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ABSTRACT ﬂ? 74/

A large-radius, linear pinch discharge is
driven by a high current pulse-forming network,
consisting of a simple ladder configuration with
capacitance added at various points along the
distributed inductance afforded by two parallel-plate
conductors. A variety of current waveforms are
obtainable, typified by a 4.5 psec., 200,000 amp.
constant-amplitude pulse, rising in 0.6 psec. for
10 KV charging voltage. The dynamical behavior of
discharges driven by these waveforms is well represented
by a snowplow model. The.dynamical efficiency of the
discharge as a gas accelerator is found to be favored
by conditions that provide for maximum mass accumulation
early in the acceleration process. Under certain
conditions a precursor current pulse is observed to
separate from the main current sheet, and to propagate

ahead with twice snowplow velocity,

puthe”
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CHAPTER I

PROPULSION SYSTEMS

l.1 SPACE PROPULSION

The principle of conservation of momentum governs the
performance of reaction propulsion systems. Thus if a
single-stage rocket having constant exhaust velocity Ve
changes its velocity by an amount AU , then, neglecting
gravitational fields, its final and initial masses, YNg

and "™Mi respectively, are related by

- (1-1)

-

™My - exel-av/ve]
™

A major aim of rocket propulsion research has been to
raise Ve so that for a given single stage mass ratio the
velocity increment AV may be increased. Chemical rockets
presently attain exhaust velocities of about 3000 meters per
second. So-called "exotic" propellants might eventually
double this figure under very optimistic assumptions. Beyond
this point, a new means of accelerating the exhaust stream
must be developed.

The term "advanced propulsion" is commonly applied to
any thrust producing system which does not primarily depend

on the energy of chemical reaction of its exhaust material.



Corliss(l) has given a comprehensive survey of many advanced
propulsion concepts. At present and foreseeable levels of
technological development two broad classes of thrustors show
promise for high exhaust velocity space propulsion: the
direct nuclear and the electric systems.

In a direct nuclear system, the energy released in a
nuclear reaction is transferred thermally to the propellants.
At progressively higher temperatures the fissioning material
will be in the solid, liquid, or gaseous state leading to the
designations of solid core, liquid core, and gaseous core
nuclear rockets.

The solid-core nuclear rocket, after a decade of intensive
development, is now an engineering reality.(z) While the
working temperatures are actually lower than those of chemical
rockets, exhaust velocities of 8000 meters per second are
achieved by virtue of the low molecular weight of the hydrogen
propellant. Velocities of up to 30,000 meters per second have
been visualized for liquid and gaseous core rockets, but at
present they can only be considered concepts for which some
research has been done on the enormously complicated fluid
mechanics and heat transfer problems involved in transferring
energy to the propellant while limiting the amount of fissile
material lost to the exhaust stream.

In an electric propulsion system, electric power is used
to impart energy to the propellant by some mechanism or

combination of mechanisms. Batteries might provide power for




flight testing; solar cell power could be used to meet the
propulsion requirements of some altitude-control, station-
keeping, and unmanned-probe tasks. But for space missions

in which electric propulsion would be used as a primary thrust
system on large vehicles, the electric power requirements are
such that they must be provided by some generator whose
ultimate source is nuclear energy. The adjective "nuclear-

electric" is applied to such a propulsion system.

1.2 ELECTRIC PROPULSION SYSTEMS

Jahn(3) has provided a recent comprehensive review of
the physics and engineering of many proposed electric thrustor
concepts. It is clear that as a class such thrustors offer
exhaust velocities from 10,000 meters per second upwards,
albeit with varying efficiencies of conversion of electric
power to exhaust-stream power. Electric thrustors are commonly
classified in one of three categories: electrothermal,
electromagnetic, and electrostatic.

In his book, Jahn defines these categories as follows:

1. Electrothermal Propulsion--wherein

the propellant gas is heated electrically,
then expanded through a nozzle,

2. Electrostatic Propulsion--wherein the
propellant is accelerated by direct
application of electric body forces
to ionized gas particles.

