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FOREWORD

as a
electron

The dense plasma focus has been investigated at many laboratories
possible fusion device. Typical plasma parameters for this device are
temperatures of 1 keV, densities of 10!° per cc, and confinement times of
100 ns. Characteristic of the plasma focus discharge are intense soft and hard
x-ray, optical and rowave radiativas. Also emitted from the focus are
electrons, ions, and with certain filling gases, neutrons. The emphasis of this
work is to investigate the electron and ion emission from the plasma focus and
the development of appropriate diagnostics to accomplish this task. The view-
point of the focus as a bipolar diode may provide a natural description of the
observed phenomena. A Mather geometry plasma focus device has been constructed.
Diagnostics used for electron measurements include current monitors, a calori-
meter, a magnetic energy analyzer, and an emittance meter. Ion beam measure-
ments were performed using a fluxmeter, a pinhole camera, an ion beam emittance
meter, and a Thomson parabola analyzer. In addition, opening switch behavior has
been investigated. Intense electron beams are observed with pulse lengths
approximately 5 ns at energies of 20 to 200 keV and currents of 1 kA and above.
The root-mean-square (rms) emittance of the electron beam is found to be
approximately 1 cm-rad. Ion measurements show copious ion emission of very
energetic ions of up to several MeV. A measurement of rms emittance of the ion
beam was made. Results support the bi-polar diode model of the plasma focus
device.
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CHAPTER 1

OVERVIEW OF PLASMA FOCUS RESEARCH

INTRODUCTION

The plasma focus, developed in the Soviet Union and the United States by

1 2

Filippov™ and Mather,“ is basically a linear pinch in a geometry which allows

rapid compression of the plasma prior to the pinch by magnetic self forces. 1In

addition to the high plasma densities of 1017 per cc3: 43 ang temperatures of a
few 1<eV3’6 which may last a hundred ns, many interesting phenomena are

observed. Among these are intense radiations in the microwave,7'8'9 optica
soft,8'11 and hard5’7’8’11'15 4,5,11,12,15,17-24

ion,3-6,16,18-21,25-34

1 8,10

x-ray regions. Electron,

3-7,16,18,21,30-32,35

and neutron emissions have also been

investigated at many laboratories.

The plasma focus originated from a simple coaxial plasma accelerator
concept.36 Mather investigated a higher pressure mode of operation of the

device1

while Filippov'’s investigation centered around new methods of breakdown
across insulators for z-pinch applications.1 When it was observed that copious
neutrons were produced by this device, investigations began into possible use of
this device for fusion applications; however, it was soon realized that an ion
beam-target interaction explained the neutron distribution better than a

thermonuclear model.3'18’31

The plasma focus discharge consists of three main stages: (1)- breakdown
across the insulator, (2) rundown stage, and (3) collapse to focus or
instability. The breakdown is initiated across the insulator in Figure 1-1
through a low pressure gas (0.1-5.0 Torr) by closing a switch connected to a high
voltage capacitor. It has been observed that in some modes of operation the
breakdown may occur between the inner and outer electrodes away from the

insulator surface and may show some filamentary structure.>’ 39 This regime,

1-1
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which may depend on filling pressure and insulator geometry, is associated with
poor focus formation and should be avoided. 1t has been suggested by Krompholz,
et al.,39 that a circular knife edge placed at the junction of the outer
electrode and the base of the insulator may serve to enhance the E-field and lead
to uniform breakdown which will improve the final focus formation

reproducibility.

The rundown stage occurs as the current sheath lifts of the insulator surface
and is driven down the center electrode length by JrBG forces. TIn the snowplow
model, as the current sheath advances through the gun region, all the gas in the
gun region is pushed out leaving vacuum behind. The current sheath travels at an
approximately constant velocity of a few cm/usec which is determined by momentum
balance between the filling gas and the magnetic pressure behind the current
sheath. In cylindrical coordinates, the parabolic shape of the current sheath is

given by the function?:

1 1 2 ) .2%@
a [ k(k2 A 12)/2- (1-]'.2)/2- 12 1n k+(k i)

: L
2i 1+(1-1%)72

z(xr)= - , (1-1)

where a is the center electrode radius, k is r/a, and i is an experimentally

determined parameter given by the momentum balance condition:

In 12 1
. 0
i = (_22—)/2. (1-2)
8nn"a"v

where I is the current flowing through the sheath, n is the density of gas and v
is the velocity of the sheath. The quantity i approximately equals unity.

