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I INTRODUCTION

Since the discovery of the plasma focus (Mather, 1964), the device
has come under investigation in many laboratories. Much of the early
work has been reviewed (Mather, 1971a; Decker, 1976). At the inception
of this research program in 1975, most plasma focus (PF) devices were
operated at voltages below 50 kV. However, the benefit of high voltage
operation was recognized early as a means to obtain higher peak current
per unit capacitor bank energy and to improve the radiation output
efficiency of the plasma focus. More recent theoretical studies have
reported and explained the observed power-law scaling relation for
radiation output (Imshennik, 1973; Trunk, 1975; Kaeppeler, 1977). Con-
sequently, there has been a trend to build larger machines that operate
at higher voltages (Mather, 1971b; Downing, 1973; Ware, 1973; Decker,
1977).

This report summarizes the studies undertaken at SRI International
(SRI) to investigate X-ray production in high-voltage plasma focus devices,
with emphasis on methods to increase the X-ray yield efficiency of PF
systems. The scope of the work covered three general categories:

9 Current sheet propagation and energy transferred into the
plasma focus.

* Introduction of high-Z materials into the plasma focus.

* Heating the plasma focus.

The following sections describe the results of studies on discharge
formation and energy transfer from the capacitor bank into the plasma
gun and plasma focus. We also describe the results of the measurements
on argon K-line radiation obtained by operating the system with puffed
gas injection of argon and with argon-seeded hydrogen gas. This radiation
is explained in terms of a combined plasma model and beam target model
for radiation. Model predictions of higher X-ray yield from neon gas are
described. We also describe the 120-ky capacitor bank that was built
but not operated. In addition to summarizing results of this program
that have been published (Gates 1977, 1978a, 1978b), we have included for
completeness some additional illustrations of the apparatus and descrip-
tion of theoretical results.

References are listed at the end of this report.
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II 60-kV PLASMA FOCUS SYSTEM

Much of the apparatus used in this work was obtained from Los
Alamos Scientific Laboratories (LASL); Dr. Kenneth Ware of LASL served
as a consultant on details of assembling these components. Items
added at SRI to achieve a working system included the high-voltage power
supply, trigger circuits for the switches, a pressurization and purging
system for the switches, electrodes, diagnostics, and a screen room.

The capacitor bank is a 60-kV, 60-pF, 108-kJ system that delivers
about 2.2 MA into a short circuit with a rise time of about 2.6 Ps. The
external inductance is fairly large, about 44 mA. At 60 kV, the capacitor
bank delivers about 1.5 MA into a plasma gun. A photograph of the
capacitor bank and plasma focus system is shown in Figure 1. The modular
configuration of the capacitor bank is shown schematically in Figure 2.
Eight capacitors (Ci) are assembled into a common module with one spark-
gap switch (Si). The capacitors are charged and the switch is triggered
by a pulse through the isolation transformer (Ti). Before triggering,
the middle electrode of the spark gap is maintained at a voltage midway
between the charging voltage and ground by the resistive divider network
(R). The ground return during charging is through the inductor L. When
the gap is triggered, the voltage is applied to the PF load, which then
provides the discharge path for the module energy. Each module is
connected to the load by 12 parallel coaxial cables.

The charging and triggering system for the four-module capacitor
bank is shown in Figure 3. The master switch gap (S) is used to trigger
the four spark gaps in the capacitor bank. The master gap is a pressur-
ized spark gap on a single 60-kV capacitor. This switch is triggered by
a pulse from a trigger generator, which also accepts a prefire pulse back
from the PF gun. If one of the bank spark gaps prefires before the master
gap fires, the prefire pulse triggers all the bank spark gaps within a
short time: this feature prevents damage to the system. One dump
resistor, Ri, is provided for each module. These resistors and the relay
connections to ground constitute the capacitor bank dump circuit. When
the capacitor bank is charged, it can be either triggered or dumped from
the control console.

3
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II

III GEOMETRY AND ELECTRODYNAMICS STUDIES

A. Geometry

The PF system was operated with the five plasma gun geometries
whose electrode and insulator dimensions are given in Table 1. Each of
the plasma guns had a 10-cm diameter center electrode (CE) and a 15-cm
long insulator: they differed principally in the CE length and in the
type of outerelectrode (OE)--planar or barred. Most of the studies were
done with either the model IOX35-2 or model 1OX15-3 devices. The
performance of these units is described briefly in the following
paragraphs.