3. Electromagnetic Propulsion--wherein the
propellant is accelerated by somewhat
complex interactions of external and
internal electric and magnetic fields.




In general, electrostatic devices offer the highest
exhaust velocities, followed by electromagnetic and electro-
thermal schemes. One should not conclude, however, from
Eq. (1-1) and our discussion to this point, that the sole
criterion of a propulsion system is the exhaust velocity.

An electric propulsion system requires a power supply whose
mass can be expected to increase as an approximately linear
function of power. At a given thrust level the exhaust power,
and hence the power plant mass, is a linearly increasing
function of exhaust velocity. Thus while propellant mass is
reduced by higher exhaust velocity, the power plant mass is
increased. Clearly, for a given mission, there is an optimum
exhaust velocity to minimize the sum of the masses. For a
discussion of this point, and of the characteristics of
electro-thermal thrustors, we refer again to the books by

(1) (3)

Corliss and Jahn. We do not intend here to enter into

the thicket of comparative mission analyses, in which small
assumptions grow rapidly into large conclusions. A recent

map of this thicket, somewhat pessimistic for electric propulsion
is presented in a RAND report(4) by Pinkel, et al.

The application of electric thrustors as prime propulsion
units for space missions thus depends on the development of
sufficiently-low mass power plants. Because power-conditioning
equipment, such as D.C. to A.C, inverters, low to high voltage

transformers, etc., that might be required to match the

electrical characteristics of generator and thrustor would

4



constitute a significant fraction of the power plant mass,
as well as reducing reliability, it seems likely that the
choice of electric thrustor system will ultimately be
determined by the best available generator.

The dominant parameter for performance evaluation is the
ratio of total mass of the power plant and thrustor system to
the directed kinetic energy component of exhaust beam power.
Forty pounds per kilowatt looks useful; less than ten pounds

per kilowatt is alluring.

1.3 ELECTROSTATIC AND ELECTROMAGNETIC THRUSTORS

At present writing, the electrostatic thrustor, or ion
engine, has the distinction of having been flight tested in
space and achieving its predicted performance. But the ion
engine affords a thrust per unit area inherently lower than
that of electromagnetic thrustors. The stress associated with
electrostatic fields is G,Ej/gl , while for magnetic fields
it is Bf/aJ». . We have for a rather extreme electric field

of lO7 volts/meter:

DE? -1 2>
,E:-/ = 3.85 %o x{‘o) -~ le()a NEwT"JSIMQ
2 e}

(1-2)

While for a comparatively modest magnetic field of 1 weber/m2

(= 10,000 gauss):
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ApMoe AX LT X10

(1-3)




A practical ion engine must have very closely spaced
electrodes in order that maximum electric field strength,

(5)

and thus maximum thrust density, be achieved. Combining
this requirement with that of large area, to compensate for
the low value of maximum thrust density, produces an
inherently wvulnerable, cumbersome thrustor.
An even more serious deficiency of the ion engine is
its range of exhaust velocities: the maximum is limited
only by relativistic considerations, but achieving less than
50,000 meters per second at maximum thrust density is difficult.
Electromagnetic thrustors offer, in comparison with
electrostatic devices, the possibility of a high-thrust density,
rugged device covering the velocity range from some 10,000
meters per second upwards. This possibility has caused research
on electromagnetic thrustors to be actively pursued in a number
of laboratories, despite the inherent complexity of the physical
phenomena involved. In these devices currents flow in a

conducting, macroscopically neutral gaseous medium, thus they

are referred to as plasma engines.

l.4 PLASMA PROPULSION

Most plasma engines pass current through the gas by means
of electrodes. "Electrodeless" accelerators are coupled by
time varying fields, and achieving sufficiently "tight" coupling
has been the major problem of these devices.(l‘3‘6‘7) It is
conventional to categorize electrode-using systems by the terms

steady and pulsed; in a steady device the local time derivatives

of field and flow properties are all zero.




