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APPLICATION OF PLASMA NEUTRONS FOR HALF-LIFE MEASUREMENTS

S.P. Moo and S. Lee
Physics Department, University of Malaya
59100 Kuala Lumpur, Malaysia

The application of a simple plasma focus device as a neutron
source for short half life measurements is described. Preliminary
measurements of the half life of 1éy, yield a value of

13.9 £ 0.6 s.

Introduction

Neutron emission from plasma focus devices using the D-D reaction
has been reported by about 20 research groups in some ten countries
over the last 15 years.'’? The neutrons are produced in bursts, each
lasting for about 100 ns. The plasma neutrons are essentially mono-
energetic, the mean energy being about 2.5 MeV while the spread (FWHM)
is about 300 keV. The neutron yields reported ranged from 10~ to 1010
per burst and satisfy a scaling law of the form Y =1I3.3 where Y is the
neutron yield and I the plasma current.? Except for three early
p'apers,a’“’5 two on neutron radiography and the other on pulsed acti=-
vation analysis, there are no further reports on applications of
plasma neutrons. This is perhaps understandable as many different
types of neutron sources have been available for the last two decades.

Recently, a low cost plasma focus device based on a 3.3 kJ single
capacitor and a low maintenance parallel plate spark gap has been
developed and tested.® Using deuterium as the filling gas, the device
produces with reliability about 108 neutrons per burst. The design of
the device is so simple that six sets have been made and transferred
to several countries under the auspices of the United Nations Univer-
sity and the International Centre for Theoretical Physics. A question
that emerges from the evaluation of this simple plasma focus is whether
such a device can be used as a source of neutrons for research/teaching.
With this question in mind, we have attempted some half life measure-
ments using the plasma focus as an irradiation source. Since the

-0.693t. /ty
saturation factor {1— e o } increases and approaches unity as
the ratio of the irradiation time (tj) to the half life (tj) increases,
it is immediately apparent that the short duration of the plasma focus
neutrons enhances the activation of short lived isotopes.

In this paper, we regort some preliminary results. on the measure-
ment of the half life of !16In
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Method

When !151p captures a neutron, the compound nucleus formed
prom%tly deexcites by gamma ray emissions to either the ground state
of 1161n or an isomeric state (!!16In®). Both these states decay by
B emission with half lives of 14 s and 54 min respectively. The
equipment used in. the present.measurement of the half life of the
ground state of !181n is shown schematically in Fig. 1. The fast
neutrons from the plasma focus are slowed down by 4 cm of paraffin
before impinging upon an indium foil of thickness 0.2 mm. The B-
particles emitted are detected by an Ne-102 plastic scintillator
optically coupled to a photomultiplier. A multi-channel analyser
(MCA) operating on the multiscaling mode at 3 s dwell time records
the activity of the indium foil as a function of time, both before
and after the neutron burst.

Plastic
Sc1nc1llrtor -
Plasma focus l
neutron
source Ph ‘o
(oL - 3 MCA
* multiplier | FTR™2MP- amplifier
I
multiscaling
Paraffin — isea
Indium foil
Fig. 1. Schematic diagram of equipment for half life

measurements.

Results and Discussion

In this preliminary study, three independent measurements of the
indium activity are made. The maximum counts in the three measure-
ments are below 600/channel. At the low count rate encountered, dead
time losses in the MCA is negligible. For the determination of the
half life of 116In, the counts recorded in 16 channels (48 s) of the
decay curve, starting from the second channel after the neutron burst,
are analysed. Over this interval the B-activity of the relatively
long lived isomeric state is taken to be constant as it changes by
only 17. Furthermore, calculations indicate that the contribution
from the isomeric state to the total B-activity initially is only 2Z.
In our data analysis, therefore, the contribution to the channel

counts from the isomeric state is treated as a component of the
constant background.

34-2
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After background subtraction, a least squares fit is applied to
the decay curve in the interval of interest. Values of the half life
obtained from the three independent measurements are 14.4+1.0 s,
13.320.6 s and 14.1%1.3 s, giving an average of 13.9*0.6 s. Our
value 1is comparable with reported values of 13.4 0.4 s (Domanic and
Sailor),” 14.05%0.26 s (Ducat and Thomas),® 14.5%0.4 s (Capron and
VanderStricht)® and 15.6+ 0.5 s (Brzosko et. al.).!?

Efforts are now underway to improve the error in the individual
measurements by increasing the count rates and by reducing the back-
ground. As only three measurements are made the error of 0.6 s is
to be regarded as a rough estimate only. The error can be improved by
increasing the number of independent measurements.
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Measurement of Nitrogen Laser Channel Current. Inductance, and Resistance

A.J. SMITH. K. H. KWEK. T. Y. TOU. A. V. GHOLAP. axp S. LEE

Abstract—The laser channel current, inductance. and resistance of
a nitrogen laser have heen measured using a magnetic probhe and have
been found to have values of ~42 kA, 1.6 nH, and 0.1 Q. respectively,
for a taser channel gap of 1.6 cm operated at 10 kV and 60 torr. The
resuits of the measurement confirm a double discharge mechanism for
the nitrogen laser.

[. INTRODUCTION

HE nitrogen laser has been the subject of several re-

cent parametric studies aimed at determining the op-
timum operating conditions ot the device. In these stud-
ies, the critical quantities for determining nitrogen laser
performance are the laser channel inductance and resis-
tance (L, r,). These quantities determine the laser chan-
nef discharge current as well as the electrical power ab-
sorbed by the laser channel.

The quantities L., and r, have been described [1] as
“‘unmeasurable’” so that in many studies [1]-[4], they are
cither taken as parameters in the circuit analysis, or com-
puted using a gas discharge model, or deduced by match-
ing theoretical and experimental voltage waveforms.
While some of these studies have thrown light on these
quantities L,q and r,, a more direct method of measuring
these quantities appears desirable. In this study, the laser
discharge current in a Blumlein-type nitrogen laser is
measured using a magnetic probe. and from the laser-
channel current waveform. the values of L.y and r, are
directly measured.

The laser pulse is measured simultaneously using a fast
photodiode. and thus it is ascertained that the observed
channel discharge current does indeed coincide with the
laser pulse. These measurements and their interpretation
in terms of a laser circuit theory are described in the fol-
lowing sections.

[I. THEORY

The circuit theory of the nitrogen laser has been dis-
cussed earlier. for example, in (2]. Essentially, the laser
consists of a laser channel represented by L, and r,, and
two parallel plate capacitors C, and C, with very low in-
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Fig. 1. Equivalent circuit for the nitrogen taser. /,: current Aowing through
the faser channel. /.: current lowing through the external spark gap. V,-
V.: voltage across iaser channel. Vy,-Vy,: voltage across faser cnannei
mneasured at nearest accessible potnes, thus including inductances due to
connecuing plates.

ductances L, and L. charged to V. The arrangement is
as shown in the circuit of Fig. |. L, and L, are the in-
ductances of the plates connecting C, and C; io the laser
channel. The capacitor C, is connected to a parailel-plate
swinging cascade spark gap represented by L, and r, in
the diagram. For these measurements. vaiues of the pa-
rameters are C; ~ 58 nF, Cs ~ 28 nF, L, ~ 0.13 nH.
L, ~007nH.L,, =L, ~ 0.8nH.and L. ~ 13 nH.
The quantities L,y and r, are to be measured.

Atr = 0, the external spark gap switches and the volt-
age Vi (on the C, side of the laser channel) swings from
Vo towards — V, with a time constant ~ v (L, C5) since
L, >> L,. The rate of rise of laser channel voltage is
therefore on the order of 2 Vo/\" (L. Cs). which is usually
sufficient to cause a uniform breakdown all along the laser
channel at a later time 1 = ¢, when the voltage across the
channel attains a sufficient value. The main discharge be-
tween C; and C, then occurs with a periodic time of

‘ SN
T~ zr\/g(g + Ly + L) - (EC]'—_—C—U (1)

where L, = L, + L, + Lgo. This is modulated by a
slower discharge with a time constant v {L.(C; + ()}
which eventually removes the remnant stored energy
through the external spark gap r,. For the laser action, this
slower discharge is of no consequence.
The effective damping parameter of the laser gap dis-
charge is given by
a = i (

—ZL

[2%]
—

where the surge impedance of the laser channel circuit is

0018-9197/87/0300-0283%01.00 © 1987 IEEE
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Fig. 2. Cross-sectional view of the nitrogen ltaser showing the jocations of
the laser channel and the space provided for magnetic probe inserion.
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1II. EXPERIMENTAL
A. The Laser

The laser channel (Fig. 2) consists of two § in horizon-
tally placed brass rods (as electrodes). 46 c¢cm long. soft-
soldered onto two + in thick brass strips (50 X 5 cm) which
provide external contact for the electrodes. These pieces
are insulated from each other by top and bottom § in thick
perspex separators which ensure that the electrodes are
heid at a constant separation of 1.6 cm along their entire
length. The laser light is brought out through two holes
in the perspex end pieces (} in thick, 63 X 6% cm). The
2 cm diameter holes are covered by | mm thick quartz
pieces. The various brass and perspex parts of the channel
are screwed together through a thin layer of silicone rub-
ber which provides vacuum seal for the chamber.

The parallel plate capacitors C, and C, consist of a
common earth plate, which is a 45 x 80 cm strip of alu-
minum kitchen foil laid on top of a flat aluminum piate
{for electrical contact and support). On top of the alumi-
num foil are laid four sheets of | mil mylar which extends
at least 10 c¢m beyond the edges of the conductors all
around. The high-voltage plates of C, and C> are 43 X 43
cm and 45 % 23 cm strips of aluminum foil laid on top of
the mylar sheets. These high-voltage capacitor plates are
separated by a 4.6 cm gap over which the laser channel
is placed so that each side of the laser channel (see Fig.
2) makes pressure contact with one of the capacitors. The
capacitor C is connected to the swinging cascade spark
gap.

For these experiments. the laser peak power is main-
tained above 200 kW.

B. The Magnetic Probe

The magnetic probe consists of a ten-turn coil of SWG
40 wire on a former of | mm diameter enclosed in a 3 mm
glass tube. The coil leads are twisted around each other
and soldered to a BNC jack connector outside the glass
tube. In order to insert the probe underneath the laser

channel, it was necessary to raise the channel by inserting
a 6 mm strip of brass between the channel electrode con-
tacts and the high-voltage aluminum capacitor piates. This
creates a space for the magnetic probe (Fig. 2). The probe
is inserted with its axis parallel to the channel axis. I this
position, the probe lies directly underneath the channel
discharge current and over that portion of the earth plate
which connects C, and C and carries the return discharge
current. The probe signal is passively integrated with a 12
us RC time constant. The laser pulse is measured using a
fast photodiode FND-100. The observations are made
with a 100 MHz storage oscilloscope inside a screened
cage.

The magnetic probe was calibrated by using the field at
the center of two-turn Helmholiz coil, energized by a 0.62
uF capacitor charged to 10 kV. The current [ in the Helm-
holtz coil was measured by a Rogowski coil to be 4.056
kA. The field at the center of the coil was found to be

nl 8
B. = <p.0 —a—> <'5-m> = 0.158 tesla

for a coil of radius a = 4.6 cm. The measured probe sig-
nal of 0.165 V then gives a calibration factor of

0 = 0.165
57 0.158

IV. RESULTS AND DISCUSSION

= 1.044 V /tesla.

A. General Fearures of the Oscillograms
The results of the measurements are summarized by the

set of oscillograms shown in Fig. 3. Fig. 3(a) shows the
magnetic probe signal with the channel at atmospheric
pressure and the value of ¥y = 10 kV so that only the
spark gap breaks down. The high-frequency oscillations
in the signal are identified as electrostatic pickup resulting
from reflections in the transmission line C; as this capac-
itor discharges through the spark gap inductance.

Fig. 3(b) shows the typical probe signal with the laser
channel at 60 torr nitrogen so that after the spark gap is
triggered. the laser channel discharges. The new feature
of the probe signal. i.e.. the lower frequency damped os-
cillations which commences ~ 100 ns after the spark gap
breakdown. is due to the laser gap current. In order to
ascertain that this is indeed the laser current signal. we
have superimposed it with a photodiode signal of the laser
pulse by using the add mode of the dual trace oscillo-
scope. The added signal is shown in Fig. 3(d). Fig. 3(c)
shows the photodiode signal alone. The magnetic probe
and photodiode signals are taken with matched cables for
which the signal transit times do not differ by more than
0.5 ns.

B. Measurement of Circuit Parameters

From the current signal of Fig. 3(b), we measure the
periodic time of the damped oscillations of the channel
current as 7 = 50 ns. We apply (1) with C; = 58 nF and
C, = 28 nF and obtain L, + L> + L, = 3.4 nH. Sub-
tracting away L; = 0.13 nH. L, = 0.07 nH. and L,
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)

Fig. 3. Oscillograms of magnetic and photodiode signals. Time base is 50
ns /div. (a) Magnetic probe signal. Laser at atmospheric pressure. No
laser channel discharge. (b) Magnetic probe signal. Laser at 60 torr ni-
trogen. Discharge with lasing action (0.1 V /div). (¢) Photodiode signal
of laser pulse. Laser operated under same condition as in (b). (d) Pho-
todiode signal superimposed onto magnetic probe signal. Laser operated
under same condition as in (b).

Ly, = 0.8 nH, as calculated from geometry, gives the
laser channel inductance as
Ly = 1.6 nH.

The surge impedance of the laser channel circuit Z, may
now be computed from (3) as

= 0.42 Q.

We next calculate the channel resistance from the mea-
sured damping parameter of the laser channel current.
From Fig. 3(b), the average reversal ratio (peak ampli-
tude of (n. + 1)th half cycle/peak amplitude of nth half
cycle) measured from the first three half cycles in f =
0.69. By taking a damped sinusoidal approximation, it
may easily be shown that fis given by

expl iy t+3
2L (22 .
f= = exp ——a—2~ .
—-R (nT

= (3 (%))

Here R is the total circuit resistance, L is the total circuit
inductance, and «, the effective damping factor of the cir-
cuit, is the ratio of R to the surge impedance. For this
laser discharge circuit, « is given by (2). From the mea-
sured value of f, (4) gives « = 0.24. Thus, from (2), we
have

r,=aZ =0.1Q

which is the measured time-averaged laser channel resis-
tance for this laser operated at 10 kV, 60 torr pressure.

C. Measurement of Laser Current and Laser Channel
Voliage

The magnetic probe placed in its position below the
laser channel measures a magnetic field B which is related
to the laser loop current /; by the equation

I,
5= g

where [ = 0.46 m is the length of the last channel. From
the oscillogram ot Fig. 3(b), the peak voltage measured
from the magnetic probe is 0.12 V. which from the mag-
netic probe calibration factor gives a peak magnetic field
of 0.115 T corresponding to a peak channel current of

[, = 42.1 KA.

From this measured peak current and the surge imped-
ance of the laser channel circuit may also be obtained the
voltage across the laser channel ¥, when the laser channel
breaks down. The following approximate equation is used:

. Ve
I, = Z (6)
This gives
Ve = 17.7 kV.

This means that in the operation of this nitrogen laser
at 10 kV and 60 torr nitrogen, the laser channel begins to
break down when its C; side electrode has swung down
to —7.7 kV from its original + 10 kV.

Finally, the peak electrical power input into the laser
channel may be estimated using the measured value of T,
=0.1Qas

peak resistive power input = r\,iz = 177 MW.
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in Fig. 4 is shown a theoretical plot [2] of the laser
channel current /, (normalized) for « = 0.3. Also shown
are other computed quantities of the circuit. For example,
v, is the voltage (normalized) across the laser gap. As can
be seen from Fig. 4, after the laser gap has broken down.
the voltage vy, that may be measured across accessible
points ¥V, and ¥y, (see Fig. 1) differs considerably from
v, because of the additional unavoidable inductances of

Q23 NO 3 MARCH 1987
L., and L. This illustrates the difficulty in interpreting
vollage measurements for the purpose of. for example.
ascertaining the resistive power of the laser gap. This dif-
ficulty does not arise with the measurement of the laser
channel current /;, which is the same quantity whether
measured at the laser channet or at the earth return plate.

A comparison between the measured laser channel cur-
rent or magnetic field waveform of Fig. 3(b) for measured
« = 1.24 and the computed laser channel current wave-
form of Fig. 4 for « = 0.3 shows good agreement be-
oween the two waveforms, except that the measured cur-
ren: waveform shows a squaring-out effect in the first two
haif cycles, probably due to transmission line effect of the
strip-line capacitors C; and C,.

V. CONCLUSION

The agreement between these observations and the the-
ory for the transversely excited nitrogen laser {2} lends
confidence to that theory. In essence. the double dis-
charge process proposed in that theory. in which C dis-
charges relatively slowly through the large spark gap in-
ductance followed by the faster discharge of C, into Ch.
is confirmed by these nbservations.

Operating this nitrogen laser at 10 kV, 60 torr. a simple
measurement with a magnetic probe fixes the following
laser channe! parameters: channel inductance of 1.6 nH,
channel resistance of 0.1 Q. and a peak channel current
of 42.1 kA. With the use of this simple technique. the
channel parameters of nitrogen lasers may be determined
under different operating conditions. This could assist in
optimization efforts.
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Recent Results from Rotamak Experiments
at Flinders University

H. Kirolous A. Knight D. Brotherton-Ratcliffe Wu Cheng®  S. Leef
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The Flinders University of South Australia,
Bedford Park, S.A. 5042, Australia.

1 Introduction

In a Rotamak {1] the plasma current is driven by entrainment of the electron fluid in an applied rotating
magnetic field (Figure 1). To date Rotamak experiments have been undertaken in devices having the orthog-
onal coil systems used to generate the rotating magnetic field located on the outside surfaces of spherical
pyrex discharge vessels. Stable and long-lived compact torus configurations have been generated in these
vessels.

In this poster results from two Rotamak experiments at Flinders University will be presented. Firstly,
detailed results will be described from a metal-walled experiment which has similar input power to the previ-
ous pyrex-walled devices. The motivation for this experiment is the need for future high power experiments
to have metallic vacuum vessels. Secondly, an experiment will be described in which a rotating magnetic
field is used to drive current in a cylindrical pyrex-walled device creating a highly prolate field-reversed
configuration (F.R.C.).

2 A Metal-Walled Rotamak

Figure 2 shows a diagram of the Rotamak. Table 1 summarises various experimental parameters and details.

2.1 Magnetic Probe Measurements

The array of Hall magnetic probes shown in Figure 2 was used to collect a time-series database for B, and
B. comprising an 80x33 r — z grid (refer to coordinate system of Figure 1). The reproducibility of discharges
enabled each point on the grid to be measured using separate discharges. The frequency response of the Hall
probes was such that each point in the time series represented an average of the magnetic configuration over
about 40 cycles of the rotating field. To analyse collected data, at various times throughout the discharge,
two-dimensional vector polynomials with the property ¥V - B= 0 were fitted to the signals. The order of
these polynomials was chosen to be high enough to fit all statistically relevant trends but not too high as to
start introducing spurious oscillations due to the finite spatial separation of the data.

Contour diagrams of the poloidal flux, ¥ = 2w for r’B,(rl, z,t)dr' and the current density,
Js = (1/u)(V x B)y calculated from the polynomial fits are shown in Figures 3 and 4 respectively for
t=20 ms.

Figure 3 shows two distinct magnetic configurations. The inner configuration is a compact torus with
a separatrix well inside the radius of the rotating field coils. Figure 4 shows the direction of current in
this configuration to be such that the electrons are being convected in the direction of the applied rotating
magnetic field. The magnitude of this current is around 300 Amps. The outer configuration, which has not
previously been observed in Rotamaks because of the absence of an interspace between the discharge wall
and the rotating field coils, consists of three toroidal current loops, one of which has current in the opposite

*On leave from The [nstitute of Physice, Chinese Academy of Sciences, Beijing.
I'On leave from The Department of Physics, University of Malaya, Kuala Lumpur.
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direction to the inner configuration current. One explanation of this peculiar and unexpected outer feature
may come from a sustained plasma flow (2].

2.2 Grad-Shafranov Modelling

In the Rotamak, ponderomotive and plasma-flow forces can be non-negligible in the time averaged MHD
equilibrium equation. 1n this section we ignore these forces and try to model the complicated outer config-
uration with ROTA [3] 2 modified Grad-Shafranov equilibrium code. The rationale for this process is the
elucidation of whether or not the above two forces are necessary for the explanation of the form of the outer
configuration.

Using the polynomial fits we plot in Figure 5 a diagram of J4/r vs %. Grad-Shafranov theory predicts
that Ju/r should be a single-valued function of ¥. Taking as a fit to this data the smooth curve of Figure 8,
and using this as input to ROTA (together with the measured total current and the exact form of the applied
equilibrium field) we plot in Figures 7 and 8 the predicted magnetic flux and current surfaces. Clearly some
of the experimental features are present, but others such as the two magnetic axes are not. By choosing
different forms for the fit in Figure 6, consistent with the errors intrinsic to Figure 5, it is possible to create
a configuration with ROTA that has two magnetic axes but always with the loss of the required structure of
the three outer current loops. In fact by looking at Figures 3 and 4, the outer configuration can be seen to
violate the condition that J4/r be a single-valued function of ¢. Thus either plasma flow or ponderomotive
force appear necessary for the reconciliation of theory and experiment. Nevertheless, it is interesting that
the Grad-Shafranov equation can model configurations of approximately the same type as observed, perhaps
indicating that the plasma gas pressure is held in balance predominantly by the J x B force and only
adjusted slightly by RF pressure and flow.

3 A Field-Reversed Rotamak Experiment

Figure 9 shows a schematic diagram of the field-reversed Rotamak. Table 1 shows various experimental
parameters.

3.1 Magnetic Probe Measurements

A similar array of Hall magnetic probes to that used in the metal-walled Rotamak was employed to collect a
database of B, time histories comprising a 29 x 14 r — = grid (refer to Figure 9 for coordinate system). The
excellent reproducibility of discharges enabled each point of the above grid to be taken using a separate shot.
The collected data were analysed by fitting two-dimensional polynomials to the signals B.(r,z) at various
times and then calculating the poloidal flux, ¥ and current density, Jg (defined above) via the polynomial
coefficients. In this poster we only present results from a single time, t = 19 ms. Figure 10 shows raw
B, data at = = 0 with a cut of the fitted surface in the (B, — r) plane. The reversal of the applied field
is evident. Figures 11 and 12 show respectively contours of the poloidal flux and current density. Clearly
the time-averaged configuration is a well-defined highly prolate compact torus. The total current driven is
2600 Amps.

3.2 Langmuir Probe Measurements

A similar database to the above magnetic measurements was collected using a double Langmuir probe.
Characteristic curves were measured for 1024 time points on an r — z grid of 11 x 14. Once again, in this
poster only measurements pertaining to t = 19 ms will be presented. The characteristic curves have been
used to obtain the electron temperature (T.) and density (n.) on the above grid assuming that the effective
probe collecting area is the physical area of the probe. Two dimensional polynomials have been fitted to the
data enabling contour plots of n, (Figure 13), T (Figure 14) and P, = kn.T, (Figure 15) to be generated.
Comparing Figure 15 with Figure 11 it is apparent that the electron pressure contours are very similar to
the polotdal flux contours.

Following the rationale of section 2.2 we plot in Figure 16 the experimental data of P, vs ¥. Grad-
Shafranov theory states that P = P; + P. should be a single-valued function of ¥. Clearly, given the
experimental error, particularly in the derivation of n., and the fact that T is expected to be significantly
less than T, it would appear that in this experiment ponderomotive and flow forces may play a somewhat
negligible role.

36-2




magnetis
tleld

Rotmhattz Yorticol' tieig

cart

Pumping Pumping
port port
Neulral paint Separatriv

_____ - ¥
e = —a -3 -2 ) a I
Fig. 5 - Experimental Jo/r vs ¥ (arh. units).
1.8
Jafr
a.a !.U
Fig. 6 - Trial function fit to Figure 5 used as input to ROTA.

Fig. 2 - The metal-walled Rotamak.
|

—

H

Fig. 3 - Contour nlot of poloidal flux in the » — : plane
Lines represent the metal wall and the RF coils.

[

Fig. 4 - Contour plot of the current
density in the r — z plane.

36-3

Fig. 7 - ROTA poloidal flux in the r — 2

plane.

Fig. 8 - ROTA current density in the » — z plane.
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Fig. 15 - Contour plot of electron pressure P,. Peak ¢
is 38 Pa. Contour spacing is 1.92 Pa.
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Metal FRC i
Rotamak Rotamak 1}
Frequency of }\
Rotating Field 1 MHz 1 MHz |
GaS Hz Ar
Pressure 1 mTorr 8 mTorr \
Equilibrium il
Field 16 Gauss 40 Gauss !
PlLasma Current | 600 Amps | 2600 Amps
Pulse Duration 40 ms 40 ms i

Table 1 - Experimental parameters.

REFERENCES
(1} e.g. Hugrass, W.N. et. al. (1980) Phys.
Rev. Lett. 44, 1676.
[2] Kirolous, H. (1986) Ph.D. Thesis, Flinders

University.

J,:,/l‘

(3] Storer, R.G. (1982) Plasma Physics 24, 543.
ACKNOWLEDGEMENT
We gratefully acknowledge the financial sup-

36-4

port {rom the Australian Research Grants Scheme,
The Australian Institute of Nuclear Sciences and
Engineering and Flinders Universily Research Bud-
get.




A SMALL PLASMA FOCUS DEVICE FOR NEUTRON, X-RAY
AND ELECTRON BEAM STUDIES

T.Y. Tou, K.H. Kwek, Y.C. Yong* and S. Lee
Department of Physics
University of Malaya

59100 Kuala Lumpur
MALAYSTA

ABSTRACT

A 2 kJ plasma focus is designed to operate at 10 kV for the
purpose of studying electron beam and X-ray emissions in argon discharge.
Preliminary testings in deuterium filling produce, over an average of

10 shots, (1.0 - 4.5)x106 neutrons per shot over the pressure range of
(2.5 - 5.0) mbar.

I Introduction

Recently, six sets of compact, cost-effective 3.3 kJ plasma
focus have been successfully tested and delivered to various developing
countries under the "United Nation University Training Programme on Plasma
and Laser Technology" which was conducted at the University of Malaya,
Kuala Lumpur, Malaysia in 1985. This compact plasma focus, called
UNU/ICTP Plasma Focus Facilityla, was carefully designed, based on a
dynamic modell’2 to produce plasma in the plasma fusion regime for

postgraduate teaching.

* . .
Mathematics and Science Centre, Ngee Ann Polytechnic, Singapore.

Small Plasma Physics Experiments - Edf S. Lee & P.H. Sakanaka,
World Scientidic Publishing Co. (1988)
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In response to that programme, a small plasma focus which is
to be used primarily for X-ray and electron beam studies 1is
immediately wunder consideration so that it may be added to the
list of educational devices.

The reasons for designing yet another plasma focus are (1)
argon gas is to be used because it is cheaper than deuterium, (2)
lower operating voltage and (3) argon focus was found to produce
more intense x-rays because of its smaller final pinch radius

3,4

ratio and high atomic number.

II The plasma focus device

The design parameters of this small plasma focus are very
much borrowed from the 12 kJ Universiti Malaya Dense Plasma Focus
1 (UMDPFL)S’6 which have been optimized geometrically for high
neutron yield. With argon filling, the UMDPFl has been found to
produce strong and consistent focussing action at (9 - l4) kV and
(1.0 - 3.0) mbar. Higher voltages and pressures than the above
mentioned ranges were found to be undesirable. Electron
temperatures as high as 5.0 keV were measured3 using foil
absorption technique7’8. X-ray pin-hole photographs3 revealed the
formation of an array of intense spots along the plasma column
which may suggest strong local heating due to the m = O
instabilities. Such adverse focussing action may produce more
energetic electron beams than that of deuterium focus. The
existence of a collimated beam of electrons having energies » 100

2
keV and currents ~10 A in deuterium focus has been

10

demonstrated by Harries et a19 and Herziger et al using X-ray

techniques.
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A 10 kV, 40 PF capaciteor bank is chosen to power the focus
tube. The design parameters , which closely resemble those of the

UMDPFl, are summarised below:

Inner Electrode Radius : 0.95 cm

Length : 15.5 em
Effective length : 12.3 cm

Outer Electrode Radius ¢ 4.0 cm
Length : 16.0 em
Glass Insulator Radius : 1.35cm
Length : 3.2 cm

III Experimental method

Figure | shows the detailed diagram of the small plasma
focus tube and the vacuum chamber. a hollow inner electrode is
chosen to allow electron beams, produced after the radial pinch
phase , to propagate down the tube(see no.l3) to be detected by
various techniques. The inner electrode is designed such that its
length is adjustable (see no.l4) to facilitate any
goemetrical optimization that wmay be necessary. The glass
insulator(see no.6), coaxial to the inner electrode, is held by a
rubber gasket(see no0.l5) which was designed and manufactured
locally for the UNU/ICTP PFF and also for this device. A knife-
edge (see no.l4) is machined to promote uniform discharge during
the initial high voltage breakdown at the glass insulator. The
vacuum chamber is designed with diagnostic ports for X-ray
measurements, streak photography, laser diagnostics and magnetic

field measurements.
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The whole experimental set-up is shown schematically in
Figure 2. A single ignitron is used to switch the 10 kV, 40 3
capacitor bank during the preliminary operations. It will be

replaced by a swinging-cascade-spark-gap.

IY Preliminary results

Since this system is designed with close reference to
UMDPFL, the operating characteristics are expected to be like those
of the UMDPFl and it would be interesting to find out. Initial
tests are thus carried out with deuterium filling with the

expectation that this system should produce neutron at the higher

pressure range of (1.0 - 7.0) mbar.
. ) , ) L1,12,13 . .
Foil activation technique was used to monitor the
neutron output. Over the pressure range (2.5 - 5.0)mbar , vields
of (1.0 - 2.5)xl0 neutrons per shot were detected. This system

is thus successfully tested to operzte at a high pressure regime,
avoiding the problem of restriking zt the glass insulator, which
notrmally would have hnappened in systems operating in the low
pressure regime. Figure 3 shows the neutron yield variations with
deuterium gas filling pressure. Each experimental data for cthe
neutron vyield is an average of 10O consecutive shots. It can be
seen that the operating pressure range 1is rather narrow in

contrast to the much wider range that is obtained from the

UMDPFL.

v Future Work
It should be pointed out, from the analysis of the measured
current waveform, that the 40 PF capacitor bank is delivering

about 130 ka& of current into the focus tube. The ignitron used is
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of the type GL7703 which is specified to deliver peak current of
100 kA. Thus, the ignitron has been overloaded during the
preliminary testings. It shall be replaced with a cost-effective,
home-made swinging-cascade—spark—gap. This would improve the rise
time of the discharge current and the neutron yield is expected
to improve.

Measurements that are being planned for this device are:

(1) Electron beam measurements by current probe and Faraday

cup
(2) Soft X-ray measurements by foil absorption technique

and pin-hole photography.

VI Conclusion

A 10 kV, 2 kJ plasma focus has been sucessfully tested to
produce strong focussing actioms and neutron flux of (1.0 -
4.5)x106 are measured over a pressure range of (2.5 - 5.0) mbar.
The yield is comparatively low for a device of such energy range
with peak current of 130 kA. Tt is believed that with some
geometrical optimizations an improved yield can be expected. The
device 1is also expected to produce consistent strong focussing
actions with argonm gas filling so that it can be operated as a

cheap and efficient source of electron beams and X-rays.
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Detailed diagram of the plasma focus device.
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Schematic of the experimental set-up of the
10 kv, 2 kJ plasma focus
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A TEA nitrogen laser for optical diagnostics of the plasma focus

K.H. Kwek, T.Y. Tou and S. Lee
Department of Physics
University of Malaya
59100 Kuala Lumpur
Malaysia
Abstract

A simple and compact TEA nitrogen laser

suitable for interferometric measurements on

the plasma focus has been realised.

Homogeneous beam quality having output energy

of about 300 pJ and 1| ns pulse duration is

easily obtained. This laser can also be used

for Schlieren and shadow photography.
I Introduction

Optical probing of the nanosecond time scale of the dynamic

processes in the dense plasma focus requires light sources of
short duration and high intensity. Towards this end, the nitrogen
laser remains the best light source from the point of view of the
pulse duration, intensity and wavelength. With the nitrogen
laser, probing of electron density in the plasma up to a critical

l028 m—3 15 2 -3

value of about n_ = (ne = 1.115 x 10 /3" m ~, where )

= 337.1 om) can be achieved. In nitrogen lasers, excitation at
atmospheric pressures yield short duration light pulses down to
picosecond rangel’z.

This paper describes a simple and compact transversely
excited atmospheric (TEA) nitrogen laser with pulse duration and
energy of the order of | ns and 100 pJd  suitable for optical
diagnostics such as shadow and schlieren photggraphy. A method of

preionisation introduced into such design ensures the production

of good quality laser beam that renders the laser useful for

Small Plasma Physics Experiments - Ed. S. Lee & P.H. Sakanaka

World Scientific Publishing Co. (1988)

38-1



56

interferomerry work. These lasers can be constructed at modest

expense.

II The nitrogen laser

The construction of the TEA nitrogen laser shown in Fig. 1
is similarbto that discussed in our earlier papersB’A except for
the design of the laser channel. The circuit theory of the
parallel plate transmission line type of laser has been discussed

3,4,5

in previous papers The two energy storage capacitors C

1
and C2 of the Blumlein circuit consist of a common earth plate,
which is a 22 x 60 cm strip of aluminium kitchen foil laid on top
of a flat brass plate (for electrical contact and support). O0On

top of the foil are laid 3 sheets of 2 mil mylar which extends at

least 10 cm beyond the edges of the conductors all around. The

high wvoltage plates of CL and C2 are 22 x 17 cm and 22 x 40 cm
strips of aluminium foil laid on top of the mylar sheets. These
high voltage capacitor plates are separated by a gap of 1.5 cm
over which the laser channel is placed so that each side of the
channel (Fig. la) makes pressure contact with one of the
capacitors. On top of the foils are placed glass plates (6 mm
thick) of appropriate dimensions to prevent mechanical flexing of
the foils during charging and discharging of the capacitors. The
measured values of CL and C2 are 15 and 6 nF respectively. The
capacitor C, is mounted to a swinging cascade trigger spark gap.
The two electrodes of the laser channel of 20 cm long are
made of } inch brass rods soft soldered on to brass strips with

cross—-sectional dimensions of ¢ x 1 inch and 20 cm long. All

strips and rods are carefully polished with the edges well
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rounded to prevent corona. The laser channel is enclosed in a
perspex chamber. Admission and evacuation of the nitrogen gas at
atmospheric pressure is made through the middle and the ends of
the tube respectively. The interelectrode separation can be

adjusted to give optimum laser pulse energy.

ITI Measurements and performance

An interelectrode distance of 3 mm gives optimum laser
energy output of about 100 pJ at a charging voltage of 15 kV. The
laser pulse duration was measured with a fast FND-100 photodiode
and a storage oscilloscope (Tektronix 7834) giving a pulse width

of 2 ns. However, we believe that the duration is ~ins , taking
into account of the time resolution of the measuring system.

The laser was used to observe the macroscopic behaviour of
plasma focus discharges using the techniques of shadowgraphy,
schlieren photography and interferometry. Details of the Mather
type plasma focus devices used have been reported elsewhere6’7.
Fig. 2 shows a sequence of shadowgrams depicting the temporal
development of a plasma focus discharge of the 12 kJ UMDPFL
device from the collapse phase to the disruption of the plasma
column and the formation of the ionising wavefront. Time
reference is taken with respect to the peak of the characteristic
voltage spike of the voltage signal. Fig. 3 shows a schlieren
photograph of a plasma focus column being disrupted by m=0
instability. The photograph was taken on another optical set-up
on the 2 kJ small plasma focus device but using the same laser.

When the laser was used with the Mach-Zehnder interferometer

the interfarograms (fringe pattern chtained by tilting one of the
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mirrors to produce background fringes) obtained were of poor
quality as shown in Fig. 4. The fringes are barely discernable
due to the presence of vertical striations. These poor quality
interferograms resulted from the use of poor quality laser beams
which are inhomogeneous and not uniform in intensity. Such
inhomogeneity and non-uniformity in the beam cazn be seen more
clearly by expanding the beam several times its original size.
Examination of the discharge across the laser channel revealed
the presence of streamer-like filaments along the discharge
channel. At several locations, formation of electrical arcs were
observed. These streamers and arcs disturbed the homogeneity of
the laser beam. Thus, whilst the laser has been succesfully
employed in shadowgraphy and schlieren photography, 1its beam
quality needs improvement to enable it to »5Se wutilised in

interferometry work where the requirment is more stringent.

v Preionisation and modifications

F:'.xper:iments8’9 revealed that for the production of uniform
high pressure glow discharges some kind of preionisation 1is
indispensable. One such method, introduced by Hasson and
Bergmannlo is the use of corona blades where the sharp edges are
leading to high electric fields strengths thus providing the
extraction of free carriers. These blades act as auxilliary
corona electrodes which serve to provide an initial distributed
corona discharge to photoionise and prepare the main gap for glow

formation.

The laser channel electrodes are replaced by another set
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designed to include the use of corona blades. The new electrodes
are made from 20 cm long brass strips with cross-sectional
dimensions of 4 x | in and shaped as shown in Fig. 5. 1In the
arrangement shown, the capacitors Cy and Cy are similar to the
ones used earlier except that the edges of the high voltage
capacitor plates (aluminium foils) are allowed to protrude beyond
the edges of the laser electrodes to act as corona blades. These
form the set of blades on the lower side of the laser channel.
Similar set of corona blades are placed on the upper side of the
laser channel. The laser channel gap is set to 3 mm while the
blade separation, while not very critical, 1s typically set to
about 40% greater than that of the main gap. The strips of mylar
sheets serve to help the formation of corona discharges. A
perspex plate is screwed onto the laser electrodes on the upper
side. A hole in the middle of the plate allows the 1introduction
of nitrogen gas into the channel.

With the presence of the preioniser, the discharge along the
channel 1is observed to be a uniform glow discharge without the
presence of arcs or filaments. Whilst the pulse duration remained
unchanged, the energy output has improved to about 300 pJ. HMore
importantly, the beam quality has improved giving a very uniform
and homogeneous laser output. This can be seen from the

interferograms shown in Fig. 6.

v Conclusion
The TEA nitrogen laser described is a powerful light source
for optical diagnostics of transient and dense plasmas. It has

the advantage of being simple to construct and inexpensive. With
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suitable electrode designs and the wuse of supplementary
preionisation corona blades, the laser can be used for set-ups
like the Mach~Zehnder interferometer where the requirements on

the optics are stringent.
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t = -60 ns T

i

-30 ns

Figure 2 Example of four shadowgrams obtained on plasma focus

discharges of the UMDPFl device operated in deuterium
(8 mbar) at 15 kV.
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Figure 3 Example of a schlieren photograph taken on a
plasma focus discharge of the small focus.

