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Abstract

The history of flux compression is relatively short. One of the founders, a
Russian physicist, Sakharov developed the idea of compressing a magnetic field
to generate high magnetic fields and from this he also developed a generator to
produce current impulses. Most of this initial work was performed in military
research laboratories. The first open source literature became available in the
1960s and from there it has become an international research arena. There
are two types of flux compression generators, field generators and current gen-
erators. These are discussed along with the basic theory of flux compression
generators and related physics. The efficiency of generators is often quite low.
However in many generators high explosives are used and because of their
high energy density, the current or field strength produced is substantially
greater then the initial source. This of course limits the locations possible for
experimental work and subsequently limits the industrial applications of flux
compression generators .

This research presents a theoretical design for a non-explosive flux compres-
sion generator. The generator is designed to produce a current impulse for
tests in laboratory and remote locations. The generator has the advantage
of being non-destructive, therefore reducing costs, and allowing for repeatable
experiments. The design also reduces the possibilities or many of the loss

mechanisms.
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Preface

The format of this Masters dissertation differs from the conventional format
in that it comprises a short body (in the form of a paper) followed by a num-
ber of appendices. The substance of the project is in the appendices. It is
recommended that the paper entitled “The fundamentals of flux compression

Y

- theoretical discussion of a non-explosive current generator ” is reviewed first

to gain an understanding of the work performed.

The appendices provide information about the history of flux compression,
development of fundamental theory and model design. This is finally compiled
in a theoretical design of a flux compression generator designed for impulse
generation. The following is a brief summary of the contents of each of the

appendices.

Appendix A - Looks into the history of flux compression including the past
and present researchers. Some modern day application of flux compression

generators are also reviewed.

Appendix B - Introduces the fundamental physics and electrical theory re-
quired for the understanding of flux compression. Particular areas of impor-
tance include the magnetic theory and processes used in determining self and

mutual inductances.

Appendix C - Reveals the fundamental theory of flux compression generators.
Theory based on ideal and non-ideal generators is presented. Different flux

compression techniques are reviewed and the equivalent circuits are discussed.

Appendix D - Introduces two generator models created at Loughborough
University, UK, by Novac and Smith are presented. A simple model is initially

presented and then a complex 2D model for a helical flux compression generator

Xiv



is discussed.

Appendix E - Discusses the measurement systems required in many exper-
iments performed on flux compression generators. These tools are used to

verify the models developed to help make the models more accurate.

Appendix F - Highlights the four main loss areas that a flux compression
generator can experience. Some methods to reduce the losses are also explained

in this appendix.

Appendix G - Discusses the theoretical design of a non-explosive flux com-
pression generator. The advantages this system has over conventional explosive

flux compression generators is also discussed.

XV



THE FUNDAMENTALS OF FLUX COMPRESSION -
THEORETICAL DISCUSSION OF A NON-EXPLOSIVE
CURRENT GENERATOR

A. S. Dickson*

*University of the Witwatersrand, Department of Electrical and Information Engineering,

RSA

Abstract. A result of military research flux compression generators have been investigated
since the 1950s, the USSR and America both working on generator designs in military re-
search laboratories. Sakharov of the USSR was the father of two designs which are both still
in use today, the MK-1 and MK-2 flux compression generators. Generators are designed for
the generation of either high magnetic fields or high current impulses. The fundamental the-
ories of flux compression generators are reviewed as well as a description of electromagnetic
and explosive generator designs. In most generator designs very large capacitor banks are
needed and in most designs of current impulse generators high explosives are also required.
This limits the facilities and location for the use of flux compression generators. With the
understanding of the losses experienced in a generator volume the design of a non-explosive
generator is discussed. This highlights methods to reduce losses in a generator design as well
as making the generator portable.

Key Words. Flux compression, High explosives, Electromagnetic compression, Current

generator

1 INTRODUCTION

For the last 50 years flux compression has
been developed and studied. Initial work was
performed in classified laboratories because of
its military nature. The late 1960s saw some of
the first open literature on the subject of flux
compression. Two of the most recognised works
on the subject were published in 1970, a paper
written by Erber and Latal [1] discussing the
theories of flux compression and a book written
by Heinz Knoepfel [2] about magnetic theory in-
cluding a section on flux compression generators.
Development of the subject has grown extensively
since then with international conferences and
inter-lab experiments being performed.

Generators are designed with one of two purposes,
either for the generation of high magnetic fields
or the production of large current impulses. The
generators rely on two processes for effective op-
eration, a high change of inductance (dL/dt) and
a large energy density source. The energy source
is usually in the form of high explosives (HE) or
a large capacitor bank. The field in a generator
is usually compressed by either a collapsing liner

or armature or by the expansion thereof. In
most cases the liner should have a velocity of
at least a 1000 ms~—! or faster; this is to pre-
vent unnecessary flux leakage out of the generator.