40

The m=~0 instability, which has the highest growth rate, occurs after the

current column carrying 100 kA to 1 MA collapses toward the axis due to Jzaﬁ
forces. It is during this instability stage that most physically interesting
thenomena occur. From the hot (Te-l keV), dense (n-lO19 cm'3) plasma, inrense

optical, soft x-ray and microwave radiations are observed. In addition,

1-2
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electvons and ions are accelerated in the focus to energies of a few hundred
ke per charge which have been attributed to the m=0 instability by some

mcadels."l'(‘5

Byproducts of these are hard x-rays from brehmstrahlung as the
electrons strike the copper electrodes; also, (if the filling gas is deuterium)
108-109 neutrons per shot are produced by ion beam-target spallation reactions.
Semi-empirical models of the m=0 instability in the plasma focus by R. Deutsch®?
and Hohl and GaryA2 indicate that a voltage on the order of 100 kV may be induced
in the focus by the m=0 instability. These models assume some typical m=0
constriction velocities observed with streak camera photography or current
reduction.

It has been observed with laser scattering experiments“6

that subsequent to
the onset of the m=0 instability, there is a rapid increase in the electronic
temperature accompanied by a period of resistive magnetic field diffusion through
the plasma to the axis. It has been speculated that lower hybrid, or electron

43,67 4

cyclotron drift instabilities may be responsible for some of the heating
subsequently, ion acoustic instability may dramatically increase the resistivity
of the plasma. In fact, recently microwave emission has been observed in the

plasma focus which may be attributed to the lower hybrid drift inst:abi].ity.z‘8

Figure 1-2 shows a temporal progression of these phenomena.

Particle energies of up to several MeV have been observed but the yields
at these energies are typically a few orders of magnitude below those in the
100 keV range. The physical mechanism of the intense particle beam generation in
a plasma focus device is unclear up to the present time. The goal of this work
is to investigate the physical nature of the plasma focus electron and ion beams
in hopes that an understanding of this diode-like behavior will lead to an
improved physical understanding of the plasma focus device as an excellent source
of electron and ion beams in the regime considered. This requires that the

source of the most intense beams be investigated.
PLASMA FOCUS ACCELERATOR

A plasma focus device may be described by a simple lumped circuit model as in

E‘.lt:groth"‘9 and Mather.”® 1In Figure 1-3, C,.. is the external capacitance which

ex

1-3
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consists mostly of the capacitance of the main capacitor bank. Stray capacitance

is negligibly small. L is the external circuit inductance which arises from

ext
the bank inductance and all other circuit inductances excliusive of the gun

region-plasma sheath inductance. R is the external circuit resistance

ext
excluding the gun region-plasma sheath resistance. Lp is the gun-plasma sheath
inductance which is a variable quantity, changing with the geometry of the
current sheath. Rp is the gun-plasma sheath resistance. Finally, R; is either
the diod2 load resistance or the leakage resistance across the insulator which is
in parallel with Rp' At time t=0 the switch is closed and the current begins to
flow through the circuit. Subsequent to the current sheath breakdown across the
insulator in the gun region, Rp is on the order of milliohms (Spitzer

resistivity) as pointed out by Mather. R which may be due to the spark gap

ext’
switch, might be much higher. Lp is calculable and found to be less than or the

same order of magnitude as L depending on the position and shape of the

ext’

current sheath. N is a dominant element by the nature of the device. The net

ext
effect of these circuit elements is to produce a ringing circuit which is
underdamped by the total reistance which may mostly appear in the spark gap and
the plasma current sheath. The instability occurs as the sheath collapses toward
the axis at which time the plasma resistivity rapidly rises and the current
flowing through the circuit begins to drop. A significant induced voltage
appears across the diode load R; at this time. It may be shown that in the focus

stage L %% is much larger than I g%. In fact, it is important to note that the

signs of these two terms are opposite each otherl? during the plasma pinch
stage. 1 %% opposes the flow of currentl‘9 and L g% favors production of the

beam. Another important point to be considered is the leakage current across the
insulator. The induced voltage that appears at the time of the focus will also

appear across the insulator. If the current sheath has not swept out all of the
gas between the electrodes, there may be a possibility of a subsequent breakdown

across the insulator which will immediately short circuit the diode load.