(a) (b)

Figure 4 Examples of the poor quality interferograms obtained.

(a) interferogram with coarse fringe pattern
(b) interferogram with fine fringe pattern.
In both interferograms the fringes are barely discernable.
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Figure 5 Cross-sectional view of the modified laser

channel showing the inclusion of corona

blades using aluminium foils. ( The perspex
cover plate is not shown)
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Figure 6

(a) (b)

Examples of the interferograms obtained with the Lmproved
laser. Interferogram (a) is a background fringe pattern.
The fringes are clearlv seen. I[nterferogram (b) is taken
on a plasma focus discharge of the UMDPFl showing the
fringe shifts due to the presence of the plasma.
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The Design, Construction and Performance Studies of 3 Linear Z-Pinch

for Current-Stepping Experiments.

S.H.Saw, C.S.Wong, S.Lee
Plasma Research Laboratory
Physics Department
University of Malaya
59100 Kuala Lumpur

talaysia

Abstract

The Slug Model and the Energy Balance Theory are used in the
designing of a 2.4 %J linear Z-pinch machine. The machinre has g
discharge radius of 7.5 cm and an axial length of 15 em. It is
powered by a 60 uF capacitor bank operated at 9 kV. The rate of rise
of current is 8.1 x 10!V A/s. Preliminary observations on Hydrogen
discharges at 0.8 mbar indicate consistent pinching at an average
shock speed of 3.8 cm/us giving a final plasma column of radius 2 cm
when the shock front hits the axis at 2 ps after the start of the
discharge. The low shock speed is deliberately designed to facilitate
the implementation of cwrrent-stepping to  study compression

enhancement.

Small Plasma Physics Experiments - Ed. S. Lee & P.H. Sakanaka
World Scientific Puolishing Co. (1988)
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Introduction

The Z-pinch has recently received rekindled interest due to the
proposed  possibility of  obtaining a final column of enharced
compression which fulfils the Lawson criterion and at the szme time
has enhanced stability due to the finite Larmor radius effectl. Trere
have been several proposals for pinch compression enhancement. Armong
them, Lee? has proposed the technique of current-stepping as a prelude
to radiation collapse. This technique relies on the fact that wher an
equilibrium pinch radius ratio is approached as defined by the eneTgy
balance condition, itr is possible to shift the equilibrium pinch
radius ratio to a reduced value by rapidly increasing or stespirz up
the driving current since the equilibrium pinch radius ratic depznds
only on the time-form £function of the current sh;pe. tomerizal
computation based on the slug model indicates a reduction faczor < 2
for the final pinch radius ratio which corresponds to a density
compression factor of 4 with the superposition of a second fasz rising
current profile at an appropriate instant. A Z-pinch machinz is
designed for the study of the current-stepping technique. I is
driven by a slow bank and has a relatively large radius for such z fow
energy system. The resulting compression and final radius of the
plasma column will be relati?ely slow and large respectively. This is
to facilitate the implementation of current-stepping wia the

introduction of a second faster bank {as compared to the first): znd

i

any reduction in the radius of the final plasma column as a resul: of

current-stepping can be also observed and measured easily.
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I.  The design and construction of the linear Z-pinch machine.

. 3,4.5
The generalised slug model™ " is wused in the design of the

Z-pinch machine. According to this model, a slug of plasma implodes
inward between a shock front and a driving magnetic piston. The
imploding pinch dynamics can be divided into 2 consecutive phases;
namely the strong shock compression phase and the slow dynamics
phase. The characteristic pinch time, tp is given by

Aﬂrg

0 1
t o= [—o )% (1)
P o Uy+l) T

where p, is the ambient gas density, rg is the radius of the pinch
tube,I, the constant discharge current, Y the specific heat ratio and
Mo the permeability of free space.

The first design consideration is to match the expected pinch

time to the current rise-time, t For a L-C discharge, the current

r-
rises sinusoidally to about 0.7, where Io=Vo/(/Lo/Cs) and V,, Lo and
Co are respectively the initial discharge voltage, the total external
Inductance of the system and the capacitance of the bank. Therefore

the equilvalent constant current is about 0.45 Io- From equation (1),

the expected pinch time, tp’ becomes

Also, the current rise-time is given by

3]

soon (3)

(o]

t =
r

~

Thus for proper time matching,
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t =t, =2.2¢t (4)

The second design consideration in designing a pinch machine is
to provide a good energy coupling between the capacitor bank and the

pinch machine. This has been shown to be governed by the parameter

Hy L (5)

B_
2L
o)

where uOZ/Zﬂ is the characteristic inductance of the pinch tube of
length I cm and L.O is the total external inductance of the system.
Computation wusing the generalised slug model5 shows that for good
energy coupling, a value of 8>0.1 is necessary.

The availability of a capacitor bank provides the starting point
for the design work carried out here. In the present case, a H0 uF,
10kV capacitor bank consisting of 3 units of 20 uF, 10 kV capacitors
with an equilvalent series inductance of 40 nH each connected in
parallel 1is used. The total external inductance is estimated to be 73
nH.  Having fixed C, and L,, using equation (3), the current rise-time
is found to be 3.2 us. From equation (4), t, is fixed at 1.5 us.
This gives u=to/tp as 1.4 where to=/E;Cg. For a pinch of average
pinching speed of 3 cm/us(maximum speed of 10 cm/us) a pinch tube of
initial radius of 9 cm is appropriate. However, due to practical
constraints, the radius of our pinch tube has been fixed at 7.5 cm.
The average pinching speed is then 2.5 cm/us. From equation (1), the
suitable operating pressure for the pinch can be calculated. For a 9
kV discharge in Hydrogen, the suitable pressure is 1.3 mbar.

Having fixed ro, we must now fix the length of the axial pinch.
A length of 15 cm is chosen giving a value of 8=0.4 .

From the above considerations, the following parameters are

arrived at for the pinch tubc;
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CO = 60 pF
LO = 73 nH
V = 9 kv
o
r = 7.5c¢m
o)
L =15 cm
-4 -3 ,
o =1.0x10 " kgm “(P=1.3 mbar H2)
9

which give the following parameters;

Io = 258 kA
to = 2.1 us
€, = 3.2 us
_ 10
(dIO/dt)t=O = 8.1 x 1077 A/s
t = 1.5 us
p
tp, = 3.2 us
x = 1.4
2 =04

The construction of the Z-pinch machine is as shown in Fig. 1.

The chamber is a glass cylinder of length 21 em and diameter 15 cm

with thickness of 6 am. The discharge length is 15 cm. The anode and
cathode are 1in the form of annular rings (with ten 6mm diameter rods,
length 5 cm extending radially inwards) made from brass. The current
return is via a squirrel-cage to another brass ring adjacent to the
anode and insulated by a perspex cap.

The discharge circuitry is as shown in Fig. 2. Three units of 20

MEF, 10 kV capacitors each with equilvalent series inductance of 40 nH

39-5



121

are connected using parallel plates in series to a swinging cascade

6 to the anode of the Z-pinch machine. The parallel plate

spark gap
configuration is used for capacitors connection to reduce induc:ance.

The schematic of the capacitor and the swinging cascade is shown in
Fig. 3. The swinging cascade spark gap is set to hold 9 kV aro break
down when the triggering pin is supplied with a negative pulse of 10.6
kV(rise-time 3 wus). The negative pulse is supplied by a high voltage

SCR (HVSCR) of output approximately 700 V stepped up to the recuired

10.6 kV by a television transformer.

II. Testing with Numerical Model.

The dyanamics of the Z-pinch designed above can be visualized by
performing the computation using the slug model with a=1.% end B
=0.4 . The results obtained are shown in Fig. 4. The current
waveform and the corresponding voltage spike which are observec &t the
time of minimum compression are typical features oL a I-pinch

discharge.

[II. Preliminary Observations.

The discharge tube is evacuated to a base pressure of 107° mbar.
It is then flushed with Hydrogen gas for a number of times before
filling to the required pressure. The current and voltage signzls and
streak photography of the discharge are recorded
simultaneously(Fig.5). Voltage measurement is by means of a capacitive

probe incorporated to the system while the Rogowski coil is .sed to
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record the current signal. Fig. 6 shows a typical set of results

obtained for a 9 kv Hy discharge at a filling pressure of 0.8 mbar Ho.

The shock front is observed to consistently hit the axis at about 2.0

Ms from the start of the discharge with an average shock speed of 3.8

cm/us.  From the streak photograph, it is observed that when the shock

front hits the axis, the plasma collapse to a column of radius ? cm

which further compresses to a radius of 1.0 em at about 0.2 Ks later.

On  comparison with numerical computation with vy=5/3, it is found that

the  radial trajectory decreases faster experimentally. From

estimation of magnetic Reynold number, it is found that the

compression is rather diffusive at the early stage of the pinch, which

accounts for the faster compression and smaller final radius achieved.

Numerical computation using the slug model with the correction for the

specific heat ratio,Y and with the mass loss factor incorporated

Supports this conclusion. The Y~correction is necessary because for

mOSt part of the compression the shock speed is slow and corresponds

to Y=1.2. At the final compression vy increases to about 1.4.

As a more complete sweeping of the gas particles by the magnetic

piston during the first compression is an important prelude to

current-stepping, the Z-pinch machine needs to be optimised first to

improve the electromagnetohydrodynamic coupling between the piston and

the gas.

IV. Conclusion.

The Z-pinch machine for current-stepping is designed based on the

slug  model. Preliminary observations indicate that consistent

pinching of the plasma column is achieved. For a 9 kv discharge at
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0.8 mbar Hy, it 1is observed that at the pinch time of 2.0 us the
average shock speed is 3.8 cm/us and a plasma column of radius 2 cm
is obtained. Once optimised, this machine is suitable for the study
of the effect of current-stepping on the enhancement of pinch
compression. Its relatively slow compression and large final plésma
column would facilitate the observation of the reduction in the radius

of the plasma column due to the effect of current-stepping.
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Fig. 1 Design of the linear Z-pinch.
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Fig. &4

Ny

T
0.2 6.4 0.6 0.8 1.0 1.2 1.4 1.6 1.& 2.0

Computed dynamics of the designed Z-pinch machine
with a= 1.4 and g= 0.4.

(kp = normalised piston trajectory, kg =
normalised shock trajectory, 1= normalised

current, v = normalised voltage, = normalised
time.)
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Fig. 6. Top : Streak picture of Hydrogen discharge at 0.8
mbar.
Bottom : Corresponding current and voltage pulses.
{tgg 1s the start of the streak pulse,
tgi is the start of the current pulse,
tp is the pinch time.)
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STREAK LASER SHADOWGRAPHY OF THE PLASMA FOCUS

* %%
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59100 Kuala Lumpur, Malaysia

Abstract

A home-made dye laser with lasing wavelength
centering at A v 4850 R is used as a light source for
the streak mode of shadowgraphy. This optical diagnostic
system finds a useful application in the study of the
radial pinch dynamics in the plasma focus discharge,
particularly in noble gases such as argon.

Introduction

Pulsed dye-lasers can now be generated at any wavelength from the
near-UV to the near-infrared using both flashlamp and laser pumping.
Most applications of dye lasers reported so far depend on their unique
capability to be tuned continuously over a wide range of wavelength.
Some of the applications are Raman Scatteringl, Resonance Fluorescence? 3%

atmospheric pollution detection®’® and LIDAR7’8°9.

For optical disgnostics in transient plasma discharges, the technique
of mode-locking has been employed in dye-laser systems to generate a
train of sub-nanosecond pulses for stroboscopicschlieren photography of

the radial pinch dynamics in the plasma focusi??il,

The streak mode of interferometry in plasma focus have also been
demonstrated using He-Nel? and ruby!? lasers. In this paper, we
demonstrate the feasibility of using a home-made dye laser?! for the

streak mode of shadowgraphy in plasma focus experiment.

Present address:
“Plasma Research Laboratory, R S Phys. Sc. I.A.S.,
Australian National University, ACT 2601, Australia.

e

“Intel, Penang, Malaysia.
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The information thus obtained on plasma dynamics is of great

importance in the study of compression dynamics??

in general and
specificially for the plasma focus in which it has been recently
suggested23 that the necutron yicld could be much more sensitive to the

compression velocity than indicated by accepted scaling laws.

Shadow Method

Basically the shadow methodi%’1> depends upon the second derivative
of the refractive index p of the medium to be investigated. 'When a
probing beam of parallel light rays tranverses a medium along the
x—direction, as shown in Fig. la, the distribution of the refracted
light intensity will be uniform if 3n/dy is a constant. There will,
however, be a non-uniform distribution of refracted light intensity of
Bzu/3y2 # 0, as shown in Fig. 1b, and the total fractional change AL

in the light intensity I is given by

2 2
AT L 1,3%u o u
So = Pl G VIR A o 1
Ff = ol -GS+ 2 ax (1)
9y iz

considering also that contributed by 32u/322 in the z~-direction. The
term L is the thickness of the medium and 2 is the distance of the

screen, on which the shadow effect i1s captured, from the medium.

This equation is rewritten as

2 2
TAL = 105 x 10722 gt (2 e 3 Ney 4 (2)
i o “ 2 2

2y 9z

by substituting into it

w=1.0-1.05 % 10722 Ye . (3)

where Ne 1s the electron density.

The numerical co-efficient of Ne is calculated with knowaparameters in
our plasma focus!® and with the dye laser wavelength centering at A "
4850 R. The fractional change in the refracted light intensity is,

therefore, dependent on the second derivative of the electron density.

Experimental Set-up

Figure 2 shows schematically the experimental set-up of the streak

mode of laser shadowgraphy in the plasma focus facility—UMDPF16ﬂ7. The
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dye~laser system!® employs a coaxial flashlamp for optical pumping which,
in turnm, is powered by a 25 kV, 3 uF capacitor bank. For this experiment,
the capacitor bank is charged to 14-16 kV. The lasing medium is a
solution of Coumarin—~480 dissolved in methanol at 7.5 x 10—4 mole of
concentration. The lasing wavelength spreads from 4750 R to 4950 R with
a pulse width (FWHM) = 0.6 ps, as shown in Fig. 3.

A uniform laser beam of 5 cm diameter is obtained by means of a
small diaphragm, beam expander and collimator. This beam is guided to
capture the radially collapsing plasma sheath off the end of the inner
electrode. In order to see the shadow effect on the translucent screen
which stops the laser beam, a narrow band pass filter with its greatest
transmission at or near A is used to exclude the visible plasma

light.

A streak camera is used to record the temporal changes of the
shadow on the translucent screen and for this technique, one has to limit
its observation to a small cross—section Az of the Z-pinch like plasma
column. This is done by placing a narrow slit, externally, on appropriate
position between the translucent screen. Neglecting, if any, the changes
in the electron density profile in this small section Az in the z-direction,
the temporal fractional changes in the refracted light intensity along the

slit is then written as

zAI(t)

2. .
_ -22 L 8§ Ne(t)
—I_(—t-—)_ = 1.05 x 1Q 2 j:) —_— dx (4)

8y

for a time-dependent electron profile Ne(t) during the radial pinch

phase.

The streak camera is properly timed to record the shadow changes

within its streak span.

Results

The above mentioned time-resolved shadowgraphy has found an useful
application in studying the radial pinch dynamics in the argon focus.
Figure 4a shows a streak image of the radial pinch (of collapsing plasma
sheath) in the argon focus, operating at 15 kV and about 2 mbar. When
the plasma sheath collapses onto the axis, a comparatively enomorous
amount of visible luminosity is recorded and this often over—exposes the

polariod film (Type 667) used. The non-uniform emission of visible
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plasma light at different times in argon focus poses a problem in setting

an appropriate aperturelg.

Figure 4b shows a laser shadowgram in the streak mode for the argon
focus. As long as the laser beam is uniform during the radial pinch
phase of the argon focus, the shadow effect is distinctly recorded. The
problem of appropriate aperture setting for admitting non-uniform plasma
1ight reduces to that for sufficient illumination by laser beam. The
spatial resolution of the shadow of the plasma sheath depends also on
the width of the narrow slit behind the transluscent screen. The
narrow slit in this experiment has a width 5 0.3 mm set by a spacer of
knowndimension and provides sufficient spatial resolution for the

temporal changes of the shadow of the plasma sheath.

Conclusion

The home-made dye laser employing Coumarin—480 at 7.5 x lCl-_4 molar
concentration as laser medium has found an application in the streak mode
of the laser shadowgraphic study of the plasma focus dynamics in its
radial pinch phase. This optical diagnostic method is particularly
useful in recording the shadow effects of the radially collapsing plasma
sheath in argon focus and for studying the specific heat ratio effect?0
on compression. A uniform laser beam is easily obtainable by means of
a diaphragm with which uniform illumination on the camera film is
ensured. In contrast, the normal streak photography depending on the
plasma luminosity is found to be difficult in the setting of an
appropriate aperture when there is a great temporal change in the

plasma light intensity.

It is possible that the streak mode of Schlieren photography

could also be done using the above mentioned set-up.
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Figure 3 Photodiode signal of the dye laser
output.

Figure 4a Normal streak photograph of the
radial pinch phase in argon focus.

Figure 4b Streak laser shadowgraph of the
radial pinch phase in argon focus.
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OBSERVATION OF TEMPERATURE VARIATIONS IN A PLASMA FOCUS
FROM SOFT X-RAY MEASUREMENTS

%
T.Y. Tou and S. Lee

Plasma Research Laboratory
Physics Department, Universiti Malaya
59100 Kuala Lumpur, Malaysia

Abstract

A range of electron temperatures is obtained for
the deuterium focus with the foil-absorption technique.
This is correlated to the observed formations of hot
spots on the time-integrated X-ray pinhole photographs.
Together with other reported information, the correlation
shows that the temporal evolution of the focus plasma
could have contributed strongly to the range of
electron temperatures.

Introduction

At least two sources of X-rays are distinctly present in the plasma
focus development. The first is the result of the electron bombardment
of the anode by the current-conducting electrons in the focus plasma.
Some of these electrons are accelerated to high energies exceeding
100 keV by the pinch effect. The characteristics of this source are
similar to those produced in the high voltage X—ray tube. The second
source is in the pinched plasma. This source is derived from the
presence of the electrons in the ion fields and produces a soft X-ray
spectrum which varies with the location Z of the plasma and time t,

indicating its temporal development.

*
Present Address: Plasma Research Laboratory, R S Phys Sc. I.A.S.,
Australian National University, ACI 2601, Australia.



One common method to study the structures of the X-ray emitting

plasma is by means of a X-ray pinhole cameral™!0. The time-
integrated X-ray pinhole photo revealed interesting fine structurest™’
and m=0 instabilities, as suggested by several authorsl»3. This
technique was upgraded to become a nano-second time-resolved pinhole
camera® 10 with which temporal evolution of the focus pinch and fine

structures of filamentation!? were recorded.

Another plasma parameter that can be deduced from the measurements
of the soft X-ray spectrum is the electron temperature. The short-livad
pinched plasma was reported to have a range of electron temperaturesl’ll’ZI°
It thus appears, from the electron-temperature measurements, that the

pinched plasma may have regions of differing electron temperatures.

In this paper, the observations from the X-ray pinhole photo are

correlated to the measured electron temperatures.

Experimental I X-ray pinhole photography

The schematic of the experimental set-up for the X-ray pinhole
photography is shown in Fig. !. The size of the pinhole is about 300 ym.
It is covered by a 25-um Beryllium foil to exclude the visible plasma
light. Another layer of 25-um mylar sheet i{s used to seal the pinhole
so as to prevent air-leak into the plasma focus chamber. The pinhole
camera is maintained at equal pressure to the plasma focus chamber

except when it is opened for film release.

Figure 2 shows a time-integrated X-ray pinhole photo of the
deuterium focus plasma. There are at least four observable features.
The first is the cone-shaped plasma structure adjacent to the anode
surface. The formation of this structure is attributed to a pinching
action at this region which, in turn, leads to the accumulation of
mass during the pinching process. Such an accumulation of mass at
this region has been confirmed in a focus with solid anode by nanosecond

TEA--N2 shadowgraphylz.

The second feature is a properly pinched plasma column adjacent to
the cone-shape plasma structure, in the down-—stream direction. A
further feature concerns some spots observed to be present within this

more diffused pinch column. The existence of such spots has also been




reported1_7’18. Finally, strong illuminations come from behind the cone-
shaped plasma structure. The source is very likely associated with the
coplous copper plasma which is produced by the electrons bombarding

the anode.

The formation of hot spots are more clearly seen in argon focus in
greater number, as shown in Fig. 3. The size of the pinhole is just
enough to spatially resolve these spots. Such an array of highly
illuminated spots may indicate regions of higher temperature and high
density plasma. Some authors relate these spots to the on set of the

m=0 instabilities!»3,18,

Experimental II Measurement of electron temperature Te

The electron temperature of the focus plasma has been measured with
the foil-absorption techniquel3s1*,15, Figure 4 shows schematically the
present experimental set—up. A pair of X-ray detectors (Quantrad Model
100-PIN-250) are carefully mounted so as to receive X-rays from the same
volume of focus plasma. Same combinations of foils are first mounted
in front of each detector for excluding the possible plasma light and
to prevent signal saturation. The amplitudes of the signals are compared
in order to normalize the sensitivity of one detector to the other.
Subsequently, additional foils are placed in front of one detector so
that the signal—amplitudes are increasingly attenuated. The ratio (or
transmission ratio) of the signals, taking into account the normalization
factor, 1is always less than 1.0 and gets smaller with respect to

additional foils.

To estimate the electron temperature of the focus plasma, the
experimental transmission ratios are plotted onto a graph containing the
calculated transmission ratios so that the electron temperatures may be
inferred. Theoretically, the transmission ratio of the X-ray intensities

from two detectors is given by

JE(A,Te) exp(—guaxa - gpbxb)dk

Rt(Te,xb) =
JE(A,Te) exp(-guaxa)dk

where Te is the electron temperature (eV), A the wavelength of the

x-rays (2), X, the thickness of each foil that constitutes the initial



combination and X;, represents that of each additional foil. The mass
absorption coefficients u and ny are obtained from published literature.
The subscripts a and b indicate the type of material for the initial

foils and the subsequent additional foils.

For a fully ionized deuterium focus plasma, only the Bremsstrahlung

emission need be considered so that we have

2
~28 N.N;Zs5

AzTe

E(A,Te) = 1.9x10 exp(~12395/ATe) per unit wavelength‘(x).
Here Ne is the electron density, Ni the ion density and Zi the charge

number of the ion.

Figure 5 contains the theoretical curves for the transmission ratio
Rt(xb) as a function of the additional foil thickness X - The figure
also shows the experimental points of the transmission ratio and these
points show that 1.5 keV < Te < 2.0 keV. It should be noted that for
this range of electron temperatures, the initial foil ccmbination
contains a S5—pm Al-foil. As the thickness of this Al-foil 1s increased
to 40 uym, a higher range of electron temperatures 2.0 keV < Te < 3.5 keV
is measured, as shown in Fig. 6, at the same operating conditions, namely

the discharge voltage and gas pressure.

It appears that there are regions of differing electron temperatures
in the focus plasma. The measurement of electron temperatures by foil
absorption technique is thus able to detect these differing electron
temperatures corresponding to different plasma regions by changing the
thickness of the initial foils; that of the Al foil in this case. One
may thus suggest that, from the above measurements, a range of electron
temperature 1.5 keV < Te < 3.5 keV exists in the focus plasma which

agrees well with the reported values!

Correlation

In each discharge several spikes are always observed from the X-ray
diodes and in order to identify the particular pulse or pulses that
correspond to the X-ray from the focus plasma, time-correlation hetween
these X-ray spikes and the voltage signal is necessary. Figure 7 shows

a single X-ray pulse which coincides with the characteristic voltage




signal. The other pulses that occur (usually 150-200 ns) later are due
to the X-ray emission from the sputtered copper plasma moving away from

the surface of the anode??,

The X-ray pulse which occurs at a time corresponding to the voltage
spike has a FWHM ~ (20 - 30) ns that agrees with those reported3. This
value of FWHM may be taken as the life-time of the X-ray emitting focus
plasma. The life-times of the hot spots inside the more diffused column
are shorter and expected to be 5-10 ns3. These spots were reported to
emit X-rays of higher energies?>3 and may be taken to have higher
electron temperatures. If one accepts the commonly suggested m=0
instabilities!»35%8 as the mechanism that causes the formation of these
hot spots, then this takes place at a later moment of the dense focus

phase.

Thus it would appear that the observed differing regions of differing
temperatures also may occur at different times in the evolution of the

focus plasma.

Discussion and Conclusion

The formation of hot spots in the deuterium focus, is also and more
distinctly observed in the argon focus. The array of highly localised
spots on the Z-axis (Fig. 3) supports the suggestions of m=0
instabilities!»3,18  There were, however, other reports?-> that these
spots could form considerably off the Z-axis and had thus led to the

suggestion of the non—symmetrical force-free structurest

or of m=l
instabilities. It appears that more effort, both experimental and
theoretical, is required to achieve better understanding of the formation

of the X-ray structures.

It should be noted that the X-ray pinhole photo is time-integrated.
Differing degrees of illumination on these photo by the X-rays may be
taken to indicate regions of plasmas of differing electron temperatures.
This may be evident in the different ranges of electron temperatures
measured by the foil-absorption technique. Furthermore, the shift of
the experimental points (the transmission ratio), with respect to foil-
thickness, toward higher energy curves in Fig. 6 clearly indicates the
existence of a range of electron temperature. One may think of differing

regions of plasma with their electron temperatures overlapping each



other. However, X-rays of higher energies are associated with the hot
spots which are formed towards the later moments of the dense focus
plasma. The upper limit of the measured range of electron temperatures
may then be referred to the hot spots and the lower 1imit to the more
diffused plasma column formed after the radial pinch phaseZl. It appears
that the temporal evolution of parts of the focus plasma into hot spots

could have contributed strongly to the measured range of electron

temperatures.
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Figure 2 X-ray pinhole photograph of deuterium focus.
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Figure 3 X-ray pinhole photograph of argon focus.
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Figure

Foil-absorption technique using two PIN diode
detectors.
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Figure 7
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Time-correlation between X-ray signal and
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PULSED PLASMA X-RAY SOURCES FOR APPLICATIONS IN
LITHOGRAPHY AND MICROSCOPY

C.S.Wong, S.P.Moo, S.Lee and S.H. Saw
Plasma Research Laboratory
Physics Department
University of Malaya
58100 Kuala Lumpur

MALAYSIA
Abstract
Recently, there has been much interest 1in developing

pulsed plasma devices as x-ray sources for applications in
. lithograrhy and microscopy. In this paper, we survey the x—ray
emission properties of two plasma devices, namely the plasnma

focus and the vacuum spark and consider their potential as pulsed

soft x-ray sources.

A
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1. Introduction

The use of x-ray lithography for the fabrication of
submicron devices has already been shown® to be well justified as
compared to conventional optical lithography, both from the point
of view of cost effectiveness as well as quality. Three main
categories of x-ray sources are being considered currently for
applications in x-ray lithography and microscopy. These are:
(1) the conventional electron beam-target systems; (2) the
storage ring systems (Synchrotron); and (3) the pulsed plasma
systems. Of these, the first two categories of devices have
already been successfully employed in the production of working
integrated circuits2 apd alsoc in contact microscopy of biological
specimena. On the other hand, the pulsed plasma x-ray sources,
.although still in the development stage, offer several advantages
over the other two categories of xX~ray sources. These include
compactness; low cost; simple operation and high x-ray flux. In
fact, the feasibility in using the gas-puff z—pinch4 and the
plasma focus~ for x-ray lithography has been demonstrated
recently.

In this paper, we give a survey of the x-ray emission
characteristics of two plasma focus devices - the UMDPFIG at
University of Malaya; and the DPF78 at the Institut fur
Plasmaforschung (FRG)7. For the reason of compactness, the cost
effective UNU/ICTP Plasma Fusion FacilityB is proposed to be
modified for operation as a pulsed =x~ray source for XxX-ray
lithography and microscopy studilies in this laboratory.

Recently, it has been demonstrated that the laser initiated
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vacuum spark device can be optimised as a reproducible x—ray’
source . In view of the extremely high x-ray flux produced in
this device, the possibility of developing it as an alternative
pulsed x-ray source for application in x-ray lithography and

microscopy will also be considered here.

2. The plasma focus

Conventionally, the plasma focus is operated with deuterium
as the working gas for fusion neutron production. X-ray emission
from such a plasma is contributed mainly ‘by the free-free
(Bremsstrahlung) continuum. For a deuterium plasma at a nominal
electron temperature of 1 keV, the Bremsstrahlung emission
spectrum peaks at A = 6.24& . Such an %x-ray source is found not
suitable for application in x-ray lithography and microscopy due
to its low flux and broad emission spectrum.

For the purpose of producing characteristic line radiations

in the x-ray region, the plasma focus must be operated with high

Z gases such as argon, krypton and neon. The focussed plasmas
produced in these gdases are found to emit strongly the
hydrogen—like and helium-like line radiations. For example, the

emission spectrum of an argon plasma focus is expecteéd to consist
of strong line radiatons at wavelengths of around. 4 A
superimposed onto a relatively low background of free-free and
free-bound continuum. Similarly, a krypton plasma focus is
expected to emit characteristic line radiations in the wavelength

range of 6 to 8 A,

The x-ray emission from the UMDPF1 plasma focus operated at
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.12 kV, 4.3 kJ with pure argon as the working gas has Dbeen
investigated recently 1in this laboratoryd. The electron
temperature of the plasma is determined by the X-ray
foil-absorption technigue to be in the range of 4 to 5 keV. Thus
the expected continuum x-ray emission spectrum has its maximum at
wavelength of 1.2 to 1.5 A, with prominent lines at around 4 A,
The structure of the x-ray emission regions has been observed
using an x-ray pinhole camera, showing the existence of highly
localised regions of intense x~ray emission.

In a similar experiment performed on the DPF78 plasma focus

device (80 kV, 28 kJ) operated with an admixture of Hz—Ar as the

working gas7, intense x-ray spots are alsc observed. The x-ray
emitted from these hotspots have been measuredio to consist
predominantly of the argon K-shell emissions. Although the x-ray
spots are frequently observed along the axis of the focus tube,
their axial positions may vary from shot-to~-shot over a distance
of more than 3 cm.

It should be pointed out that both the UMDPF1l and the DPF78
are not optimised with respect to their x-ray emission. Their
physical designs are also by nc means compact. In comparison, the
cost effective UNU/ICTP Plasma Fusion FacilityB which .is a small
plasma focus powered by a single 15 kV, 30 uF Maxwell capacitor,
is ideal to be developed into a pulse x-ray source. It has Dbeen
shown in a plasma focus device of similar size that5 X~ray
conversion efficiency of as high as 3.7% can be achieved with
appropriate optimization procedures. A program to develop the

UNU/ICTP PFF plasma focus into a pulsed x-ray source for
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applications in lithography and microscopy is now underway.

3. The. vacuum spark

The vacuum spark is an extremely simple pulsed plasma device
which is capable of producing intense bursts of soft and hard
x-rays. With reference to Fig. 1, its operation can be described
as follows: A pair of electrodes, embedded in a' low pressure
chamber (P < 10‘5), is connected in parallel to a capacitor bank
which is charged to a high voltage, say 20 kV. Breakdown 1is
initially prohibited by the low pressure. Discharge can be
triggered either by a sliding spark between the cathode and a
third electrodeu(Fig.la); or by using a high power ruby laser™
(Fig.1b). In both cases, a puff of weakly ionized vapour of the
anode material is injected into the interelectrode space either
by electron beam bombardment or laser vaporisation of the anode
tip. The plasma thus produced consists of +the high Z eanode
material such as Mo, Fe, Ni etc., and it may be heated to an
electron temperature of 4 to 10 keV'Z. The x-ray emitted from a
vacuum spark plasma then consists of predominantly the hard
components, with the peak of the continuum occcuring at wavelength
in the range of 1 to 3 A. For a molybdenum vacuum spark plasma,
line radiation of wavelength as short as 0.7 A (Mo—Ka)v may be
detected, although the softer Mo L-shell emission at A = 5.4 & is
also present. The presence of the hard x-ray component may
impose some difficulties in using the vacuum spark as an x-ray
source for application 1n lithography and microscopy.

In order to produce x-ray line radiation at longer



wavelengths, lower Z materials such as carbon and silicon may be
used for the anode material. Plasmas produced with these anode
materials are expected to emit line radiations at wavelengths of
45 A for carbon and 7 & for silicon.

Alternatively,b the wvacuum spark can be operated at a
higher pressure of 1077 or 1072 torr. In this case, an exﬁernal
switch is necessary, and gases such as argon, krypton and neon
can be used as the working gas instead of air. This arrangement
also enables the wavelength range of the x-ray emission to be
extended to the softer region. In this mode of operation, the
discharge may be more appropriately called a low pressure spark
discharge. Its discharde mechanism is expected to differ from
that of a conventional vacuum spark.

X-ray pinhole imaging of the vacuum spark plasma exhibits
similar hot spot features“Az as in the plasma focus. An
estimate of the x-ray enerdy from the PIN diode measurements of

the x-ray spots shows that each of these spots may emit up to

250 mJ into 4n. Some typical x-ray pinhole 1images of a
laser-initiated, 20 kV, 4.4 kJ vacuum spark device with
stainless steel anode'” are shown in Fig. 2. For this particular

vacuum spark system, its system parameters such as the discharge
voltage and the inter—-electrode spacing have been optimised so
that the x-ray spots are observed consistently. It can be seen
from Fig.2 that the x-ray spots are formed within the space
between the electrodes, but both its axial and radial positions
are found to vary from shot-to-shot This may severely affect the

performance of the vacuum spark as a x-ray source.
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4. Conciusion

We have given a brief survey on some of the X-ray emission

properties of two pulsed plasma devices, namely the plasma  focus

and the wvacuum spark. In general, in view of their ability td m;

produce intense x-ray pulses of specific wavelength consistentlyf
:

and the possibility of building compact systems, these devicéé
have great potential to be developed as pulsed x-ray sources foﬁ“
applications in lithography and microscopy. However, there aré E€

several obstacles to be overcome before they become commercially
viable pulsed x-ray sources. One of the most serious shortconmings

is the spatial uncertainty of the x-ray emitting regions in these

devices. Much work is still needed in this direction.
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Figure captions

Fig. 1. Schematiecs of the vacuum spark device. (a}8liding spark

triggered; and (b) Laser trigdered.

Fig. 2. X-ray pinhole images of some typical vacuum spark

discharges.
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SHARING OF FUSION RELATED TECHNOLOGY
AMONG DEVELOPING COUNTRIES

S. Lee
Physics Department
University of Malaya
59100 Kuala Lumpur
Malaysia

ABSTRACT

A program to initiate experimental plasma physics in developing countries
has been started as a definite step for technology sharing. Cost effectiveness
of several devices has been carefully considered from the viewpoint of physical
mechanisms and existing technology. From this consideration emerges the
plasma focus which whilst requiring no extraordinary technology yet could be
packaged into a comprehensive facility for training in plasma production,
plasma dynamics, plasma diagnostics and measurement of plasma x-rays, REB and
fusion neutrons, with a very wide scope for the establishment of indigeneous
training and research. It is shown that the simplicity of the approach is
no barrier to the richness of plasma phenomena. Indeed the simplicity allows
a clear comparison of pinch devices and, for example, enables two crucial
limitations of existing plasma focus devices to be singled out, the overcoming
of which could result in a many-fold jump in neutron yield. Hence the need
for basic studies of these limitations. These and other studies could just
as well be made on small devices. The UNU Training Programme resulted from
the above consideration and evolved around the UNU/ICTP PFF, a small plasma
focus with interesting physics and cost-effective technology. The extension
of future training programmes to cover other important devices, for example,
of the FRC type such as the Rotamak could widen the scope of this sharing of

plasma and fusion technology.

Invited review paper prepared for presentation at the Energy Independence
Conference Fusion Energy and Plasma Physics, 17-21 August 1987 at Rio de
Janeiro, Brazil.

"Fusion Energy and Plasma Physics" Ed. P.H. Sakanaka
dorld Scientific Publishing Co. (1988)
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INTRODUCTION

Plasma physics has attained considerable importance in its present
applications and also with its potential application associated with fusion
energy . Considerable effort, for example the Plasma Physics Colleges
organised by the ICTP Trieste, has been expended to provide plasma physics
education at an international level aimed towards stimulating the study of

2

plasma physics even in developing countries This worthwhile educational
effort encounters considerable difficulties at the experimental level particu-
larly from the equipment point of view. Many scientists from smaller
developing countries have been trained in postgraduate plasma physics
programmes in developed countries or have carried out periods of research in
such experimental facilities. On their return to their home institutions
they face the daunting challenge of building up some simple, yet effective

research facilities to provide continuity in their experimental research

experience and also to train their students.

There is not even a clear idea as to which experiment could be usefully
developed although low cost, cost effectiveness, simplicity and good educational
value combined with a large variety of plasma phenomena amenable to study by
simple diagnostics should be among the factors.to be considered in relation to
devices for developing countries. Thus the glow discharge has often been
suggested as a suitable plasma for study in a developing country. The glow
discharge has several applications, for example deposition and sputtering of
thin films, and can also be used as a medium for the experimental study of
plasma waves. It serves as a good starting point to develop plasma jets and
arcs which may be used as plasma torches or heaters for industrial and

metallurgical applications or for applications in MHD power generation.

To move upwards in temperature so that one may aspire to study the fusion
aspects of plasma physics one may consider building an electromagnetic shock
tube to study shock heating or a linear z-pinch for the study of imploding
shocks and magnetic compressions. These are 'classical' devices with well-
known technology and the z-pinch even in the low cost scaled-down form
necessary for this educational exercise could produce a plasma of sufficient
density and temperature to be of interest even though no measurable nuclear
fusion may be expected. The plasma focus goes one stage better. It is an
excellent device for teaching plasma dynamics and thermodynamics besides being
a rich source for a variety of plasma phenomena including soft x-Tays and
plasma nuclear fusion. The plasma focus is superior to both the electro-
magnetic shock tube and the linear z-pinch in its range of plasma parameters,
combining as it does the essential mechanisms of the devices in such a properly

sequenced manner that all the features of both devices, and many more, are
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produced in one single simple low cost device, when properly designed.

As a result of informal discussions among participants from developing
countries at the 1983 Plasma Physics College at the ICTP it was decided to
develop the plasma focus as one of the educational devices for the initiation
of experimental plasma and fusion research in the smaller developing countries
as an effort to develop and share fusion related technology among ourselvess.
This project received support from the United Nations University whose Rector
Dr. Soedjatmoko added a further dimension when he stated in a communication:

"We at the (UNU) have strong reasons to believe that plasma physics will
be one of the major technologies of the future in developing as well as
industrialised countries. We find great merit in ... argument that
developing countries should begin now to experiment with and develop
modest plasma systems in order to acquire practical knowledge and skills
to better employ technologies based on plasma physics once major break-
throughs permit the utilization ... for the production of energy as well

as for other applications."