This paper will look at the history of flux compres-
sion and initial design concepts. The fundamen-
tal components will be addressed and the corre-
sponding system losses will be presented. Finally
a design for a non-explosive flux compression gen-
erator for the production of a current impulse will
be presented and discussed.

2 HISTORY

There is some debate as to the origin of flux
compression.  During the second world war
research was being performed in the United
States as well as USSR. Joseph Fowler performed
the initial work on flux compression at the Los
Alamos Laboratory in the USA in 1944 [2]. A.
Sakharov performed work at the Kurchatov
Institute proposing the concept of imploding
liners to compress magnetic flux. A collection
of his scientific works were finally published in



1982 [3]. Details of his initial design of the MK-1
and MK-2 devices will be discussed in this paper.
Most designs that are produced these days are
related to one of these designs of Sakharov.

In 1961 the first conference on the generation of
high magnetic fields was held in Boston [2]. This
conference looked at the development of high
magnetic fields by any means. New developments
were being made by 1966 in the generation of
high magnetic fields using capacitor banks and
imploding liners (foils) by Cnare in the USA.

This eventually led to the publishing of two com-
prehensive works on magnetic flux compression.
The first was a paper written by T. Erber and H.
G. Latel, titled “Flux compression theories” [1].
This work is the starting point for most work
performed in flux compression these days. It cov-
ers aspects of both explosive and electromagnetic
flux compression. It also introduces some theory
about ideal flux compression. The second is a
book written by Heinz Knoepfel called “Pulsed
magnetic fields” [2], providing an in-depth look
at magnetic fields and the theories surrounding
magnetic fields and their interaction with conduc-
tors. A second book published in 2000 written
by Knoepfel called “Magnetic fields” [4] is very
similar to his initial book, but it is a far more
comprehensive, with many more years of research
included.

In the early 1990s the governments of the USA
and Russia promoted lab-to-lab interactions.
This interaction was performed between the
All-Russian  scientific Research Institute of
Ezperimental Physics (VNIIEF) and the Los
Alamos National Laboratory (LANL). Initial
work was performed on the Russian DEMG (Disk
explosive magnetic generator) which has un-
matched performance in terms of output current
and energy [5]. The interaction between these
labs has produced over 15 experiments performed
between the two institutions and has allowed for
great advancements in the understanding of flux
compression.

Many research facilities around the world are per-
forming work in flux compression; these include
Japan, China, Poland, France, UK and South
Africa. A lot of the most prominent current work
is coming from Loughborough University in the
UK, by LLR. Smith and B.M. Novac. Together
they have developed 2-D and 3-D models for
helical flux-compression generators [6-8]. Many
of the papers produced by Novac, Smith, Alt-

gilbers and Tkach are published in a book called
“Magnetocumulative generators” [8]. The book
deals with many aspects of magnetocumulative
generators from the the different types, designs,
loads and measuring equipment used.

Flux compression generators (FCGs) are being
used in a greater number of fields of research with
some industrial applications. Historically FCGs
were used mainly in physics experiments deal-
ing with charged particle diodes and imploding
plasma. The main area of use was in military
applications which to a large extent are still re-
stricted. Modern day uses include biological, bio-
medical and environmental applications with two
industrial applications in the form of oil and min-
eral exploration as well as land mine detection.
The work on land mine detection is being per-
formed in Missouri, USA. The flux compression
generator is housed in a projectile which on im-
pact, an anvil mass compresses the volume. This
propagates an electromagnetic wave through the
soil which exposes landmines which can be seen
on a radar screen [9].

3 THE FUNDAMENTAL CONCEPTS

Flux compression in the ideal case relies on Fara-
day’s law of flux conservation. This is best demon-
strated by the diagram shown in figure I: if the
area changes the flux density By must increase [5].

B;A; =BsA; (1)
¢ = Q5 (2)

A

/Liner\
A,

B

B,

Figure 1. Conservation of flux by Faraday’s law

This can be rewritten in terms of the current and
inductance of the generator.

Lii; = Lyiy (3)

From these two equations two things can be
noted. In order to obtain a high magnetic field
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the moving liner should have as high a velocity
as possible to prevent the dissipation of the flux
through the liner therefore causing losses in the
system. For a high current output there should
be a large initial inductance of the system and
the final inductance should be as low as possible.
The final inductance includes the load which in
some cases requires the generator to be coupled
to the load via a transformer. A lot of work
performed with FCGs requires the calculation of
the mutual inductances of the generator. The
most common method used for these calculations
is by using standard elliptic integrals K (k) and
E(k) [10,11].

