations.

Equations 5.134-5.138 completely describes the electrical processes that
occur in the circuit. When these equations are solved numerically, it can
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be determined how the currents depend on the variable z throughout all
branches of the circuit during this entire stage of operation. The currents
and resistances calculated on completion of the first stage of operation
serve as the initial conditions for the second stage of operation. The energy
coupled into the load can be calculated by summing the products of Ir, | Zy,|
for each step Az.

During the third stage of operation, the resistance of the switch tends
to infinity and the MCG operates only on the load. The equation that
describes the third stage of operation of this circuit is

dI dI 1 (Y
— + R I+ L Idt=0 5.139
g TRl + Lo CL /T . , (5.139)
which can be rewritten as

d?1 dL dI L 1
(L9+LL) dt2 (2d—tg+R ) di +< dt2y +C—L)I=O. (5.140)

If it is assumed that the inductance varies linearly, this equation can be
reduced to a second-order linear differential equation:

d?1 I 1

b — — = .
agm thg - =0 (5.141)

where a1 = L, + Lo(1 — at), by = Ry, — 2Lg, and Ls = aLg. Introducing
the variable

ty  _
[=Ayexp [ / Idt], (5.142)

S+tk

where I = ("/I)dI/dt, Eq. 5.141 becomes the Ricatti equation:

I - _!
— 4+ a4+ 1+ =0. :
argg +al* +bl+ 5 =0 (5.143)
Assuming that I = z + (3(z), where 3(z) = —b;/2a,, and substituting it
into this equation yields

2 o1
ay [z+ B'(z)] + 0,22 +3 — + — =0. (5.144)
CL
Solving for 3'(z) and substituting into this equation, yields the canonical
equation
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R?2 —2alyR 1
2 L oL —
a2+ a12 (———4(11 CL ) 0. (5145)
Introducing the following notation
alg [2&1 -CL (a1 + bl)]
= , 5.146
5 2CL¥CL ( )
_ 16a% - 8a1b1 CL - b%CL (5 147)
16a$C? ! '
Eq. 5.145 becomes
nA3 + €A, +C(t) =0. (5.148)
The roots of this equation are
IR
- —4nC(t
Ay = ZEELE OO (5.149)
? 2,,)
and its solutions are
21 = Alé(t), 29 = A2é(t) (5.150)

Taking into account these solutions and solving the Ricatti equation, i.e.,
Eq. 5.143, it follows that

Iy =29 — —, (5.151)
where the general solution is

I= I_1+ I2t_11 — — .
14 Crexp [f f+zk (Iz—Il) dt]

Ts

(5.152)

The current flowing through the circuit can be found by using the following
expression:

I=Texp [ / I‘dt] : (5.153)
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The integration constants, I' and Cp, can be found by introducing the
initial conditions.

Solving the circuit for the third stage of operation begins by finding the
integration constants. If one then finds the coefficients £ and 7 and the
general solution of the Ricatti equation, then the time variation of current
flowing through the circuit can be determined. The energy transmitted to
the load is

tr
WL, = / I? |21 dt. (5.154)
Ts+lk

5.83.2 Active Load

If the MCG is connected to an active load, the system of equations that
describe its operation is

dl

L— + Ry I, =0 5.

gt + Rplp ) (5.155)

RpIL + RplIp =0, (5.156)
I +Ip=1. (5.157)

Solving these equations for the initial conditions I(0) = Iy, R = const,
Rp(0) = Ry, and L = const, where Ry is the switch resistance at the
temperature at which the conductors vaporize, Rp is the resistance of the
switch, and Ry, is the resistance of the load, the general expression for the
current in the load is

1 1 [ dt
IL(t)—_—Iom exp [—E[) ;—(jt—)-], (5158)

where g(t) =1+ R /Rp and 0, = L/Ry,. By letting

Rp(1—n)?
t) =14+ —-—"—, 5.159
the time variation of the switch resistance can be determined:
b odt Rp(0)
—_— =Ty —=- 5.160
/o 9() Ry, ( )
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s (5] e s}

Therefore, the current flowing through the load is

Io
= — 5.161

exp { - \/; [arctan N/P (1 - —) _ arctan } }

where Sp = Rr,/Rp(0). Equation 5.161 characterizes the operation of an
MCG connected to an intermediate inductive store. If the MCG is con-
nected directly to the load, then Eqgs. 5.155-5.157 must be solved by using
the three stages discussed in the previous section.

If it is assumed that W is the energy stored in the inductor when there
is no switch present and that T7p = to, where % is the effective time it takes
to store the energy, then £y can be found by using

1
to = 7, Izdt, (5.162)
where I, is the peak current of the MCG and ¢, is the point in time at
which the load is connected to the MCG.
Nearly 15% of the available energy is coupled into the load. Based on
this, the following relationships can be written

6W 40w,
P=— L

(5.163)

to  to
where W, is the energy delivered to the load and P is a limit on the
amount of pulsed power in the active load. The relationship between the
pulse length in the load, 71, and the time ¢y to store the energy is

71, =~ 0.045t0. (5.164)
For example, estimating the accumulation time and energy required to

generate 10'* W of power in 71, = 1077 s, it follows that to = 2 us and
that W = 30 MJ.
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5.8.8 Effects of Switch Inductance on Energy Coupling
Coefficient for an Inductive Load

It was stated in the previous section that a peak energy coupling coefficient
of 15% is achieved when the inductance of the storage device equals the
inductance of the load. Consider now the effects of the switch inductance on
the energy coupling coefficient when an MCG is connected to an inductive
load.

In Section 3.4, the exponent F' (the “perfectness” factor), Eq. 3.36, was
introduced. It was found that as the factor F increases, the system becomes
more efficient. Energy amplification by an MCG occurs when F > 0.5. To
calculate the energy coupling coefficient when an MCG is connected to
an inductive load with a coefficient F' and with spurious inductance in
the switch, consider the equivalent electrical circuit in Fig. 5.17. Here the
inductance L;(t) is the decreasing inductance of the generator, L, is the
inductance of the load, and L3 is the inductance of the switch. Assuming
that the switch resistance increases sharply from 0 to infinity at the moment
the circuit opens, then at the moment the flux compression begins (t = 0),
the current flowing in the generator with an initial inductance of L is Io. If
the value of the initial magnetic flux is ®¢, then the flux ®; at the moment
the switch opens, 73, during which the inductance decreases from Lg to

Ti(73), is
D, =P (—fj:—ﬁj) o , (5.165)
and the currents in the generator and the load are
L= quj-le =I°(§?i§Z>F’ (5.166)
L= flllf_lf,s = I (ﬁ‘l’iﬁ)phﬁjh, (5.167)

respectively. Since the initial energy in the generator and in the load are
equal to

2
W, = Jo\Lo+ Ls) (L°2+ Ls) (5.168)
2 (Lo+Ls\** L%L,
Wy =2 L 5.169
2 2 (Ll + Ls (Ll +L2)2’ ( )
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FIGURE 5.17. Equivalent circuit diagram for an MCG connected through a
switch with spurious inductance to a load.

respectively, the energy coupling factor for an MCG connected to an in-
ductive load is

JiZ]
Wo

2
(Lo + L) <L R—
(L1 + L3) (L1 + L2)
(o + B

B (aL +,5)2F (1 + azl)2’

(5.170)

where o, = L1/Lg, B, = L3/Lg, and d, = Lo/Ls are normalized param-
eters.

If the perfectness factor F' equals 0.5, the generator does not amplify
energy and Eq. 5.170 may be reduced to

e = —~z. (5.171)
(1+8) (B+5)

)

(1 + O}—L)Z (ar, + By

which characterizes the energy coupled into a load through a fixed inductive
store. The family of calculated curves for €1, () for different values of F are
presented in Fig. 5.18. In calculating these curves, it was assumed that the
initial values of the parameters o, and 3, are 100 and 0.25, respectively.
The plots of €1, (a) clearly have peaks, which decrease as F' decreases and
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shifts toward higher values of a1,. The higher the efficiency of the MCG, the
less the final inductance has to be to deliver peak energy to the load. The
value of the energy coupling factor can now be optimized with respect to
the parameter «,, by taking the derivative of Eq. 5.170 with respect to o,
setting it equal to zero, and solving the resulting second-order equation:

o —ay (1 _ 1) _BL_y, (5.172)

which yields

1-F 1-F\2
ar, 2—2—}—7—-}-\/(—‘2‘)(—) +'B—F{J. (5.173)

Substituting this equation into Eq. 5.170 gives

(o, +5L)2F_l
L, =

= e PP (5.174)

where

, 1-F 1-F\* g,
F* = oF +\/(—2F—> +—PT. (5.175)

The family of calculated curves of e, for different values of F' is pre-
sented in Fig. 5.19. The results of the calculations clearly show the im-
portance of the spurious inductance in the switch during the coupling of
current into the load. When F' =1 and (3, = 0, the energy coupling coeffi-
cient is e, = 100, but when F = 1 and 3, = 0.25, it decreases by a factor
of 5.

Usually, the MCG couples energy into the load in the following way:
initially, the main circuit of the generator is deformed and it attains a small
final inductance, and then, by means of a switch, the circuit is opened and
the generator circuit is connected to the external load. As a result, a portion
of the energy stored in the final inductance of the MCG is transferred
into the load. There is, however, another method for coupling energy from
the MCG into the load. This consists of opening the circuit at an earlier
moment in time, i.e., when the inductance in the generator is still fairly
high. The deformation of the MCG circuit and the compression of the
magnetic field continues even after the switch is opened. As opposed to
the previous scheme, the energy in the load increases due to compression
after the switch has opened. It is worth noting that the energy gain due to
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FIGURE 5.18. Family of calculated curves for £1(ar) versus the perfectness
factor (F') of an MCG, assuming o, = 100 and 3, = 0.25. The amplitude of the
peaks decrease as F' decreases, which implies that the higher the efficiency of the
MCG, the less the final inductance has to be to deliver peak energy to the load.
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FIGURE 5.19. Family of plots of €1 versus perfectness factor (F). It can be seen
that the spurious inductance in the switch impacts the current coupled into the

load.
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flux compression is feasible only when the value of the integral fot L(t) dt

is comparable in value to that of L, (t) + Lo, where Ll is the rate at which
the inductance of the MCG changes after the switch is opened and T is the
specified pulse length of the current in the load. It is informative to estimate
the amount of energy delivered to the load for the second scheme and to
compare the result with that for the previous scheme. In Fig. 5.20, let the
main circuit of the MCG, with a given initial inductance, be deformed over
a time period of ty — 1, where the final inductance is L;(t;). At time ¢,
the load Ly is connected and the switch opens. The Ohmic resistance of the
circuit, when it is opened, increases sharply from zero to infinity. After the
circuit is opened, flux compression continues and the inductance decreases
to Ly(t2) in a time t; — to. If the initial flux is ®o at time tp, then the flux,
taking into account losses, at time %; is

Lo+ L3 )F_l

O, =P | ———————
! 0(L1(t1)+L3

(5.176)

and the currents in the generator and load are

L(t) =

¥, Lo+ Ls )F (5.177)

Li(t) +Ls °(L1(t1)+L3

L(t) = %(% (5.178)
_ Lo+Ls \¥' Li(t)
=D (Ll(t1)+L3) Ly(t1) + Lo’

respectively. After the circuit has been opened, the current in the load at
to >t is

F F-1
Lo+ L Ly(ty) + L Lq(t
12(t2)=10< 0 2 ) [La(ty) + Lo Fl( 1. (5.179)
Ly(t1) + L3 [L1(t2) + Lo]
The energy coupling coefficient for this circuit is
g = 72
L Wo
(Lo + L3)*F~1L2(t1) L1 (t1) + Lo]*F ™V Ly
= (5.180)

(L1 (t1) + La)*" [Ly(ta) + Lo)**
(ar + Br)*F ~ad (ar + 1)AF-D
(ap + BL)?F (u, +1)2F 7
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FIGURE 5.20. Equivalent circuit diagram for an MCG connected through a
switch with spurious inductance to a load. In this case, the circuit is openned
earlier than the circuit in Fig. 5.17.

where dL = Lo/L2, oy = Ll(tl)/Lz, ,BL = L3/L2, and MK = Ll(t)/Lz are
normalized parameters.

To determine the advantages of the second scheme over the first, compare
the respective energy coupling factors. Taking the ratio of Egs. 5.170 and
5.180 yields

! 2F
€L _ (O‘L“) , (5.181)
€L l‘l’L+1

Since ar, > pr,, when F > 0, then €7, /ef, > 1. As can be seen by examining
Eq. 5.181, the advantages of the second scheme over the first in terms of
energy occurs when the values of af, are high and the values of u;, are low.
In practice, this means that the earlier the circuit is opened and the smaller
the final inductance of the generator, the greater is the amount of energy
delivered to the load.

5.4 Pulsed Transformer and Electroexplosive
Switch

In this section, the case will be considered of the MCG connected to a
load through a transformer and an electroexplosive switch [5.17], where
the switch is connected to the secondary winding of the transformer. The
transformer and the switch are used to match the impedances of the MCG
and the load. In this scheme, the pulse transformer is used to decrease
the current flowing through the switch, as well as adjust impedances. The
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switch is used to shorten the length and to increase the power of the pulse
delivered to the load. Both complex and active loads are considered.

5.4.1 Compler Load

The circuit diagram of an MCG connected through a pulsed transformer
and switch to a complex load is shown in Fig. 5.21. The operation of this
circuit can be divided into three stages. In the first, the resistance of the
switch, Rp, is much less than the resistance of the load, since the electroex-
plosive switch does not receive enough energy to vaporize its conductors.
This stage of operation of the circuit is described by the equations

d(LIy) dl,

———t 4+ R —-M—=0 5.182
@ b . (5.182)
dly dl,

Lr— + Rplg— M— =0 5.

T T Rplz p ) (5.183)

where L7 is the inductance of the secondary winding of the transformer,
M = kc/Ly L7 is the mutual inductance of the transformer windings, and
L is the inductance of the MCG and primary circuit of the transformer,
which changes during magnetic flux compression from an initial value of
Lo to L. If it is assumed that the resistance of the switch, Rp, goes to
zero during this stage of operation, than Eq. 5.183 becomes

M dl, dls
—_—— = . 5.
Lt dt dt ( 184)
Using this equation to eliminate Iz from Eq. 184 results in
dl dL M?dI,
L—+L— - ————=0. 5.185
@ T T T L a (5.185)

If the normalized variable x = t/t, is introduced, where ¢ is any moment
in time and t; is the time at which the switch opens, Eq. 5.185 can be
rewritten as

Lo — %4_2 b Rty
L=T——L_exp |- / LU " (5.186)
L(z)— 4 o L(z)—2£

Assuming that the resistance of the generator is zero and that the induc-
tance of the generator varies linearly, i.e., L = Lo — Lg, then the current,
in terms of the normalized parameter z, is
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FIGURE 5.21. Equivalent circuit diagram for an MCG connected through an
EEB and pulsed transformer to a complex load.

Ryt

M2 1T
L=l |21z (5.187)
1=10 |\ —F—72 .
L(z) - £

when = < 1. The current in the switch circuit can be found from Eq. 184
by teking into account the initial conditions

I = Ilﬁ. (5.188)
Lt
Solving the circuit equations begins with determining the number of
conductors required by the switch. If the inductance varies nonlinearly,
then the geometry of the switch, i.e., the number of conductors needed,
can be found by using Eq. 4.11:

4Sp
wd2’
where d is the diameter of the wire conductors. Knowing the value of N, the
resistance of the switch, Rp, can be calculated. Knowing how the current
varies with changes in = (Egs. 5.187-5.188), the energy required to vaporize
the wires is

N= (5.189)

t
Wgy = ts, / I2Rpdz. (5.190)
0

Since the resistance of the switch during this stage of operation shunts the
load, practically none of the energy is coupled into the load.
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During the second stage of operation, the resistance of the switch changes
from the resistance at the temperature at which the wire vaporizes to in-
finity. The system of equations that describes this is

dI _ M dly
& =L & (5.191)
dly dl; _
Ly 7 + Rplp— M pral 0, (5.192)
dIy, TP+t
—Rplp+ L, — +RLIL+—/ Idt=0, (5.193)
dt o
Ip =1, - I, (5.194)

where I; is the current flowing through the primary winding of the trans-
former, Iy is the current in the secondary winding, Iy, is the current flowing
through the load, and Ip is the current flowing through the switch. Equa-
tions 5.191-5.194 can only be solved numerically, so it is best to rewrite
them in a more convenient form:

dly _ M _tRplp

dry ~ Li (LT— %3) (5.195)
% - _%I%IT::’ (5.196)
ZLZI; =y (5.197)
%i;; z’;’?’_}’% +y] , (5.198)
:—52 = L_lL ————212;1{_%_1122: +tRpy — txRry +tkIP(21_R_}iz(;')§ - é,—%L L,

(5.199)
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dRp _ 2Rp(0)
dza  (1—-1x)3’

(5.200)

where y is an intermediate value, g = t/t, and i is the time at which
the wires in the switch are vaporized.

The amount of energy coupled into the load during the second stage of
operation is

t
WL = tk/ IL |ZL| dr. (5201)
0

The currents generated at the completion of the second stage serve as the
initial values for the calculations performed for the third stage of operation.
If it is assumed that Rp = o0, the system of equations describing this stage
are

d(LIl) dly
R —M—— =0 5.
7 + M gt s ( 202)
dl, 1[4
LL + Rol + — Iydt — Md—I1 =0. (5.203)
(L Tp+te

Rewriting the equations to facilitate their solution numerically yields

dI 1 dl.
_dtl = I [dez +11(R1t3 - LS)] (5.204)
dly
dy2 M2 MLS
82 _ (p, -2 _
dzs ( 27T ) {yz ( I Rats
M
+ﬁ (R1t3 - LS) [Myz + 1 (ths - Ls)] (5.206)
MLS

(Ryts — Lg)I; — C—Ig}

where y9 is an intermediate value, t3 is the time it takes to complete the
third stage, and z3 =t/(tx +t3+ 7p).
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If the explosion of the conductors occurs at the instant the generator
completes its operation, then, assuming that R; = 0, the calculations for
the third stage are simplified and Egs. 5.196-5.201 reduce to

M2\ d?I, dl; 5 I
—— | —5 +t3Re— —_— = .
(Lz 7 ) d:l:g + 13 23 +t3C , (5.207)
M
Il = —L—Iz, (5208)

where Lo = Ly + Ly,
Equation 5.204 is a linear homogeneous second-order differential equation
with constant coefficients. Solving it yields

Ip = C151%3 + Cpe2®s, (5.209)

where C; and C; are the integration constants, which have the following
values:

1
2 2
—tgRy + [(thz)z —4 (Lz - ML—) .g—:] :
M2
2(L2 - 1)
To simplify calculations in the third stage of operation, assume that the

point 3 = 0 is the origin and that the current in the load at this time is
I,,,. Therefore,

1,2

(5.210)

= Cy (5178 +€%273) + [,e5273, (5.211)

The integration constant C; can be found by using the conditions at the
moment the second stage has completed its operation, since the current in
the load equals zero at this time, i.e.,

I,,e52ts I,,e52
R e (5.212)

If the condition Ry < 24/L3Cy, is satisfied during the last stage of oper-
ation, high-frequency oscillations are formed in the secondary circuit at a
frequency

wz\/(L S - (t3R’2)2 : (5.213)
-
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The current is

Iy

Yo Ritazs ] (5.214)

w(Ly— )P [_2(132—“‘72)
. s
- sin (wm3+§)

Depending on the ratio of the reactive and active parameters of the circuit,
the current during this stage can be calculated by using Egs. 5.204-5.206
or 5.214. The energy coupled into the load can be found by substituting
the operating time of the generator for t;x and Eq. 5.214 for the current
into Eqgs. 5.202 and 5.203:

2ws |z | IE Ry,
WL({E3) = m RL — Wg exp ""2—(‘2233 (5.215)

X &s' (wt+£)—w (wt-{-z)
s in 5 cos 5 .

Since the inductance of the generator during the final stage of compression
of the magnetic flux is constant and equal to Ly, this equation becomes

_ 2“)310 llez

= W, (5216)

L

where w, = Ly — M? /Lg. This last equation can be used to calculate the
amount of energy coupled into an active load during the third stage of
operation.

5.4.2 Active Load

Consider the operation of an MCG connected to an active load as shown in
Fig. 5.22. Analyzing this situation, it is assumed that the EEB opens the
circuit at the moment the current in the MCG achieves its peak value. The
parameters I, Iz, Ip, and I}, are the currents in the primary and secondary
circuits of the transformer, in the switch, and in the load, respectively. The
inductance of the primary circuit is L;, the inductance of the secondary
circuit is Lo, the resistance of the switch is Rp, and the resistance of the
load is Ry,.

If an equivalent inductance, Lg, defined by

1

Lg =
BE=T,

(L1Ly — M?) = Ly(1 - k2), (5.217)
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FIGURE 5.22. Equivalent circuit diagram for an MCG connected through an
EEB and pulsed transformer to an active load.

is introduced, the system of equations that describe the circuit is

dI
LE?E + RpI;, =0, (5.218)
ILRy = IpRp, (5.219)
I=Ip+1p, (5.220)

where [ is the current flowing through the equivalent inductance. In this
case, the current flowing through the load is

- exp {%\% [arctan Br (1 - ;) — arctan ﬁR] } )

where TL = LE/RL, TR = LE/RP, and ﬁR = RL/RP(O) = TR/TL. The
initial current in the load is

1.(0) = (5.222)

Tokcv/LiLo

L, '
Taking the derivative of of Eq. 5.221 with respect to time and setting it
equal to zero, gives the time at which the current in the load reaches its
peak value as
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,
tp = (1—2TL BR)T (5.223)

|
/N
—
|
Y|
]
N——
‘]

and the peak current is therefore

Ip T [1 [ T ]
I}, = ————exp{ — /5 |arctan —/ . 5.224

If a pulsed transformer is added to the circuit, then the parameters 7, 7p,
and I in Egs. 5.223 and 5.224 are defined by Eq. 5.222.

The peak current in the load for a given load resistance, according to
Eq. 5.224, depends only on the resistance of the load. Therefore, to deliver
maximum power to the load, the ratio of 7p to 7 must be optimized.
Taking the derivative of Eq. 5.224 with respect to 7p and setting it equal
to zero and taking into account that 7p > 7, yields

7.2

= —. 5.225
L= (5.225)
Substituting 71, from this expression into Eq. 5.224 leads to an expression
for the maximum possible peak current in the load as

I... = Ipexp [—- arctan 2, / T?P] exp [arctan 1] (5.226)

= 2.25]pexp [— arctan 2, /:}-)-l ,
TL

which expression is in good agreement with experimental data.

The methods presented in this chapter for getting good impedance match-
ing between various MCGs and various loads, as well as the analytical
expressions and computer simulation models developed, enables one to. cal-
culate the processes that occur in various experimental arrangements. To
aid in making these calculations, the physical properties of various explo-
sives and materials used to construct MCGs are provided in the Appendices
A and B of [5.18]. In addition, the formulas used to calculate the magnetic
fields of various geometries are presented in Appendix C.
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6

Design, Construction, and Testing

In this chapter, two simple models that can be used in designing and pre-
dicting the performance of an MCG are discussed. Owing to the many
different arrangements of such generators, attention is focused on one par-
ticular type, i.e., a helical generator developed by the authors at Loughbor-
ough University in the United Kingdom. The generator has been named
FLEXY I, and a description of how it was built and tested is presented.
This chapter is intended to put into perspective the theoretical concepts
presented in Chapters 1-5, by considering in detail the design, construction,
and testing of MCGs, and at the same time addressing their limitations.
This chapter is based primarily on a series of papers written by two of the
authors (LR. Smith and B.M. Novac) [6.1-6.7).

6.1 A Brief Description of FLEXY 1

In this section, a brief description of FLEXY I is presented, and Fig. 6.1a
is a schematic drawing of the major components of an end-initiated helical
generator such as FLEXY 1. A capacitor bank is used to create the initial
magnetic field within the helical stator winding. The generator converts
the chemical energy stored in a high explosive into kinetic energy, which,
in turn, is converted into electromagnetic energy. The detonation process
accelerates an armature (liner) to a velocity that is a significant proportion
of the detonation velocity of the explosive. At the same time, there is a
corresponding decrease in the inductance of the generator. The coaxial

L. L. Alegilbers et al., Magnetocumulative Generators
© Springer-Verlag New York, Inc. 2000
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FIGURE 6.1. An end-initiated explosively driven helical generator (a) prior to
detonation and (b) during detonation.

armature is filled with the high explosive, which is initiated at one end of
the armature. As a result of the detonation, the armature expands into the
conical form shown in Fig. 6.1b and, as it expands, it makes contact with
the stator. The point of contact moves progressively along the length of the
generator. When the armature makes contact with the crowbar, it shorts
out the input to the stator winding and subsequently does work against the
magnetic field. As a result of this process, the current in the load increases,
with a substantial portion of the kinetic energy of the accelerating armature
being converted into electromagnetic energy in the load [6.1]. To begin, two
simple computer models developed at Loughborough University, which were
used in the design and construction of FLEXY I, are introduced.

6.2 Computer Models

In this section, a simple zero-dimensional (0D) approach to the design of a
simple 1 MJ generator is discussed. This is followed by a description of a
simple, but complete 2-dimensional (2D) model for a helical generator that
overcomes many of the limitations of the 0D model. The reason it was de-
cided to present the material in this manner is that the authors were able to
verify the 0D model experimentally for medium to large generators, which
gave them many important insights into developing the 2D model and into
understanding the physics of small (mini and micro) helical generators.
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6.2.1 Simple Zero-Order Model for a Helical MCG
A Simple General Model

When designing an MCG, it is important that a mathematical model of ad-
equate accuracy is available to determine the initial conditions and to pre-
dict the performance of the generator. Unfortunately, most existing models
are quite complex [6.8,6.9] and require long run times on large, fast com-
puters to generate results of limited accuracy. The much simpler model
presented here provides computational results that are of comparable ac-
curacy to those obtained from the more complicated models. With this
simpler model, both the computing power and the run time are much less,
and it provides a good qualitative guide to the various physical phenomenon
involved in the operation of the generator and the methods used to reduce
the various losses.

Both high-intensity magnetic and electric fields are generated during a
flux compression process, but it is possible to neglect the effects of the mag-
netic field on the armature dynamics and the conductor assembly for both
small and medium-energy generators. In these latter devices, the magnetic
field intensity is kept low by suitably choosing the turn-splitting [6.10,6.11],
so that its effects can be neglected. The effects of the electric field, how-
ever, cannot similarly be neglected. It has been found that ignoring the
high voltages that develop between the helical coil and the armature leads
either to extremely inaccurate results [6.12] or to results that could not be
reproduced on a regular basis [6.13].

If the effects of the electric field are included in the analysis [6.11,6.14],
then an upper limit is imposed on the maximum voltage, Vi ax, that can
be allowed to form between the coil and the armature. This imposed limi-
tation leads to an expression that describes how the inductance, L, of the
generator varies in time following crowbarring at t = to = 0 [6.14] as

_ 1 —exp(yt)
L = Loexp {Vm&x_—Lolo’Y 'yt} , (6.1)

where I is the load current, the subscript O denotes the initial conditions,
and v is the ratio of the resistance R to the inductance L, which is assumed
to be constant. Although Eq. 6.1 has been used in generator designs, it is
in general not adequate, since, in practice, the value of y varies widely with
time. A better model for determining the parameters of the generator is
provided by the system of equations

dl  dL
Lo +1— +IR=0, (6.2)
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FIGURE 6.2. A four-section generator: (i) the armature cone at the crowbar po-
sition, (ii) the armature cone at the final position of period (1), (iii) the armature
cone at an intermediate position of period (2), and (iv) the armature cone at the
final position of period (2).

dI
R=R|tI,— 6.3
(;adt>) ( )

L=L(@), (6.4)

where the functions R and L are described later in this section. The second
term in Eq. 6.2 is the energy conversion term, which describes the maximum
voltage that is induced in the generator. The energy multiplication factor
for the generator is therefore directly related to the maximum permitted
voltage.

The model presented in this section is for a generator in which the stator
is divided into a number of equal length sections, where each section has a
constant winding pitch and the same number of turns in any parallel current
paths. The axial dimensions of the crowbar and the output ring in a typical
four-section generator shown in Fig. 6.2 are neglected. In developing this
model, it was assumed that the behavior of the circuit can be separated
into two distinct time periods. The first of these is the time taken for the
armature cone to expand from the crowbar position (i) to position (ii),
where it makes contact with the helical coil, as shown in Fig. 6.2. The
second period is the time taken for the point of the contact between the
armature cone and the helical coil to move along the length of the coil to
its final position (iv).

Another important parameter in developing this model is the length of
the explosive charge. If the end of the explosive charge is not beyond the
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output ring of the stator, any additional compression beyond this point is
not considered.

Ohmic Resistance

Calculation of the Ohmic resistance of a generator is usually based on a
one-dimensional model for diffusion of the magnetic field into both the
coil conductors and the armature wall. The skin depth § for the diffusion
process can be found by using the following equation [6.15]:

1

I 2
vdt

where 1, is the magnetic permeability of free space and oy is the conduc-
tivity of the conductors at room temperature. Equation 6.5 is only valid
for an exponentially increasing current, which is only approximately true
in practice. Equation 6.5 yields somewhat pessimistic estimates during the
final moments of compression, because the rate of the current increase may
be far from exponential.

To determine the initial resistance when a capacitor bank generates the
initial magnetic field, a skin depth is used given by [6.15]

5= (M> Ny (6.6)

HoOo
where C is the bank capacitance.
The resistance R, of one section of the helical stator coil can be found

by using both a skin effect factor fs and a prozimity effect factor f, [6.16],
thus,

R, = RDCflep: (67)

where Rpc is the DC coil resistance,

fo=— (6.8)

and

n[L=2(%)"], @ > 25
nll+ 25, @ <26

p = (6.9)
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and where ® is the diameter of the wire, 7 is the number of parallel paths
in a section, and p is the pitch of each section. Both the skin and proximity
effects are described in [6.16].

The current in the generator armature can be found by summing the axial
current to the circular currents induced in the stator. The total current then
forms a helix having the same pitch as the corresponding stator section.
The armature resistance can be calculated by using the above equations,
except that in this case of course f, = 1.

A significant phenomenon that occurs during the first period of the flux
compression process is a rapid increase in the generator resistance. As the
armature expands, the length of the path followed by the helical current
increases. To calculate the length of the armature cone, the truncated cone
section of the armature with radii r; and r3, where rg > 7; [see Fig. 6.2,
intermediate position (iii)], will be considered. Introducing cylindrical co-
ordinates (7,0, 2), a helix on this surface can be described by the equations

po
=— 6.10
=L (6.10)
pltan o
=ry — 6.11
=7y o (6.11)

Using these equations, the elemental length

dl = [(rd8)? + (d2)? + (dr)?] (6.12)
can be rewritten as
9 2 3
__|ptana e 2
dl = [ o } {[ptana 0] + (14 cot a)} df. (6.13)

The total length l;, of the helix in this section is given by the following
equation:

1 qi

h=[ =4, 6.14
=, @ (6.14)

where 0p = 0 and 0, = 27(r; — r{)/ptan c. Integrating Eq. 6.14 leads to
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N|

2
1 2
ly, = ) [1+cot2a+ (ﬂ;"ﬂ) ]

2
—ry [1 +cotZa+ (W—‘;O—t—a) ] (6.15)

ptana 2 Ry
+[ o ](1+cot a)lnﬁl},

where

1
2

- t .‘2
Rl=r1+{rf+(1+cot2a) p;’:a } , (6.16)

1
2

- 12
t
R2=r2+{r§+(1+cot2a) prana } . (6.17)

2

Inductance

Several methods have been developed for calculating the inductance of
individual stator sections of a helical generator, and these are summarized
in [6.10,6.17-6.21]. The method used in [6.21] has the advantage of being
relatively simple, and has an error of less than 5% provided that the ratio
of the diameter of the helical coil to the length of the section is less than
1.5. Based on this premise, the inductance L, of a stator section of length
l is given by

kil2(r2 —r2)

CT P2l + ka(re —1a))’

(6.18)

where 7, and 7, are the radii of the coil and armature, respectively, and
the constants are k; = 0.003948 and ko, = 0.45.

The mutual inductance between adjacent sections of the stator, denoted
as z and y, is much less than the self-inductance of either section, and may
be calculated from [6.22]

Ma:y _ k2La:p:c('rc - "'a.)