Table 1

DIMENSIONS OF EXPERIMENTAL PLASMA GUN COMPONENTS*

Component Model

1OX35-1 1OX35-2 1OXl5-1 1OX15-2 1OX15-3

Anode (CE)
Diameter (OD) lot lot lot lot 10
Length beyond
insulator 41.8 13.5 41.8 13.5 25.2

Tip shape Rounded Hollow Rounded Hollow Hollow
Bore (ID) 1.3 7.6 1.3 7.6 7.6

Cathode (OE)
Diameter (ID) 35 35 15 15 15
Length 106.2 106.2 66.5 66.5 66.5
Rods (No. x dia.) Solid Solid 24XI.3 24X1.3 24X1.3

Insulator
Length (exposed) 15.3 15.3 15.3 15.3 15.3
Diameter (OD) 11.3 11.3 11.3 11.3 11.3
Wall thickness 0.6 0.6 0.6 0.6 0.6

All dimensions in centimeters.

tReduced to 7.6 cm beneath insulator (undercut length - 16 cm).

7
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Much of the X-ray diagnostic and the puffed-gas operation was done
with the 1OX35-2 plasma gun geometry. The anode was a 10-cm-diameter
hollow CE; the pyrex insulator about 15-cm long and the center electrode
extended 13.5 cm beyond the insulator. No outer electrode was used,
hence the plasma gun had a planar cathode extending to the 35-cm diameter
of the vacuum chamber wall. (Thus it was in essence a 35-cm by 10-cm
gun.)

We made no attempt to optimize the 10X35-2 electrode geometry for
best focusing; our intention was rather to remove any obstacle to the
current sheet symmetry for the high voltage studies. (With this geometry,
the focus occurs before the current sheet hits the vacuum chamber wall.)

The optimum hydrogen fill pressures for this system were determined
by experimeot to be 3.2 torr at 40 kV, 4 torr at 45 kV, and 5 torr at
50 kV. The average current sheet speed from the insulator to the end of
the CE was 6 cm/ps; the time integral of voltage divided by the current
yields an estimate of the internal inductance history. At pinch time,
the internal inductance was about 80 nH, most of which was generated
before the pinch collapse. The current sheet must be nearly out to the
vacuum wall to account for this much inductance. (This conclusion is
also consistent with the observed sheet speed.) We observed that when
the mass loading was held at a given value, the sheet current and time
of focus remain constant within ± 5 percent regardless of the operating
mode (i.e., pure hydrogen, hydrogen + pulsed argon, or hydrogen + static
argon).

From our studies of plasma gun electrodynamics at lower voltages,
we designed the model 1OX15-3 plasma gun, which operated successfully at
60 kV. The best pressure for pinching at peak current was 7 torr. This
geometry was designed for improved operation above 45 kV where erratic
focusing had been observed with previous geometries. The CE design used
in the other plasma gun included an undercut beneath the insulator (1/2
inch on radius) to increase the electric field there during discharge
initiation: This undercut was eliminated in the 1OX15-3 design to
produce a lower electric field across the insulator when operating at
60 kV.

A schematic drawing of the plasma gun is shown in Figure 4: the
model illustrated is IOX15-3, which uses a barred cathode. (The dimen-
sions are given in Table 1.) Figure 4 also shows a pulsed valve and
tube for injecting gas at the focus; this apparatus is described in
Section IV-A.

B. Electrodynamics

1. Discharge Formation Model

Proper discharge initiation--the first 100 ns or less--is very
important for current sheet symmetry and efficiencies of the snow-plow

8
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operation. The following model of discharge formation is useful in
designing the breech area of plasma guns and may be used to estimate the
proper operating pressure for given initial electric field conditions.

The model assumes that for a rapid breakdown and complete ionization,

the following conditions for discharge formation must be fulfilled:

e High ionization rate

9 Insulator coverage.

For avalanche electrons, the ionization efficiency, E, is defined

as (ionization pairs formed)/(energy gain in E-field). Choosing the
electric field and pressure at the insulator to provide a maximum ioni-

zation efficiency provides the highest ionization rate. For hydrogen,
the relation between the electric field and pressure for maximum ioni-
zation efficiency is given by (Brown, 1959):

E(e max ) = 1.4 x 104 p(torr) . (volt/meter).

The electric field at the insulator is given by

E = V./d = V L/L + dL-)
1 01 X 1

where

V. = voltage drop across the insulator
1

Lx = external inductance

Lj = inductance per unit length of the insulator

d = insulator length

V = initial bank voltage.
o

These two equations may be combined to find the optimum pressure for
maximum ionization efficiency, given by

L' V
1 o (torr)

L + dL: 14 x 10
x I

For the SRI Model 10X15-3 gun, the optimum pressure in hydrogen is about
2.4 torr.