The energy component of the system comes
from two main sources, these are defined in
equation 4 & 5. The energy equations are written
for a cylindrical system. The first is the initial
energy in the magnetic field produced either by
permanent magnets or by a capacitor bank and
coil.

U= %LIQ or U= %uonwRQ (4)

In this equation R is the internal radius of the
cylinder. The second source is from the mechan-
ical movement of the liner whether it be from a
HE detonation or from an electromagnetic source.
The energy of the liner is defined by:

1 R
KE = Emv2 or KE= 7rp2v8R%ln(R2> (5)
1

R and Ry in equation 5 are for the internal and
outer radii respectively. In the ideal case all of the
kinetic energy will be converted into magnetic en-
ergy in the field which is then used either as a high
magnetic field source or converted into electrical
energy.

4 FLUX COMPRESSION GENERATORS

There are two classes of flux compression genera-
tors [8]:

e High-energy density or field generators, gen-
erating high magnetic fields

e Current or energy generators, current gener-
ation for separate inductive loads

The generation of high magnetic fields is produced
in two ways, the use of HE to compress a cylinder
generating the high fields or by electromagnetic
compression. The generation of current is in most
cases produced by HE.

4.1  Field generators

As mentioned earlier there are two types of gen-
erator designs for the production of high mag-

netic fields. The first design was produced by
Sakharov and called the MK-1. Designed with
HE wrapped around a liner which when detonated
compressed the liner and therefore compressed the
field. The initial experiments performed in 1952,
yielded fields of 100 Tesla from an initial field of
3 Tesla [3]. As can be seen in figure 2 there is a

Primary coil

High
Explosives

Compression
cylinder

Figure 2. Diagram of Sakharov’s MK-1 generator

slit in the compression cylinder. This allows for a
faster penetration of the initial field into the mid-
dle of the compression cylinder. On detonation of
the liner this gap is closed and the flux is trapped
and compressed.

The second method for the production of high
magnetic fields is by electromagnetic compression
of a liner. This system is usually a single turn
coil with a liner placed inside the coil. In some
cases the imploding liner is placed in a vacuum
to reduce air friction and shock waves. There are
two set-ups generally used for electromagnetic
flux compression. They are ¢-implosion and
z-implosion, ¢-implosion is shown in figure 3.
As can be seen in the figure the currents for
the compression of the liner only flow in the
stator section. The field produced by this are
parallel to the z-axis. The generated field induces
a current in the liner and because of this there
is repulsion between the stator and the liner
and the liner is concentrically compressed [1].

Figure 3. ¢-implosion generator set-up [4]



In the case of z-implosion systems instead of
the current flowing in the outer stator section
only, the capacitor bank is connected to the
liner and the stator, causing a circular field
perpendicular to the z-axis. The same prin-
ciple applies, because of the currents flowing
in opposite directions in the stator and liner.
Fields generated by Knoepfel using electromag-
netic compression generators are shown in table 1.

¢-implosion | z-implosion

Capacitor energy 136 kJ 570 kJ
Initial field 25T 35T
Implosion velocity | 0.17 cm/ps | 0.13 cm/pus

Maximum field 110 T 280 T

Table 1. Electromagnetic implosion results recorded
by Knoepfel [2]

For Electromagnetic compression large capacitor
banks are needed to obtain results as shown in
table 1. In both cases the implosion equation of
motion is described by:

d?r

1
s = §MH227TT (6)

4.2 Current generators

The MK-2 generator design by Sakharov is still
one of the most popular designs for a current or
energy generator. Figure 4 shows the basic com-
ponents of the generator. HE has a very large spe-

Helix Solid shell

L Tube/
Liner
Charge §
. HE
]

B

Figure 4. Diagram of Sakharov’s MK-2 generator

cific energy density which in the ideal case would
create incredibly high current impulses. However
in real world applications the efficiency of these
devices is usually not more than 20-30%. Even
though this is the case there is still an incredi-
bly large impulse that is created from an initially
small current.

4.2.1 Equivalent circuit The fundamental cir-
cuit is found in quite a few variations, but in
all cases operates in a similar manner [1,4,8,12].
Knoepfel’s equivalent circuit is shown in figure 5.
The dotted section defines the seed current branch
of the generator. Once the current has been de-
livered to the generator a crowbar shorts out the
seed current circuit. L. describes the time chang-
ing inductance of the generator. The resistance,

) |
I I
|

o

4
_ T
LCB C RCB

Figure 5. Equivalent circuit diagram for a flux com-
pression generator [4]

R, defines the magnetic flux losses of the genera-
tor and the generated impulse is delivered to the
load, Ly,. The circuit is defined by the differential
equation:

d(LI)

—~ +RI=0 (7)

Solving this equation provides a solution for the
system at any instant in time, defined by:

'R
LI = Lol exp{ — / Ldt} (8)
0

Ly is the total initial inductance at time equal to
zero. Iy is the initial seed current delivered to the
generator.

