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closed which create a traveling magnetic wave behind a
projectile without the use of sliding contacts or multiple
triggered switches. Inductive and resistive parameters
are established as a function of position along a stator
coil to obtain the magnetic wave in response to the
pulsed DC power source. The ratio of the resistance to
the inductance is a decreasing function of position from
the breech to the muzzle. In a preferred embodiment
the stator coil has a multiplicity of stages, and the DC
pulse is delayed by inductances to progressively excite
the stages, and the current from the pulse is fed through
resistances to provide voltages for diverting the current
to the next stages. In an alternative embodiment the
magnetic field from the stator coil progressively dif-
fuses through a tapered conductive or ferromagnetic
sleeve disposed in the stator coil.
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1
TRAVELING WAVE ACCELERATORS

The U.S. Government may have rights in this inven-
tion pursuant to funding arrangements with the Depart-
ment of Defense.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to coaxial magnetic induction
accelerators. More specifically the invention relates to
hypervelocity projectile accelerators which create a
traveling magnetic wave behind the projectile but
which do not require the use of sliding contacts or
multiple triggered switches. In particular the invention
relates to induction accelerators in which the inductive
and resistive parameters relating to the excitation of an
elongated stator coil are selected to obtain a traveling
magnetic field gradient in response to a pulsed DC
power source, without the use of active circuit. ele-
ments.

2. Description of the Related Art

Thermodynamic guns are widely used and generally
understood in a broad context. In an ordinary thermo-
dynamic gun, a propellant burns to generate high pres-
sure gas that pushes a projectile down a bore. While
thermodynamic guns are used in many applications
besides weapons—for example scientific and industrial
applications—their use is somewhat limited because of
the maximum velocities attainable. Physical limitations
limit the projectile from such thermodynamic guns
from reaching velocities much greater than two kilome-
ters per second.

Electromagnetic guns have been widely investigated
since World War I1 as an alternative to thermodynamic
guns because of the possibilities of achieving projectile
hypervelocities (greater than two kilometers per sec-
ond). Hypervelocity guns and launchers ar under devel-
opment for a-wide range of applications, including anti-
missile systems for strategic defense, impact fusion for
nuclear energy production, and launching systems for
satellites and spacecraft.

The development of electromagnetic guns has fo-
cused mainly upon two different classes of devices, the
so-called “railguns,” and the magnetic induction accel-
erators In either case a moving armature is propelled by
a magnetic field linking it with stationary electrical
conductors in the gun or launcher. In a railgun the
stationary conductors are provided by a pair of elon-
gated parallel-spaced rails, and the armature is disposed
between the rails and electrically shorts the rails to-
gether so that the rails and the armature form an electri-
cal circuit to a power source connected to the rails at a
breech end of the gun. In a magnetic induction accelera-
tor, a power source also excites stationary conductors
and an electrical current also flows through the arma-
ture, but the currents in the stationary conductors and in
the armature are not directly linked; instead, the two
circuits are indirectly linked by magnetic induction.
The degree of coupling between the stationary conduc-
tors or “stator” and the armature in a magnetic induc-
tion accelerator is quantified by a2 parameter known as
the “mutual inductance” of the stator and armature
circuits
. The railgun, being the simplest of the electromag-
netic projectile accelerators, has enjoyed the most at-
tention and success. In the early eleciromagnetic rail-
guns, now known as “solid armature” railguns, the
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projectile was used as the armature. However, it was
soon found that at high speeds around one kilometer per
second, the rails and projectile were substantiaily dam-
aged, possibly as a result of ohmic heating and/or inter-
nal forces. Further, increases in current flow tended to
only increase rail and projectile gouging without an
increase in projectile velocity. Thus, projectile veloci-
ties in excess of one kilometer per second were not
practically attainable for “solid armature™ railguns

In the early 1970’s, R. A. Marshall, J. P. Barber, and
others at the Australian National University, Canberra,
Australia, developed railguns using plasma armatures
which could obtain hypervelocities and could make
efficient use of high current, pulsed power supplies,
such as homopolar generators. See, for example, S. C.
Rashleigh and R. A. Marshall, “Electromagnetic Ac-
celeration of Macroparticles to High Velocities,” 49.J.
App. Phys. 2540 (Apr. 1978). In recent years, however,
research has revealed numerous problems associated
with very high current plasma armatures. At the high
currents necessary to obtain hypervelocities, rail ero-
sion and metallic deposits from the plasma armature
require the gun to be reamed or rebuilt after one or two
shots. In this regard, plasma armature railguns require a

-sealed bore capable of withstanding the substantial elec-

tromagnetic forces generated during firing; the gaskets,
seals and insulator materials associated with such bores
have been a significant problem.