= P2+ ka(ra— o)) (6.19)

For coil sections that have an expanded armature within their axial length,
and possibly a point where the armature and coil make contact, the reduced
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inductance can be derived by subtracting the following expression [6.22]
from Eq. 6.18:

kilra(r} —r3) + 3(r} =)l

AL, = ,
°" p2tan afl + ka[re — %(rl +72)|}

(6.20)

where 7; and rg are the radii of the armature cone at each end of the
section, and « is the angle of the cone [see Fig. 6.2, position (iii)]. All the
lengths in Eqgs. 6.18-6.20 are measured in millimeters and the inductances
are obtained in microhenrys. When the contact point between the coil and
the armature lies within a section, the length ! of the section is decreased
accordingly. Equations 6.18-6.20 were derived under the assumption that
the value of the flux density is constant throughout the volume between the
armature and the coil. Further approximations from [6.21] were introduced
in deriving Egs. 6.18-6.20, to improve the accuracy of prediction. The most
important of these was to replace (12 4 4r2)'/2 by (1 +0.9r,).

Because the self-inductance of the stator winding is much greater than
the mutual inductance between any two sections, it is not necessary that
variations in the latter, due to the expansion of the armature, be taken into
account. However, this omission, together with the approximations used
in deriving Egs. 6.18-6.20, leads to small discontinuities in the calculated
values of the inductance each time the contact point moves from one section
to another.

Verification of Zero-Order Model

In general, the experimental data available in the open literature are in-
adequate to verify satisfactorily the simple model presented above. Never-
theless, a few important results do exist that can be used for this purpose.
In this section, results provided by the 0D model results are compared to
published data on both the Mark IX and the EF-3 generators.

The MARK IX Generator

The MARK IX is a helical generator developed at the Los Alamos National
Laboratories (LANL) [6.20]. It was designed to deliver high currents into
a low-impedance load, and it is a low-gain generator that requires a large
input energy.

The active coil has a length of 1118 mm and consists of four sections
with lengths of 217, 217, 223, and 461 mm, as shown in Fig. 6.3. But since
the computer model that was developed only accepts equal-length sections,
it was assumed that the helical coil has a length of 1085 mm and that it
consists of five equal-length sections each of which is 217 mm in length.
This will affect the computed results during the final stage of operation of
the generator, since the operation time is reduced by 3.6 us and there is a
corresponding reduction in inductance. The inside diameter of the coil is
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FIGURE 6.3. The MARK IX generator. The upper half is the actual arrangement
(0, 1, 2, and 3 are the armature positions at to, t1,t2, and t3), the lower half is the
model arrangement (0, 1m, 2m, and 3m are the armature positions at to, t1m, t2m,
and t3m). Here to is the crowbar time, t; is the end of period (1), t2 and tam are
the end times of the purely helical phase (the armature cone enters the output
ring), and t3 and t3, are the end times of period (2).

Section Pitch Number of Cable Diameter

(mm) Parallel Cables (mm)
I 54.25 5 9.3
II 108.5 10 9.3
III 223.0 20 9.3
1\Y 461.0 40 9.3
\'% 461.0 40 9.3

TABLE 6.1. Data for five sections of the MARK IX helical coil.

356 mm. The ratio of the diameter to the section length exceeds 1.6, which
implies that a 10% error is expected in the values of the inductance. The

pitch, number of cables, and cable diameter of each section are given in
Table 6.1.

The copper armature had an outside diameter of 173 mm and a wall
thickness of 9 mm. The cone angle was 14°. The detonation velocity was not
reported in the literature, and was estimated therefore from the time taken
for it to expand and make contact with the coil by considering the radial
velocity to be vg4et tan . Thereby, the detonation velocity was obtained as
approximately 9 km/s.

According to [6.20], the MARK IX has no crowbar, which means that the
input ring has the same diameter as the coil. Nevertheless, a crowbar time
was introduced, based on dI/dt and resistance data, and the calculation



242 6. Design, Construction, and Testing

begins at the instant the armature cone enters the coil. Therefore, it is
expected that there will be some differences between the experimental and
the computed data, even for the first sections of the stator.

Because this model considers only the helical part of the generator, the
inductance of the output coaxial ring, which is 26 nH, was added to the load
inductance. The ring inductance was calculated from the cross-sectional
area of the generator [6.20], and was used for the first t; = 102 us of the
generator operation. It was assumed, therefore, that the load inductance
was 60 nH.

To account for the peculiar design of the MARK IX a coaxial coil was
added, so that the currents during the final stage of flux compressions could
be compared, i.e., after 102 us. This coaxial coil had an active length of
153 mm and a passive length of 26 mm, where the latter accounts for the
output insulator. The 3.9 nH inductance of the passive length was added
to the inductance of the load until the compression ended. The calculations
end when the contact point reaches the output end of the helical coil.

The priming current required to create the initial magnetic field in the
MCG was 413 kA, which was supplied by a 1500 uF, 40 kV capacitor bank.

When the variations of inductance and rate of change of inductance with
time, calculated by the more complex LANL model [6.20], were compared
with those calculated by the simpler model presented here, it can be seen
from Figs. 6.4a and 6.4b that there is good agreement between the values of
the inductances and its rate of change. In Fig. 6.5a, it can be seen that there
is good agreement between the measured and calculated load currents for
the first 100 s following crowbar action at time tg. At time ¢ for the actual
generator and t2,, for the model being used, the armature cone enters the
output ring and the subsequent error in the predictions increases slightly.
Nevertheless, when the detonation process is complete at time t3, the error
in the predictions is still only about 20%. The shape of the experimental
and calculated dI/dt curves in Fig. 6.5b are in agreement. This indicates
that the model tracks the normal operation of the generator, without the
need to include any unusual loss mechanisms.

The very high resistances observed experimentally, and presented in Fig.
6.5¢c, result from the very high voltages that are generated within the gen-
erator, while the armature is expanding from the crowbar position. These
high voltages are evident in Fig. 6.5d. There are substantial energy losses
when the armature cone makes contact with the uninsulated input ring,
which gradually disappear as the contact point moves along the coils of the
helical stator winding.

The EF-38 Generator

The EF-3 generator delivers medium-level currents to loads with fairly
high inductances and is primed with a low-energy capacitor bank. It was
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FIGURE 6.4. Calculated parameters of the MARK IX generator: (a) inductance
variation with respect to time and (b) rate-of-change of inductance variation with
respect to time. The lines (—) are calculated and (- - -) are from [6.20]
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FIGURE 6.5. Characteristics of the MARK IX generator: (a) load current varia-
tion with respect to time, (b) rate-of-change of load current variation with respect
to time, (c) resistance variation with respect to time, and (d) maximum internally
generated voltage variation with respect to time. The lines (—) are calculated
and (- - -) are measured [6.20].
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Section Pitch Number of Cable Diameter

(mm) Parallel Cables (mm)

I 3.2 1 2.5
II 3.5 1 3.0
III 4.0 1 3.0
v 4.7 1 4.0
A% 5.5 1 4.5
VI 6.3 1 4.5
VII 7.9 2 3.0
VIII 9.5 2 4.0
IX 11.1 2 4.5
X 14.3 3 4.0
XI 19.0 3 4.5
XII 25.4 4 4.5
XIII 35.0 6 4.5
X1V 51.0 8 4.5
XV 76.0 12 4.5

TABLE 6.2. Parameters of the 15-section EF-3 helical coil.

developed by one of the authors (B.M. Novac) at the Institute of Atomic
Physics in Romania [6.22-6.24].

The helical coil of the EF-3 generator had a length of 1500 mm and
an inside diameter of 160 mm. It consisted of 15 equal-length sections,
with the pitch, number of cables, and cable diameter for each section being
presented in Table 6.2.

The copper armature had an outside diameter of 80 mm and a wall
thickness of 3 mm. The cone angle was 13°, the detonation velocity 7.7
km/s, the crowbar diameter 107 mm, the load inductance 100 nH, and a
priming current of 5 kA was provided from a 1650 uF, 4.5 kV capacitor
bank.

The calculated time dependencies of the inductance and of its rate of
change with time are presented in Figs. 6.6a and 6.6b, respectively. In Fig.
6.6b, the presence of the 15-stator sections are evident in the discontinuities
in the plot. The calculated and the experimental variations of the current
and the rate of change of the current with time can be seen in Figs. 6.7a
and 6.7 b, respectively. It is clear that there is good agreement between the
calculated and experimental results until the detonation process has been
completed, and that beyond this point, there is considerable disagreement.
As can be seen, the experimental result reaches a peak current and then
declines, while the computed current continues to increase. It is also clear
that, in order to obtain better agreement, account must be taken of losses
in the generator, in addition to Ohmic losses. This is done in the next
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FIGURE 6.6. Calculated parameters for the EF-3 generator: (a) the inductance
variation with respect to time and (b) the rate-of-change of inductance variation
with respect to time.

section. Although these effects are not significant in 1 MJ generators, such
as FLEXY I, they are included here for completeness. The variations in the
resistance and internal voltage of the generator with time are shown in Figs.
6.7c and 6.7d, respectively. Again, the presence of the various sections of the
stator winding can clearly be seen. Toward the end of the flux compression
stage, the voltage reaches 110 kV, which was too high to be sustained by
the insulation in the cables, even when a 1.2 mm layer of polyethylene foil
was added to the interior of the coil [6.24].

Non-Ohmic Losses

Calculated results, based on the 0D model that is being considered in this
section, are in fairly good agreement with the corresponding measured re-
sults for at least two generators, i.e., the MARK IX and the EF-3. Neverthe-
less, if non-Ohmic losses are included in the analysis, even better agreement
can be obtained. The non-Ohmic losses to be considered include nonlinear
diffusion of the magnetic field, 27-clocking, geometric defects in the arma-
ture, and voltage breakdown.

Nonlinear Diffusion of the Magnetic Field

There are two ways of calculating the resistances and the inductances in
helical generator circuits. The first includes diffusion losses in the definition
of the inductance and assumes these to be a permanent energy loss as the
stator turns are removed from the circuit. The second method, which is
more commonly adopted, is to neglect the diffusion losses when calculating
the inductances, but to include them in the resistance calculations. In this
case, there is no energy loss at the contact point, where the diffusion losses
are linear due to the current density being low [6.25]. However, additional
losses occur at the point of contact between the armature cone and the
coil, where a high-magnetic field is formed, as the wires, which are heated
due to nonlinear diffusion, are removed from the circuit [6.25]. Under these
conditions, a modified skin depth §* is used, which can be calculated from
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with respect to time, (b) the rate-of-change of load current variation with respect
to time, (c) the resistance variation with respect to time, and (d) the maximum

internally voltage variation with respect to time. The lines (—) are calculated, (-
- -) are measured [6.23], and (...) are calculated using modified codes.

1 B2 é
*=6|—=—(To+ , 6.21
[To < ° #oPcv)] (6.21)

where Ty is the initial temperature of the coil, B is the magnetic flux density
arising from the coil current, p is the density of the coil conductors, and
cy is the specific heat of the coil conductors. The additional loss is then
calculated in terms of the magnetic field confined to the volume between §
and 6*. To derive an expression for the equivalent resistance in this case,
the following analysis is carried out. If a volume AV is removed from the
internal generator volume, either by movement or by an unexpected jump
of the contact point, the energy contained in this volume is lost. If the
reduction in inductance is AL, then the change in the inductance can be
related to the change in volume by

1 B2
ZI? = __AV. 6.
5 AL zquV (6.22)

For nonlinear diffusion,
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AV = 2A1(S" - 8), (6.23)

where Al is the cable length removed in time At and S* and S are circular
cross-sectional areas inside the cable defined by skin depths of §* and §.
The factor 2 is included to account for the effects of the armature, that is,
diffusion occurs at the surface of the armature as well as at the surface of
the coils.

The approximate velocity of the contact point of

Uep = —— (624)

can be extremely high. In the case of the EF-3 generator, the contact
point velocity in the first section is 880 km/s. Therefore, the equivalent
non-Ohmic resistance is

AL S-S
Rpg = — = 2B%,———. 6.25
If the magnetic flux density is calculated from
pol
B=— 6.26
™md ( )

and cos (3 is approximated by p/2nr., then the non-Ohmic diffusion for
n contact points of the armature with the n cables gives the equivalent
resistance as

_ 245Vget [0 (P — 67) — 6(P — §)]
- 7®2n cos !

Rna (6.27)
where £ is the angle made by the coil with a plane normal to the coil and
VUqet 1S the detonation velocity.

For a generator in which the linear current density flowing along the coil
axis is kept below about 0.2 MA/cm, both calculations and experiments
show that there is little loss due to magnetic diffusion [6.11,6.25].

2m-Clocking

This loss occurs whenever a coil section is not coaxial with the armature.
If the eccentricity exceeds ptan /27w, where p is the pitch of the coil, the
contact point jumps unexpectedly ahead by one turn. When the coil pitch
is small, as may be the case in the earlier sections of the stator winding,
this mechanism is often the only one that needs to be considered [6.26].
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FIGURE 6.8. Mechanism for voltage breakdown losses using a sinusoidal model
for armature cone defects.

Geometric Defects

If the generator armature is machined from a thick tube, vibrations of the
cutting tool may lead to a sinusoidal modulation in the diameter of the
armature along the length of the axis of the generator. It has been shown
[6.25], both experimentally and theoretically, that these defects may be
amplified by a factor of between 7 and 9 as the armature expands. In Fig.
6.8, if X is the wavelength of the sinusoidal defect, the initial amplitude of
the defect g is amplified to G owing to expansion of the armature. This
process can generate multiple contact points and as a consequence lead to
additional nonlinear losses [6.25]. Similar defects can be created by using
an armature made of an inhomogeneous material or an armature with too
large a ratio of coil diameter to armature diameter.

Voltage Breakdown

Overall, the most important of the various non-Ohmic loss mechanisms in
a high-inductance generator is the voltage breakdown that occurs between
the coil and the armature cone. Near the contact point, the electric field is
sufficiently intense to form a plasma. If the geometry is ideal, there will be
good electrical contact, which will prevent the lines of force from leaving the
region [6.11]. However, if armature defects are present and the generator
geometry is not coaxial, electrical breakdown is likely to occur ahead of the
contact point and the plasma region. In practice, the high voltage effectively
amplifies the loss mechanisms that were described earlier. For instance, the
effective amplitude of the sinusoidal armature defects becomes the sum
of the actual amplitude and the breakdown distance V/E, where V is the
voltage between the coil and the armature at the point under consideration
and F is the characteristic breakdown electric field of the working gas under
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these particular conditions. (See Fig. 6.8.) For a detonation velocity of vget,
the equivalent non-Ohmic resistance is

_ 2mpgugetAcosa (2r. — A)

Ry
2

(6.28)

where A is the effective amplitude of the armature expansion defects in the
presence of a voltage breakdown. For each voltage breakdown between the
coil and a peak in the sinusoidal armature surface, the magnetic energy
in the volume between the plasma and the breakdown point is lost. The
new effective amplitude is A = G + V/E. The volume AV, which can be
approximated by mAA(2r. — A)cosa, is lost for the time interval At =
A/Vget. If the magnetic field is assumed to be generated by a copper sheet
of width p, the magnetic field can be approximated by B = pyI/p. This
expression was used in deriving Eq. 6.28.

The total non-Ohmic resistance for the generator is the sum of the com-
ponents due to the effects described above:

R,, = Rpg + Ror + Ryp. (629)

This expression is effective only after the armature has made contact with
the coil, for only then does it have any significant effect on the calculated
current. The results of calculations conducted using more complicated com-
puter models are added to Fig. 6.7. It is clear that although the accuracy of
the computations are improved, the net improvement is somewhat less than
expected. The maximum error in predicting the current along the compres-
sion is 35%. However, the error in predicting the peak current is less than
10%, while in practice, the generator, even with improved stator winding
insulation, had a £15% variation in the peak current reproducibility.

6.2.2 Simple 2D Model for a Helical MCG

In this section, a simple but more complete 2D model for a helical MCG
that overcomes many of the limitations of the 0D model discussed above is
presented. This code can be easily adapted to model high-energy and high-
current generators having variable geometry for both the helical coil and
the armature. It provides valuable information on both the magnetic and
the electric field distributions within the generator and the likely radial
and axial movement of the stator turns. The model can yield important
insights into the various phenomena that differentiate the performance of
small generators primed with either a capacitor, a battery, or an externally
produced magnetic field. In addition, it opens the way for an understanding
of the behavior of cascaded systems of MCGs inductively coupled through
dynamic transformers, by the so-called fluz-trapping technique.
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As noted earlier, the 0D model was successfully used to design and pro-
duce a simple 1 MJ generator. Although the experimental performance of
the generator was in overall agreement with the theoretical predictions of
the model, and subsequent improvements led to an enhanced 2 MJ version,
a number of detailed questions related to the multidimensional geometry
of the generator could not be answered. An example of this arises in the
3D region near the armature-coil contact point, where extremely high mag-
netic and electric fields are generated and where most of the kinetic energy
of the expanding armature is transformed into electrical energy as work is
done by the armature to compress the magnetic flux. Any loss mechanisms
such as magnetic diffusion, 27-clocking, electrical breakdown, and those
related to the axial or radial movement of the coil, are dependent on the
distribution of the magnetic and electric field intensities within this region.
Accurate information about these processes is clearly required to optimize
the performance of high-performance generators, in which the coil and the
armature could have a variable diameter along the length of the axis of the
generator.

Other questions that require multidimensional analysis are related to the
different ways in which the generator can be excited, e.g., by either a capac-
itor bank or a battery, and to the manner in which the generator behaves
when it is excited by an external magnetic field source. Finally, accurate
modeling is required in the design of cascaded systems, which consist of
two or more MCGs inductively coupled through dynamic transformers by
flux-trapping.

While a number of 2D generator models have been described in the
literature [6.8,6.27], these are complex and require long run times on large
computers, and attention will be focused on a novel 2D model that is much
easier to use and for which the basic concepts are simple. The resulting
computer code is extremely fast.

The 2D Model

In this section, the basic working equations for the major components of
the helical generator are presented.

The Working Equations

The equations used to model a helical generator can be derived by superim-
posing the magnetic flux densities By and B, generated by currents flowing
in the 2- and f-directions [6.19]. This technique is used since it allows ex-
pressions for the inductance [6.20] to be derived. The helical generator
shown in Fig. 6.9 can be decomposed into equivalent z- and @-current-
carrying circuits. The z-current circuit consists of the helical coil and the
armature, with the load used to complete the circuit. The coil can be fur-
ther divided into N rings, through which the same load current I, flows
azimuthally to generate the B? field. On the other hand, these rings, to-
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FIGURE 6.9. Decomposition of a helical generator circuit into a single z-circuit
and N f-current circuits.

gether with the armature, form a coaxial structure that generates the By
field. Although Fig. 6.9 shows a constant pitch, single-section coil with a
constant diameter along the full axial length, an extension to multisection,
variable diameter coils is straightforward.

The armature current in the #-direction induced by the time-dependent
helical coil current I, has a more or less pronounced axial distribution in
intensity. In order to model adequately the armature current, the armature
is divided into a number of separate O-circuits (rings), with a different
current flowing through each ring, as shown in Fig. 6.9. Plots of these
ring currents showing their axial distribution are presented in Fig. 6.10 for
the case of a generator powered by a capacitor bank (no explosive present).
This approach differs from others in which the armature is decomposed into
separate rings [6.10], because in these models the magnetic field diffusion
through the armature wall is neglected so that only one circuit is needed to
describe the generator (all ring currents had the same value, i.e., I, value).
To simplify further this analysis, it is assumed that the number of armature
circuits (or rings) is equal to the number of helical rings, i.e., the number
of helical turns. However, the number of turns or rings can be varied to
provide a more precise description of the magnetic field distribution (as
in Fig. 6.10) or to model special cases where the generator is primed by
an outer coil. As with the helical coil, the initial armature geometry is
assumed to be cylindrical, although alternative geometries can readily be
implemented.

Based on the above discussion, it can be seen that there are N + 1
equivalent circuits in the armature as shown in Fig. 6.11. On this basis, the
following N equations for the z-circuit, i.e., the load circuit, can be written
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FIGURE 6.10. Example of a continuous axial distribution of the armature current
described by 6-circuit rings. The armature current is produced by a sinusoidal I,
current in the helical coil (not shown).

dr? sz, 0 dL,
+Z< — I)+( . dt)l,_o (6.30)

and for the f-circuit

drf dl, dM,;

0 al:
Ligp + Mgy + =5

v odt

ar?  dMj; dL?
" RY)I¢ =0,
o3 (s )+ (S +
J#i

where ¢ =1--- N. In the following sections, expressions for the inductance
and resistance are derived.

L (6.31)

Inductance Expressions

Based on the decomposed generator model presented in Fig. 6.9, the total
inductance in the z-circuit is L, = LZ + LZ + Lioad- The components LZ
and L¢ are related to the BZ and B? fields, respectively. For the By field,
the inductance L¢ can be decomposed into two terms:

LZ = Lcyl + Lcon: (632)

where
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FIGURE 6.11. Equivalent circuit diagram with the armature separated into
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_ Holeyt \ T
Ley1 = “on In - (6.33)
and
_ Ko
Leon = —-—27rK (6.34)

are the inductances of the corresponding cylindrical and conical parts of
the coaxial structure, respectively, and

1 a
K=lgon+—|r lnr——-(ra+lcontana)1n

a
tan o Te

Tq + leon tan
Ta

(6.35)

To calculate the inductance L of an arbitrary coaxial structure for which
the inner and outer radii are expressed in terms of cylindrical coordinates
(r,2,0) by r = r(2) and R = R(z), respectively, the energy definition of
inductance is used:

/ T (6.36)

where the current I flowing axially through the structure generates an az-
imuthal magnetic flux density B = pyI/27r. The inductance in cylindrical
coordinates can be derived from
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R(z)
/ / L rdz, (6.37)
@ T

where [ is the length of the structure. Letting r(2) = r, and R(z) = r. for
a cylindrical geometry, leads to Eq. 6.33, and letting 7(2) = r, + ztana
and R(z) = r. for a conical geometry, leads to Eq. 6.34. For the geometries
used in most generator models, in which 7 and R change from r; and
R; to v and Ry, respectively, it is found that r(2) = 2(re — r1)/l and
R(2) = Ry + 2(rg —r1)/l. For this case, the inductance is given by

. Ri-R
L= ‘%lln [(rgzr‘”)” ' (R§2R;Rl) ' 2] . (6.38)

For the B? field, the inductance LZ is given by

N

N
=y L+ > Mz, (6.39)

i=1 =1
J#i

where the inductance of a very thin ring is

8
L,'('T‘,;,hi) = HoTi (ln % —-0. 5) (6.40)
in which 7; is the radius of the ring and h; is its dimension in the z-direction
as shown in Fig. 6.9. Equation 6.40 may be slightly modified depending on
the cross-section of the ring [6.28,6.29).

The mutual inductance between two coaxial rings having radii of r; and
Tj is

Mij(ri,rj, dij) = bo [—{(n+rj)2+d2} E(zi) + ity +d1)K("’”)],

{ori+ry P+ a3
(6.41)

where d;; is the distance between the rings and F and K are, respectively,
complete elliptic integrals of the first and second kind of modulus:

4r;r;

plcEes v (6.42)
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If the mutual inductance between the it" armature ring having radius Ty
and the j** coil ring having radius 75 is taken to be M;; (rg, F d;j), then

N
My =Y My(rg,r5, dij). (6.43)
i=1
The inductances associated with the §—circuits are described by equations
similar to Eqgs. 6.40-6.42.

Resistance Expressions

In this section, the basic principles used to calculate the resistance are
discussed. A complete description of the equivalent resistance required to
model all the various losses in MCGs can be found in [6.2] for high-energy
generators and in [6.17] for small generators.

Adopting the same notation that was used above, the total resistance of
the generator circuit is

R,=R%+ R+ RY 4 Ripaa, (6.44)
where:
R% = Ry + Reom, (6.45)
la lcyl
Ry=— ——— 6.46
VT 16 2ra— 64 (6.46)
_ Pa 2lcon tan
Reon = 218, tan o In [ 2r, — 6, + 1] ' (6.47)
and
N
R: = 3 Ri(r, ). (6.48)
=1

In these equations, p is the electrical conductivity and § is the skin depth.
The resistance of the ** ring, in which the superscript 6 is used to represent
the armature and the superscript 2 to represent the helical coil, is

2mpr;
Ri(ri, h) = 6’?' (6.49)
The proximity effect term R in Eq. 6.44 is calculated only for the helical
coil, where the axial length of the ring is less than the coil pitch because
of the insulation between the turns of the coil.
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Ring Dynamics
In this section, the dynamics of the rings introduced above is examined.

Armature Ring Dynamics

If the detonation front makes contact with the first ring at ¢ = 0, then the
nt? ring begins to move at time

n—1 a
=) 6.50
; D (6.50)

where D is the detonation velocity. In this analysis, it is assumed that
the radial velocity of expansion, v, = Dtana, is constant, but it will be
necessary in more accurate models to include the initial impulse expansion
phase, which could be determined from x-ray or photographic data [6.30].

The ring acceleration is given by the following expression:

kA

an(t) = O(t — Aty) [Vol(t — Aty) + %e- t, (6.51)

where a,, is the acceleration of the nt" ring, 0 is the time derivative of the
step function 6, and Vp, V;, and T are parameters that must be fitted to
the experimental data.

For very-high-current generators, the effects of the magnetic field on the
ring dynamics can be important, and a more general treatment including
the corresponding magnetic deceleration may be necessary, which means
including the term 27 Py r2h2 /M2, where P}, = (BT)?/2u, is the magnetic
pressure due to the local field BT and M2 is the initial mass of the n** ring
of the armature.

Helical Coil Ring Dynamics

It will be assumed that the ring only moves as the result of magnetic
forces. Any radial movement, which is extremely important in the design
of MCGs, is kept to a minimum by a supplementary mass. A model for
assessing this motion is presented in [6.2]. Axial ring movement is also a
very important limiting factor in designing high-efficiency, very-high-energy
generators [6.31]. To model this axial movement, the local field By was used
as the accelerating term, which is similar to the decelerating term used to
calculate the radial deceleration of the armature.

The Switching Problem

Equations 6.30 and 6.31 can be solved to determine the generator currents
and the magnetic field distribution produced by the ring currents can be
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calculated by using established methods [6.32]. However, although the so-
lution of the problem appears to be straightforward, in fact it is not so.
The radial movement of the armature rings was initially assumed to be a
continuous process, but it was found that this is not the case when the first
ring comes into contact with the helical coil. When this happens, the ring is
effectively removed from the circuit and the process becomes discontinuous.

In one approach to the general problem of solving circuits that are un-
dergoing an inductance change due to a switching process [6.32], it was
assumed that the switching process was continuous. This assumption is
correct for the turns of a helical coil carrying the same current, when the
finite differences can be replaced with differentials, since the coil inductance
is being reduced continuously. However, this approach cannot be applied to
the case under consideration, as the different currents being carried by the
independent circular closed rings prevent changes in the ring inductance,
Eq. 6.40, from being infinitesimally small, even if the axial dimension h is
made infinitesimally small. Unlike the helical coil, which can be considered
to have a fractional number of turns, a fraction of a ring has no meaning.
Thus, in the model being presented, it is not possible to replace the finite
differences with differentials.

To solve this problem, the generator currents can be calculated by using
the two-step method illustrated in Fig. 6.12. The currents following move-
ment of the armature ring from the original position of Fig. 6.12a, during
the first time interval, can be calculated using Eqgs. 6.30 and 6.31. At the
end of this time interval, the “first” two armature rings are both touching
the coil as shown in Fig. 6.12b. The first of these two rings is removed from
the calculations in the second time interval, but the magnetic flux linkage
is preserved [6.33]. This process results in IV algebraic equations, which can
be solved using the LU decomposition method [6.34] to yield values for the
N currents flowing in the circuit. The algebraic equations are

N
L,AL +)  MjAL + M1 17(0) =0, (6.52)
1=2
N
LIAI? + My AL + Y MGAID + My I9(0) = 0, (6.53)
i=2
i#i

where AI, = I,(0) — I,(1) and AI? = I?(0) — I?(3) in which 0 and 1
denote the values immediately before and after ring ¢ = 1 is removed from
the circuit, as shown in Fig. 6.12c. This two step process is repeated for
every time step, as more armature rings are removed from the circuit.
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FIGURE 6.12. Illustration of twp-step method used to calculate generator cur-
rents: (a) initial position, (b) first step, and (c) second step.

SOME TYPICAL RESULTS

Some typical results of this analysis are presented in Figs. 6.13-6.20. The
input data for these calculations are

e a 70-turn helical insulated copper coil with an inner diameter of 6
cm, a length of 50 cm, and a conductor diameter of 0.45 cm,

e an aluminum armature with an outer diameter of 3 cm, divided into
70 rings,

e a detonation velocity of 8 km/s, which expands the armature to a
cone angle of 12°,

e a coaxial inductive load with an inductance of 100 nH.

The time dependence of the typical self- and mutual inductances, cal-
culated by using Egs. 6.30 and 6.31, is shown in Fig. 6.13. In these cal-
culations, a pair of supplementary rings was included to account for the
azimuthal currents induced in the coaxial load at the ends of the inner and
outer electrodes.

Different mechanisms for generating the initial magnetic field in the ac-
tive volume of the generator, i.e., between the armature and the helical
coil, were also considered: a capacitor bank (case I) and a battery (case
II). In case I, the magnetic field was generated in tens of microseconds,
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FIGURE 6.13. Plots of typical self- and mutual inductances.

which was insufficient for the magnetic field to penetrate into the armature
wall and means that the entire magnetic flux in the active volume is com-
pressed. Movement of the first ring was synchronized with the discharge of
the capacitor, so that the circuit was closed at a peak current of 1.5 kA.
In case II, part of the magnetic flux penetrated into the armature, which
means the initial current from the battery had to be increased to 1.57 kA
to generate the same magnetic flux as in case L.

The time histories of the generator currents and resistances for cases I
and II are presented in Figs. 6.14-6.16. The very different initial conditions
are evident, for in case I there is an axial armature current distribution and
in case I there are no f-currents. In addition, the difference can also be seen
in the differing behaviors as soon as a ring has began its expansion. It is
clear from Fig. 6.16 that the final load current, and therefore the magnetic
flux, is greater for case II, which agrees with experimental evidence [6.21].
Obviously, the mechanism responsible for this higher current is related to
the existence of initially induced f-currents when the capacitor is used to
provide the priming current and to their absence when a battery is used.
This is illustrated in Fig. 6.15. An interesting inductive phenomenon that
can be observed in Fig. 6.15, and later in Fig. 6.19, is that once the ring
begins to move, the current in its stationary neighbor decreases.
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FIGURE 6.14. Time history of generator resistances: total z-circuit restance R,
and a typical armature by resistance Res. Line (—) are for Case I ( capacitor)
(Fig. a) and (- - -) for Case II (battery) (Fig. b).

FIGURE 6.15. Time history of armature ring currents for both Case I and Case
II.
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FIGURE 6.16. Time history of current I.. Lines are (—) for Case I and (- - -)
for Case II.

The time history of the total inductance of the generator and its time
derivative, which were calculated by using the 0D model in [6.2] and the
2D model with the energy definition of inductance, are presented in Fig.
6.17. Figure 6.18 shows the 2D axial component of the magnetic field dis-
tribution at a typical moment in time during the operation of the generator
and Fig. 6.19 shows the corresponding ring radii and currents. The initial
penetration of the magnetic field into the armature walls is evident. These
figures confirm the fact that the maximum magnetic field is produced near
the armature—coil contact point. The time history of the radial electric field
distribution inside the active volume of the generator is presented in Fig.
6.20.

30 I W R NN S S 0.0
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FIGURE 6.17. Time history of the inductance of the generator and the
rate-of-change for the inductance using the 0D (- - -) and 2D (—) models.
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FIGURE 6.18. The 2D distribution of the magnetic field during flux compression
(Case I).
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FIGURE 6.19. Illustration of the internal action of a generator (Case I): a) mag-
netic field intensity in the active volume, b) corresponding armature ring posi-
tions, and c) f-current distribution.
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FIGURE 6.20. Time history of the radial electric field distribution inside the
active volume of the generator (Case I).

6.2.8 Comparison to Other Codes

The main reason for developing the 2D numerical code described above
is to model the mini to micro size generators normally found in dynamic
transformer chains. Two sample problems from the literature are therefore
examined, and results provided by the 2D code described above are com-
pared to results obtained from more detailed and lengthy 2D calculations.