The maximum ionization efficiency in argon occurs near the same
value of E/p as in hydrogen. As a result, the optimum pressure in argon
is about 0.7 that in hydrogen. However, proper mass loading for operation
with argon requires a much lower pressure--far from the optimum value.
It is therefore quite reasonable to pulse in the argon at the focus
region, where it will not perturb the initial discharge conditions.

10
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Our meaning of the second condition for proper discharge initiation,
insulator coverage, is illustrated by Figure 5. A sheath is formed at
the cathode after the initial gas breakdown. The conditions at this
time are somewhat similar to an abnormal glow discharge, but with time
dependence. The sheath is thin compared to the length of the insulator,
and most of the insulator voltage drop appears across it. Electrons are
released from the cathode by ion bombardment and by photons from the
gas.

I SHEATH

I CATHODE

INSULATOR
S ELECTRONSf

10 ANODE

FIGURE 5 INSULATOR COVERAGE FOR DISCHARGE INITIATION

These electrcons are accelerated across the sheath and give up their
kinetic energy to ionizing collisions in the gas. To provide for rapid
and continuing ionization across the whole length of the insulator, we
require that the range of these electrons be greater than (or approxi-
mately equal to) the insulator length:

Condit-,)n: R e d

The range of electrons, R , may be expressed approximately as (Brown,
1959) 

e

R e 3 - 10-4 V /p , (meters)e c

where V is the cathode voltage drop;

V V =Ed

11



These two equations give

-4
R 3 x 10 (E/p)d
e

Applying our condition for insulator coverage, we obtain

In terms of the pressure for maxim-um ionization rate in hydrogen, we
then obtain an upper limit on operating pressure given by

Lmax H2 ]

The last relationship means that the electrons emitted from the cathode
still traverse the insulator length if the hydrogen pressure is less than
four times the optimum pressure. At greater pressures, a positive column
must be formed in the remaining distance to the anode. We expect that
the presence of a positive column (with its lower ionization and con-
ductivity) would tend to increase the possibility of current sheet
asymmetries, instabilities, and porosity.

2. Energy Transfer

After the current sheet is formed, its propagation is governed 2 by
the balance of magnetic pressure and momentum given by B32/2110 = pOv
Bruzzone et al. developed a model that includes inertia of the current
sheet mass (Bruzzone, 1976). They applied their model to plasma focus
devices used at a number of laboratories to estimate the energy transfer
to the plasma. They showed that there is an apparent correlation of
energy transfer to the plasma with the neutron yield of the devices.
It seems reasonable, therefore, to look for a similar correlation with
X-ray yield to determine if the energy transfer to the plasma affects
the X-ray output.

The energy transfer to a plasma focus device can be expressed as

energy delivered = work on plasma + magnetic energy, or

fVldt =W + LI 2/2 ,

p

we VI = power delivered

W p= work on plasma

pI21 trdmgei nry

21
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The efficiency, E of energy transferred to the plasma is defined as

W /(CV 2/2)
p p 0

These quantities can be obtained using an X-Y display oscilloscope,

where

x =fvdt , y =fIdt

By integrating the signals from voltage and dI/dt probes and displaying

them on an X-Y oscilloscope, we obtain the following relationships:

fVIdt = fydx (area under the curve)

LI 2/2= yx/2

W (rundown) = Jo 1 ydx - ylxl/2p - lo/

2I
Wp(pinch) = fl ydx - (y 2x 2 - ylxl)/2

Interpretation of the oscillograph is illustrated in Figure 6, where W

for the rundown and the pinch phases of the discharge are indicated P

as areas under the curve.

y = fidt 12

Ll 2

x = fVdt

FIGURE 6 ENERGY TRANSFER DIAGNOSTICS SCHEMATIC

13



Examples of energy-transfer measurements are shown in Figures 7 and
8. In Figure 7, the plasma focus was operated at 60 kV with 6 torr of
pure hydrogen and no argon. Several features may be noted here: rela-
tively small energy transfer to the pinch, short X-ray pulse, and narrow
voltage and dI/dt pulses at pinch time. Figure 8 is an example at 60 kV
with argon pulsed in to a static fill of hydrogen. Here we note a rela-

tively large energy transfer, long X-ray pulse with an additional very
narrow X-ray spike super-imposed, and relatively wide voltage and dI/dt

7 I pulses at pinch time.

We obtained the following energy-transfer results:

E (rundown) z19 percent
p

E (pinch) z12 to 24 percent (shot-to-shot variation)