The simplest manifestation of a steady plasma accelerator
using electrodes is a duct having mutually perpendicular
electric and magnetic fields perpendicular to the axis of the
duct. The electric field drives a current through the plasma
and the interaction of this current with the applied magnetic
field drives the plasma along the duct. Velocities of 20,000-
30,000 meters per second have been achieved in this fashion.
The duct walls, however, are severely tried. Magnetic fields
of some kilogauss strength are required. In laboratory devices
these are generally provided by massive, power-consuming
electro-magnets which tend to dwarf the accelerator itself.
Super~conducting electro-magnets may find application here,
although the refrigeration requirement carries its own set of
engineering problems. Theése steady'g x B thrustors do involve
technology in common with magnetohydrodynamic power generation
and, consequently, benefit directly from the extensive research
now going on in this area.

The currents flowing in 3 x B thrustors also produce their
own magnetic fields. The forces produced by the interaction of
the current and its self magnetic field vary as the square of
the current. Thus, at sufficiently high currents, useful levels
of force can be attained without employing separate magnetic
field sources. Currents ranging from a few thousand amperes
to hundreds of kiloamperes, and associated power levels of
tens of kilowatts to hundreds of megawatts may be required.

Laboratory experimentation is greatly facilitated by the use



of capacitive energy storage systems, which can readily
provide the requisite power levels on a time scale of some
microseconds to a millisecond.

We must distinguish here between the concepts of "pulsed"
and "pulsed quasi-steady" plasma accelerators. A steady device
was defined as one in which the local time derivatives of field
and flow properties are effectively zero. If, in view of the
considerations of the above paragraph, we energize such a
device by a capacitor bank for some microseconds, we call it
"pulsed- (in deference to the rapid discharge of energy) quasi-
steady (because the fundamental mechanisms do not depend on
the transient nature of the operation)."

(8)

Recent work has indicated that the supposedly electro-
thermal arc-jet thrustors, when driven into a high-power high-
current mode of operation in which self-magnetic fields are

presumably important, deliver high exhaust velocities at high
efficiency. The technique of pulsed quasi-steady operation

has recently been applied to the study of the high-current arc
(9)

jet. It facilitates high-power operation, and the
transient instrumentation tools, such as the magnetic probe
for determining current density distributions and the inductive
total-current monitoring loop (Rogowski coil), of pulsed
experimentation can be used to determine the final properties
in a pulsed quasi-steady apparatus by monitoring the transient

approach to final values.

In this work we deal with pulsed plasma acceleration which



is fundamentally dependent on transient phenomena: the rate
of current rise is so fast that the associated magnetic field
is largely excluded from the conducting plasma, and the
driving force is produced by the interaction of the magnetic
field and the relatively thin current sheet. Pulsed plasma
thrustors have characteristic velocities of 10,000 - 80,000
meters per second, the appropriate range for interplanetary

missions. The present state of development is indicated in

(3) (7) (10)

the writings of Jahn, Lovbergqg, and Sutton and Sherman
and the references to the literature provided by these authors.
The ultimate utility of any electric propulsion system depends
on achieving an adequate value for the conversion efficiency

of electric power input to directed exhaust energy. From this

standpoint, pulsed plasma thrustors are less developed than

- the ion engines, because of the inherent complexity of the

physical phenomena involved in their operation. But there
seems to be no fundamental obstacle to the attainment of
adequate efficiency, and research on these devices is spurred

by their promise of high thrust density.



CHAPTER I1I
CURRENT SHEETS

2.1 FUSION RESEARCH

A major scientific effort to achieve a sustained
controlled thermonuclear fusion reaction has been under
way for several years. Accomplishment of this feat would
provide the world with power for millennia.

At sufficiently high temperatures, nuclei of deuterium
and tritiumf will collide with such violence that the mutual
repulsion of their positive charge is overcome to the point
that the short-range nuclear forces come into play and a
fusion reaction of the two nuclei, with release of large
amounts of energy, may occur. The problems are as obvious
as the concept is simple: the gas must be confined in a
bounded volume so that reactions can occur, while heated to
temperatures orders of magnitude greater than any material
wall can sustain. However, the gas will be effectively fully
ionized, and conducting, at much lower temperatures. Electric
and magnetic fields may then be used for the dual purposes of
confining the gas away from material walls and heating it

further. Vigorous efforts were made along these lines, during

+Reactions wi}l occur with ordinary hydrogen, or other light
elements. (12 However, the deuterium-tritium reaction is
achievable at the lowest "sufficiently high temperature."