A 2D code developed by Sandia National Laboratories [6.35—6.37] for the
micro MCGs solves the complete set of Maxwell’s equations for the mag-
netic stream function ¥ = r Ay, where Ay is the magnetic vector potential
and r is the radius. The magnetic field configuration 6 usec after the explo-
sive charge is detonated is presented in Fig. 6.21a. The field configuration
calculated by using the code described in this section is presented in Fig.
6.21b. The load was connected in parallel with the helical coil, and the ar-
mature compresses the magnetic field without being connected to the load
(Z) circuit. In calculating the inductance, it was necessary to omit the Lg
term, which is related to the By field. Although the ring geometry is fully
accounted for in calculating the magnetic field intensity, the total mag-
netic vector potential was determined from filamentary ring calculations.
This simplification is undoubtedly responsible for the small irregularities
observed in the field lines. In the Sandia model, the armature extended be-
yond the ends of the coil, whereas it was assumed to have the same length
in the calculations performed as with the simpler model. This also probably
contributes to the minor differences in the results presented in Figs. 6.21a
and 6.21b. Calculations of the inductance, resistance, and time history of
the load current were also in very good agreement with the Sandia results.

Results of an analysis of a mini helical generator, developed as a compact
pulsed power source [6.38], using the 2D code presented in this section are
compared to the experimental results in Fig. 6.22. In this generator, the
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FIGURE 6.21. Magnetic field configuration for a very small helical generator: (a)

reproduced from Figure 6 in Reference [6.9] and (b) calculated from the present

model and covering only the length of the helical coil. Both the radial (horizontal)
and axial (vertical) coordinates are in cm.
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helical coil was uninsulated, and the high voltage between the coil and
the armature led to electrical breakdown during the compression process.
The 0D model was used to model this phenomenon [6.39]. The electric
field between the coil and armature ring pairs is calculated, and when
this exceeds a specified breakdown value, the corresponding pair of rings
is removed from the circuit. A first estimate of the breakdown field (in
kV/cm) is obtained from [6.40]:

1

2

E=24.5p+6.7( P ) , (6.54)
Reys

where p is the air pressure in atmospheres and R.s; is the effective ra-
dius, which is 23% of the armature radius in centimeters. This equation
yields a breakdown field of 34 kV/cm, which was used in the calculations
presented in Fig. 6.22. As can be seen, the calculated results are in good
agreement with the experimental results. This may however be somewhat
fortuitous, since the conditions inside the generator are strongly affected
by shock waves, ionization, and high temperatures, which means that, in
other generators, it may be necessary to regard the breakdown fields calcu-
lated using the above equation as an adjusting factor [6.37]. In any event,
this example illustrates that the models presented in this section can easily
incorporate various loss mechanisms.

In conclusion, the simple and efficient 2D model presented in this section
is a valuable tool in the design of helical flux compression generators with
almost any initial geometry, and it provides important information on the
magnetic and electric field distributions, which is needed to optimize the
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FIGURE 6.22. Load Current: (—) calculated and experimental points (®) from
[6.38].

generator. In addition, it can serve as the cornerstone for developing a
model for cascaded systems that use dynamic transformers. The accuracy
of the model can be increased by going to a full 3D description of the current
distribution in the generator, but this would necessitate the armature rings
being divided further into a number of concentric radial rings and the coil
rings into elements for accurately describing the 3D proximity effects.

6.3 Helical Generator Design

In the previous sections of this chapter, the important features of a helical
generator were discussed. In addition, two models of differing degrees of
complexity for calculating the performance parameters of the generator
were presented, as well as a comparison of the results of these models with
experimental data. Now, the formal design of a generator, with particular
focus on the design of a 1 MJ generator (Fig. 6.23), will be considered.

6.8.1 Bastic Input Data

The basic data needed to design a helical generator is summarized below.
The specific values of each parameter are those required to construct the
particular 1 MJ generator.

The capacitor bank used to create the seed field in the MCG has a
capacitance of 250 uF and a voltage V,; of 20-30 kV. The usual practice of
connecting the input cables to the armature and coil, as shown in Fig. 6.1a,
is followed in this design. However, it should be pointed out that systems
exist in which the current is returned directly to the capacitor bank and
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FIGURE 6.23. FLEXY I ready to be fired.

not through the armature [6.11,6.17], thereby reducing the resistance of the
generator.

A load inductance Ljyaq of 40 nH and a maximum current I, of about
7 MA were selected as appropriate for a particular application. The need to
keep the linear current density to an acceptable level of about 0.2 MA /cm
imposes a minimum limit on the outer diameter of the armature, which is
106 mm in this case. The normal practice is to produce an armature from
a tube that only requires machining on the outside and to make it from
copper rather than aluminum.

The high explosive that was used has a detonation velocity of 8.2 km/s,
which is determined by specifying the inner diameter of the armature and
the initial mass density of the charge, ie., p., = 1.71 g/cm®. For helical
generators, the magnetic energy output directly depends on the product
PezVdet AQ, where AQ is the characteristic heat of detonation of the high
explosive [6.22).

The armature dynamics are preferably determined from field experiments
by using high-speed photography. If these data are not available, a simple
numerical code or calculations based on the Gurney model [6.40] can be
used to estimate the armature dynamics. From the armature dynamics,
the optimal wall thickness, which is 9 mm, and cone angle, which is 12°,
of the actual aluminum armature were determined. For such an armature,
the inner coil diameter should be about twice the outside diameter of the
armature, which in this case is 212 mm [6.14,6.20]. For a copper armature,
a higher ratio of inside to outside diameters can be used [6.11,6.14,6.25].
The crowbar diameter was chosen as 146 mm in order to withstand the
reflected input voltages of about twice the charging voltage V.5 (no steps
were taken to match the impedance of the input cables).

The amount of high-explosive charge that could be used was restricted
to about 15 kg, which limited the length of the armature to 1350 mm.
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The distance from the initiation point of the high-explosive charge to the
crowbar was 100 mm. The requirement that the end of the explosive charge
should be one cone length, which is 250 mm, beyond the output ring of the
coil, so as to avoid inertial movement, sets the maximum coil length at 1000
mm.

The above information fully defines the geometry of the generator and
provides sufficient information to design a helical coil.

6.3.2 Helical Coil Design Rules

A number of rules should be observed in designing the coil:

(i) Constant voltage or constant electric field rule [6.11,6.14]. The re-
quirement that the generated voltage IdL/dt must not exceed a certain
maximum predetermined voltage Vinax is @ major design issue, since the
higher this value, the greater is the energy multiplication ratio. Although
values exceeding 150 kV have been used, it was shown earlier in this chapter
that voltages above 125 kV are accompanied by large increases in the gen-
erator resistance if inadequate insulation is provided to prevent premature
breakdown. A working gas, such as Freon or SFg, at high pressure can be
used to reduce the chance of electrical breakdown [6.13,6.41]. To meet the
requirement of a simple design, a maximum voltage of 100 kV was selected.

(ii) Constant linear current density or constant magnetic intensity rule
[6.11]. It is common practice in helical generators to restrict the current
density to less than 0.2 MA/cm to avoid nonlinear diffusion losses.

(i) Containment rule. The radial movement of the cables within any sec-
tion of the coil during flux compression, which is assumed to be asymmetric
for conservation reasons, should be less than the 27-clocking eccentricity
allowed for that section.

To simplify construction of the coil, the various section pitches were se-
lected as integer multiples of the cable diameter. In addition, the number
of parallel coils was doubled (a process referred to as bifurcation) between
adjacent sections, whenever possible, although for the final section only 20
(not 24) of the largest diameter cables could be used due to space lim-
itations. Furthermore, the overall winding was divided into a number of
equal-length sections. The maximum possible number of sections, which
was subject to the constraint that the ratio of the inside diameter of the
coil to the length of the section should not exceed 1.5, was used to ensure
a smooth inductance-time characteristic. In order to provide a reasonable
load current margin of 9 MA, designs for different values of V_, were in-
vestigated. No designs were found for V3 = 20 kV, and V,; = 30 kV was
regarded as being too near the primary source limitations. Thus, the final
design was for V3 = 25 kV, which as the code indicated to obtain the nec-
essary output parameters, the stator coil had to have a length of 1120 mm.
The coil therefore consisted of eight equal-length sections, each having a
length of 140 mm. The resulting optimized pitch, number of parallel cables,
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Section  Pitch Number of  Strands/Diameter

(mm) Parallel Cables (mm)

I 12 3 7/0.85
I 18 3 7/1.35
111 27 3 7/2.14
v 36 6 7/1.35
A% 54 6 7/2.14
VI 84 12 7/1.70
VII 140 20 7/1.70
VIII 180 20 7/2.14

TABLE 6.3. The sections of the helical coil of FLEXY 1.

and conductor diameters (and number of strands) for each section of this
generator are given in Table 6.3.

Design Limitations

Plots of the calculated time variations of the parameters of FLEXY I are
presented in Figs. 6.24 and 6.25. Calculations were performed both with
and without non-Ohmic resistances added into the equations. It is evident
from Figs. 6.25a and 6.25d that it is not possible to meet both the constant
voltage rule and the constant current density rule. This arises from the fact
that the conducting cross-sectional areas, which depend on the coil pitches
required to satisfy the constant voltage rule as limited by the skin depths
in both the armature and the coil, are insufficient to meet the constant cur-
rent density rule. The required high currents can only be obtained at the
expense of a progressively decreasing internally generated voltage, which
decreases the energy multiplication. Experimental data confirm in fact that
simple high-current, high-input-energy generators have low energy multi-
plication factors [6.11,6.20]. To prevent the decrease in generated voltage
and energy requires the adoption of complex and costly techniques, such as
tilted pitches or variable armature and coil diameters to be employed, so
as to increase the IdL/dt term in Eq. 6.2, while at the same time satisfying
the current density rule [6.11]. To satisfy both the constant voltage rule
and the constant current rule requires either the current to be maintained
at a reduced total energy gain or the energy gain to be achieved at a re-
duced current. If only high-energy multiplication is required, then it can be
achieved, if the current is kept low, by using a high-inductance load [6.14].
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FIGURE 6.24. Calculated parameters of the first design FLEXY I generator: (a)
inductance variation with respect to time and (b) rate-of-change of inductance
variation with respect to time.
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6.4 Construction of the FLEXY I

A schematic drawing of the FLEXY I generator is provided in Fig. 6.26.
The stator coil was wound on a special-purpose cylindrical mandrel with a
diameter that tapered slightly along the length of its axis. The surface of
the mandrel was liberally coated with wax to facilitate removal of the coil.
To further assist removal of the coil, the mandrel was cooled with liquid
nitrogen. After positioning the start (7) and end rings (12) of the generator
at the correct distance from each other on the mandrel, the eight sections of
the coil were wound in sequence. Single-core, PVC-insulated, nonsheathed,
stranded cables were used to construct the coil. The number of strands and
the size of the cables used in each section are given in Table 6.3. Figure
6.27 shows the interconnections being made between the cables of adjacent
sections by using special soldering techniques. Supplementary insulation is
provided at the joints. The input and output cables of the first and last
section of the coil are terminated on lugs and bolted to the appropriate
ring. It was found to be more convenient to commence the winding at the
load end where the cables are bigger. It was also found better to connect
the cables of the last two sections prior to winding on the mandrel. To
reduce the likelihood of voids, several interconnections were made between
sections having different numbers of turns in several different planes normal
to the coil axis. After completing the winding, each section was coated with
layers of fiberglass glued with epoxy resin. Additional reinforcement was
provided at sites adjacent to the start and end rings. Figure 6.28 shows the
completed coil on the mandrel, prior to applying the concrete casing.

The armature was made from unmachined aluminum tubing having a
diameter of 106 mm and a sag of less than 3 mm over its 1500 mm length.
However, in order to meet the length requirements of the design, a welded
extension had to be added, as shown in Fig. 6.26. The plastic explosive,
which is PE4, was hand-shaped into balls and packed into the armature.
To simplify the design, the crowbar consisted of three insulated and sym-
metrically mounted bolts, positioned at a effective diameter of 146 mm,
rather than the more usual ring.

When the armature cone made contact with the crowbar at time t =ty =
0 in Fig. 6.26, the combined coil and load inductance is 37.5 pH. When the
contact point entered the ring at time t = 4, the load inductance by itself is
38 nH. The generator current and its rate of change in time were measured
with calibrated Rogowski coils mounted inside the load. The total error in
the current measurements was estimated to be £5%. Inlet and outlet valves
were provided, so that the generator and load could be filled with SF¢ gas.
The energy required to create the initial magnetic field in the generator
was provided by a mobile capacitor bank via 12 parallel-connected coaxial
cables.
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FIGURE 6.26. Schematic drawing of the FLEXY I: (1) detonator, pellet holder,
and pellet, (2) high explosives, (3) aluminum armature with extensions welded
at each end, (4) aluminum start plate, (5) polyvinylchloride separator plate, (6)
polyvinylchloride insulator, (7) aluminum starting ring, (8) three insulated crow-
bar bolts, (9) helical coil, (10) fiber glass reinforcement, (11) concrete inertial
mass, (12) aluminum end ring, (13) and (17) load attachment rings, (14) alu-
minum coaxial load, (15) aluminum armature plug, (16) polyvinylchloride arma-
ture end plug, (18) aluminum end plate, and (19) end screw. Broken lines are the
positions of the armature cone at times t = to, t1, and t2.

FIGURE 6.27. The joining of cables.

19
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FIGURE 6.28. The completed coil on its mandel.

Prior to loading the armature with high explosive, a series of preliminary
tests were conducted on the generator. During one of these tests, which was
intended to calibrate the Rogowski coils, the generator was excited at 25
kV from the capacitor bank. Although rough calculations predicted that
the coil should survive these tests without adding supplementary inertial
mass, the first section was destroyed. A similar problem was encountered
by others [6.41] during a full-energy firing test. To solve this latter problem,
other researchers replaced the capacitor bank with a Marx bank so that the
risetime of the injected current was reduced. The approach used in FLEXY
I was to leave the capacitor bank configuration unchanged, but to apply
the inertial containment rule by modifying the generator design so as to
avoid this problem.

The containment rule must be followed, if the coil geometry is to be
preserved both during generator pretesting and ahead of the contact point
during testing. Although axial and radial forces are both present, the for-
mer are important only during the final stages of operation of a complex
variable-geometry multimegajoule generator [6.31] and will be neglected
here. Since the tensile forces produced in the coil following discharge of the
capacitor bank are greater than the yield point of copper, the elastic forces
can be neglected and conservative calculations can be made based on the
assumption that only the inertial movement of the coil be considered [6.42].
Thus, if B; is the flux density within the coils of the it section, which has
an inner surface area S;, inner radius 7;, and mass m;, then the radial force
and the corresponding radial acceleration of this section are

J
r

_ B?S;

6.55
™ (6.55)

and
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7y = — 6.56
(=i, (6.56)
respectively. While the capacitor bank is discharging, the variation of flux
density with time is described by

0 . Tt
Bi (t) = Bo,’ sm;,
where By, is the magnetic flux at the moment the discharge current is at
its peak value and T is a quarter period of the discharge. Integrating the
radial acceleration equation gives the coil displacement as [6.42]

(6.57)

B, S;t? [m? nt

Ard(t) = +eos — — 1. (6.58)

dpgmm? | 272
Between the time that the cone makes contact with the crowbar and the
time it makes contact with the end ring, the flux density can be assumed
to be increasing exponentially from a value of BY(7), which is the magnetic
flux at peak discharge current. Thus, during this period, the magnetic flux
can be approximated by

Bi(t) = BY(7)eM. (6.59)

From the above equations, it can be shown that the total radial displace-
ment of the coil is

(B())?S: on,

() = A0 i
Ari(t) = Ary (T) +vpt + 811gme A2

, (6.60)
where v} is the velocity at the end of the capacitor discharge. The contain-
ment rule requires that the final radial movement of each section should be
less than the permitted eccentricity €; of that section, that is,

Ar; < €, (6.61)

where ¢; is determined by the 2m-clocking expression in Section 6.2.
Using the total radial displacement expression above, calculations show
that it was impossible for the first coil section to meet the containment
rule, even when it is covered with concrete to provide additional inertial
mass. Therefore, the generator design had to be modified. Cables of the first
section were made identical to those of the second section, and a 40 mm
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FIGURE 6.29. Radial movement of coil sections for the final design during a
firing test as predicted by Eq. 6.60. The maximum predicted capacitor current
was 53 kA, at an initial capacitor voltage of 25 kV.

concrete sheath was added to increase the inertial mass to 10 kg for each
section. The completed, but partially concreted FLEXY I coil is shown in
Fig. 6.29. This modification reduced the rate of change in the inductance of
the generator, which, in turn, lowered the interior voltage and the overall
performance of the generator.

Plots of the radial movement of the eight coil sections throughout the
operation of the new generator design are presented in Fig. 6.29. These
plots were calculated for the modified coil design using the total radial
displacement expression (Eq. 6.60) for a 25 kV capacitor voltage. The first
two plots are for the two identical first coil sections, and the remaining six
apply in sequence for the remaining six sections. The origin of the time axis
coincides with the time at which the capacitor bank switch is closed, the
times to(= T) and t; are identified in Fig. 6.26, and the Roman numerals
correspond to times at which the armature cone leaves the corresponding
coil section. The eccentricities of the different sections are also included in
Fig. 6.29, which shows that, for the new design, all the coil sections satisfy
the above inequality for the maximum calculated capacitor current that is
represented by the broken line in Fig. 6.30.

Further calculations show that a current of 30 kA produces a maximum
tensile stress in the coils of 30 kg/mm?, which is sufficiently less than the
yield point of 40 kg/ mm? and which is acceptable for the pretests. This
limited the capacitor voltage used in the pretests to about 14 kV.
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FIGURE 6.30. Test results: the current measured by self-integrating Pear-
son—Rogowski coil at the capacitor bank. The broken line is predicted and does
not account for any generator resistance or inductance variation due to arma-
ture movement after firing. After cone—crowbar contact (t = 0), the waveform
corresponds to a 48 mQ, 1.4 pH, 250 uF discharge.

6.5 Testing the FLEXY I

The FLEXY I was carried in a wooden frame, as shown in Fig. 6.23, that
was mounted vertically above a double-layer table of 50-mm-thick steel
plate with rubber sandwiched between the plates. Prior to firing the gener-
ator, its interior was pressurized with 3 atm of SF¢ gas. Synchronizing the
closure of the switch connecting the generator to the capacitor bank and
the firing of the detonator of the FLEXY I high-explosive charge was based
on data provided by the design code, which did not take into account ei-
ther the breakdown time of the crowbar insulation or any variations in the
detonation velocity of the high explosive. Nevertheless, it is evident from
the capacitor current waveform in Fig. 6.30 that the armature cone makes
contact with the crowbar very near the predicted time ¢t = 0, which is the
time that the initial current in the generator was calculated to attain its
peak value (see end of broken line in Fig. 6.30). The effects of the armature
motion on the current profile of the generator can be seen in Fig. 6.30. At
the moment the armature and the crowbar come into contact, the capacitor
delivers 48 kA of current to the generator, which corresponds to a priming
energy delivered to the generator of 43.2 kJ and initial magnetic flux of 1.8
Wh.

Rogowski coil measurements of the load current and the rate of change
of the current in time are presented in Fig. 6.31. Note that there is a small
irregularity in the current waveform presented in Fig. 6.31a, which is due to
the interconnection discontinuities. The disruption that appears in the rate
of change of current waveform after the peak current was generated (see
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FIGURE 6.31. Test results: measurements from a Rogowski coil positioned within
the load. The (a) current waveform and (b) the rate-of-change of current wave-
form, where to =0 and t = t2 as shown in Fig. 6.26.

Fig. 6.31b) is difficult to explain, and was not observed in later experiments,
and plays no role in the applications envisaged for FLEXY I.

As Fig. 6.31a shows, the load current at the moment the armature cone
comes into contact with the end ring is 7.3 MA, which means that 1 MJ
of energy is delivered to the load. The final magnetic flux is 0.28 Wb,
which corresponds to a magnetic flux conservation efficiency of 15.4% and
a chemical-to-magnetic energy conversion efficiency of 1.5%. The FLEXY 1
had an overall energy gain of 23 and a current multiplication factor of 153.
Calculations show that about 1 MJ of energy is dissipated in the various
resistances in the system. The main parameters are presented in Table
6.4. Further improvements to the generator design have raised the energy
delivered to the load to 2 MJ.

6.6 Comparison of Theoretical and Experimental
Results

The principal theoretically predicted parameters of the final designed FLEXY
I generator, including ohmic losses, are presented in Fig. 6.32. The experi-
mental results are added to the plots, with the appropriate error bars. The
equivalent resistance in Fig. 6.32e was calculated from

al aL
L_Jt- +Igt-

R=-—dt_—d&

(6.62)
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Parameter Value
Overall Length 1.8 m
Armature and Coil Mass 65 kg
Explosive Mass 15 kg
Initial Inductance 37.5 uH
Final Inductance (No Load) 38 pH
Final Energy 1 MJ
Final Current 7 MA
Operating Time 155 us
Concrete Mass 80 kg
Initial Energy 40 kJ
Initial Current 50 kA
Maximum Diameter 0.45 m

TABLE 6.4. Main parameters of FLEXY I.

where the values of I and dI/dt were taken from Fig. 6.31 and the values
of L and dL/dt were taken from Fig. 6.32. A number of the experimental
resistance data points exceeded their corresponding predicted values, pos-
sibly as a consequence of 3D proximity effects, since electrical breakdown,
severe 2m-clocking, and so on are unlikely due to the correct application
of the rules for generator design. There are also some differences in the
predicted and measured current profiles of the generator, although, as with
other generator designs that have been investigated, the final values are
predicted accurately.

In Fig. 6.32f, it can be seen that the maximum internal voltage pro-
duced during the experiment was less than 70 kV, which is a rather low
value imposed by the containment rule. Higher voltages are required to pro-
duce greater output. Therefore, to generate these higher outputs, without
changing the design of the FLEXY I, cables with increased insulation must
be used. Other, more complicated generator designs [6.43] have used cables
with a breakdown voltage of 60 kV, rather than the 30 — 40 kV breakdown
voltages of the cables used in the FLEXY I generator. In addition, the en-
ergy output of the FLEXY I can be easily increased by changing the coil
design, without exceeding the peak current of the FLEXY I and using an
increased load inductance.

6.7 Summary

This Chapter has shown how a practical multisection helical generator can
be produced on the basis of a simple theoretical model and following a num-
ber of important design rules. No sophisticated manufacturing techniques,
such as titled pitch or variable diameter coils, were used in the construction
of the generator. The armature was not machined and was filled manually
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FIGURE 6.32. Predicted and measured FLEXY I performance: (a) inductance,
(b) rate of change of inductance, (c) load current, (d) rate of change of load
current, (e) equivalent resistance, and (f) maximum internally generated voltage.
Time is measured from the armature cone—crowbar contact. The error bars on
the symbols indicate the possible range of results.

with explosive. However, very good reproducibility was obtained during
active load testing as is presented in Chapter 7.

Acknowledgements: Tables 6.1-6.4 and Figs. 6.1-6.8 and 6.23-6.32 are
reproduced from J Phys D, 28, pp.807-823 (1995), with permission of IOP
Publishing Ltd., Bristol, UK. Figures 6.9-6.22 are reproduced from Laser
and Particle Beams, 15, pp. 379-395 (1997), with permission of Cambridge
University Press.
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7

Experimental Methods and Techniques

The first part of this chapter presents a general description of various exper-
imental methods relating to MCG physics and technology, and concludes
with a general outline of an MCG laboratory. The second part of the chap-
ter presents important practical aspects of the various technologies that
need to be associated with an MCG, either in order to match its output
to the load in a particular application or to construct an autonomous very
high energy multiplication system.

As with Chapter 6, much of the material that is presented is derived
from the ongoing MCG activity at Loughborough University.

7.1 Experimental Methods

The physics of MCGs are essentially a blend of detonics and electromag-
netism. Detonics is the science of detonation that provides information
about the performance of the explosive and the energy transformation
processes in the generator. Electromagnetism complements detonics by
providing a description of the ultrahigh magnetic fields and the electric
currents generated during the energy transformation process. This implies
that a mix of diagnostic tools need to be used during the experimental
phase of development. A number of diverse, as well as novel experimental
techniques, had to be developed during the research on the FLEXY I pre-
sented in Chapter 6. However, for completeness, other more sophisticated,
but related diagnostics are also described in this chapter.

L. L. Alegilbers et al., Magnetocumulative Generators
© Springer-Verlag New York, Inc. 2000
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FIGURE 7.1. Pick up probes and Rogowski coil..

7.1.1 Electromagnetic Techniques

In this section, a number of electromagnetic and optical devices used to
measure the various parameters of the MCG are discussed.

Pick Up Probes

The pick up or magnetic induction probes, more commonly called B-dot
probes, in Fig. 7.1, are the simplest and most frequently used devices for
measuring pulsed magnetic fields. While it appears to be only a simple
coil of thin wire, the number of turns must be properly chosen to increase
its sensitivity. The probe responds to the rate of change in magnetic flux
density in time. To measure the flux density, a passive high-impedance RC-
integrator is connected at the oscilloscope end of the coaxial cable to which
the probe is attached. Although the frequency bandwidth of the probes can
be hundreds of megahertz, on occasion it is difficult or impossible to use.
The main difficulties that arise are related to the pick up of electromag-
netic noise, electrostatic coupling, and electrical breakdown when there are
unexpectedly high rates of change in the magnetic fields and when exces-
sive voltages are induced in the probe. Another problem with using these
probes is associated with the length of the cable that connects the probe
to the measuring device, which could adversely affect the overall frequency
response. Finally, in ultrahigh magnetic field compression experiments, the
electromagnetic forces acting on current-carrying conductors of the probe
can change their geometry, thus affecting the initial calibration of the probe,
or on occasions inducing currents that can melt and even vaporize the wires
from which the probe is made.

Although pick up probes are normally used to measure the magnetic
fields, they can also be used to measure currents by either calibrating with a
known current source or calculating the current for simple probe geometries
from the measured field strength.
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FIGURE 7.2. Rogowski coil used for voltage measurements.

Rogowski Coils

Rogowski coils are used to measure electrical currents flowing through con-
ductors. The typical Rogowski coil depicted in Fig. 7.1 has a toroidal shape
that surrounds the conductor in which the current is to be measured. Ap-
plying Ampere’s law, it can be shown that the voltage induced in the coil
is independent of its position relative to the conductor.

The construction of the Rogowski coil is not as simple as that of the pick
up probe, but improvements made over the years enable experimentalists
to design the probe to make measurements with the required bandwidths
and even to self-integrate the signal to be measured. Although calibrated
Rogowski coils are available commercially, the particular features of an
experiment may require that a special purpose coil be designed and con-
structed. When using a Rogowski coil, the experimentalist must take into
account the drawbacks of using the coil including such things as electro-
magnetic noise and the effects of the length of the connecting cable. As
with the pick up probe, the Rogowski coil can be used, when properly cali-
brated, to measure quantities other than currents. For example, in Fig. 7.2,
it is shown how the Rogowski coil can be connected across a load to mea-
sure voltage by measuring the current flowing through a parallel-connected
water resistor having a known resistance.

Voltage Dividers

Voltage dividers have been developed that can measure megavolt signals
with risetimes of nanoseconds, and in some cases even hundreds of picosec-
onds. The literature available describes resistive, capacitive, or hybrid de-
vices, most of which are unsuitable for making measurements in MCGs. In
fact, measuring voltages at remote sites, where explosive devices are nor-
mally tested, presents an extremely complex challenge owing to the fact
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that normal laboratory conditions, i.e., using short cables and having good
ground points available, do not exist.

Photonic Techniques

While electromagnetic techniques still provide the most common, inexpen-
sive, and convenient methods for measuring pulsed magnetic fields and
currents in flux compressors, the last decade has witnessed the emergence
of reliable and accurate photonic methods. All the drawbacks associated
with electromagnetic techniques are eliminated, and the advantages of us-
ing photonic methods may be summarized as

e immunity to electromagnetic interference,

e no interaction with the pulsed magnetic fields, i.e., no forces act on
the instrumentation circuits and no heating because of diffusion,

e electrical isolation,
e no ground loops,
e miniaturization,

e high bandwidth, which is limited mainly by the optoelectronic con-
verter,

e high sensitivity,

e the ability to make measurements that cannot be made using elec-
tromagnetic techniques.

The only disadvantage of photonic techniques is the high cost of the
sensors that are used. This disadvantage becomes even more important
when it is considered that the equipment may be destroyed during the
experiment.

Faraday Rotation Effect Measurements

This measurement technique is based on the fact that plane polarized light
rotates as it passes through an electrooptical sensitive element in a sensor
placed parallel to a magnetic field. The angle of rotation 6 is proportional
to the length of the light path ! in the optically active medium and the
magnetic field intensity H; i.e., # = VIH, where V is the Verdet constant
of the optically active material used in the sensor. The value of the Verdet
constant depends upon the particular measurement to be made, and the
length ! is adjusted to give the required signal amplitude. A fiber optic
cable is used to transmit information to and from the Faraday sensor. (See
Fig. 7.3.)
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FIGURE 7.3. Miniature Faraday rotation transducer.

Faraday-rotation effect measurements are probably the only technique
that can be used to measure ultrahigh magnetic fields, i.e., above 1000 T
(10 MG). The highest magnetic field measured to date is 1700 T, using a
sensor with flint as the active medium.

Faraday-rotation sensors that are used to measure fast rising, very-high-
current pulses are constructed with special twist single-mode fibers having
a low Verdet constant. Like the Rogowski coil, several fibers of the Faraday-
rotation device surround the current-carrying conductor. Great care must
be taken to avoid any mechanical contact with the moving conductors when
using this sensor in MCGs, which may induce additional birefringes in the
fiber and alter the measured signal.

Pockels Effect

The Pockels electrooptic effect can be used to measure the electric field
strength. When an electric field is applied to a crystal in the z-direction,
the index of refraction ng increases in that direction, while the index of
refraction in the y-direction remains the same. As a result, a light beam
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FIGURE 7.4. Pockels cell.

polarized along the z-axis propagates at a slower speed in the z-direction
than a beam polarized in the y-direction. Therefore, a phase shift will ap-
pear between the two components that is proportional to the field strength
E and the crystal length L. This phase shift is referred to as the induced
electrical birefringence I'(E), which is defined by the following equation:

2mndrLE

r(s) = T2

(7.1)
where T is the electrooptical coefficient and A is the wavelength of the light.
To measure the voltage, two electrodes having potential difference of V' are
deposited on the crystal surface. The voltage difference sets up an electric
field in the crystal, where E = V/d and d is the distance between the
electrodes. The resulting phase shift can be detected by optical intensity
measurements.

The Pockels cell consists of the crystal, the electrodes, and specially
coated optical windows. The crystal is sometimes immersed in a liquid to
reduce the piezoelectric effect and to stabilize its temperature. The input
characteristics of the cell, which is a few picofarads of capacitance and more
than 10 gigaohms of resistance, are better than those of most of the other
recording equipment. As shown in Fig. 7.4, long optical fibers couple one
end of the Pockels cell to a laser and the other end to an optoelectronic
converter. Voltages greater than about 10 kV need to be reduced by using
a special-purpose capacitive divider [7.1] having a risetime of less than a
nanosecond. The Pockels-cell-based sensor provides all the data required
from the measuring equipment, and also fully protects the recording in-
struments by remotely connecting them to the cell through optical fibers.
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7.1.2 Detonic Techniques

In this section, several techniques used to monitor and control the explo-
sives in an MCG are described [7.2]. While the design of diagnostics for
laboratory experiments is rather straightforward, considerably more work
must be done in developing diagnostics for large-scale experiments to mea-
sure the particular waveforms of high load currents or voltages and to
measure the efficiency of converting chemical energy from high explosives
into electromagnetic energy. To make these measurements, it is necessary
that all the dynamic parameters of the generator are measured and con-
trolled. Some of these parameters are related to the high explosive, i.e., the
detonation velocity, while others, which are much more difficult to mea-
sure, are related to the acceleration of the conductors and insulators of the
generator. Not only do their bulk velocities need to be known, but also
details of how the geometry changes in time, the surface conditions, and
the temperature at various times during the compression process. To make
these measurements, techniques such as high-speed photography, interfer-
ometry, x-ray photography are required, along with various other methods
to measure velocity, acceleration, temperature, and pressure.

High-Speed Photography

High-speed photography is the most common method used to obtain ex-
perimental data on the dynamics of the armature in MCGs. From these
data, it is possible to determine the detonation velocity, the amount of
chemical energy released by the explosive, and the uniformity with which
the surfaces move.