The gun parameters were put into Bruzzone's model, which predicted an
energy transfer efficiency of about 15 percent. The Bruzzone model
assumed a snowplow mass collection of 30 percent. The difference be-
tween the measured and predicted values could be explained by a larger
mass collection efficiency for the Model 10X15-3 device. As for correl-
ation of energy transfer with the X-rays, we note that there was no
apparent correlation of energy transfer with the very narrow X-ray spike
(about l0-ns duration); this spike is probably associated with a beam-
formation phenomenon in the focus. The efficiency during the rundown
phase was fairly consistent from shot to shot, whereas the narrow X-ray
spike was not always present. The long duration component of the X-ray
pulse, present on every shot, is probably associated with plasma phenom-
ena. There may be a correlation with the pinch energy transfer and the
amount of X-ray radiation from the long-duration components of the X-ray
pulse; however, more data are needed to make a definitive determination.
In addition, the plasma focus conditions have not yet been optimized at
60 kV. Therefore, it may be possible to obtain narrower pulses than we
observed so far with pulsed argon.

14
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IV X-RAY STUDIES

A. Puffed Gas System

Puffed gas was used primarily to separate the conditions at the
focus and the breech: With the plasma gun, the ideal conditions for a
discharge initiation and propagation of the current sheet in the axial
direction are not necessarily the same conditions desired for focusing.
Past experience with argon demonstrated that the current sheet propaga-
tion was poor when argon was used in the device. By puffing in argon,
we could initiate the discharge in substantially pure gas and then focus
on argon. Puffing in the argon allowed us to pinch on a higher argon
concentration than would be possible with a static mixture of argon and
hydrogen.

The puffed gas valve was mounted on the high voltage side of the
system, as shown in Figure 4. The gas was brought to the focus through
a long 3-mm-ID tube on the axis. The end of the tube was located 2-cm
inside the center electrode. Argon gas was usually puffed into a static
hydrogen fill at a pressure that was appropriate for pinching near peak
current.

Figure 9 is a schematic diagram of the valve, which contains a
small gas reservoir that is isolated from the inlet tube by a mylar dia-
phragm that seals against an o-ring. This seal is maintained by gas
pressure on the other side of the diaphragm. A solenoid valve releases
the confining pressure to introduce a puff of gas into the inlet tube to
the focus. Typically about 100 cm3-atm of argon is puffed in, which
eventually increases the chamber static pressure by 0.8 torr.

Since the valve is mounted on the high voltage side of the system,
it is powered by a remote control power supply that is initiated with a
strobed light: This circuitry is shown in Figure 10. ix photosensor
permits the valve to be triggered by a flash of light from a Spira-Lite
flash lamp and control circuit that is located at ground potential. The
circuit diagram for triggering the flash lamp is shown in Figure 11.

The puffed gas valve operated fairly slowly. A hot wire filament
was used to measure the time of arrival of the puff at the plasma focus
and the rise time to peak pressure. The pressure began to rise about
10 ms after the soleniod was energized and reached a peak pressure
about 20 ms thereafter. Because we always operated with a static fill-

ing of hydrogen into which the gas was puffed, the slow rise time did
not seem to prevent searation of the gas species at the focus from
those at the breech of the plasma gun.

17
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FIGURE 11 SPIRA-LITE TRIGGER CIRCUIT FOR PUFFED GAS SYSTEM

B. Instrumentation and Measurements

The spectral characteristics of argon are shown in Table 2. The
argon K-edge is at 3.2 keV. Table 2 shows that all of the lines from 2p
to ls transitions of any charge state have energies near 3 keV. For
this reason, an X-ray detector energy band of 2.8 to 4.5 keV was used
for discriminating line radiation. Highly ionized argon species also
produce a recombination continuum that starts at a threshold energy
determined by the ionization potential of the recombined ion. These
lower-bound energies are also shown in Table 2: the recombination into
hydrogen-like or helium-like ions produces a spectrum that mostly lies
outside of the energy band used to detect the line radiation.

X-ray measurments were made using lithium-drifted silicon PIN
detectors. Two detector geometries were used: fluorescer type and
filter type. In the fluorescer geometry, the detector is outside of
the direct line of the X-rays from the focus and views a fluorescer
with a filter between it and the focus. In the filter geometry, the
detector is in a direct line to the source with an appropriate K-edge
filter in front.

19



Table 2

SPECTRAL CHARACTERISTICS OF ARGON

Lower Bound
of Recombination

Lines Spectrum

E (2p - is) E (min)

Charge State (keV) Ion Specie (key)

0 3.0 18+ - 17+ 4.4

15+ 3.1 17+ - 16+ 4.1

16+ 3.1 16+ - 15+ 0.9

17+ 3.3

The fluorescer geometry is shown in Figure 12. The combination
of filter and fluorescer and detector as shown in this figure provides
an energy band within which the detector has its greatest sensitivity.
Chlorine, scandium, iron, and zinc are used to provide energy bands of
2.8 to 4.5 keV, 4.5 to 7.1 keV, and 7.1 to 9.7 keV. The X-ray detector
energy-response functions of these three detector channels are shown in
Figure 13. (The attenuation resulting from the beryllium window is not

included in these curves.)