5 ASSOCIATED LOSSES

The calculations used in an ideal FCG provides a
workable solution. There is however a large dis-
crepancy between the ideal and real cases because
of the associated losses of a generator. There are
methods to reduce these losses; however in some
cases a minor flaw can have a devastating effect
on the results from a generator. There are four
main types of losses of an FCG, which are:

Magnetic
Mechanical
Thermal
Electric

The losses overlap each other and reducing one
often reduces others. However it is not possible to
remove all the losses.

5.1 Flux diffusion

Flux diffusion is probably the most important loss
characteristic to have as small as possible. If the
conductivity of the conductor is very high its per-
formance is more like a lossless system. Work done
using different conductors has shown that the dif-

4



ference in performance between a copper and alu-
minium conductor is only a few percent. The dif-
fusion of flux occurs when the conductor is com-
pressing the flux and the flux penetrates through
the conductor. The rate at which this penetra-
tion occurs is affected by the finite resistivity (p)
of the conductor and the velocity (v) at which the
conductor is moving. Erber and Latal [1] defined
a value for the velocity of the liner in order ot be
able to compress flux. The equation defining the
velocity is:

ot~ i
vy —— (9)
To
Where 7 is defined as:
HoOT
= — 10
™= (10)

For thick walled conductors the whole system is
non-uniform. The current density is non-uniform,
which in turn makes the heating non-uniform
and therefore the change of conductivity is non-
uniform. The skin layer for a conductor is defined

0=4/— (11)
wpo
Associated with this is the skin time, which is the
time required for the magnetic field to penetrate
the conductor to the depth of the skin layer. This
is defined as:
1

Ts = §7r052 (12)

All these values aid in the design of a generator,
often setting the minimum values required for flux
compression to occur. Of course without sufficient
flux being held in the compression volume, the
output will be negligible.

5.2 High electric fields - electrical breakdown

A conductor moving through a magnetic field will
generate an electric field on its surface defined by:

E=-vxB (13)

In many cases the magnetic field and moving liner
are not parallel to each other and therefore the
electric field generated is defined by:

vB
sin o

E =

(14)

Electrical breakdown therefore usually occurs just
before the liner and stator touch, aided by a small
angle and high field. Any flux that has been com-
pressed prior to the electrical breakdown will be
lost from the rest of the compression process. SFg
can be introduced into the compression volume
in order to reduce the chances of electrical break-
down [8].

5.8 Turn skipping - w-clocking

This loss is primarily related to the skipping of
turns as the liner makes contact with the stator.
This is as a result of the misalignment of the liner
and stator sections. In most helical generators
this often occurs in the earlier sections of the com-
pression as the windings are quite close together.
Through their work, Altgilbers et al. [8] consider
turn skipping to be the most important loss mech-
anism that needs to be considered.

Additional loss mechanisms that play some part
in the deterioration of a generators performance
will be briefly discussed. In most cases because
of a minor loss mechanism one of the losses men-
tioned before will be the final result. Machining
defects often lead to uneven surfaces which are
amplified under explosive conditions. This often
leads to flux pockets and electric breakdown. If
the initial seed field is too high, a higher initial
velocity is required in order to compress the flux.
This is because of the exponential increase in the
magnetic force of the compressed volume. Addi-
tional to this is if the magnetic force becomes too
large and the compression time is too long, con-
ductor deformation can occur. If there is total
destruction of the liner by the HE before the flux
is compressed there is complete loss of all flux as
well.

6 A NON-EXPLOSIVE TECHNIQUE

Current generators can produce large impulses
but the generator requires a certain amount of
HE. This requires specialised facilities and a large
number of personel are required for the operation
of such a device. This is often time consuming
and limits the experimental time. Therefore the
investigation into non-explosive methods was pro-
posed. This provides a means for non-destructive
experimental set-ups and the possibility for re-
peatability. The device could also be transported
to any location and used for tests inside a Labo-
ratory or at a remote location. A description of
such a system is discussed below highlighting the
advantages and disadvantages.

6.1 Mechanical system

The generator is divided into two sections, the
mechanical system comprising of a two-stage light
gas gun. The second section is the flux compres-
sion generator.