Both rotating cameras and electronic image converters are used. They are
housed in specially built laboratories, i.e., bunkers, with optical portholes
so that the process being measured can be observed through the thick
walls necessary to protect the measuring devices from the explosion of the
MCG. Telescopic lenses are normally used to help focus the cameras on the
MCG, which may be several tens of meters from the cameras. The core of
the rotating camera is its rotating mirror, which can rotate at hundreds
of thousands of rotations per minute when helium cooled. These cameras
can be operated in the frame mode, at frame rates of millions of frames
per second, or in the streak mode, with writing speeds of between 10 to 20
km/s.

Although much higher speeds can be achieved by using electronic im-
age converters, this is usually not necessary in most detonic measurements.
The advantages of using these cameras, as shown in Fig. 7.5, are the greater
amount of detailed information that can be captured, because of a large
image plane, and the much greater light sensitivity that permits magni-
fication of the object being photographed. A disadvantage is the reduced
number of frames that can be captured. (See Fig. 7.6.) Light flashes are
needed with the cameras, and these can be produced by detonating a small
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FIGURE 7.5. High-speed camera and vacuum rig.

charge of plastic explosive inside a cardboard cylinder with an inner alu-
minum wrapping and filled with argon gas. The shock wave produced by
the explosive excites the argon atoms, producing a high intensity-flash of
light with a pulse duration that depends on the distance the shock wave
travels through the gas. Synchronizing the firing of the MCG, the flash of
the light source, and the camera can be achieved by using high-precision
detonators or detonation cords.

FIGURE 7.6. High-speed camera images.
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FIGURE 7.7. Tangential X-rays of a thin copper imploding cylinder.

Interferometry

Interferometry is a complex and costly experimental procedure that pro-
vides complete data on the hydrodynamic processes of the accelerating
armature. There are several interferometric systems available including the
laser-based Fabry—Perot interferometer, a system based on Michaelson in-
terferometry, and diffuse surface interferometry, i.e., the VISAR system.
The latter device has a time resolution of 1 ns and the capability to deter-
mine surface motions of any kind of surface including those that are highly
tilted.

X-Ray Photography

Hydrodynamic data obtained from armature experiments conducted in the
absence of magnetic fields are inadequate for use in designing and/or opti-
mizing either high-energy or high-current generators or cascaded ultrahigh
magnetic field generators, since the very high magnetic fields that are gen-
erated dramatically alter the shape of the accelerated conductors. Although
2D MHD codes can provide an estimate of what is occurring, the best in-
formation is obtained directly from X-ray photograph. Figure 7.7a shows
a tangential X-ray still photograph of a copper cylinder. As the cylinder
is imploded by electromagnetic forces, in this case, developing instabilities
can be seen in Fig. 7.7b.

Methods for Measuring Velocity and Acceleration

Almost all laboratories doing research on magnetic flux compression have
developed their own slightly different approaches for measuring the det-
onation velocity and the armature motion. In this section, some of the
more common approaches are reviewed. Other methods using devices such
as phase-transition probes, displacement capacitors, and electromagnetic
velocity gauges are more difficult to use and are restricted to special appli-
cations.
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FIGURE 7.8. Four basic types of contact pins.

Pin Contact Method

The pin contact is one of the oldest, but still the simplest and most fre-
quently used method for precisely measuring the armature movement and
the detonation velocity. The method is straightforward, in that, when a
shock wave arrives at a contact pin, the pressure closes the contact pin
circuit causing a capacitor to discharge and generate a small voltage pulse.

The four basic types of contact pins are shown in Fig. 7.8. The simplest
of these is shown in Fig. 7.8a. This consists of a number of thin wires, each
of which is part of a circuit containing a small capacitor charged to some
tens of volts. When the circuit is closed by contact with the expanding
armature, the capacitor discharges. The wires can be either positively or
negatively charged, and they can be identified, for example, by the shape of
the discharge pulse recorded on a raster oscilloscope. A fully instrumented
spherical implosion may have as many as 500 wires arranged in the form of a
dome and connected to 50 raster oscilloscopes. The position measurements
are accurate to within a few microns.

The second type of pin shown in Fig. 7.8b is similar to, but more com-
plex than, the one in Fig. 7.8a. Since not all armature measurements can
be conducted in evacuated chambers, account has to taken of the effects
of gases on making measurements. The expanding armature generates a
strong ionized shock wave that proceeds along the armature, and this wave
causes the pins to be shorted prematurely. To solve the problem, special
gas chambers were introduced. Other techniques may employ anodized pins
or a self-shorting arrangement in which the pins have a coaxial electrode
structure, with a cap insulated from the central cathode by materials like
mylar tape. Such pins are useful for monitoring nonmetallic components
such as the insulators in the generator.

The third pin in Fig. 7.8¢c is similar to that of Fig. 7.8b, but without
the cap and insulator and with a fully ionized detonation wave having
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sufficient time to short the electrodes. The final type of pin in Fig. 7.8d
is made from piezoelectric or ferroelectric materials or plastic tape, all of
which produce a small current at shock wave pressures. This device is also
useful in a number of special situations, such as monitoring isolators or
small amplitude waves used for triggering purposes.

As an alternative to measuring the arrival time of the pulse with a contact
pin connected to a raster oscilloscope, electronic counters or specially built,
but costly, multichannel time measurement systems, can be used.

The most recent type of pin is the optical pin. The optical pin consists of
small diameter optical fibers which are illuminated by a laser. The output
light is monitored by either a photon multiplier or a fast PIN photodiode.
When the light signal is lost, the time and position at which each fiber
is broken by the expanding armature can accurately be determined. This
technique is particularly useful in difficult situations, such as in very-high-
current generators, where electric pins cannot be used. A version of the
optical pin that uses the light from microspheres filled with ionized argon
gas attached to the end of the fiber can be used to measure the detonation
front arrival times.

Detotachograph Method

The contact pin method only measures arrival times, from which the medium
velocity between pins can be calculated. Continuous monitoring of the ac-
celeration can be achieved using the detotachograph method.

There are two types of such transducers, both of which use a technique
in which a high resistance wire carrying a constant current is shorted by a
shock wave, which, in turn, causes the voltage to decrease proportionally
to the velocity. (See Fig. 7.9a.) For relative small changes in velocity, the
differential signal of the resistance-measuring probe attached to a saw-tooth
generator can be recorded at the output of a differential amplifier. Velocity
variation measurements can be enhanced by a factor of several tens.

The first type of detotachograph probe, which is a wire implanted into
an explosive charge contained within a grounded metallic cylinder, can be
seen in Fig. 7.9b. This probe uses the highly ionized detonation front to
short circuit the probe that generates the output voltage. The second type
of probe shown in Fig. 7.9¢c, consists of a small-diameter thin-wall metal
tube containing an insulated conductor. The tube is deformed by the shock
wave, with the point of contact between the tube and the conductor moving
at the same speed as the shock wave. This type of probe can measure the
velocity of a shock wave travelling through any kind of material in contact
with the probe (see Fig. 7.9c), even when it changes direction.

Pressure and Temperature Measurements

The most common methods used to measure shock wave pressures are
based on using either quartz at low pressures (below several gigapascals)
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FIGURE 7.9. Detotachograph probes: (a) and (b) are different probe arrange-
ments and (c) is a typical output signal from a type (b) probe.
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(b .

FIGURE 7.10. Simple Manganin pressure gauge (a) and a typical recorded signal

(b).

or a Manganin wire at higher pressures. The pressure gauges based on a
Manganin wire require a special power supply. (See Fig. 7.10.)

Temperature is a difficult parameter to measure. Normally the radiated
spectrum is recorded using a spectroscope and an optical multichannel
analyzer with an intensified target detector. For the case of nontransparent
probes, such as those made from metal, the temperature can be measured
by placing it in close contact with a material such as Al;O3. This retains the
transparency of the probe under shock conditions, provides a near match
relative to shock impedance, and enables the interface temperature to be
measured.

Detonation Wave Shaping

As discussed in earlier chapters, MCGs can have a number of different ge-
ometries, e.g., linear, planar, cylindrical, and spherical, and, for each of
these, a special explosive device is needed to match the shape of the det-
onation wave to the geometry of the generator. A detonation wave with
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the proper shape can be formed in several ways. One of these is to use
a distribution of precise bridgewire detonators, but this is both expensive
and difficult to use in the presence of high currernts, voltages, and electro-
magnetic noise generated by the MCG. A more practical approach is to
use a single detonator together with a number of explosive wave generators
that produce linear, planar, cylindrical, or spherical wave shapes. To gen-
erate the necessary wave shapes, the construction of the generator involves
either the use of accelerating metal plates to initiate the main explosive
charge, the insertion of interrupters, e.g., air holes, in the path of the det-
onation wave, or the use of explosive lenses, which are usually made from
a combination of slow and fast explosives. A variety of methods used to
shape waves are presented in Fig. 7.11. More recently, arrays of exploding
foil mesh initiated by surface detonators have been used to generate the
desired wave shape. Such an array is shown in Fig. 7.12.

7.2 Explosive Pulsed Power Laboratory

In this section, a brief description is provided of an explosive pulsed power
laboratory . Such laboratories currently exist in several countries including
the US, England, Russia, Japan, France, Sweden, and China. Since it is
not possible to discuss how each laboratory is configured, it was decided to
focus on the laboratory used by Loughborough University in England.

Experiments involving MCGs require both a laboratory in which explo-
sive charges can be detonated and a means for providing the initial priming
current, as well as to accommodate the load and its diagnostics. This lab-
oratory should offer a means for protecting the diagnostics and, in some
cases, the load from being destroyed by the explosion of the MCG. In prac-
tice, the laboratory needs three main elements:

e a firing site,
e the prime energy source, and
e a control room (bunker) as shown in Fig. 7.13.

For explosive charges that are equivalent to several tens of kilograms of
TNT, the firing site, which is normally outside, has a firing table in close
proximity to the laboratory buildings. If the explosive charge is equivalent
to several hundreds of kilograms of TNT, the firing site needs to located
further away from the laboratory buildings. However, it should be pointed
out that not all shots are made outside. Some laboratories have blast con-
tainment chambers in which the MCG is detonated. The energy generated
is then delivered from the containment vessel via cables to the load, which
is now protected from the blast. For example, a sphere up to 15 m in di-
ameter can be used for explosive charges up to 80 kg of TNT. Explosive



7.2 Explosive Pulsed Power Laboratory 297

FIGURE 7.11. Various methods for shaping detonation waves.

FIGURE 7.12. Array of exploding foil mesh initiated by surface detonators.
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FIGURE 7.13. Photographs of main elements of an MCG laboratory at Lough-
borough University.

FIGURE 7.14. Layout of an ideal MCG laboratory.
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containment vessels are currently in use at the Institute of Hydrodynamics
in Novosibirsk, the Institute of Chemical Physics in Chernogolovka, and
the Institute of High Temperatures in Moscow.

The initial energy source, which is usually a capacitor bank, may need to
store up to 1 MJ of energy. The bunker contains the control room with the
data recording and diagnostic equipment, and is located as near as possible
to the firing point. All the major elements that make up the laboratory
are connected by fiber optic cables or pneumatic systems. The laboratory
also has a workshop and a place for the storage and assembly of explosive
charges. The laboratory layout used by Loughborough University, where
the FLEXY I was tested, is depicted in Fig. 7.13.

An ideal laboratory (see Fig. 7.14) would also have buildings to accom-
modate an X-ray machine and the load. This means that either hundreds
of coaxial cables or a large parallel plate transmission line is required to
couple the various components of the laboratory together.

A complex firing experiment can be divided into a number of phases,
where the duration of a phase may vary from months to nanoseconds. For
example, the design and manufacture of the components of the experiment
may take up to one year, followed by a few days to assemble the MCG
and its output circuits. After positioning the MCG on the firing table, the
diagnostic and recording instruments must be connected, as well as the
load and the prime energy source. All the instrumentation, oscilloscope
settings, and connections must be checked and rechecked, in a series of
tests that do not involve the explosives, in accordance with an established
protocol. These preliminary tests may even include discharging the main
capacitor bank. Once these tests are completed, the initial conditions, such
as vacuum, gas pressure, and voltages, for the explosive test are set and
the experiment can proceed. Once the firing button is pressed, all control is
lost, except for some independent electronic fast delay units. The flux com-
pressor generates an output pulse in tens of microseconds, and the output
circuits condition the pulse for the load in nanoseconds. All that remains
after a long and costly experimental program, apart from the debris, is a
collection of photographs and oscilloscope records.

7.3 Testing Fast Switches and Conditioning
Circuits

In this section, a description is presented of both exploding-foil opening
and closing switches that are used in the output conditioning circuits of
capacitor banks and MCGs. One of the major functions of these switches is
to sharpen the risetime of the output of the MCG. In addition to presenting
an empirical model of these switches, the results of an experiment, carried
out using a 1 MJ flux compressor with an exploding-foil opening switch, are
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FIGURE /.15. Equivalent circuit diagram for capacitor-powered EF experiments.

also presented. Since the material in this chapter is based on the same case
study, i.e., the construction and testing of FLEXY I presented in Chapter 6,
this section deals with the work done in developing and testing the switch
for this particular generator.

As has been noted earlier, MCGs are powerful and inexpensive sources
of high energy and high current. If they are to be used to provide fast-
rising current pulses to high-impedance loads, then their sources will require
conditioning. For example, if a 2 MJ MCG with a run time of 160 us is
to provide a nanosecond risetime pulse, several stages of fast exploding-foil
switches followed by a single stage plasma switch are required.

To facilitate the development of a fast foil switch, a simple empirically de-
rived plot of the dynamic resistance ratio versus input energy was obtained
for a copper foil from experiments using a fast-discharge capacitor bank.
These data were then used in developing a computer model, which were,
in turn, used to develop foil switches for the FLEXY I MCG. A new type
of closing switch was developed, based on exploding foils. A combination
of exploding-foil switches was used to transfer sharp reproducible current
pulses from a capacitor bank. The calculated and experimental results are
in fairly good agreement.

7.3.1 FEzxploding Foil Empirical Model
Experimental Assembly

In order to obtain data for constructing a foil model, experiments were
conducted using the circuit of Fig. 7.15. The energy source was a very-
low-inductance 238 pF, 35 kV, 145 kJ capacitor bank (C). The switch
(S) consists of two electrodes separated by two sheets of Mylar insulation
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and triggered by a Blumlein-driven aluminum strip positioned between
the Mylar sheet. The charged capacitor bank is connected to the foil of
the switch, which has an inductance of Ly and a resistance of Ry (which
undergoes significant changes during the experiment), through a parallel
plate transmission line. The inductance L; and resistance R; include the
inductances and resistances of the capacitor bank and the transmission line,
as well as the ballast inductance used to restrict the short circuit current
to about 800 kA. The probe 77, which was placed in a tunnel in the copper
conductors of the transmission line, was used to measure both the current
and the rate of change of current within time.

When the switch S is closed at time ¢ = 0, the foil voltage V; can be
found by solving the equation:

dl
Vi = Ry l; +Lfd—tf, (7.2)

where Iy is the current in the foil. The voltage was measured with a
self-integrating Pearson-type Rogowski coil, by measuring the current in
a high-resistance copper sulfate resistor connected to the foil. Calibration
data were obtained by measuring the current discharged from the capaci-
tor through a foil that is much thicker, but of the same length and width
as the foil used in the switch. The foil inductance L; was then found by
solving Eq. 7.2, assuming that the resistance R; remains constant. To en-
sure good electrical contact and precise geometry, the foils were firmly se-
cured between copper mounts and encapsulated in a plastic cassette, which
was surrounded under pressure by 100 pm beads at the center of a glass
fiber/glass bead assembly. In Fig. 7.16a, a foil resting on the lower section
of the glass bead packing prior to an experiment can be seen, and in Fig.
7.16Db, the characteristic two-layer split produced in the foil after it has va-
porized and reformed, where the upper layer was slightly displaced, can be
seen. In both figures, the upper section of the glass bead packing is absent.

Experimental Results

The broken curves in Fig. 7.17a represent the experimental results for the
time variation of the current discharged from the capacitor bank, when the
current is discharged into three 17-pum-thick copper fuses having different
widths and lengths. Table 7.1 summarizes the main parameters of the test
circuits, as well as those used in a similar experiment with a 25.4 um thick
foil.

The current profile for the three foils are quite different, as are the results
for the variations in the rate-of-change of foil current and the foil voltage
shown in Figs. 7.17b and 7.17c, respectively. The corresponding variations
in the specific action are shown in Fig. 7.17d. The values of the specific
action are in good agreement with those obtained in other experiments,
ie., 1.27x10'7 A?m~*s [7.3]. The liquid and gaseous phases of the foil
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FIGURE 7.16. Foil on assembly base: (a) before experiment and (b) after exper-
iment.

can clearly be seen in the curves in Fig. 7.17e, derived for the increase in
dynamic resistance ratio with time for the foil I experiment. The dynamic
ratio increases as the specific deposited energy characteristics for the three
17 um copper foils coalesce into the single curve shown in Fig. 7.18, which is
a phenomena that has been observed in other experiments using aluminum
[7.4,7.5].

Foil Model

It is well known that the behavior of an exploding foil depends on a number
of parameters including the dimensions of the foil [7.5-7.8], the time profile

Foil I 11 Im  1v

Copper Foil Thickness (um) 17.0 17.0 17.0 254
Width (cm) 28 18 0 18

Length (cm) 12 11 11 12

L; (nH) 8 353 353 86
R, (mQ) 358 320 3.20 3.50
L; (nH) 20 35 35 20
R;(0) (m) 043 062 123 045

Vo 200 150 145 200

TABLE 7.1. Parameters of exploding-foil experiments.
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FIGURE 7.17. Results of EF-3 experiments corresponding to foils described in
Table 7.1: (a) currently, (b) rate of change of current dI;//dt, (c) foil voltage, (d)
specific action, where + indicates burst time values, and (e) dynamic resistance
ratio expressed as log(foil resistance/initial foil resistance) for foil 1. The lines (-
- -) are experimental and (—) are theoretical.
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FIGURE 7.18. Variation of dynamic resistance ratio with specific deposited en-
ergy for 17 and 25 micron foils.

of the current [7.8], and the confining medium. In particular, Fig. 7.18 shows
that although the characteristics of the 17 pm and 25.4 pm foils have the
same general shape, that of the former reaches the same resistance ratio
at a lower deposited energy. A similar phenomenon has been observed in
aluminum foils [7.7].

The results presented in Fig. 7.18 for the two foil thicknesses were incor-
porated into a computer model to predict the experimental behavior of the
foils. This model is valid for the range of foil widths and lengths used in the
development of fast opening switches required by the FLEXY I. For the
purposes of comparison, the calculated results for the 17 pm foil are added
as the solid line curves in Figs. 7.17a~7.17e. In addition, the computed and
measured current and voltage profiles of the 25.4 pym foil, described in Ta-
ble 7.1, are presented in Fig. 7.19. In Figs. 7.17 and 7.19, it can be seen that
the computer model is accurate in predicting the measured characteristics
of the foils.

7.8.2  Magnetic Fluz Compressor/Opening Switch
Ezpertments

Having established the accuracy of the computer model, it was used to
predict the experimental behavior for a 17 pm exploding foil driven by the
helical eight section coil flux compressor, i.e., FLEXY I describe previously.
However, as a result several improvements made in the construction of the
generator, the output has been raised from 1 to 2 MJ.

Figure 7.20 shows the equivalent circuit of the generator used in the
experiments. Capacitor C provided the prime energy to the MCG when
switch S; was closed. The generator was subsequently self-crowbarred by
switch Sg at t = 0, so that the energy was delivered to a single-turn load coil
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FIGURE 7.19. Comparison of experimental and predicted current and voltage
for 25 pm foils. The lines (- - -) are experimental and (—) theoretical.

Parameter F3 F4
Iy (kA) 50.46 50.03
L, (nH) 40 42
L, (nH) 6 11
Foils No. in Parallel 4 2

Thickness (pm) 17 17
Width (cm) 60 52
Length (cm) 25 42

TABLE 7.2. Parameters for MCG/exploding-foil experiments.

with inductance L; through a parallel-plate transmission line with induc-
tance L;. The circuit also includes the laterally pressurized explosive-foil
switch, in which parallel connected copper foils are separated by three lay-
ers of polythene faced sheets of Mylar insulation having a total thickness
of 760 um. The currents and their rate of change with time were measured
by means of probes. The main circuit and foil data for the two experi-
ments conducted are summarized in Table 7.2, and the experimental test
arrangement at the firing site is presented in Fig. 7.21.

The results of experiments with FLEXY F3 and FLEXY F4 generators
are presented in Figs. 7.22a and 7.22, together with the results of an ear-
lier test with the lower performance FLEXY F1 generator with no load
in the circuit, i.e., Ly = 0 (presented in Chapter 6). During the first 100
us, the load parameters, including the foil resistance, do not significantly
affect the operation of the generator, which means that a valid comparison
can be made with results obtained in different experiments. The improved
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FIGURE 7.20. Equivalent circuit diagram for MCG-exploding foil experiment:
R, and L, are the resistance and inductance of the MCG, respectively, L; and
L; are the inductance of the transmission line and load, respectively, where L.
includes the foil inductance, and Ry is the fuse resistance.

FIGURE 7.21. FLEXY F3 and foil on the firing pad.
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FIGURE 7.22. FLEXY-foil test results: (a) current Iy and (b) rate-of-change
of current with time dI;/dt. Result F1 is from a FLEXY test without a foil
(presented in Chapter 6) and is given for comparison.

performance of the FLEXY F3 and F4 generators and the excellent re-
producibility of their output before the increasing foil resistance becomes
significant can be seen in Fig. 7.22b.

In order to fit the experimental data to the theoretical predictions, it
is necessary that the mathematical function that describes the change in
the resistance of the generator with respect to time be modified (7.9, 7.10].
This modified function and the corresponding calculated changes in induc-
tance and the time rate of change of inductance and their variations, are
presented in Fig. 7.23 for a period of 160 us. The results of the two experi-
ments with the FLEXY F3 and F4 were analyzed using the data presented
in Fig. 7.18. In Fig. 7.24, the experimentally measured foil voltages were
compared with their calculated values. Although there is good agreement
at the burst times, the foils “restrike” early in the vapor phase and at much
lower voltages than expected. The maximum restrike electric field in both
experiments was about 1.2 kV/cm, which is much lower than the expected
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FIGURE 7.23. Time varition of MCG parameters, where R, is the resistance
(fitted to the experimental data) and Ly and dL4/dt are the inductance and rate
of change of inductance with time (calculated), respectively.

3 to 4 kV/cm that could be sustained by the glass bead/glass fiber sur-
rounded foils used in the capacitor powered experiments. Further capacitor
powered experiments with a scaled down version of the foil package used in
the MCG experiments with the same polyethylene-faced Mylar insulation
confirmed that electric fields exceeding 3 kV/cm could be sustained.

A major difference in the experiments using the capacitor bank and the
MCGs is that the rate at which specific energy is deposited in the foil
between the melting and vaporizing phases is between 2 and 5 MJ/kg us
in the capacitor-powered experiments and only 0.4 and 0.8 MJ/kg us in
the MCG-powered experiments. The lower restrike electric fields observed
in the latter case are thought to be due to differences in the thermal and
hydrodynamic behavior of the foils in the vapor phase. Similar low restrike
fields, i.e., 1.16 kV/cm, were observed in the early Laguna foil experiments
[7.11] using the Mark IX flux compressor [7.10]. As is shown in Fig. 7.25, the
predicted results using the code in [7.9] and an adjusted generator resistance
[7.10] were in excellent agreement with the measured results until the foil
was vaporized. After the foil vaporized, as in the experiments conducted
with the FLEXY generators, the calculated maximum voltage was much
higher in value than that which was measured. It has been suggested in
[7.12] that to accurately model the post-burst phase, a complex code based
on atomic data must be used.

7.8.8 Opening and Closing Ezploding Foil Switches
Opening Switches

Simple foils are possibly the most useful devices for the pulse sharpening
required during the initial opening stages of a conditioning circuit, when the
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FIGURE 7.24. Foil voltage during MCG and exploding foil experiments: (- - -)
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FIGURE 7.25. Foil voltage and load current for the LAGUNA foil experiment
[7.11]. The lines (- - - ) are experimental and (—) theoretical predictions using
the LU theory with data from [7.10].
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specific energy input rates are high. They are less effective when the input
rates are low. Explosively formed foils (EFFs) can be used to overcome
this difficulty by forcing a thick current-carrying conductor into insulator
grooves to form thin conductors that act in a similar manner as conventional
foils. This enables the EFF to control the instant at which the circuit is
opened. However, a complex triggering circuit must be used to initiate the
explosion, which further complicates the use of the MCG [7.13].
Exploding foils are simple, operate automatically, and give reproducible
results. The inherent deterioration in performance at low rates of specific
energy input can be minimized by using multiple stages of thin opening
fuses. Automatic conditioning circuits using opening and closing exploding
foil switches can be designed for a wide range of input current profiles.

Closing Switches

The most difficult problem associated with using conditioning circuits that
employ closing switches is synchronization. In capacitor powered experi-
ments, the optimal time for closure can be established by performing pre-
liminary tests, but this is not practical in single-shot MCG experiments.
One possible solution is to use dielectric switches that have a preset break-
down voltage [7.14], but significant difficulties arise in high-current and
low-inductance systems. Surface tracking switches are another possible so-
lution, although at present there are a number of unresolved difficulties
that arise because of their dependence on the polarity profile of the switch
voltage [7.15]. The most practical solution is to use an explosive foil switch,
which does not require synchronization, since it operates automatically once
its correct dimensions have been established.

In Fig. 7.26, a circuit diagram is presented in which the explosive foil
is used as both an opening and a closing switch, the latter consisting of
an assembly of parallelly connected, small dimension aluminum bridges, as
shown in Fig. 7.27a, connected in series to a main copper foil. The geom-
etry of the small bridges enhances their explosive action, by an effect that
is probably similar to that used in detonics for shaped charge devices. The
dimensions of the bridges are such that they burst when the current flow-
ing through them is near its maximum. They subsequently penetrate the
insulation between them, with the following conditioning stage introduced
into the circuit just before the main foil completely vaporizes.

The bridges were made by removing sections from a 100 ym aluminum
foil, thus leaving a number of strips that are 9 mm long and 5 mm wide
to carry the current. The action of the bridges is enhanced, by bending
them into a 2 mm wide by 2 mm deep slot milled into a 15 mm wide
insulator as shown in Fig. 7.27b. Brass electrodes are attached to each
side of the insulator to complete the connections between the foil and the
main stripline. Mylar sheets are used to insulate initially the fuse assembly
from an anvil connected to the stripline of the circuit, to which contact is
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FIGURE 7.26. Circuit using exploding foil opening (FOS) and closing switches
(FCS): R, is the resistance of the aluminum bridges and M is the insulator.

subsequently made. Explosive debris is released into a groove in the anvil,
while a 100 gm aluminum foil laid across it helps to maintain a low switch
resistance. In Fig. 7.27c, the results of the foil explosion on the switch
insulation, which is made from six sheets of Mylar having a total thickness
of 762 pum, can be seen.

The resistance of the closing switch (FCS) in Fig. 7.26 which introduces
the load with resistance Ry and inductance Lg, into the circuit is insignif-
icant relative to the other resistive factors in the circuit. After the action
of the closing switch, the system can be described by the following system
of equations:

dh _dly | d,

¢t dt = dt’ (7:3)
Iy _ L, (Vb—%) —IsR¢(Ly+ L) — 1Ry Ly + o Ry L, (74)
dt LiLy + Ly(Ls + Ly) ’ .
dly _ Ryly  Rely Ly dly (7.5)
dt Ly Ly Ly dt’ '
dQ
E - Il, (76)
aw _ I}R; )

dat T Mg



312 7. Experimental Methods and Techniques

FIGURE 7.27. Exploding-foil closing switch: (a) components, (b) diagram of
switch, and (c) components after explosion. The switch consists of 1 — Brass
foil-forming base plate, 2 — aluminum foil with five bridges, 3 — Mylar insulator,
4 — aluminum foil, 5 — brass anvil plate with groove, and 6 — insulator.
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Parameter Unit Value

Thickness  (pum) 17
Width (cm) 12
Length (cm) 10

L, (nH) 353
R, (mQ) 3.2
Ly (nH) 35
R;(0) (mf) 0.84
Lo (nH) 60
Ry (mQ) 1
Vo kV) 15

TABLE 7.3. Parameters of exploding copper foil switch experiments.

2
-dil- = I—f (7.8)
¢ S¥
where () is the charge released by the capacitor, My and Sy are the mass
and cross-sectional area of the fuse, respectively, A is the specific action,
and W is the specific energy deposited in the fuse.

Solving the above set of first-order differential equations using a FOR-
TRAN subroutine [7.16], the amount of specific energy deposited in the foil
was calculated at each time step of the solution. The data in Fig. 7.18 are
used to determine the corresponding resistance.

Experimental Results

The results of three identical experiments using the circuit in Fig. 7.26,
together with the results of theoretical predictions, are presented in Fig.
7.28. The main parameters for the experiments are given in Table 7.3.

In Fig. 7.28a, it can be seen that the reproducibility of the operating time
is good, where in two of the cases the fast closing switch (FCS) functioned
about 11.25 ps after the main switch S in Fig. 7.26 functioned and in the
third case the delay was about 11 ps. This small difference enables accuracy
with which the predictions made by numerical models describe the actual
switch behavior to be considered. The small jump in the rate-of-change
of current with respect to time, denoted by the arrow in Fig. 7.28b, which
was correctly predicted when the switch operated after 11.25 us, was absent
from both the theoretical and measured results when the switching occurred
after 11 ps. In addition, Fig. 7.28c shows that the maximum recorded foil
voltages can be closely predicted for both operational times.

It has been observed that when the current is interrupted before it
reaches its first maximum, both the computed and measured values of
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FIGURE 7.28. Results from exploding foil opening and closing switch experi-
ments: (a) foil current, Iy, and transferred currents, I3; (b) rate of change of foil
current, dIy /dt, and (c) fuse voltage, V;, where “e” is the maximum experimental
value for the 11 us experiment and “¢” is the maximum theoretical value for the
same experiment. The lines are (- - -) experimental and (—) theoretical.
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the maximum foil voltage exceed those predicted by earlier models [7.3],
whereas there is good agreement if the interruption occurs after the current
maximum. This is due to the influence of the nonlinear interaction between
the foil and the capacitor discharge on the behavior of the circuit, which is
significant when the interruption is early in the discharge cycle.

7.8.4 Faster Switching Techniques
Transformers

When an MCG drives a high-impedance load, an intermediate transformer
is required to match the impedance of the load to that of the generator.
It has been found that it is best to connect the load to the transformer
through a switch, which shapes the waveform of the power source and
applies a fast-rising high-voltage pulse to the load [7.17].

A transformer was developed on the basis of previous work described in
[7.17]. Both the primary and secondary windings of the transformer were
made from two 16.5-cm-wide copper strips and were laid side-by-side. The
interwinding insulation consisted of six layers of Mylar having a thickness
of 125 pm. The strip used in the 25-cm-diameter single-turn primary had
a thickness of 500 pm, while that used in the six-turn secondary had a
thickness of 51 pym. The secondary turns were thermally bonded between
Mylar foil having a thickness of 50 pm and coated with polyethylene having
a thickness of 100 pm. Additional layers of the same material were used to
separate the turns by about 600 pm.

The equivalent circuit for an experiment in which the above transformer
was connected in series with a foil is presented in Fig. 7.29. If I; and I
are the currents in the primary and secondary turns, respectively, then the
behavior of the overall system after closing the solid dielectric switch (SDS)
can be predicted by using Eqgs. 7.6-7.8 and the following equations:

dl

1 dl,
'—d-t— = M ((L2 + Ls)E + R212> (79)

and

i, MRt RpL - L'Roly = M (Vo - @)
dt L*(Ly+ L) — M? ’

(7.10)

where Iy in Eqgs. 7.7 and 7.8 is replaced by Iy and L* = Ly + Ly + Ly,
The primary, Ly, and secondary, L, inductances of the transformer and
the primary/secondary mutual inductance, M, can be calculated in the
following manner. A typical view of a helical transformer is presented in
Fig. 7.30. If initially a transformer that has a 2:1 turn ratio is considered,
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FIGURE 7.29. Equivalent circuit diagram for transformer-fuse experiments. SDS
is the solid dielectric switch.