COST EFFECTIVE PHYSICS

In order to implement a project whereby a developing country may produce
a suitable package for sharing technology with other developing countries with
the aim of initiating experimental plasma research it is necessary to consider
the cost effectiveness of the device to be chosen. Does it produce a rich
variety of plasma phenomena? Does it require an expensive vacuum system?
Can its power supplies, control electronics and basic diagnostics be packaged
at reasonable cost? What physical mechanisms operate to make the chosen
device perform better at lower packaging cost than other devices? Can we
understand and model the design and performance of the device so that we may
effectively do research on it? What are the areas of research and potential

applications of the device?

From the point of view of the production of a plasma with conditions
of density and temperature sufficient for plasma fusion studies at an affordable
cost there is little doubt that the class of fast magnetic compression devices
known generally as the pinch, including the linear z-pinch, the superfast pinch,
the gas-puff pinch and the plasma focus offers the best potential. We have
considered this class of device and found that the plasma focus is most cost
effective having the same power supply, control electronics and basic diagnostic
requirements as the simple z-pinch and a much cheaper vacuum system with only
rotary pump requirement, yet producing more intense plasma phenomena including
copious x-rays, relativistic electron beam (REB) and fusion neutrons, all in

one small easily packaged facility. What is the physics behind this cost

effectiveness?

-~
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COST EFFECTIVENESS OF VARIOUS TYPES OF PINCHES

We first rTecall that the neutron yield Y from a plasma fusion source is:

Y

%~n2 <gv> (volume) (time) (1)

We note that Y is proportional to the square of n, the number density of the
fusion fuel. We also note that starting from temperatures below 1 keV as one
struggles to heat a plasma up towards a few keV, the effective cross section

<ov> for a thermalised deuterium plasma rises very rapidly with fuel temperature T.
For example between 1 to 2 keV <ov> for the D-D fusion reaction goes up by a
factor of 25! - and between 2 to 5 keV, another factor of 30!. Thus the neutron
yield is very sensitive to temperature. It is also proportional to the square

of density.

In the pinch a large electric current is discharged from a capacitor bank
through a gas between two electrodes (see Fig. 1). The current rises rapidly
and due to the skin effect and wall conditions, electric breakdown first occurs
across the glass wall of the container, forming a sheath of current along the
glass wall. The electromagnetic J x B force in such a geometTy acts radially
inwards at every point of the current sheath so that, if the current is large
enough, the current sheath and the heated gas (plasma) it entrains implode

supersonically to form a hot dense columnaround the axis of the device.

The condition of balance between the hydrostatic pressure of the hot plasma

and the constricting magnetic pressure gives the equation for the plasma tem-

perature as:
5

u I
0
T = 3w (2)
where N = Trnr2 is the line density (particles mul) of the pinch. From this

equation it would appear that since the temperature T depends on 12 any temperature
can be reached simply by increasing I to a sufficient value. However a pinch

is essentially a dynamic device. The formation of the column has to occur in

a time matched to the risetime of the current pulse, otherwise essentially the
column is no longer there to obey the pressure balance equation when the current
has risen to its peak value. Because of the dynamic nature of the problem the
final temperature reached depends also on the implosion speed of the front of

the plasma layer, which takes the form of a strong shock front. For deuterium

the temperature dependence has the form:
T =2.3% 107 (shock speed)2 (3)

Because of the dynamic nature of the problem it is essential for optimum
use of the capacitor energy for the imploding shock wave to reach the axis at

about the time of peak current. Now a typical well-designed capacitor bank
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for a pinch (say 20 kV, 60 uF, low inductance) has a current risetime of about
3 us. In general it is difficult (and expensive) to design a capacitor bank of
this conventional type for a much shorter risetime, and the bigger the bank

capacity the longer tends to be the risetime.

So we consider a typical current risetime of 3 us. A typical implosion
speed cannot be much less than 10 cm/us. At this speed the shock temperature
in deuterium is 2 x 105 K; any slower and it is doubtful whether the magnetic
'piston' would be clearly formed. Even at this slow speed a radius of 30 cm
for the pinch tube is required in order to match the current risetime. Now

the imploding magnetic pressure is

P = 4

and with such a large pinch tube radius it is difficult to get enough magnetic
pressure in the early stages of the implosion to start a clean compression
unless the gas pressure is low. Thus a conventional pinch is limited by a
(slow) current risetime of 3 us, so that the pinch has to be operated with a
large radius and hence low initial density. Moreover the speed (and hence

temperature) becomes limited because of time-matching consideration.

What about the compressed density? We may apply a lossless energybalance
theory4 and allowing for a reflected shock overpressure show that the radius
ratio Km (final radius rm/initial radius ro) is defined in a cylindrical super-

sonic pinch by the equation:

1 =
K

K
2 2(Ym_l) m 12 £ dk (5)
m f I

mm

1

where Kk, 1 and £ are the normalised, generally time dependent radius, current
and length of the pinch, the subscript m refers to the quantity at the moment
of peak compression, vy is the specific heat ratio and fm is the reflected shock
overpressure factor at the moment the shock reflected from the axis hits the
pinching current sheath, ending the pinch compression. This equation gives us
the following useful information:
(a) Kn (and hence the compressed density ratio I' = Km—2) does not depend on
the absolute magnitude of the current or the absolute length of the pinch.
(b) Kn (hence T) depends on ch time function of the currentS and length.
(c) Kn (hence T) depends on Yo and fm. The smaller is Y the smaller is Ko
and the larger is T. As Yo approaches the lower limiting value of 1, Ko
approaches zero and T tends to infinity. The large is fm’ the smaller is

Kn and the larger is T. The value of f for a reflected shock on-axis,

~ . . 7
i.e. just after reflection is f = 4 for cylindrical geometry . As the
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reflected shock travels out from the axis we may expect f to decrease
towards a limiting value of 1.
For example for a constant current pinch with constant length, with
Y = 5/3 and fm = 1.6, eqn. (5) gives K= 0.301 and hence a density compression
ratio of T = 11. The corresponding figures for the deuterium plasma focus
are estimated to be Ko = 0.14 and T = 50. These values are independent of the
magnitude of the plasma current. This limitation of the ability to compress
is a serious one and implies that the performance of the pinch as a radiation

source depends on its initial density.

There are several concepts to overcome this limitation. The gas-embedded
axis-initiated z-pinch uses a laser to start a pinch discharge on-axis thus
obviating the problem of matching the electrical risetime to the pinch collapse
time and allowing the formation of a very small radius pinch (sub mm fadius) in
a very dense plasma (initial density up to several atmospheres). The device
is however plagued with problems of instabilityg. The hollow pinch uses a
controlled gas jetg’22 to form a thin plasma sheath which is then pinched into
a vacuum. Using argon, krypton or xenon, the sheath does not thicken very
much during the implosion because these gases are in the 'freely ionizing'
regime6 with a y value having a small value of the order of 1.1. Because of
the short distance between the imploding shock front and the magnetic piston
the reflected shock from the axis hits the piston after a much shorter distance
than that compared with a conventional pinch. The value of fm is hence closer
to 4 than in a conventional pinch with its thicker plasma sheath. Thus the
hollow-pinch has a reduced Ko and has been operated successfully in the heavier
gases, particularly krypton and xenon, for the production of x-rays for
x-ray lithography and microscopy. However from the technical point of view
the hollow pinch requires the additional development of a rather precise gas
valve system. It is also not known to operate well in deuterium, probably
because the collapsing deuterium sheath thickens as its y goes to 5/3 once the

sheath reaches a speed of the order of 10 cm/us.

Ultra high power pinches have also been operated with pulse forming lines
to reduce current Tisetimes so that the pinch may be operated at smaller radius,
hence higher denSityls. This high power approach adds more complex and

expensive technology.

On the other hand the plasma focus uses a very simple principle to overcome
the time mismatch. Essentially it allows a conventional (slow risetime of
3 us or more) capacitor bank to drive a very fast pinch (typically 1 cm radius
in 50 ns) at a sufficiently high density and a large current during the time of
pinch. Thus at low cost plasma conditions may be achieved which are more

intense than that produced even in high-cost pinches.
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The plasma focus uses a conventional capacitor bank to drive a device
which has two sections:- the first section is a coaxial electromagnetic shock
tube whose length is matched to the capacitor risetime. The rising capacitor
current drives a shock wave axially down the shock tube at a suitable speed
until the shock wave reaches the end of the tube at peak current. Then by the
geometry of the device (see Fig. 2) the axial drive phase is simply converted

to a radial compression or pinch phase.

The pinch phase is very intense (see Eqns. 2 and 4) because it starts at
a very large current (typically 500 kA) and at a relativély small radius
(typically 1 cm). Thus the operating pressure may be relatively high (10 torr
in D2 for a plasma focus against 0.1 torr or less for a pinch). The increased
density and temperature more than compensates for the reduced volume in terms

of the neutron yield Y as given in Egn. (1).

Having seen from the basic physics mechanism that the plasmafocus 1is
capable of high levels of performance without special technological development
the next step in the development of an educational package is to consider the

modelling and design of a practical device.

COST EFFECTIVE DESIGN OF A PLASMA" FOCUS

Design of the plasma focus may be based on a dynamic model10 (see Fig. 3)
which considers the focus dynamics in two separate phases - the axial run-down
(shock tube) phase which crucially delays the radial focus, or pinch phase until
the plasma current has reached its peak value. The first design point is

therefore to have:

=t exp (6)
where o
t_ = “—t (7N
T 4 "o
with
t = /L C (8)
o o o
and
t ~ 2t (9
a exp a
where 1 1
2 2z p*
_ (c™-1) 0o 10
ty=2m ulnc (Io/a) (10)

Equation (10) comes from the equation of motion of the axial phase and

equation (9) from an analysis of the trajectory.

Here t. is the current rise time and t exp is the transit time of the
plasma layer for the axial phase. The quantities t_ and ta are characteristic

10 . .
times of the axial phase according to the model™ . Here L 1s the inductance
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of the capacitor Co together with all connections up to the plasma section of
the focus tube, c = b/a, 'a' and 'b' are respectively the inner and outer radii
of the focus tube, 2 its length, Py the ambient gas density, u the

permeability of the plasma (same as the permeability of free space) and
1
= z
I, =V /(L,/C) (11)
where Vo is the initial voltage on the capacitor.

The second design point involves the characteristic 'pinching' time of

the plasma focus phase. This may be shown from the equations of motion of

the radial phase to be
1
2
4 P

=7 T 2 5 (12)
UZ('Y+1)2 (Io/a)

P

where Y is the specific heat ratio of the plasma. From this expression of t
it is noted that the ratio of the characteristic axial transit time to

characteristic focus time 1is

1 1
fa 1)t (Pen?
oo 2 (nc)?

(13)
where F = /. .
a

A crucial factor in the operation of the Mathers plasma focus is that the
axial phase occurs over a relatively long period ta exp enabling the build up
of capacitor current. The pinch phase then occurs over a relatively short
period tp' During this time tp approximately 10 - 20% of the intially stored
energy is transferred to the pinch plasma in approximately 2% of the current
rise time. This results in a power enhancement factor during the pinching
phase which is crucial to the proper operation of the plasma focus. It is

important then that the ratio ta/tp be of the order of 30 - 50 for the Mathers

focus.

The third point to be considered in the design is that there are limits10
of speed and pressure in the operation of the plasma focus. In deuterium for
good focussing and consistent neutron yield, the axial speed just before
focussing should be between the limits 6 - 10 cem/us; the lower limit being the
minimum speed required for a good snow-plowing action in the axial phase and

the higher 1limit being imposed by restrikinglo’11

of the discharge at the back-
wall or in the shock tube section. The limits of test gas pressure appears
to be between 0.5 torr to 20 torr for deuterium; the lower limit apparently

governed by re-striking; the upper limit by current filamentationlz.

The design of a plasma focus may take as a starting point the availability,

or choice, of a capacitor bank. For the present exercise from the point of view
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of economy and cost-effectiveness a single Maxwell capacitor rated at CO = 30 uF,
VO = 15 kV with an equivalent series inductance, ESL, of less than 40 nH was
selected. A parallel-plate geometry was selected for the capacitor connections
and the switch, with coaxial cables being used to conmect to the plasma focus
input flanges. The value of LO was estimated at 110 nH. Having fixed Cs and
Lo Eqs. (8) and (7) give a value of t. of 2.9 us. Eq. (11) yields Io = 248 KA.
The time matching condition of Eq. (6) fixes t exp at 2.9 us. The value of

z, was then chosen at 16 cm to give an average axial speed of 5.5 cm/Us or a
peak axial Speedlo of ~ 9 cm/us just before the focus phase. This axial speed

is expected to be suitable for a good focussing action in deuterium.

The value of I is considerably smaller than most operational plasma focus
machines which typlcally have I of the order of 500 kA or more. Observing
from Eq. (10) that the axial speed is ~ 1 /(a(c2—1) Py ) and from Eq. (12) that
the radial speed 1s ~ IO/(a Py ) it 1is noted that a reductlon in I may be
compensated in the first instance by a reduction in 'a’ in order to maintain
the axial speed within the speed limit indicated earlier. Thus we design for
a=9.5mm and b = 32 mm which are smaller than typical values of most
operational plasma focus devices. Moreover the value of % ~ 3.4, in this case,

is near optimum. It is also npted that the value ta/tp x 40 for this design.

Having fixed the values of Io’ 25 b and a and tr it remains to fix the
value of p_ from Eq. (10). This gives p_ = 0.21 X 1072 kgm °. This is the
density of deuterium at 0.9 torr, which is within the pressure limits for

deuterium focus operation as mentioned earlier.

The above design parameters have been subjected to a computation using a
dynamic model10 in which the axial trajectory 1is computed using a snow-plow
model and the radial dynamics 1s traced using a generalized slug-model which
considers a pinching plasma of increasing length with the plasma layer lying
between a shock front at position T and magnetic piston at position r_ (see
Fig. 3). This model has the advantage of giving a realistic final pinch radius
ratio. Using the design parameters for the present device, the scaling

parameters for the generalised slug model are:

% La
a = = 1.26, and B = T 0.36,
a o
where La = maximum inductance of axial phase = zo(u/ZnJRnc. Also
t

_a _ - B
a, = tp = 40.4, and Bl = T 0.294

vl

The other parameters used for the model are c = 3.37, F = 16.84 and v =

(for fully ionised deuterium).
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The computation indicates a strong focus with a large focussing voltage
spike. The parameter o was varied between 0.7 to 1.5 (corresponding to
pressure range of 0.5 torr to 2 torr) and the computation repeated at each «.
Good focussing was indicated over this range of pressure. These computation
results add confidence to the design of the plasma focus. However it has
been found that machine effects such as current and mass sheddinglo, reduced
channel size due to boundary effects and current re«strike11 which are not
included in the dynamic model may alter the actual performance of the plasma
focus. It is therefore to be expected that in actual operation the focus may

need to be tuned by a variation of the five parameters Vo, p Zo’ a and b.

o)
If the design is not too far from optimum, operation over a range of p, may be

sufficient to establish a regime of good focus.

THE EXPERIMENTAL FACILITY

The experimental facility designed from the above physical model is shown
in Figs. 4, 5 and 6. Fig. 4 shows the plasma focus circuit using a swinging-
cascade spark gap switch triggered via a TV transformer. Fig. 5 shows the
parallel-plate spark gap arranged in a low-inductance configuration on top of
the capacitor with 16 output coaxial cables (No. 18 in Figs. 5 and 6) which
connect the spark gap output to the plasma focus input flange as shown in
Fig. 6. The plasma chamber (No. 32) consists of a 30 cm length of 63 inch
mild steel tubing and the required vacuum is provided by a small single stage
rotary pump with ultimate base pressure of 0.01 torr. The design of the focus
tube electrodes has several important features13 particularly regarding the
mounting of the backwall glass insulator (No. 30}. Diagnostics are also

indicated in Fig. 6.

RESULTS

The system was tested between 13-15 kV in various gases including air,
argon, hydrogen and deuterium. The strength of the focussing action is gauged
from the current dip and voltage spike. (Current is measured using a Rogowskil
coil and voltage using a voltage divider.) Figure 7a shows an oscillogram
of the current and voltage waveforms of the plasma focus in 0.5 torr of air,
with focussing action about 1 us after peak current. Figure 7b shows a
deuterium focus, at 13 kv, 2.5 torr with focussing action occurring at peak
current. The deuterium focus shows signs of a secondary focus occurring some
0.4 us after the first voltage spike. The occurrence of definite clean
dynamics in the axial region preceding the focus region is confirmed by
magnetic probe measurements. Figure 7c shows the output of magnetic probe
(lower trace) placed at z = 10.2 cm (i.e. in the axial drive region 10.2 cm

from the backwall) in a discharge of 15 kV, 3.5 torr of deuterium.
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From this oscillogram and in comparison with the current oscillogram (upper
trace) it is found that the current sheath arrives at z = 10.2 cm 0.6 us
before focussing occurs off the end of the anode at z = 16 cm giving a speed
of 9.7 cm/us (corresponding, from shock theory, to a temperature ~ 2 X 10S K)
over this section (z = 10.2 cm to z = 16 cm) of the axial drive region. From
the rise time (10% to 90%) of the magnetic signal and the speed this gives a
current sheath thickness of Zcm. The thickness and speed of this current

sheath in the axial phase is typical of that in a good plasma focus system.

In dueterium when operated at 15 kV and optimum pressure conditions of
3 torr consistent counts of 1000-2000 are obtained using the PM-scintillator

counter. This corresponds to 0.5 - 1 X 108 neutrons per shot.

The system shows remarkably consistent and reproducible operation.
For the purpose of a training programme sponsored by the UNU, six systems were
assembled one after the other and tested over a period of two months. Each
system (designated as the UNU/ICTP PFF) was assembled and tested over a period
of one week averaging between 100-200 shots in the various gases. Once a
system has been established to be operating normally, that is without undue
leakage and after an initial period of out-gassing involving some three to
five discharges, proper focussing is achieved for better than 95% of the
discharges, apart from those discharges deliberately operated outside the

established suitable pressure range for the gas used.

THE UNU TRAINING PROGRAMME ON PLASMA AND LASER TECHNOLOGY

Based on the above detailed consideration of the plasma focus the UNU
Training Programme (also sponsored by the ICTP) was conducted in Kuala Lumpur
by the Plasma Physics Research Group and the Laser Physics Research Group of
the University of Malaya (UM) from October 1985 to April 1986. The following
summarises the Training Programme:

Aim:

To initiate experimental plasma/laser research in several developing

countries.
Method:

By transfer of a comprehensive integrated package of expertise plus

basic components and equipment - sufficient to enable the UNU Fellow

to build and operate, and do measurements on, a basic plasma/laser
facility back at his home institution.

Package for
transfer:

electrodes
vacuum chamber
pulsed control switching electronics
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power supplies

high power discharge systems

diagnostic systems

design, testing and research procedures
computational packages for microcomputer
modelling of circuit and plasma dynamics

Programme:
October to December 1985 - Lectures and experiments on existing devices
in the UM laboratories including pulsed electronic modules, power supplies,
glow discharge, electromagnetic shock tubes (EMST), plasma focus,
computation packages on circuit and plasma dynamics; and various lasers;
system planning, design, construction and development of all sub-systems

for each facility chosen by the individual Fellow.

December 1985 - February 1986 - development, assembly and testing of

each set of facility; research work on the various devices.

March 1986 - reports and further planning;
preparation for shipment of equipment;
writing of research papersls’14
presentation of some research results to the
Second Tropical College on Applied Physics14
Fellows:
Eight UNU Fellows from Egypt (1), India (1), Indonesia (3),
Pakistan (1), Nigeria (1), and Sierra Leone (1).
Sponsorship:
UNU for Fellowships and institutional support
ICTP for equipment grant for UNU Fellows
University of Malaya for facilities
Malaysian Institute of Physics for organisation.

Research Transfer for 1985/86 Programme

UNU/ICTP EMST N2
. . Glow
Plasma Fusion High Speed Laser Discharge

Facility Flow Simulator System g
Egypt 1 1
India 1
Indonesia 1 1 1
Pakistan 1
Nigeria 1 1
Sierra Leone 1 1
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Progress on return home

A year after the equipment were received by the UNU Fellows back at their
respective home institutions their progress may be summarised as follows.
The plasma focus facility is now operational at Al-Azher University, Cairo
(Dr. M.A.A. Eissa). It has been redesigned and modified and a facility each
is operational at the Yogyakarta Nuclear Research Centre (PPNY) (Suryadi
and W. Usada) and at Qaid-I-Azam University, Islamabad (M. Zakaullah).
Resulting from the UNU training, Qaid-I-Azam University is also planning
several other plasma devices including a 16 kJ plasma focus. Dr. A.V. Gholap
(River State University of Science and Technology, Port Harcourt) and
Dr. A.J. Smith (Njala University College, Sierra Leone) have each one M.Sc.
student completing thesis work on the nitrogen laser and planning to proceed
to Ph.D. research on the UNU/ICTP PFF which is marginally operational at each
of these two institutions because of very difficult technical conditions.
A nitrogen laser is also operational at Sri Pratap College, Srinagar
(Dr. S. Sapru). S. Mulyodrono (National Space and Aeronautics Agency, Jakarta)
has started on a Ph.D. programme on hypersonic flow simulation and em propulsion
using the EMST as the basic facility. M. Zakaullah is also using the
UNU/ICTP PFF as the basic facility in pursuing the first experimental plasma
physics Ph.D. programme in Pakistan. Four Fellows have been awarded TWAS

research grants.

SECOND UNU/ICTP TRAINING PROGRAMME

This is scheduled for a period of six months to start at the end of 1987.

WHAT CAN BE DONE WITH THIS FUSION FACILITY

For the plasma focus, the concept of technology sharing has already been
demonstrated by the UNU Training Programme. It may be pertinent to try to
advance the ideas by asking what can be done with the UNU/ICTP PFF.

CHARACTERISTICS

To discuss this we first summarise the characteristics of the UNU/ICTP
PLASMA FUSION FACILITY:

Capacitor voltage VO 15 kV

- Capacitance CO 30 uF
Stored energy E 3.3 kJ
Inductance LO 110 nH
Inner radius a 0.95 cm
Outer radius b 3.2 cm
Length Z4 16 cm
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Characteristic current IO
Peak current

Current risetime

Average axial shock speed
Peak axial shock speed
Average radial shock speed
Peak radial shock speed

Neutron yield (at 3 torr D,)

Types of plasmas (strongly focussed) :

Deuterium 1 -5
Hydrogen 1.1 -
Helium 0.7 -
Argon 0.3 -
Air 0.5 -

Carbon dioxide range

767

250 kA
160 kA
3 us
6 cm/us
10 cm/us
12 cm/us
~ 25 cm/us
Y 108 per discharge

torr

6 torr
3.5 torr
2 torr
1.1 torr

undetermined, but below 1 torr

Copious x-rays are also emitted from these plasmas.

Diagnostics

The simple diagnostics that have been designed for the UNU/ICTP PFF

are now summarised here:
Current measurement
Voltage measurement
Magnetic field

Speed measurement

Measurement of dynamics
and electrodynamics

Neutron measurement

X-ray measurement

Density distribution and
dynamics

Computer packages

Rogowskii coil
Resistive probe, capacitive probe
Magnetic coil

Current probe, voltage probe,
magnetic probe, photodiode

Current probe, voltage probe

and magnetic probe used in
conjunction with circuit and
snow-plow analysis and computation

Activation counter using
Geiger-Mueller tubes; also

time-of-flight method
Pin-hole camera; PIN diodes*

Laser (e.g. Nitrogen laser),*
shadowgraphy and holography

Computation models specifically developed (mainly) for microcomputers

include:

Modified snow-plow model for the axial phase

Generalised slug-model for the radial phase

Energy balance model for estimating the minimum compression radius (gross)

Thermodynamic computations for the specific heat ratios and ionisation
fractions for argon, and the effects of these on the dynamics.”

* During the 1985/86 Training Programme practical training in these sections
were not carried out because of shortage of time.
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The UNU/ICTP PFF BROKEN DOWN INTO SUB-SYSTEMS

To give a better picture of the fusion facility the sub-systems making up
the facility are listed here and shown in Fig. 8:

Focus electrodes and vacuum chamber

rotary pump and gas system

capacitor bank

spark gap and triggering electronics

control and synchronising electronics

high power charger for the capacitor bank

interfacing systems and connections

diagnostics such as current, voltage and magnetic probes,

neutron counter, photo diode, shadowgraphic systems

Training and Research Topics

Having listed the characteristics of the plasma focus, types of plasmas
produced, performance, diagnostics and computation packages and also the
sub-systems making up the fusion facility we shall now summarise the training
and research topics that may be carried out on such a device almost immediately
it is set up by trained staff.

System technology and construction

System characterisation and optimisation

Development of diagnostics

Development of computation-modelling, parametric variation and
optimisation

Plasma dynamics
Neutron measurements23 and neutron scaling, fusion physics
Neutron enhancement by dynamic, thermodynamic and target methods23
Application as pulsed neutron source e.g. for half-life measurement520
X-ray measurement and production
X-ray enhancement and application as source for lithography and microscopy19
Relativistic electron beam (REB) measurement24 and applications
Plasma focus for inertial confinement studies18
Sputtering and deposition of anode materials and special anode insertszl’16
Study of particle accelerating mechanism and application16
Compression enhancement and generation of megaGauss magnetic fie1d522
Several of the topics in this list have hardly been researched upon and may
form extended research programmes. As an example we consider the following
research project.

Example of applications : Enhancement of neutron production from dynamical
consideration

Such a project may be simply posed, yet could have far reaching consequences.

We consider the effect on fusion yield of operational speed and density of the
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plasma focus assuming a uniform compressional model. First we record two

experimental observations:

1. Plasma focus machines, through the whole range of sizes and energies
operate in deuterium with a peak axial speed of 10 cm/us. This speed is
uniform for all devices and apparently cannot be exceeded.

2. Plasma focus machines are operated at as high a pressure as will give a
consistent good neutron yield. For all but the smallest machines, the
initial filling pressure is 10 - 20 torr, and apparently cannot be exceeded.

We consider these two limitations on speed and initial density, the conse-
quential scaling law and the possibility of dramatically improving the scaling
law if these two limitations may be removed. Thus we seek to show that basic
research may be done even on small machines such as the UNU/ICTP PFF to look
into the physical mechanisms causing these limitations with a view to finding

out how to overcome them.

Speed limitation

By considering the theoretical axial and radial trajectories and
experimental observations on current and mass shedding it may be shown that
~ z
for all machines the peak axial speed v~ O/ta and the peak radial speed

~

a
v~ 1.1
p /

tp
Thus ~ 1 1
v t 2,2 z
P - a1 _ 1.1 (y+1)7(c 1)
o 1.1 t F 2%n ¢ (14)
VZ P

For v = 5/3 (fully ionized deuterium) and with ¢ = 2.5 to 3.5 for most
machines, the ratio Gp/sz has a nearly constant value of 2.4. Thus remarkably
for all machines, from 1 kJ to 1 MJ the peak radial collapse speed is the
same, 25 cm/us. This fixes the forward shock temperature on-axis at
(from Eq. (3)) 1.4 X 106 K and the on-axis reflected shock temperature at
2.5 times i1.e. 3.6 X 106 K. Further compression brings the temperature of the
gross plamsa column to just under 1 keV. This appears to apply to the whole

range of plasma focus machines.

Density limitation

For the plasma focus, equation (5) gives the radius ratio for Yo = 5/3
and fm = 1.6 to be k. = 0.14. Thus operating at 10 torr, the gross compressed
density is 5 X 1017 x {G%EJ =3 X 1019 deuterons/c.c. This again applies to

all but the most underpowered machines.

These two observed speed and filling density limitations give the remarkable
fact that all attempts to scale up the plasma focus in energy, for greater
neutron yield, is subject to compressional limits on temperature and density
of respectively about 1 keV and several times 1019/c.c. . How do these

limitations dictate the neutron scaling law?
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Neutron Scaling Law

From Eq. (10) we may show

(NI

Vaxial (Io/a)ooﬁ (15)

Now since Voxial is fixed and Py is fixed for all machines the ratio (Io/a)
is fixed.

Hence a~ IO

But T, ~a since «_ = r./a is fixed

Therefore rmz ~ IO2 (16)

It is further observed and agrees with modelling that the Iength Le of
the focus at maximum compression scales linearly with tat.

Thus lf ~ a ~IO . an

It is also a reasonable assumption, if one may consider the focus as a

uniform column, that the lifetime of the plasma column Tr‘scales' f:,
i

linearly with T hence with a and Io

Thus Te ™ Io R - “(18

Combining equations (16) - (18) we have

2 ~ 4 '
(x 28) T¢~ I (19)

But the plasma current If may be considered to scale linearly with I .

SO we may write

2 ~ 4 2
(r?5e) Ty I {20}

Imposing the temperature and density uniformity for all machines
equation (1) then gives us the neutron yield scaling law as:

Y ~ If“ . (21)

. . 1 .
Noting that the stored capacitor energy E = 5 L Ioz, we have, for machines

with minimised inductance L, the other form of the scaling law:

Yy ~ E? (22)

Improving the scaling

Equations (21) and (22) are indeed the scaling laws observed for plasma
focus machinesl6’17. The way with which we have derived these laws enables
us to see immediately how we may improve the scaling if we could remove the
speed (temperature) and density limitations. Suppose we could operate the
plasma focus at a doubled axial speed. Eq. (14) would then ensure a doubled
radial speed and eq. (3) then suggests a quadrupled plasma temperature to
several keV because of the dependence of <ov> on temperature as discussed

earlier. The value of <ov> and hence Y may then go up by a factor of at least
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several tens giving a gquantum leap to the yield Y. At present it is observed
that at axial speeds above 10 cm/us, the focussing action is erratic and incon-
sistent. Effort should be made to discover the physical mechanism behind this.
For example if it were caused by secondary breakdown along the backwall insulator,
the geometry or material may be improved. The Tequired current density (Io/a)
would be 1.4 MA/cm of radius (for 10 torr operation) compared to the present

700 KA/cm.

Secondly it would be important to operate at higher number density n. An
increase of n by a factor of 10 will require an operating pressure of 100 torr.
The increased figure of 1.4 MA/cm will then be increased further to 4 MA/cm.
Besides the effect on Y, the increase in n is also required to increase the
Lawson product nt. It is hence of importance to find out the physical mechanism

limiting the operational pressure to 20 torr.

Once the 2 limitations may be removed, a reactor scale plasma focus may be
considered, operating at an axial speed of 20 cm/us in 100 torr D-T with focus
current of 20 MA and inner radius of 10 cm. The energy requirement could be

only tens of MJ.

Before such speculations are seriously made however it is important to study
the feasibility of the removal of the speed and density limitations. This study

may be made even in small machines such as the UNU/ICTP PFF.

Widening the sharing

The devices discussed so far - the glow discharge, the e.m. shock tube,
the z-pinch and the plasma focus - cover a range of plasma conditions from a
weakly ionized steady state relatively low temperature plasma to a highly ionized
pulsed plasma undergoing copious nuclear fusion reactions. The packaging of these
devices has proven to be useful. The next step would be to extend the exercise
to the important study of magnetic and plasma configuration of the compact torus
and the FRC type. It has been shown that the spheromak may be generated starting
from a configuration very similar to the plasma focus and that a RFP may be
generated from a theta pinch geometry. It would be useful for a cost analysis
to be performed on these devices with a view to identify which device if any

could be cost-effectively packaged for the purpose of research initiation.

One FRC device appears particularly suitable for such a package. Besides
its potential as a current-drive candidate for fusion reactor schemes the
25,2 .
Rotamak 3526 may be scaled down and assembled as a very cost effective package

for the experimental study of field reversed configurations lasting for a very
reproducible and steady period of tens of millisecond with plasma temperatures

and density of respectively a few eV and lOla/c.c.

In a small Rotamak a steady bias field B_ typically 10G may be set up by
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external coils in a spherical glass vessel, typically 10 cm in radius, defining

1 i ot i 1 3 . . -
a direction 'z'. A rotating field Bm’ typically 5G is set up pointing 1n a
direction normal to the z-axis and rotating around the z-axis in the §-direction

with frequency w. This BUJ field may be set up by two pairs of coils, the axis

of each pair being normal to the z-axis and also normal to each other: Two

RF generators are required typically operating at 1 MHz and each connected to a

pair of coils mentioned above.  The outputs of the RF generators, of the same

amplitude, are arranged to be out of phase by 90°.  The resulting field is a

Provided the Rotamak
frequency condition and the penetration condition are fulfilled the steadlly

constant amplitude field rotating about the z-axis.

rotating B very effectively drives a steady azimuthal current Ie whlcb'W111 in

turn produce a magnetic field in the -z direction if the rotating di

appropriately chosen.

Based on previous Rotamak work at Flinders University of South Aus
it appears that several hundred amperes may be driven causing fieldgfév
for an input RF power of several kilowatt. Whilst engaged in researc 1§
to scale-up his Rotamak devices, Professor I1.R. Jones of Flinders Univéf
also taken steps to develop low cost variable frequency MOSFET—switched:RP
with each module driving several kW at 1 MHz. This development may Wéli
be very important for the eventual packaging of an FRC device for educatlan‘
purposes for the developing countries, resulting in the further sharing of p
technology. (As this paper was being typed the author in collaboration w1th
prof. Jones successfully demonstrated at the Flinders Rotamak Laboratorv the
operation of a 'transistorised' Rotamak FRC, driving a field-reversing steady
plasma current of 250A for 40 ms with RF output of 2 kW at only 170 V. . FRC cemﬁac
tori were produced with single phase drive (1 pair of RF coils only) and also thh

conventional Rotamak two phase drive.)

CONCLUSION

The concept of sharing of fusion related technology among developing countries
has been proposed and demonstrated comprehensively in one case of the plasma focus.
A cost effectiveness analysis based on phasics and existing relatively simple
technology has resulted in the design of an integrated package, the UNU/ICTP PFY
which has been instrumental in the initiation and strengthening of experimental
plasma research in several developing countries. The relatively low-technology
approach of the package does not appear to detract from the performance of the
research facility and is no barrier to the many possible applications of the plasma
focus. Indeed the simplicity of the approach allows the singling out of two
limitations, the speed and density limitations, which if removed could cause the
focus neutron yield, for a given storage energy or available current, to multiply
possibly a hundred—fold. It is hoped that the sharing of technology may extend

to include packages for FRC devices such as the Rotamak.
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Fig. 3 (a) The axial run-down (shock tube) phase of the plasma focus.
(b) The radial focus {pinch) phase of the plasma focus.
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Fig. 4 Circuit for the swinging-cascade spark gap and focus tube.
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Fig. 6

The plasma focus tube

18 = input coaxial cables (16 in parallel): 19 = stud of anode: 20 = anode
collector plate; 21 = connecting points for coaxial cable HV lead; 22 =
Rogowski coil: 23 = perspex spacer; 24 = rubber holder; 25 = cathode collec-
tor plate; 26 = mild steel flange; 27 = O-ring seal; 28 = focus cathode support
plates: 29 = focus anode; 30 = glass insulator; 31 = focus cathode (6 rods);
37 = mild steel focus chamber; 33 = movable magnetic probe in glass jacket;
34 = flange; 35 = back flange: 36 = diaphragm gauge: 37 = outlet to vacuum
pump; 38 = inlet for test gas; 39 = wax container with indium foil and PM-
scintillator activation counter.
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Fig. 7a Current (upper trace) and

vohage (lower trace) of

plasma focus in air.

13 kV, 0.5 torr

Top trace: 73 kA/cm

Bottom trace: 2kV/cm

Time scale (horizontal); 1 us/cm

Fig. 7b  Current and voltage trace

Fig.

of plasma focus in deuterium.

13kV, 2.5 torr

Top trace: 75 kA/em

Bottom trace: 4 kV/cm

Time scale (horizontal}: 1 gs;cm

7c  Currrent and magnetic trace
of plasma focus in deuterium
15kV, 3.5 torr

Magnetic probe placed atz= 10.2 cm
Top trace: 73 kA/cm
Bottom trace: 0.6 T/cm
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Physics and Perspectives of
Small Plasma Devices

A programme to initiate experimental plasma physics in developing countries has been started
as a definite step for technology sharing. Cost effectiveness of several devices has been
carefully considered from the viewpaint of physical mechanisms and existing technology.

The resulting programme has been tested using a plasma focus package
which has been successiully transferred to several countries.

[ntre.duction

P! -=ma physics has attained considerable im-
portruce inits presentapplications and also with
its potential associated with fusionenergy. Con-
sider 1ble effort, for example the Plasma Physics
Collr ges organised by the Intemationai Centre
for i 21eoretical Physics (ICTP) Trieste. has been
expunded to provide plasma physics education
at an intemational level aimed towards stimu-
latinv the study of plasma physics even in deve-
lopiry countries’ *. This worthwhile educa-
uonat effort encounters considerable difficui-
ties of the experimental level particufarly from
the .juipment point of view. Many scientists
from smalier developing countries have been
trained in postgraduate plasma physics pro-
gramimes in developed countries or have carried
out periods of research in such experimental
facitities. On their return to their home institu-
tions, they face the daunting challenge of build-
ing 1p some simple, yet effective research facili-
ties 1o provide continuity in their experimental
reserch experience and also to train their
stud nits.

At present there is not even a clear idea as to
which experiment could be usefully deveioped
althengh low cost. cost effectiveness, simplicity
and ¢ood educational value combined with a
large variety of plasma phenomena amenable to
stucy by simple diagnostics should be among
the factors to be considered inrelation to devices
for developing countries. Thus, glow discharge
has often been suggested as asuitable plasma for

S. Lee is professor at the Department of Physics,
University of Malaya, Kuala Lumpur, Malaysia.

S. Lee

study in a developing country. The glow dis-
charge has several applications, for exampie
deposition and sputtering of thin films, and can
aiso be used as a medium for the experimental
study of plasma waves. It serves as a good
starting point to develop plasma jets and arcs
which may be used as plasma torches or heaters
for industrial and metatiurgical applications or
for applications in MHD power generation.
To move upwards in temperature so that one
may aspire to study the fusion aspects of plasma
physics one may consider building an electro-
magnetic shock tube (o slud)'/ shock heatingora
linear z-pinch for the study ot imploding shocks
and magnetic compressions. These are ‘classi-
cal’ devices with well-known technology. The
z-pinch even in the low cost scaled-down form
necessary for this educational exercise could
produce a plasma of sufficient density and
temperature to be of interest cven though no
measurable nuclear fusion may be expected.
The plasma focus goes one stage better. It is an
excellent device for teaching plasma dynamics
and thermodynamics besides being arich source
for a variety of plasma phenomena including
soft x-rays and plasma nuclear fusion. The
plasma focus is superior to both the electromag-

netic shock tube and the linear z-pinch in its.

range of plasma parameters, combining as it
does the essential mechanisms of the devices in
such a properly sequenced manner that all the
features of both devices. and many more, are
produced in one single simple low cost device.
when properly designed.