6.2 Two stage light-gas gun

A two stage light-gas gun is selected over a sin-
gle stage gas gun as the projectile velocity is far
higher. Helium is used in the compression cham-
ber. The Helium as it is compressed experiences
a temperature rise and this in turn increases its
mach number. This prevents shock waves form-
ing in front of the compressing piston as well as
increases the projectile velocity. The projectile
velocity is directly related to the speed of sound
of the gas in the driving chamber [13]. The two-
stage light gas as shown in figure 6, will comprise
of a Reservoir which drives a piston and com-
presses the helium gas. A diaphragm at the end
of the compression chamber bursts at a set pres-
sure and this accelerates the projectile down the
launch tube. The reservoir will be filled with com-
pressed air. The projectile can be constructed of
steel or aluminium. The required muzzle velocity
from the gas gun is in the region of 1500 - 2000
m/s.

Reservoir

Projectile

Helium

Diaphragm Launch tube

Piston

Figure 6. Schematic of a two-stage light gas gun

6.3 The flux compression chamber

The flux compression chamber is designed around
the same principles as helical generators however
with some design modifications that should elimi-
nate some of the loss mechanisms therefore creat-
ing a more efficient device. This will also reduce
the initial mechanical energy required for the com-
pression volume. The stator coil is made of copper
and is helical with an increasing coil pitch over the
length of the generator. Figure 7shows the design
of the liner, it must maintain its conductive path
at all times however this design requires less ini-
tial kinetic energy to expand the liner as well as
being reusable. The diagram of the liner shows a
gap between the overlapped section, this is shown
so the reader can see clearly how the liner is de-
signed.

Figure 7. Liner design for the flux compression gener-
ator

The load and the liner will be electrically isolated
and an external load is attached to the stator sec-
tion. The expanding liner will only partially com-
press the initial volume. The reason for this will
be explained in a later section. Attached to the
outside of the helical coil is a movable bar that
is electromagnetically controlled. As the projec-
tile is moved through the volume of the generator
the bar is pulled across the helical oil effectively
shorting out the turns and therefore lowering the
inductance of the coil which in turn increases the
current in the system. Figure 8 shows the com-
pression chamber at the start of the flux compres-
sion process (a). the second diagram (b) shows a
step during the compression process.

Liner
@) Load
AN
Liner
(b) Load

Figure 8. Daigrams showing the generator at t=0 (a),
during the flux compression process (b)

6.4 Ezxpected performances

The current delivered to the stator coil should
be approximately 1 kA. The compression of the
volume is approximately 50% of the original vol-
ume. The inductance for the orginal coil would
be approximately 1.57 mH. Once the coils have
been shorted the inductance of the stator would
be aproximately 15.7 pH. This would indicate that
in the ideal case the current gain would be 100.
With the inclusion of the losses the output current
gain would be approximately 15-20.

6.5 Advantages

The advantages of having the generator utilizing
two different methods to increase the generator
output aids in reducing the possibility of some of
the losses occurring. Firstly the mechanical de-
struction of the generator does not occur as is the
case in most other FCG designs. This allows for
multiple experiments on the same device; the de-
struction of measurement systems is also avoided.

6



The liner will have a limited life span but it is
reusable.

The probability of electric breakdown within the
compression volume is drastically reduced. Elec-
tric breakdown in standard helical flux compres-
sion generators (HFCGs) packed with HE has a
high probability of breakdown occurring as ex-
plained earlier. With this design the liner and
stator do not come in contact and this therefore
reduces the chances of electric breakdown losses.
Magnetic forces are also kept at a lower level which
reduces the initial mechanical energy required to
compress the volume. The possibility of turn skip-
ping (m-clocking) is also reduced as the liner and
stator will not make contact.

Removing the HE from the generator volume al-
lows the generator to be mobile and therefore ex-
periments can be performed in any location.

6.6 Disadvantages

The disadvantages of such a design lies in the muz-
zle velocity of the projectile from the two-stage
gas gun. The magnetic flux diffusion through the
liner could be very high if the projectile velocity is
too low causing the liner velocity to be very low.
Erber and Latal [1] calculated the minimum ve-
locity required for the compression of flux to be
300 m/s. The opposing forces due to the air and
the mechanical frictional on the projectile trying
to expand the liner could also reduce the liner ve-
locity below this minimum, preventing flux com-
pression from happening.

The shorting out of the stator coils by an exter-
nal mechanism could have two major problems. If
the shorting of the coils is not performed smoothly
and quickly there is a chance that electric break-
down may occur between the bar and a turn of the
coil. This is much like what would occur in an ex-
plosive generator. In this respect the output cur-
rent would be dramatically reduced. The second
problem with this mechanism is the time taken to
short out the coils, if this is not in line with the ex-
pansion time of the liner then the output current
will be less than the maximum possible current of
the generator.

The system is not bound to a lab but there are
areas that could cause problems with field work.
The capacitor bank needs to be charged and this
would be most easily performed by a generator.
Therefore some mobile power source is required.
The second is the method of filling the reservoir
of the two-stage gas gun.