The application of plasma armature railguns is also
constrained due to the fact that the projectile is acceler-
ated using base pressures. Base pressure acceleration
(such as is also used in thermodynamic guns) places
severe design limits on the projectile. The projectile, for
example, must be able to withstand the extreme temper-
ature and pressure exerted at its base by the plasma
armature.

A magnetic induction projectile accelerator known
as the “coaxial induction” accelerator or “fgun” has
been considered as a solution to the problems of the
plasma armature or sliding contacts of the railgun. The
0 gun has multiple coaxial stator coils for centering and
driving a tubular copper projectile. In addition, the 8
gun applies the propelling force along the entire length
of the projectile. This has been said to allow much
greater acceleration of large “fineness ratio” (i.e, large
energy/cross section) projectiles for a given barrel pres-
sure, allowing much shorter barrels for military applica-
tion. See, for example, Burgess et al., “The Electromag-
netic 8 Gun and Tubular Projectiles”, Sandia Nat. Lab.
Report No. SAND80-1988.

Extensive experimental and theoretical analysis of the
@ gun is included in Burgess et al., “The Theta Gun, a
Multistage Coaxial, Magnetic Induction Projectile Ac-
celerator”, Sandia Nat. Lab. Report No. SAND&5-1881

(November 1985). On page 59 the proclaimed advan-—

tages of the multistage coaxial magnetic induction mass = .

accelerator are said to be that it is readily staged to
become a distributed energy-input system, lack of phys-
ical contact between accelerator and projectile, high
efficiency, simplified force containment due to its coax-
ial nature, and higher inductance gradient than a rail-
gun. On page 60 the disadvantages are said to be that
the accelerator must be staged, current pulses to each
stage must be precisely synchronized, fast switching of
high-voltages is required, and switching must be dupli-
cated for each stage. Page 64 says that in the case of
rotating machinery power supplies, intermediate power
conditioning is required to produce current pulses of

o



4,870,888

3

rise time short compared to the projectile transit time
through a coaxial stage (compared to a railgun), and this
power conditioning is very wasteful of energy. Page 64
says that switching duplication is a self-evident, unquali-
fied disadvantage, particularly in the case of a many-
staged system with high-velocity projectiles where
power conditioning is required. Page 65 further says
that since the velocity increase per stage is small, many
stages are required to achieve high projectile velocity,
and this is very disadvantageous given the complexity
of each stage.

SUMMARY OF THE INVENTION

Accordingly, the overall goal of the invention is to
overcome the reputed disadvantages of the multistage
coaxial magnetic induction projectile accelerator, in-
cluding those disadvantages previously believed to be
self-evident and unqualified.

Specifically, the primary object of the invention is to
provide a coaxial magnetic induction projectile acceler-
ator capable of being powered by a rotating machinery
power supply without intermediate power condition-
ing.

Another object of the invention is to provide a many-
staged coaxial magnetic induction projectile accelerator
without switching duplication that is capable of firing a
high-velocity projectile. A related object is to provide
such an accelerator that can be powered by a rotating
machinery power supply without power conditioning
that is excessively wasteful of energy.

Still another object of the invention is to provide a
many-staged coaxial magnetic induction projectile ac-
celerator that is capable of'achieving high projectile
velocity and has individual stages that are not complex.

Briefly, in accordance with the invention, a hyperve-
locity projectile accelerator creates a traveling mag-
netic wave behind a projectile without using sliding
contacts or multiple triggered switches. In particular
inductive and resistive parameters relating to the excita-
tion of an elongated stator coil are selected to obtain a
traveling magnetic field gradient in response to a pulsed
DC power source. The inductive and resistive parame-
ters are built into the construction of the stator coil or
are provided by passive circuit elements. Hyperveloci-
ties of about two kilometers per second are obtainable
by appropriately constructing the stator coil with a
resistance that decreases from the breech to the muzzle,
and an inductance which increases from the breech to
the muzzle. Such a device can be powered by a high-
voltage homopolar generator without using intermedi-
ate power storage. Higher velocities are obtainable
from a fast high-gradient iraveling wave generated by a
many-staged system excited by a high-voltage DC pulse
and using passive non-linear components.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects and advantages of the invention will
become apparent upon reading the following detailed
description and upon reference to the drawings in
which:

FIG. 1 is a pictorial diagram of a traveling wave
accelerator of the present invention incorporating a
number of stages or sectors;

FIG. 2 is a schematic diagram of an electrical circuit
showing how the stages of the accelerator of FIG. 1 are
connecied by a distribution circuit to a pulsed DC
power supply;
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FIG. 3 is a schematic diagram, in cross-section, of a
preferred form of the stator coil for the traveling wave
accelerator of FIG. 1;

[FIG. 4 is a graph of the current through the sectors of
the stator coil shown in FIG. 3 and the current through
the armature coil or projectile propelled by the stator
coil;

FIG. 5 shows graphs of the traveling magnetic wave
in the stator coil at various times during the launching
of the projectile;

FIG. 6 is a schematic diagram, in cross-section, of an
alternative embodiment of the invention incorporating a
tapered sleeve disposed within the stator coil; and

FIG. 7 is a schematic diagram of an electrical circuit
which is a “Dual” of the circuit in FIG. 2 end which
corresponds to another embodiment of the invention.

While the invention is susceptible to various modifi-
cations and alternative forms, specific embodiments
thereof have been shown by way of example in the
drawings and will herein be described in detail. It
should be understood, however, that it is not intended
to limit the invention to the particular forms disclosed,
but on the contrary, the intention is to cover all modifi-
cations, equivalents, and alternatives falling within the
spirit and scope of the invention as defined by the ap-
pended claims.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The coaxial induction accelerator, in principle, offers
electromagnetic acceleration without plasmas or sliding
contacts but, in practice, has required the replacement
of these technology problems with others equally de-
manding. The simplest such accelerator comprises a
stator coil having a set of discrete coil sections, and an
armature that is simply a shorted turn. The armature
carries either a persistent or induced current causing it
to have a magnetic dipole moment. As the armature coil
passes through each stator coil section, the stator coil
section is pulsed, thereby inducing current in the arma-
ture coil and propelling the armature coil along the axis
of the stator coil.

Although simple in principle, the discrete coil accel-
erator is difficult to implement at serious power levels
and velocities because of the necessity to sense the posi-
tion of the armature actively and to switch on each
stator coil. At low power levels, such a discrete coil
accelerator can be built using a separate capacitor bank
for each section, a closing switch for connecting the
stator coil section to its respective capacitor bank at the
proper instant in time, and a crowbar switch for short-
ing the stator coil section once it has been fully ener-
gized by the capacitor bank. High energy capacitor
banks, however, are relatively bulky and expensive. It is
desirable, therefore, to replace the capacitor banks with
either an inductive or electromechanical energy storage
device. It is, however, not economical to replace each
of the capacitor banks with a separate inductive or
electromechanical storage device, since inductive stor-
age devices typically require opening switches which
are difficult to synchronize, and the duplication of such
inductive or electromechanical storage devices again
leads to considerable bulk and expense as in the case of
capacitor banks.

Turning now to FIG. 1, there is shown a traveling
wave accelerator generally designated 10 which is ca-
pable of being powered by a pulsed DC power supply
such as an inductive energy store or a rotating electro-
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mechanical generator. The accelerator 10, however, is
entirely passive and does not require sensing or switch-
ing, yet it sequentially energizes a stator coil 11 having
a multiplicity of stages or sectors 12 designated A to E.
For receiving an armature coil or projectile 14, the
stator coil 11 is elongated and defines a central bore 13.

In accordance with an important aspect of the present
invention, the stator coil 11 is made of different materi-
als having electrical conductivities which increase from
sector A to sector E. In other words, the resistance
associated with the stator coil decreases in the direction
from the breech (at sector A) to the muzzle (at sector
E). The sectors may be further constructed in such a
way that they have associated with them inductances
which increase from sector A to sector E.

For connecting the sectors 12 to a common pair of
power supply terminals 15, 16 the accelerator 10 has a
distribution circuit 17.