The advantage of the fluorescer geometry is that only one detector
is needed to provide a response in a given energy band. However, as
can be seen in Figure 13, there is some undesirable out-of-band response.
Note in this figure that the three channels differentiate between the
lines from argon, iron, and copper. This type of detector channel also
has a very low sensitivity.

An oscillograph of the detector signals from the two lower-energy
channels is shown in Figure 14(a). Note the very narrow pulse width
associated with the beam phenomenon. The X-ray output is most intense
in the 2.8- to 4.5-keV band, indicating strong line emission from argon.

The filtered detector geometry makes use of two PIN detectors, each
with different K-edge filters in front, to form a Ross filter pair. The

difference in signal between the two detectors represents the energy in
the band between the K-edges of the filters. The same three energy
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bands were used in this geometry as in the fluorescer geometry. Figures
14(b), (c), and (d) are examples of the X-ray signals obtained using this

geometry. Note that the very narrow portion of the X-ray pulse occurs in
the 2.8- to 4.5-keV band, indicating intense line emission from argon, and

note the occasional multiple occurrence of the spikes. In Figure 14(d),
there are three spikes; although the middle one is clearly argon line

radiation, the first and third ones (equal in intensity in both detectors)
probably result from the beam hitting the pulse-gas tube, which was near

the focus.

We obtained the following results with our X-ray measurements. The
power, P, and energy, W, of the line emissions are about the same for
plasma focus operation at 40 and 60 kV:

Plines z 0.4 GW

W Wline s z 3J

Out-of-band estimates for continuum radiation are:

W - 0.5 - iJ (40 kV operation)

W1- 5 - 10.1 (60 kV operation).
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As noted before, we have not yet optimized the operation and X-ray
output at 60 kV. However, our observations indicate that the intensity
and energy in the very short pulse component of the radiation was about
the same at 40 and 60 kV, but, the radiation in the longer-duration
pulse increased by about a factor of ten when going from 40 to 60 kV. We
also tend to see longer-lasting pulses at 60 kV.

C. Discussion of Results

We use two radiation models to interpret the X-ray measurements;
these models are shown in Table 3. We presume the existence of plasma
phenomena producing X rays and also the possible formation of a high-
energy electron beam in the focus that could produce line radiation and
bremsstrahlung. The equations for plasma radiation and the ratio of ion
species are based on the steady-state corona model. In general, for the
densities and temperatures that are expected in an argon plasma, the most
intense radiation is from lines, and thereafter we find the recombination
intensity and least of all, bremsstrahlung radiation. The bremsstrahlung
and recombination spectra (dP/dE.) are similar, as indicated in Table 3,
except that the recombination spectra have a threshold at the ionization
energy for the ions. Bremsstrahlung radiation dominates only when the
plasma consists of primarily completely stripped ions. In argon, this
occurs only for an electron temperature greater than about 13 keV.

Table 3

RADIATION MODELS FOR ARGON

(a) Plasma Model

P NZN T -1/2 exp (-E 2/T
line i e e 21 e

P E2 N+N T" / 2  dP /dE - exp E - E)/Trecomb z i e e r V

P NZN T I1/2  dPb/dE - exp [E /Tebrems i i ee b V

z z+l 2 3/4
N..IZ E (E /T exp (E /Te )I. I z z e z e

(b) Beam-Target Model for Argon

Pline ; 0.003 Pbeam

9 Pbeam El

Pbrems ; 2.5 X 10 E Pbeam
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First we consider the very narrow (approximately 10 ns) X-ray
pulses that consist primarily of the line radiation from argon or the gas
tube material. In a beam model, high-energy electrons that collide with
argon atoms and ions create K-shell vacancies with an efficiency inde-
pendent of their kinetic energies, so long as that kinetic energy is much
greater than the K-edge energy of argon. Using the expression for argon
line intensity given in Table 3 and using_the expression for beam power,
our X-ray data show that the mean energy E is greater than 100 keV.
Entering this mean energy into the expression for bremsstrahlung power,
we find that the expected bremsstrahlung from such a beam would be much
less than the line intensity. This prediction is consistent with the
observed X-ray measurements.

We do not believe that the plasma model can explain the very short
pulse, which has most of its energy in the form of line radiation from
argon (or from the inlet tube material). If the plasma were producing
significant line radiation, it would necessarily also emit much recombi-
nation radiation, which would produce a large out-of-band signal; no
such signal has been observed.