7 CONCLUSION

The development of flux compression generators
has increased considerably over the last decade.
Most generator designs are still based very
closely on Sakharov’s initial designs of the the
MK-1 and MK-2 generators. Advancements in
modern measuring techniques has increased the
understanding of the process of flux compression
and associated losses. = Many more facilities
around the world are now involved in the pro-
duction of either high currents or high magnetic
fields using flux compression techniques. The
use of FCGs in industrial environments is also
increasing with the application of FCGs in oil and
mineral exploration as well as landmine detection.

The fundamental principles of flux compression
rely primarily on the conservation of flux. Ignor-
ing all losses this may be possible, however in real
world application this is not the case and there-
fore in the design of generators it is important to
be able to identify and reduce the losses of a gen-
erator. The design of this non-explosive generator
is a method to try and reduce some of the losses
by using alternate means of imitating the prin-
ciples of flux compression. Partially compressing
the volume reduces the risk of electric breakdown
and the magnetic pressure is also reduced. An al-
ternate means of reducing the inductance of the
generator is therefore required. It should therefore
be possible to design a non-explosive flux compres-
sion generator as long as the final liner velocity is
maintained above 300 m/s.
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9 LIST OF SYMBOLS

Initial flux density [T]

Final flux density [T]

Initial cross sectional area [m?]
Final cross sectional area [m?]
Initial flux [Wb]

Final flux [Wb]

Initial inductance [H]

Final inductance [H]

Initial current [A]

Final current [A]

Energy [J]

Inductance [H]

Current [A]

Relative permeability of free space
Magnetic field strength [A /m]
Resistance [€]

Mass [kg]

Velocity [m/s]

Resistivity [Q-m]

Initial velocity [m/s]

Initial position of conductor (radius 1) [m]
Final position of conductor (radius 2) [m]
Relative permeability

Initial inductance [H]

Initial current [A]

Initial area [m?]

Final area [m?]

Flux diffusion time constant (skin time)[s]
Skin depth [m]

Thickness [m]

Angular frequency [Hz]
Conductivity [(Q-m)~?]

Skin time [s]

Electromotive force [emf]



Introduction

Flux compression had its origin in military research laboratories during the end
of the second world war. Flux compression relies heavily on magnetic theory,
and this combined with some electric circuit theory is what Sakharov first used
in suggesting high magnetic fields were possible from imploding metal liners.
These ideas were developed into generators that could be used for current
impulse generation as well. This development will be looked at from many

different angles as the subject has grown over the last 50 years.

The fundamental physics of magnetic theory and electric theory is then pre-
sented. This provides a base for the understanding of flux compression systems.
The ideal generator equations are then looked at and the same theory is ap-
plied to many different generator types. The fundamental principles however
stay the same for all generator designs. An example based on Faradays law

highlights some of the key areas important to a flux compression system.

Two generator models designed at Loughborough University, UK develop the
flux compression theory further. These models highlight some of the more
important loss components. The first model is a simple model which aided
in the development of a 2D model. This comprehensive model breaks the
generator down into discreet sections which can then be used for simulations

over the entire operation time of the flux compression process.

The losses experienced in a flux compression generator can be severe. There
are four main areas of losses and these are all discussed. In knowing what the
losses of a generator can be, the designer can reduce areas that produce high
losses. In some cases however a slight misalignment can have disastrous effects

on the generators performance. Measurement devices can be used in current



generators to produce data so that the losses experienced can be better under-
stood. These devices are however usually destroyed during each experiment
therefore simple, low cost devices are often used. However they still provide
sufficient information about the compression volume to aid in the development

of new models.

With all the information provided a non-explosive flux compression generator
was theoretically designed. This generator is designed with the intention of
limiting many of the substantial losses and therefore allowing the initial kinetic
energy required for the system to be less. Without the use of high explosives
it makes the generator usable in many more locations. It also can be operated

in confined spaces, increasing its potential for industrial applications.
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Appendix A

A brief exploration into the history of flux compression is an important in-
troduction to the subject. The initial physicists will be mentioned along with
some of their contributions to the development of flux compression generators
(FCGs). Modern day engineers and physicists will also be mentioned along
with some of the application that FCGs have in modern society. A look into
modern micro impulse components and generators will be presented. A final
note about high temperature superconductors and flux compression will be

made.