I,

then, to calculate the inductance, it is assumed that the single-turn primary
winding is a cylinder and that the secondary winding is two cylinders having
radii equal to the minimum radii of the two winding turns in the actual
transformer. The field distribution, H,(r,z), in the z-direction inside the
cylinder, which has a length !, radius a, and carries a current I, is [7.18]

Hir) _I_/" 1— KcosW
22 = i Jy \T+K2—2Kcos ¥

1-2'
x - (7.11)

[y2(1 + K2 — 2K cos W) + %ﬁ] :

1+2'
+ + = | av,
2

[12(1+ K2 — 2K cos W) + 022

where y = a/l, K = r/a, and Z' = Z1/2. The inductance of the primary
winding can be found by integrating Eq. 7.11 over the surface of the cylin-
der, i.e.,

L,= ’—‘IR /0 omH,,(r, 0)rdr. (7.12)

Relative simple approximations for H,(r, 2) enable Eq. 7.12 [7.18] to be
integrated, but it is normally solved numerically. The mutual inductance,
M5, between the two concentric cylinders can be calculated from
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FIGURE 7.30. Diagram of a helical transformer.

a1
My =5 / orH! (r,0)rdr, (7.13)
Iy Jo

where a; is the radius of the inner cylinder, I is the current in the outer
cylinder, and H](r,0) is the magnetic field that is generated by the current.

In general, the inductance of a multiturn secondary winding represented
by m concentric cylinders is

L, = ZL,- + E M;;, (7.14)

where L; is the inductance of the i** secondary cylinder and M;; is the
mutual inductance between the it* and j** cylinders. The primary-to-
secondary mutual inductance is

Mps = ZMpi, (715)
=1

where M,,; is the mutual inductance between the primary and the ** sec-
ondary cylinder.

The above transformer model was validated experimentally using data
from [7.17]. The main parameters of the circuit in Fig. 7.29 calculated with
the model are presented in Table 7.4. The theoretical mutual inductance is
M; and the measured inductance is M,.
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Device Parameter Value
Transformer L, (nH) 180
L, (uH) 5.9

M, (uH) 0.98

M, (uH) 0.88

Copper Foil Thickness (um)  25.4
Width (cm) 7

Circuit Parameters  Length (cm) 18.3
L. (nH) 141

R, (m2) 2.7

Ry (mf) 177
Ly (nH) 40

L2 (nH) 100
Ry (Q) 30
Vo (kV) 12

TABLE 7.4. Parameters for transformer experiment.

The solid dielectric switch (SDS) in the secondary circuit of the trans-
former contains a 305 mm? polythene film with a thickness of 1.59 mm.
There are a number of 0.75 mm indentations in one side of the film. The
switch breakdown voltage between the circular electrodes is 70 kV.

The calculated and measured results obtained from an experiment in
which the crowbar switch S; remained open are presented in Fig. 7.31.
From Figs. 7.31a and Fig. 7.31b, it can be seen that the model proposed
above determines most of the circuit parameters accurately, although in
Fig. 7.31c, the rate-of-change of the secondary current is predicted accu-
rately only for the very short time period prior to electrical breakdown.

7.8.5 Optimizing Exploding Foils

A high voltage must be developed by the exploding foil if it is to drive a
transformer-based power conditioning system. Although the parameters of
exploding foils that can generate voltages up to six times that of the initial
capacitor voltage can be determined experimentally, this is not practical
because it is time consuming, costly, and may potentially damage the ex-
perimental circuits. A preferred approach is to use theoretical models of
the exploding foils and the experimental results obtained for the 17 ym
foils discussed earlier. The parameters of these foils are summarized in Ta-
ble 7.5, when C = 238 uF, L; = 86 nH, R; = 3.0 mQ, Ly = 20 nH, and
Vo = 20 kV for the circuit in Fig. 7.26. The objective of this study is to
optimize the exploding foils provided the maximum current is not less than
600 kA. The calculations in Table 7.5 show that the for each width there
is an optimal length which gives the maximum voltage.
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FIGURE 7.31. Results of transformer experiments: (a) primary current, I1, and
rate of change of current, dI;/dt, (b) foil voltage, V;, and (c) rate-of-change of
transferred current, dl2/dt. The lines are (- - -) experimental and (—) theoretical.

Width Optimal V 1 dI/dt

Length
(m)  (em) (kV) (kA) (TA/s)
15 22 100 600 1.00
16 30 116 600 1.15
17 40 122 606 1.20
18 39 119 624 1.16
19 40 116 640 1.12
22 38 98 691 0.96

TABLE 7.5. Maximum circuit voltages and currents for 17 micron foils.
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Vo (KV) tat Vy, (us) dl;/dt (A/s)
222 (1.48 KV /cm) 125 —9 x 101

TABLE 7.6. Foil performance data.

In order to check the model predictions, while protecting the system,
an experiment was performed using foils that were 22 c¢cm long, 17 cm
wide, and 17 pm in thickness. The foils were connected to the capacitor
bank presented earlier with an initial voltage of 17 kV. The theoretically
predicted maximum voltage of 78 kV agreed well with the corresponding
measured voltage of 82 kV, and the predicted maximum value of the rate-
of-change in current with respect to time of —0.78 TA/s was also in good
agreement with the measured value of —0.75 TA/s. It is important to note
that when optimized exploding foils are used in switching experiments, the
foils do not generate voltages greater than 80 kV, and thus, do not damage
the capacitor bank circuits. Experiments using transformers need to be
conducted by using a crowbar technique to protect the power system.

Crowbar Switching Techniques

The insight gained by investigating flux compressor/exploding-foil circuits
led to a novel method for increasing significantly the value of the nega-
tive voltage derivative in the output of the power conditioning circuit of
Fig. 7.29, when powered by an MCG rather than by a capacitor bank. If
the foil and transformer circuit are crowbarred by switch Sy, when the foil
voltage has reached its maximum value, then the final stage of the circuit
is effectively disconnected from the MCG and the early stages of the con-
ditioning circuit operation. The current in the primary circuit will remain
approximately the same, but its rate of change with time will become more
negative due to the reductions in the total circuit inductance. The crow-
barring can be provided either by the armature cone of the MCG or the
exploding foil closing switch.

To illustrate the crowbar technique, the dimensions of a foil that yields a
maximum voltage of V,,, at 2 MA of current were calculated on the basis of
the FLEXY I MCG given in Chapter 6 and in [7.9] and the 17 pm foil data
in Fig. 7.18. The foil cross section is the same as that used in the F3 test
in Table 7.2, but the length was increased by a factor of six. The foil per-
formance results are presented in Table 7.6, and were somewhat surprising,
since the 17 kJ/cm3, i.e., a total energy of 1 MJ, energy density dissipated
at the maximum voltage is only about one-third of that expected in ca-
pacitor bank experiments to fully vaporize the foil. This also demonstrates
the ability of the MCG to deposit large quantities of energy into a resistive
load.

Figures 7.32a and 7.32b present results predicted for the transfer of cur-
rent and the foil voltage in the circuit of Fig. 7.29, when crowbarred but
using an MCG as the power source. Figure 7.32c shows that the effect is
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FIGURE 7.32. Predicted waveforms for FLEXY-foil conditioning: (a) FLEXY
current, I1, (b) foil voltage, V, and (c) rate-of-change of FLEXY current, d1 /dt.

to increase the negative rate of change of current to a maximum value of
—3 TA/s, which is ample for operating a plasma erosion opening switch
(PEOS) connected in the secondary circuit. A foil closing switch (FCS)
can serve to connect and close the secondary before the foil voltage has
achieved its maximum value.

In summary, both theoretical and experimental data on the performance
of foils used in opening and closing switches over a wide range of condi-
tions have been examined. Both capacitor banks and MCGs were used to
drive the power conditioning circuits in which these switches were used. In
particular, attention was focused on the increase in the resistance ratio as
energy is deposited into the foil. It was found that thinner foils required
less energy for the same dynamic resistance ratio. It was also found that
the reduced rate of energy input by an MCG, as opposed to a capacitor
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bank, resulted in a reduced voltage generated in the foil. In addition, it was
found that both opening and closing switches can be used in simple power
conditioning circuits of both capacitor banks and MCGs. These condition-
ing circuits operate automatically and provide very sharp output current
and voltage waveforms. In particular, by predicting the performance of the
output conditioning circuits for an MCG using the techniques described
in this section, followed by experimental tests with capacitor banks, the
probability of a first time firing success can be maximized.

7.4 Magnetic Coupling between MCGs

When using MCGs at remote sites, where capacitor banks are unavailable
to provide their seed fields, energy multiplication is required, to enable the
experiments to be energized by low-power sources such as batteries [7.19,
7.20] or permanent magnets [7.21, 7.22]. The maximum energy multiplica-
tion that can be achieved from a single generator is thus of considerable
importance. It is shown later in Section 7.5, that if the maximum energy
multiplication factor, k, is related to the global energy efficiency, 7, by

A = nk, (7.16)

then A, which is termed the activity, is < 100 for the state-of-the-art gen-
erator designs. One of the highest values of k reported in the literature
is about 1000 [7.23], which was obtained with only about 4% of the en-
ergy stored in the explosive charge being converted into electrical energy.
Equation 7.16 confirms that for values of A limited by present technology,
very high values of k are only possible if the generator efficiency is very
low. In practice, this would require an unacceptably large generator, with
a correspondingly large quantity of high explosive.

To attain the increased energy multiplication required for many applica-
tions (10*~10° or higher), it is necessary that inductive coupling between
cascaded generators be introduced. One common method for doing this
is to use air-cored transformers [7.24], while another is to use a dynamic
transformer (also called the fluz-trapping method) [7.22, 7.25, 7.26]. From
a practical standpoint, air-cored transformers are preferable at high en-
ergies and dynamic transformers at lower energies [7.27-7.30]. Initially, it
was believed that opening switches had to be used in the input circuits of
transformers [7.30], and only recently has it been shown that the presence
of these switches is not so important [7.22, 7.25, 7.26]. While most experi-
mental work has been done at low energy levels (kJ) [7.19, 7.21, 7.22, 7.25,
7.26, 7.28, 7.30-7.35], some high energy (MJ) experiments have also been
conducted [7.25, 7.36].

Dynamic transformers have also been used in the production of high
current pulses with short rise times [7.37, 7.38], and, related to this, the
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generation of very high voltage pulses for special applications [7.39]. Effi-
cient use of opening switches, such as the exploding foil switch, requires
that the current pulse risetime should be less than about 20 us [7.40], which
is not achievable with most booster generators. When two generators are
cascaded through a dynamic transformer, the load current begins to rise
only after crowbarring of the second faster generator, so that the required
compression time of the output pulse is achieved.

The complexity of dynamic transformers has prevented the development
of simple numerical codes. In this section, a complete numerical model
for a helical dynamic transformer, called FLUXAR, will be presented. In
addition, examples of its use to feed energy into an MCG by either AC or
DC excited internal coils, with and without opening switches in its circuit,
or by permanent magnets are examined.

7.4.1 The FLUXAR System

The FLUXAR system in Fig. 7.33 was developed at Loughborough Univer-
sity. The first generator is fed by a low-energy seed source and the genera-
tors in the cascade are coupled to each other through dynamic transformers.
Alternating or pulsed (AC) or direct (DC) current seed sources can be used,
and they can either be coupled directly or inductively to the first generator
of the FLUXAR chain. The advantages and disadvantages of both methods
are described later.

In a single FLUXAR stage, the primary of the transformer (which is the
load of the previous stage) forms an outer coil into which the generator
is introduced, with the secondary winding being the helical coil of the
generator. The operation of a stage can be divided into two distinct phases,
which are discussed below.
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Phase A: Injection and Capture of the Initial Field

If the seed source of a FLUXAR stage primary is either an alternating or
a pulsed source, then an EMF is generated between the crowbar and the
armature of the generator. If no steps are taken to limit this by design
or to insulate the crowbar electrode (or even omitting the crowbar), then
this may cause a premature closure of the secondary circuit, causing the
generator to fail.

The diffusion of an outer magnetic field into a hollow conductor and the
decay of the field within a hollow cylinder are modeled by the equation

H = Ho exp (—é) , (7.17)

where Hj is the initial magnetic field. For the majority of the FLUXAR
systems, the characteristic diffusion time is approximately [7.25]

1
7= 4 (ra =73)(ra +7a)Ko00, (7.18)

where 7/, and r, are the internal and external radii of the armature and
and og are the magnetic permeability and electrical conductivity, respec-
tively.

For most systems with a copper armature, the diffusion time is of the
order of milliseconds, which is why, with short pulses (tens of microseconds),
a circular #-current distribution is produced on the surface of the armature
to mirror that in the outer (primary) coil. The geometry and equations
that govern the action during this phase are similar to those used by Miura
[7.18] in a #-type flux compression experiment. When the armature makes
normal contact with the crowbar, which is usually synchronized with the
peak current in the outer coil, Phase B of the FLUXAR system begins and
the trapped (or captured) seed magnetic flux remains in the generator for
tens of microseconds.

Phase B: Creation of Field in the Next Stage

Because a larger number of turns are used in the secondary circuit of the
transformer (the helical coil of the next generator) than in the primary, the
magnetic flux trapped in the secondary circuit is much greater than that
in the primary circuit. This leads to the somewhat misleading term fluz
multiplication, since two different circuits are involved. It should be noted
however that the magnetic energy captured is less than that stored in the
outer coil, so that the flux multiplication is always accompanied by a loss
of energy.

Coupling between the helical coil of the generator and the outer coil is
maintained if an opening switch is not included in the first circuit. However,
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no coupling exists between the outer coil and the armature, since it can be
viewed as being inside a metal cage formed by the helical coil. Owing to the
millisecond time decay of the trapped field, it does not decay significantly
during the tens of microseconds of Phase B. Because the load current is
zero at the beginning of Phase B, the only important source of EMF is the
armature movement through the magnetic field. When the source field is
permanent magnets, this is the only source of EMF. This source of EMF
continues to play a major role if a crowbar is present, by delaying the
shorting of the helical coil. On the basis of the 2D model developed in
[7.41] and presented in Chapter 6, the normal generator EMF term in
Phase B coexists with three additional EMF terms. One of these is due to
the coupling of the armature with the captured magnetic field described
above, and the other two to the transformer coupling between the outer and
the helical coils of the generator. It should be noted that two #-distributions
of current are now superimposed on the armature, one that mirrors the
currents in the outer coil and the other that in the helical coil. The sense
in which the superposition occurs is clearly important during the initial
stages of operation of the generator. If the generator has a coaxial part,
both components disappear during the final coaxial stage of operation of
the generator.

If the load of the generator is the outer coil of the next generator stage,
a magnetic field and a corresponding f-current distribution are set up in
the armature in the next generator. Operation of the FLUXAR system
continues by crowbarring and then capture of the field in this stage, and
so on along the chain of generators. As is evident from Fig. 7.33, synchro-
nization of the system is automatic and the common explosive charge is
initiated only once. This is a characteristic of the Z-type system geometry
[7.22, 7.26, 7.28, 7.30, 7.35]. The 6-type geometry, in which the outer coil
is simply a single turn coil fed by the previous generator through a parallel
plate transmission line, has also been used, but initiation of each generator
must be synchronized with the others in the chain (7.19, 7.32-7.34,7.36]

7.4.2 FLUXAR Working Equations

The analysis below uses the same 2D model and notation used in Chapter 6,
where the superimposed magnetic flux densities are produced, respectively,
by Z- and 6-directed currents. According to this model, the armature and
both coils of the transformer are decomposed into the same number (N)
rings for convenience. Such filamentary models have successfully been used
to model flux compression [7.18] and electromagnetic launchers (7.42].

The complete equivalent circuit diagrams for a FLUXAR stage in both
Phases A and B are presented in Fig. 7.34a and 7.34b. The working equa-
tions for each phase are now presented.
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Phase A: N + 1 Equations

The equations that describe the Z- (for the outer primary coil) and 8- (for
the armature rings) circuits in Phase A of the dynamic transformer are,
respectively

e(t) = L I, E 312 (7.19)
OC dt 21 dt *
and
dI dIl
/] 1 0 16
0=L;—- 3t + M;, dt ( ij dt>+R’I“ (7.20)

J?“

where ¢ = 1,2,...,N, L}. and R}, are the inductance and resistance of the
outer coil, respectively, M} is the mutual inductance between an armature
ring and the outer coil, L and R{ are the inductance and resistance of an
armature ring, Mf}- is the mutual inductance between two armature rings,
and

1
e(t) = (t) -Vo+ L d;; + R I}, (7.21)
if a capacitor bank with capacitance C and initial voltage V; provides
power to the outer coil of the first generator of the FLUXAR chain. The
charge released to the circuit is Q(t), where dQ/dt = I} and the subscript
t denotes the transmission line. Since there is no armature movement, all
the inductances in Eqs. 7.19 and 7.20 are constant.
When one generator feeds the outer coil of the next generator in the
chain, then

d11 dr!
1—
elt)y=—|L, g7 + —= 7

—ZI}+RLI}|, (7.22)
where L includes both the armature Z-current inductance and the helical
coil inductance. Solving Eqgs. 7.19 and 7.20 for the initial currents I1(0) =
I?(0) = 0, one obtains the initial values of the current for Phase B of the
transformer: i.e., I1(1) and I¢(1), where i = 1,2, ..., N.

Phase B: N+2 Equations

By analogy with the equations for a simple helical generator, the equations
that govern the transformer (neglecting interaction with the armature of
the next stage) during Phase B are
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dI} drz  dm.
e(t) = Lho—= + Mup—Z + — I+ Ry I, (7.23)
a2 & dr®  dm2 dL?
L2_z M2- 1 21 Ia R2 I2 7.94
7 dt +§( = dt dt )+(’ dt (7.24)
dI} dMi, , a2, ,
Myg—=2 + —2211 == I
+Mi2 dt +— dt z ( Ocdt +R0cz ’

and

ar}  (dL? o 0If  dM
0 = L?—+< +R9)19+Z[ +—2LI7| (7.25)

todt dt e dt
J#i
d12 dM? dM
M2 12 12 12 Il 1
+ 2z dt dt ( )

where the superscript 2 is for the secondary Z-circuit [helical generator coil
and the second outer coil (load) circuit], L2 = LZ + L%, L? and L? are the
inductances of the helical coil and the (Z-current) armature, respectively,
the mutual inductance between the primary and secondary circuits is

N
M12 = Z M,;j (7',;6,7'?6, d,;j) ’ (726)
3,j=1

?C and r{ are the radii of the jth ring of the outer coil and the ith ring
of the armature of the second generator helical coil, respectively, d;; is the
axial separation between the two rings, and M2 is the mutual inductance
between the ith armature ring and the helical coil of the second genera-
tor. In Eq. 7.24, it can be seen that in addition to the normal generator
terms, there are two further terms related to the coupling (M;2) with the
outer coil. In Eq. 7.25, the supplementary term dM}, /d¢I}(1) accounts for
the coupling of the sth armature ring with the trapped magnetic field,
rather than B;(1)ds;(t)/dt or 2nB;(1)r#dr?/dt, where B;(1) is the magni-
tude of the trapped magnetic field in the region of the ith armature ring
and the ring is expanding with a rate-of-change of surface ds;/dt or veloc-
ity v; = drl/dt. In many cases, the extremely small radial variation of the
external coil induced magnetic field intensity in the armature region can be
neglected, so that B; is constant. Very accurate calculations of B; can be
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FIGURE 7.35. -current history (Phase B only). Time measured from first gen-
erator crowbar.

made by adding the contributions of all the rings (both coil and armature)
and using the technique proposed by Miura [7.18] and Novac [7.41]. Time
variations in the self and mutual inductances of a typical generator were
addressed by Novac [7.41], with the exception of M5 presented in Fig.
7.34c.

7.4.8 FLUXAR Techniques and Performance

By way of example, the results of the analysis presented above will be ap-
plied to a FLUXAR stage using the MCG described in [7.41] and presented
in Chapter 6. This will enable one to study the relative gain that can be
achieved in using different techniques to inject the same initial magnetic
flux into a generator. The outer coils of a stage of the FLUXAR. system
presented in Fig. 7.33 has a length of 0.5 m, an inside diameter of 74 mm,
and a pitch of 160 mm, which gives a total inductance of about 100 nH.
The time history of all the currents in this stage are presented in Figs.
7.35 and 7.36 with the initial f-current at the beginning of Phase B on the
left-hand-side of Fig. 7.35.
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FIGURE 7.36. Z-circuit currents for dynamic transformer (Phase A and B). Time
measured from first generator crowbar.

Opening Switch

The influence on the relative gain of the opening time of a switch inter-
rupting the current in the outer coil is shown in Fig. 7.37, and the time
variation of the currents when the opening time is chosen to give the max-
imum gain are presented in Fig. 7.38. To model this effect once the switch
has been opened at time t = t,, Eq. 7.23 and the term M;2dI}/dt in Eq.
7.24 are discarded. Since the total flux in the generator has to be conserved,
the term I3 (t;)dM2/dt remains, with I (t;) being the value of the current
at the instant the switch begins to open. This term can by replaced by
Zf’: 1 27 B;(t,)ridr} /dt, which represents further compression of the exter-
nally produced (trapped and slowly decaying) magnetic field.

In Fig. 7.37, it can be seen that, even with the optimal switch opening
time, the relative improvement in the final magnetic flux for this partic-
ular system design in only about 12%. Taking into account the technical
complications that are involved in adding opening switches, they are only
useful with high efficiency systems in order to restrict the number of stages
needed and to minimize the amount of explosive required and the overall
mass of the system.

Premature Crowbarring

The influence of electrical breakdown between the crowbar and armature,
which prematurely closes the secondary (generator) circuit, on the final
performance of the system must be taken into account. Once breakdown
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FIGURE 7.37. Gain in final load current (relative to a capacitor bank direct
feed case) provided by an opening switch in first circuit. Time scale from second
generator crowbar. Peak value corresponds to figure given in Table 7.7.

has occurred at time ¢ = tg, Eqgs. 7.19 and 7.20 of Phase A are interchanged
with Eqgs. 7.23-7.25 of Phase B, where, because the second generator is still
unaffected by the explosive, all self and mutual inductances are constant
and where I1(1) = I}(tg) from Eq. 7.25 now represents the current in the
outer coil at the moment that breakdown occurs.

The results for the case of breakdown are presented in Fig. 7.39. Most
generators achieve the maximum value for dI}/dt at the moment the cur-
rent I} is about 70% of its peak value. Maximum voltage (given by M;,dI}/dt)
is then generated in the secondary circuit, which most likely occurs at the
moment breakdown occurs. The time history of the generator currents re-
sulting from breakdown are shown in Fig. 7.40. The effect this has on the
primary current, I}, shown in Fig. 7.40, can be explained by considering
that, after the breakdown has closed the secondary circuit, the coupling
factor between the outer coil and the secondary generator (k;2) changes
rapidly from a low value (due to poor coupling with armature alone in
Phase A) to the characteristic high value of Phase B (due to the strong
coupling with the helical coil). The reflected value of the load inductance
seen by the first generator, L} ., = L} (1 — k%), is thus lowered by the
breakdown and an increase in the current I, occurs.

Another interesting feature is related to the generation of a premature
small reversal in the current I 3, which begins to be cancelled once the
armature cone makes contact with the helical coil and begins to short out
the turns (Fig. 7.40).
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FIGURE 7.39. Relative final load currents obtained with electrical breakdown
causing premature closure of secondary circuit.
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FIGURE 7.40. Z-circuit currents for dynamic transformer with electrical break-
down closing the secondary circuit at maximum dI.;/dt. Upper window: I,; cur-
rent with (—) and without (- - -) breakdown. Lower window: effects of breakdown
on I,2 current: arrow shows initial armature/coil contact.

Seed Source and Coupling Circuit

The influence of the seed source and/or coupling circuit on the performance
of the generator also needs to be taken into account. Although these effects
are related to the first generator of the FLUXAR chain, the results are
applicable to any helical generator design.

The following seed sources are considered: capacitor banks (AC), bat-
teries (DC), permanent magnets (M), and direct (D) and inductive (I)
coupling through an outer coil. In general, a DC source is one that does
not induce circular currents in the armature, so that a source providing a
very long pulse (with a risetime of many milliseconds) is regarded as a DC
source for both direct and inductive coupling. Inductive coupling was also
investigated with an opening switch (O) in the outer circuit synchronized
for optimal performance and also as a superconducting outer coil (S). It
is assumed in all cases that the same amount of magnetic flux is injected
initially and captured by the generator, where the direct feed (AC and DC)
of the same generator with the same load was investigated.

The results of this investigation are summarized in Table 7.7, which
shows the improvements attained in the relative gain of the load current
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Source Coupling Improve- I} I? 1°(*) Relative
ments Gain in
Load Current
(kA) (kA) (kA) (%)
AC D - - 1.50 -1/35 0.0
I - - - - 2.0
(0] 55.6 00 -252 1.3
S - - - 2.6
DC D - - 1.57 0.0 35.1
- - - - 2.6
I 0 370 0.0 0.0 18.6
S - - - 3.0
M - - 0.0 0.0 44

TABLE 7.7. Comparison of the increase in load current obtained using various
generator excitation schemes.

over that when the direct feed is from a capacitor bank (cases AC-D). In
Table 7.7, the currents I}, I2, and I 9 are the initial current in kA, and
the * indicates the mean of the #-currents. For permanent magnets, the
equations used are the same as for a DC-I-O system, with the opening
switch time coinciding with the crowbar action. The axial distribution of
the magnetic field, B;(1) = B;(t,), at this instant was used to represent
the permanent magnetic field distribution.

The most efficient method for providing the seed magnetic flux is to use a
battery coupled directly to the generator (DC-D), and this also happens to
be the simplest method for a very low energy input. Using superconducting
coils does not offer any significant advantages, when the high costs of using
superconducting materials and coolants is taken into account, except in
outer space because of its ability to store very high energy densities.

The results obtained with permanent magnets are in good agreement
with those of Bojko [7.21], where the total conservation of magnetic flux of
71.11% is remarkably close to the 71.22% calculated using the 2D model.

7.4.4 A Case Study

In this section, the model developed above will be used to model a complex
FLUXAR system designed by Lyudaev [7.30]. Most of the required input
data are available, as well as sufficient experimental results to enable one
to validate the model used.

Phase A

In this phase, N = 112 equations are used to describe the armature 6-
currents and one to describe the Z-current through the first generator and
its load. The inductance of a helical coil, made from two different sections,
is
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current (MA)

FIGURE 7.41. Calculated (- - -) and experimental (—) Z-circuit currents for a
high-efficiency FLUXAR system [7.30]. Broken vertical lines show end times for
generator sections.

11
prii pri;

(7.27)

N
L,= ZM (r,,rj,d )

and the mutual inductance between the outer coil and the second generator
is

¥ N
1
Myp =YY Mi(rd*,r$, dij)—: l(,c —r (7.28)
=1 j=1 ]
where
N | N
p’rl’?c = _2_, 121,...,5’
N N .
c _ o J=1,..., 5 (first section)
rrh { &, j=4%,.. N (second section), (7.29)

represent the number of parallel wires in the section and M;; is the mutual
inductance between two coaxial rings [7.41]. Similar formulas can be derived
for M;, and other inductance terms. The total calculated initial inductance
is extremely close to the 0.9 pH reported by Lyudaev [7.30].

Examination of the generator design shows that it does not experience
either electrical breakdown or 27-clocking, so that only 1D magnetic field
diffusion needs to be taken into account when calculating the ohmic re-
sistance. Since the coils are made from the same type of conductors, the
proximity effect is approximated by a factor of 6.9 [7.43]. From Fig. 2 in
[7.30], the initial current is estimated to be 37 kA, and it is assumed that
the seed source is a capacitor bank. Examining the diagram of Lyudaev’s
FLUXAR system, it can be seen that the first generator does not have a
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FIGURE 7.42. Second generator armature §-current history (Phase B only).

crowbar, and therefore, the inductance of the generator at the moment the
armature touches the coil (¢ = 0) is only about 0.6 4H. Using the same rea-
soning, the §-currents induced in the armature prior to ¢t = 0, e.g., during
capacitor bank discharge, is calculated for the moving rings by using time
dependent inductances in Egs. 7.19 and 7.20. In Fig. 7.41, it can be seen
that there is excellent agreement between the calculated and experimental
Z-currents for the first generator (t = 0 up to t = 20 us), which confirms
that there are no unusual losses.

Based upon the above calculations, the currents induced in the armature
of the second generator at the end of Phase A were calculated. The position
of the crowbar of the second generator allows some movement of the arma-
ture before the beginning of Phase B (t = 20 us). Therefore, higher currents
are induced in the moving rings. The outer feeding coil covers only one-half
of the armature of the second generator and interacts strongly with only
one-half of the armature rings. Both effects contribute to the interesting
axial current distribution at the beginning of Phase B presented in Fig.
7.42.

Phase B

In this phase, 112 equations are also required to describe the armature
f-currents (Eq. 7.25) and one equation to describe the Z-currents (load
currents)(Eq. 7.24) together with a supplementary equation to describe
the outer coil circuit [Eq. 7.23 with e(t) = 0]. Calculations cease when the
armature/coil contact point arrives at the end of the helical coil (¢t = 42
ps). In Fig. 7.41, it can be seen that there is excellent overall agreement
with the measured data, although the very short negative current predicted
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at the beginning of Phase B is not evident in the experimental data. The
Lyudaev design has very strong magnetic coupling between the concentric
coils, and predictions show that an opening switch in the outer coil circuit,
if properly activated, would almost double the final current.

7.5 Limitations of Helical MCGs

The ratio of the maximum final magnetic energy to the initial magnetic
energy, k = W,,/Wp, can be written in terms of inductance, k = L,/L;,
where Ly and L; are the corresponding initial and final inductances, re-
spectively {7.9, 7.22]. The maximum current that can be supported by the
generator is I, = 2m7.i,;,, where 7, is the radius of the coil and i,, is the
maximum linear current density. The global efficiency of the generator is
N = Wn/Q, where W,,, = L;I2,/2 and Q = 7mr2,t,,Y is the chemical en-
ergy stored in an explosive charge having a radius of r.;. The quantity Y
is called the intensity of the explosive and includes the initial mass density,
Po, the detonation velocity, D, and the characteristic heat of detonation,
AH.,, (Y = pgDAH,;). If the operating time of the generator is t,,, then

onLyi2 [ 7, 12
= T [T—] . (7.30)

T tmY  |Tes

The basic limitation of energy multiplication by MCGs is the maximum
induced voltage that can be sustained without breakdown occurring. If
a linear rate-of-change in current is assumed throughout time t,,, then
dI/dt = I, /t,, and the initial and final voltages inside the generator are
Vo = Lol /tm and Vi, = LiIp, /tm, respectively. The corresponding inter-
nal electric fields are Eg = Vy/(rc — 75) and En, = Vi /(7 — 74), Where 7,
is the outer radius of the armature. If 7, is considered to be close in value
to Tez, then k = Ey/E,, and the activity of the generator is A = 7k is

_ EginR(r —1)
=—
where R = r./r, is the maximum expansion ratio of the armature of the
generator. A high value of the activity clearly denotes a good initial gen-
erator design.

The presence of the explosive intensity term in the expression for A in-
dicates that a better explosive will produce a lower value of the activity,
and that to obtain the same activity requires an improved design in which
higher electric fields can be sustained. The following range of basic param-
eters have been reported for a variety of practical MCGs:

e 20kV/ecm < Ey < 150 kV/cm (7.9, 7.22, 7.23]

A (7.31)
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e 0.2 MA < im < 1 MA/cm [7.9, 7.44, 7.45]

37 nitromethane
e Y ={ 88 composition B [7.46]
106 PBX-9404

e 2< R < 2.5 (7.9, 7.23, 7.44]

These indicate that the limits for the activity of a helical generator are

1< A < 100. (7.32)

It should be noted that for lux compressors with a constant rate-of-change
in inductance with time (dL/dt = const), such as in a single-pitch helical
generator, the maximum theoretical value of A is one [7.47].

As the definition of the activity shows (A = nk), a choice can be made
between a high-efficiency, low-energy multiplication generator (a very-high-
current design) or a low-efficiency, high-energy multiplication generator (a
booster). As an example, the best results reported for the first case are
A = 13 with 7 = 30% and k = 43 [7.44] and for the second case A = 40
with efficiency 1 = 4% and k = 1000 [7.23].

7.6 Summary

The purpose of Chapters 6 and 7 was to relate the theoretical concepts of
the previous chapters to the ‘real’ world. To this end, it was decided to focus
on the design and construction of one class of generator, namely those built
at Loughborough University. In the next chapter, several specific cases in
which MCGs have been use to drive actual loads will be examined. Both
the nature of the load and how it influences the properties of the explosive
power source will be considered.