In accordance with an important aspect of the present
invention, the accelerator 10 generates a traveling wave
of magnetic gradient in response to a DC voltage ap-
plied to the power supply terminals 15, 16. As the volt-
age is applied to the terminals, the current first diffuses
or flows into the first sector A, which is the most resis-
tive material. As time passes, the current progressively
diffuses or flows into the more conductive sectors creat-
ing a magnetic wave in the bore 13 which travels from
sector A toward sector F. Moreover, as the current
diffuses or flows into the more conductive sections, the
current in the less conductive sections is reduced or
shifted by resistive current division. The velocity and
intensity of the traveling magnetic wave in the bore 13
can be controlled by selection of the cross-section,
length and conductivity of each coil sector as well as by
selecting the voltage applied to the power supply termi-
nals. -

Turning now to FIG. 2, there is shown a schematic
diagram of the traveling wave accelerator 10 being
powered by-a homopolar generator 18. An important
advantage of the traveling wave accelerator 10 of the
present invention is that it does not require a high fre-
quency power supply. Since the power supply pulse
width is on the order of the accelerator launch time, the
power supply can be a homopolar generator/inductor,
a high voltage homopolar generator, or a low fre-
quency compulsator (about 20 Hz) as are used to drive
railguns. A suitable homopolar generator is described in
Weldon et al., U.S. Pat. 4,459,504 issued July 10, 1984.
The compulsator (i.e., compensated pulsed alternator) is

described in Weldon et al., U.S. Pat. No. 4,200,831

issued Apr. 29, 1980.

High voltage homopolar generators are currently
being developed which use superconducting magnets
for excitation. A four rotor homopolar-generator with
superconducting excitation coils, for example, may pro-
vide a terminal voltage Vgup to 500 volts. As shown in
FIG. 2, such a generator 18 can drive the accelerator 10
directly without an intermediate storage inductor or an
opening switch. Instead, the generator 18 is connected
to the accelerator 16 via a closing switch 19 which is,
for example, an explosively driven switch. The genera-
tor 18 is shown having associated with it a certain value
of series resistance Rg, which limits the maximum cur-
rent obtainable from the generator.

Turning now to FIG. 3, there is shown a cross-sec-
tion of the stator coil 11 for a specific embodiment of
the accelerator shown in FIGS. 1 and 2. The specific
embodiment is designed for accelerating 2 mass of at
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least one hundred grams to a velocity of at least 2 km/s.
Also shown in FIG. 3 is a starter coil 20 for inducing a
1 MA (megaampere) current in the single turn armature
coil 14 and to insert the armature into the stator coil 11
at a relatively low velocity. Alternatively, the armature
14 could be injected into the stator coil using a gun
powered by compressed gas or a chemical explosive,
and a current could be induced into the armature 14
solely by induction from the first sector A of the stator
coil.

The five sectors A-E of the stator coil 11 are de-
scribed in the following Table L.

TABLE 11
Stator Coil Properties
% Conduc-
tivity Axial
(relative  # of conductor  Total axial
Sector Material to Copper) turns length (cm) length (cm)
A titanium 0.5 1 2.8 3.9
type
6AL—4V
B stainless 9.9 3 84 11.8
steel
C  aluminum 27.0 5 14.0 19.6
type 201
D  aluminum 55.0 7 19.6 27.5
type 1100
E  copper 100.0 10 280 39.1 -

The basic dimensions of each turn are 4.5 cm ID, 8
cm OD, and 2.8 cm W. The peak axial magnetic flux
density in the stator coil is about 15.4 T.

The resistance and inductance of the sectors A-E of
the stator coil 11 are selected so that the peak current in
each sector occurs just after passage of the projectile 14
along its intended trajectory. For instructional purposes
or for a very rough “first-pass” design, the projectile 14
can be assumed to undergo uniform acceleration from
the breech to the muzzle of the stator coil 11. Assuming
then that the armature coil 14 is uniformly accelerated
from O to 2000 m/s over a distance of about 1 m, then
the transit time is obtained by dividing the distance of 1
m by the average velocity of 1000 m/s, giving a transit
time of 1000 us. For uniform acceleration the displace-
ment of the armature coil 14 is a parabolic function of
time, as can be seen by comparing the linear displace-
ment axis of FIG. 3 to a corresponding nonlinear time
scale in FIG. 4.

The time of propagation through each sector is ob-
tained by dividing the total transit time by the number
of sectors. For five sectors, the transit time through
each sector is 1000/5 or 200 microseconds per sector.
As shown in FIG. 4, 200 microsecond intervals are
plotted on the parabolic time scales to determine corre-
sponding displacements defining the endpoints of the
sectors.