If the m=0 instability completely interrupts the current flow at the time of
the instability the voltage approaches infinitely large in this model. The
circuit model requires some further input to describe the form of the plasma
resistance as a function of time in order to predict the diode voltage and

current. Unfortunately, the theory of the plasma focus instability is not

1-4
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sufficient at the present time to accomplish this task. This is the motivation

for the development of a transmission line theory of the plasma focus.

A transmission line theory of the plasma focus was developed in an attempt to

explain the presence of a finite voltage pulse.51

In essence, a transmissionline
theory accounts for the presence of an electromagnetic field and the dissipation
of its energy in a resistive load. The simplest possible model for the plasma
focus is found in Figure 1-4. Immediately after the formation of the current
sheath, the plasma focus is modeled as a current charged transmission line shown
in Figure 1-4 with the switch at 1 closed. This assumes that the resistance of
the current sheath and sparkgap are negligible, and all characteristic impedances
of each section of the plasma focus device are matched to ZO' At this stage, the

current charged transmission line can be thought of as two oppositely traveling

waves of current:

r4 Z
I=10(t-%) +1 (e+2

|
~—

(1-3)

where the magnitude of I, and I_ is Ip/2 (half the total charging current), and v
is the velocity of transverse electromagnetic (TEM) wave propagation in the
transmission line. The voltage waves are of the form:

Ve1/2,-1/2 (1-4)

o 1
where Zj = J (Ly/Cy). L, is the inductance per unit length, and C  is the
capacitance per unit length. At time t=0, the switch is opened. The reflection
and transmission coefficients determined by boundary conditions in this simple

model are:

P, ~ (RL " Zo y and (1-5)
2
R N (1-6)
v (RL + ZO)
(satisfying the boundary conditions 1 + py = T, and conservation of energy |

pi + 73 = 1); hence, if the load resistance RL is matched to the impedance of the |

1-5
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transmission line, Py, equals 0 and T, equals 1. Subsequently, the right
traveling current wave in Figure 1-4 is dissipated in the load resistance. The
output pulse is of duration 21/v, voltage IOZO/Z, and current I5/2. It is
important to emphasize that these parameters arise from an ideal opening switch
and perfect impedance matching. These depend upon the detailed physics of the

focus instability which are not well understood.

As a simple non-ideal case, we may suppose that the load resistance is not
precisely matched to that of the transmission line. 1In this case, the reflection
and transmission coefficients are no longer 0 and 1, respectively. The two
distinctly different regimes are R; > Z5 and Ry < Z;. If Ry is greater than Z;,
then Py, is greater than 0 and Ty is greater than 1. It can easily be seen that
the output voltage will consist of multiple pulses of changing polarity, the ith
pulse having amplitude IOZ0 (-pv)i-1 (1+pv)/2 and duration 21/v as depicted in
Figure 1-5. On the other hand, if RL < Zo, p is less than 0 and the output will
all be of one polarity. See Figure 1-5. The distribution of this current output

between electron and ion currents will depend upon the diode characteristics. We

will describe the bi-polar diode in the following section.

The acceleration of ions and electrons across a diode has been investigated
quite extensively. The simple relativistic diode model for the plasma focus
maybe a one-dimensional, bi-polar, Child-Langmuir diode. 1In this model, two
semi- infinite slabs of plasma are separated by a fixed distance with a fixed

voltge supplied between them. The resultant current flow is space charge

limited. The ratio of ion current to electron current is given by:52
Iion Te (v + 1) %@
- [ fve ] ’ (1'7)
I M, 2

. 2 \
where m, and Mi are the electron and ion rest mass, (y + 1) m.c /e is the voltage

across the diode, ¢ is the velocity of light in vacuum, and e is the electronic

charge.