10



the development of thermonuclear weapons, under conditions
of great secrecy. The secrecy curtain was lifted in stages
beginning in 1955, culminating in a rather complete
de-classification in time for the 1958 Second United Nations
Conference on the Peaceful Uses of Atomic Energy. The
scientists involved were not greatly amazed to find that
almost identical approaches had been followed in the U.S.A.,
the U.K., and the U.S.S.R., with quite similar experimental
and theoretical results.

This "breakout" into the open literature caused a
rebirth of scientific interest in gas discharges, under the
name of plasma physics, which emphasized the importance of
the electrical effects of the highly ionized medium. Bishop
has provided a very readable, though simplified, account of

(11)

the U.S. efforts in controlled fusion through 1959. The

(12) .54 Rose and clark, (13

books by Glasstone and Lovberg,
are comprehensive introductory surveys of plasma physics with

a controlled fusion focus, emphasizing respectively the
experimental and analytical aspects.

While the physicists attacked the physics of plasmas with
the weapons of kinetic theory and statistical mechanics,
emphasizing the concept of interactions between charged particles,
the fluid dynamicists plunged into the fray with Maxwell's
equations wedded to those of continuum fluid mechanics. Despite

the now-extensive body of theory on what has come to be called

magnetogasdynamics, the techniques and concepts of experimental

11



pulsed plasma propulsion research have been principally
acquired from the fusion laboratories; magnetogasdynamics
has been more fruitfully applied to the steady and quasi-

steady devices.

2.2 THE PINCH EFFECT

Early work on the fusion problem was concentrated on
a high-current (lO4 - lO6 amperes) cylindrical gas discharge.
Conceptually, an extremely hot, steady cylindrical gas column
could be formed. The continuum-level manifestation of charged
particle motion in the presence of magnetic fields, for this
situation, is that the interaction force of the current and
its self-magnetic field acts radially inward to balance the
thermal pressure of the hot conducting gas, containing the
discharge away from the walls of the discharge chamber.(l4)
However, it was shown that losses from electron bremsstrahlung
radiatién become so great that there is a limiting current,
inadequate to achieve fusion conditions, no matter how large
the applied electric field (and hence no matter how great

the input power) (Ref. 12, Chap. 7). The supposed system is
also unstable to geometrical perturbations.

High-voltage capacitor banks were used to provide, on a
pulsed basis, the requisite high currents for these experiments.
It was realized that the transient processes in the development
of the constricted-~or "pinched"--discharge were important and
not accounted for by the above steady-state model. An important

advance in understanding pinch discharges was made in 1954 at

12



(15) and independently and somewhat

(16) wh

Los Alamos by Rosenbluth,
earlier in the U.S.S.R. by Leontovich and Osovets, o)
proposed an elegant dynamic model for the transient phase of
pinch development. "The impact of the (Rosenbluth) M-theory

on the pinch program was both immediate and far-reaching"

(Ref. 11, p. 31). It offered an explanation for the phenomenon
observed in the fast-rising high-current pinch experiments.

When the cold neutral gas breaks down under the effects
of the applied electric field, it becomes electrically
conducting. The current is then confined to a relatively
thin layer by virtue of the skin effect. Under the action of
its self magnetic field, this current sheet is driven inward.
Rosenbluth's model provides a mathematical description of the
dynamics of this process; we éxplore the consequences in some
detail in Chapter VI and Appendix B.

Although the emphasis of controlled fusion research has
shifted towards (hopefully) stable quasi-steady schemes in
which plasma is confined for times much longer than those
associated with the dynamic pinch, the dynamic pinch approach
is still being vigorously pursued, in the U.S. principally at
the Los Alamos Scientific Laboratory; For various reasons the
8~pinch version is now preferred. Here a fast-rising current
in a single-turn coil wrapped around the discharge tube induces
an oppositely~flowing azimuthal current in the plasma. A
compressive force results from the interaction of this current

and its associated axial magnetic field.