The resistance and inductance of each sector are
selected so that the current in each sector is a maximum
when the stator coil reaches the end of the sector near-
est the muzzle.

Returning for a moment to FIG. 2, it is seen that the
circuit has certain characteristic time constants set by

.the inductances L and the resistances R. In accordance

with an important aspect of the present invention, the
resistances R of the sectors A-E decrease from the
breech end to the muzzle end, and the inductances L of
the sectors A-E increase from the breech end toward
the muzzle end. Due to this fact, after the switch 19 is
closed, current from the generator 18 first primarily
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flows through the sector A, and then progressively
shifts from sector A to sector B, from sector B to sector
C, from sector C to sector D, and finally from sector D
to sector E.

Given specific values for the parameters shown in
FIG. 2, the current through each sector or branch of the
circuit is readily determined by a computer program for
circuit analysis. However, for the sake of illustration,
assume that the resistance R is a decreasing function of
position such as Ry=r/x, and the inductance L is an
increasing function of position such as L= 1x. Further,
for the purpose of illustration, the simplifying assump-
tion can be made that the pulse from the power supply
has a predominant frequency component w=2.5/t at a
time t after the pulse is applied. Then at a time t the
current will be a maximum at the position x having the
minimum magnitude of impedance, since the imped-
ances of the sectors are all connected in parallel to the
power supply terminals. The magnitude of the impe-
dance is VRx2+ w2L,2. By substituting the formulas for
Rx and Lyin terms of x, then it is seen that for any given
@ there will be a position x for which the impedance is
a minimum; specifically, the minimum occurs where
xz/r/wl. Therefore, given the time t of 200, 400, 600,
800 and 1000 microseconds, corresponding values of
the frequency o can be computed and ratios of R to L
can be selected so that the respective sectors have their
minimums of impedances corresponding at the required
times.

This analysis in the frequency domain, of course, only
gives a very rough approximation of where the opti-
mum values are. Computer analysis of the step response
of the circuit can be used for optimizing the component
values. For example, the currents for the sectors of the
specific example are shown in FIG. 4. The values of the
resistance and inductance have been selected to obtain
good power iransfer from the generator and to obtain
well defined current maximums at the desired times.

The dimensions and numbers of turns in the coil sec-
tors determine the inductances. Assuming that the sta-
tor coil 11 is a perfect solenoid, for example, the induc-
tance of a single turn coil segment is given by
L=p,4/2X, where A is the internal cross-sectional area
of the solenoid and X is the length of a single turn coil
segment. The internal diameter ID of 2.25 cm and a
length of 3.35 cm gives an inductance of about 30 nH.
The inductance of the single turn coil segment would be
about 20 nH if it were completely isolated from the
other turns in the solenoid. In practice each single turn
of the stator coil as shown in FIG. 3 will have an induc-
tance of about 25 nH. Due to this value of inductance,
the magnetic induction field in the bore of the stator coil
is about 15 T for a current I of about 1 MA.

Turning-now to FIG. 5, there are shown graphs of
the magnitude of the magnetic induction field as a func-
tion of position at 200 microsecond intervals. In other
words, the traveling magnetic wave is shown for each
of the points in time at which the current is 2 maximum
in respective ones of the sectors. The position of the
projeciile or armature coil 14 is also shown at these
points in time. As is evideni from FIG. 5, the stator coil
11 has been designed so that the projectile or armature
coil 14 is accelerated by the maximum gradient of the
magnetic induction field having a magnitude which
decreases toward the muzzle end of the stator coil.

Turning now to FIG. 6, there is shown an alternative
embodiment of the present invention which uses a ta-
pered sleeve 21 disposed in the bore of a monolithic
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stator coil 22 for generating a traveling magnetic wave
in response to a DC pulse applied to the stator coil. The
sleeve 21 has a minimum thickness at the breech end of
the stator coil, and has a maximum thickness at the
muzzle end. Moreover, the tapered sleeve is cylindrical
so as to shield the central portion 23 of the bore from
the magnetic field generated by.the stator coil 22.
Therefore, when the DC pulse is applied to the stator
coil 22, the magnetic field from the current in the stator
coil must diffuse through the tapered sleeve 21 to reach
the bore 23. The tapered sleeve 21 is, for example, made
up of an electrically conductive or ferromagnetic mate-
rial.
Since the sleeve is tapered, the magnetic field first
fills the bore 23 at the breech end of the stator coil,
where it begins to accelerate an armature coil 24. The
magnetic field continues to diffuse through the tapered
sleeve 21 at approximately a constant velocity so that a
wave of magnetic induction is generated traveling from
the breech to the muzzle.