A correction including two-dimensional effects has been proposed by Goldstein

53 54

and Lee”” and applied to the plasma focus by Gullickson. In the so-called

pinch-reflex diode, pinching of the electron beam across the gap enhances ion

1-6
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current somewhat, but electron current still dominates the net current flow
across the diode for most geometries. The ratio of ion current to electron
current is the same as above multiplied by the factor (rg + dgfﬁz/dd where ry is
the radius of the cylindrical diode (plasma) and d4y is the gap spacing. This
factor arises from the geometry. Due to the pinching of the electron flow, it
has an effectively longer gap to traverse than the ions. Unfortunately, it is
quite difficult to determine the interrelationships between ry, dg, v, and
currents in the real plasma focus diode in which these quantities are not
fixed. It is hoped that these experimentally observed quantities will help in
the eventual physical understanding of the plasma focus diode in order that the
very attractive features found in this compact accelerator may find many

applications.
THE EXPERIMENTAL DEVICE

A prototype plasma focus accelerator has been constructed in order to
investigate the diode-like behavior of the instability. The major systems of
this accelerator are: (1) a capacitor bank and charging system, (2) a triggering
system, (3) a transmission line section, (4) a diagnostics section, and (5) a

Mather geometry plasma gun. See Figure 1-6.

The capacitor bank used is either a single 3 kJ, 20 kV low inductance
(40 nH) capacitor or a set of four connected in parallel. This bank is charged
through a 500 Kilo Ohm resistor by a Universal Voltronics model bal 22-35 power
supply. The device is triggered by a spark gap switch with a midplane trigger
electrode shown in cross section in Figure 1-7. Typically the gap utilizes
nitrogen gas at or slightly above atmospheric pressure. The breakdown field is

given by:
l, .
B, (kV/cm) = [26.6p + 6.7(p/d_g )2 F! : (1-8)

where p is the pressure in atmospheres, d ¢r is the effective electrode gap
separation and F is the field enhancement factor, i.e., the ratio of the maximum
to the mean field on the electrodes. For our spherical electrodes, degs is

0.115d, where d is the actual gap spacing, and the field enhancement factor F is

1-7
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1.8.°° The gap spacing used varied somewhat, however remained near 1 cm for most
experiments. An estimate of switch inductance given by Miller gives 14 nH/cm
hence our switch adds about 14 nH to the total inductance. A Thyratron tube
circuit is used to provide the high voltage (18-24 kV) pulse to the trigger

electrode to initiate gap breakdown.

The transmission line section consists of a 30 cm long coaxial line with an
inner conductor diameter of 5.1 cm and an outer conductor diameter of 14.6 cm.
The total inductance is 64 nH for this section. The characteristic impedance
(Zg) is %% ohms for this geometry, where ¢ is the dielectric constant of the
medium between the conductors. For a water dielectric, this gives Zy = 7 ohms,
while for air, 60 ohms. Water is used exclusively in this work due to is
conductive properties assisting in holding off a corona discharge across the
insulator before firing, therefore the matched output pulse would be 18 nsec in
duration and the output voltage would be one half the charging current times 7

ohms .

A 2.5 cm long diagnostics section is inserted between the transmission line

196-59

and the coaxial gun. See Figure 1-8. A Rogowski coi is made from

2 cross section and a mean radius of 7.65 cm.

30 windings on a ring with a 9 mm
The coil signal is integrated with a 50 us (= measured R,C) passive integrating
circuit. The calibration is calculated to be 68.55 kA/V. A capacitive voltage
divider probe (D-dot) is constructed by placing a 1 cm radius disc 1 cm from the
inner surface of the diagnostics ring. The signal from the probe is integrated
by a passive 2.63 us integrator. The calibration is calculated to be 19.2 kV/V
with water dielectric in the transmission line. The B-dot probe was not used in