Acknowledgements: Figures 7.1-7.14 are reproduced from Engineering
Science and FEducation Journal, 5, pp.212-219 (1996), with permission of
IEE Publishing Department, Michael Faraday House, Herts., U.K. Tables
7.1-7.6 and Figs. 7.15-7.32 are reproduced from J Phys D, 28, pp. 2619-
2630 (1995), with permission of IOP Publishing Ltd., Bristol, U.K. Figures
7.33-7.42 and Table 7.1 are reproduced from Laser and Particle Beams, 15,
pp. 397-412 (1997), with permission of Cambridge University Press.
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8

Applications: Lasers and Microwaves

In this chapter, two specific applications in which MCGs have been used
as the power source are examined. This chapter is not intended to be an
extensive literature review, but rather a discussion based only on a limited
number of published papers that focus on the physics of the MCG used in
these particular applications.

The use of MCGs for a particular application depends, of course, on the
nature of the load. Many different loads have been considered in the lit-
erature, including electromagnetic launchers (railguns), high-power lasers,
particle accelerators, high-power microwave sources, lightening simulators,
capacitor banks, shock wave sources, neutron sources, and X-ray sources.
For example, most of these loads have been discussed in papers published
in the proceedings of the Megagauss conferences [8.1-8.6] that have taken
place about every four years since the 1960s. However, only two types of
loads—high-power lasers and high-power microwave sources—are discussed
in this chapter. The two laser systems for which MCGs have been used as
the power source, and which have been built and tested, are the neodymium
glass laser and the photodissociation iodine laser. Recently, it has been re-
ported that there are two ways for generating high power microwaves:

e conventional methods based on the use of high-power microwave
tubes such as the virtual cathode oscillator, multiwave Cerenkov gen-
erator, magnetically insulated linear oscillator, and relativistic back-
ward wave oscillator.

e unconventional methods such as the transition radiation generator

and direct-drive devices,

L. L. Alegilbers et al., Magnetocumulative Generators
© Springer-Verlag New York, Inc. 2000
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In the case of tube devices, the virtual cathode oscillator and the mag-
netically insulated linear oscillator are the most suitable for use with the
MCQG. In the case of the direct-drive devices, the energy is delivered from
the MCG to an antenna and then radiated. This particular scheme is inter-
esting, since these microwave sources can be very compact and lightweight.

8.1 Lasers

In this section, two laser systems, in which MCGs have been used as the
prime power sources, are discussed. These two laser systems are the solid
state neodymium glass laser and the photodissociation iodine laser, both
of which were developed, built, and tested at the All-Russia Scientific Re-
search Institute of Experimental Physics (Arzamas-16). These are not the
only laser systems that can be powered by MCGs, but they are the only
ones that are considered.

8.1.1 Neodymium Solid-State Lasers

The primary difficulty in using an MCG to drive a solid-state laser system
is that a prolonged pulse of input energy (milliseconds) is required, that is
substantially longer than the operating time of the MCG (microseconds).
To circumvent this problem, the MCG is used to charge an intermediate
inductive energy store, which, in turn, delivers electrical pulses with the
proper waveform to the pumping lamps of the laser. The required pumping
time depends on the attenuation constant of the “inductive store-lamp”
circuit [8.7].

Arzamas-16 built its first MCG powered neodymium glass laser system in
1968. This consisted of 25 modules and generated 36 kJ of laser energy in a
pulse with a length of 600 us. Arzamas-16 built a second multichannel laser
system that consisted of neodymium glass laser rods with a diameter of 45
mm and a length of 920 mm, a coaxial pumping lamp, and a parallel mirror
cavity. The coaxial construction of the pulsed lamps was chosen so that the
modules could be densely packed into the laser system and it consisted
of 48 modules mounted in eight metallic cassettes. This construction also
meant that the lamp surfaces could be placed very close to the active laser
rods, so that their energy could be more efficiently coupled into the rods.
The energy output of each module was 2 to 3 kJ in a pulse having a length
of 1 ms.

In [8.7], the authors briefly describe the three experimental setups shown
in Fig. 8.1. The first of these, Fig. 8.1a, used a 6 mF, 1.6 MJ capacitor bank
to power the laser system, the second, Fig. 8.1b, a C-160 model MCG, and
the third, Fig. 8.1c, a H-320 model MCG. For the case of the C-160 setup,
the MCG delivered 3 MJ of electric energy to the 3 uH load. The energy
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FIGURE 8.1. Equivalent circuit diagram for three glass laser facilities: (a) capac-
itor bank, (b) C-160 MCG, and (c) H-320 MCG. The major components are: 1
— laser lamps, 2 — inductors, 3 — energy transmission line, 4 — capacitor bank, 5
— switch and inductors, 6 — C-160 MCG, 7 — switch and storage inductors, and 8
- H-320 MCG.

from the MCG was initially stored in an inductive store that consisted of in-
dividual solenoids connected in series with a laser lamp. The solenoid-lamp
chains were connected in parallel. After the MCG completed its operation,
it was shunted with an explosive switch. In experiments conducted with a
25 module laser system, the total inductance of the system was 4.2 pH. A
one megaamp current pulse with a risetime from zero to the peak of the
current pulse at 200 ps and a decay time of 600 us was delivered to the
laser system. The laser generated 33 kJ of light energy with a full-width,
half-maximum pulse length of 600 us.

For the case of the H-320 setup, the major portion of the energy store
inductance was in a copper plate loop, having a width of 500 mm and
a thickness of 2 mm. A small portion of the inductance was in the 10
1H solenoids that were coupled to individual lamps to separate the lamps
inductively. The total inductance of the solenoids, lamps, and transmission
line was 0.4 pH. The inductance of the loop could be changed in order
to change the input time of the energy into the lamps. The MCG was
connected to the laser system with cables, having a resistance of 0.7 mOhm
and a working voltage of 30 kV at a frequency of 5 kHz. In one experiment,
the H-320 generator delivered 1.27 MA to a 2.7 uH storage loop inductance.
The average current delivered to each lamp was about 27 kA. The total
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energy delivered to the lamps was 1.75 MJ, 4.1% of which, i.e., 72 kJ, was
released as light energy in a pulse having a full-width, half-maximum pulse
length of 640 us. In a second experiment, a peak current of 1.45 MA was
delivered to a 1.6 uH loop inductance. Each lamp received 31 kA. The total
energy delivered to the lamps was 1.65 MJ, 3.8% of which, i.e., 62 kJ, was
released as light energy in a pulse having a full-width, half-maximum pulse
length of 540 us.

The above experiments demonstrated that it is feasible to use MCGs to
power solid-state laser systems. It was pointed out in [8.7] that the condi-
tions under which these tests were done were not optimal. The resistance
of the transmission line needed to be reduced, and the load inductance of
2-3 pH did not match that of the H-320 generator. If the impedance was
matched, then the dimensions of the MCG could be reduced. It was found
that the length of the electrical pulse delivered to the laser could be in-
creased to 2-3 ms, provided that the Q-factor of the inductive store was
increased to its optimal value.

8.1.2 Photodissociation lodine Laser

A pulsed light source (PLS) was first demonstrated when a C-160 MCG was
used to provide megaamps of current to a plasma load to create a quasista-
tionary self-compressed discharge with time-varying parameters [8.8]. Since
those initial experiments, multichannel PLS systems powered by cascaded
MCGs have been built and tested.

In the block diagram presented in Fig. 8.2, the MCG system was a three-
stage cascade consisting of the C-80, C-180, and H-320 MCGs, intercon-
nected using transformers. The load, an electrodischarge generator (EDG),
was coupled to the final stage of the MCG cascade, i.e., the H-320, with
a cable transmission line designed to tolerate voltages up to 150 kV and
current pulses with peak values up to 50 MA. Their inductance was 30 nH,
and their resistance at 10 kHz was 0.2 mohm.

A multichannel pulsed discharge was created in the EDG by a strong
electrical discharge. The EDG was filled with a mixture of CF3, C3F7I,
SFg, CO2, and noble gases. The discharge chamber of the EDG consisted
of electrically independent sections. The electrical energy from the MCG
was converted into light energy in each autonomous section of the EDG.
The active portion of each section had a length of 1.5 m and a diameter of
0.9 m.

In order to optimize the energy transfer to the load, a technique was
developed to close electrically the MCG-EDG circuit at the moment the
cascade began to operate. Thin metallic conductors located in the intra-
electrode region of the discharge chamber were used for this purpose. A

high-voltage source and a low-power capacitor helped to initiate the cas-
caded MCG system.
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FIGURE 8.2. (a) Block diagram and (b) equivalent circuit diagram for MCG-PLS
system. Block diagram: 1 — MCG, 2,5 — transmission lines, 3 —shielding, 4 —
collector, and 6 — load. Equivalent circuit diagram: Lz — H-320; Cy, R3, and Ls
— transmission line parameters; K1 and K; — switches; and Rz and L4 — pulse
sharpening device parameters.
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FIGURE 8.3. Time history of cascaded MCG-PLS system: (a) time history of
the cascade, (b) time history of switching H-320 MCG into load, and (c) time
history of capacitor bank.

The time lines for operation of the MCG cascade are presented in Fig.
8.3. These plots show the turn-on times of the three stages of the cascade,
the behavior of the final stage during its operation, and the shape of the
output pulse.

It was confirmed in one experiment that 14 MJ of electrical energy was
transferred through 35 m of low loss transmission line to the load during the
operating time of the final stage of the cascade, i.e., 200 us. Approximately
0.4% of the chemical energy from the high explosive was converted into
light energy. This efficiency was not optimized and could have been signifi-
cantly increased by optimizing the operating parameters and the impedance
matching between the MCG, transmission line, and load.

8.2 High-Power Microwave Sources

In this section, several high-power microwave (HPM) sources that have
been powered by MCGs are discussed. These sources include the virtual
cathode oscillator (vircator), relativistic Cherenkov generator, and magneti-
cally insulated linear oscillator (MILO). In addition, a new electromagnetic
energy source that could potentially be driven by an MCG is the transition
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FIGURE 8.4. Block diagram of an autonomous power source for a high-power
microwave generator.

radiation generator (TRG), and this is also discussed. As in the previous
section on lasers, only a brief description of the load is presented, since
the goal is to focus on the MCG and the role that it plays. However, prior
to discussing these various generators, the requirements for a lightweight,
compact autonomous single-shot power supply for microwave sources will
be discussed.

8.2.1 Autonomous Power Supplies for Microwave Sources

In designing lightweight, compact autonomous single-shot power supplies
for microwave sources [8.9], special attention must be paid to the condi-
tioning and matching elements of the overall system due to the fast-rising,
high-voltage output pulse that is required. There are fundamentally two
situations in which explosive-driven flux compression generators are used
as energy sources: proof-of-principle experiments (nuclear fusion experi-
ments and X-ray simulators) that require tens of megajoules of energy and
single-shot rocket borne experiments that require lightweight, compact sys-
tems. This section addresses the technical issues associated with the second
situation.

Taking, as an example, the MILO [8.10], an autonomous high-power
source is required to provide a fast-rising, 500 kV pulse to a high resis-
tance (Ohms) load and to maintain the voltage as constant as possible
for at least hundreds of nanoseconds. The basic scheme for achieving this
is shown in Fig. 8.4. The technologies for each block in this diagram are
discussed below, followed by a discussion of various system designs. All
the computational results presented in this section were obtained using the
previously verified computer models presented in Chapter 6.
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Major Components
Helical MCGs

Two types of helical MCGs will be considered for use in the power source.
The first is a slow HMCG (SHMCG), which has a pulse length of tens to
hundreds of microseconds, with a simple multisection helical coil. Other
features include initiation at only one end, no armature or coil shaping,
and a crowbar located close to the armature. The input current is either
fed directly, with the armature closing the circuit, or through a dynamic
transformer (DT) [8.11]. The action of the SHMCG is decoupled from that
of the other components of the system. Its role is simply to amplify the
energy from the seed source and to compress the final flux into a static
inductive load, which can be either a ballast inductor, L;, when an explosive
forming fuze is used to condition the output, or the external coil of a
DT, when a fast HMCG (FHMCG) (see below) is used to sharpen the
output pulse. It is assumed that the SHMCG has the following conservative
parameters:

e energy multiplication — k£ = 100,

o flux conservation — A = 0.30,

e global (chemical to electromagnetic) energy efficiency — n = 4%,
o explosive charge initial density — p = 1.8 g/cm3,

e explosive heat of detonation — ¢ = 4.5 MJ/kg,

e maximum liner current density — A < 0.2 MA/cm,

e expansion (coil/armature diameter) ratio: (d./d,) = 2.

It follows from these data that the ratio of the initial inductance to
the final (ballast) inductance is Ly(t = 0)/Ly = k/A? = 1100, the ratio
of the total explosive mass to the maximum energy delivered to the load
is Mox/Wpm = 1/ = 5.6 kg/MJ, and a first estimate of the armature
diameter is d, = I, /TA, where I, is the maximum current. The length of
the device depends on the maximum allowable internal voltage and can be
found by using the 2D numerical design code in Chapter 6.

The FHMCG is a fast pulse (less than 10 microseconds) helical MCG
having the same basic design described by Caird and Fowler [8.12]. When
a number of technological problems have been solved relating to the very-
high-voltage stresses induced with the generator, the duration of the output
pulse can be less than 1 ps. The solution to this problem appears to be
to used magnetic self-insulation in a high vacuum vessel [8.13], when the
resulting very compact device requires very little initial energy. It should
be noted that whenever a FHMCG is used, the initial field is established by
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FIGURE 8.5. Schematic drawing of an explosively formed fuse (courtesy of Los
Alamos National Laboratory).

an outer cylindrical coil powered through a DT from a SHMCG. Because
of the low initial energy requirement, the SHMCG can be considered to be
part of the seed source for the system.

A slower, but still compact, version of the FHMCG that does not require
a vacuum has already been shown to provide an output of 10 MA with a
risetime less than 10 us [8.14]. Alternative designs also exist for fast HMCGs
[8.15].

Although complex, the numerical simulation of these generators have
been performed by two of the authors Novac and Smith [8.16]. To simplify
this discussion, it is assumed that after crowbarring the time dependence of
the inductance can be described by the relationship: Ly(t) = DL(t — T) +
LF, where DL is the time rate of change of inductance (DL < 0) and is
considered to be constant, T is the compression time, ¢ is the time measured
from the crowbar action, and LF is the final residual inductance, which
usually has a very small value of about 1 nH. The generator resistance,
including all losses, is assumed later to be much less than 10 m{). It is
estimated that the length of the FHMCG will be less than 0.5 m [8.12] and
that the diameter will depend on the maximum current that is required.

Explosively Formed Fuse

The explosively formed fuse (EFF) (Fig. 8.5) is the best opening switch
available for medium energy applications [8.17], since it can conduct megaamps
of current for tens of microseconds with negligible loss, before opening in a
few microseconds. Its main advantages over electromagnetically exploded
foils are that the action is independent of the power source, allowing for
a separate design, and that a small supplementary amount of energy is
introduced as the result of flux compression occurring during the explosive
forming stage. The EFF uses high explosives to extrude a solid conduc-
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tor, which would otherwise conduct current for a very long time. When
the switch is activated, the cross section of the conductor is reduced suf-
ficiently fast that it behaves like a conventional electrically exploding fuse
in which the resistance rapidly increases. The EFF has been identified as
a “command” fuse in that the time at which it opens is related to the time
of detonation of the high explosive.

A conservative set of design data for a standard EFF (8.17,8.18] Teflon
made groove (6.5 mm wide, 1.5 mm die, and 13 mm deep) is

e voltage — 6.5 kV,
e linear current density — 0.15 MA /cm,
e deposited energy — 0.6 kJ/cm width.

For small EFFs (linear dimensions up to some tens of centimeters), it
is simpler, from the point of view of explosive techniques, to use a plane
geometry, while cylindrical geometry provides the best solution for large
EFFs.

Plasma Opening Switch

The plasma opening switch (POS) is the fastest opening switch available
that is capable of producing multimegavolt output. Of particular interest is
the plasma opening erosion switch (PEOS), which usually needs an input
current with a rise time less than 1 ps [8.19]. The main drawback of using
a PEOS is that an additional power source is required to drive the plasma
source, although this can be overcome if another type of POS becomes
available. For simplicity, a PEOS having the following characteristics [8.20]
will be considered:

e cathode radius — 2.25 cm,

® plasma length — 5 cm,

e plasma density — 1.35 x10'? ions/m3,
e plasma velocity — 4 cm/ps.

High-Voltage Air Core Transformer

The concept of air core, cylindrical high-voltage transformers (HVT) orig-
inated with Martin and Smith [8.21] in 1968. It has an N-turn secondary
winding of internal radius r, inside a single-turn primary winding, both
of width w. With an interwinding Mylar insulation thickness of ¢, and a
primary-secondary insulation thickness of Nt¢, the transformer geometry is
completely defined. However accurate the calculations, the actual coupling
coefficient, k., between the primary and secondary windings will be lower
than that predicted, and a value of 0.85 is assumed for the overall system
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predictions. If the actual voltage multiplication factor is k, and the pri-
mary inductance is Ly, the secondary inductance is Ly = [k, /kc|>L, and
the mutual inductance is M = k, L.

Microwave Generator (Load)

The parameters of the load, which is the MILO, are considered to be time
independent, with a resistance of 5 {2 and inductance of 100 nH [8.10]. The
voltage pulse required from the high voltage power source should have a
rise time of less than 100 ns, an amplitude of about 500 kV, and a pulse
duration of 1 us.

Autonomous Initial Energy Source (AIES)

If permanent magnet are not considered, the autonomous initial energy
source (seed source) can be realized by using one of two basic arrangements:

e battery powered small capacitor connected either directly or through
a DT to a HMCG [8.22],

e explosively driven shock-wave piezoelectric generator coupled to two
small HMCGs connected through a compact static transformer [8.23].
One version of AIES uses a 6 J piezoceramic generator and has an
output of 0.4 MJ, a length of 0.7 m, and a requirement, for 2 kg of
high explosive.

The second arrangement above has a number of advantages including
being lightweight, compact, and not requiring a battery. It provides energy
to the amplifier section (SHMCG) or directly to a FHMCG, through either
a dynamic or static transformer.

Closing Switches

The closing switch required to connect the load (for HVT systems), or the
POS, could be a voltage activated SF¢ pressurized spark gap or, preferably,
a simple detonator activated switch.

System Designs

Having identified the major components required to develop a high voltage
pulsed power system for high power microwave sources, the optimal overall
system design must be identified. Four designs are considered.

From among the various techniques used in high-energy pulsed power
for the generation of fast-rising, long-duration high-voltage pulses in high
impedance loads, the most suitable appear to be either a plasma opening
switch or a high voltage transformer. Both these high-impedance matching
elements need a preconditioned input pulse, in order for the POS to prop-
erly function or for the HVT to provide the required voltage output. Two
different kinds of power conditioning are considered, the first based on an
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EFF and the second on a FHMCG. By combining these two power con-
ditioning techniques with the two matching elements, four different high
power systems become possible.

EFF Conditioning

In this arrangement, the output of the energy amplifier, i.e., a SHMCG, is
fed to a ballast inductor, L,. When the action of the SHMCG is complete
and its inductance is negligible in comparison to the ballast inductance,
the EFF opens the circuit by producing a high voltage across the closing
switch connecting the matching element.

FHMCG Conditioning

In this case the AIES injects energy into the outer (primary) coil of the DT
of an FHMCG. Then the FHMCG (representing the secondary of the DT)
crowbars, capturing the magnetic flux, and compresses it into a ballast
inductor. The matching element is connected by a closing switch at an
appropriate time.

Complete High-Power Systems

Designs have been generated for all four possible power systems using the
data presented above. The components required in these systems and their
parameters are presented in Table 8.1.

Component Parameter System I System I1 System III System IV
SHMCG Yes Yes No No
Lg(0) (pH) 100 400 - -
1 (mm) 500 1000 - -
dg (mm) 140 120 - -
dc (mm) 300 2560 - -
Mex (kg) 14 20 - -
Im (MA) 6 2.5 - -
Wi (MJ) 2.5 3.8 - -
FHMCG No No Yes Yes
DL () B B - 1.4 - 0.6
Im (MA) - . 2.5 0.9
Woen (MJ) - - 0.8 0.65
EFF Yes Yes No No
Geometry Plane Cylindrical - -
Dimensions (mm) 400 x 280 80 X 960 - -
No. of Grooves 35 120 - -
Max Voltage (kV) 200 800 - -
Energy Dissipated (MJ) 0.84 1.7 - -
HVT Yes No Yes No
kv 3 - 8 -
N 4 - 10 -
w (mm) 400 - 150 -
t (mm) 1.2 - 0.7 -
r (mm) 98 - 230 -
Lp (uH) Ly - 0.7 -
Ls (pH) 1.3 - 62 -
M (pH) 0.3 - 5.6 -
Ballast Inductor Ly (pH) 0.1 0.35 0.7 1.9
Transmission Line L¢ (pH) No 1.5 No 1
Seed Energy (kJ) 30 400 220 400

TABLE 8.1. Components and parameters of the four autonomous pulsed power
systems being considered for driving high-power microwave generators.

The first design, which is referred to as System I, consists of a EFF
and a HVT. An equivalent circuit diagram is presented in Fig. 8.6, and the
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FIGURE 8.7. Output voltage for System I (time measured from the closing of
switch S).

output voltage generated across the load is presented in Fig. 8.7. The ballast
inductor in this case is the primary winding of the HVT, ie., L, = Ly,
where only 1.7 MJ of the 2.5 MJ generated by the SHMCG is stored.
The remainder of the energy is dissipated in the EFF. Either a capacitor
or piezoelectric AIES can be used to provide the required seed energy of
about 30 kJ.

The equivalent circuit diagram of System II, which consists of a EFF
and POS, is shown in Fig. 8.8, and the output voltage that it produces
across the load in Fig. 8.9. The transmission line inductance, L;, serves
as an energy store in maintaining the voltage following the initial step.
This system requires the full 400 kJ of energy from the AIES. Therefore, a
capacitor seed source cannot be used.
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FIGURE 8.8. Equivalent circuit diagram for System II.
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FIGURE 8.9. Output voltage of System II (time measured from the closing of
switch S).
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FIGURE 8.10. Equivalent circuit diagram for System III.
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FIGURE 8.11. Output voltage of System III (time measured from the closing of
switch Sa; switch S; is closed at all times).

The equivalent circuit diagram of System III, which consists of a FHMCG
and HVT, is shown in Fig. 8.10. A similar arrangement was used to gener-
ate peak voltages up to 1 MV with long (microseconds) risetimes in high-
impedance loads [8.24]. The best results were obtained from a system in
which a closing switch was used in the secondary winding (rather than in
the primary winding) of the transformer when the current through the gen-
erator reached 0.5 MA and are presented in Fig. 8.11. In order to produce
this waveform, the FHMCG required a seed energy of 220 kJ and had to
produce 2.50 MV across the ballast inductor.

The equivalent circuit diagram of System IV, which consists of a FHMCG
and POS, is presented in Fig. 8.12, and the output voltage that it produces
in the load in Fig. 8.13. The closing switch activates when the generator
current reaches 5.0 MA. The ballast inductor controls the amplitude of the
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FIGURE 8.12. Equivalent circuit diagram for System IV.
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FIGURE 8.13. Output voltage of System IV (time measured from the closing of
switch S).

voltage pulse and the transmission line its pulse length, as well as the time
at which the POS begins to function. The maximum voltage generated by
the FHMCG is about 600 kV.

System Assessments

In this section, four possible designs of an autonomous single-shot power
source for high-power microwave generators were discussed. The question
is “which design provides optimal performance within the constraints im-
posed by the application.” Examining these four designs, it can be con-
cluded that Systems II and III can immediately be disregarded, since the
first is too bulky and complex and the second imposes unduly high-voltage
requirements on the FHMCG. Within the constraints of existing tech-
nology, System I clearly provides the most robust solution, since it em-
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ploys already established techniques and the overall system development is
straightforward. The entire system presented in Fig. 8.4 will weigh less than
200 kg and occupy a volume of only 1.5 m3. System IV is an increasingly
attractive alternative as technology advances, since it can potentially gen-
erate much higher voltage pulses with an extremely short risetime, while
being lighter and far more compact. To take full advantage of the outstand-
ing characteristics it offers requires the development of a vacuum-based
FHMCG capable of withstanding internal voltages of hundreds of kilovolts
and a long conduction time POS. It is important to note that these two
requirements are universally related and that the greater the conduction
time that can be obtained from the POS the lower the internal voltage
stress in the FHMCG will be.

In the rest of this section, several high-power microwave sources and their
associated pulsed-power systems will be discussed. The material presented
in this section is to help put into perspective what has already been done.

8.2.2 Virtual Cathode Oscillators

Advances in pulsed-power technology and HPM sources have made it pos-
sible to generate intense electron beams capable of producing gigawatts of
microwave power in pulses with hundreds of joules of energy [8.25]. One
such HPM source capable of generating these powers is the vircator. Un-
like other HPM sources, the vircator requires a current that exceeds the
space-charge-limiting current, which is the maximum beam current that can
pass through the drift space. If a beam current exceeding the space-charge-
limiting current is injected through a transmitting anode into a drift space
of sufficiently large radius, a strong potential barrier forms at the head of
the beam. This potential barrier, from which excess space charge in the
beam is rejected from the drift space, is known as a virtual cathode [8.25].
In the schematic drawing of the vircator presented in Fig. 8.14, the virtual
cathode oscillates axially. The motion of the space charge and the potential
well of the virtual cathode generates electromagnetic radiation. The band-
width of this radiation is rather large, but if the virtual cathode is formed
in a cavity with a resonant frequency that lies within the bandwidth of the
emitted radiation, then an interaction between the radiation and the cavity
modes can yield much narrower bandwidths.

Another type of space-charge device that is similar to the vircator is the
reflez triode. As shown in Fig. 8.15, the anode, rather than the cathode,
is attached to the center conductor of the transmission line that feeds it
power. If the anode consists of a transmitting foil, electrons pass through
the foil and create a virtual cathode. Follow-on electrons are trapped in the
potential well formed between the cathode and the virtual cathode, where
they oscillate. This reflering back and forth by the electrons generates
microwave radiation.
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FIGURE 8.14. Schematic diagram of the vircator.r When the
space-charge-limiting current is exceeded, a virtual cathode is created.
This cathode oscillates axially and generates electromagnetic radiation.
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FIGURE 8.15. The reflex triode differs from the vircator in that the anode, rather
than the cathode, is attached to the center conductor of the transmission line that
feeds it power. If the anode is a transmitting foil, electrons that pass through it
form a virtual cathode. Follow-on electrons are trapped in the potential well
between the cathode and the virtual cathode and oscillate. This reflexing back
and forth generates microwaves.
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FIGURE 8.16. Drawing of the overall experimental setup at TTU of the prime
power source, pulse forming system, and vircator. The capacitor will eventually

be replace by an MCG. (Courtesy of Texas Tech University.)

Texas Tech University (TTU) has been awarded a Multidisciplinary Uni-
versity Research Initiative (MURI) to optimize the operation of MCGs
and its associated power conditioning equipment for the purpose of driv-
ing high-power microwave sources, such as the vircator. A drawing of a
capacitor-driven vircator system developed by TTU is shown in Fig. 8.16,
and a more detailed drawing of the vircator is shown in Fig. 8.17. This
system is being used to verify the feasibility of the pulse shaping system
and to validate numerical simulations. The ultimate goal of this project is
to replace the capacitor bank with an optimized MCG.

A consortium of institutes in Russia including the High Energy Den-
sity Research Center in Moscow, the Institute of Chemical Physics in
Chernogolovka, and the Institute of High Voltages in Tomsk developed
an MCG-driven vircator, i.e., a reflex triode, system. A diagram of the sys-
tem is presented in Fig. 8.18, and although this had an operating frequency
of approximately 3 GHz, the frequency could in fact be varied between 0.5
and 30 GHz [8.25,8.26].

The vircator demands much of its power supply, which must be capable
of providing high-voltage pulses in excess of 300 kV, with risetimes of less
than 100 ns and currents in excess of 10 kA. Usually, these parameters can
be achieved by Marx banks with a pulse-forming line that includes some
type of switch, such as the electroexplosive opening switch (EEOS), which
functions basically as a power amplifier by increasing the voltage in the
circuit. But for the EEOS to operate optimally, it must be supplied with
energy in times < 10 us.
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FIGURE 8.17. Drawing of the TTU vircator. (Courtesy of Texas Tech University.)

FIGURE 8.18. Schmatic diagram of MCG-reflex triode system developed by
Fortov and his team [8.25,8.26].
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Owing to the bulky nature of the Marx bank, it is not practical as a power
source for the vircator in some applications. The only other power source
that could meet the requirements in these applications is the MCG. To meet
the timing requirements of the EEOS, two types of compact high-voltage
helical MCGs with fluz trapping were used in experiments conducted by the
Russian consortium. The first was a simultaneous axially initiated helical
generator and the second was a small conical generator with a moving
contact point. The generators contained between 200 and 600 g of high
explosive, and generated voltage pulses of 50-200 kV due to rapid changes,
i.e., within approximately 5 to 15 us, in their high initial inductance. When
the internal coil is crowbarred, the inductance begins to change as a result
of the movement of the armature and flux trapping takes place.

It has been found that to drive vacuum diodes in microwave genera-
tors with MCGs, it is best to use a transformerless scheme based on flux
trapping [8.25,8.26] (see Section 4.5). The flux trapping method was first
used in cascaded systems consisting of many MCGs. An MCG that uses
flux trapping consists of an outer solenoid L;, an inner solenoid Ly, and
a cylindrical armature L3, as shown in Fig. 4.23. An initial magnetic flux
is generated within solenoid Lo by an external energy source such as a
capacitor or a “booster” MCG, L,. At the moment the current created
by the prime energy source is at its peak value, the secondary circuit is
closed by initiating the explosive charge (HE). As the armature expands,
the trapped magnetic flux is compressed and pushed out into the load.
Diagrams of both axially and end initiated schemes for MCGs with flux
trapping are presented in Fig. 4.23.

The inductance of the inner helix of MCGs that use flux trapping must be
high, in order for the MCG to work effectively. However, owing to the sharp
increase in the magnetic field strength within the volume of the MCG, these
high inductances also result in high flux losses. In addition, since the MCG
output voltage exceeds 50 kV, it is necessary that the insulation between
the turns, between the armature and inner helix, and between the helices is
of sufficient quality. However, the available reliable insulation that is used
in small MCGs also lowers its inductance.

In Fig. 8.18, a 100 uH capacitor, Cy, is charged to 3 kV to provide the
seed current to a cylindrical “booster” MCG with flux trapping, L1;. The
“booster” MCG contains between 200 and 700 g of high explosive and
delivers between 5 and 10 kJ of energy to the external coil with inductance
L, of the high voltage MCG. If axially initiated MCGs are used in place of
cylindrical generators, they offer the advantage that they are simple and
can deliver up to 60 kJ to the high voltage generator.

At the moment the current is at its peak value in L;, the secondary
circuit of the high-voltage generator is crowbarred. Expansion of the liner
of the high-voltage generator leads to flux trapping by the internal solenoid
Lo, thus generating current in the EEOS circuit. The operating time of the
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high-voltage MCG is between 6 and 8 s, the voltage output is between 50
and 200 kV, and the current output can be as high as 30 kA.

The switch consists of several tens of copper wire with a diameter of 40—
50 pm and a length of 0.5-1.0 m. The wires are in parallel and are immersed
in nitrogen at a pressure of 0.5 MPa. The wire sizes were selected such that
the maximum rate of increase in their resistance occurs during the final
stages of operation of the generator.

Since the high-voltage generator could only withstand voltages up to
200 kV, an inductive store is inserted between the MCG and the EEOS.
When an overvoltage is applied to the spark gap P, a high-voltage pulse
is delivered to the anode A of the vircator, which in turn results in an
explosive emission of electrons from the cathode C. The resulting electron
beam is used to generate microwaves.

In experiments carried out with the MCG—vircator system, voltage pulses
up to 600 kV with a pulse length of 180-250 ns and a risetime of approxi-
mately 60 ns were supplied to the input of the vircator. The peak current
in the vircator of 16 kA, corresponds to a relativistic beam power of ap-
proximately 10 GW. The peak power of the microwaves radiated into the
atmosphere was 100-200 MW, at a wavelength of 10 £ 0.5 cm, for a pulse
duration of 100-200 ns.

8.2.8 Multiwave Cerenkov Generators

Pavlovskii, Chernyshev, Selemir, and others at the All-Russian Scientific
Research Institute of Experimental Physics in Arzamas-16 and at the In-
stitute of Radiotechniques and Electronics in Moscow used an MCG to
drive a multiwave Cerenkov generator (MWCG) [8.27]. The goal of these
experiments was to investigate the efficiency of converting chemical energy
into microwave energy using this system.