As a result of informal discussions among
participants from developing countries at the
1983 Plasma Physics College atthe ICTP it was

decided to include the plasma focus as one of the
educational devices for the initiation of experi-
mental plasmaand fusion research inthe smaller
developing countries as an effort to develop and
share fusion related technology among
ourselves®. This project received support from
the United Nations University (UNU) whose
Rector Dr. Soedjatmoko added a further dimen-
sion when he stated in a communication: “We at
the (UNU) have strong reasons to believe that
plasma physics will be one of the major tech-
nologies of the future in developing as well as
industriatised countries. We find great merit in
.. argument that developing countries should
begin now to experiment with and develop
modest plasma systems in order to acquire prac-
tical knowledge and skills to betier empioy
technologies based on plasma physics once
major breakthroughs permit the utilization ... for
the production of energy as well as for other
applications.”

Cost Effective Physics

In order to implement a project whereby ade-
veloping country may produce a suitable pack-
age for sharing technology with other deveiop-
ing countries with the aim of initiating experi-
mental plasma research it is necessary to con-
sider the cost effectiveness of the device to he
chosen. Does it produce a rich variety of plasma
phenomena? Does it require an expensive va-
cuum system? Can its power supplies, control
electronics and basic diagnostics be packaged at
reasonable cost? What physical mechanisms
operate to make the chosen device perform
better at lower packaging cost than other de-
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vices? Can we understand and model the design
and performance of the device so that we may
effectively do research on it? What are the areas
of research and potential applications of the
device?

From the point of view of the production of a
plasma with conditions of density and tempera-
ture sufficient for plasma fusion studies at an
affordable cost there is littie doubt that the class
of fast magnetic compression devices known
generally as the pinch, including the linear z-
pinch, the supertast pinch, the gass-puff pinch
and the plasma focus offers the best potential.
We have considered this class of device and
found that the plasma focus is most cost effec-
tive having the same power supply, control
electronics and basic diagnostic requirements as
the simple z-pinch and a much cheaper vacuum
systemn with only rotary pump requirement, yet
producing more intense plasma phenomena
including copious x-rays, relativistic electron
beam (REB) and fusion neutrons, all in one
smail easily packaged facility. Whatis the phys-
ics behind this cost effectiveness?

Cost Effectiveness of Various Types of
Pinches

We first recail that the neutron yield ¥ from a
plasma fusion source 1s:

Y:—Ln:<0v>(volume)(lime) (N
We note that Y is proportionai to the square of n.,
the number density of the fusion fuef. We also
note that starting from temperatures below |
keV asone struggles to heata plasma up towards
a few keV, the etfective cross section <gv> for
a thermalised deuterium plasma rises very
rapidly with fuel temperature 7. For example
between 1 10 2 keV <gv> for the D-D fusion
reaction goes up by a factorof 25! -and between
2 10 5 keV, another factor of 30!. Thus the

neutron yield is very sensitive to temperature. It
is also proportional to the square of density.

{n the pinch a large electric current is dis-
charged from a capacitor bank through a gas
between two electrodes (see Fig. 1). The current
rises rapidly and due to the skin effect and wall
conditions, electric breakdown first occurs
across the glass wall of the container, forming a
sheath of curent along the glass wall. The
electromagnetic J x B force in such a geometry
acts radially inwards atevery point of the current
sheath so that, if the current is large enough, the
current sheath and the heated gas (plasma) it

“entrains implode supersonically to form a hot

dense column around the axis of the device.
The condition of balance between the hy-
drostatic pressure of the hot plasma and the
constricting magnetic pressure gives the equa-
tion for the plasma temperature as:
pol?

T= 8N @
where N=Ttar ¢ is the line density (particles m™)
oflthe pinch. From this equation it would appear
that since the temperature 7 depends on [* any
lemperature can be reached simply by increas-
ing / to a sufficient value. However a pinch is
essentially a dynamic device. The formation of
the column has to occur in a time maiched to the
risetime of the current pulse, otherwise essen-
tially the column is no tonger there to obey the
pressure balance equation when the current has
risen to its peak value. Because of the dynamic
nature of the problem the final temperature
reached depends aiso on the implosion speed of
the front of the plasma layer, which takes the
form of a strong shock front. For deutertum the
temperature dependence has the form:

T=2.3 x 10 * (shock speed)* (3)

Because of the dynamic nature of the problem
it is essential for optimum use of the capacitor

ANODE

_{

“Jl‘{_—

C =

Figure |
[ilustrating the principle of the plasma pinch

GRASS WALL
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energy for the imploding shock wave to reach
the axis at about the time of peak current. ivow
a typical well-designed capacitor bank for a
pinch (say 20k V, 60 1F, low inductance) nas a
current risetime of about 3 Ws. In general it is
difficult (and expensive) to design a capacitor
bank of this conventional type for a much
shorter risetime, and the bigger the bank capa-
city the longer tends to be the risetime.

So we consider a typical current risetime of
3ps. A typical implosion speed cannot be much
less than 10 cm/ s, At this speed the shock tem-
perature in deuteriumis 2 x 10* K. Atany speed
slower than that it is doubtful whether the mag-
netic ‘piston’ would be clearly formed. Evenat
this slow speed a radius of 30 cm for the pinch
tube is required in order to match the current
risetime. Now the imploding magnetic pressure
is

2
P, = o™ (4)
8nir?
and with such a large pinch tube radius it is
difficult to get enough magnetic pressure in the
early stages of the implosion to start a clean
compression unless the gas pressure is low.
Thus aconventional pinch is limited by a (stow)
current risetime of 3 1s. so that the pinch has to
be operated with a large radius and hence low
initial density. Moreover the speed (and hence
temperature) becomes limited because of time-
matching consideration.

What about the compressed density? We nay
apply a lossless energy balance theory’ and
allowing for a reflected shock overpressure o
show that the radius ratio x_(final radia. r_/
initial radius r, ) is defined in a cytindrical su-
personic pinch by the equation:

) ’(’7".—1)/ Glds
frd

(5)

where k, and / are the normalised, generally
time dependent radius, current and length of the
pinch, the subscriptimreters to the quantity al the
moment of peak compression, T is the spevific
heat ratio and £ is the retlected shock overoves-
sure factor at the moment the shock rettected
from the axis hits the pinching current sheath,
ending the pinch compression. This equstion
gives us the following useful information:

(a)x,, (and hence the compressed density rato

—K 2} does not depend on the absotute
magnuude of the current or the abso.ut:
length of the pinch.

(b)x_(hence I') depends on the time functi \nof
the current® and length.

(c)x,, (hence ") depends on Y and f . The
smaller is Y_,thesmalleris X _andtheis ger
is [ As Y_, approaches the Tower fim: ing
value of 1, % approaches zero and [Neads
to infinity. The largeris £, , the smailerix X |
and the larger is . The value of f fur a
reflected shock on-axis, i.e. just after reiec-
tion is f= 4 for cylindrical geometry’. As the
reflected shock travels out from the axis wg
may expect f to decrease towards a limiting
value of 1.

For example for a constant current pinch +ith

constant length, with Y=5/3 and f, =1.6. eq. (5}

gives x_=0.301 and hence a density compies-
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sion ratio of Y=11. The corresponding figures
for the deuterium piasma focus are estimated to
be x_=0.14 and Y=50. These values are inde-
pendent of the magnitude of the plasma current.
This limitation of the ability to compress is a
serious one and impiies that the performance of
the pinch as a radiation source depends on its
initial density.

There are several concepts to overcome this
limitation. The gas-embedded axis-initiated z-
pinch uses a laser to start a pinch discharge on-
axis thus obviating the problem of matching the

electrical risetime to the pinch collapse time and

allowing the formation of a very small radius
pinch (sub mm radius) in a very dense plasma
(initial density up to several atmospheres). The
device is however plagued with problems of
instability ®. The hollow pinch uses a controlled
gas jet ** to form a thin plasma sheath which is
then pinched into a vacuum. Using argon, kryp-
ton or xenon, the sheath does not thicken very
much during the implosion because these gases
are in the ‘freely ionizing’ regime ¢ with a value
having a small value of the order of 1.1. Because
of the short distance between the imploding
shock frontand the magnetic piston thereflected
shock from the axis hits the piston after a much
shorter distance than that compared with a con-
ventional pinch. The value of £ is hence closer
to 4 than in a conventional pinch with its thicker
plasma sheath. Thus the hollow-pinch has a
reduced x_ and has been operated successfully
in the heavier gases, particularly krypton and
xenon, for the production of x-rays for x-ray li-
thography and microscopy. However, from the
technical point of view the hollow pinch re-
quires the additional development of a rather
precise gas valve system. [t is also notknown to
operate well indeuterium, probably because the
collapsing deuterium sheath thickens as its Y
goesto 5/3 oncethesheathreaches aspeedof the
order of 10 cm/us.

Ultra high power pinches have aiso been
operated with puise forming lines to reduce
current risetimes so that the pinch may be
operated at smaller radius, hence higher den-
sity”®. This high power approach requires the
use of more complex and expensive technol-
ogy.

On the other hand the plasma focus uses a
very simple principie to overcome the time mis-
match. Essentially it allows a conventional
(slow risetime of 3{s or more} capacitor bank to
derive a very fast pinch (typically 1 cmradius in
50 ns) at a sufficiently high density and a large
current during the time of pinch. Thus at low
cost plasma conditions may be achieved which
are more intense than that produced even in
high-cost pinches.

The plasma focus uses a conventional capaci-
tor bank to drive a device which has two sec-
tions:- the first section is a coaxial electromag-
netic shock tube whose length is matched to the
capacitor risetime, The rising capacitor current
drives a shock wave axially down the shock tube
at a suitable speed until the shock wave reaches
the end of the tube at peak current. Then by the
geometry of the device (see Fig. 2) the axial
drive phase is simply converted to a radial
compression or pinch phase.

The pinch phase is very intense (sce Eqgs. 2
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Figure 5

The capacitor connecting plates, the spark gap and output coaxial cables.

{= {5kV,301tF capacitor; 2 =capacitor O-ring seal; 3 = washer, 4 = oil; 5= nylon cap; 6 =steel nut; 7 = capacitor
output seal; 8 = O-ring seal: 9 = earth stud: 10 = earth plate: 1 | = 5-mil mylar film: 12 = polyethelene film: 13
= copper ring HV connector: 14 = capacitor high voitage (HV) output plates: |5 = ock nut for HV plate: 16
= HV electrode for swinging cascade spark gap; |7 = trigger electrode: and {8 = output coaxial cables (16 in
paraileb).
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Figure 6

The plasma focus tube

18 = input coaxial cables (16 in parailel); 19 = stud ot anode: 20 = anode collector plate: 21 = connecting points
for coaxial cable HV lead: 22 = Rogowski coil: 23 = perspex spacer: 24 = rubber holder: 25 = cathode collector
plate; 26 = mild steet flange; 27 = O-ring seal; 28 = focus cathode suppont plates; 29 = focus anode: 30 = glass
insulator: 31 = focus cathode (6 rods; 32 = mild steel focus chumber: 33 = movable magnetic probe in glass
jacket: 34 = flanges: 35 = back flange: 36 = diaphragm gauge: 37 = outlet to vacuum pump; 38 = inlet for test
gas; 39 = wax container with indium foil and PM.scintitlitor activation counier.

26 Asia-Pacific Physics News Vol. 3, June/July 1988

44-4

%c)

Figure 7

(a) Current (upper trace) and voltage (lower trace}
of plasma focus in aire: 13kV, 0.5 torr; Top trace: 73
kA/cm: Bottom trace: 2kV/cm; Time scale (horizon-
taly: 1 ps/em (b) Current and voltage trace ol plasma
focus in deuterium: 13kV, 2.5 torr: Top trace: 75> kA/
cm; Bottom trace: ¢ kV/cm: Time scale (horizonial):
tys/em. (c) Current and magneuc trace of pizsma
focus in deuterium: 15kV, 3.5 torr; Magnetic probe
ptaced at z = 10.2 cm; Top trace: 73 kA/cm; Bottom
trace: 0.6 T/cm

and 4) because it starts at a very large curtent
(typicaily SO0 kA) and at a relatively nail
radius (typically t cm). Thus the operating pres-
sure may be relatively high (10 torr in D, for a
plasma focus against 0.1 torror less foramnch).
The increased density and temperature more
than compensates for the reduced volume in
terms of the neutron yield ¥ as given in Eq. (1).

Having seen from the basic physics
mechanism that the plasma focus is capat e o
high levels of performance without special techi-
nological development thie next step in thy 9=
velopment of an educational package is i€ ¢Gi:
sider the modelling and design of a prawtica!
device.




Cost EfTecitve Design of a Plasma Focus

Using these simple ideas a dynamic model®®
(see Fig. 3) is developed. This considers the
focus dynamics in two separate phases — the
axial run-down (shock tube) »hase which cru-
cially delays the radial focus, or pinch phase
unt! the plasma current has reached its peak
vaice, The model couples the electric circuit to
the plasma dynamics and is written to facilitate
the design, on any micro-computer, of an opti-
murn plasma focus in terms of a parameter
which enables the matching of the electrical
risetime to the axial run-down time, a second
parameter ¢ which adjusts the ratio of the axial
run-down time to the radial pinch time so that
this factor may be thought of as a power en-
hancement factor, and a third parameter which
adjusts the ratio ofthe device inductance to the
external circuit inductance. Other parameters in
the model inciude the ratio of external to internal
radii, the aspect ratio and the specific heat ratio.
This latter ratio is a thermodynamic function of
temperature and affects the radial pinch struc-
ture and dynamics.

The Experimentai Facility and Results

"he design of a plasma focus may take as a
starung point the availability, or choice of a
capacitor bank. For the present exercise from
the pointof view of economy and cost-effective-
ness a single Maxwell capacitor rated at
C,=301F, V,=15kV of inductance less than 40
nH was selected.

The experimental facility designed from the
above physical model is shown in Figs. 4, 5 and
6. Fig. 4 shows the plasma focus circuit using a
swinging-cascade spark gap switch triggered
via a TV transformer. Fig. 5 shows the parallel-
plate spark gap arranged in a low-inductance
configuration on top of the capacitor with 16
output coaxial cables (No. 18 in Figs. 5 and 6)
which connect the spark gap output 10 the
plasma focus input flange as shown in Fig. 6.
The plasma chamber (No. 32) consists of a 30
cm length of 6'/2 inch mild steel tubing and the
required vacuum is provided by a small single
stage rotary pump with uitimate base pressure of
0.01 torr. The design of the focus tube eiectrodes
has several important features” particularly
regarding the mounting of the backwall glass
insulator (No. 30). Diagnostics are also indi-
cated in Fig. 6.

Resuits

The system was tested between 13-15 kV in
various gases including air, argon, hydrogen
and deuterium. The strength of the focussing
action s gauged from the currentdip and voltage
spike. (Current is measured using a Rogowski
coil and voltage using a voltage divider.) Figure
Ta shows an oscillogram of the current and
voltage waveforms of the plasma focus in 0.5
torr of air, with focussing actionabout | s after
peak current. Figure 7b shows a deuterium fo-
cus, at 13 kV, 2.5 torr with focussing action
occurring at peak current.

These oscillograms show a terminal axial
speed of 10 cm/Us corresponding from Eq. 3 to

Table 1
Research Transfer for 1985/86 Programme

UNUACTP EMST N,
Plasma Fusion High Speed Laser Glow
Facility Flow Simulator System Discharge

Egypt [ [
India [
Indonesia i 1 1
Pakistan 1
Nigeria 1 I
Sierra Leone I !
a deuterium plasma temperature of 2 x 10° K.  Package for transfer:

The observed current sheath is well-formed
with a thickness of 2 cm at the end of the axial
phase as estimated from the oscillogram. The
current dip and voltage spike are indicative of a
good pinching action during the radial phase, in
agreement with the model.

[n deuterium when operated at 15 kV and op-
timum pressure conditions of 3 torr consistent
counts of 1000-2000 are obtained using the
PM-scintillator counter. This corresponds to
0.5-1 x 10" neutrons per shot.

The system shows remarkably consistent and
reproducible operation. For the purpose of a
training programme sponsored by the UNU, six
systems were assembled one after the other and
tested over a period of two months. Each system
(designated as the UNU/ICTP PFF) was as-
sembled and tested over a period of one week
averaging between [00-200 shots in the various
gases. Once a system has been established to be
operating normatily, that is without undue leak-
age and after an initial period of out-gassing
involving some three to five discharges, proper
focussing is achieved for better than 95% of the
discharges, apart from those discharges deliber-
ately operated outside the established suitable
pressure range for the gas used.

The UNU Training Programme on Plasma
and Laser Technology

Based on the above detailed consideration of
the plasma focus the UNU Training Programme
(also sponsored by the ICTP) was conducted in
Kuala Lumpur by the Plasma Physics Research
Group and the Laser Physics Research Group of
the University of Malaya (UM) from October
1985 to April 1986. The following summarises
the Training Programme:

Aim:
To initiate experimental plasma/laser re-
search in several developing countries.

Method:
By twansfer of a comprehensive integrated
package of expertise  plus basic components
and equipment — sufficient to enable the
UNU Fellow to build and operate, and do
measurements on, a basic plasma/laser
facility back at his home institution.

electrodes

vacuum chamber

pulsed control switching electronics

power supplies

high power discharge systems

diagnostic systems

design, testing and research procedures
computational packages for microcomputer
modelling of circuit and plasma dynamics

Programme:
October to December 1985 — Lectures and
experiments on existing devices in the UM
laboratories including puised electronic
modules, power supplies glow discharge,
electromagnetic shock tubes (EMST),
ptasma focus, computation packages on cir-
cuit and plasma dynamics; and various lasers;
system planning, design, construction and
development of ail sub-systems for each
facility chosen by the individual Fellow. (see
Table IN.
December 1985 — February 1986 - develop-
ment, assembly and testing of each set of
facility; research work on the various devices.
March 1986 — reports and further planning;
preparation for shipment of equipment;
writing of research papers'>'* presentation of
some research results to the Second Tropical
Cotlege on Applied Physics™.

Sponsorship:
UNU for Fellowships and institutional sup-
port
ICTP for equipment grant for UNU Fellows
University of Malaya for facilities
Malaysian Institute of Physics for organisa-
tion.

Progress on return home

A year after the equipment were received by
the UNU Fellows back at their respective home
institutions their progress may be summarised
as follows. The plasma focus facility is now
operational at Al-Azhar University, Cairo (Dr.
M.A.A. Elissa). It has been redesigned and
modified and a facility each is operational at the
Yogyakarta Nuclear Research Centre (PPNY)
(Suryadi and W. Usada) and at Qaid-I-Azam
Islamabad (M. Zakaullah). Resulting from the
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UNU training, Qaid-I-Azam University is also
planning several other plasmadevices including
a 16 kJ plasma focus. Dr. A.V. Gholap* (River
State University of Science and Technology,
Port Harcourt) and Dr. AJ. Smith (Njala
University College, Sierra Leone) have each
one M.Sc. student completing thesis work on the
nitrogen laser and planning to proceed to Ph.D.
research on the UNU/ICTP PFF which is margi-
nally operational at each of these two institu-
tions because of very difficult technical condi-
tions. A nitrogen laser is also operational at Sri
Pratap College, Srinagar (Dr. S. Sapru). S.
Mulyodrono (National Space and Aeronautics
Agency, Jakarta) has started on a Ph.D. pro-
gramme on hypersonic flow simulation and em
propulsion using the EMST as the basic facility.
M. Zakaullah is also using the UNU/ICTP PFF
as the basic facility in pursuing the first experi-
mental plasma physics Ph.D. programme in
Pakistan. Four Fellows have been awarded
TWAS (Third World Academy of Sciences)
research grants.

What can be done with this fusion facility

For the plasma focus, the concept of techno-
logy sharing has already been demonstrated by
the UNU Training Programme. It may be perti-
nent to try to advance the ideas by asking what
can be down with the UNU/ICTP PFF.

Characteristics
To discuss this we first summarise the cha-

racteristics of the UNU/ICTP PLASMA FU-
SION FACILITY:

Capacitor voltage v, 15kV
Capacitance C, 30 F
Stored energy E 33K
Inductance L, 110 nH
Inner radius a 0.95cm
Outer radius b 32cm
Length 2z, 16 cm
Characteristic current [ 250 kA
Peak current 160 kA
Current risetime 3 s
Average axial shock speed 6cm/ s
Peak axial shock speed 10cm/ s
Average radial shock speed 12cm/ s

Peak radial shock speed = 25 cm/s
Neutron yield

(at3torD)Y 10 per discharge
Types of plasmas (strongly focussed):
Deuterium 1-5torr
Hydrogen 1.1-6torr
Helium 0.7 - 3.5 torr
Argon 0.3-2torr
Air 0.5- 1.1 torr
Carbon dioxide  range undetermined, but
below 1 torr

Copious x-rays are also emitted from these
plasmas.

Diagnostics

The simple diagnostics that have been de-

*(Dr. A.V. Gholap's student has successfully com-
pleted his M.Sc.)

ROTARY PUHP &
GCAS SYSTEM
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THICGERING
FLECTRONICS
. . NITROGEN LASER
™R g ONIROL LSRG SHARGLGRARIILC
ELECTHONICS bt
HICROCOHSUTER
PACKAGES
Figure 8

Sub-systems for the UNU/ICIP plasma fusion facility.

signed for the UNU/ICTP PFF are now sum- Computer packages
marised here:

Current measurement Rogowskii coil Computation models specifically developed
Voltage measurement Resistive (mainty) for microcomputers include:
probe, Modified snow-plow model for the axial
capacitive phase
probe Generalised slug-model for the radial phase
Magnetic field Magnetic coil Energy balance model for estimating the:
Speed measurement Current probe, minimum compression radius (gross)
voltage probe, Thermodynamic computations for the speci-
magnetic fic heat ratios and ionisation fractions for
probe, argon, and the effects of these on the dynam-
photodiode ics.
Measurement of dynamics  Current
and electrodynamics probe, voitage ~ The UNU/ICTP PFF broken down into
probe and sub-systems
magnetic
probe used in To give a better picture of the fusion tacility
conjunction the sub-systems making up the facility ae
with circuit shown in Fig. 8.
and snow-
plow analysis ~ Training and Research Topics
and )
computation Having listed the characteristics of the
Neutron measurement Activation plasma focus, types of plasmas produced, per-
counter using formance, diagnostics and computation pack-
Geiger- ages and also the sub-systems making up the
Mueller tubes;  fusion facility we shall now summarise the
also time-of- training and research topics that may be rarried
flight method out on such a device aimost immediately itis set
X-ray measurement Pin-hole up by trained staff.
camera; PIN System technology and construction
diodes Systemn characterisation and optimisation
Density distribution and Laser (e.g. Development of diagnostics
dynamics Nitrogen Development of computation-modellizz.
laser), parametric variation and optimisation
shadowgraphy Plasma dynamics
and Neutron measurements> and neutron scaling,
holography fusion physics
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Neutron enhancement by dynamic, thermo-

Jynamic and target methods™

Application as pulsed neutron source €.g. for

half-life measurements®™

X-ray measurement and production

X-ray enhancementand application as source

for lithography and microscopy"’

Relativistic electron beam (REB) measure-

ment* and applications

Plasma focus for inertial confinement stud-

ies*

Sputtering and deposition of anode materials

and special anode inserts™'®

Study of particle accelerating mechanism and

application'®

Compression enhancement and generation of

megaGauss magnetic ficlds?

Several of the topics in this list have hardly been
researched upon and may form extended re-
search programmes.

As an example we look at the plasma focus
neutron scaling law. The generally accepted
scaling law states that the neutron yield Y is
proportional to the plasmaelectric current to the
power of four. Using the simple model de-
scribed above for the UNU/ICTP PFF we can
show that this scaling law is a consequence of a
speed limitation observed for all plasma focus
machines. Present design techniques limit ail
plasma focus machines to an axial speed of 10
cm/Hs and the radial collapse speed to 25 cmis,
resulting in a temperature limit of 1 keV in the
compressed column. This is a very severe limi-
tation since the fusion cross section <gv>of Eq.
| is extremely sensitive to temperature scaling
as 7% in the temperature range of 1-5 keV. If
thie speed limitation were, removed it may be
shown that the neutron scaling would improve
to ¥ proportional to the plasma electric current to
the power of eight. Such a scaling law would
revolutionise the focus as a serious fusion reac-
tor concept in the same class as the deuterium
fibre pinch *!

To establish this new regime of plasma focus
operation the physical mechanisms imposing
this speed limitation should be systematically
studied. This could best be done on a small
plasma focus such as the UNU/ICTP PFF.
Being a simple machine it could be easily
modified according to the dictates of the experi-
ment.

Widening the sharing

The devices discussed so far — the glow dis-
charge, the e.m. shock tube, the z-pinch and the
plasma focus — cover a range of plasma condi-
tions from a weakly ionized steady state rela-
tively low temperature plasma to a highly ion-
ized pulsed plasma undergoing copious nuclear
fusion reactions. The packaging of these devices
has proven to be useful. The next step would be
to extend the exercise to the important study of
magnetic and plasma configuration of the com-
pact torus and the FRC type. It has been shown
that the spheromak may be generated starting
from a configuration very similar to the plasma
focus and that a RFP may be generated from a
theta pinch geometry. It would be useful for a
cost analysis to be performed on these devices
witha view to identify which device if any could

be cost-effectively packaged for the purpose of
research initiation.

One FRC device appears particularly suitably
for such a package. Besides its potential as a
current-drive candidate for fusion reactor
schemes the Rotamak™* may be scaled down
and assembled as a very cost effective package
for the experimental study of field reversed
configurations lasting for a very reproducible
and steady period of tens of millisecond with
plasma temperatures and density of respectively
afew eV and 10 Ye.c.

In 1986 the author visited the Flinders
University of South Australia and in coilabora-
tion with Prof. LR. Jones demonstrated at the
Flinders Plasma Research Laboratory the
operation of a ‘transistorised’ Rotamak FRC,
driving a field-reversing steady plasma current
of 250A for 40 ms in a single-phase Rotamak
mode using a | MHz RF of 2 kW at only 170V.
This device has great potential for development
as a very cost-effective research-initiation pack-
age.

Conclusion

The concept of the sharing of fusion related
technology among developing countries has
been proposed and demonstrated comprehen-
sively in one case using the plasma focus. A cost
effectiveness analysis based on the physics and
existing relatively simple technology has re-
sulted in the design of an integrated package, the
UNU/ICTP PFF which has been instrumental in
the initiation and strengthening of experimental
plasma research in several developing countries
thus giving new perspectives to the develop-
ment of small plasma experiments. The rela-
tively low-technology approach of the package
does not appear to detract from the performance
of the research facility and is no oarrier to the
many possible applications of the plasma focus.
Indeed the simplicity of the approach allows the
singling out of the speed limitation of present
generation plasma focus machines, which limi-
tation if removed could result in a large multi-
fold increase in focus neutron yield with an
improved scaling proportional to plasma cur-
rent to the power of eight!

It may not be untimely to propose a coordi-
nated training programme based on specially
designed packages such as the UNU/ICTP PFF
or a similar Rotamak package as a means (o in-
crease the experimental research capability of
physicists in developing countries.
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A small plasma focus (3.3 kJ) is designed from the viewpoint of simplicity, reliability, and cost
effectiveness to act as a source of pulsed high-density plasmas. The simplicity of the device and
associated diagnostics coupled with its rich variety of plasma phenomena makes this device ideal
for the teaching of plasma nuclear fusion particularly for developing countries where such
facilities are at present rarely available. Six sets of the device have been constructed and tested in
various gases with better than 95% reliability and reproducibility in various plasma phenomena
including neutron production of 0.5-1.0X 10® per discharge when operated in 3-Torr deuterium.
The design principles, procedures, and parameters are discussed and test results shown.

I. INTRODUCTION

Plasma physics has attained sufficient importance in its
present applications and also in its potential application
associated with plasma fusion energy that there have been
considerable recent efforts (e.g., the Plasma Physics Col-
leges organized by the International Centre for Theoretical
Physics, Trieste) to provide plasma physics education atan
international level aimed towards stimulating the study of
plasma physics even in developing countries.'* Published
literature has also played a role in these efforts.’~'* This
worthwhile educational effort encounters considerable dif-
ficulties at the experimental level particularly from the
equipment point of view. There is not even a clear idea as to
which experiment to develop, although low-cost, cost ef-
fectiveness, simplicity, and educational value combined
with a large variety of plasma phenomena amenable to
study by simple diagnostics should be among the factors to
be considered in relation to devices for developing coun-
tries. Thus the glow discharge, the electromagnetic shock
tube, and the linear Z pinch may be considered as the most
likely candidates for this exercise, particularly since these
are “‘classical” devices with well-known technology. How-
ever, these three devices, even the linear Z pinch in the low-
cost scaled-down form necessary for this educational exer-
cise, do not produce plasma conditions anywhere near
necessary for measurable nuclear fusion. We have there-
fore considered the plasma focus as another educational
device for this purpose.

The plasma focus is an excellent device for teaching plas-
ma dynamics and thermodynamics besides being a rich
source for a variety of plasma phenomena including soft x
rays and plasma nuclear fusion. [t is certainly superior to
both the electromagnetic shock tube and the linear Z pinch
in its range of plasma parameters, combining as it does the
essential features of both devices in such a properly se-
quenced manner that the features of the electromagnetic
shock tube and the pinch, and many more, may be pro-
duced in one single simple low-cost device, if properly de-
signed.

However, plasma focus facilities are not commonly
available and there has not been any systematic investiga-
tion on the design of such a facility in terms of simplicity,
cost effectiveness, and ease of duplication. In the course of
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the United Nations University Training Programme on
Plasma and Laser Technology it became necessary to de-
sign and operate such a facility so that several sets could be
easily duplicated for transfer to various countries for teach-
ing and educational purposes. What evoived from the pro-
gramme is the UNU/ICTP PFF (United Nations Univer-
sity/International Centre for Theoretical Physics Plasma
Fusion Facility) which is a 3.3-kJ plasma focus system
powered by a single 15-kV., 30-uF Maxwell capacitor
switched by a simple parallel-plate swinging cascade air
gap. Low-cost features include the use of a step-up trans-
former from a standard television set to trigger the spark
gap. Thus the only item that needs to be purchased (apart
from metal sheets, miscellaneous materials, and compo-
nents) to build the device is the Maxwell capacitor. A small
rotary pump is sufficient for the vacuum and a 50-MHz
oscilloscope is sufficient for the diagnostics.

The system produces remarkably consistent focusing ac-
tion in several gases including air, argon, hydrogen, heli-
um, carbon dioxide, and deuterium. A consistent neutron
yield of 0.5-1.0X 10® neutrons per discharge is obtained at
3 Torr of deuterium operating the focus at 15 kV and 180
kA current.

In this article we discuss the design principles and proce-
dures and the design parameters and performance when
subjected to computation. The experimental arrangements
are then described together with simple diagnostics mea-
suring plasma current, voitage, and magnetic field which
give information on plasma dynamics. A simple arrange-
ment for measuring neutron yield is also presented. The
results of test measurements are discussed.

II. THEORY AND DESIGN

The focus design is based on a dynamic model'*'s (see
Fig. 1) that considers the focus dynamics in two separate
phases—the axial rundown (shock tube) phase that cru-
cially delays the radial focus, or pinch phase, until the plas-
ma current has reached its peak value. The design point is
therefore to have

b=ty (

where
1, = (2m/4)t,, (2)
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Fig. I. (a) The axial run-down (shock tube) phase of the pasma focus.
(b) The radial focus (pinch) phase of the plasma focus.

with
to=vLoCos (3
and
Lyexp ~ 2Fas (4)
where
a=<4ﬁl(b2_”:))mz°p‘l’/z : (5
uIn(b /a) I

Here ¢, is the current rise time and £, is the transit
time of the plasma layer for the axial phase. The quantities
t,and 7, are characteristic times of the axial phase accord-
ing to the model.'” Here L, is the inductance of the capaci-
tor C, together with all connections up to the plasma sec-
tion of the focus tube, “a” and “'& " are, respectively, the
inner and outer radii of the focus tube, z, its length. p, the
ambient gas density, 4 the permeability of the piasma
(same as the permeability of free space), and [, = Vo/ (Ly/
Cy)''%, where ¥, is the initial charge on the capacitor.

The second design point invoives the characteristic
“pinching” time of the plasma focus phase. This may be
shown to be'*

1/2
= (©)
u 'y + 1) I,
where v is the specific heat ratio of the plasma. From this
expression of ¢, it may be shown that the ratio of the char-
acteristic axial transit time to characteristic focus time is

/1, =ck,

where £ is the aspect ratio z,/a, and ¢ = b /a.

A crucial factor in the operation of the Mathers plasma
focus is that the axial phase occurs over a relatively long
period 7, ,, enablingthe build up of capacitor current. The
pinch phase then occurs over a relatively short period 7.
During this time ¢,, approximately 10%-20% of the ini-
tially stored energy is transferred to the pinch plasma in
approximately 2% of the current rise time. This resultsina
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power enhancement factor during the pinching phase that
is crucial to the proper operation of the plasma focus. [tis
important then that the ratio f, /1, beof the order of 30-30
for the Mathers focus.

The third point to be considered in the design is that
there are limits'"* of speed and pressure in the operation of
the plasma focus. In deuterium, for good focusing and con-
sistent neutron yield, the axial speed just before focusing
shouid be between the limits 6 and 10 cm/us; the lower
limit being the minimum speed required for a good snow-
plowing action in the axial phase and the higher limit being
imposed by restriking'*'¢ of the discharge at the backwall
or in the shock tube section. The limits of test gas pressure
appear to be between 0.5 and 20 Torr for deuterium; the
Jower limit apparently governed by restriking; the upper
limit by current filamentation. 7

The design of a plasma focus may takeas a starting point
the availability, or choice, of a capacitor bank. Forthe pres-
ent exercise from the point of view of economy and cost
effectiveness. a single Maxwell capacitor rated at C, = 30
uF, V, = 15kV withan equivalent series inductance. ESL,
of less than 40 nH was selected. A parallel-plate geometry
was selected for the capacitor connections and the switch,
with coaxial cables being used to connect to the plasma
focus input flanges. The value of L, was estimated at 110
nH. Having fixed C, and Lo, Egs. (3) and (2) give a value
of 1, of 2.9 usand [, = 248 kA, The time-matching condi-
tion of Eq. (1) fixes £, ¢, 8L 2.9 us. The value of z, was then
chosen at 16 cm to give an average axial speed of 5.5 cm/us
or a peak axial speed of ~9 cm/us just before the focus
phase. This axial speed is expected to be suitable for a good
focusing action in deuterium.

The value of I, is considerably smaller than most oper-
ational plasma focus machines that typically have /, of the
order of 500 kA or more. Observing from Eq. (5) that the
axial speed is ~ o/ [(b° — a*)p,)'"* and from Eg. (6) that
the radial speed is ~Io/ (aps®), itis noted that a reduction
in [, may be compensated in the first instance by a reduc-
tion in  and (b° —a)'/*in order to maintain the axial
speed within the speed limit indicated earlier. Thus we de-
signfora = 9.5mm and b = 32 mm which are smaller than
typical values of most operational plasma focus devices.
Moreover, the valug of & /a~3.4.in this case, is near opti-
mum.'® It is also noted that the value 7, /1, ~-0 for this
design.

Having fixed the values of I, zy, banda. and ¢, it remains
to fix the value of p, from Eq. (5). This gives
po=0.21x107° kg~>. This is the density of deuterium at
0.9 Torr. which is within the pressure limits for deuterium
focus operation as mentioned earlier.

Summarizing the design parameters Wwe have
Co=30%x107° F, L= 110X 10-° H, V,=15%10° V,
42=0.05% 1077 m, b=13.2%x107% m, z,="0.16 m. and
po =0.21x 1077 kg=? (0.9 Torr D), giving I,

= 248X 10° A, ¢ = 3.37, F = 16.84,15 = 1.82X 107°s, ¢,
—=2.86%x107°s. £, = L.45X107°8, I,y = 2.9%107°s,
1, =35.8% 1075, and 1, /t, =40.4.

The above design parameters have been subjected to a
computation using a dynamic model'*" in which the axial
trajectory is computed using a snow-plow model and the
radial dynamics is traced using a generalized slug model
that considers a pinching plasma of increasing length with
the plasma layer lying between a shock front at position 7,
and magnetic piston at position r, (see Fig. 1). This model
has the advantage of giving a realistic final pinch radius

Lee eral. 63




ratio. Using the design parameters for the present device,
the scaling parameters for the generalized slug model are

a=ty/t, =126, andf = L,/L,=0.36,

where L, = maximum inductance of axial phase = z,(x2/
2r)inec. Also

a, =t,/t, =404, [, =[5/In c=0.294.

The other parameters used for the model are ¢ = 3.37,
F = 16.84, and y = { (for fully ionized deuterium).

The computation indicates a strong focus with a large
focusing voltage spike. The parameter a was varied
between 0.7 and 1.5 (corresponding to pressure range of
0.5-2 Torr) and the computation repeated at each a. Good
focusing was indicated over this range of pressure. These
computation results add confidence to the design of the
plasma focus. However, it has been found that machine
effects such as current and mass shedding, reduced channel
size due to boundary effects, and current restrike that are
not included in the dynamic model may alter the actual
performance of the plasma focus. It is therefore to be ex-
pected that in actual operation the focus may need to be
tuned'® by a variation of the five parameters ¥, oo, 2o, 4,
and b. If the design is not too far from optimum, operation
over a range of p, may be sufficient to establish a regime of
good focus. This is the procedure adopted in the present
experiment.

III. EXPERIMENTAL ARRANGEMENT

A simple parallel-plate spark gap with a swinging cas-
cade configuration (see Fig. 2) was developed giving a low
inductance at minimum cost. The ratio of the gap is 3:2
(4}-3 mm). The gap is triggered via an isolating capacitor
from an 800-V SCR unit via a TV transtormer that was
found to have a step-up ratio of 17 times and a rise time of 1
us. The isolating capacitor is a 1-m length of UR67 coaxial
cable. The parallel-plate spark gap is made from }-in.-thick
copper plates and proved maintenance free for 200 dis-
charges between 1315 kV before it was cleaned. The trig-
gering jitter was found to be within + 30 ns. The circuit is
shown in Fig. 2.