any experiments discussed in this work,

The usual Mather geometry plasma gun is shown in Figure 1-9. It consists of
a 7.5 cm inner diameter copper outer electrode (cathode) and a 2.5 'cm diameter
inner electrode (anode). For most experiments, a squirrel cage outer electrode
is used which is made from 12, 0.125-inch copper rods spaced equally on a 7.5 cm
diameter. A pyrex glass insulator separates the inner electrode from the brass
backplate which is electrically the cathode. The insulator is fixed in place on

the plexiglass with silicone sealant. The 2.6 cm long insulator surface is made

1-8
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flush with the cylindrical surface of the inner electrode with a small gap
between them (1 mm) to prevent mechanical shock on the inner electrode from
shattering the glass. This geometry is utilized for ion beam measurements since
the ions are accelerated away from the anode. In order to investigate the
electron beam which is accelerated down the middle of the hollow center
electrode, we must invert the usual gun geometry as shown in Figure 1-10. 1In
this experimental arrangement, the capacitor bank is charged negatively so that
the center conductor on the transmission line becomes the plasma focus gun

cathode.

1-9
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1) BREAKDOWN

2) RUNDOWN

PLASMA CURRENT
SHEATH

3) FOCcus

L ANODE '
j \\ . ;

CATHODE

FIGURE 1-1. MATHER GEOMETRY PLASMA FOCUS GUN SHOWING BREAKDOWN,
RUNDOWN AND FOCUS STAGES OF CURRENT SHEATH
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1 1) CURRENT COLUMN 1

ANODE ~1mm

2) m=0, ACCELERATION

X

3) MICROINSTABILITY, ACC.

FIGURE 1-2. SEQUENCE OF INSTABILITY IN THE PLASMA FOCUS
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FIGURE 1-3. LUMPED CiIRCUIT MODEL OF THE PLASMA FOCUS. AS [iic PLASMA
RESISTANCE INCREASES, A HIGH VOLTAGE APPEARS ACROSS THE
DIODE LOAD AND THE INSULATOR.
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FIGURE 1-5. UNMATCHED LOAD PULSE OUTPUT
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SPARK GAP
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N 1 TRIGGER ELECTRODE (S/S)
L~

HEMISPHERICAL
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FIGURE 1-7. SPARK GAP SWITCH
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DIAGNOSTICS RING
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FIGURE 1-8. DIAGNOSTICS RING FOR TRANSMISSION LINE CURRENT AND
VOLTAGE MEASUREMENTS
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FIGURE 1-9. DETAIL OF THE MATHER GEOMETRY GUN
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FIGURE 1-10. INVERTED MATHER GEOMETRY GUN USED FOR ELECTRON BEAM STUDIES
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CHAPTER 2

OPERATION CHARACTERISTICS OF THE PLASMA FOCUS

BREAKDOWN STAGE

A symmetric and uniform initial breakdown across the pyrex insulator in the
plasma gun may be quite important to the formation of a symmetric and
reproducible focus. The breakdown occurs as a high voltage appears between the
anode and cathode subsequent to the triggering of the spark gap switch. The
conditioning process of the insulator has been evident in many experiments.
Typically, a new plasma focus device insulator requires anywhere from 0 to 60
shots before a reproducible current drop in the main transmission line Rogowski
coil, or a corresponding voltage spike, is evident. This process of condition-
ing has been observed in vacuum spark gaps;60 however, we wish to include the
plasma focus device as one undergoing the similar type of conditioning process.
In the plasma focus device, high currents well above 100 kA are passed between
the electrodes through a very low pressure (sub Torr) gas. During this time,
heating and sputtering of the electrode surfaces would result in the formation of
a metallic vapor in the gun region which would preferentially redeposit on the
electrodes due to their cooler temperatures (since their thermal conductivity is
higher than that of the pyrex insulator). However, eventually some electrode
material would be deposited on the pyrex insulator, and subsequent shots would
then preferentially deposit on the regions which already have some metallic
deposit. This process would lead to a clumping of the metallic deposits (or

perhaps crystal growth) in these regions.

It was observed that our pyrex insulator became coated with a non-conducting
metallic copper layer in our electron beam geometry gun which has all copper
electrodes. This gun worked very reproducibly for several hundred shots before

the insulator broke due to mechanical shock. When a chip of 