In order to increase the gradient of the traveling
magnetic wave, saturable ferromagnetic material can be
used in the traveling wave accelerators of the present
invention. Saturable ferromagnetic material can be used
for the tapered sleeve 21 in FIG. 6. Alternatively, the
conductors of the sections of the stator coil 11 in FIG.
1 can be embedded in varying amounts of saturable
ferromagnetic material to provide the increasing induc-
tance toward the muzzle. In either case the nonlinear
effect provided by the saturable magnetic material
would cause the magnetic field in the bore to increase
slowly at first when the ferromagnetic material is in its
unsaturated state, and then rise rapidly after the material
saturates. In other words, the saturable magnetic mate-
rial provides a time delay for the DC pulse to be fully
applied to the stator coil at a location toward the muz-
zle. In particular, the saturable material provides an
increased inductance L up to the time that the current
reaches a saturation value I;. For an applied voltage V,
the time delay is given by tz=LIy/V.

Turning now to FIG. 7, there is shown a schematic
diagram of a circuit that is a kind of “dual” of the circuit
in FIG. 2. In general, a dual of a circuit is obtained by
replacing the nodes of the circuit with branches, and
replacing the branches of the circuit with nodes. In
other words, circuit elements that were connected in
series become connected in parallel, and circuit ele-
ments that were connected in parallel become con-
nected in series. The dual circuit in FIG. 7 could be
useful for a traveling wave accelerator having an in-
creased number of stages for achieving an increased
projectile velocity. The dual circuit also illustrates how
a low voltage homopolar generator 25 is used as a
power supply.

In order to obtain a relatively high voltage DC pulse
from the low voltage homopolar generator 25, there is
provided a storage inductor 26 and an opening switch
27. Prior to firing the projectile, the opening switch 27
is closed and the homopolar generator 25 is actuated so
that current flows from the generator to the storage
inductor 26. This current increases to a maximum value
Igat which the storage inductor 26 is fully charged. The
homopolar generator is shown having a parallel resis-
tance Rg, which limits the maximum voltage obtainable
from the generator.

To fire the projectile, the switch 27 is opened to break
the direct circuit between the storage inductor and the
generator. Due to the inductance of the storage induc-



4,870,888

9

tor, a voltage is generated across the opening switch.
This voltage assumes whatever value is required to
conduct the current from the storage inductor. There-
fore, very high voltages can be generated, depending
upon the ability of the opening switch to break the
circuit. For single shot applications of the accelerator,
the opening switch is preferably an explosive switch.
For repetitive operation, 2 mechanical switch could be
used that would be actuated by the same mechanism
which injects the armature coil into the stator coil. For
example, if the armature coil is initially accelerated by
an explosive charge, the explosive charge could also
activate circuit breaker contacts of the opening switch.
The armature coil itself could bridge the contacts of the
opening switch prior to firing. In this regard, the open-
ing switch could be configured as a railgun for provid-
ing an initial acceleration of the armature coil.

The first sector S4 of the accelerator 29 is charged at
a rate determined by the voltage generated across the
opening switch 27. This voltage depends on how fast
the switch opens, and in the case of a mechanical switch
it may fluctuate due to arcing between the switch
contacts. In order to limit this voltage to a constant
value and also to suppress arcing at the switch contacts,
a surge suppressor 30 could be connected in shunt rela-
tion with respect to the opening switch 27 and the first
sector S4. The surge suppressor provides a nonlinear
resistance which is relatively small until a threshold
voltage is reached. Low voltage surge suppressors can
be provided by a reverse biased rectifier such as a sele-
nium rectifier or a germanium or silicon diode. High
voltage surge suppressors are commonly made of a
silicon-carbide ceramic material such as thyrite.