The arrangement for the capacitor. the connecting
plates, the spark gap, and the output coaxial cables is
shown in Fig. 3(a). To keep the inductance low, the Earth
plate of the capacitor (labeled no. 10) is extended nearly up
10 the anode and insulation is provided by a nylon cap (no.
5) around the anode stud. The cap dips into a pool of oil
(no. 4) that is prevented from splashing out by means of an
O-ring (no. 8). Mylar sheets (no. 11), 2 in. wider all
around than the conducting plates, sandwiched by polyeth-
ylene sheets (no. 12) complete the insulation between the
HV plate (no. 14) and the Earth plate as shown in Fig.
3(a). The Earth plate (no. 10) runs unbroken to the output
position where the Earths of the coaxial cables connect. On
top of the insulating sheets the HV plate is connected to the
spark gap. Between the spark gap electrodes and all along it
is placed a }-in.-diam copper tubing (no. 17) that acts as
the trigger electrode. The output plate of the spark gap is
connected to the focus tube by means of 16 coaxial cables
(no. 18) used in parallel.

Essential to the structure of the focus tube is the back-
wall [see Fig. 3(b) ] insulator. The glass insulator (no. 30)
plays an important role in the symmetrical formation of the
current sheet and has to be properly mounted tc avoid be-

64 Am. J. Phys,, Voi. 56, No. 1, January 1988

3

Charger
© 20KV

100 pF.
{isel ation}

S kY

WuF T

56M Focus tube

-

Fig. 2. Circuit for the swinging-cascade spark gap and focus tube.

ing broken by vibrations. In the present design this glass
insulator is mounted in a rubber holder (no. 24) which
when compressed tightly and symmetrically by the brass
flange (no. 28) grips the glass insulator. The rubber holder
also acts as a vacuum and high-voltage seal. Figure 3(b)
also shows the anode collector plate (no. 20) and the cath-
ode collector plates (no. 25) onto which the coaxial cables
connect.

The plasma chamber (no. 32) consists of a 30-cm length
of 6}-in.-diam mild steel tubing that is chromed. Vacuum is
provided by a single-stage rotary pump reaching an ulti-
mate base pressure ~0.01 Torr. The system was adjusted
for a leakage rate of less than 2 z/min and pressure is read
with a mechanical diaphragm gauge. Operating at a test
pressure of 1 Torr and with a delay of less than 5 min
between gas filling and focus operation, the air impurity in
the system is about 2%. This level of vacuum proved to be
sufficient for operating with good focus in various gases
and good neutron yield when operated in deuterium.

To measure the relative strength of the plasma focus ac-
tion, a Rogowski coil (no. 22) with an integration time
constant of 200 us displayed on a 50-MHz CRO is used to
measure the current flowing into the anode. A resistive
voltage divider (not shown in figure) with 15-ns response
time is strapped across the anode collector plate (no. 20)
and the cathode collector plate (no. 25) to measure the
voltage across the focus tube. In a plasma focus device, the
axial drive phase is characterized by asmooth near-sinusoi-
dal rising current and a corresponding smooth waveform
with a voltage value'® that is proportional to the axial drive
speed as the rate of change of current reduces to zero at
peak current. As the focus occurs, the strong electrome-
chanical action draws energy from the magnetic field
pumping the energy into the compressing plasma. This
mechanism is indicated in the distinctive current dip and
voltage spike displayed by the current and voltage wave-
forms. In general, the stronger the focus, the more severely
the plasma is compressed and the bigger the current and
voltage spike.

To measure the magnetic field a 10-turn 1-mm coil jack-
eted in a 3-mm glass tubing (no. 33) is inserted into the
focus tube and orientated to measure the azimuthal mag-
netic field. The passage of the current sheath driving the
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Fig. 3. (a) The capacitor connecting plates, the spark gap, and output coaxial cables. | = 15-kV, 30-uF capacitor; 2 = capacitor O-ring seal; 3 = washer;
4 = oil; § = nylon cap; 6 = steel nut; 7 = capacitor output seal: 8 = O-ring seal; 9 = Earth stud: 10 = Earth plate; 11 = 5-mil Mylar film; 12 = polyeire-
tene film; 13 = copper nng HV connector; 14 = capacitor high-voltage (HV) output plates; 15 = lock nut for HV plate; 16 = HYV electrode for swinging
cascade spark gap; 17 = trigger electrode; and 18 = output coaxial cables (16 in parailel). (b) The plasma focus tube. 18 = input coaxial cables (16 ia
parallel): 19 = stud of anode; 20 = anode collector plate; 21 = connecting points for coaxial cable HV lead: 22 = Rogowski coil; 23 = perspex spacer;
24 = rubber holder; 25 = cathode collector plate: 26 = mild steel flange: 27 = O-ring seal; 28 = focus cathode support plates: 29 = focus a7 ="
30 = glass insulator; 31 = focus cathode (6 rods); 32 = mild steel focus chamber: 33 = movable magnetic probe in glass jacket: 34 = flange; 35 = v.°"
flange; 36 = diaphragm gauge: 37 = outlet to vacuum pump; 38 = inlet for test gas; 39 = wax container with indium foil and PM-scintiliator activation
counter.
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plasma layer may be measured as a sharp rise in magnetic
field as the sheath sweeps past the probe. This measure-
ment may be used to confirm the dynamics required to
ensure a good focus.

An indium foil activation system is used to count fusion
neutrons from the plasma. This system consists of an indi-
um foil covering an NE 102 scinullator sitting on the pho-
tocathode of a 2-in. photomultiplier tube. The assembly is
placed in a paraffin wax enclosure so as to thermalize the
fusion neutrons. The detector is placed on the end flange of
the plasma focus tube (no. 39). The PM tube is connected
1o a counter via a discriminator and a preamplifier and has
a calibration constant of 5 10* neutrons per count, the
counts being taken for a 30-s period immediately after the
focus is fired.

IV.RESULTS

The system was tested between 13 and 15 kV in various
gases including air, argon, hydrogen, and deuterium. The
strength of the focusing action is gauged from the current
dip and voltage spike. Figure 4(2a) shows an oscillogram of
the current and voltage waveforms of the plasma focus in
0.5 Torr of air, with focusing action about | us after peak
current. Figure 4(b) shows a deuterium focus. at 13 kV,
2.5 Torr with focusing action occurring at peak current.
The deuterium focus shows signs of a secondary focus oc-
curring some 0.4 us after the first voltage spike. The occur-
rence of definite clean dynamics in the axial region preced-
ing the focus region is confirmed by magnetic probe
measurements. Figure 4(c) shows the output of a magnetic
probe (lower trace) placed atz = 10.2 cm (i.e..in the axial
drive region 10.2 cm from the backwall) in a discharge of
15kV, 3.5 Torr of deuterium. From this oscillogram and in
comparison with the current oscillogram (upper trace) itis
found that the current sheath arrives 0.6 is before focusing
oceurs off the end of the anode at z = 16 cm giving a speed
of 9.7 cm/us (corresponding, from shock theory, to a tem-
perature ~ 23 10° K) over this section (z = 10.2-16 cm)
of the axial drive region. From the rise time (10%-90%)
of the magnetic signal and the speed this gives a current
sheath thickness of 2 cm. The thickness and speed of this
current sheath is typical of that in a good plasma focus
system. The current dip during focusing is also seen as a dip
in the magnetic probe output that shows two other current
dips occurring at (.2 and 0.6 us after the first dip. These
confirm the occurrence of multiple focusing in deuterium
in the device.

In air good focus was obtained at 13 and 15 kV ina
narrow pressure range of 0.5-1.1 Torr. In argon the pres-
sure range for good focusing is greater at 0.3-3 Torr. At 15
kV very strong focusing action was obtained at 0.8 Torr. In
helium the range of focusing is from 0.7 to 3.5 Torr while in
carbon dioxide focusing is observed below 1 Torr. In hy-
drogen the pressure range for focusingis 1.1-6 Torr. How-
ever, it is noticed that the focusing action, although defi-
nite, is not as intense. in terms of a focusing voltage spike, as
inargon. The strongest focus in hydrogen occurs at 3.3—4.3
Torr. In deuterium strong focus is observed at 1-5 Torr
with best focusing at 2.5-3 Torr.

Indeuterium when operated at 15 kV and optimum pres-
sure conditions of 3 Torr consistent counts of 1000-2000
are obtained using the PM-scintitlator counter. This corre-
sponds to 0.5-1 X 10" neutrons per shot.

The system shows remarkably consistent and reproduc-
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Fig. 4. (a) Current (upper trace) and voltage (lower trace) of plasma
focus in air: 13 kV. 0.5 Torr; Top trace: 73 kA/cm: Bottom trace: 2 kv/
cm: Time scale (honzontal): | gs/cm. (b) Current and voltage trace of
plasma focus in deuterium: 13k V. 2.5 Torr: Top trace: 75 kA/cm; Bottom
trace: 4 kV/cm: Time scale (horizontal): | us/cm. (¢) Current and mag-
netic trace of plasma focus in deuterium: 15kV, 3.5 Torr: Magnetic probe
placed at z = 10.2 cm: Top trace: 73 kA/cm: Bottom trace: 0.6 T/cm.

ible operation. Six systems were assembled one after the
other and tested over a period of 2 months. Each system
was assembled and tested over a period of 1 week averaging
between 100-200 shots in the various gases. Once a system
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has been established to be operating normaily, that is. with-
out undue leakage and after an initial period of out-gasing
involving some three to five discharges, proper focusing is
achieved for better than 95% of the discharges, apart from
those discharges deliberately operated outside the estab-
lished suitable pressure range for the gas used.

V. DISCUSSION

It is of interest to estimate the range of temperatures and
densities available in this device. This is best discussed sep-
arately for each of the two phases of operation, namely, the
axial drive phase and the radial collapse phase. [n deuter-
{um in typical operating conditions in the axial drive phase
between Z = 8 and Z = 16 cm a steady plasma tempera-
ture of 2% 10° K may be estimated (as shown above from
the measured shock speed) in a slug length of 4 cm. For
operating at an ambient density of 3 Torr of deuterium,
complete ionization is achieved at this temperature giving
an ion density and an electron density each of about 10
per cm’ since ashock mass density ratio of 4 may be expect-
ed for a strong fully ionized deuterium shock. In the radial
focus phase, soft x-ray techniques'>? have been used to
estimate temperatures in a similar small plasma focus to be
0.7-3 keV while interferometric techniques®' have been
used to measure peak electron densities in the maximum
compressed pinch column of 1-5X 10'? per cm’. These ex-
perimental results agree with computations based on the
dynamic theory** already discussed in Sec. IL

When heavier gases such as argon are used as the test gas
the dynamic theory predicts enhanced compression due to
the specific heat ratio®* being reduced below 5/3. In the
case of argon, higher temperature (about 4 keV) and elec-
tron densities (102° per cm®), may then be predicted by the
dynamic theory applied to the pinch phase. There is also
experimental evidence™ to back up these predictions.

At such high temperatures, thermodynamic computa-
tions show that even argon becomes almost fully ionized*
and experimental work shows that worthwhile spectro-
scopic studies may be made of the focus using, e.g., argon as
a test gas. Peacock™ et al. have used a 2-m Rowland circle
grating spectrograph and a de Broglie spectrometer to 0b-
tain spectrograms of argon and neon focus discharges. The
results are sufficiently reproducible for identification of
transitions in H-like and He-like Ne and Ar ions. If line
profile scans are to be made then it is usual to obtain a
profile over a number of discharges. The question of repro-
ducibility then becomes important. In the present setup the
reproducibility has been studied by using two simultaneous
monitoring criteria. First, the neutron yield of each dis-
charge is monitored and those that are beyond 10% of the
average may be rejected. Second, the voltage spike is moni-
tored for its time position and its shape (rate of rise, single
spike, or muitiple spikes). The time position of its peak
(single peak spike) may be used as a reference point to fix
the time position of the photomultiplier output. A dis-
charge with a voltage spike shape that does not conform
with the average shape may also be rejected. A close study
of the data shows that when the system is properly set up
and adjusted, at least 80% of the discharges are sufficiently
reproducible for scanning applications.

It may also be of interest to inquire about the types of
experiments that may be done on a plasma focus machine.
First, as already mentioned in detail earlier, the axial drive
phase may be used to study plasma dynamics and energe-
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tics.’® The use of simple voitage, current, and magnetic
probes, together with a coupled circuit-dynamic analysis
enables one to obtain the dynamics and energetics of the
system and also shock plasma temperature and densities.
These may be confirmed with spectroscopic and interfero-
metric measurements to check the validity of the dynamic
model used.

In the radial pinch phase, the pinching action is more
severe than the Z or theta pinch for two reasons. Thefirstis
that the use of the axial drive phase delays the focus pinch
so that it occurs at peak current and enables a smaller radi-
us pinch to occur at higher ambient density. Second, the
smaller radius pinch is an elongating pinch that also con-
tributes to an enhancement of pinch compression due to
the smaller resulting pinch radius ratio.”* Thus even a
small plasma focus achieves sufficiently intense plasma
conditions to produce consistent nuclear fusion and may be
used as the lowest-cost device for demonstrating nuclear
fusion from a plasma. Even a simple 3-kJ device such as the
one presently discussed here may be used as a starting point
for studying neutronics.> For example, measurement of
the half-life of '® In has been carried out™ using the UNU/
ICTP PFF as the neutron source. [t is known that the deu-
terium focus produces a deuteron beam®' of several
hundred keV. The effect of this beam on targets may also be
studied for the enhancement of neutron yield.”® The corre-
sponding electron beam. accelerated in the opposite direc-
tion into the anode, has relativistic speed”” and may be
taken out of the system by using a hollow electrode. Thus
the focus may also be used as a REB source. These two
effects, i.e., consistent neutron and REB production, are
not available in the Z pinch and theta pinch™ because of
insufficient densities (10'7 per cm®) and temperatures
(several hundred eV). This demonstrates the enhanced in-
tensity of the plasma focus device.

The REB may also be used to sputter anode material
downstream of the focus.”"** By using different materials
as inserts in the anode face, different materials may be sput-
tered.

Other experiments and applications may be listed.”' In
the experience of the UNU Training Programmelg the
study of plasma dynamics particularly in the axial drive
phase and the demonstration and study of plasma nuclear
fusion are in themselves sufficiently interesting and of suffi-
cient scope for a good beginning to be made in the field of
experimental plasma physics.

VI. CONCLUSION

A simple cost-effective plasma focus device based on a
3.3-kJ single capacitor and a maintenance-free parallel-
plate spark gap has been designed and operated as a repro-
ducible and reliable neutron source ( 10® neutrons per dis-
charge in deuterium), as well as a reliable source of focused
plasmas of air, argon, hydrogen, helium, and carbon diox-
ide. In a period of 3 months six sets of the equipment were
constructed and tested in the course of a UNU Training
Program. These sets are now being reassembled in various
countries as postgraduate teaching facilities. The remark-
ably reproducible results suggest that this device may be
readily built as a very cost-effective facility for the teaching
of plasma dynamics, plasma phenomena, and plasma nu-
clear fusion. This could be a valuable contribution, particu-
larly to the developing countries where dense plasma facili-
ties are hardly available.
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INTRODUCTION

It has often been argued that certain areas of research should be

avoided by developing countries because of cost consideration. One such
area 1is Plasma Physics and Nuclear Fusion. Witness the gigantic fusion
installations of the top national and international fusion centres and the

sophisticated equipment of even small plasma physics laboratories 1in

developed countries.

Despite such arguments there exists more than 50 institutions in 28
countries in the Third World with plasma and fusion programmes. Some of
these programmes like the Brazilian or Indian fusion programmes have
attained the status of national programmes with multi-million dollar
funding which although miniscule compared with e.g.JET, is still orders of
magnitude better funded than the typical plasma projects of other
developing countries. What then of these typical underfunded plasma

laboratories? Is there anything significant that they can do?

There had appeared in the past few years an effort which has
demonstrated that good experiments, indeed working fusion facilities, may
be built at very low cost using the figure of $5000.00 (the maximum value
of a TWAS research grant) as a limiting budget. A working fusion facility
the UNU/ICTP PFF has been developed during a 1986 training programme in
Kuala Lumpur and sets, constructed by the trainees themselves, have been
transported back home by the trainees, reassembled and are now being used

as postgraduate training facilities.

At this point of time when the developing countries are taking

important steps to improve their facilities in plasma research on the one

40-1
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hand through national programme and on the other hand through low-cost

-creation and sharing of technology it seems desirable to review the extent

of Third World fusion programmes and put into this context the exciting
work in the innovative development of low-cost facilities to enable more

developing countries to share in plasma and fusion research.

For this purpose this paper is divided into two parts. The First
Part, a review of Third World Fusion Programmes consists mainly of material
in tabular form which has already been presented by M.H.A. Hassan to the
International Fusion Research Council (IFRC) in Vienna on the 20-22 January
1988. The Second Part extends the review to examine a pioneering effort in
south-south collaboration which promises an impact on the development of

plasma technology in many developing countries.

PART I

I. Figure 1 shows the locations of Third World Institutions with

Fusion Programmes.

II. A list of Institutions with Fusion Programmes is given in
Table 1.

Table 1: NUCLEAR FUSION PROGRAMMES IN THE THIRD WORLD
List of Institutions with Fusion Programmes

Country Name and Address of Institution City

1 ARGENTINA Comision Nacional de Energia Atomica (CNEA) Buenos Aires
Avenida del Libertador 8250, 1429

2 ARGENTINA PRIFIP, Consejo Nacional de Investigaciones Buenos Aires
Cientificas y Tecnicas
Universidad de Buenos Aires, Pabellon 1
Ciudad Universitaria, 1428

3 ARGENTINA  PROFET, Universidad Nacional de Centro Tandil
de la Provincia de Buenos Aires
Pinto 399,7000

4 BANGLADESH Department of Physics Dhaka
Jahangirnagar University
Savar
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Country

Name and Address of Institution

City

BANGLADESH

Institute of Nuclear Science and Technology Dhaka

Atomic Energy Research Establishment
Ganak Bari, Savar
P. 0. Box 3787

BRAZIL

Instituto de Fiscia
Universidade Federal Fluminense
Quteiro de Sao Joae Batista
Niteroi 24 210

Rio de
Janeiro

BRAZIL

Instituto de Fisica

Universidad Federal do Rio Grande do Sul
Av. Prof. Luiz Englert

s/n. 90000 Porto Alegre

Rio Grande
do Sul

BRAZIL

Instituto de Estudos Avancados
Centro Tecnico Aerospacial
Rodovia dos Tamoios

KM 5.3 CEP 12200

Sao Jose dos
Campos

BRAZIL

Instituto de Fisica,
Universidade de Sao Paulo
Cidade Universitaria
Caixa Postal 20516, 01498

Sao Paulo

10

BRAZIL

Instituto de Pesquisas Espaciais
Caixa Postal 515

Av. dos Astronautas No. 1758
12200 Sao Jose dos Campos

Sao Paulo

11

BRAZIL

Universidade Estadual de Campinas
Caixa Postal 1170
13 100 Campinas

Sac Paulo

12

CHILE

Pontificia Universidad Catclica de Chile
Casilla 6177

Santiago

13

CHINA

Department of Electrical Engineering
Tsinghua (Quinghua) University

Beijing

14

CHINA

Institute of Atomic Energy
P. 0. Box 275

Beijing

15

CHINA

Institute of Mechanics, Academia Sinica

Beijing
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Country Name and Address of Institution City

16 CHINA Institute of Physics, Academia Sinica Beijing

17 CHINA Peking University Beijing
Institute of Theoretical Physics

18 CHINA Institute of Plasma Physics Hefei
Academia Sinica
P. 0. Box 26, Anhui Province

19 CHINA University of Science and Technology Hefeil
24 Jinzhai Road, Anhui

20 CHINA Southwestern Institute of Physics Leshan,
P. 0. Box 15 Sichuan

21 CHINA Department of Physics and Institue of Shanghai
Modern Physics, Fudan University

22 COLOMBIA Universidad de Antioquia Medellin
Apdo Aereo 1226
Ciudad Universitaria, Antioquia

23 CUBA Instituto de Investigacion Tecnica La Habana, 4
Fundamental
Calle O No. 8

24 EGYPT Nuclear Research Centre Cairo
Atomic Energy Authority
P. 0. Box 13759

25 EGYPT Physics Department, Al Azhar University Cairo

26 INDIA Institute of Plasma Research Ahmedabad
Navarangpura, 380 0083

27 INDIA Saha Institute of Nuclear Physics Calcutta
92 Acharya Prafulla Chandra Road
700 009

28 INDIA Indian Institute of Technology New Delhi
Delhi 110 0186

29 INDIA Mathematics Department Roorkee,
University of Roorkee Uttar Pradesh

30 INDIA Department of Physics/University Science Jaipur
Instrumentation Centre
University of Rajasthan

31 INDONESIA Yogyakarta Nuclear Research Centre Yogyakarta

National Atomic Energy Agency
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Country Name and Address of Institution City

32 IRAN Nuclear Research Centre Tehran
Atomic Energy Organization of Iran
P. 0. Box 11365-8486

33 KENYA Physics-Department Nairobi
University of Nairobi

34 KOREA, REP Department of Nuclear Engineering Sequl
Seoul National University
Shinrim-dong, Kwanak-gu, 151

35 KOREA, REP Hanyang University Seoul
17 Haengdang-dong
Sungdong-gu 133

36 KOREA, REP Korea Advanced Energy Research Institute Seoul
(KAERI), P. 0. Box 7, Chongryang 131

37 KOREA, REP Korea Advanced Institute of Science and Seoul
Technology (KAIST)
P. 0. Box 131, Chongryang

38 KOREA, REP Korea Institute of Technology Seoul
39 KOREA, REP Kyungpook National University Taegu
1370 Sanyuk-dong, Bauk-gu 635
40 MALAYSIA Physics Department, University of Malaya Kuala Lumpur
41 MALAYSIA Physics Department Kuala Lumpur

Technology University of Malaysia

42 MEXICO Instituto Nacional de Investigaciones Mexico City
Nucleares, Agriculture 21 11800

43 NEPAL Department of Physics Kathmandu
Tribhuvan University
P. 0. Box 3757, Tripureswar

44 NIGERIA Department of Physics Ilorin
University of Ilorin, P.M.B. 1515

45 NIGERIA Physics Department Port
Rivers State University of Science Harcourt

and Technology

46 PAKISTAN Physics Department Islamabad
Quaid-I-Azam University
P. 0. Box 1080

47 PHILIPPINES National Institute of Physics Manila
University of the Philippines
Quezon City
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Country Name and Address of Institution City

48 SENEGAL Laboratoire de Physique Fondamentale Dakar
et d’Etudes Energetiques
University of Dakar, Dakar-Fann

49 SIERRA Department of Physics Freetown

LEONE Njala University College

Private Mail Bag

50 SINGAPORE Mathematics and Science Centre Singapore
Ngee Ann Polytechnic

51 SUDAN University of Khartoum Khartoum
P. 0. Box 321

52 SYRIA Department of Physics Damascus
University of Damascus

53 THAILAND Physics Department Hatyai
Prince of Songkla University

54 TURKEY Ankara Research and Training Centre Ankara
Besevlar

55 TURKEY Cekmece Nuclear Research Istanbul
and Training Centre
P. K. 1 Havaalani

56 UNITED Physics Department Al’Ayn

ARAB United Arab Emirates University
EMIRATES P. 0. Box 15551

57 VENEZUELA Universidad Simon Bolivar Caracas
Apdo 80659
Prados del Este 1080

58 VENEZUELA Universidad de los Andes Merida
Avda 3, Independencia
Edif. Rectorado 5101

II1 In Table 2 is compiled some information of Third World Institutions

with experimental facilities in fusion.
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1) ARGENTIRA

Table 23

AR FUSION P 5 1H THE THIRD LORLD
LABORATORIES BITH EIPERIMENTAL FACILITIES

A) LATIN ARERICA

Institution

Buenos Aires

2,5, 5ca

3Plasea-solid interaction

i i Field Reversed Pinch H Plasma Focus i Topics i Key Person
i a) CNEA i 3Fast Linear Field Reversed i | 3Forsation and stability of RC H 8
i Buenos Aires | ©6-Pinch (1982) H ¢+ of FRC :

: i R=8cs L=130-60cs B=03T1 H :

1 b)) PRIFIP : ' IPFI Hather (1973) | 3Breakdown phase and current sheath | 19
i Buenos Aires | i 0,95, 2.7, 20 c@ i structure in Plassa Focus |

i H V200kY, L4k : :

] : i SPFII Hather (1980) ! H

' d V19, 3.5, 30 ca : !

d | T35k, 20 kJ g '

i ¢} PROFET : i 3PACO Hather (19B4) | 3Heating k Radiation i 12
: ': ! ; :

3T kY, LB

tLaser-plasea interaction

s
i

2) BRAIIL

{ Institution | Tokasak H Pinches i QOthers i Topics | Key Persan
1 a) URICARP {3TUPA linear g-pinch (32) ! V3FRC Equilioriua: 8 :
: Campinas g i 2=15 ¢, L=100 cm, B=! T ' 13Stability ‘ :
i H {3Field reversed B-pinch (83)) t3Transport ; ;
| ; i R=16 cm, L=80 cm, B=0.7 T ! {$ICH ! :
i b) IFUSP 13TBR~1 Tokaeak! H 1$Torodial : 12 ;
i Sao Paulo 1 (1980) H H v stability : :
; J R=30ca ' ; : : |
' Pa =1llem ; ] : |
' P ' ; ; :
i c) UFF ; H $Linear Hagnetic Hirror (1983) i$Instabilites ! 13 H
| Hiteroi ! ! ! a=8.3 ¢m, L=255 ¢m, By 0.1 T i3Haves ' |
t ] 1 ] i i :
i d) INPE H H {3Gyrotron high power i3Hicrovave pover; 24 i
! Sao Jose ' ; | picrovave generation i for ECH ' :
i dos Lampos | ; ‘3Hulticagnetic dipnle discharge (1980)i%Electrostatic ! '
g : ' 13Plasma centrifuge (1984) i propulsion : .
: : ' i3Vacuua chaebre test facility 131A vaves and | ]
' : : H i solitons i ]
' g i H 130ouble layers | :
i e) IEAV i i 13Carbon Dioxide Laser i3Laser-plasaa | 9 i
i Sao Jose : ] 110, 20ns i iateraction | i
: ' 1 : ) ' H

dot Campos
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Country {nstitution

Facilities

t ; : ! Research Topics } Key person
' 3) CHILE v PUC i $Pseudo-spark discharge (1983) i 3Electron and [on beam generation in discharge | 4
' i Santiago « $Bas-epbedded I-pinch (1987) i 3Stability of gas-embedded I-pinch i
' 4) MEXICD i ININ i $Tokamak (198R) ' : 8
; i Hexico City | R =23 ca, a =9 ca, Br=0.477 '
i 5) VENEIZUELA i USB i $Duo-plasea device (1983) i 3Basic plasea paraseters H 3
! : Caracas ¢ D=50cn, L=100cm i %Haves :

B) ASIA
1) CHINA
i Institution i Tokamak | Field Reversad Pinch | Hirrors : Qthers | Topics i Key Person
i a) [nstitute of | ICT-BB (1974) @ $FRPL (1984) i 30EX simple ; | 1Stability : 90 '
i Physics (AS) ¢t R =43¢ | R=hIJcm ¢ MHirror (1987} : i ¥Transport ; ;
1 Beijing i3 =10ce 1 L=555¢m P4 =13 e : i JECRH H ‘
' ¢ Bo= 3T 1 B=08T v L o=950 ca g i $FRC foreation and ! '
: ' | b8y = 0.8T : i heating ' g
' ‘ : ¢ Ratio: 4 -6 : : :
: b) Institute of | ¥HT-AB (1982) | | THER simple : i 3Tokaeak reactor : 76 ;
i Plasma Physics © R =43 ca | v Hirror (1983) ¢ design ; ‘
i (AS) Pa =123t va =129 m i 3Equilibrius and | :
| Hefel VB 2T L =28 A i transoort : ‘
' O RHT-6H (1984 P By=0.45T i 3HHD instabilities | :
i PR =63a) v Ratins 2 -2 0 i 1¥all conditioning |
; Pa =20ca ' ' i $lspurity transport |
i 1 BT =137 : ; : ; :
: i EHPT-I ; i | i ' ;
: i R =40ca | : i : ' i
; i a =8¢ ' ' : : :
: PoBp= AT g ' i | i :
! i SHT-U (under | ' ' ' g ‘
; i construction)! ; ' : : i
: i R =125 ca ! ‘ : : ; :
! i a =39 | : ! ! ! :
d i Br=3T ; : ! : : '
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CHINA (Cont.)

]
1

i Others | Tapics \ Key Person

Hirrors

'
v

Field Reversed Pinch

Tokanak

]
+

fastitution

i
i

22

3Equilibrive and
transport

[l
[

1
i

IHH-1 sieple

-t

3

T 3HL-1 (1989)

2) Institute of

Physics

'
'

1
'

i
'

Hirror (1973)

‘
1

10 ¢a
= 183 ¢
=0,97

R
L

= 102 &
= 20 ca

Bp=5T

IHave heating

t
]

=11 ca

]
L

!
1

d

Leshan

48 e

Ratio: 1-75

IHH-2 Hinisua B

1
i

Hirror (1972)

1
i

1
0

= 11 ce

a
L

36 ca

Ratio: 2

|
i

3KT-3B
R

d) University
of Science and
Technology
Hefel

i
|

=30 ca
=6 cm
Br=0.3T

1
i

1
'

d

]
i

'
'

10PF-100 (197T)

]
'

]
1

¢) Tsinghue
University
Bei jing

1
i

)
'

Plasma Focus

]
'

'
1

3.5, 6. 22 a8

0 kv, 36 kI

$0PF-200 (1984)

5
]

|
t

'
'

11, 13, 29 ca
45k, 207 KJ

'
'

]
1

gParticle Beas

f) Institute of !
i Atomic Energy
i Beijing
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) INDIA

v Institution | Tokasak H Compact Torus : Others \ Topics i Key person
ca) IPR ' IADITYA (1987) | 307 formed by REB (1984) | 3BETA-TORUS ! YHaves and instabilities ; 10
. Ahmedabad PR =75 i R =20 cn i R =45 cn i $Relativistic electron Beae H

! I a =25¢p v L o= 150 ¢ i a =13ce i 3Scrage off lover :

: PoBr= LS T P B =0.057 VB 05T i 3RF plasea interaction :

' ; Bp- 0.2 T : i 3Double plasea |

: ' ] i pachine (1976) | :

: | | P D =30ca ' H

' : : it L =150 ca d :

b)) TITD ' i i 3Uniforaly eag- | IHicrovave inferaction ] 12
i Delhi : ] i, netized linear | 3ECH ;

H i ; ! device (1989) | %Non-linear interaction :

: : : i 0 =15¢e ; d

; ; : i L =250 ce ! |

' ' ' : BO =00 T i H

! : ' { %Beam-plasma : i

' : i i systee (under | '

i ; . { construction) ! :

; | ' D = 10ca i |

i ; ; o L= 130 ¢ H :

i ¢) SINP i ¥Tokamak (from ; . 3Linear I-pinch | 3Lov density discharge H

¢ Daleutta i Japan) ' i (under i ¥Transport :

g i R =30cm ' i construction) | 3RF current drive ;

) i a =84ca | H i i

; b= 27 ; ' : g

OTHER ASIAN COUNTRIES

: Country | Institution |  Tokamak ! Plasma focus | Others i Topics i Key Person
1 3) fran i Nuclear i JALVANDIIC | i i 3Diagnostics ! 3
; i Research i R =435 i \ 3Transport H

i i Lentre boa =126 i : j d

| i Tehran PoBL= 2T 1 E : ‘l

i 4) Indomesia : Yogyakarta i $Hathers type | 36lov discharge i d 3
: i Nuclear : VL3 6 ; , :

: i Research | i20kY, 6K : i :

; i Centre : i : ' ]
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QTHER ASIAN COUNTRIES (Cont.)

{nstitution

Country

b) Ceknece
Nuclear
Research and
Training
Centre
Istanbul

3Hagneto-plasma |
(1975)

0 =6ca
L =50 cm
B =017

3Hagneto-Plasea 11
(1980)

3lon acoustic
vave study

$Plasma-vave
interaction

H i Tokamak i Plasmea Focus | Others i Topics i Key Person 1
T ' 1 t ] 1 1 3
i 3) Korea i a) Seoul i 3SNUT-79 (1983)% 3PF-1 Hather ; i 30H Experiments i 8 :
! Repulic i Hational TR =85 i 2.1, 4.6, 14 ot ' H :
:  University 1 a =13cm v 20 kY, 50 kJ ; ; : ;
| | Beil | | S
: i b) KAERI i 3KAERIT i H ! 30H Discharge : 4
: 1 Seoul i Tokamak i : ' i :
i i TR =27 ce : : ! g i
H : P a =3¢ ' ' ! : !
; ; e SR ; ; ; ;
i ! ¢) Kyungpook | i i SKUTAH ! $Basic experiments i 2 H
: ! University i i Tandee Hirror : : :
] [} ¥ 1 t [ 1 1
t §) Halaysia ! University | 3Tokamak (1984): $UHDPFL Hather i 3Electromagnetic ! 3Plasma Focus : 15 :
: i of Halaya iR =20 P9 1 Shock tube ! diagnostics and i
; ' Kuala Luepur © a =35 «s '1,3,4.3,15.5 ¢a | 3acuus Spark i fusion neutrons 1 i
: i PoB=0aT 140 kV, 50 kJ i 36lov discharge ' 3Torodial pinch - g
i . 1 ' IUNU/ICTP PFF i 3Rotasak ! discharge and probe H :
H | : ! Device i 3Pinch i ameasurements ! :
i i : OIS kY, 3K ! 3Laser systeas ¢ 3Current stepping in ;
; : i i J i pinch i :
' 7) Pakistan | BQuaid-I-Azas | 1 IPF (1987) ! 3Theta Pinch (1988) ! ) 12 :
' i University (from Rereany) ‘ i '
i i Islamabad : i | :
v ] ! 1 b t
i B) Turkey ! a) Turkish | 3DPF-2 Hather $SK/ITT-1 (1984) ; : 5 ;
H ! Atoeic ' (1984) foapact Torus ; : '
j Energy : 2.5, 5, 1B cm Hagnetized  -Tube !
H Authority : 10-20 kY, 10 kJ i Rg= 10 ca
H Ankara | $DPF-HD/} Hather H =Beca i
; : 1987 (as above, B =0,073 7 {
: : but sultiple 35K/C6-1 (under
: ; poloidal B) construction) i
i : Four C-Guns 1
; : Rg=23 co H
' i H =22 ca :
. i B =137 ]

1 1

i )

'
i
i
i
§
1
[
1
[}
)
1
'
|
'
1
|
|
t
]
|
'
3
i
i
'
1
'
i
[}
1
1
'
|
i
i
1
1
s
i
5
i
§
]
¢
[}
'
]
|
[l
t
t
'

D =4¢n
L =100 ce
B =037
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Country

Institution

Plasea Focus

Others

Key Person

Egypt

a) Atosic Energy
Authority
Cairo

Plasma Fotus - Hather
a=1,6¢Cm b =33
L=3.5¢ca

18 &Y, 104

3 Linear 8 - pinch (1983)

L=8 ¢, a=8cs B-=

% Linear 8 - pinch (1984)

Lt =3¢, a=8cp B=

17

b) Al Azhar
University
Cairn

UNU/ICTP Plasma fusion
Device

a=1.0ce b=32c

L=16cn

15kY, 2.3k

3 Piach
% Shock Tube
¥ Lasers

2) Nigeria

Rivers State
University of
Science and
Technology
Port Harcourt

UNU/ICTP Plasaa Fusion
Device

a=1.0cm b=32¢n

L=16cn

19 kv, 3.3k

2

Sierra Leone

Njala University
College

UNU/TETP Plasaa Fusion
Device

1= 1,08, 8=22¢n
= 16 ¢n

1Sy, 3.3k

~
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IV

Some statistical data is presented in the following Tables:
Table 3: Countries and Institutes with Fusion Programmes
and Facilities
Table 4: Distribution of Countries by Region
Table 5: Tokamaks in the Third World
Table 6: Division of Countries according to
Strength of Fusion Programmes
Table 7: Brazilian National Plasma Programme
Table 3: COUNTRIES AND INSTITUTES
WITH FUSION PROGRAMMES AND FACILTIES
No. of Insitutes|{ No of Institutes Key
with Fusion with Experimental |Researchers
Country Programmes Facilities (estimates)
Argentina 3 3 39
Bangladesh 2 6
Brazil 6 5 66
Chile 1 1 4
China 9 6 ~200
Colombia 1 3
Cuba 1 3
Egypt 2 2 23
India 5 3 >30
Indonesia 1 1 4
Iran 1 1 5
Kenya 1 3
Korea Rep 5] 3 22
Malaysia 2 1 18
Mexico 1 1 8
Nepal 1 4
Nigeria 2 1 6
Pakistan 1 1 12
Philippines 1 2
Senegal 1 3
Sierra Leone 1 1 2
Singapore 1 2
Sudan 1 2
Syria 1 2
Thailand 1 1 2
Turkey 2 2 8
United Arab. E 1 2
Venezuela 2 1 5
Totals: 28 58 34 > 486
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Table 4: THIRD WORLD COUNTRIES WITH FUSION PROGRAMMES
Digtribution of Countries by Region

ASIA LATIN AMERICA AFRICA
Bangladesh Argentina Egypt
China Brazil Kenya
India Chile Nigeria
Indonesia Colombia Senegal
Iran Cuba Sierra Leone
Korea, Rep. Mexico Sudan
Malaysia Venezuela
Nepal
Pakistan
Philippines
Singapore
Syria
Thailand
Turkey
United Arab E.
Totals: 13 7 6
Table 5: TOKAMAKS IN THE THIRD WORLD
Country |Device a R Br Ip TE N?g . Te | Ti Bt
(cm){ (cm)| (T)|(KA)| (ms) [(10 m (kV) [ (KV) 1 (%)
Brazil TBR-1 11 30 0.3 12 1 1.5 0.12 0.1
China CT-6B 10 45 1.3 30 1-2 1-4 0.3 {0.1 |0.5
HT-6B 12.51 45 1.2 40 1-3 3 0.25(0.0811
HT-6M 20 65 1.5 {120 |10 7 0.6 |0.2 |1
MPT-X 8 40 1
HT-U 35 125 3
HL-I 20 102 3-4 (225 [16-18 7.2 1.8 |0.87
KT-5B 3] 30 0.5 15 2 0.1 10.03
India ADITYA |25 75 1.5 250 3] 1 0.5 [0.3
Iran ALVAND {12.6{ 45.5{0.8 ] 2 0.1 {0.05(0.2
Korea SNUT-79115 65 3 120 {50 10 0.5 0.4
KAERIT 3 27 4.2
Malaysia |Tokamak| 5 25 0.5 40 0.1 1 0.1 0.1 0.2
Mexico NOVILLO} 8 23 0.471120 0.15 2 0.15{0.05{0.1
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Table 6: DIVISION OF COUNTRIES
ACCORDING TO STRENGTH OF FUSION PROGRAMMES

A B C
Argentina Chile Bangladesh
Brazil Egypt Colombia
China Iran Cuba
India Mexico Indonesia
Korea, Rep. Pakistan Kenya
Malaysia Turkey Nepal
Nigeria
Philippines
Senegal
Singapore
Sierra Leone
Sudan
Syria
Thailand
United Arab E.