The long component of the X-ray pulse is difficult to explain using
a beam model. The long component has little or no argon radiation pres-
ent. To expl.,in this with a beam model, we would need an unusually high
mean electron energy, sufficient for the bremsstrahlung emission to
dominate line emission. However, using the plasma model, we can deter-
mine two conditions. Since there is no in-band X-ray signal, the
electron temperature is excluded from a range from 230 to 2900 eV. If
the electron temperature is assumed to be less than 230 eV, it is diffi-
cult to explain the size of the observed signal. However, if the elec-
tron temperature is assumed to be greater than 2900 eV, we require a
plasma diameter of about 1 cm to explain the observed intensity. If we
assume a 1-mm diameter, the predicted intensity would be much much
larger than seen. What is needed now is some pinhole X-ray photography
to determine the actual radiating diameter of the plasma.

At this point, it is appropriate to comment on the scaling of the
X-ray yield with increasing bank energy or current. Scaling up the
yield by eohancing the beam-target X-ray emission in the focus is not a
promising approach. (This could be done by increasing the mean electron
energy or decreasing the pulse A,,dth. However, both of these quantities
are already near what would be suitable for some purposes.) Therefore,
the only feasible way to increase the X-ray output with the beam is to
increase the power carried by the beam. We then expect the electron
beam power to scale proportionally to the capacitor bank energy as one
goes to large capacitor b riks. This is not a favorable scaling law,
considering the low efficiency of the electron beam for producing X-rays.

A much more favorable scaling relation is obtained when one con-
siders the plasma radiation source. The X-ray yield scales roughly as

14rwhere r is the radius of the plasma focus. The focus radius is
expected to decrease as the current is increased. Therefore, the scaling
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could possibly go higher than the fourth power of the current. Thus,
the X-ray yield from the plasma is expected to increase rapidly with
increase of bank current until it becomes limited by the rate of power
transfer to the plasma. At that point, the efficiency of radiation is
much higher than for the beam target case and is a significant fraction

of the total bank energy. Consequently, the prospects for this model
favor going to higher bank voltages, for which higher currents are ob-
tainable and higher energy transfer to the plasma is attainable for a
given bank energy.

D. Radiation Model Prediction for Neon

This section describes a radiation model of the plasma focus that

was developed to provide radiation emission predictions for various
operating gases and gas mixtures. It is useful for operation at rela-
tively high pressures, where the strong electron beam phenomena are not
present.

The PF source produces most of its radiation in a small cylindri-
cal volume (radius z 1 mm, length z 1 cm). The spectrum consists of a
combination of discrete lines, recombination radiation, and bremsstrah-
lung continuum. The spectral location and relative importance of these
components depend greatly on the gas species used, their relative con-
centrations, and the plasma temperature obtained in the source volume.
For these reasons the PF source is capable of producing a wide range

of spectral characteristics. We discuss here the plasma phenomena
that power the radiation output and evaluate a potential method for
greatly increasing the radiation production efficiency. This method
requires operation with neon gas to produce a spectrum peak near 1 keV
from intense line radiation.

The emission power density in a hydrogen-like plasma is given by
(McWhirter, 1965):

Pline (W/m3) = 5.05 x O-31 f 2NigNeTe /2exp(-E 2 1/T),

where

E21 (eV) = photon energy,

N z (m-3) ground-state density of ions with charge z,
ig

N e(m-3 ) = electron density,

T(eV) = electron temperature, and

f 12 = absorption oscillator strength of the E21 transition.
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To determine the parameters for this equation, we must first find the
electron temperature that would produce a plasma containing predominant-
ly hydrogen-like and helium-like ions. These ions are the most intense

emitters of radiation. This may be done by examining the ratio of ion
intensities as a function of temperature. The steady-state corona model
is appropriate for the temperatures and densities of interest (McWhirter,
1965). It gives:

z z+l -9 2 3/4
Ni/N i  = 7.87 x 10 E (Ez T

where

E (eV) = ionization potential of an ion specie in
Z charge state z, and

Nz+l (m -3 ) = density of an ion specie in charge state z+l.

The plasma density is needed to calculate the intensity of line
emission. This is obtained by noting that at maximum compression, the
magnetic pressure caused by the driving current is balanced by the
plasma pressure. This expression for pressure balance is called the
Bennett relation (Bennett, 1934):

p 0I 2/87 = (n + n.)kT(7rr 
2 )

i

where

I = discharge current,

n and n. = electron and ion densities, respectively,
e 1

T = plasma temperature, and

r = plasma radius.