A.1 A history of flux compression

It is a debate as to who actually first came up with the concept of flux com-
pression. This is due to the fact that initial research was performed behind
closed door in military research laboratories. This prevented much of the
earlier work being published. One of the fathers of of flux compression was
Andrei D. Sakharov, a Russian physicist who formulated the concept of using
high explosives to compress flux. The early work of Sakharov was eventually
published in a collection of his scientific works in 1982 [1]. At the same time as
Sakharov’s initial work, M. Fowler in America was investigating similar prin-
ciples. Fowler was not the first to do experiments on flux compression but his
work on plate generators certainly went a long way in providing a launch pad

for subsequent work to be performed in the States.

One of the most comprehensive open source papers published was written by
T. Erber and H. G. Latal on flux compression theories [2]. The paper published

in 1970 discusses some of the primary issues of flux compression theories and
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provides the reader with some understanding of the principal equations for flux
compression generators. At the same time in Europe H. Knoepfel published a
book called “Pulsed high magnetic fields” [3]. The book explores all magnetic
phenomenon describing a lot of the physics behind the different processes. This
all leads into a couple of chapters on pulsed current generators, magnetic flux
compression and ultra-high field generators. This book has subsequently been
revised and relaunched in 2000 with the title of “Magnetic fields” [4].

Since the 1980’s the development of magnetic flux compressors and high mag-
netic field generators has continually grown. International conferences have
also started helping to develop a large pool of knowledge. There are many dif-
ferent laboratories and academic institutions these days that are conducting
research on magnetic flux compression, a couple of these facilities are listed

below.

In 1992 the governments of the United States and Russia encouraged lab-to-lab
interactions [5]. This interaction occurred between the All-Russian Scientific
Research Institute of Experimental Physics (VNIIEF) and the Los Alamos
National Laboratory (LANL). The combined efforts have realised electrical
currents ranging from 20 to 100 MA using magnetic flux compression gener-
ators. The work performed by the joint collaboration of these Institutes saw
work in high magnetic fields and currents. One of Russia’s designs for high
magnetic currents was the Disk Explosive Magnetic Generator (DEMG). A 100
cm diameter DEMG has produced 100 MJ at 256 MA [5]. The generator is a
modular design and therefore there is a possibility to stack numerous stages
and therefore produce a 1 GJ generator.

The following list is of flux compression test facilities from around the world.

High stationary magnetic fields laboratory — Russia

Kurchatov institute — Russia

High field laboratory for superconducting materials — Japan

Tsubuka magnet laboratory — China

International laboratory of high magnetic fields and low temperatures
— Poland

Grenoble high magnetic field laboratory — France

12



e National high magnetic field laboratory — USA
e Los Alamos National laboratory — USA

e Loughborough University — UK

Present day pioneers are Neuber and Dickens from the USA and Novac, Smith
and Knoepfel from the UK and Europe. The researchers above demonstrate
the bulk of the work being produced as well as providing a wealth of knowledge
which many researchers now draw from. There are many researchers in the the
area of flux compression but most work is based on that produced by one of the
above researchers. There are some real world applications for Flux compression
generators but most systems are still used within laboratories for the analysis
of the physical properties of matter exposed to high magnetic fields. Interesting
present day work that is being performed is from the University of Missouri
- Columbia where they are looking into flux compression projectiles for the

detection of land mines [6].

A.1.1 Typical areas of use

The following lists are past and current areas that flux compression generators
are used for [7, 8.

Historical uses:

e Charged particle beam diodes
e Imploding plasmas

e Large collection of defence related applications

Modern day uses:

e Biological samples

— Water from municipal drinking supplies

— Effluents from combustion processes

13



e Environmental

Biomedical

Hydrodynamics programs and high magnetic field research

Exploration for oil and minerals

Landmine detection

Material science under high magnetic fields

In the case of high magnetic fields greater then 1 T and temperatures in the re-
gion of 1K phenomena in condensed matter physics has been observed. These
include items such as fractional quantum hall effect, composite fermion be-
haviour in epitaxial semiconductors and new density wave states for spin and
charge in organic conductors [9]. As the higher magnetic fields are being pro-
duced, physicists are able to study all electrons in the lowest Landau level,

pushing the previous levels of understanding in material sciences.

Landmine detection

The work done in Missouri regarding the landmine detection is of some interest
to the work being investigated here. Though the applications are different
the initial Kinetic energy of the mechanical system is very similar. A brief

description of the work undertaken at University of Missouri will be discussed.

Their system is called the AKEM (Aero-kinetic-Electro-Magnetic)[10], which
converts kinetic energy into electrical energy. The projectile detonates on
impact sending a radar wave propagating through the soil. If the propagated
wave comes into contact with any land mines a footprint of the object is seen
on a sensor screens. Two projectile types were investigated, the first being
a magnetic flux compression projectile and the second being a piezoelectric

projectile.