13



We cannot go further into the problems of fusion here;
we have ventured thus far to show that, in the late 1950's,
dynamic phenomena were known to occur in fast, transient high-
current gas discharges.

While the aim of these experiments was to create and
hold a volume of gas at enormous temperatures, the characteristic
velocities of the dynamic phenomena were some centimeters per

microseconds—--the regime of interest for space propulsion.

2.3 PULSED PLASMA ACCELERATORS

Rosenbluth proposed that a moving current sheet, together
with its magnetic field, would act as a "magnetic piston,"
accelerating the gas into which it moved. Marshall then
pioneered the development of the coaxial plasma gun,(l7) in
which a current sheet driven by a capacitor bank ejects a blob
of fast moving plasma. The concept is illustrated in
Fig. (2;1(a)). With the hope that "power grows out of the

barrel of a gun," most fusion research laboratories have
experimented with using coaxial guns to inject energetic plasma
into a some sort of magnetic bottle, in which the plasma enerqgy
becomes thermalized. But the device has also been seized upon
as a potential pulsed plasma thrustor. As a propulsion device,
the coaxial plasma gun has been the subject of much effort by
the groups associated with Gloersen, at General Electric, and
Lovberg, Gooding and Larson, at General Dynamics.

An alternative concept, also stimulated by the early

fusion research, is the "pinch" engine (Fig. 2-1(b)) devised

14
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i -
. : by Kunen and colleagues at Republic Aviation.(lB)

Here
‘ the current sheet moves initially in the radial direction,
acquiring axial motion from the curved electrodes.

The coaxial gun and the pinch engine have much in common;
Lovberg(7) has shown how a series of geometrical manipulations
changes one device into the other, and encompasses many
intermediate geometries which have been studied as possible
thrustors. Cylindrical geometry, as opposed to the T-tube,

(1,3) has come to be favored since,

or button gun, or rail gun,
in Lovberg's words, it "forms an edgeless current sheet, and
hence, ...can sweep up all propellant...."

Each cycle of a pulsed plasma accelerator can be divided
into a series of events: charging of energy storage units,
injection of propellant gas, initiation of discharge, formation
of current sheet, driving of current sheet into the gas with
gas acceleration and increase of inductance, ejection of
plasma from the device.

One of the major problems in thrustor development work
has been to separate the processes of propellant injection from
discharge initiation. If gas is admitted between electrodes
with voltage already applied, breakdown occurs on the low-
pressure branch of the Paschen curve,+ and the discharge may be
launched before adequate mass has been admitted. Much effort
has accordingly been devoted to fast-acting gas valves and

the geometrical arrangement of gas-injection ports. Experimental

+The Paschen curve, for a given geometry, is a plot of breakdown
voltage against pressure. Usually, the curve is U-shaped, having
- a minimum at a critical value of pressure, with breakdown voltage
increasing on either side of the critical value.

16




work is complicated in this gas-triggered mode of operation
by the resulting nonuniform density in the device. However,
as we shall see, over-all efficiency may be favored by a
nonuniform density distribution.

The problems of gas-triggered operation can be relieved
by the addition of a high-power switch to the system. Then
a desired gas distribution can be established before the
voltage is applied to initiate breakdown. This switch-triggered
mode of operation is most convenient for research purposes,
although severe development problems are raised for a switch
suitable for space propulsion requirements that would not
involve excessive losses.