A: Countries with strong Fusion Programmes

B: Countries with reasonable Fusion Programmes

(critical mass achieved)
C: Countries with weak Fusion Programmes

(mainly theoretical,

Table 7:

subcritical mass)

BRAZILIAN NATIONAL PLASMA PROGRAMME

* MCT approves US$ 64 M over next four years in support of

* Grants

Basic research

Plasma technology: Development of devices and
instruments for research and industry

Fusion

to be used for

setting up a National Plasma Laboratory ( 51 M)
{main experiment: RF-Driven Compact Tokamak

R =230 cm, a= 20 cm)
strengthening experimental facilities at
existing Laboratories { 13 M)
[USP, UNICAMP, ITA-IEAV, UFF, UFRGS]

45-10




v

181

The next 3 tables 8-10 summarises the Plasma Physics
Programmes of the ICTP.

* 1964:
1965:
* 1970:

i3

ICTP PLASMA PHYSICS PROGRAMMES

Table 8: ACTIVITIES AT ICTP

International Seminar on Plasma Physics
One year programme (directed by M Rosenbluth)

4 months Research Group on Plasma Physics
(directed by B.B. Kadomtsev)

IAEA planned discussion on International
Cooperation in Controlled Fusion Research
(report published in Nuclear Fusion

Vol. 10, p. 113)

¥ 1977 - 1987: 6 Colleges on Plasma Physics

* 1980:
*¥ 1984:

- Colleges run for 4 weeks divided between Fusion,

Laser and Space Plasmas
Participants from Developing Countries (40%);
Europe, Japan, USA and USSR (60%)

- On average 70 participants from Developing

Countries attended each College
Workshop on Drift Waves

Twenty years of Plasma Physics at ICTP
(Workshop organised by B. McNamara)

Table 9: OUTSIDE ACTIVITIES SUPPORTED BY ICTP

1982:
1984:

1985/86:

1986:
1987:

1988:
1988:

1988:

First Latin American Workshop on Plasma Physics
(Brazil)

First Tropical College on Laser and Plasma
Technology (Malaysia)

First UNU/ICTP Training Programme on Plasma and
Laser Technology (Malaysia)

- Establishment of UNU/ICTP Research and
Training Plasma Fusion Facility (plasma
focus, electromagnetic shock tube, nitrogen
laser system, glow discharge system)

- Development of Plasma Focus Facility in
Egypt, Indonesia, Pakistan, Nigeria and
Sierra Leone

Second Tropical College (Malaysia)

Energy Independence Conference (Brazil)

(Fusion Energy and Plasma Physics)

Third Tropical College (Malaysia)

(UNU)ICTP Training Programme on Plasma and Laser
Technology (Malaysia)

Formation of Asian African Association for Plasma
Training - AAAPT (Malaysia)

Table 10: ICTP ASSOCIATESHIP SCHEME

17 Associates in Plasma Physics from 13 Developing Countries
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VI

The conclusions to this review are summarised in the next 3
tables (Tables 11-13).

Table 11: BENEFITS OF PLASMA PHYSICS RESEARCH
IN THE THIRD WORLD

A) Long-Term

Enable Third World Countries to monitor the
perspectives of Fusion and its potential for their own
future energy needs:

: Contribute to and influence the International Fusion
Research Programmes

B) Short-Term

Develop new Technologies with wide Non-Fusion
applications:

Examples: Plasma Torches
Radiation Generators
Plasma Centrifuge
Particle beams
Vacuum techniques
Pulsed power technology

Table 12: PRIORITIES AND FUTURE OUTLOOK

H

Shortage of Funds implies:

Selectivity of Appropriate and most effective types of
experiments.

* Group A
Develops medium-size Tokamaks with specific objectives
¥ Group A and B

Develop alternative {Non-Tokamak) concepts (e.g. Field
Reversed Pinch, Plasma Focus and Rotamak)

¥ Group C
Intensive training to reach critical mass
Table 13: ENHANCING FUSION RESEARCH IN THE THIRD WORLD
A) Improvement of Research Facilities:
: Research Grants for equipments and supplies (TWAS)
: Donation of Books and Journals (ICTP/TWAS)
: Donation of Equipment (Fusicn Labs in Advanced
Countries)

: Grants for indigeneous design of equipment
and facilities
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B) South-South Collaboration

TWAS South-South Fellowship Programme
UNU/ICTP Programme

Latin American Plasma Programme

Asian African Association for Plasma Training

C) North-South Collaboration

Bilateral agreements and exchange of visits
Long term visits to BIG Fusion Projects in

the North (e.g. JET, TFTR, JT-60, T-IS)
Participation in International Fusion Programmes
such as INTOR and ITER

Participation in International Conferences
(ICTP, IAEA)
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PART II

In part II we discuss the subject of South-South Collasboration by
examining a specific example namely the United Nations
University/International Centre for Theoretical Physics (UNU/ICTP) Training

Programme in Plasma and Laser Technology in Kuala Lumpur 1985/886.

VII This programme resulted f{rom efforts to initiate research 1in
experimental plasma physics 1in some developing countries. Specific
discussions were held in 1983 during the ICTP Trieste Spring College on
Plasma Physics. A proposal was made to IAEA to have regional training
programmes on specific devices in Egypt, Argentina and Malaysia. In 1984,
UNU agreed to fund a Malaysian training programme. This was duly held in
1985/86 with ICTP funding for the vital aspect of follow-up equipment.

Following this a second training programme 1s scheduled to be run in 1988.

THE UNU/ICTP TRAINING PROGRAMME (1985/86)

Aim: To 1initiate/strengthen experimental plasma/laser research in

several developing countries.

Method: By transfer of

* an integrated package of expertise

* basic components and equipment.

Chosen devices:

* Multipurpose dense plasma facility
UNU/ICTP Plasma Fusion Facility/High Mach Number Simulator
Electromagnetic Shock Tube

* Nitrogen Laser Systen

* Glow Discharge. System

Progress:

October-December 1985:

Lectures and experiments. Writing a research paper from one of
the experiments, planning, compute modelling and design.
Construction and development of equipment taking into accopunt
individual aims and resources.

December 1985-February 1986:

Development of the UNU/ICTP Plasma Fusion Facility. Development,
assembly and testing of each facility until each 1is fully

operational. Research work carried out.
March 1986:
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Preparation of reports and research papers. Participation at
Second Tropical College. Preparation of equipment for air
shipment.

Ligt of Research Papers:

1. American J. Phys. 56, 62 (1988) - S. Lee, T.Y. Tou, S.P. Moo, M.A.
Eissa, A.V. Gholap, K.H. Kwek, S. Mulyodrono, A.J. Smith, Suryadi, W.
Usada and M. Zakaullah.

2. IEEE J. Quan. Elec. QE23, 283 (1987) - A.J. Smith, K.H. Kwek, T.Y.
Tou, A.V. Gholap and S. Lee.

3. Singapore J. Phys. 3, 75 (1986) - S. Lee et. al.

4, J. Fiz. Malaysia 6, 165 (1985) - S. Lee et. al.

5. J. Fiz. Malaysia 7, 45 (1986) - C.S. Wong et. al.

6. J. Fiz, Malaysia 7, 1 (1986) - S. Lee et. al.

7 J. Fiz. Malaysia - K.H. Kwek et. al.

8 Singapore J. Phys. 4, 131 (1987) - S.P, Moo et. al.

and 15 papers at Second Tropical College 1986 and ICTP Spring College 1987,

presented by UNU Fellows, to appear in the Proceedings of the two Colleges.

Progress achieved by UNU Fellows on returning home:

April 1986 Nitrogen laser operational at Port Harcourt
End 1986 UNU/ICTP PFF operational at Yogyakarta, Cairo, Islamabad.
Nitrogen Laser operational at Srinaga.
1987 UNU/ICTP PFF operational at Port Harcourt and Sierra Leone.
Dec 1987 Nuclear fusion neutrons measured from UNU/ICTP PFF at
Islamabad.

M.Sc. Programme reported at Sierra Leone.

First M.Sc. awarded at Port Harcourt.

Ph.D. programmes reported from Quaid-I-Azam, Port Harcourt

and Bandung,

Quaid-I-Azam planning 16 kJ focus and pinch experiments.
1988 First Ph.D. thesis on experimental plasma fusion physics

reported from Quaid-I-Azam.
VIII KEY POINTS OF TRAINING PROGRAMME

i) Device to be developed and transferred must be carefully chosen
to have
a) special cost effective features
b} large variety of phenomena for research and postgraduate

studies
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ii) Device must be carefully packaged from consideration of
technical, pedogogical and economic aspects.

11i1) Concept of sub systems has great advantacge.

Choice of Devices:

A variety of small plasma devices were considered carefully. From the
fusion point of view the plasma fcous was selected to be superior,
requiring less technical resources than other pulse plasma devices and yet
producing more intense plasma phenomena including cbpies X-T8Y,
relativistic electron beam and fusion neutrons. The physics behind this
cost-effectiveness has been identified as the pulse power enhancement
inherent_in the two-phase mechanism of the focus which allows for time
matching of the electrical rise time to the time of pinch; so that a conven
tional capacitor is sufficient to produce nuclear fusion in the focussed

plasma of even a small machine like the UNU/ICTP PFF.

Concept of sub-systems

The training programme centres on the adaptive design, construction
and experiments of a complete research facility made up froh sub-systens
including power supplies, control and switching electronics, discharge
electrode system and low inductance connections, vacuum chamber,
diagnostics, modelling microcomputer packages and design, construction,

assembly, testing and research procedures.

The sub-systems as designed for the UNU/ICTP PFF are shown
schematically in Fig. 2. The detailed design of the machine as shown in
Figs 3a and 3b and the electrical circuit 1in Fig. 4. The resulting
low-cost machine has produced research results already reported in various

research papers mentioned earlier.
IX CURRENT TRAINING AND RESEARCH TOPCIS

The UNU/ICTP PFF open up a large number of research areas and

application topics. These may be summarised as follows:

System technology, design and construction
System characterisation and optimisation
Development of diagnostics
Development of computation - modelling, parametric variation
and optimisation
Plasma dynamics
Neutron measurements and neutron scaling
Fusion physics and technology
Neutron enhancement by dynamic, thermodynamic and target methods
Application as pulsed neutron source e.g. for half-life measurements
X-ray production and measurements
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(a) The capacitor connecting piates, the spark gap, and output coaxial cables. | = 15-kV, 30-uF capacitor; 2 = capacitor O-ring seal; 3 = washer;
4 = oil; § = nylon cap; 6 = steel nut; 7 = capacitor output seal; 8 == O-ring seal: 9 = Earth stud; 10 = Earth plate; 11 = 5-mil Mylar filr; 12 = polyethe-
lene film: 13 = copper ring HY connector; 14 = capacitor high-voltage (HY) output plates; 15 = lock nut for HY plate: 16 = HY electrode for swinging
cascade spark gap; 17 = trigger electrode; and 18 = output coaxial cables (16 in parailel). (b) The plasma focus tube. 18 = input coaxial cables (16 in
parallel}; 19 = stud of anode; 20 = anode collector plate; 21 = connecting points for coaxial cable HV lead; 22 = Rogowski coil; 23 = perspex spacer;
24 = rubber holder; 25 = cathode collector plats; 26 = mila steel flange: 27 = O-ring seal; 28 = focus cathode support plates: 29 = focus anod s
30 = glass insulator; 31 = focus cathode (6 rods); 32 = mild steel focus chamber; 33 = movable magnetic probe in glass jacker; 34 = flange; 35 = bacl:

flange; 36 = diaphragm gauge; 37 = outlet to vacuum pump; 38 = inlet for test gas; 39 = wax container w1

th indium foil and PM-scinuliator acuvation
counter.
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{-ray enhancement and application as sources for
lithography and microscopy
Relativistic electron beam (REB) measurement and applications
Sputtering ‘and deposition of anode materials
using special anode inserts
Study of particle accelerating mechanisms and applications

The level of most of these topics may be at the M.Sc., Ph.D. or for
postdoctoral research. For developing countries, the UNU/ICTP PFF is
particular suitable for training of postgraduates and for technology

training programmes.
X NEUTRON SCALING WITH THE UNU/ICTP PFF¥

As an example of a research topic that may be investigated with the
UNU/ICTP PFF, we may consider the neufron scaling of the plasma focus.
Experimental scaling for existing plasma focus machines from 1 kJ to 1 MJ
gives a scaling of Y ~ I?, If = focus current and with x in the range of
3.3 - 4.8. We may ask two questions. What Physics underline this scaling?

Can this scaling be improved?

Physics underlying conventional scaling:

Thermonuclear component of the deuterium focus:

1 2 2
= = b
Yth an<0v>n(rfuf)tf (1)
where we may take the focus radius re as
r. =a kf (2)
where a = radius of anode

b
it

£ radius ratio = a constant value of 0.12 for deuterium focus, and

the length of the plasma is

Cf = a(l - kf) (3)

The focus lifetime may be taken as r_. divided by the small disturbance

£
speed, with a lifetime enhancement factor fen' Therefore
Tg fen
rf = I 1 (4)
o 2
Cl(a )/po
1
I yf 2
_ £ u 12 rs
where C, = T Zn{(g;) 3 }
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where If = focus current
Io = characteristic current
u = permeability
7 = gpecific heat ratio
and frs = reflected shock overpressure

The on-axis shock speed is

<t
it
[$4]

¢ [ ]/pi (

1

_ 1.1112 (1+7)°

47T

From Eqn. (5) we may write for the radius of the anode

The focus temperature may be written from pressure consideration as

Io 2
T, = Cy (37 /e, (7)
b 't 2
where C3 = -—fz' E—— frs (‘I"‘)
M = molecular weight
Ro = universal gas constant
X = departure coefficient

Hence from Egns. (5) and (7) we may write the focus temperature

[y+]

_ 2
where.C, = 03/02

noting that Cl’ C C4 may be taken as constants.

2! C3?
Next put Egns. (2), (3), (4) and (6) into Egn. (1) and obtain
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4
Io
Yth = C5 ;3 oV (9)

f
1-% cB
f 2
where C. = f -
] 2k m2 en C1

f D

with mD = mass of deuteron.

From nuclear data we may fit in the range of T from 1-5 keV

where CV = a constant
L

Put Egns. (10) and (8) and then Egn. (7) into Egn. (9) and

1
I -
o d Cf 204
Tin = C If{(a )/po} (11)
- 5/2.2 8
where C = C.C, "C3C (I /1.)".
Put Egn. (5) into Egn. (11) and we have
_ 4
Yin = Co g (12)

- 4, .4 4
where C = C(Vf/Cz)(If/IO)
The quantity I /I is approximately a constant.

For present day focus devices
Vf = 25 cm/Us

giving Tf = 1 keV

It may be seen that this limit of focussing speed is what limits the

thermonuclear part of the neutron yield to Yth ~ Ig.

We may also consider the beam-gas component of neutron yield. Present
generation plasma focus produces predominantly beam-gas neutron to an
extent of 90% resulting from deuteron beams with energy from 50 keV to
1 MeV. Increasing the focus temperature may increase the deuteron beam

energy but does not dramatically increase beam-gas neutron yield. Using a
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simple model such as an inductive model may yield for the beam-gas neutrons

4.5
b-g 372
Ve

O Mt~

Y (13)

where D-D cross section ¢ and its function with beam-energy has been

approximately accounted for.

Thus for a constant speed focus

with a further relatively minor dependence on density.

SUMMARY

The observed scaling law

4
Y If
is due to constant speed operation with the same speed V. = 25

f
cm/Ms in all devices resulting in a fixed temperature operation Tf s 1 keV

so that the advantage of vastly increased fusion cross section with

temperature is not made use of. There are two advantages in arranging for
focus speed to significally exceed 25 cm/Hs pushing temperature well

significally above 1 keV. These are:

1. The neutron yield will become predominatly thermonuclear.

2. The thermonuclear yield will scale as

for fixed a and PO.

SPEED LIMIT

Experimentally there is an observed upper limit for the focussing

speed of 25 cm/HUs corresponding to an axial speed limit of 10 cm/Us.

The physics of this speed limit should be studied so that it may be
overcome -and the advantage of increased speed leading to vastly increased

yvield may be used.

Some recent shadowgraphic studies supported by a TWAS grant have shown
indications that as the axial speed increases above 10 cm/HUs, separation
between the magnetic piston and shock front due to a ¥ (specific heats

ratio) effect becomes too great leading to a radial collapse in which the
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radial shock wave may become decoupled from the radially compressing

piston.

SUGGESTED REMEDIES
From these studies the following remedies are suggested to prevent the

decoupling effect:

1. seeding with noble gas to keep at a reduced value even at axial
speeds above 10 cm/ s.

2. keeping the axial phase physically short. This will lead to
requirement of fast current rise time and Marx technclogy.

3. development of a gas puff focus - to prevent mass accretion and
.layer thickening during axial traversal.

4, electrode profiling

These techniques may be best developed and tested in simple, flexible

machines like the UNU/ICTP PFF.

X1 EXTENDING THE SHARING

(i) Packaging other devices
(a) Field reversed pinch
(b) Micro-Tokamak
(c) Transistorised Rotamak
(Compact torus FRC driven by rotating B field.
Steady current drive of 0.1 A/W)
- Ref. Flinders University of South Australia.
(d) Application devices
Radiation sources, beam source
{~ray laser punmp source
Plasma torch
Plasma sputtering and spraying

{(1i) Other countries as training centres
(a) China
(b) Egypt
(c) India

(iii) Asian African Association for Plasma Training
{a) News bulletin
(b) Coordinated series of training programmes
{c) Equipment design and acquisition
(d) Fellowship exchange scheme

XII CONCLUSION FOR PART II

(i} South-South Collaboration may be based on technology sharing.
(ii) Concept of packaging has proven to be successful.
(iii) A well chosen device provides many research possibilities e.g.
UNU/ICTP PFF
(iv) Collaboration will be extended by packaging more devices involving
more training centres using the consultative framework of the

AAAPT.
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HALF-LIFE MEASUREMENTS USING PLASMA NEUTRONS

3.P. Moo, C.K. Charkrabarty and 3. Lee

Plagma Research Laboratory, Physics Depariment,
University of Malaya, 59100 Kuala Lumpur, MALAYSIA

Abstract
A small dense plasma focus device producing neutrons of
intensity 108 n per pulse and of duration 50-100 ns has been
successfully used as a pulsed neutron source for half-life
measurements. As examples, half-life measurements of the ground

116 . . 24 .
state of In and of the isomeric state Na" are described.

Introduction

Many laboratoriesi’2 have reported neutron emission from the dense
plasma focus using the D-D reaction. However, only two applications of the
plasma focus neutrons have been demonstrated; one on neutron radiography3
and the other one on pulsed neutron activation of sodium4 followed by half
-life measurement of 24Nam. In both applications neutron intensities of
A51010 neutrons per discharge were used.

Recently, a low cost plasma fusion facility has been developed and
tested (the UNU/ICTP PFFS), The system is sufficiently simple in design and
reliable in operation that six sets have been made and transferred to
several countries under the auspices of the United Nations University and
the International Centre for Theoretical Physics. The system consigsts of &
3.3 kJ plasma focus powered by a single, 30 HUF Maxwell capacitor and
switched by a simple parallel-plate swinging cascade air gap. Operating &t
15 kV and 180 kA current it produces a consistent yield of 0.5-1. 0x10
neutrons per discharge at 3 torr deuterium.

Is such a small focus useful as a neutron source for
research/teaching? To answer this question we have looked at a simple
application of the plasma focus as a pulsed neutron source for half-life
measurements. For a given neutron flux impinging on a sample, the activity

produced is proportional to the factor {1 - exp(-0.693ti/t1/2)}. Since
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this factor increases and approaches unity as the ratio of the irradiation

time (ti) to the half-life (t } increases, it is immediately apparent

1/2
that the short duration (50-100 ns) of the plasma focus neutrons enhances

the activation of short lived isotopes. In this paper, we report half
. 6 . .
—life measurements of the ground state of 1 In and of the isomeric state
24 m
Na .
Method

115 (95.8 % abundance) and & In (4.2 %

115
abundance). ¥hen In captures a neutron, the compound nucleus formed

Natural indium consists of

promptly deexcites by gamma ray emission to either the ground state of
1161n or an isomeric state (1161nm). Both these states decay by B emission
with half-lives of 14 s and 54 min respectively. The isotope 11'31n also
becomes B active on capturing neutrons. However, because of its low
abundance and small cross sectiom, its contribution to the total B activity
ig less than 0.2 %.

The equipment used in the irradiation and measurement of the half-life
of the ground state of 1161n is shown schematically in Fig.l. The D-D
neutrons from the plasma focus are slowed down by 40 mm of paraffin before
impinging upon an indium foil of diameter 50 mm and thickness 0.2 mm. The
B particles emitted are detected by an NE-102 plastic gcintillator
optically coupled to a photomultiplier. A multi-channel analyser (MCA)
operating on the multiscaling mode at 3 s dwell time records the activity
of the indium foil as a function of time, both before and after the neutron
burst.

For the activation of sodium, the metal foil- plastic scintillator
system of Fig. 1 is replaced by a 75 mm diameter, 75 mm long Nal
scintillator. When the Nal crystal is exposed to slow neutrons of short
duration, the dominant state formed is the isomeric state 245a™ which emits
472 keV Y radiation. The large size of the Nal crystal compensates for the
small neutron cross sectiom for 23Na to quam (0.4 b) and improves the
efficiency for the detection of the ¥ radiation. A dwell time of 10 ms is

used in this case.
Results and discussion

In this investigation, fifteen independent peasurements of the indium

activity are made. Fig.2 shows a typical decay curve. The maximum counts
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in the measurements ranged between 300/channel and 1100/channel. At these

low count rates, dead time losses are negligible. For the determination of’
the half-life of 11GIn, the counts recorded in 30 channels (90 8) of the
decay curve, starting from the second channel after the neutron burst, are
considered. Over this interval the B activity of the relatively long lived
isomeric state is taken to be constant since it changes by only 2 %.
Furthermore, calculation indicates that the initial contribution from the
isomeric state to the total B activity is less than 2 Z%. In our data
analysis, therefore, the contribution to the channel counts from the
igomeric state is treated as a component of the constant background.

After background subtraction, a weighted least squares fit6’7 is
applied to each of the decay curves in the region where the net counts
exceed three times the background counts. Our results show that even with
the present low count rates, the fitting routine yields a consistent value
for the half-life when the fitted interval exceeds about 10 channels (2
t1/2)'

The half-life calculated from 15 independent measurements are listed
in Table 1. It ranges from 13.11 s to 14.90 s while the individual errors
ranged from 0.27 s to 0.92 s. The weighted average is 14.20 s while the
statistical error is = 0.11 s. Uncertainity arising from background
subtraction and from dead time losses is expected to contribute a
systematic error of less than = 0.1 s. Adding the two errors in quadrature
yields a total error of = 0.15 s. OQur value of 14.20 * 0.15 s 1is very
close to the value of 14.05 £ 0.26 reported by Ducat and ’I‘homa.sa° Other
values reported are; 13.4 % 0.4 s (Domanic and Sailors), 14.5 £ 0.4 s
(Capron and VanderStrichtw) and 15.6% 0.5 s (Brzosko et za.l.,n)°

For sodium, a total of fourteen independent measurements are made.
The maximum counts ranged from 300/channel to 1000/channel. Fig. 3 shows a
typical decay curve. 1t is eomsistent with a single decay component, the
contribution to the count rates from the long lived isotope 24Na {15 h) is
negligible. In the analysis of the data each of the decay curves is
corrected for dead-time losses using the method of Shanks and Junodlz, the
measured dead-time for the Nal scintillator-photomultiplier system being 5
us. A weighted least squares fit is again applied to each of the decay
curves after background subtraction as in the case of In. The calculated

values of the half-life is listed in Table 1. The weighted average is
19.78 + 0.34 ms. A possible systematic error of 0.2 ms is included in the
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error quoted. Our value of the half-life of ZQN&m compares well with
reported values of 19.6 * 0.5 ms (Salaita'®), 20 % 0.7 ms (Meyers and
gchats'?), 19.9 % 0.3 ms (Schardt'®), 18.3 % 0.6 ms (Glagolev and

Yampolskiiie), 20 =+ 2 ms (Campbell and Fettweisi7) and 20 £ 1 ms (Glagolev
18
et al. ).
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Table 1. The half-lives

of 11sIn and quam.

Run no. g o (s) 24Na" (ms)
1 14.90 £ 0.74 20.50 = 2.09
2 13.94 = 0.92 19.58 = 1.18
3 13.97 £ 0.41 21.12 £ 0.92
4 14,28 * 0.58 20.07 £ 2.90
5 14.34 = 0.28 21.03 = 0.88
6 14.25 = 0.39 19.73 £ 0.76
7 14.04 = 0.46 18.66 = 2.35
8 13.12 £ 0.79 19.86 = 1.42
9 13.11 £ 0.73 20.42 = 1.53
10 14.49 = 0.62 18.71 = 1.42
11 14.30 £ 0.55 19.27 * 0.85
12 14,55 £ 0.46 20.16 = 1.10
13 14.60 = 0.27 19.13 £ 0.33
14 13.80 = 0.44 19.75 = 1.45
15 13.87 = 0.30
Weighted mean value 14.20 £ 0.15 19.78 = 0.34
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Fig. 1. Schematic diagram of equipment for half-life messurements.
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Abstract

The design of an aluminium foil-mylar preionized TEA nitrogen laser is described. The laser produces a high
quality homogeneous beam that meets the stringent requirement of a Mach-Zehnder interferometer. Its subnano-
second pulse width makes it suitable for the study of fast pulsed experiments. The applicability of the optical diag-
nostic system is demonstrated for a rapidly changing plasma in the plasma focus discharge.

Introduction

There is an ever growing interest in produc-
ing short nitrogen laser pulses due to the applica-
tion of this kind of laser to time resolved studies
not only in pulsed plasma experiments but also
in biological, chemical and quantum systems.
In nitrogen lasers, transverse excitation at and
above atmospheric pressures yield short duration
light puises from one nanosecond down to some
tens of picoseconds!. Utilisation of such
pulses would thus provide short enough exposure
times to ‘freeze’ the motion of the current
carrying plasma sheath of the plasma focus,
for example, where the velocities are of the order
of 10 cm/us. Good spatial resolution can thus be
achieved.

However, in the development of transversely
excited atmospheric (TEA) nitrogen lasers one is
often faced with the problem of obtaining a
homogeneous discharge across the laser gap to
achieve high efficiency and good quality laser
beam. In transverse discharge geometres, where
the electrode separation is small compared to the
length, increasing values of E/p and pd (where E
is the applied field strength, p is the gas pressure
and d is the electrode separation) lead to the
development of an inhomogeneous discharge
mode. The discharge in such instances breaks up
into individual spark channels. The method of
producing discharge by way of the sudden appli-
cation of a strong electric field considerably in

excess of the breakdown threshold across the
laser gap requires a high voltage electrical puise
having a very fast rise time in order to avoid the
formation of filamentary arcs within the
discharge volume.

Various methods »5:6 have been used to
provide the initial distribution of free electrons,
or preionization, necessary for the production of
homogeneous gas discharge. Amongst these
techniques, the use of an electron beam is
perhaps the most efficient method but the
technical difficulties involved do not place
established electron beam facilities at the
disposal of all laboratories. This paper deals
with a compact and easily constructed TEA
nitrogen laser with preionization provided
through low-energy surface corona discharges
from a simple combination of aluminium foils
and mylar sheets. It is then used as a light source
for optical studies in a plasma.

2,3,4

Laser System

The laser is powered by the conventional
Blumlein circuit schematically described in
Fig. 1. The circuit theory of the parallel plate
transmission line type of laser has been discussed
in previous papers’’®~°, The two energy storage
capacitors Cy, and C, of the circuit were
constructed using aluminium foils and mylar
sheets in a similar manner as described in our
earlier papers®*®. Figure 2 shows the design of

*Present address: Plasma Research Laboratory, R.S. Phys. S., The Australian National University, A.C.T. 2601,

Australia.
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Fig. 1 Equivalent circuit of the nitrogen laser.

the laser. The measured values of C; and C, are
15 nF and 6 nF respectively. On top of the foils
are placed glass plates of appropriate dimensions
to prevent mechanical flexing of the foils during
charging and discharging of the capacitors. The
laser is triggered through a swinging cascade
triggered spark gap. The electrodes of the laser
channel are made of 20 cm long brass strips with
cross-sectional dimensions of 0.5in. X 1 in. and
shaped as shown in Fig. 2b. A perspex cover

trigger

[— spark-gap
O O_~T

Fig. 2a Sketch of the TEA nitrogen laser.
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N pa cover
2 838 placte
aluminium foils
7

~—T" electrode

m;
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ylar
SRR

£

=4
L

L. laser channel
aluminium base

plate

Fig. 2b Cross-sectional view of the laser channel
showing the inclusion of the preionizer system
using aluminium foil-mylar combination. The
mylar strips improve the preionization effect.
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plate is screwed onto the laser electrodes on the
upper side over the top. Admission and evacua-
tion of the nitrogen gas at atmospheric pressure
is made through the middle and the ends of the
channel respectively.

In the arrangement shown, the edges of the
high voltage capacitor plates (aluminium foils)
are allowed to protrude beyong the edges of the
laser electrodes into the laser cavity to act as
corona blades for preionization. These form the
set of blades on the lower side of the laser
channel. Similar set of corona blades are placed
on the upper side of the laser channel. The laser
channel gap is set to 3 mm while the blades se-
paration is typically set to about 40% greater
than that of the main gap. The edges of the foils
function as auxiliary corona electrodes which
provide an initial distributed corona discharge to
photoionize and prepare the laser channel for
glow formation. The low-energy surface
discharges acting as preionizing uv radiation
sources are formed early during the rise of the
voltage pulse across the laser gap and are
distributed by corona charging of the mylar
surfaces that extend beyond the edges of the
foils. Preionization from the surface discharges is
not as effective in the absence of the mylar
sheets.

Measurements and Performance

In the absence of the preionizers, the
appearance of the discharge along the main laser
gap is that of a glow discharge with the presence
of strong streamer-like filaments. These streamers
prevail with increasing laser gap and are random-
ly placed, from pulse to pulse, along the channel.
Electrical arcs may be formed due to the surface
defects created during electrical discharge. The
presence of the streamers and arcs can be
attributed to the insufficiently fast voltage ramp
created across the laser electrodes at such high
pressure. The presence of electrical arcs reduces
the laser output energy. An inter-lectrode
distance of 3 mm gives optimum laser energy
output of about 100 uJ at a charging voltage of
15kV. A pulse width of 2 ns at half-maximum
was measured using a fast FND photodiode,
However, we believe that the durationis < 1 ns
(as shown later), taking into account of the time
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resolution of the measuring system. The presence
of the streamers and arcs disturbs the homoge-
neity of the laser beam. The non-uniformity of
the laser beam becomes apparent when the laser
is -used in optical setups where the requirements
are stringent.

With the presence of the preionizers, the dis-
charge takes the appearance of a bluish glow. The
streamers and arcs are absent. Optimum energy is
still obtained at a gap separation of 3 mm but
with an improved value of 300 uJ at 15 kV. The
measured laser pulse duration remains the same.
However, the laser beam quality is greatly
improved.

Application

In order to demonstrate the utility of the
laser it is coupled to an optical setup to observe
the macroscopic behaviour of the high density
plasma which is formed in a dense plasma focus.
The device is of the Mather type with filling
pressures of 1 — 10 torr deuterium, energized by
a 7-—12kJ capacitor bank charged to
15 —20kV'®. The velocities of the current
sheath ranges from 10 cm/us to 30 cmjus. The
characteristic dimension of the plasma is of the
order of 1 mm, and the electron density is of the
order of 10*? ¢m 3.

The optical setup as shown in Fig. 3 is

pim\ tiln
] I ’* Al I

o T/ /LJ

Fig. 3 Schematic of the Mach-Zehnder inter-
ferometer. Schlieren and shadowgraphic setup
can be obtained by covering the reference beam
and setting up the appropriate focussing optics.

basically a Mach-Zehnder interferometer and is
sufficiently flexible to be used for schlieren and
shadow phetograph techniques. BS1 and BS2
are beam splitters while M1 and M2 are fuil
mirrors. The fringes are localised in the plasma
position and are imaged onto the film plane by
Lens L. The pinhole, located at the focal plane of
L, together with a narrow bandwidth
interference filter suppresses the intense plasma
radiation. Schlieren and shadow photography can
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be employed by covering the reference beam and
setting up the appropriate locations of the
focussing lenses.

Using a time delay generator, the laser is
synchronized with the discharge so that, by
changing the delay in successive shots, the
temporal behaviour of the plasma electron
density profile can be studied. The synchroniza-
tion is checked by superimposing the output
of a photodiode which picked up part of the
laser light, on the voltage trace. Time is
referenced to the peak of the voltage signal.

Figure 4a is an example of a shadowgram
showing the radial collapse of the current sheath
of plasma focus discharge while Fig. 4b shows a

Fig 4 (a)

schiieren pl oiograph of a plasma focus column
being disrupted by m = O instabilities.

Fig 4 (b)

Fig. 4 Examples of the shadow and schlieren
images obtained using the laser without preioni-
zers. (a) Shadowgram (b) Schlieren image.

The above shadow and  schlieren
photographs were taken using the laser without
the preionizers. When the laser was used with the
Mach-Zehnder interferometer setup, the inter-
ferogram obtained were of poor quality as .is
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shown by the vacuum interferogram in Fig. Sa.
The fringes are barely discernible due to the
presence of vertical striations. These poor quality
interferograms resulted from the use of poor
quality laser beams which are inhomogeneous
and not uniform in intensity. Such
inhomogeneity and non-uniformity in the beam
becomes conspicuous upon expanding-the beam
several times its original size. Thus, while the
laser can be employed in schlieren and shadow
photography to provide useful information of
the plasma, albeit the quality is not very good, it

was rendered useless in interferometry work by -
poor beam quality. With the presence of the pre- y .
ionizers, the uniform glow discharge along the anode [} !
laser  channel produced uniform  and - \
homogeneous beam  that enabled the ) : field
interferogram shown in Fig. 5b to be obtained. :Z;V : of view

. o : .cathode

TR N TS SO O N Ly o
~100 -50 0 +50

cime (ns)
Fig. 6 Improved schlieren photographs of the
plasma focus discharge showing (a) the radial col-
lapse of the current sheath, and (b) the plasma
column being disrupted by m=0 type instabili-
ties. Time is referenced with respect to the peak
of the voltage signal.

schlieren photographs of the radial collapse
phase. Density structures of the collapsing
plasma layer can be seen more clearly. In fact,
the quality of the schlieren pictures are
sufficiently good to enable quantitative informa-
tion such as the electron denmsity and density
gradient to be estimated when supplemented
with the use of computer simulation as was done
by Decker et al'’.

For radial velocities of the order of 20 — 30
cm/us and an exposure time of 1 ns the motional
displacement is about 200 to 300 pm. From the
schlieren picture of the radial collapse (Fig. 6a),
structures finer than the above limit can be
differentiated. This indicates that the exposure
time and hence the laser pulse width is in the
subnanosecond range. The improved laser beam

Fig. 5 Examples of the interferograms obtained.

(a) Vacuum interferogram obtained using laser
without preionizers. Poor quality.

(b) Interferogram of a plasma focus discharge

obtained using laser with preionizers.

The improved laser was used to take
schlieren photographs of the plasma focus. The
results shown in Fig. 6 clearly indicate improved

together with the very short pulse width make
the laser schlieren photography setup especially
suitable for the study of the axial rundown phase
of the plasma focus discharge where the axial
velocities are in the range of 5 to 10 cm/us. The
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motional displacement would then be less than
100 um. This fine spatial resoiution would enable
the observation of plasma sheath structures in
the micrometre range. Figure 7 shows schlieren

10 mm

cathode,

tield
anode of view

c d

Fig. 7 Schlieren images of the plasma focus dis-
charge in the axial rundown phase. The plasma
focus device was operated by 15 kV and deu-
terium gas at (a) lmbar, (b) 9mbar, and (c) 14
mbar.

images recorded in the axial rundown phase of
the plasma focus discharge. The study of the be-
haviour the current sheath propagating at various
speeds in the rundown phase can provide insight
into the scaling characteristics of neutron
production in the plasma focus. This is the
subject matter of another investigation the
results of which would be reported in another
paper'?

Conclusions

The TEA nitrogen laser with the use of pre-
ionizers as described provides a powerful laser
light source with good beam quality for optical
diagnostics of transient and dense plasmas. The
combination of the thin aluminium foils and my-
lar sheets provides an extremely simple but effec-
tive preionization scheme. This combined with
properly shaped electrodes leads to the

production of short duration, high energy and
good quality laser pulses from transverse
discharges at atmospheric pressure. The preioni-
zers, by providing the enough initial eiectron
density to produce a good maw discharge,
relaxes the constraint on the fast voltage rise that
is needed. The scheme should also prove useful
for discharges at above -atmospheric pressures. It
should be mentioned that we have not needed to
replace the preionizers in our laser although they
have been in regular use for several months. In
any case, replacement of the preionizers would
be a relatively simple procedure. An important
consideration is that the laser and the preionizers
can be constructed at modest expense and yet be
a useful tool for optical diagnostics of transient
and dense plasmas.
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A Preionized Nitrogen Laser as a Diagnostic Light
Source for Fast Pulsed Experiments

K. H. KWEK, T. Y. TOU, anp S. LEE

Abstract—The design of an aluminum foil-Mylar preionized TEA ni-
trogen laser is described. The laser produces a high quality homoge-
neous beam that meets the stringent requirement of a Mach-Zehnder
interferometer. The applicability of the optical diagnostic system is

demonstrated for a rapidly changing plasma in the plasma focus dis-
charge.

[. INTRODUCTION

HE UNDERSTANDING of the processes involved in

the production of high density plasmas, such as laser
produced plasmas, pinch, and plasma focus experiments
requires information on the concentration and space~time
evolution of the electron density. Optical diagnostic tech-
niques based on plasma refractivity are usually preferred
in the determination of such quantities because the plasma
conditions are not perturbed by the measurement itself.
Such probing of the nanosecond time scale of the dynamic
processes requires light sources of sufficiently short du-
ration and high intensity. Towards this end, the nitrogen
laser remains the best light source from the point of view
of pulse duration, intensity, and wavelength. With the ni-
trogen laser, probing of the plasma with electron density
up to a critical value of ~10%® m™3 112 %
10" /2* m™>) can be achieved.