The MWCG belongs to the same family of microwave sources as does
the backward wave oscillator (BWO) and the traveling wave tube (TWT),
both of which are conventional tubes that have been in use for at least 40
years. All are based on the Cerenkov effect. Cerenkov radiation is generated
when charged particles move through a dielectric medium at speeds greater
than the speed of light in that medium. In the case of the MWCG, a
resonator takes the place of the medium, where the speed of light is the axial
phase velocity of the resonant normal mode of the resonator. A slow-wave
structure is used to reduce the axial phase velocity of the normal modes
below that of the speed of light in vacuum so that it can exchange energy
directly with a beam of electrons drifting through the resonator. When the
velocity of the electrons is equal to the phase velocity of the resonator, each
electron is either accelerated or decelerated, causing electron bunching but
no net energy exchange since equal numbers of electrons are accelerated or
decelerated. But if the velocity of the electrons is greater than the phase
velocity, more electrons will be decelerated than accelerated, and there is
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a net transfer of energy to a space-charge wave when the beam current is
large (8.25].

The MWCG is classified as an O-type Cerenkov device, as opposed to
an M-type Cerenkov device. In the former case, electrons drift along a
magnetic field, while in the latter case they drift across a magnetic field.
MWCGs with a slow wave structure consisting of periodic variations in the
wall radius have generated powers of 15 GW in a 500 J pulse at 9.4 GHz
(8.27).

Two important features of the MWCG are their:

e large cross section,

e use of two slow-wave structures separated by a drift space, as shown
in Fig. 8.19.

The large diameter, which is at least several free-space wavelengths, helps
to reduce the average power intensity and increase the power handling
capability of the structure. The use of two sections aids the process of
mode selection, i.e., the first section is a buncher and the second section is
the output section in which the bunched beam of electrons radiate.

In experiments conducted in Russia, the basic experimental system con-
sisted of the six basic components shown in the equivalent circuit diagram
in Fig. 8.20 [8.27]. The components are an MCG with a transformer (1)
that serves as the initial energy source, an intermediate inductive store (2)
with an opening switch (3) that generates a megavolt pulse, a sharpen-
ing discharge switch (4), a high-current diode (5), and a solenoid (6) that
generates an axial magnetic field. The electron beam energy was converted
into microwaves by using the electrodynamic structure in Fig. 8.19.

The primary energy source was the C-160 helix MCG, with a five section
multiwire helix. These sections were manufactured from insulated copper
wire having a diameter of 6 mm. The winding in the first section consisted
of four wires with a step size of 24 mm. The number of wires doubled in
number from one section to the next, and the winding step size decreased
correspondingly. The liner was a copper tube with a length of 64 mm and a
wall thickness of 4 mm. The fifth section was connected to a 355-mm-long
cylinder. In the final section, the generator was conically expanded at a 4°
half angle over the 355 mm length of the cylinder. The tube was filled with
high explosive encased in an organic glass envelope with a thickness of 4
mm. The explosive had a mass of 7.50 kg and a detonation velocity of 7.6
km/s. The initial inductance of the MCG was 6.5 pH. The requisite initial
magnetic field in the MCG was created by a 900 puF capacitor charged to a
voltage of 35 kV. The initial current in the generator reached a peak value
of 270 kA and the flux a value of 1.6 Wb. The output current of the MCG
reached a peak value of 4.5 MA.

The transformer was made of high-voltage cable that could withstand
pulsed voltages up to 300 kV, and it consisted of four cylindrical coils. The
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FIGURE 8.19. Multiwave Cerenkov microwave generator: 1 — spark gap switch,
2 — insulator, 3 — cathode, 4 — electromagnet, 5 — slow-wave structure, 6
tromagnet, and 7 — antenna. The MWCG offers the advantages for having large
cross sectional areas, which reduces its average power intensity and increases the
power handling capability, and two slow-wave structures, which aids in mode

selection.

FIGURE 8.20. Equivalent circuit diagram for MCG—Cerenkov generator system:
1 - MCG and transformer, 2 — intermediate inductive store, 3 — opening switch,
4 — pulse sharpening discharge switch, 5 — high-current diode, and 6 — solenoid.
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outer diameter was 320 mm and the length was 380 mm. The estimated
inductance of the primary winding of the transformer was 26.5 nH, and
the measured inductance of the 32-turn secondary winding was 27.5 pH.
The mutual inductance between the primary and secondary windings was
estimated as 0.8 pH.

A 25 pH solenoid was used as the intermediate energy storage system. It
was connected to the MCG with a 20-m-long 300 kV transmission line. In
order to generate a 2 T axial magnetic field, the solenoid had a diameter
of 640 mm and a length of 1.6 m. In the central part of the solenoid, which
was 1 m long, the nonuniformity of the magnetic field did not exceed 10%.
The inductance of the energy storage system, including the transmission
line, did not exceed 45 uH. The opening switch of the energy storage system
consisted of five copper conductors with a diameter of 0.72 mm, were coated
with polyethylene, to yield an outside diameter of 4 mm. The conductors
had a length of 4.5 m. The initial active resistance of the switch was 39
mOhm. To reduce the length of the switch, as well as its inductance, each
of the five conductors was made in the form of a helix with a diameter of
5 cm and a step size of 4 cm. This reduced the length of the switch to 1.1
m and the inductance to 1 pH.

An electrically exploding copper conductor insulated with polyethylene
sealed in a container filled with SFg and a two-electrode air spark gap with
an operating threshold voltage of 0.8-0.9 MV were used as pulse sharpening
switches. Referring to Fig. 8.19, it can be seen that the cathode (3) of
the microwave generator is connected through the spark gap switch (1) in
parallel with the opening switch made of electrically exploding conductors.

The output of the MCGs transformer was also connected in series with
the solenoid (6) and was used to create the magnetic field within the mi-
crowave source. A tubular electron beam with a diameter of 350 mm was
generated by the diode and was transported along the corrugated surface
of the electrodynamic structure of the microwave source. The diameter of
the output window of the source was approximately 1.5 m.

When tested experimentally, this system delivered 100 MW of power into
the atmosphere. The radiated signal had a wavelength of 3 cm and a pulse
length of 0.8 us.

8.2.4 Magnetically Insulated Linear Oscillators

The magnetically insulated linear oscillator (MILO) (see Fig.8.21) is a
crossed-field device, like the magnetron, the key feature of which is the
use of the self-magnetic field of the current flowing along the cathode to
cut off electron flow to the anode [8.25]. Thus the MILO is self-insulating,
in that it inherently prevents short circuiting of the anode-cathode gap. As
a result, the electron flow takes place along the surface of the cathode. The
existence of this electron flow prompted the idea that the MILO might be
used to generate and amplify microwave energy. To achieve this, it is nec-
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FIGURE 8.21. Diagram of a MILO. The MILO is self-insulating in that its elec-
tron beam generates a self-magnetic field that prevents breakdown between the
anode and cathode. This eliminates the need for external magnets and reduces
the mass and size of the system.

essary that a slow wave propagates along the cathode with a phase velocity
less than that of the speed of light in vacuum. This slow-wave mode can
be achieved by using one of several techniques, including corrugating one
or both of the electrodes or using a series of resonators or comb-type slow-
wave structures. Once the geometry of the generator has been determined,
the parameters of the electron flow, i.e., beam current, beam energy, and
beam dimensions, are fixed. The voltage is used to determine the output
frequency and power of the generator, as well as its efficiency. Both coaxial
and planar versions of the MILO have been built [8.25].

Two of the greatest difficulties in using the MCG to power high-power
microwave sources are the inductive nature of the load, which varies rapidly
in time, and the comparatively low output voltage, i.e., < 500 kV, of the
MCG at load currents of 500600 kA. Of all the types of relativistic mi-
crowave generators, the two that match up best to the output parameters
of the MCG are the vircator and the cylindrical MILO. Both of these gen-
erators operate at relative low resistances, i.e., of the order of 1 Ohm, and
at high voltages of 500 kV. The MILO has the added advantages that it
is simple to operate and generates a wide range of wavelengths. In addi-
tion, no stringent requirements are placed on the electron beam geometry,
energy spread, or beam velocity. These features are particularly important
when the MCG is used as the power source, because the output pulse of
the MCG cannot be adequately shaped.

Of the vircator, discussed earlier, and the MILO, the MILO is preferred
for the following reasons:
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e A microwave generator with magnetic insulation permits more effi-
cient coupling of energy from the electrodynamic structure into the
antenna than does the vircator.

e The working frequency, band width, and spectral density of the MILO
are dictated to a significant degree by the geometry of the electrody-
namic structure, and can therefore be easily controlled.

e The MILO has a narrower emission band and a higher spectral den-
sity than does the vircator, which makes it possible to construct an
efficient antenna feed system.

e The MILO has an increased breakdown voltage, owing to the mag-
netic insulation.

e The MILO has a reduced mass and size, due to the elimination of an
external magnetic field system.

However, the vircator remains a viable alternative to the MILO for use
with the MCG, as demonstrated earlier in this chapter. This is true since
the vircator is more forgiving than the MILO with respect to the electrical
pulse from the MCG. That is, the MILO requires a flat top pulse.

As has been already discussed, there are several types of MCGs, each
with its own unique set of characteristics. MCGs that are used to power
relativistic electron beam (REB) devices, such as the MILO, need to have
the following parameters:

e output voltage not less than 500 kV,
e current not less than 200 kA,

e current pulse rise time out of the switch of approximately 0.1 us.

One class of MCG that approaches these requirements is the high-inductance,
high-speed POTOK spiral generator.

As discussed earlier, there are two ways to increase the energy gain of the
MCG. The first is to connect two or more MCGs in series, when the gener-
ators would have to be interconnected using either air-core transformers or
magnetic flux traps. The energy gain of this cascaded system is the product
of the energy gains of each individual generator. The disadvantages of this
concept are

e increased complexity and cost of the prime power system,
e decreased reliability with an increasing number of stages,

e increased weight by a factor as much as 2. For example, an air core
transformer has a weight comparable to that of one of the MCGs.
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The second way to increase the energy gain of the MCG is to increase
the ratio of its initial inductance to that of the load, which can only be
done with the spiral generator. It should be noted that an increased initial
inductance results in higher voltages, i.e., tens to hundreds of kilovolts, in
the active volume of the MCG. Therefore, special measures must be taken
to prevent breakdown within the MCG, which would seriously degrade its
efficiency. There are two ways to reduce the possibility of breakdown. The
first is to cover the spiral coils with a dielectric material. It has been demon-
strated experimentally that the electric field strength of the dielectrics must
exceed 100 kV/m, owing to the insulation-induced flux losses and the maxi-
mum electric field requirements of the generator circuit. The second method
is to use different geometries in designing the coil, so as not to exceed the
dielectric breakdown voltage.

As noted above, another critical parameter is the risetime of the MCG.
The load, i.e., the REB accelerator, requires an input pulse with a fast
risetime. There are two ways to achieve this, by using simultaneous axial
initiation and/or various types of switches. The disadvantage of the first
method is the loss of uniform compression of the magnetic field by the
liner due to time variations in firing the detonators. The disadvantages of
the switches are that a large amount of energy is lost in the switch and
their cost. The cost of the switches required to form the pulses having
the requisite parameters is comparable to that of the MCG. In the next
section, a modified spiral generator that has potential as a power source
for the MILO is introduced.

Modified Spiral Generator

Studies have shown that it is desirable to separate the magnetic compres-
sion and output phases during the operation of the MCG. The diagram
of a modified spiral MCG that was designed for this purpose is presented
in Fig. 8.22. The MCG consists of a coil (1), liner (2), high explosive (3),
detonator (4), and switch (5). The liner is electrically connected to the
switch with a metal piston (6). The liner has a dielectric insulator (7) and
conducting outlets (8) and (9) situated in the switch.

When the high-explosive charge is detonated, the liner begins to move,
compressing the magnetic field created in the generator by a small capacitor
bank. This compression creates a current which flows through the “coil-
fuse—piston-liner” circuit. As the detonation wave created by the explosive
charge moves along the axis of the generator, it pushes the explosive prod-
ucts, which, in turn, exerts a force on the piston. The piston then begins
to move and breaks the “coil-fuse—piston—liner” circuit, and the current
pulse from the opened circuit is transferred to the load through the outlets
(8) and (9). To prevent the current from flowing into the load during the
operation of the generator and to sharpen the rise time of the pulse, the
generator is connected to the load through a discharge switch.
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FIGURE 8.22. Modified spiral MCG: 1 — helical coil, 2 — liner, 3 — explosive,
4 — detonator, 5 — switch, 6 — metal piston, 7 — insulator, and 8,9 — electrical
contacts.

The processes that take place in this modified spiral generator can be
considered by using the equivalent electrical circuit in Fig. 8.23. Let L,. be
the initial inductance, L, the generator inductance at time ¢, and Ly, the
load inductance. The energy loss in the MCG is characterized by the active
resistance R;. The circuit disruption process and the switching of the MCG
into the load is represented by the closing of switch K. It is assumed that
the moment at which the piston begins to move there is an instantaneous
closing of the discharge switch K. At the onset of compression of the mag-
netic field in the generator, which is taken to be at t = 0, a current Iy flows
through the generator, which has an initial inductance of L. The processes
that take place in the circuit are described by the equation

d(L.1y) dl
dbehy) o4 g =0, .
at T 0eg Tah (8.1)

The solution of this equation is

L= 10% exp [_ / —I%dt] , (82)

where L(t) = L,(t) + Lo..

An important characteristic in the operation of this generator is the
decrease in voltage, Vo. = Locd[;/dt, which is due to the residual induc-
tance Lg.. This residual inductance determines the current flow from the
generator to the load. At the onset of movement by the piston, the “liner—
piston—fuse—coil” circuit does not open, because of the formation of a cur-
rent carrying channel (electric arc) between the liner and the piston. The
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FIGURE 8.23. Equivalent circuit diagram for a modified spiral MCG.

time between the initial motion of the piston and the time the channel
extinguishes itself determines the delay time for the transfer of current to
the load. Solving Eq. 8.1 for dI;/dt and substituting the result into Eq.8.2,
yields

Lo |dL,
%c:_l_ol:dt

70) + Rl] : (8.3)

If the inductance of a generator with a coil having a variable pitch is
given by L, = Lgexp (—at), Eq. 8.3 becomes

LOc
L(®)

Substituting Eq. 8.2 into Eq. 8.4 leads to

VE)C = Il [aLoe‘“‘ - R1] . (84)

LoLo.
L2()

At the time when L(t) = Lo., Eq. 8.5 reduces to

Voc = 1o

[aLoe™ — Ry] ¢. (8.5)

R,
Voe = — .
oc = ToLoa [1 aLoc] ®, (86)

where

0= exp [- /0 t -%—dt] (87)
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is a coefficient associated with the conservation of magnetic current.

In order to find the residual inductance, L., of the generator, an expres-
sion for the expansion angle for copper tubes having a diameter of 0.4-2.0
mm must be found. The expansion angle is a function of a distance that is
12-15 times longer than the distance between the liner and the detonation
front, which is no longer a function of time. The expansion angle is

T 7Zm 0.1
/3=«/:’Y—“_L1—11r—2—— [\/Zm+1.86+K : (8.8)

_ po?’
p1 (25 — 22%)

is the ratio of the mass of the high explosive to that of the liner per unit
area, 2o is the outer radius of the liner, 2 is the inner radius of the liner, 2,
is the inner radius of the liner as it expands, A = (2, — 2)/# is the increase
in the radius of the liner, pg is the density of the high explosive, and p, is
the density of the liner material.

Having defined the expansion angle, an expression can be written for the
residual inductance as

where

Zom (8.9)

pom (25 — 23)w?
Lo. = —, 8.10
%™ 15(2; — 2) + (23 — 29) sin 3 (8.10)

where 23 is the inner radius of the coil, (3 is the average angle of expansion,
w is the number of windings in the segment lo;, and p, is the magnetic
permeability.

The expression for o depends on the ratio of L, (to.) to Lo, that is,

D

a = —-Z; lIl'I—L/'OO—c, (811)
where to. = ./ D is the duration of the pulse in the generator, which can be
found from the parameters of the generator, I, is the length of the generator,
and I is the distance along the generator that the liner has expanded and
made contact with the coil. If Egs. 8.10 and 8.11 are substituted into Eq.
8.5, an expression for the voltage due to the residual inductance of the
generator can be derived as

Voo = —IoLop2mn (o2 (14 Fabe | (8.12)
1 L %
z 0 Dln (LL )
o
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Assuming that R; = 0, Eq. 8.12 reduces to

D pom (23 — 23)w?
Voo = ~IoLoy- [15(z2 —2) + (23 — 22)sin 8] Lo (8.13)

The process of opening the “coil-fuse—piston—liner” circuit by the motion
of the piston and, thus, switching the power into the load is represented by
the closing of switch K. To find the current Iy, flowing into the load after
closing the switch, the law of conservation of magnetic flux is used:

I1Lo. = Ior, L1, + Ior, Lo, (8.14)

where I; is the current that flows from the generator at the moment the
switch is activated. Rewriting Eq. 8.14, one obtains:

Lo,
Iop =5I———— 8.15
oL = T + Lo’ (8.15)

From Eq. 8.15, it can be seen that, when L1 = Lo., a maximum current of
Ipr, = 0.51; is delivered to the load. Because the current I, in the load at
time ¢ increases as Lo, goes to zero, the dependence of the current on time
is described by the equation, which is analogous to Eq. 8.2:

Lo.+ Ly, [ /‘ Ry ]
I =j—————ex ——dt] . 8.16
L ! Ly + LOc(t) P toc+ix L + Loc ( )

As mentioned above, instantaneous opening of the generator circuit does
not take place because of the formation of a current-carrying channel. This
delay in transferring the current from the generator into the load is des-
ignated tx. To find this delay time, the breakdown voltage of the “piston—
liner” gap must be known, since the extinction of the current channel de-
pends on the following condition:

Voc
l—° < Enp, (8.17)
k

where E,, is the breakdown voltage and I, is the length of the channel. If
it is assumed that the channel is extinguished at the moment that Vp./lx =
E,p, then it has been found that the dielectric strength of the expanding
detonation products is greater than 70 kV/cm.

To find the velocity of the piston, the following semiempirical expression
is used:
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[0.02 [mg

where mg3 is the mass of the high explosive and M is the mass of the
piston. This expression holds in the velocity range between 1 and 5 km/s.
To calculate v,, the mass of the high explosive, having a length of I3, is
substituted into the above equation, since it is assumed that the remaining
mass of high explosive is used to accelerate the liner.

Taking into account Eq. 8.18, the expression for the delay time becomes

ty = (8.19)

(0.2093 /10, [eanZilos 0.038) DE,,

The presence of the current-carrying channels leads to additional energy
losses. To evaluate these, it is necessary that the inductance, Ly, of the
current-carrying channels be determined. This inductance can be approxi-
mated by using an expression that describes an arc discharge:

b
LK ~ 2lKlnE =~ 14lK, (820)
where a is the radius of the channel. By using Eq. 8.15, it has been found

that the energy losses per centimeter due to the channel inductance is small,
since:

W =Wy + Wy, + Wk =0.51?_I(LH+L()C+LK) (8.21)
and
Ly
_— 1. 8.22
Ly + Lo, < ( )

In order to verify the above analysis, a series of MCGs was constructed
and tested. Their coils were wound with wire in one, two, and three turns.
Copper tubes were used as the liner. The piston was made from copper
and had a mass of M = 5.5 g. A capacitor bank was used to create the
initial magnetic field in the MCG. It was connected to the MCG through
a vacuum spark gap switch, with a switching time of the order of tens of
nanoseconds. The discharge of the capacitor bank was oscillatory in nature.
The maximum current delivered to the MCG was Iy = 1.9 kA. The time
taken for the current to reach its peak value was ¢ = 200 us. The best
results obtained in these experiments are presented in Table 8.2.
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Quantities Value
Measured Iy 50 cm
23 14 cm
2 0.7 cm
d, 0.2 cm
Lo 98 uH
Ry 0.1Q
M g
B 43°
loc 2.42 cm
a 42761 /s
0% 23
Voe 1.3kV
157 0.14 us
Up 1328 m/s
10} 0.15
Experimental Iy 1.9 kA
I 6.6 kKA
Iy 3.0kA
ty 1.8 us

TABLE 8.2. Parameters of the modified spiral generator.

Analysis of the above data demonstrates that the MCG design proposed
in this section will permit the time taken to deliver energy to the load
to be shortened from tens of microseconds to microseconds, without using
additional peaking switches.

Powering Relativistic Electron Beam Devices with MCGs

In this section, an analysis is presented of the conditions required for pow-
ering an REB device, such as the MILO, with an MCG through a two-stage
peaking switch. The first stage of the switch consists of an explosive switch,
while the second stage is an electroexplosive switch.

Powering REB devices with high-inductance, high-speed spiral MCGs
with explosive switches requires that the current risetimes are of the order of
~ 0.1 ps, which means that a peaking switch must also be used. Explosive
current switches can only generate current pulses with a risetime of 1 us.
To further sharpen the rise time, a second switch, such as a plasma erosion
opening switch (PEOS) or an electroexplosive switch, must be used.

The equivalent circuit diagram of an MCG with a two-stage switch is
presented in Fig. 8.24. Time is counted from the moment the explosive
switch is activated, i.e., it is assumed that switch K; is activated at t = 0.
Switch K3 is activated at time ¢ = t’, which is the moment at which the
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voltage in the electroexplosive switch has reached the assigned value of U,,.
The system of equations that describes this equivalent circuit is

Jx = Jp + Jp, (8.23)
Jk (0) = Jo, (8.24)
JB(0) = Jo, (8.25)
Jp(0) = J4(0) =0, (8.26)
LxJx + LxJk + LpJdp + RgJx + RgJs =0, (8.27)
LpJp+ RgJy— JgRp =0, (8.28)
é= J"%R"’, (8.29)

m
e(0) =0, (8.30)

for0<t <t and

Jx = Jg + Jp, (8.31)
Jr(t) = Jy, (8.32)
Jp(t) = Jg, (8.33)

Jp(t') = Jb, (8.34)
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Jp =Jy+ Jy, (8.35)
J(t') = J}, (8.36)
Ju(t') =0, (8.37)
LixJx + LxJx + LpJp + LyJu + RxJx + RgJy =0, (8.38)
LpJp+LyJy + RyJuy — RpJg =0, (8.39)
LyJy + RyJy — RgJg =0, (8.40)
é= -Jﬁf, (8.41)
m
et) =¢, (8.42)

for t > t'. The various symbols used in the above equations correspond to
those shown in Fig. 8.24. The quantities m and e are the mass and internal
energy of a unit mass of high explosive, respectively.

Because the time it takes to switch the current into the load is much
less than the operating time of the MCG, the change in inductance can be
approximated by the linear relationship

Lk(t) = Lo — at, (8.43)

where the rate of change of the load inductance, a, is a function of Lg.
It is also assumed that the active resistance of the MCG, Ry, during the
switching process does not change. The value of this resistance Ry has
been determined experimentally by switching an MCG into an inductive
load, and it was found to be 10 mOhm. The dependence of the resistance of
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FIGURE 8.24. Equivalent circuit diagram for an MCG with a two-stage switch:
Ly and Rj — inductance and resistance of MCG; L, — inductance of switch, Ly
and Ry — inductance and resistance of the load; Ry, and Ry — resistance of 1st
and 2nd cascades; K1 and K3 — closing switches, and Jk, JB, Jp, Jg, and Ju —
currents in corresponding branches of the circuit.

the explosive switch, Rp, on various parameters must be determined exper-
imentally. The resistance of the electroexplosive switch can be calculated
by using

Ry(t) = 228, (8.41)
where p, [, and S are the specific resistivity, length, and cross-sectional area
of the electroexplosive conductor. If it is assumed that the load parameters
are Ly = 50 nH and Ry = 1 Ohm and that the voltage at which switch
K activates corresponds to the breakdown voltage of the REB device, i.e.,
Up = 100 kV, then the following parameters must be determined: Lg; a;
the switch inductance Lp; the length ! and cross-sectional area S of the
electroexplosive conductor; the maximum input voltage to the load, i.e.,
Un = JyRy, which is assumed to exceed 500 kV; the maximum input cur-
rent to the load, which is assumed to exceed 200 kA; and the risetime of the
current pulse into the load, which is approximately 0.1 us. To ensure that
the switch is operating at peak efficiency, the initial value of the current,
Jo, at the moment the switch is opened should be kept as low as possible.

Before solving the governing equations, the range of values over which
the parameters of the MCG can be varied must be defined. In this analysis,
it will be assumed that the MCG has an inductance of 35 nH and that the
initial current Jy is limited to a value of 6 MA. The initial inductance,
Ly, and the rate of change in inductance, a, at the moment the switches
open, are interrelated, i.e., only one of them is an independent variable.
It is also assumed that the initial inductance varies between 20 and 40
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nH. These limits are based on the efficiency and electric field strength of
typical MCGs, and the value of a ranges from 0 to 7 nH/ s. The value of the
switch inductance, L p, ranges from 10 to 50 nH, with the lower limit of Lp
being determined by the dimensions of the explosive current switch and the
upper limit by the dimensions of the energy source. The minimum length
of the electroexplosive switch conductors is determined by the electric field
strength of the explosion products, which is ~ 10 kV/cm. Thus, the length
of the conductor must be no more than 500 mm. No limits are placed on
the cross-sectional area, S, of the conductors.
These calculations were based on the following assumptions:

e The length [ of the electroexplosive conductor does not change during
the calculations, which is assumed to be 500 mm.

e The inductance of the MCG at the moment the switch opens the
circuit is Lyg.

e The MCG current Jp is at its peak value at the moment the switch
opens the circuit.

Based on these assumptions, and assuming that the MCG output voltage
is Uy > 500 kV and that the output current is Jy > 200 kA, the optimal
values of Lp and S are calculated. Using these values, the current Jy is
minimized and the optimal values of Lp and S are recalculated. If these
values cannot be optimized, a new initial value of Ly is selected and the op-
timization process repeated. The thickness b of the electroexplosive switch
determines the cross-sectional area S, and is found by using the expression
b= S/mD, where D is the diameter and has a value of 120 mm.

For example, the values of Lp, S, and Jy, given that Lo = 20 nH and a =
0, can be optimized. Several test cases show that given a maximum current
of Jy = 6 MA, it is possible to achieve the required output characteristics of
the MCG. However, at Jy = 6 MA, the explosive current switch is operating
at its peak value, which may lead to unstable operation of the MCG. It has
been shown that slight deviations in the current Jy from the required value
may lead to noticeable reductions in the output voltage of the MCG. It has
also been shown that the current pulse in the load circuit is less sensitive
to deviations of Jy from the required value. For this reason, the value of Jy
was first reduced to 5 MA, and then to 4 MA. From these new calculations,
it was found that the required values for the output parameters of the MCG
can be achieved for the given values of Ly and a, if the current does not fall
below 5 MA. Furthermore, the maximum voltage amplitude in the load is
achieved when Jp = 5 MA, if Lp = 25 nH and = 3 um, or when Jy = 4
MA, if Lp = 33 nH and b = 2 um. These are the optimal values of Lp
and b, for different values of Jy. The current amplitude in the load behaves
similarly.

In order to determine the required output characteristics of the MCG,
given that Jy = 4 MA, a series of calculations were made for the case
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when Lo = 25 nH and a = 0. It was found that the values of the required
output parameters of the MCG could be attained, with the exception that
the peak voltage amplitude in the load slightly exceeds its assigned value.
It was also shown that the optimal values for Lp and b are 37 nH and 2
pm, respectively. However, it was also found that an Lp of 37 nH for a foil
length of 500 mm would lead to an unacceptable increase in the dimensions
of the MCG. Therefore, a series of calculations was made to optimize the
parameters of the MCG and the second stage of the switch when Jp = 4.5
MA. It was found that the required output parameters of the second stage
switch should lie within a significantly wider range of values of Lp and b,
than when Jy = 4 MA. The optimal values of Lp and b were found to be
30 nH and 3 pm, respectively.

In summary, it was found that the output characteristics of the MCG
with a two-stage switch required to drive a REB device can be achieved
given that the following conditions are met: Lp = 20-30 nH and b = 3-4
pm. It can be expected that MCGs that meet these criteria will be able to
generate output voltages of 700 kV and currents of 360 kA with rise times
of 0.1 us.

In addition, calculations were performed to determine the effects of load
resistance on the output characteristics of the MCG. The analysis was based
on an MCG that met the conditions described above for two types of loads:
one with an active inductance (Ly = 50 nH and Ry = 1 Ohm) and one
that is purely inductive (Ly = 50 nH and Ry = 0 Ohm). The calculations
show that the presence of an active component in the load resistance leads
to an increase in the input current into the load, while the load which was
purely inductive results in a decrease in the input current to the load.

Incorporating all these results into the analysis, it has been shown that
an MCG with a two-stage switch can deliver to REB devices, such as a
MILO, voltage amplitudes no less than 500 kV and current amplitudes
no less than 200 kA, where the load inductance is 50 nH and the active
resistance is 1 Ohm. In this case, the generator—switch system must meet
the following conditions: Jy = 4.5-5.0 MA, Lo = 20-25 nH, Lp = 20-30
nH, S = 1.0-1.5 mm?, and ! = 500 mm.

8.2.5 Transition Radiation Generators

At present, efficient compact sources of electromagnetic energy capable of
generating gigawatt power levels with pulse lengths of 1 to 20 ns in the
wavelength band of 1 ym to 1 mm do not exist. In other words, there
are no high power sources of electromagnetic energy that operate in the
frequency regime between that of high-power microwave sources and high-
power lasers. It has been proposed that the transition radiation generator
(TRG) may be capable of generating high powers in this spectral band.
The TRG emits transition radiation produced by high-current relativistic
electron beams.
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FIGURE 8.25. Waveguide transition radiation generator. When the electron
bunch passes from the waveguide into free space, transition radiation is generated
due changes in its electromagnetic environment.

In general, certain parameters of the TRG are probably worse than those
of conventional electromagnetic sources, but they may be able to generate
relative high powers in the spectral range 1 pm to 1 mm with relative rich
spectral densities. While sources of electromagnetic energy have a number
of applications including radar, communications, plasma chemistry, and
ecology, communications seems to be the most near term application for
TRGs, since the parameters of the radiated pulse precisely copy the pa-
rameters of the modulated electron beam used to generate the pulse.

Transition radiation is generated when charged particles moving in a
straight line at a constant speed pass through or near an electrodynamic
nonlinearity. These electrodynamic nonlinearities arise because of either
inhomogeneities or time variations in the properties of a medium.

There are several mechanisms by which transition radiation may be gen-
erated, and all are based on the use of REBs. The TRG that is considered
in this section consists of a high-voltage MCG, REB accelerator, and elec-
tromagnetic pulse (EMP) generator. The MCG needs to generate a high-
voltage pulse; i.e., 0.6-0.8 MV, with a pulse length of 0.1-1.0 us. Two EMP
generators are considered. The first is simply a waveguide from which the
electron beam passes into free space (vacuum or air) as shown in Fig. 8.25.
Transition radiation is generated when the beam leaves the waveguide and
enters free space. The electron beam also serves as the EMP antenna. The
second type of EMP generator has a converter that converts the electron
beam energy into EMP, which is then fed into a wide band antenna as
shown in Fig. 8.26.

The TRG differs from traditional electromagnetic generators in several
ways:
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FIGURE 8.26. Transition radiation generator with converter. The converter tran-
sitions the electron beam energy into an EMP pulse, which is than radiated by
a wide band antenna.

e The TRG does not require a pulse forming line, which is replaced with
a modulated electron beam. Such a system will probably be more
compact than the pulse forming line in traditional EMP generators.

e The shape of the radiated pulse is determined by the shape of the
electron pulses formed by beam modulation. Therefore, by adjusting
the shape of the electron pulse, the shape of the radiated pulse can be
adjusted. The pulse length of the EMP depends on the pulse length
of the electron bunch and the power in the EMP depends on the
beam current and energy. Estimates show that the efficiency of TRGs
having low beam energies and low currents or high beam energies and
low currents is only a fraction of a percent. However, if short electron
pulses with a pulse length of 0.1-10 ns, energy of 0.5-1.0 MeV, and
peak current of 10-100 kA are used, the efficiency is tens of percent.

e The Fourier spectrum of the radiated pulse shows that the radiated
energy lies primarily in the low-frequency portion of the spectral band
1 pm-1 mm. The characteristic frequencies in the spectrum of the
TRG are determined by the pulse length of the electron bunch. There
are spectral lines in the higher frequency regime of the spectrum, but
the energy content falls off as the frequency increases.

e The energy can be shifted from the low frequencies of the spectrum
towards the higher frequencies by decreasing the pulse length of the
electron bunch. This has been done in linear resonant accelerators,
which generate pulses with lengths that are a fraction of a millisecond.