An illustration of the magnetic flux compression generator can be seen in

figure A.1. The projectile needs some form of seed current injected into its
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Figure A.1: Operation of the AKEM magnetic flux compression projectile [6].

volume prior to launching. On impact with the ground the compression mass
moves through the storage coil and compresses the flux. This increases the
electrical energy of the system which then produces a radar wave which prop-
agates through the soil.

The laboratory set-up for the experiment consisted of a scaled projectile being
launched by a light-gas gun into a clay target. A Chronograph is used to mea-
sure the speed of the projectile. The approximate pressure used was 34.5 MPa
(5000 psi), which could produce a projectile speed of approximately 1000 m/s
[6]. With their work they modelled an ideal gas gun but included gas inertial
effects. The expression used for the time dependant gas pressure, p(t), at the

projectile base is given by [6]:

p(t) = po [1 _ ) ] (A.1.1)

where:

e u(t) is the projectile’s velocity as a function of time

po is the initial helium pressure

ap is the initial speed of sound in the pressurised helium

~ is the ratio of specific heats for helium

Using PSpice they were able to model the gas gun and projectile up to and
including the impact of the projectile. Their simulated and experimental re-
sults were in agreement and the system was able to increase the current from
150 to 468 mA.
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A.2 Modern pulsed power

Pulsed power refers to the technology of accumulating energy over a relatively
long period of time, then compressing it in a relatively short period to de-
liver very large power pulses to a load [8, 11]. There is a constant need for
better performance, more compact design and higher energy outputs. This
has spurred on the development of pulsed power devices. A lot of everyday
applications, particularly in the medical and environmental fields use pulsed
power devices. There is a grey area between the definition of compact and ul-
tracompact pulsed power as they basically deal with the same idea. However
the ultracompact system often uses modern advances in device technology to
create extremely small devices. As an example of this, a 750 kV Cockcroft-
Walton voltage multiplier that is used at Los Alamos Neutron Science Center
to accelerate a hydrogen ion beam for injection into an RF linear accelerator,
occupies a large room. In comparison to this a surface mount Cockcroft-Walton

multiplier is only 18.5 mm in length by 8.9 mm wide and produces 3 kV [12].

Some fundamental work has gone into designing faster switches and better and
faster capacitors. These all aid in producing larger and faster impulses. There
are of course still limits to the advances in the technology. Prime power is
one of the areas that is still behind the times. Advances in areas such as tur-
boalternators, microfuel cells and microsized internal combustion engines are
helping to improve this area. Case Western Reserve University in Cleveland,
Ohio, is working on a fuel cell on a 2 x 2 cm square of silicon that will gener-
ate ten times more power and have two orders of magnitude more energy then
present day state-of-the-art thin-film batteries [12]. One of the issues facing
these modern micro power sources is the removal of heat from the devices.
Advances in thermoelectric converters is aiding in removing the heat but also

efficiently converting this heat back into electricity.

A.2.1 Flux compression with high temperature super-

conductors

In the early 1990s a group did some research into the effectiveness of high tem-

perature superconductors (HTS) for a flux compression system [13]. The work
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is actually aimed at producing a magnet with a large variation of field strength
from 6 T down to 0.05 T. It is required that a magnet cycle between these
values as it was to be used in a refrigeration unit for the cooling of infrared
detectors in space.

The apparatus used in the exploration of the generation HTS magnets is a
block with two holes and a plunger. The holes are 0.95 cm and 0.52 ¢cm with
the plunger being 0.93 cm. As the plunger is pushed into the bigger hole the
flux is forced into the smaller hole where a hall probe measures the field. Some
flux does penetrate the plunger so the field is not exactly proportional to the
ratio of the hole sizes. In order to create a high field permanent magnet the
plunger was then removed, a field again being applied to the block and then
the permanent magnet is once more inserted into the block, increasing the flux
compression. This process is continued until the flux penetrates through the

walls of the block and further flux compression is not possible.

A.3 Summary

There have been many prominent flux compression researchers mentioned
above. They have all contributed in some manner to the general knowledge of
the subject. Two groups in particular stand out, Erber and Latal for providing
the first comprehensive open source paper in 1970, that covers the majority
of the theory related to flux compression. The second is Novac and Smith
who are two of the top modern researchers of flux compression. From their
contributions this area of research has grown incredibly. There are test labo-
ratories all over the world now, performing research into FCGs. New modern
day applications are being found for FCGs in particular in the use of landmine
detection. The next section will explore the physics of how and why a flux

compression generator works.
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Appendix B

From the previous section the history of flux compressors was explored, giving
the origins of flux compressors and the present day test facilities involved in
the production of either high magnetic fields or current impulses. The physics
behind the process is very important for the understanding of FCGs. The
different physical processes will be presented including some of the necessary
electrical theory. Some basic theory used in gas gun design will also be dis-

cu