The mechanism of the laser is such that the lifetime of
the upper C>x;, level at about 40 ns is much shorter than
that of the lower strg level which is about 6 us. An im-
portant consideration is that the pumping rate should be
faster than the lifetime of the upper level, so that an in-
version of the population can be attained before sponta-
neous emission decay. At higher pressure, the lifetime of
the upper level becomes even shorter, and consequently
it becomes harder to establish the inversion threshold. In
nitrogen lasers, excitation at and above atmospheric pres-
sures yield short duration light pulses from one nanosec-
ond down to some tens of picoseconds [1]. Utilization of
such pulses would thus provide short enough exposure
times to ‘‘freeze’’ the motion of the current carrying

(ncn(ical =
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Fig. |. Equivalent circuit of the nitrogen laser.

plasma sheath of the plasma focus, for example, where
the velocities are of the order of 107 cm/s. Good spatial
resolution can thus be achieved.

However, in the development of transversely excited
atmospheric (TEA) nitrogen lasers one is often faced with
the problem of obtaining a homogeneous discharge across
the laser gap to achieve a nigh efficiency and good quality
laser beam. Electrical breakdown of gases is usually char-
acterized by the generalized parameters £/p and pd,
where £ is the applied field strength, p is the gas pressure,
and 4 is the electrode separation. In transverse discharge
geometrics, where the electrode separation is small com-
pared to the length. increasing values of £/p and pd lead
to the development of inhomogeneous discharge mode.
The discharge in such instances breaks up into individual
spark channels. Also, the method of producing the dis-
charge by the sudden application of a strong electnic field
considerably in excess of the breakdown threshold across
the laser gap requires a high voltage electrical pulse hav-
ing a very fast rise time in order to avoid the formation of
filamentary arcs within the discharge volume.

Efficient laser pumping in the presence ot severe arcing
is impossible due to the inadequate excitation rates in the
regions of low current density and the too rapid thermal
equilibrium rate in the regions of very high current den-
sity [2]. In addition, the resultant nonuniform distribu-
tions of refractive index within the inhomogeneously ex-
cited medium make the formation of high quality optical
laser beams difficult.

In high pressure transverse gas discharges, to attain the
required homogeneous glow discharge it is necessary to
have an initial distribution of free electrons within the dis-

0018-9456/89/0200-0103501.00 © 1989 IEEE
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Fig. 2. (a) Sketch of a basic TEA nitrogen {aser with Blumlein circuit. (b)
Cross-sectional view of the laser channet showing the inclusion of the
preionizer system using aluminium foil-Mylar combination. The mylar

strips improve the preionization etfect.

charge volume at the onset of the breakdown process. This
inirial distribution of free electrons. or preionization. can
be provided by any suitable volume ionization source such
as ultraviolet light, X-rays, v rays, electron beams, co-
rona discharge, etc. [3], [4].

This paper deals with a compact and easily constructed
TEA nitrogen laser with preionization provided through
low-energy surface corona discharges from a simple com-
bination of aluminum foils and mylar sheets. It is then
uséd as a light source for optical studies in a plasma.

II. THE NITROGEN LASER

The laser is excited by the conventional Blumlein cir-
cuit schematically described in Fig. 1. The circuit theory
of the parallel plate transmission line type of laser has
been discussed in previous papers [5]-[7]. The two en-
ergy storage capacitors C; and C, of the circuit consist of
a common earth plate, which is a 22 cm x 60 cm strip of
aluminum kitchen foil laid on top of a flat aluminum plate
(for electrical contact and mechanical support). Fig. 2
shows the constructional details of the laser. On top of
the foil are laid 3 sheets of 2 mil Mylar which extends at
least 10 cm beyond the edges of the conductors all round.
The high voltage plates of C, and C, are 22 cm X 40 cm

and 22 X 17 cm strips of aluminum foil laid on top of the
mylar sheets. The measured values of C; and C, are 15
and 6 nF, respectively. On top of the foils are placed glass
plates (6-mm thick) of appropriate dimensions to prevent
mechanical flexing of the foils during charging and dis-
charging of the capacitors. The capacitor C, is mounted
1o a swinging cascade triggered spark gap. These high
voltage capacitor plates are separated by a gap over which
the laser channel is placed so that each side of the channel
makes pressure contract with one of the capacitors. The
electrodes of the laser channel are made of 20-cm long
brass strips with cross-sectional dimensions of 0.5 in X
| in and shaped as shown in Fig. 2(b). The perspex plate
is screwed onto the laser electrodes on the upper side over
the top. Admission and evacuation of the nitrogen gas at
atmospheric pressure is made through the middle and the
ends of the channel, respectively.

In the arrangement shown, the edges of the high voltage
capacitor plates (aluminum foils) are allowed to protrude
beyond the edges of the laser electrodes into the laser cay-
ity to act as corona blades for preionization. These form
the set of blades on the lower side of the laser channel. A
similar set of corona blades is placed on the upper side of
the laser channel. The laser channel gap is set to 3 mm
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while the blades separation is typically set to abour 40
percent greater than that of the main gap. The edges of
the foils function as auxiliary corona electrodes which
provide an inidal distributed corona discharge to pho-
toionize and prepare the laser channel for glow formation.
The low-energy surface discharges. acting as preionizing
UV radiation sources are formed early during the rise of
the voltage pulse across the laser gap and are distributed
by corona charging of the Mylar surfaces that extend be-
yond the edges of the foils. Preionization from the surface
discharges is not as effective in the absence of the Mylar
sheets. -

[OI. MEASUREMENTS AND PERFORMANCE

In the absence of the preionizers, the appearance of the
discharge along the main laser gap is that of a glow dis-
charge with the presence of strong streamer-like fila-
ments. These streamers prevail with increasing laser gap
and are randomly placed, from pulse. to pulse, along the
channel. Electrical arcs may be formed due to surface de-
fects created during electrical discharge. The presence of
the streamers and arcs can be attributed to the insuffi-
ciently fast voltage ramp created across the laser elec-
trodes at such high pressure. The presence of electrical
arcs reduces the laser output energy. An interelectrode
distance of 3 mm gives optimum laser energy output of
about 100 xJ at a charging voltage of 15 kV. The laser
pulse duration was measured with a fast FND-100 pho-
todiode and a storage oscilloscope (Tektronix 7834) giv-
ing a pulsewidth of 2 ns at half-maximum. However, we
believe that the duration is ~ 1 ns, taking into account of
the time resolution of the measuring system. The presence
of the streamers and arcs disturbs the homogeneity of the
laser beam. The nonuniformity of the laser beam becomes
apparent when the laser is used in optical setups where
the requirements are stringent.

With the presence of the pretonizers, the discharge takes
the appearance of a bluish glow. The streamers and arcs
are absent. Optimum energy is still obtained at a gap sep-
aration of 3 mm but with an improved value of 300 uJ at
15 kV. The laser pulse duration remains the same. The
laser beam quality is greatly improved.

IV. APPLICATION TO A PrLasma EXPERIMENT

In order to demonstrate the utility of the laser it is cou-
pled to an optical set up to observe the macroscopic be-
havior of the high density plasma which is formed in a
dense plasma focus. The device is of the Mather type with
filling pressures of 1-10 torr deuterium, energized by a
7-12 kJ capacitor bank charged to 15-20 kV [8]. The ve-
locities of the current sheath ranges from 10’ cm/s to 3
X 107 cm/s. The characteristic dimension of the plasma
is of the order of 1 mm, and the electron density is of the
order of 10%* m™3,

The optical set up as shown in Fig. 3 is basically a
Mach-~Zehnder interferometer and is sufficiently flexible
to be used for Schlieren and shadow photograph tech-
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Fig. 3. Schematic set up of the Mach-Zehnder interferometry. Schlieren
and shadowgraphic setup can be obtained by covering the reference beam
and setting up the appropriate focusing optics. :
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Fig. 4. Examples of shadowgrams obtained on plasma focus discharges
with discharge voitage of 15 kV and working gas at 8-mbar deutertum.
Time zero is based on the characteristic peak of the voltage signai.

niques. BS1 and BS2 are beam splitters while M1 and M2
are full mirrors. The fringes are localized in the plasma
position and are imaged onto the film plane by lens L. The
pinhole, located at the focal plane of L, together with a
marrow bandwidth interference filter suppresses the in-
tense plasma radiation. Polaroid type 667 film was used.
Schlieren and shadow photography can be employed by
covering the reference beam and setting up the appropri-
ate locations of the focusing lenses.

Using a time delay generator, the laser is synchronized
with the discharge so that, by changing the delay in suc-
cessive shots, the temporal behavior of the plasma elec-
tron density profile can be studied. The synchronization
is checked by superimposing the output of a photodiode
which picked up part of the laser light, on the voltage
trace. Time is referenced to the peak of the voltage signal.

Fig. 4 shows a sequence of shadowgrams depicting the
temporal development of the plasma focus discharge from
the collapse phase to the disruption of the plasma column
and the formation of the ionizing wavefront. Fig. 5 shows
a Schlieren photograph of a plasma focus column being
disrupted by m = 0 instabilities.
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Fig. 5. Example of a Schlieren photograph taken on a plasma focus dis-
charge showing the plasma column being disrupted by instabilities.

(a) (b)

Fig. 6. Examples of the poor quality interferogram obtained. (a) [nterter-
ogram with coarse fringe pattern. (b) Interferogram with fringe pattern.
{n both interferograms the fringes are barely discernible.

The above shadow and Schlieren photographs were
taken using the laser without the preionizers. When the
laser was used with the Mach-Zehnder interferometer
setup, the interferograms (vacuum interferograms with
tringe pattern obtained by tilting one of the mirrors) ob-
tained were of poor quality as is shown in Fig. 6. The
fringes are barely discernible due to the presence of ver-
tical striations. These poor quality interterograms resulted
from the use of poor quality laser beams which are inho-
mogeneous and not uniform in intensity. Such inhomo-
geneity and nonunirormity in the beam becomes conspic-
uous upon expanding the beam several times its original
size. Thus while the laser can be employed in Schiieren
and shadow photography to provide usetul information of
the plasma, albeit the quality is not very good. it was ren-
dered useless in interferometry work by poor beam qual-
iy.

With the presence of the preionizers. the uniform glow
discharge along the laser channel produced a uniform and
homogeneous beam that enabled interferograms (shown
in Fig. 7) to be obtained. In another experiment, the im-
proved laser was used to take Schlieren photographs of
the plasma focus. The results shown in Fig. 8 clearly in-
dicate improved Schlieren photographs. The quality of the
Schlieren pictures are sufficiently good to enable quanti-
tative information such as the electron density and density
gradient to be extracted when supplemented with the use
ot computer simulation as was done by Decker er al. [9].

(a) (b)

Fig. 7. Examples of the interferograms obtained with improved laser using
preionizers. Interferogram (a) is a background fringe pattern. The fringes
are clearly seen. Interferogram (b) is taken on a plasma focus discharge
showing the fringe shifts due to the presence of the plasma.

L. lemm

Fig. 8. Examples of Schlieren photographs obtained using the improved
laser using preionizers.

V. CONCLUSIONS AND DisCuUsSIONS

The TEA nitrogen laser with the use of preionizers as
described provides a powerful laser light source with good
beam quality for optical diagnostics of transient and dense
plasmas. The combination of the thin aluminum foils and
mylar sheets provides an extremely simple but effective
preionization scheme. This combined with properly
shaped electrodes leads to the production of short dura-
tion, high energy and good quality laser pulses from
transverse discharges at atmospheric pressure. The
preionizers, by providing enough initial electron density
to produce a good main discharge, relaxes the constraint
on the fast voltage rise that is needed. The scheme should
also prove useful for discharges at above atmospheric
pressures. [t should be mentioned that we have not needed
to replace the preionizers in our laser although they have
been in regular use for several months. In any case. re-
placement of the preionizers would be a relatively simple
procedure. An important consideration is that the laser and
the preionizers can be constructed at modest expense and
yet be a usetul tool for optical diagnostics of transient and
dense plasmas.
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Multislit streak photography for plasma dynamics studies
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A microscope slide with several transparent slits installed in a streak camera is used to record
time-resolved two-dimensional information when a curved luminous plasma sheath traverses
these slits. Applying this method to the plasma focus experiment, the axial run-down trajectory
and the shapes of the plasma sheath at various moments can be obtained from a single streak

photograph.

INTRODUCTION

Streak cameras have been widely used to study pinch dy-
namics in plasma focus and various types of classical pinch
devices. These were done by placing a narrow slit perpendic-
ular to the pirich axis so that the radial collapse of the lumi-
nous plasma sheath was recorded as a function of time.
When the slit was placed parallel to the z axis of such devices
as the shock tube,'"® coaxial plasma accelerator,” and the
plasma focus,'© the transit of the luminous shock wave'™
and the plasma sheath’'® in the axial run-down region was
correspondingly recorded as a function of time. A distance-
time diagram was thus obtained whose slope often could
only be related to an average run-down velocity in the annuli
of these devices.

Another common technique for obtaining a dis-
tance-time diagram in shock tube was to position an array of
light detectors along the tube, and the output pulses from
these light detectors were recorded on oscilloscope for tim-
Ing purposes.

[t is well known that the run-down velocities in these
devices are nonconstant particularly during the early axial
run-down phase. Furthermore, the shock wave and plasma
sheath are known to exhibit nonplanar radial structures. We
note that with these two techniques, the details of both the
run-down velocities and the radial structures could not easi-
ly be revealed. In this article, we report a technique where
multiple slits are used to obtain the axial run-down trajec-
tory or the distance-time diagram of the plasma sheath in
the annulus of a plasma focus. This effectively allows a run-
down velocity profile of the plasma sheath to be obtained
from a single streak photograph. By introducing a slight
variation to the experimental setup, we are able to obtain
qualitatively the curvature of the plasma sheath at different
moments of the axial run-down phase.

Streak speed of the camera requires frequent adjustment
depending on the operating conditions of the plasma focus.
We have devised an in situ calibration method. This required
nuaimum variation to the experimental setup for the multi-
slit technique.

In Sec. I, we describe the experimental setup for the
multislit technique in a plasma focus. The experimental ob-
servations, analysis, and results obtained on the run-down
velocities of the plasma sheath will be presented in Sec. IL A,
and the shapes of the plasma sheath at three different times
will be presented in Sec. II B. Finally, the in situ calibration
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method for the streak camera will be presented in Sec. II1L.

|. EXPERIMENT

The experimental setup is shown schematically in Fig.
1. A streak camera (John Hadland Co.) with typeS-11 pho-
tocathode tube is focused through an array of five slits
(which are housed at the primary real image piane of the
streak camera) at the vertical object plane along the z axis of
a Mather-type'® plasma focus. The array of slits is construct-
ed with strips of aluminized Mylar sheer glued with adjusta-
ble gaps in between, onto a microscope slide. The gap or slit
between any two strips of aluminized Mylar sheets is con-
trolled by placing between them a metailic foil or a wire of
known thickness. The average slitwidth is about 0.1 mm, but
since the object image shows five times demagnification, the
effective slit width is taken as 0.5 mm. For plasma sheath
thicknesses of 5-10 mm, this effective slit width could still
provide sufficient spatial resolution.

The experiment begins with the determination of the slit
positions at the z axis of the plasma focus tube in the labora-
tory reference frame. For this, a diffused light source is used
to illuminate the plasma focus tube from the far side and a
snapshot, with the streak camera in focus mode, is taken of
the annulus of the plasma focus tube. This is followed by
another snapshot with the microscope slide conrtaining the
slits installed at the primary real image plane inside the
streak camera. Images from the two snapshots are then
superimposed on the same film (Polaroid. ASA3000). Fig-

F1G. 1. Schematic of the experimental setup. SC: streak camera. MS: micro-
scope slide containing an array of five slits, ZA: z axis of the plasma focus
tube, IE: inner electrode. OE: outer electrode. G1: glass insulator, DP: diag-
nostic port, GW: glass window, DS: diffused light source, C: capacitor bank
and S: switch. Note that the microscope slide is housed inside the streak
camera.
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ure 2(a) shows the photograph which contains the images of
the inner electrode of the plasma focus and the slits, shown
here as the luminous vertical lines. This photo is eniarged to
facilitate the determination of the slit positions, found to be
z,=5.1,7.9, 10.1, 12.6, 15.3 cm where the subscript 7 indi-
cates the nth slit. The point z = 0 is fixed at the back wall of
the plasma focus tube {see Fig. 2(a)]. Measurement errors
incurred in the z values are mainly due to the uncertainties in
the image-enlargement factor, the measurement of the slit
distance from the end of the inner electrode and, least impor-
tant, the finite slit width. An average value of Az £ 0.1 cm
is estimated for each of the slits.

Figure 2(b) illustrates the propagation of the plasma
sheath in the annulus of the plasma focus tube and the imag-
ing system. Owing to its parabolic curvature, the part of the
plasma sheath adjacent to the inner electrode arrives first at
theslit positions. As the plasma sheath traverses theslit posi-
tion(s) it illuminates the slit(s) on the microscope slide like
two simuitaneous point sources moving radially away from
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FIG. 2. (a] Photograph showing the superimposed images of the inner elec-
trode (dark) and thesslits (luminous vertical lines). GI: glass insulator. (b)
Schematic of the multislit imaging system employing a streak camera,
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either side of the inner electrode. The approximate size of
these light sources is about 0.1 mm (the slit width) by 1-2
mm corresponding to the width of plasma sheath demagni-
fied five times. The temporal changes in the ~ positions of
these two light sources are imaged on the film; this results in
two simultaneous lines of luminosity originating from either
side of the inner electrode.

The streak camera is delay-triggered with respect to the
plasma focus discharge so that the timing between these two
events can be correlated. The oscillogram in Fig. 3(b) shows

i
o |

t ! '

5
1.0 2.0 3.0 s

Fic. 3. (2) Multiple streak images for a deuterium plasma focus dischargs
at {0 mbar and 14 kY. (b) A sharp pulse at time ¢, indicates the start of the
imaging process in the streak camera. The microsecond voltage signal
shows the commencing of the plasma focus discharge at the £, and the maxi-
mum radial compression at time £,. (¢) The axial run-down trajectory { *-¢
piot) of that part of the plasma sheath adjacent to the inner electrcce.

Streak photography




two electrical signals, a sharp output pulse from the streak
camera at time ¢, indicates the start of the imaging process;
and the microsecond pulse is the voltage signal of a plasma
focus discharge. At time ¢,, a negative slope in the plasma-

focus voltage signal suggests the initial high-voltage break- ~

down at the glass insulator (see Fig. 1). The plasma focus
was operated at 10 mbar of D, filling pressure and 14 kV of
capacitor-charging voltage.

A characteristic pinch-voltage spike is always observed
at time ¢, in the plasma-focus voltage signal, which is gener-
ated primarily because of the large inductance change of the
current-carrying plasma sheath during the radial collapse
phase {see Fig. 4(a), the radially converging streak image
rc]. Thus, the peak of this pinch-voltage spike may be taken
to correspond to the maximum compression of the plasma
column (indicated by point mc in Fig. 4(a)]. This assump-
tion allows us to utilize the time ¢, as a time reference in Sec.
IIB.

1. ANALYSIS AND RESULTS
A. Axial run-down trajectory

Any point along the line of luminosity in Fig. 3(a) is
given by a coordinate P, (r,z) where r and z define its radial

and axial positions, respectively, and the subscript 7 indi-
cates that image recorded by the nthslit. In order to simplify
the analysis, we shall describe only the axial run-down of
that part of the plasma sheath that is adjacent to the inner
electrode. For this, the value of ris always 1.25 cm, the radi-
us of the inner electrode. The value of z is fixed by the posi-
tion of each of the slits which are presented in the previous
section. The arrival time 1, of the plasma sheath atslit S, is
given by

t, =ty 4+ Y d/u;, n<5, ()
i== 1
where ¢, is the temporal delay between the streak-camera
operation and theinitial high voltage breakdown in the plas-
ma focus tube. The term u, is the streak speed and d, is the
streak span between (i — 1)th and ith streak images, as are
shown in Fig. 3(a).

The value of 1, is determined using the add mode for
oscilloscope display of the streak-triggering pulse and the
voltage waveform of the plasma focus discharge, as shown in
Fig. 3(b). For thiscase, t, = 0 and from Eq. (1) thearrival
timest, =0.70, 1.42, 1.80, 2.16, 2.48 usare calculated for the
plasma sheath arriving at z,, = 5.1, 7.7, 10.1, 12.7, 15.3 cm,
respectively.

AN
(c) i Dy

g ty 22 2.67us

1y = 2.93us

i

~UNAS

ty > 3.20ps

FiG. 4. (a) Muitiple streak images of the argon plasma sheath which are obtained at a nearer distance from the piasma focus tube. Thc sketched streak
images are about 2.58 times larger. (b) Current (/) and voltage ( ¥) signals of theargon plasma focus discharge. The time 1, is used asa time reference [(Eq.
(2)]. (c) Shapes of the argon plasma sheath at times 1,, ¢,, and fy, respectively (data from Table I).
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Figure 3(c) shows the axial run-down trajectory of that
part of the plasma sheath that is adjacent to the inner elec-
trode. The horizontal error bars represent the uncertainties
in the calculated arrival times ¢,. From this figure, instanta-
neous plasma sheath velocities can be measured. Approach-
ing the end of the inner electrode, the velocity is maintained
at about 10 cm/us. This observation substantiates other re-
ports™! of an upper limit for the plasma sheath velocity.

Since the plasma sheath velocity attains a constant value, the

rate of change of inductance becomes constant and, there-
fore, a steady-state plasma sheath may be defined for this
part of the run-down phase.

B. Shape of the piasma sheath

In this experiment, the streak camera is moved nearer to
the plasma focus tube in order to obtain a better magnifica-
tion. A different array of five slits are used and they appear at
z,=12.0, 12.8, 13.6, 14.6, 16.3 cm. The fifth slit is about 3
mm off the end of the inner electrode; this slit images both
the axial run-down and the radial collapse of the plasma
sheath. Figure 4(a) shows such a photograph for argon dis-
charge at 3 mbar and 14 kV. )

The arrival time ¢, at the nth slit is calculated with a
different equation:

b
t,=t,— % d/u, n<s, (2)

n
r=a

where ¢, is the time when the peak of the characteristic
pinch-voltage spike [see Fig. 4(b)] occurs. Since the time ¢,
is used as the time reference. the streak-triggering pulse need
not be displayed. This would, however, be necessary if the
fifth or last slit is placed before the end of the inner electrode,
and for this, Eq. (1) would have to be used. From Eq. (2),
times of arrival are, respectively,

t,=(1.94,2.33,2.67,2.93,3.20)us.

Figure 4(a) also shows a careful sketch of the streak
images from which we obtain some coordinates for various
streak. images, recorded simultaneously by different slits at
the following times ¢, = 2.67 us, £, =2.93 s, and £5 = 3.20 s
(see Table ). When the above sets of points are plotted onto
a cylindrical coordinate system, the shapes of the plasma
sheath are obtained at various moments of the run-down. as
shown in Fig. 4(c). The shapes of the plasma sheath in these
three figures are in close resemblance to each other, while the
velocity attains an upper-limit value. These observations
may further strengthen the suggestion. in the previous sec-
tion, of a steady-state plasma sheath approaching the end of
the plasma-focus annulus.

il /N SITU CALIBRATION

For the above types of experiments, the streak speed is
often adjusted such that the five images are recorded within
the entire streak span. Following each adjustment of the
streak speed, calibration is necessary. This is done by using a
slit to record the radial collapse of the plasma sheath and
simultaneously displaying, on the add mode of the oscillo-
scope, the streak-triggering pulse, and the voltage waveform
of the plasma focus discharge. Figure 5(a) shows the length
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TaBLe I. Coordinates representing the r and z positions of the plasma
sheath, recorded simultaneously by different slits at times ¢y, £,, and s, re-
spectively.

Time P, (rz)" Recorded by
P,(2.90.12.0) S
ty=3.20us £.(2.70,12.8) Sa
Py(1.25,13.6) S,
P, (3.05.12.0) S
1,=293 us £.(2.80,12.8) S,
Py(2.15,13.6) S,
P,(1.25,14.6), S
£,(3.1512.8) S,
ty=2.67 us P,(2.80,13.6) S5
£,(2.40,14.6) S,
Py(1.25,15.3) Ss
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ts ty
—f,
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L,/em
S -
(©
6 L
4

IVl
T

: "

1.0 2.0 3.0

t,/us

FI1G. 5. (a) L, is the null streak span between the start of the imaging process
and the recording of the maximum radial compression of the plasma col-
umn. {b) The time ¢, between the streak-camera pulse and the peak ot the
charicleristic pinch-voltage spike corresponds to the null streak span L,
{Fig. 5(2)]. (¢} The gradient of the plotof L vs ¢ is the calibrated streak
speed.
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of anull streak span L, before the maximum compression of -

the plasma column is recorded. This value L, corresponds to
the time 7, between the streak-triggering pulse, and the peak
of the characteristic voltage spike, as shown in Fig. 5(b).
With different time delays to the streak camera, different
values of L, and their corresponding ¢, "s are obtained. A plot
of L, vst,,asshownin Fig. 5(c), gives the gradient, which is
the streak speed uw, =2.7 cm/us for the above-mentioned ex-
periments.
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It has been recently suggested (Hora & Miley 1984) that in the cannonball scheme of
laser compression the pellet may be considered to be compressed by the ‘brute force’
of the radiation pressure. For such a radiation-driven compression, this paper applies
an energy balance method to give an equation fixing the radius compression ratio x
which is a key parameter for such intense compressions. A shock model is used to yield
specific results. For a square-pulse driving power compressing a spherical pellet with a
specific heat ratio of 5/3, a density compression ratio I' of 27 is computed. Double
(stepped) pulsing with linearly rising power enhances I' to 1750. The value of I is not
dependent on the absolute magnitude of the piston power, as long as this is large
enough. Further enhancement of compression by multiple (stepped) pulsing becomes
obvious. The enhanced compression increases the energy gain factor G for a 100 um
DT pellet driven by radiation power of 10'® W from 6 for a square pulse power with
0-5 MJ absorbed energy to 90 for a double (stepped) linearly rising pulse with absorbed
energy of 0-4 MJ assuming perfect coupling efficiency.

1. Introduction

Some basic concepts of laser target compression have recently been reviewed by H.
Hora and G. H. Miley (1984). Amongst these are the adiabatic self-similarity
compression, ablative compression with central ignition, nonlinear force pushing and
the cannonball concepts. In the review it is stressed that the cannonball target concept
proposed by Yabe er al. (1975) is one of the most promising approaches to overcome
the difficulties faced by the other concepts. The adiabatic self-similarity compression
using carefully shaped laser pulses (Kidder 1974; Brueckner & Jorna 1974) is a
theoretical reference case unlikely to be realized experimentally. The ablative
compression with central ignition is very sensitive to interaction problems, preheat and
asymmetries whilst the noniinear force pushing concept requires ultrahigh intensities.
The cannonball scheme overcomes these difficulties and though facing its own technical
difficulty of expensive and complicated target construction, has already undergone
initial experiments with good success using medium-power lasers (Miyanaga er al. 1983;
Yamanaka 1985).

In the cannonball concept the empty space or hohlraum between a spherical hoilow
high-Z mantie and a smaller concentric spherical inner fuel core target pellet is filled
with a uniform distribution of laser radiation. According to Hora and Miley (1984) this
monochromatic hohlraum radiation compresses the pellet by the ‘brute force’ of the
radiation pressure so that if the radiation pressure is sufficiently large for the
compressional velocity to be supersonic then the pellet will be compressed through a
snowplow process.

+ Permanent address: Physics Department, University of Malaya, 59100 Kuala Lumpur, Malaysia.

0263-0364/88/0003-0597305.00
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For this type of piston-like drive, the application of energy and pressure principles is
alone sufficient to determine the gross compression ratio which is one of the key
parameters characterizing the end-state of any intense compressional process. This
follows from earlier work in which S. Lee (1983) applies energy and pressure balance
to a fast magnetic pinch-type compression to compute the pinch radius ratio and shows
that the compressed radius ratio does not depend on the absolute magnitude of the
compressing magnetic field. It was shown that in practical cases the large density
compression ratios required to satisfy the concept of a fast pinch reactor (Haines 1982)
cannot be achieved in a single magnetic compression. To enhance the density ratio a
current-stepping technique which essentially uses a two-step compression has been
suggested (Lee 1984) as a possible prelude to further enhancement due to radiation
cooling.

In laser-driven compressions for fusion purposes, the energy gain G for a 50:50 DT
plasma at an optimized temperature of 10-3 keV may be expressed (Hora & Miley
1984) as i

E .
= — 3 1
6=(5,)" W
where T = p,./p, is the ratio of compressed density to the initial solid state DT density
po and Egg = 1-6 MJ with E being the energy absorbed by the pellet from the laser
pulse. This formula may also be written as

G= (EEB—E)ix;z @)

where k,, = r,,/r, is the radius ratio of the compression.

Because of the dependence of G on I3 or equivalently on k% it is important to be
able to compute k,, in a simple physical way. It is of further importance if the method
suggests a reduction in k., equivalent to an enhancement of I'.

In this paper the concept of limiting density ratios for radiation-driven compressions
is examined in a simplified general manner. Structural considerations are not central.
For example, the use of a shock model is only to obtain specific results and should not
distract from the cental theme of energy balance. The application of this principle
shows immediately that the compression ratio is not dependent on the absolute
magnitude of the piston power but rather on the pulse shape. Limiting compression
ratios are obtained for some simple piston power pulse shapes. A double pulse (or
pulse-stepping) technique is then suggested and the enhanced compression ratios are
computed. Using this method, the basic physics is clearly seen though the problem is
obviously idealized. The required puise shapes are readily specified and techniques for
further enhancement, for example, by muitiple pulsing becomes self-evident. The
effect of compression enhancement on the energy gain factor G is also computed for
several specific cases.

2. Theory

2.1. Shock wave picture

Consider a solid spherical pellet irradiated uniformly by intense radiation as
illustrated in figure 1. The radiation power R (Js7!) has associated with it radiation:
intensity [=R/(47xr®) (Js"'m™?) and radiation pressure Pgr =[/c=33X
107°R/(47r*) (N m™2) where c is the speed of light.
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{a) initial geometry (b} maximum compression geometry
before disassembly

Ficure 1. Idealized representation of spherical compression of pellet by radiation piston.

Assume that the radiation pressure is fully effective on the surface of the pellet and
continues to be fully coupled for the period of the radiation pulse. The radiation
pressure will then press on the surface of the pellet like a spherical piston and will
maintain this piston-like behaviour as the pellet undergoes compression. This assump-
tion is consistent with the estimation of limiring compression ratios as any deviation
from piston behaviour of the radiation-pellet front (for example the pellet surface
becoming transparent to the radiation) will result in a lesser value of the gross
compression. Assume that the radiation pressure is sufficient to cause the radiation
piston to implode supersonically (but non-relativisticaily). Then a shock front will
propagate ahead of the piston; the shock front being the transition region between
ambient pellet condition and piston compressed condition. The situation is shown in
figure 2a where both the imploding piston and the converging (forward) shock front are
moving inwards.

imploding radiation piston

imploding radiation piston

{a) (b}

Ficure 2. (a) Imploding radiation piston driving a converging (forward) shock. before the
forward shock has hit the centre. Region A =ambient pellet condition, region B = piston
compressed (singly shocked) conditon. (b) Imploding radiation piston driving a diverging
(reflected) shock, after the forward shock has hit the centre. Region B =singly shocked region.
region C = doubly shocked region.
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pellet
disassembles
radius

centre

time —

FIGURE 3. Trajectory of pellet compression showing regions A, B and C of figure 2.

For a shock front converging into the ambient material, the conservation equations
across the front require that the shocked plasma behind it also be moving radially
inwards. This requires that when the forward shock has converged onto the centre a
reflected radially diverging shock front must propagate, behind which the doubly
shocked plasma is, on the average across the central sphere stationary.

One property of the imploding piston is that it is subsonic relative to the plasma
heated and compressed by the forward shock driven by the piston. Thus it is a
reasonable assumption that the pressure in the region between the converging shock
front and the piston (labelled region B in figure 2a) is uniform and is equal to the
piston pressure. This is also true of the region between the piston and the reflected
shock, also labelled region B in figure 2b. The reflected shock region (labelled region C
in figure 2b) is a region of both increased density and temperature relative to region B.
Hence region C has a higher pressure than region B. We assign a factor f,, to denote
the pressure-jump factor across the reflected shock. Thus when the reflected shock hits
the radiation piston, the double-shocked inner sphere, whose particles have been
constrained to be stationary due to the continuous influx of particles from region B,
but are now no longer so constrained, disassembles. The situation is as shown in figure
3. In this figure the point M shows the configuration as the refiected shock hits the
radiation piston. It is the point of minimum radius corresponding to maximum
compression and the point when, according to this model. pellet disassembly starts.

2.2. Energy and pressure equations

Consider the energy in the system at the point of time represented by M. The work
done (per unit mass) W by the radiation piston on the target (assuming perfect
coupling) in compressing the target from initial radius ry to radius r,, 1S

©3.3x107°
(47tr)
where p is the mass density, r the piston radius and the subscript m dentoes the

quantity at the point of time M.
The plasma internal energy U is

W,

=(§n; P)'[ R(47r) dr (3)

m

G T
U, == 3 —=
Wy -1

4)

where G is the Universal Gas Constant, W the molecule weight, y the departure
coefficient, T the plasma temperature and y the specific heat ratio.
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At the time M, the plasma sphere has no directed kinetic energy, so that, assuming
no losses, we may put W,, = U,, and hence obtain the plasma temperature at time M as

33x107° (*,/—1)[’n

T, = a R dr.

" Tmonrn G b
wk

(5)

m

Next we consider the pressure relationship at this time. The plasma kinetic pressure
P,=(G/W)xp.T, exceeds the radiation pressure Pz by the reflected shock pressure
jump factor f,. This gives us

33X 107°R,. fs
T,=—— . (6)
4rre 0., (G/W)x

From equations (5) and (6) we obtain the combined energy and pressure balance
condition as

R, = 3—(Z~r—1) f R dr. )
Equation (7) specifies the radius r, at which the energy and pressure conditions of
equations (5) and (6) are simultaneously met. This equation shows that the radius ratio
r./r is independent of the absolute magnitude of the radiation power which may be
R,, or any multiple of it. The radius ratio is a function only of v, f,; and the pulse shape
of R. This pulse shape of R would be a function of r and consequently also of time ¢
since r would generally be a function of r. In order to see the significance of this
balance condition we consider here several simple radiation pulse shapes.

Case 1. R = constant. Constant or square pulse radiation power.

Take v =3, for a fully ionized plasma. With R = R,, =constant, equation (7)
integrates to

szrm/rozz/(2+ﬁ':) (8)

and we may construct a table to give us the radius ratio and density ratio p,,/p, = &’
at maximum compression as a function of the reflected shock pressure ratio f,, taken as
a parameter from 1 to 10.

frs Ky pm/pO
1 0-67 3-38
1.5 0-57 5-36
2 0-5 8
3 0-4 15-6
4 0-33 27
5 0-29 42:9
6 0-25 64
10 0-17 216

It is instructive to follow values of the LHS function F, and RHS function Fr of
equation (7) as the compression proceeds from &« = 1. This is normally computed
during a trajectory computation, but in this case since this problem is being solved
without a trajectory computation we indicate these function values schematically in
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M3 Mz M‘ FL
function F F
values Fa n ‘
Fr (fa=4) \(fs =)
(f, =10)
017 033 067

FIGURE 4. Illustrating the convergence of function values of F, and Fr of equation (7) for a
square pulse.

figure 4 for the three cases f,, = 1, f,, =4 and f,; = 10. In this figure the points M,, M,
and M, represent the intersection points of the curves Fg and F., respectively, for the
cases of f,=1,f; =4 and f, =10. These points represent the points of maximum
compression, respectively for the three cases as expressed by equation (7).

It is seen that, for a given pulse shape of R, the compression depends strongly on the
value of f,. It has been shown by von Guderley (1942) that the value of f, near the
point of reflection is typically 6,45 and 3-5, respectively, for planar. cylindrical and
spherical shocks. We shall take the value of f, =4 for our consideration. Using this
value of f, for the case of square pulse radiation power, the radius ratio x,, is 0-33
corresponding to a density ratio of 27. This compares with a density ratio of 33
(Brueckner & Jorna 1974) for a single shock compression followed by adiabatic
Compression.

Case 2. R = R,.(r — 1))/ (r,, — ro). Radiation power linearly rising with decreasing r.

For this case equation (7) integrate to

K2 = ke = (7 = 1)k — /2= D) ©)

Jes
which for y =% and f, =4 gives
k,=02 and p,/po=125.

Thus a rising radiation power during compression gives rise to greater compression
than a constant power. This agrees with Brueckner & Jorna (1974). This is evident
from an analysis of equation (7) or the schematic of figure 4. It is also evident from
equation (7) that a pulse which rises faster than that of Case 2 will produce even
greater compression.

Case 3. Stepped double pulse. Both pulses of constant power; the second pulse has n
times the amplitude of the first pulse.

The advantage of using a double pulse may be seen from equation (7). Let us follow
the functions Fr and F; of equation (7) during a compression using constant power.
From figure 4 we have seen that for f,, = 4 the values of Fg and F; converge at x = 0-33.
If, as this point is approached, the radiation power is stepped up to n times the
amplitude of the first puise, then the convergence point of Fr and [y is shifted to a
smaller value of x as shown in figure 5 where it is seen that a new balance point
K., <033 is established.

In practice, because the reflected shock will have hit the piston despite the sudden
rise of piston power to nR,,, it is necessary for the value of n to be greater than fis- We
take the case of n =6 and assume that when the piston reaches x = x; where x; 20-33
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Ficure 5. Illustrating the effect of a stepped square pulse in shifting the convergence point of
functions F; and Fy to a smaller radius.

the radiation power is stepped up to 6R,. Then when the reflected shock hits the
piston, the reflected shock is turned back. towards the axis, reflects off the axis and
again moves towards the piston. hitting it with a pressure rise factor again of four times
the increased piston pressure of 6R,,. Then a re-examination of equations (1)-(4) for
this situation shows that equation (7) now becomes

— l o o
nR,, = 3= (f R, dr+ f nR,, dr> (10)
frsrm Uy

giving for y =3, f, =4, n =6 and x, = 0-4:

Tm

1 0-4
12K,,,=j dK+6J dx (11)
0-4 K

so that we have k,, =0-17 and the p,,/p, = 204. Thus this double pulse technique has
increased the density compression 7-fold as compared with a single pulse.

Case 4. Stepped double pulse. Both pulse linearly rising with decreasing r, the second
pulse with a gradient n = 6 times that of the first pulse

In this case, switching the second pulse on when the piston has reached x=0-3
(noting from Case 2 that the balance point for the first pulse only is at x =0-2) gives
K, =0-083 with corresponding density ratio of 1750; a 14-fold increase in denstiy
compression when compared to the single linear pulse.

3. Discussion

Although a shock model is used for the above computation it should be stressed here
that this model is used only so that specific results may be computed. The model is not
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central to the energy and pressure balance condition as expressed in equation (7).
Indeed if a situation is envisaged in which no reflected shock developed or reflected
shock effects are not important then we put f,, = | into equation (7).