The radiated output powers of these generators in the short wavelength
domain, i.e., < 1 mm, may not exceed 1 GW. Realistically, the power levels
may only be 1-10 MW for pulse lengths of 10-100 ns, but if the pulse length
is decreased to 0.1 ns, the power level increases.
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8.3 Direct-Drive Devices

In June, 1994, A.B. Prishchepenko at the Central Scientific and Research
Institute for Chemistry and Mechanics published a paper on a class of de-
vices, called direct-drive devices, in which MCGs connected to a small ca-
pacitive load are used to generate wide-band electromagnetic signals with a
frequency content ranging from tens of megahertz to tens of gigahertz [8.28].
Prishchepenko called these devices electromagnetic ammunition (EMA).
By direct-drive devices is meant that there is no source of electromagnetic
waves, such as a vircator or MILO. That is, the energy from the MCG is
coupled directly into the antenna. These devices range in size from that of
a baseball to that of a 105 mm artillery shell. Subsequent papers [8.28-8.38|
have revealed that there are several versions of EMA, some of which do not
use MCGs as their power source, but rather MHDGs, PEGs, and FMGs,
which were all briefly discussed in Chapter 1. In this section, some of these
devices are examined in more detail. It should be pointed out that there
is much that is not understood about how they work, such as how they
generate frequencies greater than 1 GHz; i.e., 1-150 GHz, and high powers,
i.e., megawatts to gigawatts.

8.8.1 Types of EMAs

As noted above, there are several different types of EMAs. Some things that
bond them together into a family are that they all rely on explosive power
sources and employ small capacitive loads to generate electromagnetic en-
ergy, as well as their intended application. In identifying these devices (Fig.
8.27) , the names given to them by Prishchepenko are used, and they are

e explosive magnetic generator of frequency (EMGF),

e implosive magnetic generator of frequency (IMGF),

e cylindrical shock wave source (CSWS),

o spherical shock wave source (SSWS),

e magnetohydrodynamic source (MHDS),

e magnetohydrodynamic generator of frequency (MHDGF),
e piezoelectric generator of frequency (PEGF),

o ferromagnetic generator of frequency (FMGF),

e superconductive magnetic field shock wave former (SMFSWF).

EMAs that are combinations of those listed above have also been built.
For example, the ferromagnetic generator (FMG) has been used as the
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FIGURE 8.27. There are several versions of the EMA: (a) EMGF, (b) IMGF, (c)
CSWS, (d) FMGF, (¢) MHDGF, and (f) PEGF.

source of seed current for the EMGF, IMGF, and CSWS. The FMGF and
PEGF have been joined to form the “combined generator of frequency”
(CGF).

The CSWS was the first of this class of device to be tested, on March
2, 1983 [8.36]. One version of CSWS consists of an FMG that provides
the seed current to a helical MCG, which drives a solenoid, that contains a
working body placed within the solenoid as shown in Fig. 8.28. The current
from the helical MCG is fed to the inner coil (1) to create a magnetic field in
the working body. This field freely penetrates the working body (2), which
is a material such as powdered silicon or monocrystalline cesium iodide.
When the seed magnetic field in the solenoid reaches its peak value, the
annular explosive charge (3) is detonated. The implosion converts the coil
into a monolithic liner, which impacts on the working body, thus forming
a converging and electrically conducting shock wave in the working body
that compresses the magnetic field. The high pressures within the shock
wave in the working body transitions the dielectric material within the
shock front into a conducting material. It is this metalized shock front
that completes the compression of the magnetic field and the conversion
of chemical energy from the high explosive into electromagnetic radiation.
The key to making this device work is that the magnetic pressure during
the compression process does not exceed the hydrodynamic pressure until
the radius of the shock wave is one one-thousandth that of the working
body. One of the main advantages of this device is that Rayleigh—Taylor
instabilities do not occur in monocrystals. The spherical version of the
shock wave sources, i.e., the SSWS, is shown in Fig. 3.18, which is the
most difficult and expensive to build.
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FIGURE 8.28. Photograph (a) and diagram (b) of a cylindrical shock wave source:
1 — coil, 2 — monocrystal, and 3 — explosives.

The EMGF shown in Fig. 8.29 consists of either permanent or electro-
magnets (1) and a circuit that includes an armature (2), helical coil (3), and
capacitor (4). The EMGF is basically a parametric amplifier, which means
that it operates only at those moments when the currents are substantial,
since only under these conditions is work done by the armature against
the magnetic field. Since the equivalent circuit of the device is basically an
LRC circuit, the induced currents oscillate, and radiates electromagnetic
energy. The key to making this device work is the small capacitor. The coil
of the MCG also serves as the antenna for the device. This device will be
discussed in more detail later.

The diagram of the IMGF is presented in Fig. 8.30. An initial current
from either an FMG or capacitor is delivered the feed coil (1), which cre-
ates a magnetic field within the coil. When the feed current reaches its
peak value, the annular explosive charge (2) is detonated. The feed coil
is converted into a monolithic liner, which is used to compress the mag-
netic field. The radiating coil (3) is connected to the capacitor (4). During
the initial stages of compression, there is no substantial diffusion of the
magnetic field into the radiating coil. However, the converging liner forces
the magnetic field into the radiating coil, which decreases its inductance
rapidly, i.e., by a factor of 2 within 100 ns. Against the background of the
carrier current pulse, which is of submicrosecond duration, oscillations with
increasing frequency are formed. These oscillations radiate electromagnetic
energy.

8.8.2 FEzplosive Magnetic Generator of Frequency

The explosive magnetic generator of frequency (EMGF) is based on the
MCG. According to the literature, there are several variations of the EMGF.
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FIGURE 8.29. Photograph (a) and diagram (b) of an explosive magnetic gener-
ator of frequency: 1 — permanent magnets, 2 — armature, 3 — helical coil, and 4 —
capacitor.

FIGURE 8.30. Photograph (a) and diagram (b) of an implosive magnetic genera-
tor of frequency: 1 — feed coil, 2 — explosives, 3 — radiating coil, and 4 — capacitor.
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FIGURE 8.31. Single-stage explosive magnetic generator of frequency (EMGF).

Some of these are single stage devices, in which a single MK-1 or MK-2
type MCG is used to drive a capacitor. Others are multistage and consist
of two or more MCGs. In the two stage devices, a low energy MCG serves
as the seed source for a more powerful energy amplifier. Both versions will
be briefly discussed in this section.

EMGFs Based on a Single MCG

Consider the device in Fig. 8.31. It consists of a seed source, a synchroniza-
tion circuit, a spiral MCG, and a low value capacitor. The seed source could
either be a battery, capacitor, or an FMG. The critical component is the
capacitor, which has a capacitance of between 100 to 1000 pF. By adding
the capacitor, an LRC circuit is created which rings as the MCG generates
electric current. It is this ringing that generates the microwaves, which ac-
cording to [8.36] has a frequency content ranging from tens of megahertz
to 150 GHz. To make these devices compact and light-weight, the spiral
winding of the MCG also doubles as the antenna for the EMGF.

Circuit Analysis

The single-stage EMGF can be represented by the series L RC circuit shown
in Fig. 8.32. It is assumed that the inductance and capacitance are functions
of time. Summing the potentials around the circuit, yields

t
%(IL) +IR+ é /0 [dt=0, (8.45)

where I is the current. At t = 0, I = Iy and Eq. 8.45 can be rewritten as
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I(t)

FIGURE 8.32. Equivalent circuit diagram of a single-stage EMGF.

d?I dL dI L dR 1
Lﬁ+<2E+R)E+<F+E+E>I‘O' (8.46)

The inductance of a solenoid is given by

_ pN2A

L
I ’

(8.47)

where it is assumed that the length of the solenoid is much greater than its
radius. In Eq. 8.47, u is the permeability, NV is the number of turns in the
solenoid, A is the cross-sectional area of the solenoid, and ! is the length of
the solenoid.

When the explosive inside the liner is detonated, the area between the
liner and the solenoid decreases, thus compressing the magnetic field. The
area between the liner and the solenoid is

A=n(rd—r})=m(ro+m)(ro—mi). (8.48)

If it is assumed that the annular region between the liner and solenoid is
relatively small, then Eq. 8.48 becomes

A~2mr? (1 - :—') o~ 27rrge_%. (8.49)
0

The radius 7; increases at a rate of r; = vt, where v is the velocity of
the liner following the detonation of the high explosive. Therefore, the
inductance is
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_ 2mp(Nro)* _ue

2
L e T, (8.50)

where 79 /v is the characteristic time 7, and

_ 2mpu(Nro)®

Lo 7

(8.51)
The velocity of the liner is assumed to be the Gurney velocity, which is
defined by the expression

1

g 2

2M

where v/—2Ae is the Gurney constant, C is the mass of the high explosive,
and M is the mass of the liner. The Gurney constant varies with the type
of explosive used, and for TNT, it is equal to 2.315 x 10% m/s. Thus,
the time-dependent change in the solenoid current depends on the type of
explesive used and the dimensions of the device.

It i3 assumed that the time-dependent behavior of the inductance and
the resistance are the same and are given by

L=Le 7t (8.53)
and
R= Roe 7z, (8.54)

where Ty, is a characteristic time which depends on the dimensions of the
device, the type of explosive used, and other physical characteristics of the
device. Substituting Eqgs. 8.53 and 8.54 into Eq. 8.46 and differentiating
yields

@21 (R, 2)\dI 1 Ro e o
W+(E_E>E+l(ﬁ_m)+m I1=0. (8.55)

To solve this equation, let

z“=e"L. (8.56)
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Differentiating yields

dz z
i Z—TZ, (8.57)
so that the following identities can rewritten as
dl _dldz _ z dI (8.58
dt ~ dzdt 2'rL dz -58)
and
d?I d (dl d d
o= Z(Z)=2 = (8.59)
dt? dt \ dt dt dt
d2[ z dI
2’7'L de? 47'% dz’
Substituting Egs. 8.58 and 8.59 into Eq. 8.55 yields
d21 1 Ry 2 dI
—+—-|14+2 — —— )| = .
' [ T (Lo ’TL>:l dz (8.60)
47y 4 RoTp,
—|1- I=0.
" [LOC " ( Lo >]
The general solution of this equation is
I =227 [AJ,(A\2) + BY,(\2)], (8.61)

where v = Ry7L/Lo, A =271 //LoC, A and B are constants that must be
determined, and J(z) and Y (z) are Bessel functions of the first and second
kind, respectively, of order v and argument z.

At t = 0, the initial conditions are

I(0) = I (8.62)
and
dl Io RoTL
al|,_ 7o (1 I > (8.63)
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Using the identities

WD) _ A [horr) = L2 02)]
) _ ) [¥oa2) - 23,02)]

and after significant computation, expressions for A and B are

A= IY,-1(N)
= TN ) = Yo (N do (V)
. Iodv_1(V)

T LAY (V) =Y, (M) _1(A)
Using the identity
2
J,A)Y,—1(A) =Y, (MNTp-1(N) = —,
A
Eqgs. 8.66 and 8.67 become

A= WAIOY,;-]()\),
2
B = _¥Ju—l()‘)-

Therefore, the solution of Eq. 8.60 is

Y ()

I
2

227V Vo1 (M) J(A2) = Jum1 (V)Y (A2)] -

(8.64)

(8.65)

(8.66)

(8.67)

(8.68)

(8.69)

(8.70)

(8.71)

When the arguments of the Bessel functions are large (A > 10), then the

identities

Ju(z) = \/%cos [:c - %(1 +21/)] ,
Y, (z) = \/gsin [a; - -Z-lr-(l +21/)] .

(8.72)

(8.73)
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can be substituted into Eq. 8.71 to obtain

I=1Ipz3 " cos[\(1—2)]. (8.74)

Examining Eq. 8.74, shows that the induced current is oscillatory. At
very early times in the compression process, the following approximations
hold:

2l 4 —, (8.75)

t
I = I —_, 8.76
o (2) (8:76)
so that the ringing frequency of the current in the EMGF is
w=2rf = T (8.77)

= —,
2rin [1+ ZVIoCe 7|
which increases as time increases.

Numerical Ezample

The EMGF has been tested, and the results are presented in [8.32]. The
reported values of the various parameters are: Ip = 20 A, Lo = 50 pH,
C=1pF, 7, =35pus,e=114x10"2, § =2, v = 0.72. No value was
given for Ry, however using the definition of v and the values of the above
quantities, Ry can be calculated to be 10.3 2.

It should be noted that for v = 0.72, the amplitude of the current, defined
by Eq. 8.74, increases continuously with time. Thus, Eq. 8.74 does not
represent a physically acceptable solution throughout the operation of the
MCG. The experimental results, Figs. 8.33 and 8.34, indicate that v should
be a function of time. Using semiempirical arguments, it is found that there
is very good agreement between Eq. 8.74 and experimental results, if the
value of v is taken as

Rorn ¢ <y
u={ Lo ' =0 (8.78)

%g‘)leTA(t—to)’ t>to '

where to = 6 us and Ty = 1.8 x 10°. The factor T4 was obtained by fitting
the model for the resistance to the published curves for the EMGF.

In Eq. 8.74, when v > 3/2 for t > 6 pus, the current begins to decay
exponentially with time, with the results of these calculations being in
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FIGURE 8.33. Plotting Eq. 8.74 using Eq. 8.78, the output current waveform of
the EMGF has a “fish” shape structure.

good agreement with the experimental results in [8.32]. The significance of
this result is that Eq. 8.74 has only a single physical parameter that needs
to be studied in order to understand the operation of the inductive EMGF.
Once the behavior of this parameter is understood, this model can be used
to optimize the design of the EMGF.

Figure 8.33 shows an oscillogram of the Rogowski signal from an EMGF
and the plot of Eq. 8.74. In both the oscillogram and the plot, it can be
seen that a ringing is superimposed on the initial exponential growth, and
then decay, of the current. It can also be seen that the ringing frequency
changes with time.

Figure 8.34 compares plots of the envelope of the current output of the
EMGEF calculated using Eq. 8.74 to that in [8.32]. The experimental and
Prishchepenko curves are taken from [8.32] and the semiempirical model
curve calculated by using Eq. 8.74. As can be seen, there is good agreement
between the curve calculated using the model proposed in this section and
the experimental curve.

In June 1997, two sets of experiments were conducted on the EMGF.
The first test was a joint test of Prishchepenko’s devices with the High
Mountain Geophysical Institute in Nalchik, Russia. The second test was
of U.S. version of the EMGF and this test took place at the Energetic
Research Center in Socorro, NM. In the Nalchik experiments, the current
waveforms in Figs. 8.35 and 8.36 were measured with a Rogowski coil. A
photograph of the EMGF tested at Nalchik is presented in Fig. 8.37 and
photographs of two versions of the EMGF tested at Socorro are presented
in Fig. 8.38. The “fish” waveform for the electrical current was observed
in both sets of tests. As can seen in the Rogowski measurements from the
Nalchik test, the ringing decays to zero in 13 us, but the generator continues
to function for 32 us. It is unclear why the resistance apparently increases
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FIGURE 8.34. Plots of envelope of EMGF coil current versus time.

FIGURE 8.35. Coil current measured in an EMGF—shot 1.

from milliohms (the typical resistance of helical MCGs) to values as high as
10 Ohms. Without knowing more about the design of the EMGFs tested,
two theories have evolved. One is that, initially, the resistance of the EMGF
decreases due to increased numbers of electrons in the plasma formed in
the flux compressor, but as the electron density increases, their mobility
decreases, thus increasing the resistance. The other is that there may be
an opening switch in the circuit. When the current reaches a certain value,
the switch opens and the ringing dampens out. This would lead to the
formation of high voltages within the EMGF that could account for the
generation of a wide band RF signal.
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FIGURE 8.36. Coil current measured in an EMGF—shot 2.

FIGURE 8.37. EMGF under test at a test range belonging to the High Mountain
Geophysical Institute in Nalchik, Russia in June, 1997.
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FIGURE 8.38. A U.S. version of EMGF under test at the Energetic Material
Research Center in Socorro, NM. (Courtesy of Explosive Pulsed Power, Inc.)

Verification of Electrical Resistance Model

Based on experimental data, the resistance of the EMGF first decreases
and then at some point increases. A semiempirical model of these changes
was derived from the circuit equations for the EMGF. To verify this model,
it was applied to the EF-3, MARK IX, and FLEXY I generators.

Unlike the EMGF, these three devices were tested without a capacitive
load; nevertheless, the basic analysis and the semiempirical model devel-
oped for the resistance of the EMGF should be applicable. The basic circuit
equation for all three generators is

%I—) +RI =0. (8.79)

If it is assumed that the initial time behavior of the inductance and the
resistance is the same as that for the EMGF, then the resistance model for
all three generators is:

(8.80)

for 0< t < tp, and

Ro(1 + Tat) exp [- (; — Tt - t(,)] (8.81)

for Ro(1 + Tat) exp [— (£ — Ta(t —to)] , where 7 is a characteristic time
and the integration of Eq. 8.79 is straightforward:
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RoT
[= et (%) = I220"), (8.82)

where v and z have the same definition used for the EMGF. Using this
semiempirical model for v, Eq.8.82 becomes

_rep| L (12 B
I =Ipexp [TL (1 I )] (8.83)
for t < tp, and
I =1Iyexp [i (1 - -R—OI exp (Ta(t — to)))] (8.84)
TL Ly

for t > tp, where T, Ry, and ty must be determined empirically. Substituting
Eqs. 8.83 and 8.84 into Egs. 8.80 and 8.81 and solving for R, provides a
generalized model for the resistance.

The parameters of the EMGF, EF-3, MARK IX, and FLEXY I are pre-
sented in Table 8.3. Using these parameters and plotting Eqs. 8.83 and
8.84, it can be seen in Fig. 8 .39-Fig. 8.41 that the proposed model is in
good agreement with the experimental data. It should be noted that the
factor 1.8 x 10° in Egs. 8.83 and 8.84 is applicable to all four helical gen-
erators. The physical significance of this is not presently understood, but
the fact that it retains the same value for all four different generator de-
signs with different loads is interesting. In order to understand the physical
significance of this factor, the similarities of these four generators must be
examined. These include that they

e are all helical generators,
e have a finite distance between the liner and the coil, and

e are all gas filled (air in the case of the EMGF, EF-3, and FLEXY I
and SFg in the case of the MARK IX).

Multistage EMGF's

In a multistage EMGF, a low-energy MCG is used as the prime energy
source for a second fast spiral MCG that serves as an energy amplifier, as
shown in Fig. 8.42. The seed source for the low-energy MCG may be either
a capacitor or a FMG. However, a different design, where the magnetic
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Parameter EMGF EF-3 Mark IX FLEXY I

Io (kA) 0020 50 412.0 480
Lo (uH) 500 6500 6.0 35.0
7 (us) 35 317 39.7 30.0
to (us) 60 2000  150.0 133.0

Ry () 10.3  0.0285 0.000238  0.00205

TABLE 8.3. Empirical parameters for the EMGF, EF-3, Mark IX, and FLEXY
I MCGs.
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FIGURE 8.39. Comparison of the plot of Eqgs. 8.83 and 8.84 using the proposed
resistance model with experimental data for the EF-3 generator.
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FIGURE 8.40. Comparison of the plot of Eqs. 8.83 amd 8.84 using the proposed
resistance model to experimental data for the MARK IX generator.
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FIGURE 8.41. Comparison of the plot of Eqgs. 8.83 and 8.84 using the proposed
resistance model to experimental data for the FLEXY I generator.
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FIGURE 8.42. Multistage EMGF: A — synchronization and control unit, B —
low-energy MCG, C - spiral MCG (energy amplifier), and D - small capacitor.
The major components are—1 — synchronization and control unit, 2 — prime
energy source, 3 — spiral MCG, 4 — metal liner, 5 — explosives, 6 — conductors
that connect the sprial coil of the high-energy MCG to the capacitive load, 7 —
connectors that connect the liner of the MCG to the capacitive load, 8 — low value
capacitor, 9 — detonator for the high-energy MCG, and 10 — cables connecting
the capacitive load and high-current conductors.
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FIGURE 8.43. Low-energy sprial MCG with permanent magnet system and mag-
netic flux concentrators: 1 — detonator, 2 — explosives, 3 — metal liner, 4 — centering
flange, 5 — elements of magnet system, 6 — casing, 7 — sprial winding, 8 — mobile
contact, and 9 — holding ring.
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FIGURE 8.44. Distribution of magnetic field for magnetic system with concen-
tration (a) and without concentration (b). The radius is specified in millimeters
for each curve, with the axis of the MCG being the z-axis and representing the
distance from one end of the MCG to the other end.
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field in the low energy MCG is created by permanent magnets, will be
considered.

The reason for using compact low-energy MCGs as a seed source for
energy amplifiers is to generate the highest possible gains in magnetic en-
ergy and electrical current. In addition, since compact devices having a
diameter of 30 to 50 mm are being considered, it is feasible to employ
multisegmented permanent magnets to create the initial magnetic field in
the low-yield MCGs. The use of modern magnetic materials, as well as
magnetic flux concentrators, permits the generation of magnetic fluxes suf-
ficient for the operation of the low-energy MCG. The schematic of such a
low-energy MCG with permanent magnets is presented in Fig. 8.43.

When a low-energy MCG serves as the seed source for an MCG energy
amplifier, it does not require optimized parameters. Therefore, the magnetic
flux density created within the spiral winding of the low energy MCG is
limited by the capabilities of the magnetic materials used and is on the
order of a tenth of a Tesla. The magnetic field is usually concentrated in
the initial sections of the windings, where the greater density of turns per
unit length permits the generation of the maximum magnetic flux from the
limited initial magnetic induction. The magnetic flux can be concentrated
in the initial section of the spiral winding by superimposing two types
of magnetic elements. The distribution of the magnetic field within the
magnetic system that creates flux concentration is presented in Fig. 8.44.

The energy amplifier is connected to a small capacitive load and, with
the exception of using a low-energy MCG as the seed source, behaves like
the single-stage EMGF described in the previous section. The main reason
for using a multistage EMGF is to enhance its power output.

8.8.83 Cylindrical Shock-Wave Source

Shock-wave sources were discussed in Section 3.8. In this section, the focus
is on the cylindrical version of a shock-wave generator. A photograph and
schematic drawing of the CSWS is presented in Fig. 8.45. A feed current
from an MCG is used to create a magnetic field of about 1 T within coil
1. This field penetrates into the working body 2, which is a single noncon-
ducting crystal such as CsI. When the current in the coil is at its peak
value, the annular explosive charge 3 is detonated and coil 1 is converted
into a monolithic liner. The converging liner compresses the magnetic field
in the annular region between the liner and the working body, and then
impinges on the surface of the working body. This in turn creates a shock
wave within the working body (Fig. 8.46). At the high shock pressures,
which range from hundreds of kilobars up to 1 Mbar, the nonconducting
crystal becomes conducting, creating a converging electrically conducting
shock front. This shock front further compresses the magnetic field, but
in such a way that the magnetic pressure within the unshocked region re-
mains less than the hydrodynamic pressure of the shock wave. The shock
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FIGURE 8.45. Cylindrical shock wave source consists of three major components:
the seed source which is either a capacitor or a ferromagnetic generator, an MCG,
and a solenoid containing a monocrystalline working body such as Csl. When
current in the solenoid and, thus, the magnetic field in the monocrystal is at its
peak value, the explosive is detonated and drives the solenoid into the surface
of the crystal. Owing to the impact of the solenoid, a converging shock wave is
generated within the crystal. At shock pressures, the crystal becomes electrically
conducting and the converging shock wave compresses the magnetic field.

front converges to a radius that is one-thousandth that of the radius of the
working body. Very high magnetic fields are generated within the working
body, and at some point the shock wave breaks down and the compressed
magnetic energy is reportedly [8.32] radiated as microwaves within a pulse
length of a nanosecond. In addition, azimuthal currents flow through the
converging shock front, which also radiates electromagnetic energy. It is
also possible to use permanent magnets to create the initial magnetic field
in the working body, as is done in the spherical version of the SSWS [8.35].

As discussed in Chapter 2, the main effect that limits the peak fields
that can be generated in MCGs is Rayleigh—Taylor instabilities. The use
of semiconductors, powders, and porous materials in which the conductiv-
ity sharply increases under compression allows stable shock-wave fronts to
be obtained, which work as a piston to compress magnetic fields. The key
parameter in this process is the variable conductivity of the working mate-
rial. To model this, a 1D cylindrical MHD code was developed to perform
computer simulations [8.39]. This code accounts for changes in electrical
conductivity.

To account for the 1000-fold radial compression reported in [8.32], an
effective rezoning procedure was used with a conservative finite difference
scheme to approximate the governing equations. By choosing different mod-
els for conductivity growth, the time history of the magnetic field ahead
of the shock wave can be calculated. It was found that this time history
and the distribution of the magnetic field in the conducting medium is de-
pendent on the model used for conductivity growth. It was also found that
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FIGURE 8.46. The shock wave converges to a radius one one-thousandth that
of the crystal. This is thought to be due to the magnetic pressure, which retards
the motion of the shock wave, remaining less than that of the dynamic shock
pressure because of diffusion of the magnetic field through the shock front. As
the converging conducting shock wave compresses the magnetic field within the

working body, currents are induced within the shock front.

breakdown of the nonconducting medium ahead of the shock wave limits

the maximum achievable magnetic fields [8.39).

The working equations for the cylindrical compression of a magnetic field
by an imploding shock wave in a medium with variable conductivity are

9 (1Y _ 9(rv)
ot \p) s
representing the conversation of mass,

& 8 9 H?

ot~ '9s  ds8m

representing the conservation of momentum,

O _ 6(rv)+ .
ot~ P s U

representing the conservation of energy,

OH__9drE}
otp 0Os

representing magnetic diffusion,

(8.85)

(8.86)

(8.87)

(8.88)
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E =, (889)
representing the equation of motion, where ¢ is time in microseconds, r
is radial distance in centimeters, p is density in g/cm3, v is the velocity
in cm/s, € is the specific internal energy, p = p(e, p) is the hydrodynamic
pressure in megabars, H is the axial component of the magnetic field in
megagauss, Ey = —(pr/4mo) O0H/0s is the angular component of the elec-
tric field, ¢; = 0E?/p is the joule heating, E is the electric field strength in
10* V/cm, 0 = o(e, p, E, t) is the electrical conductivity of the medium in
103 O 'cm™!, and S is the Lagrangian mass coordinate S = jg p(r')r'dr'.
The pressure p depends on the equation of state of the working mate-
rial. Neglecting the thermal conductivity in Eq. 8.87 and assuming that
o(e, p,E,t) > 09 > 0 everywhere, the boundary conditions are p — Ppys(t)
and H = Hy at 7 = Ryyt(t) and v =0 and 0H/8s =0 at r = 0.

Since it is difficult to find an expression for the rate of change of conduc-
tivity, when the increase is from an almost nonconducting state to a highly
conductive one, an empirical relationship is used [8.39]:

0 = max(00,04,08D), (8.90)

where 0y is the initial conductivity of the working body, o4 is the conduc-
tivity due to the increase in density, and ogp is the conductivity due to
breakdown. An empirical relationship for o4 is

£_p Ne
O max —2—4—x-, for (-'”——p)>0
04 = oi+(Fp.) P 77 (8.91)

0, for (-,% -—pa) <0
By varying p, in the above equation, it can be seen in Fig. 8.47 that two
physically different cases can be observed. The first is when the conductivity
only becomes appreciable near the final stage of compression behind the
shock wave, and the second is when the conductivity starts to become
substantial during the initial stages of compression. If the latter is true, the
magnetic field “freezes” in the slightly compressed region, which increases
as the density increases. An analogous situation arises if the material in
front of the shock wave becomes conducting due to breakdown. Breakdown
occurs because of both high electric fields generated in front of the shock
wave and the formation of ionizing radiation in the shock wave. A good
approximation of the electric field near the shock wave is E = DgwH,
where Dgw is the velocity of the shock wave. A simple model for avalanche
breakdown is
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FIGURE 8.47. Changes in conductivity due to changes in density [8.39]. Two
physically different cases can be observed: The first is substantial changes in con-
ductivity during the initial stages of compression, which results in the magnetic
field being frozen in the compressed region and increasing as the density increases.
The second is substantial changes during the final stages of compression.

TBD Omax

dodiD = I8D l1 - (5'2)2] , (8.92)

where the breakdown time 7gp depends on the electric field:

2
1 E :
__1_ = 78D(0) [(EBD) - 1] , if E> Epp (893)
TBD 0, if E < Egp

and UBD(O) =0y.

The effects of breakdown on magnetic flux compression can be seen in
Fig. 8.48. It can be seen that if breakdown does occur, the magnetic field
ahead of the shock wave is defined by the breakdown electric field and
depends weakly on the initial magnetic field. It has been estimated that
the final magnetic field ahead of the shock wave, when breakdown occurs,
is two to three times the ratio Egp/Dsw.

In order to account for the electromagnetic energy radiated by the CSWS,
it is assumed that the converging shock wave acts as a magnetic dipole. It
was found that the magnetic field is compressed according to the relation-
ship



8.3 Direct-Drive Devices 409

0 0.001 0.002 0.003 0.004 0.005

/Ry
:210%
5-1.5-10535\
. S
L110° L
: =
50104 QS
[ XX
L0 ~
] g 5
50 s 50104
0.009 0.0095 0.01 0.0105 0017
r/Ro
(b)
14':
121 ,
on-;
S 4
T 2
9 — T
23
0 0 0.001 0.002 0.003 0.004 0.005
/Ry
(©)

FIGURE 8.48. Effects of breakdown on magnetic flux compression [8.39]. When
breakdown occurs, it has been estimated that the final magnetic field ahead of
the shock wave is two to three times the ratio of the breakdown electric field to

the shock wave velocity.
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2

1
B=By |1+ ’ = , (8.94)
Rsw + T A / e
where Rgw is the radius of the shock wave and is represented by
Rsw =1—3.20tk14 (8.95)
if the working body is Csl. The conductivity is found to be
T
o [ 131x 103V for L <2 3.6
- T ° ) ( . )
Oo 0y, for Ly > 2

where 0o = 8.89 x 108 mho/m. The shock temperature is related to the
shock pressure by

T(°K) = 1.10 x 10%(1 — e~ 1-28x107°P), (8.97)

if P < 500 kbar, and

T(°K) = 110x 104(1 — g~ 1.28x 10-3p) (8.98)
+3.50 x 103(1 — e—7.50x10—3(P_500)),

if P > 500 kbar. There is good agreement between this equation and ex-
perimental data as is shown in Fig. 8.49 [8.40]. The relationship between
the shock pressure and density is

P(Mbar) = 143¢ 1057 (8.99)

Again, there is good agreement between this equation and experimental
data as shown in Fig. 8.50.

Using the above relationships, the magnetic flux density of the magnetic
dipole can be found by using:

% =1 +78.8(1 _ RSW)lle-(l—st)ll’ (8100)
0

which can be used to calculate the radiated field.
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FIGURE 8.49. Comparison of the plot of the pressure versus temperature equa-
tion (Eq. 8.98) of state for CsI to experimental data.
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FIGURE 8.50. Comparison of the plot of the volume versus pressure equation of
state (Eq. 8.99) for Csl to experimental data.
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8.4 Summary

In summary, several specific examples in which MCGs have been as the
power source have been examined in this chapter. The focus was on di-
rected energy devices, i.e., lasers and microwave sources; however, MCGs
can be used in basic physics experiments. For example, in recent articles
by Spielman and by Carl Ekdahl, Max Fowler, and Johndale Solem [8.41],
they describe six experiments that use the high magnetic fields created by
MCGs: 1) a search for the quantum limit phenomena in a two-dimensional
organic metal, 2) an attempt to observe high-magnetic-field-induced super-
conductivity, 3) an attempt to observe a field-induced transition to conduc-
tivity in several Kondo insulators, 4) use of the Zeeman effect to break one
bond of a quadruply bonded transition metal complex, 5) exploration of
the Faraday rotation in samples containing Eu*® and Sm*3 ions for cal-
ibrating ultrahigh-magnetic-field probes, and 6) exploration of nonlinear
Faraday rotation in cadmium manganese tellurium at low temperatures
and ultrahigh fields. While these science experiments have both scientific
and practical value, the main application for MCGs is as power sources,
especially with the creation of the nonexplosive long-pulse 60-tesla magnet
at Los Alamos. MCGs provide high power, high current pulses and can be
made compact for use in specific applications. Until new pulsed power tech-
nologies are developed that can meet these criteria, the MCG will remain
the source of choice..
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