As shown in FIG. 7, the sectors S4-Sg of the stator
coil are wired to bus bars generally designated 31 and 32
which include the inductances and resistances for se-
quentially energizing the sectors. Specifically, the bus
bar 31 is provided with a series of inductances Lg'-LEg/,
and the bus bar 32 is provided with series resistances
R4-Rp'. Moreover, these inductances and resistances
are shown as nonlinear inductances and resistances so
that the accelerator is in the form of a pulse compres-
sion line. The theory of operation of various kinds of
pulse compression lines, such as the “Melville” line, are
described in Zucker and Bostick, “Theoretical and
Practical Aspects of Energy Storage and Compres-
sion,” Lawrence Livermore Laboratory Report
UCRL-76091 (1974).

As in shown in FIG. 4, without using nonlinear in-
ductances, the sector E nearest to the muzzle of the
stator coil is charged with current at a lower rate than
the sector A nearest the breech. This reduces the gradi-
ent of the magnetic field in the bore of the stator.coil.
Without using nonlinear resistances, the current in the
sectors near the breech have a rate of decay which
occurs at a decreasing rate. These “tails” in the sector
current tend to reduce the current flow to sectors closer
to the muzzle.

By using nonlinear inductances in the accelerator 29
of FIG. 7, the current rise in each sector can be delayed
until the required time, and at the required time the
current rise can be very rapid. By using nonlinear resis-
tances in the accelerator 29 of FIG. 7, the current in the
sectors nearer to the breech will decay at a constant rate
so that the current is more completely shifted to the
sectors nearer to the muzzle. When the opening switch
27 opens, for example, the sector S4is charged at a rate
determined by the threshold voltage of the surge sup-
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pressor 30. At this time the saturable inductance Lp' is
relatively high due to the fact that it is in an unsaturated
condition. Sometime after the sector S4 is fully charged
with the current from the storage inductor 26, the in-
ductor L' saturates so that the next sector Sgcharges at
a rapid rate. When the sector Sp becomes charged the
sector S4 becomes discharged due to a voltage drop
through the nonlinear resistance R4'. In this same fash-
ion, the current from the storage inductor 26 is progres-
sively shifted from the sector Spto the sector S¢, and so
on until the current is finally shifted to the sector Sgat
the muzzle.

In practice the bus bars including the nonlinear induc-
tances and resistances could be sandwiched and
clamped between parallel spaced ground planes. The
nonlinear inductances could be provided by sections of
bus bar wound with many turns of a thin strip of ferro-
magnetic material such as nickel iron alloy or amor-
phous iron known as “metal glass.” The windings
should be separated with a thin strip of insulating mate-
rial to prevent eddy loss which would limit the fre-
quency response of the inductances. Nickel iron alloy
having a very high inductance and fast saturation is
known as mumetal and is sold under trademarks such as
Permalloy and Hypersil. The nonlinear resistances R4.
'-Rp’ would have the same construction as the surge
suppressor 30.

In view of the above there have been provided travel-
ing wave accelerators which overcome the reputed
disadvantages of the multistage coaxial magnetic induc-
tion projectile accelerator. These accelerators are capa-
ble of being powered directly by a rotating machinery
power supply such as a homopolar generator with su-
perconducting excitation coils. Low voltage homopolar
generators could also be used with very simple interme-
diate power conditioning provided by a storage induc-
tor and an opening switch. A five stage coaxial mag-
netic induction projectile accelerator has been de-
scribed which fires a projectile to a hypervelocity of 2
kilometers per second without the use of duplicate
switches and without any intermediate power condi-
tioning. Accelerators including a very large number of
stages and exploiting nonlinear effects could achieve
even higher projectile velocities without the use of
active components and without excessive complexity.

What is claimed is: -

1. A magnetic induction projectile accelerator of the
kind having a stator coil including a number of stages,
said stages being aligned in sequence along an axis from
a breech to a muzzle, said accelerator further including
a distribution circuit connecting said stages in parallel to
a common pulsed DC electrical power supply during
acceleration, said steps stages sequentially receiving
current from said power supply to form a magnetic
wave having a magnitude decreasing along said axis
toward said muzzle and propagating along said axis
toward said muzzle, wherein the improvement com-
prises

each electrical circuit including a respective one of

the stages and connecting the respective stage in

parallel to the pulsed DC electrical power supply -
during acceleration having a respective impedance
including a resistance component and an induc-
tance component, wherein the ratio of the resis-
tance to the inductance for the respective stages is
a decreasing function of the position of the respec-
tive stage along said axis, said ratio being a maxi-
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mum for the stage nearest the breech and being a
minimum for the steps nearest the muzzle.