The power radiated in lines can now be expressed in terms of the plasma
current as follows:

Pline (watts) = 0.28 x 1012 1

for a new plasma focus with

4 T = 0.28 keV ande

r = 1 mm.
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Using the typical pulse width of 50 ns for this type of system (Gates,
1971) we find that the plasma energy is rapidly radiated away in the
form of line radiation when the discharge current is large. A minimum

capacitor bank size is about 2 kJ, above which the plasma density is
high enough to radiate away most of the plasma energy during the pulse.

The pressure balance condition shows that 1 percent of the capaci-

tor bank energy resides in plasma energy at maximum compression. We
conservatively take this value of 1 percent to be the power conversion
efficiency of the PF source. This estimate neglects the energy trans-
ferred from magnetic field to plasma during the radiation pulse and as-
sumes only the internal energy in the plasma is radiated. Thus a lO-ki
capacitor bank transfers 100 J of energy into the compressed plasma,
which is then radiated in the form of X-rays, provided that a suitable
ion was chosen.

A computer solution of the equations described above has indicated
that intense emission of radiation requires elements of lower atomic
number than argon, because the plasma focus system that was used in
this program was not capable of producing high percentages of hydrogen-
like and helium-like argon ions. We describe here the predicted con-
ditions for operation with neon gas in order to produce a 1 percent
efficient emission of radiation from the plasma focus. This efficiency
would be about 10 times that obtained with argon.

Although several elements are suitable candidates for an intense
source, we chose to evaluate neon for this approach because it is an
inert gas and has been used in a similar device in the past. We also
operated our system with neon gas to insure that strong focusing oc-
curred, but no radiation measurements were made because of the low
photon energy. The spectral characteristics of neon are given in Table
4.

Table 4

SPECTRAL CHARACTERISTICS OF NEON

Lower Bound of
Lines Recombination Spectrum

Charge Ev(2p-ls) Recombination E,,(min)
State (keV) Transition (keV)

0 0.849 10+ - 9+ 1.36247+ 0.906 9+ -~ 8+ 1.196

8+ 0.922 8+ - 7+ 0.239

9+ 1.022 7+ -. 6+ 0.207

28



Ne9+ and Ne8+ are hydrogen-like and helium-like ions that have
principal resonance lines at 1.21 and 1.35 nm on the n = 2 to n = 1
transition. Using E9 = 1362 3V, E8 = 1196 eV, and E7 = 239 eV, we find
that the plasma temperature range for which the density of Ne8+ or Ne9+
ions exceeds that of Ne 7+ and NelO+ is 38 < Te < 410 eV. The temperature
for which there would be equal densities of Ne8+ and Ne9+ is Te - 340 eV;
these ions would then constitute about 82 percent of the Ne ions.

To obtain more accurate values of the optimum plasma temperature and
radiation yield, we used published values of the line intensities for
helium-like, hydrogen-like, and lithium-like ions of neon (Wiese, 1966;
Kelly, 1973). We found that the maximum line emission occurs at a tem-
perature of about 0.28 keV, as shown in Figure 15. Comparing the line
intensity with the intensity of recombination and bremsstrahlung con-
tinuum reveals that these emissions amount to about 17 percent of the
power radiated in lines near 1 keV.

In summary, we have assumed a 50-ns radiation pulse from a source
volume 1-cm long by 1-mm radius and an electron temperature of 280 eV.
These parameters produce neon ions in charge states 7, 8, 9, and 10 with
fractional densities of 0.0006, 0.67, 0.28, and 0.045, respectively. A
10-kJ capacitor bank that provides a pinch current of 450 kA would produce
a total radiated energy of 100 J in lines near 1 keV. Additionally, about
17 J would be emitted as recombination and bremsstralung, which has a
peak intensity per unit wavelength interval at 680 eV and about 95 per-
cent of its spectral energy content below 2 keV.
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I V 120-ky PLASMA FOCUS SYSTEM

At the end of this program a 120-kV, 108-kJ plasma focus system was
built to expand the range of the high voltage study. The new PF system
was designed to drive the same load that was used on the 60-ky system.
The new system also used the same type of 60-ky capacitors and pres-
surized spark-gap switches that were used in the 60-ky system. However,
the design of the capacitor bank was significantly different. A+-
charging system was utilized, because 120-ky capacitors were not avail-
able.

A schematic diagram of the capacitor bank charging arrangement is
shown in Figure 16. Groups of four capacitors are arranged in series
with a pressurized spark gap switch to hold off the voltage during charg-
ing. One group of capacitors is charged to a negative voltage, and the
other group is charged to a positive voltage. Thus the voltage across -

the switch is twice the charging voltage, which is also the voltage that
appears at the plasma focus load when the switches are triggered.