We pass over the initiation phase, which represents an
extreme case of the "impulse breakdown" problem in which the
current rises from zero to several thousand amperes, merely
pointing out it is hard to conceive of a more complex and
rapid series of gas discharge phenomena. A possible starting
point is considering the process as a rapid transition from
a glow to arc discharge.(lg)

The performance, as a thrust-producing device, of a pulsed
plasma accelerator can only be evaluated by exhausting into a
high~vacuum environment. While investigations have been made
of the exhaust properties--e.g., using microwaves, Langmuir
probes, calorimeters, ballistic pendula, ion energy analyzers--
relatively little attention has been paid to the details of the

actual ejection process where the plasma detaches itself from

17



the accelerator. Jahn(zo) has pointed out that this process
may be of great importance for the over-all efficiency, and
systematic study is now going on. However, before the plasma

is ejected, it must be accelerated by the current sheet.

2.4 THE PULSED HIGH-CURRENT DISCHARGE

An effective pulsed plasma thrustor must generate an
intense, stable current sheet that efficiently sweeps and
accelerates the propellant gas. In 1962, a systematic study
of pulsed plasma accelerator phenomena was bequn at Princeton.
This work has been reported in several publications.(21‘22’23)
The initial phase of this study was done in closed cylindrical
discharge chambers, much like the linear pinch fusion geometry,
excepting that the length of the chamber is less than the
radius. This geometry was adopted for the advantages it
offered for experimental work: ready access of instrumentation
through'end and sides, essentially one-dimensional (radial)
nature in contrast to the inherent two-dimensional (radial and
axial) character of the coaxial gun, and most importantly,
stability and shot-to-shot reproducibility which make systematic
investigation feasible. These advantages had been well
demonstrated by the group at Republic Aviation in the operation
of a cylindrical pinch "test rig" in conjunction with their
plasma pinch engine development work, and the design of our
first apparatus relied considerably on their experience.
Subsequent devices were constructed in response to insights

obtained from earlier models.
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Most pulsed plasma experiments, in both fusion and
propulsion oriented work, have been performed using energy
stored in parallel-connected banks of capacitors. The
electrical characteristics of the usual pulsed plasma device,
together with the requisite connection to the capacitors, are
such that the current waveform, as a function of time, is
approximately an exponentially damped sine wave. In fusion
work, with a requirement for transfer of large amounts of
energy to the discharge, even at extremely high voltages
large total capacitance is involved. Consequently, the period
of the oscillating circuit is greater than the pinch time, and
the pinch typically occurs while the current is rising during
the first quarter-cycle of the sinuséidal waveform. Relatively
small capacitor banks are generally used in propulsion research,
since the total stored energy requirements are more modest than
for fusion experiments, with associated advantages in terms of
economics and ease ofvsmall—scale laboratory operation. A
further incentive for small capacitor banks is the general
minimum-mass requirement for spacecraft systems. In order to
get large currents with small capacitance, much effort must be
given to inductance minimization. The resulting system also
yields a damped sinusoidal current, whose period is shorter
than that of the usual fusion apparatus because of the lower
capacitance and inductance. In fact it was often suggested in
the early phase of pulsed thrustor research that this process

be carried to the limit of a circuit period much less than the
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transit time of the current sheet, with the hope that in
this fashion the capacitor bank would "ring out," delivering
a large fraction of its total stored energy to the discharge.

The phenomenon of "secondary breakdown" thwarts the
"ringing out" concept, and introduces complications into the
conduct of experiments. The primary breakdown begins the
initiation phase of the discharge, in which the first current
sheet is formed and begins to move during the rising first
quarter-cycle of the oscillatory current. Because of the
predominantly inductive nature of the discharge, a reverse
voltage appears across the chamber in the second quarter-cycle
as the current amplitude begins to decrease. This voltage
causes a secondary breakdown, with the formation of a second
current sheet of opposite sign, commencing at the chamber
wall, The first current sheet is then effectively decoupled
from the capacitor bank and further changes in the total
circuit current are ménifested in the second current sheet,
References 21, 22, and 23 discuss the behavior of the
sinusoid-driven pinch in more detail.

The driving current is the single most important factor
governing the behavior of a pulsed plasma discharge. For
that reason alone it would be desirable to have this factor
under the control of the experimenter, rather than to accept
passively only the conditions produced by a damped sinusoid.
In addition, the complex phenomena of the multiple current

sheets produced by an oscillating discharge current complicate
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the interpretation of diagnostic measurements, and the
premature de-coupling of the primary current sheet from the
power source reduces the over-all efficiency of the
acceleration process.