2. The accelerator as claimed in claim 1, wherein the
variation of the ratio of resistance to inductance is pro-
vided by variation in the construction of said stages.

3. The accelerator as claimed in claim 1, wherein the
variation of the ratio of resistance to inductance is pro-
vided by different paths through said distribution cir-
cuit.

4. The accelerator as claimed in claim 1, wherein the
inductance for some of the respective stages is provided
by saturable ferromagnetic material.

5. A magnetic induction projectile accelerator of the
kind having a stator coil including a number of stages,
said stages being aligned in sequence along an axis from
a breech to a muzzle, said accelerator further including
a distribution circuit connecting said stages in parallel to
a common pulsed DC electrical power supply during
acceleration, said stages sequentially receiving current
from said power supply to form a magnetic wave hav-
ing a magnitude decreasing along said axis toward said
muzzle and propagating along said axis toward said
muzzle, wherein the improvement comprises

each electrical circuits including a respective one of

the stages and connecting the respective stage in
parallel to the pulsed DC electrical power supply
during acceleration having a respective impedance
including a resistance component and an induc-
tance component, wherein the ratio of the resis-
tance to the inductance for the respective stages is
a decreasing function of the position of the respec-
tive stage along said axis, said ratio being a maxi-
mum for the stage nearest the breech and being a
minimum for the stages nearest the muzzle, and
wherein the resistance for the respective stages is a
decreasing function of the position of the respec-
tive stage along said axis and is a maximum for the
stage nearest the breech and a minimum for the
stage nearest the muzzle, and wherein the induc-
tance for the respective stages is an increasing func-
tion of the position of the respective stage along
said axis and is 2 minimum for the stage nearest the
breech and a maximum for the stage nearest the
muzzle.

6. The acceleraior as claimed in claim 5§, wherein the
stages are respective single-layer helical coils having
different numbers of turns and being made of respective
materials of different electrical conductivity.

7. A method of creating a traveling wave of magnetic
gradient by progressively energizing a series of sequen-
tially disposed electromagnetic coils in response to a
DC pulse, said method including the steps of feeding
said DC pulse through inductances to provide progres-
sive delays at which said pulse reaches the electromag-
netic coils, and once reaching said electromagnetic
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coils, feeding the current from said pulse through resis-
tance in series with said electromagnetic coils, said
resistances providing a voltage drop in response to said
current, and applying said voltage drop to the induc-
tances and the next coils in said series, said voltage drop
diverting the current to the next coils in said series.

8. The method as claimed in claim 7, wherein said
inductances are provided by saturable ferromagnetic
material.

9. The method as claimed in claim 7, further compris-
ing the step of launching a projectile by inductively
linking said projectile to said series of electromagnetic
coils.

10. A coaxial magnetic induction projectile accelera-
tor of the kind having an elongated stator coil defining
a central bore and having a muzzle end, said bore re-
ceiving a projectile having a magnetic dipole moment
during acceleration, said accelerator further including a
distribution circuit connecting said stator coil to an
electrical power supply during said acceleration, said
stator coil creating a magnetic field along said bore
decreasing in magnitude toward said muzzle end when
said stator coil is energized by said power supply so that
said projectile is propelled along said bore to exit from
said muzzle end by virtue of the interaction of said
magnetic field gradient and said dipole moment,
wherein the improvement comprises

means for establishing inductive and resistive parame-

ters that are a function of position along the length
of said stator coil so that said magnetic field be-
comes a traveling wave traveling along said bore
toward said muzzle end in response to an energiz-
ing pulse from said power supply,

wherein said means for establishing the inductive and

resistance parameters includes 'means for establish-
ing the impedance of said stator coil that deter-
mines the current flowing from said power supply
through said coil as a function of position along the
length of said stator coil, and

wherein said means for establishing the impedance

includes means for establishing a resistance that is a
decreasing function of position toward said muzzle
end, and means for establishing an inductance that
is an increasing function of position toward said
muzzle end. .

11. The accelerator as claimed in claim 10, wherein
said means for establishing a resistance comprises elec-
trically conductive materials of different conductivity
for conducting said current.

12. The accelerator as claimed in claim 10, wherein
said means for establishing an inductance comprises coil
sectors having different numbers of turns for conduct-

ing said current. ;
x® £ X x %
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