The other major design change from the lower voltage system was that
the capacitors were immersed in oil to insulate against the higher volt-
ages and to provide an overall smaller package for the system. A great
savings in system inductance was also made by connecting the capacitors
to the load with parallel plate transmission lines rather than with the
coaxial cables used in the other system. The capacitor bank was divided4
into two major units, each of which was placed in a steel tank for oil
immersion. A cutaway drawing of one of these tanks is shown in Figure
17. The PF load (Figure 4) was installed between the two tanks.

The 120-ky PF system has a capacitance of 15 JiF and a predicted
inductance of about 30 nH. Because of its lower inductance, it should
produce about 20 percent larger peak current than the 60-ky system;
i.e., about 1.8 MA into the PF load.

Unfortunately, the system was not operated because of a technical
difficulty that occurred when the insulating oil was transferred into
the tanks. It takes ten 55-gallon drums to fill the system: one of the
drums of oil used to fill the system was contaminated with water, prob-
ably as a result of being stored outside for a number of months. This
water caused the capacitor bank to short out to ground during high-
voltage tests. As a result, it appears that the standoff insulators in
the bottom of one of the tanks were damaged, as it will no longer hold
high voltage. It will be necessary to repair this Insulation before
the system can be operated, but it might be possible to disconnect the
inoperative tank and operate the PF system at one-half energy using only
the operative half of the capacitor bank.

31



+60 kV -60 kV +60 kV -60 kV -60 kV +60 kV -60 kV +60 kV

d Rd dRd dd

LL

4- - MA TE SP RSA
40-0------------

C = . F(OR6 VCPCTOS RGE RNFRE

FGR16PCTR BAKAMSERSWTHRCUT FR 0k

LA FOULSSE

T T T32



, .-

I t Transmission Line
Ground to Plasma Focus

" -' Trigger

Transformer

Level

Pressurized
Spark Gap

Switch
H.V -60KV

Plate /

Ground f
Plate

Plastic 0

Capacitors

FIGURE 17 120-kV, 54-kJ SECTION OF CAPACITOR
I BANK FOR A PLASMA FOCUS DEVICE

33

K _,1k



VI RECOMMENDATIONS FOR FURTHER RESEARCH

Among the possible future directions for plasma focus research, we
believe that the following three are of high priority:

" Cylinders

* Higher voltage

" High-Z ions.

We had planned to introduce thin-wall foil cylinders into the 120-kV
plasma focus system. A photograph of one of these cylinders is shown in
Figure 18. The cylinders are about 60 mils in diameter and have a wall
thickness of 1 to 2 pm. The material is copper. The cylinders would
have been used to study the effects of e-beam bombardment and to evaluate
the possibility of getting a separation between the gas specie inside the
cylinder and a different specie outside. Gribkov (at the Lebedev Insti-
tute in Moscow) observed heating of the target with a focus-produced
electron beam. (Gribkov, 1978) He also believes that he has observed

anomalous energy absorption in the plasma. This phenomenon bears fur-
ther investigation.

i ~~~(b) L.";i,

2.4 Am

FIGURE 18 THIN-WALL CU CYLINDER (a) AND
MAGNIFIED WALL CROSS SECTION (b)
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Although the e-beam is not very efficient in directly producing
radiation, the efficiency could be greatly enhanced if the e-beam energy
were deposited into the plasma, thereby heating it and producing more
radiation from the plasma. The Darmstadt plasma focus group recently
recorded the occurrence of possible lasing in the plasma as a result
of the electron bean, pulse (Herziger, 1978). This phenomenon should
also be investigated tdrther.

Higher-voltage plasma focus operat ion--100 ,o 120 kV--should be
investigated to improve Lhe peak current and power transferred to the
plasma focus during the pinch phase. The new capacitor bank, described
in Section V, could be used for these studies.

Bostick and Nardi (Bostick, 1977), Gullickson (Gullickson, 1978),
and others reported the observation of high-energy deute.ium ions pro-
duced by the plasma focus. It seems reasonable that high-energy ions of
higher atomic numbers could be produced by the high electric field
present in the focus. Since the focus is capable of stripping ions to
very high levels, it is quite possible to produce MeV ions of high
atomic numbers. These might be useful for collisional and charge ex-
change studies or for inertial confinement fusion.
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p. 221 (IEEE, New York, New York).

2. Gates, D.C., 1978: "Electrodynamics and X-Ray Emission of a 60 kV

Plasma Focus," IEEE 1978 Int. Conf. on Plasma Sci., Catalog

No. 78CH1357-3 NPS (IEEE, New York, New York) p. 329.

3. Gates, D.C., 1978: "Studies of a 60 kV Plasma Focus," Second

International Conference on Energy Storage, Compression and

Switching, Venice, Italy (December); to be published.
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