The above considerations motivated the development of
a pulse-generating system that would deliver a fast-rising
large-amplitude current to our pinch apparatus. A current
effectively constant for several microseconds was the initial
design aim. This would remove the time dependence from the
dominant experimental variable, simplifying analysis of
experimental data. It was hoped that the sustained current
would drive an intense localized current sheet through the
complete volume of gas. A further requirement was that the
Pulse generator could be set up to deliver constant current
at various amplitudes, sinusoidal waveforms to compare the
two modes of operation, and other non-sinusoidal waveforms
to explore more fullylthe effects of varying the driving
current waveform.

Chapter III is devoted to the general and analytic
aspects of high-current pulse generation. The practical
realization of the desired pulse-generating capability,
together with other details of the experimental apparatus,

is covered in Chapter IV.
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CHAPTER III
THE PRODUCTION OF LARGE PULSE CURRENTS

3.1 CONVENTIONAL CAPACITOR BANKS

Most pulsed plasma experimentation, in both fusion- and
propulsion-oriented work, has been done using energy stored
in capacitors. This electrostatic field-energy is released
by closing some form of fast-acting high voltage high-current
switch, or the discharge may be self-switching, i.e. by
injecting gas or causing some local discharge by means of
auxiliary electrodes. The discharge is predominantly inductive,
so to a first approximation we have the equivalent circuit

indicated in the sketch:
SWITCH

C———

=

I

The current I is then given by:

a
I" VD (T) S'N(Lc)ua (3_1)

where ‘Vo is the initial voltage on the capacitor. Thus,

large currents are seen to be associated with high voltage,
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high capacitance, and low inductance. In practice, a number
of identical capacitors are assembled in parallel.

The effective capacitance, C . of N parallel-connected
capacitors of magnitude C:I . 1s 4AC:l . No actual component
has the properties of the "ideal" elements of circuit theory,
e.g. at high frequencies the capacitance between turns of a
coil becomes important. Such departures from idealized behavior
are grappled with by concocting an equivalent circuit which will
better represent the behavior of the component. 1In energy-
storage capacitors in the regime of interest, the capacitor
should be regarded as having an inductance in series with it.
For parallel-connected banks, if each of the ™ capacitors of
value (:' has such an inductance L' + the equivalent result is
a capacitor of value CF‘“:lin series with an inductance
ch:lf/ﬁ\ . In applying Eq. (3-1) we must add to the discharge
inductance L1P the effective inductance of the switch, l—S .
and the connections of the capacitor bank to the 1load, LT .

Thus, we have
L= Le+le+Llr +Lp (3-2)

/
And for 1:(((LCBI1, Eq. (3-1) reduces to

I,:'. V.,t (3_3)
L

In pulsed plasma work one desires to achieve a high rate of
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current rise, so that magnetic field and plasma, as a
consequence of the skin effect, are separated by a relatively
thin current layer; rapid rise-rates are facilitated by high
voltage and low inductance as Eq. (3-3) shows.

With careful attention to inductance minimization, the
current rise-rates and amplitudes necessary for pfopulsion
experiments can be achieved with banks having only a few
kilojoules stored energy. The problem of protection against
faults, where the total stored energy is sufficient to cause
a violent explosion in the event of the failure of capacitor,
which is of major importance in the megajoule banks that have
been used in the fusion program, is thereby averted; but even
relatively small banks, when charged, will deliver an instantly

(21) has a 15

fatal shock. A typical small pinch apparatus
microfarad bank of 10,000 volt capacitors which deliver a
waveform of 200,000 amps at 250 kilocycles. The concept was
advancea, during early development work on a pulsed plasma
thrustor, of having a bank of such low capacitance and
inductance that it would "ring down," delivering several cycles
of the damped sinusoidal waveform, during the motion of the
current sheet in the accelerator. We now know that secondary
discharges frustrate attempts to achieve this mode of operation.
But electrical li