The use of f, =4 is an approximation. As the reflected shock moves away from the
point of reflection the value of f, should gradually decrease. The rate of reduction
should also depend on the time function of the driving pressure. Since the value of
r../ro depends on f,; (see equation 7) it would be useful to consider the shock reflection
more carefully in order to compute a more realistic f,, for each case. This is, however,
outside the scope of this paper.

The above cases have been chosen for simplicity of interpretation and of integration
of equation (7) without the need to obtain the trajectory. In an experimental situation
the power pulse would be specified as a function of time, rather than of radius, so that
the computation of Fz of equation (7) would have to be done simultaneously with the
computation of the trajectory r(¢) as a function of time. For simplicity we may use a
snowplow model such as

d/ 5 dr> 3-3x107°
—\(rR=r)—=)= ——F— R(1). 12
(-7 T R() (12)
This equation normalizes to
d dx
— 1 - 3 ——> = - ZR 13
dat <( <) dt * (13)

where Kk =r/ry, T=1t/ty, R =R/R,, with scaling parameter @ = to/t,, where t, would
be associated with a characteristic time (for example rise time) of radiation pulse
characterized by magnitude R, and ¢, is given by

4 X 108pord\}
Ro
For example: Taking a =1, r,=10""m, po=180kg m > then have
t,=1=5%107R;? (15)

where ¢, may be interpreted as the characteristic time of the compression. Some
characteristic times and speeds are deduced from equation (15) as follows:

Rq t rolt,
(Pulse (Characteristic (Characteristic
peak compression compression
power) time) speed)
(Watt) (ps) (ms™Y)
10t 500 2x10°
10% 160 6-3 % 10°
10'° 50 2x10°

TasLe 1. Characteristic snowplow compression
times and speeds

For a given radiation pulse R(f), equation (13) may be solved for selected values of
. This equation by itself gives a trajectory which goes to r= 0, a non-physical
situation. However, with concurrent use of equation (7), the limit of the trajectory may
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be determined. A more realistic model such as a slug model may, of course, also be
used.

We now consider the energy gain factor G. We note that the gain equation (1) or (2)
is written for an optimized kinetic temperature of 10-3 keV. So for the consideration of
G it is necessary to estimate the compressed temperature 7T,,. From equation (6) we
may write:

_ 8:8x107°R,.k,,

T, Py
(ro)”

(16)

for a 50:50 DT pellet where r) = initial pellet radius in units of 100 um. We note that
T,, may be increased either by increasing R,, or reducing ry. For a given power R,, we
may use equation (16) to estimate T,,. We may use equation (14) or Table 1 to
estimate the required pulse length and hence input energy E. Then we may use
equation (7) to compute k,. The gain factor G may then be computed from equation
(2).

As an example we use R,, = 10'*W and r, =100 um of 50:50 DT and present the
results in Table 2 for gain factors computed for the four cases discussed earlier.

Case 1 Case 2 Case 3 Case 4
Linearly rising  Stepped square  Stepped linearly
Square pulse pulse pulse rising pulse
T. (keV) 26 16 14 7
E (M) 0-5 0-4 0-45 0-38
Ko 0-33 0-2 0-17 0-083
G 6 16 23 90

TasLe 2. Energy gain factors for o= 100 um, R,, = 10" W

We may also consider reducing the power to R,, = 10> W. Then to maintain the
temperature near optimum value equation (16) shows that r, should be reduced to
32 um, reducing the required pulse lengths by 3-2, from equation (14). The input
energy is thus reduced by 32 times. However because of the slow dependence of G on
E, the gain is reduced only by a factor of 0-31. Thus for the stepped linearly rising
pulse of case 4, a radiation power peaking at 10" W is required to deliver an absorbed
energy of only 12 kJ for a gain factor of 28.

4. Conclusion

The limits of compression for magnetic drivers as well as radiation drivers are
determined by energy and pressure considerations. The specific case of a radiation
driven pellet compression is considered here. The radiation pulse is considered to
interact with the pellet as a piston driving a strong shock which upon convergence at
the centre reflects towards the piston with a pressure rise factor of 4. Using this model
an energy-pressure balance condition is derived for the radius of maximum compres-
sion. The physics of this balance condition is then demonstrated by considering several
simple cases. These are summarized in Table 3.
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Radius Density
ratio x,, compression [,
R = constant; square pulse radiation power 0-33 27
R=R, (Lr_—;_rg);; power linearly rising 0-2 125
P — 1o
Double pulse; both constant power, n =6 0-17 204
Double pulse; both with linearly rising power, n =6 0-083 1750

TaBLE 3. k,, and I',, for 4 types of compressing pulse shapes

The method is simple and gives new insight into the limits of compression as simply a
condition set by energy and pressure balance. The method also gives an indication as to
how these limits may be extended by pulse shaping. It is applicable to pulse shapes of
any type. Since the method assumes perfect piston coupling, any imperfection in
coupling would give lower compression ratios than those indicated. The method may
easily be extended to multiple pulse steps of number greater than 2, with consequent
greater COmpressions.

The effect of the enhanced compression on the gain factor G is quite remarkable.
For a 100 um DT peliet irradiated by laser power of 10'° W applied as a square pulse a
value of G of 6 may be attained with an absorbed energy of 0-5MJ. Applying the
power as a two-step linearly rising pulse peaking at 10'* W, G increased to 90 with an
absorbed energy of 0-4 MJ.

The present work considers much higher radiation intensity than previous work on
ablation-driven pressures applied to the compression of microballoons (Max et al. 1980;
B. Yaakobi er al. 1981; T. Mochizuki er al. 1983; T. Yabe er al. 1983). This much
higher radiation intensity is required to compress the solid spheres considered in this
paper. The absence of ablation in pure radiation-pressure compression also increases
the required radiation intensity.
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Abstract

In this paper, the effect of the specific heat ratio, 7 on the shock speed for both the atomic hydrogen model and
the molecular hydrogen model are investigated. A comparison between these two models are also conducted to inves-
tigate the accuracy of approximadng the molecular hydrogen with an atomic hydrogen. This is important in the study
of pinch compressions as it has been shown that one of the factors governing the radius ratio of the pinch compres-

sions is the specific heat ratio, Y.

Introduction

In the study of hydrogen pinch compres-
sions, the hydrogen gas has usually been treated
as a monatomic gas with a constant specific heat
ratio, v = 1.67. This approximation is reasonable
for those H, pinch compressions designed to be
driven by fully ionizing strong shocks with shock
speed far exceeding 10 cm/us. Under these con-
ditions, the thermal energy becomes the most
dominant mode of energy gained resulting in a
situation where the thermal energy per particle
greatly exceeds the ionizing energy per particle.

For slow hydrogen pinches' driven by
weakly ionizing shocks, this is no longer true as
the various modes of energy gained via rotation,
vibration, dissociation, ionization and electronic
excitation become significant. As a result y devia-
tes from the constant value of 1.67. In the mole-
cular state y begins to decrease with increasing
temperature and ultimately increases back to
1.67 at high temperature beyond the fully ioni-
zing shocks regime. Since one of the factors
governing the radius ratic  of the pinch compres-
sion is v, it is vital especially during the earlier
stages of a pinch whén the compressing shocks
are only weakly ionizing to include the proper
variation of v in order to compute the trajectory
more accurately.

In this paper a numerical study is carried out
to obtain the variation of y with shock speed for
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hydrogen shocks. Two models, the monatomic
and the diatomic model will be considered. In
both the models the 1-D plane Shock Jump
Equations®, the Thermal Equation of state, the
Saha Equation and the Caloric Equation of
the State form a close system?,

Calculation of

For shocks of Mach > 10 the 1—D Shock
Jump Equations relating to the ambient particles
and the shock particles measured in the shock
fixed coordinates may be written as

P1dr = P2Qqy [1]
p1ai = p.q3 *t P, (2]
T4 = iqd+H, (3]
PZ = M p‘ZTZX [4J

P.

H =_71 P
! v—1 P2 (5]

where the subscript | refers to the ambient con-
dition and subscript 2 refers (0 the shock condi-
tion. p, q, F and H are the density, particle velo-
city, pressure, and enthalpy respectively. R, is
the universal gas constant and M is the molecular
weight of the gas. Both  and 7 are temperature
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dependent. x(T) is the departure coefficient of
the gas describing the degree of dissociation and
ionizing in the Thermal Equation of State. From
the above shock equations, an expression relating
the shock temperature and velocity is obtained as

M — 1
T, = qzl R, [‘F—F-l‘]')—( (6]

where I" is the compression ratio and is given by

I‘=-€2-=1_j._i

P v—1 [7J

In order to solve for v at any temperature, T, ,
x and H, must be known. x(T) is obtained from
the Thermal Equation of State together with the
Saha Equation while H, can be obtained from
the Caloric equation of state. The Thermal Equa-
tion of State, the Saha Equation and the Caloric
Equation of State for monatomic and diatomic
hydrogen are described as follows.

(a) Monoatomic Hydrogen
Yy
H——>H"+e

where U; is the ionizing potential of the
hydrogen atom {13.595 eV).
The Thermal Equation of State is

P, =

;}0 p2 Ta(l +a) (8a]
H

The departure coefficient x for this situation is
x = (1 + ), where o, the degree of ionization of
hydrogen is the ratio of the number of elec-
trons or hydrogen ions (N, or Ny, ) to the total
number of neutral particles and positive ions (N,
=Ny *+ Ny, ) and My is the atomic weight of the
hydrogen atom. « is solved as a function of tem-
perature from the Saha Equations.

a® % My 3/2
(o) = 8.0X 10X —H X T,
Z .+
X 7i X exp(—U,/kT,) [9a)
eH

where Z v and Z ., ¢ are the electronic parti-
tion function of hydrogen ion and hydrogen
atom respectively. These values may be compu-
ted beforehand from the general expression for
the partition function as given below,

Z = Zge t

L

[10a]

where U; is the i-electronic excitation energy
level and g; is the corresponding statistical weight
and the summation is taken over all available
excitation energies.

The Caloric Equation of State is given by

U U
_ 5Re oz ety
H=Sx Txt My My
(l—oz)UeH
¥ [11a]

where U_;+ and U,y are the electronic excita-
tion energy for the hydrogen ion and the hydro-
gen atom respectively. Similarly U, y+ and U,y
are computed from the general expression for the
excitation energy as given below,

~UxT
/ [12a)]

U = % U.Lgie
where U.L is the i-excitation energy level and g, is
the corresponding statistical weight and the sum-
mation is over all the available excitation ener-
gies.

From equation [4], [5] and equation [11a]
7 is computed as a function of T, using

v -5, Yt Uyt Um0l
;-:T 2 RoTax

{13a]
The shock speed is then obtained from Eqn.
[6] and [7].

(b) Diatomic Hydrogen

U

H, —> 2H
U

H —>H*'+e




where Uyy is the dissociation energy (4.476eV)
of the H, molecule and UI is the ionization
energy of the H atom.

The Thermal Equation of State now
becomes

Pr= 2 0T, (1454 20) (8]
MHz
where 8, the degree of dissociation is the ratio of
the number of H, molecules dissociated to the
total number of H, initially present in the
system, N q, the degree of ionization is related
to the ratio of the number of H* ion to N
X(T) riow takes the value of (1+6+20).
The Saha Equations involved are

(i) for dissociation,

/2
4(6—a)? T:
= = 04 2
5 0 My -
22
TZ—TZE—HT— exp(=Up /kT,) [9b]
I v "H’/H,

where (Z,Z,Zy1)y, 7 are the rotational, vibra-
tional and electronic partition function of the H,
molecule respectively. These quantities are com-
puted in the same manner as for the monatomic
H mentioned earlier. The diatomic molecule here
is taken as a homonuclear rigid rotator and a
hammonic oscillator, MH2 is the atomic weight
of the hydrogen molecule.

(ii) for ionization

2% < 80X 10 EH“?Ta/z
5~ ) P1 2
7 exp(=U, /KT;) [9c]
eH

where Z,p. and Zoy are the electronic parti-

tion function of the hydrogen ion and atom

respectively. Similarly these quantities are com-

puted as before. From equation [9b] and {9¢],

6 and a are solved and x(T) can be determined.
The Caloric Equation of State is
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H = %%Tz (1+6+2a)+ (l_h:)U”b
H, H,
LODU suy ey,
H, 2 My
, Gt , 0=,
M, My,
aUeH+
+ “W [10Db]

where the computed quantities Uey, Uey, and-
U, y+ are the electronic excitation energy of the
H atom, the H, molecule and the H* ion respec-
tvely. U,,, and Uyip are the rotational and vib-
rational excitation energy of the H molecule.

7 is again computed as a function of T,
using

Y 9.5
[;_l:l S+A+B
where
A =[ (I—B)C("Jrot +Uvib+UeH2)+5UD :I
RoT (1 +6 + 2a)

aU, N (6 - U, N U, i :]
B=L H My My

RoT, (1+6 +2a)
My, [11b]

Finally the shock speed is obtained as a function
of T from Eqn [6] and [7] as before.

Solutions

The solutions obtained for 7 using both the
monatomic and diatomic models for ambient
pressure of 0.8 mbar hydrogen is as shown in Fig.
1 to Fig. 3. It is found that excluding molecular
effects the hydrogen atom starts ionizing at
about 8000 K and becomes fully ionized at
about 22 000 K. During this period -y drops from
1.67 to a minimum of 1.16 with the onset of
ionization and later increases to 1.2 as the hydro-
gen approaches complete ionization. In the case
of the model including molecular effects, it is
found that hydrogen starts dissociating at about
2 000 K and becomes fully dissociated at about
4500 K follows by jonization at 8000 K to
22 000 K. During this time 7Y varies from 1.67
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to a minimum of }.38 at about 85 K when the
rotation degree of freedom becomes effective.
With further increase of temperature y drops to a
minimum of 1.11 with the onset of the
vibrational degree of freedom which later
increases to 1.2 as vibrational degree of freedom
becomes fully excited and the H, molecule
becomes fully dissociated. Following this, 7
decreases with the onset of ionization to a
minimum of 1.14 which subsequently increases
as it becomes fully ionized. The corresponding
shock speed is as shown in Fig. 3. It is observed
that there are 2 regions of small gradient where
the increase of shock speed with temperature are
larger. These first and second regions correspond
to the effect of dissociation and ionization
respectively. After this period v increases slowly
with increasing temperature towards 1.67 as the
hydrogen atom becomes both fully ionized and
fully excited. The shock speed increases slowly
with the square root of temperature, T,. This
shows that it is reasonable to approximate the
diatomic hydrogen: with a monatomic model for
very strong ionizing shocks especially if the
initial potential is taken as U, + Up. However
for shock velocity below 4.00 cm/us, 7 is not
constant and vy-atomic and <y-molecular differs
greatly.

¥
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! (atomic)
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1.1 (molecular)
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Fig. 1 Variation of Variation of 7y with Tempe-
rature for Hydrogen Gas at 0.8 m bar.
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Fig. 2 Degree of Dissociation (8) and Degree of
Ionization (@) versus Temperature for
Hydrogen gas at 0.8. mbar.
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Fig. 3 Temperature versus Shock Speed for
Hydrogen Gas at 0.8. mbar.

Conclusion

The numerical studies conducted here prove that
for weakly ionizing shock speed below 4 cm/us
the proper variation of -y should be considered.
It is also inaccurate to approximate it with an
atomic model. Since gas compression is a func-
tion of v, this variation must be incorporated
into the compressional dynamics in order to
obtain a more accurate representation.
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TECHNOLOGY OF A SMALL PLASMA FOCUS

S. Lee

INTRODUCTION

1.1 General Characteristics of the Plasma Focus:

The early work of Filippov+™3 and Mather “~% on the plasma focus
has shown that in this device a hot (v ! keV) and dense (v 1019 cm—3)
plasma is created witk a lifetime ~ 50 ns. Considerable interest was
directed on this device because of tke high nt value of the plasma and the
readily detected bursts of fusion neutrons when operated in deuterium. It
has been demonstrated that a capacitor energy of E = 100 J is sufficient
to produce a detectable burst of N = 10° neutrons. This compares with the
I MT Frascatl machine on the other end of the scale producing lO13 neutrons.
A typical machine within the means of a small laboratory may have 10 kJ
storage and produces 109 neutrons per burst. The yield—energy relatiomship

is simple (¥ ~ Ez) as 1illustraced by Fig. 1.

Besides being a ready source of hot dense plasma and fusion
neutrons (Fig. 2) the focus also emits copious amounts of soft x-ray (Fig.
3). The large range of plasma phenomena readily available from this easily
constructed machine has led to its study in many laboratories around the

world? = %7,

As a simplification, the focus may be considered as a device which
operates in two distinct phases (Fig. 4) an axial acceleration phase in
which the characteristics of the device is very similar to an electromagnetic
shock tube; and a radial compression phase in which the plasma behaviour
may be approximated to a compressing plasma pinch with a length which
increases as the radius decreases®°2°35  Ip these two phases the plasma
may be considered from the viewpoint of the classical snow-plow model as a
well defined plasma slug driven by a magnetic piston (current sheet). These
two phases set the stage for the third phase, the short-lived dense plasma phase

followed by a fourth phase3® during which a process of turbulent magnetic
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Fig.l Neutron production as 2 function Of energy.
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Fige Time-o{-f1ight oscillogram chtained
in the measurement of neutron energy. Top
trace records cutput from ncar detector. DBottam
trace records output from far detector placed
10.2 m behind near detector. llorizontal scale

200 ns per am. (Ref.Zl)
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Fig.3 Soft x-ray photograph in transverse view. The surfsce of the centre elecrrode is
beyond the left side of the photograph as shown to scale. Volwge, 29.6 kV.
Pressure: 1.3 torr. Condenser bank energy 13 k) (RE£.41)
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Fig. aa Phasel; axjal acceleration phase

Fig. 4p Phase 2: radial compression phase

(Ref.28)

field penetration®® results in a quiescent plasma column of relatively
large diameter. There is evidence that most of the fusion neutromns are

produced during the transition from the third to fourth phase.

1.2 The Device:

The general configuration of the plasm focus device is as shown

in Fig. 5.
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Z
& |
Fig. 5. Schematic of the discharge circuit
1.3 The Phases of Plasma Development:

Break—down and surface discharge:

The device consists of an inner electrode and a coaxial outer
electrode separated by an insulator at the starting end. The power source
is a capacitor Co charged to voltage Vo and switched on to the imner elect—
rode by switch S. When S is closed the voltage appears 2cCToss the two
electrodes and when the conditions are properly adjusted a discharge occurs
across the surface of the insulator between the inmer and outer electrodes.
The J x B force on this axially symmetric surface current is radially
outwards (Fig. 6a). This lifts the current off the insulator in a cylind-
rical sheet. One end of this sheet remains attached to the inner electrode
at the circular junction where the inner electrode meets the insulator.

The other end moves radially outwards across the back wall which forms part

of the outer electrode.

Axial acceleration phase:

When this lift~off is completed the current flows radially out-
wards from the inner electrode to the outer electrode in radially symmetric
sheet slightly canted in the forward direction (z) at the inner electrode.
In this position the T x B force on the current sheet is axially down the

tube (i.e. in the z direction). The current sheet, scooping up the gas
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Fig. ¢ The driving force in the
a) breakdown region: the JXB force just after breakdown,
causing current sheach lift-off.
b) axial acceleration region: the JXB force during
the axial phase.

it encounters is thus accelerated down the tube (Fig. 6b). In this phase
of axial acceleration the behaviour of the current sheet and the plasma

it drives is similar to the situation in an electromagnetic shock tube.

Radial collapse phase:

When the current sheet reaches the end of the centre electrode,
the end of the sheet which has been sliding along the centre electrode in
the axial direction begins to slide across the face of the centre electrode
in the radial inward direction. The other end which has been sliding along

the outer electode in the axial direction continues in its motion (Fig. 4b).

Dense plasma phase and focus phase:

In this implosion, a dense plasma column is formed on the axis of
the focus tube just off the face of the centre electrode. Towards the end
of this dense plasma phase m=0 instabilities set in. The column breaks up

and very rapidly a large diameter phase is formed.
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120

10 mm

Fig. 7 A segquence of Schlieren images showing the
plasma structures and dynamics. Experimental
conditions: 9 mbar deuterium at 14 kV.

(Ref. 50)
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Fig.8 Summary of the temporal development of the
radial implosion process (Ref. 50).
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The sequence of events from the implosion to the formation of
the large diameter plasma has been described in a sequence of framing
photographs by Decker and Wienecke30. More details of plasma structure
giving particularly information on electron density gradient have been
obtained by Kwek49,%0 using an entirely Third World home-made Schlieren
system including a home-made nitrogen laser light source. This Schlieren
sequence (Fig. 7) of radial collapse and subsequent phases are correlated

to the measured tube voltage, x~ray and neutron®® (Fig. 8).

Laser shadowgraphs have also been taken which confirm the main

features in the collapse phase and the dense plasma phase (Fig. 9).

Following the dense plasma phase, the column is very rapidly
disrupted. This rapid disruption is consistently observed, for example,
in the shadowgraphy of Fig. 9 (see the frame at t = + 50 ns). There is also
consistent evidence3® to show that whilst the soft x-ray from the plasma
is associated mainly with the dense plasma phase, the hard x-ray is more
to be associated with the instability phase and the neutron production peaks

between the instability and the expansion phase.

The angular distribution of the neutrons from the plasma focus

has been extensively studies (for example, see Fig. 10).

1.4 Classic Indication of Focus Action:

Figure 1] shows the classic indications of strong focussing action
(note the severe current dip and the corresponding voltage spike near the
middle of the horizontal axis), which in a deuterium focus invariably

signals the production of neutrons.

1.5 A Low Cost Device:

The IAEA Consultants' Meeting in Swierk, Poland“® in December 1378
has recommended the plasma focus as one of the two devices which might be
purchased or constructed by a developing country with the intention of
studying high temperature plasmas. A figure of likely cost of US$10,000

was mentioned in the Report.

For the purpose envisaged by the Consultants' Report the focus is
certainly an eminently suitable machine, as within one low—cost well-behaved
machine shock waves, pinch and focus phenomena may be studied: with plasma
conditions extending to fusion conditions with copious emission of x~-rays

and fuslon neutrons.
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This has been demonstrated in a package designated as the

UNU/ICTP PFF (United Nations University/Intermational Centre for Theoretical
Physics Plasma Fusion Facility)51’52 developed for a series of UNU and ICTP
sponsored training programmes aimed at initiating experimental plasma
research in developing countries. As a result of the training programmes
this device with various modifications and improvements is in varying stages
of development in Pakistan, Indonesia, India, Egypt, Nigeria, Sierra Leonme
and Thailand. The training programmes have initiated and assisted in the
production of several M.Sc. theses on experimental laser and plasma physics
at the Rivers State University of Science and Technolbgy in Nigeria and the
UNU/ICIP PFF programme has produced the first Ph.D. in experimental plasma/

fusion physics in Pakistan?®3.

1.6 Sub-svstems of the UNU/ICTP PFF:

For effective initiation of experimental research in developing
country experience has shown that the technology/research transfer process
1s most effectively carried out by the concept of open-box (as opposed to
black box) sub-systems. The package is divided into sub-systems (see Fig.
12), each sub-system specifically designed for simplicity, cost-effectiveness
and transferability. Each sub-system is then designed and constructed by a
trainee and tested to be operational. The sub-systems are then assembled,
tested to obtain good and consistent dynamics in various gases and finally
to produce a consistent and reproducible neutron yield when operated in

deuterium.

The package is then disassembled, packed and airfreighted back
to the trainee's home institute, and reassembled and modified for the

trainee's own developmental and research purposes.

Since the purposes of this monograph is to describe the
technology of a small plasma focus in a manner useful for developing
countries it is elected to follow the proven pedagogical approach of the
UNU/ICTP PFF. Chapter 2 will describe a simplified dynamic model which
enables the focus to be simulated and designed, leading very naturally to
computation packages and design criteria, discussed in Chapter 3. Chapter &
deals with the hard-ware of the UNU/ICTP PFF in sub-system form whilst
Chapter 5 describes scme possible applications of the plasma focus including

some ideas on improving its scaling.
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Fig.9. Side on laser shadowgraph of a 20-kV 60 uF, 4-Torr deutenium

plasma focus, showing a pinch ratio r,/r,~0.13. (Re £, 35,36) Fig. 10 AResults of angular distribution
of neutrons from plasma focus.
(REf.42)

Fig. 11 Typical current dip and voltage spike of a focusing shot Top trace: current
oscillogram: vertical scale: 200 kA per cm. Bottom trace: voltage oscillogram:
vertical scale: 6 kV per cm, horizontal scale: 1 usec per cm. The characreristic
current dip and voltage spike of a good focus are evident at t = 4 psec.
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DYNAMIC THEORY OF THE PLASMA FOCUS

2.1 Review:

The plasma focus is now well established as a device by which a
hot, dense plasma may be produced with consequent generation of fusion
neutrons. The key technical and experimental features of this device are
now well documented so that a simple functional device may be built without
resorting to sophisticated technology. The situation concerning the theore-
tical treatment of the device is however quite different. The axial accel-
eration region poses no problem, but there has been no simple method of
computing even the dynamics of the radial pinching phase. Potter™ has set
up a two-dimensional code which gives a detailed description of the axial
acceleration phase as well as the radial pinching phase, However the code is
complex and its accuracy during the axial acceleration phase had to be checked
against the predictions of a simple one-dimensional snow—plow model. The
radial implosion phase ‘could not be checked against a simple physical model
because none existed which could give even a physically acceptable quasi-
equilibrium radius. Recently, Zakaullah®® has developed a two-dimensional

model with scaling parameters suitable for device design.

Simple physical models have been constructed for the plasma focus

based on the snow-plow equation. As is well known this model when applied

to a radial compression gives a zero-radius column. Attempts have been made
to overcome this by devising a retarding kinetic pressure term. Other
attempts use criteria for the minimum radius such as the Larmor radius.
However Lee?? has shown that these methods are not energy—consistent and
therefore should be replaced by an energy-balance model which provides the

correct end-point for the implosion trajectory, thus giving the correct
quasi-equilibrium radius. Combining the conventional snow-plow model with an
energy-balance criterion enables a complete energy—consistent trajectory

to be obtained“3.

The snow-plow model however is essentially a structureless model.
Potter®* has suggested a slug model which he has applied to the specific
case of a constant current, constant length pinch to obtain a collapsing
layer with structure. We extend this slug model to the radial compression
phase of the plasma focus, allowing the length of the pinching column and

the plasma current to vary self-consistently.
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2.2 The Plasma Focus Dvnamics:

We shall consider two distinct phases of the plasma focus dymamics

(a) the axial phase and (b) the radial pinch phase.
Figure &4 illustrates the two phases of the focus dynamics.

In this model when the capacitor at voltage VO is switched onto
the focus tube breakdown first occurs across the back-wall insulator. A
current sheath is formed axisymmetrically. It lifts off from the backwall

and is then propelled by its own JrB force down the annular channel in

g8
the z-direction. When the current sheath comes to the position z = z the

radial phase starts. The radial pinch proceeds as shown in Fig. 4b.

For the axial phase, we shall consider a snow-plow model in which
when the current sheath is at position z, all its accumulated mass 1s also
at position z. This is an approximation which does not give rise to any

fundamental problem in the axial phase.

In the radial phase, however, if this 'thin' snow—plow model is
used it will give rise to a compression to zero radius unless the compres-
sion is correctly terminated by an energy balance principie. However, if
a slug-model (with scructure) is used, a shock front will separate out Irom
the current sheath (magnetic piston) and a finicte thickness plasma layer

will result. This layer will be propelled radially inwards by the JZB

3
force. As the plasma layer collapses inwards the whole column elongates
(since the compression is open—ended at one end). In the slug—model wien

the shock hits the axis, the piston stops and a quasi-equilibrium is formed.
However, a check with emergy balance indicates that the piston will continue
to move a little so that the final quasi-equilibrium radius should be

determined by emergy balance.

It is well known that the majority of neutrons are produced in
the break-up phase following the radial quasi—equilibrium described above.
However no theory yet exists to explain this break-up phase; and we shall
hence confine ourseives to the relatively well—ordered description of the
dynamics of the axial and radial pinch phase; in the hope that an under-
standing of these phases could eventually lead to greater understanding

of the £f£inal break—up phase.
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The Axial Phase = Snow-vnlow Model:

The Equation of Motion

In the axial phase, consider that the current sheath scoops up
(snow=plows) all the mass it encounters. Thus at a position z, the mass

entrained by the sheath is:
2 2
p im(d” = a%)z}

and the rate of change of momentum of the sheath is:
dz pl

2 2 2
motion: ——{wpo(b - a%)z ==} =

d b
ac it T M3 (1

where the right hand side is the force exerted by the self-magnetic field
(B = nI/2nrr) of the current sheath integrated over the whole current sheath
between r=b to r=a. In this equation z and I, the circuit current, are in

general functions of time. To determine the current I, the circuit equation

is needed.

The Circuit Eguation

The equivalent circuit of the focus tube is presented schematically

below.

H

Equivalent circuit of plasma focus tube

Here Co, Lo’ r_ are the fixed capacitance, inductance and
resistanceof the external elements and r' and L are the plasma resistance
and inductance respectively. Assume that T, and r' are negligibly small,

we may use Kirchhoff's second law to write the voltage equation for the
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circuit. Thus:

; [ Tde
Circuic: I ((Lo + L)I} = Vom (2)
-0
where the plasma inductance may be written as a function of z:
u b
L 7o ln; z (3)
Equation (3) thus may be written as:
J1dt u b _dz
v - - = in— I—
Circuit: %%-= 0 o 2; a ct (&)
(L + == i~ z}
o 27 a

Equations (1) and (4) are the two equations determining the behaviour of

z and I.

Normalization

Equations (1) and (4) may be written in normalized form for the
following purpose:

a) To simplify the system of equations so that its basic
functional dependance may be seem more clearly,

b) To introduce scaling parameters whilch emable all ranges of
operation of the shock tube to be covered simply by a variacion of the
scaling parameters. The identification of the correct scaling parameters
is equivalent to identifying the ratios which govern the regimes of
operation of the shock tube.

For the axial phase of the plasma focus there are two relevant
ratios:

i) the ratio of the capacitor discharge time to the transit time
of the sheath from z=0 to z=z_.

11) the ratio of LO to the maximum tube axial inductance.

c) To obrain an expression for the characteristic transit time,

which is derived naturally in the process of normalization.

The first step in normalization is to choose the carrect reference

quantities to normalize the variables. Here we take:

g = z T = —c- 1T = I
z t I
[¢) o e}

where z = length of the axial phase,
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t = /(LOCO), the angular frequency of the LO—CO circuit (the short-
circuited capacitor bank),

and I_ = VO//(LO/Cé),the peak current of the L —C_ circuit.
With this normalization, the equation of motion (l) becomes:

% «s? - <'35') :
motion: % = T (5
dt z

where the first scaling parameter is introduced as a ratio of the two

characteristic times tO and t :
a

t

]

o B e
T

[\\)

and t_ appears naturally as a characteristic axial transit time defined as:

}
2 2 2
T ZHT.-(b- - a'-)\ % zooo

= { - ) (6)
a I

D
uln; o)

(a)

Similarly, the circuit equation becomes:

. . d
. 1= jidt = 5%7%
circuit: — = ot (7
e
I + 82

where rhe second scaling parameter 1s seen to be a ratio of two inductances:
D

io— z
a

L
o

o

1IC

H

o

Equations (5) and (7) may be integrated to give the solution of

1 and Z.

Initialization

The initial conditioms are:

t-0, c-0, ., 4=,

dt ’ 2
~ =] and JSfidtr =0

Integration

Equations (5) and (7) may now be inrtegrated for any selected
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values of @ and 8. Even a linear method such an Euler's give sufficient
accuracy with time step of At = 0.001.

The integrations stops at z = z_ -

The Radial Compression Phase:

Radial Shock Motion

Figure 4b shows the geometry of the compressing column. At a given
time t the magnetic piston has moved to the position r_ from 'a' driving a
shock front anead of it at positiom T . All the gas'encountered by the
shock front in its jourmey from 'a' to T is now contained between T and ¢
This forms a 'slug' of plasma. Because of the diverging streamlines through
the region bounded by T, and r conditions through the slug are in genmeral
funcrions of r and may not be considered to be uniform from one value of r

“0 another at any given time t. However because the shock—front is assumed

to be thim the nlanar shock—jump equations hold across the shock front.

In che radial phase the magnetic piston is kowon to be highly
supersonic and therefore the sound speed in the slug is large compared to
the particle speed. Under these conditions we may make the assumption that

the onme quantity that may be taken as uniform across the slug is the press—

ure P. Thus this pressure P may be related by the shock-jump equations to
the shock speed v = drs/dt as: (see Ch. VI Sec. 2.12 of this Volume)
2 2 ,
P = e 5V (8)
v+ 1 "0 s

Turther, at the magnetic plston we may equate the pressure ? to the magnetic
nressure PB so that: (see Ch. VI Sec. 2.9 of this Volume)

P = PB (9)

where p_ = (10)

Thus from Egns. (8) to (10) we have:

. dr
radizal shock s .ouly+l) L I
. A4 D — = —— ¢ <
motlion s dt P 41T
° P

(11)

where the negative sign indicates radial imward motiom.
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Axial Shock Motion

Since the compression is open at one end we expect an axial shock

z~direction.

Further we may assume that the pres-

to be propagated in the
sure driving the radial
Thus, the length of the

sion and this 1s one of

shock is the same as that driving the axial shock.

z
£
the major factors responible for the high compres—

radial compression increases during the compres—

sions in the plasma focus. We may write

dzf drs

dt dt

Axial shock
motion:

(12)

The Circuit Equation

The circuit egquation for the system in the pinch phase may be

written in the same manner as in Egqun. (2); but we note that now:

b b
L =2 ooz +=— (in—)z, (13)
2 a’ o 2w T Z
P
where both Ze and r_vary. Thus the circuit equation may be written as:
. . U b u b , dI
zircuic {L +=— (2n =z + -— (4n =—)z_.} ==
- 0 27 ( a> 0 27 ( T ) £° dt
equation )
., dz. z_ dr e
u b z H z D J1dte
+ Im(2n — - =V - (14)
2r T ) dt 2n r dt o C
P ol
Radial Piston Motion
Equations (11), (12) and (14) are insufficient to define the problem
since

~here are four variables r , r , z. and I to be determined as functions
s’ Tp’ Tf
The fourth equation may be obtained by applying the adiabatic

of time.

expansion law to a fixed mass of gas in the slug at any given instant. For

this we write:

PV’ = constant (15)
vdv  dp
Tt =0 (e

where v is the effective specific heat ratic of the plasma and the volume
of the slug is:

2
T )zf

(7

V=‘n’(r2
>

(17)

To do this we need to

To eliminate V from Eqn. (16) we need te differentiate Eqn.

to obtain dV as a function of dr , drs and dzf.
P

53-20



133

consider very carefully so that the differential quantities dr_, drs and

dzf are applied to a fixed mass of gas. TFor example when the piston moves
by drp no new mass of gas is introduced into the corresponding new volume

V + dV. However when the shock front moves from T, to T, + drs it admits
into the new volume V + dV a new mass of gas. This new mass of gas is
compressed by a ratioc (y+1)/(y=1) and will occupy part of. the increase in
volume, so that the actual increase in volume available tc the original mass
of gas in volume V does not correspond to the increment drs but to an

effecrive (reduced) increment drst/Cy+l). This also applies to the incre~

ment dz..
rS

Thus to apply the adiabatic law of Eqmn. (16) to the slug we meed

to write the differential of Equ. (17) in the following form:

dV = 2n(r dr - —zvr dr )z_. + (r z-r 2)-—EZ—Tr—-dz. (18)
) P P y+i"s "8’ "L T s “y+rl T f
giving us:
2(r d 2 L odr ) (r 2 2324
- c— + -
. ..(rp T Y+lrS r)zg rh T >Y+1 z.
= = (19)
’ 2 2
z_(r - 7
< P

We may also eliminate dP/P from Zqn. (16) by writing from Eqn. (8) and

Eqn. (11):
2dv dr
dr _ s dl "o "
R =2 I T ) (20)
s D

Substituting Zgns. (19) and (20) into Eqn. (16) and rearranging we obtain

the adiabaric law in the following form:

2 2
r dr T T T T dz .
2 s_s_ pp..s5,y4dl 1 8, __ s,y £
Radial v+l r dt vI 27de v+l oz, 27 dt
. dr D T f T
piston D _ D D (21)
motion dt

(=1 /vy + (1/y) rs?’/rp2

Normalization

The four equations (11), (12), (14) and (2!) form a close set of
equations which may be integrated for T rp, zf and I. For this phase

the following nomalization procedure is adopted:

T = t/tc, 1= I/IO as in the axial phase but with
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k =1 /a, «x_ =r71_/a and ¢, =z_./a.
P p ) 3 f s

This gives us, after re—arrangement, the set of equations

representing the generalized slug model in normalized form as follows:

Radial sz
shock dt =T uull/Kp (22)
Axial s - (23)
shock dt dTt
d S 2 K dz
K K K K
2 _s_s._._2a - s,dr A2 -3 }__E
7+1 _ at Y1 . 27d+t v+l ¢ 27 dt
Radial dKD P P
piston = = (24)
2 2
(v=D/y * (1/%%) (Ks /Kp )
1 dc: 15 ;: dK
1 = fidT + —(tnk_/eh= — + _LE_ 2
Iy P at F Kp dr
Current %% = (25)

{1 +8~- (BI/F)(ZnKP/c);f}

|
il

where ¢ = b/a and z /a. The new scaling parameters introduced for the
o)

pinch phase are:

1
o, = {(Y+])(c2—1)}2 7/(22nc) and Sl = 3/2nc .

Thus whereas the scaling factors & and 3 enable the axial phase to
be scaled for ratios of capacitor tO axial run—down times and axial phase
inductance to external inductance, the scaling factors aa, and 81 allow
the radial phase to be scaled for ratios of capacitor to radial pinch times

and for characteristic pinch to excternal inductances.

The radial phase starts after the axial phase reaches T = T _ at
a

which time: g =1, V=, K =1, Kp = ], and e = 0.

The radial phase ends when ¥_ 7 0 at which time the shock front
has. reached the axis and the position of Kp Tepresents K the radius of the

quasi-equilibrium column for the pinch phase of the plasma focus.
2.3 Integration:

The integration of Egms. (5) and (7) and subsequently Eqmns. (22)
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sat specific heat ratio

Compute other parameters

Al = SQR{(G+1)#(C®*C~1))=F/(2*LOG(C))
Bl = B@/LOG(C)

Axial phase

= - o = 0
set initial conditions T=0 z 9, V=0, 1
Q=0, Rel, A= SQR({I/3)#AL*®AL)
set time increment ‘Duo.OOI}
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Print scaling parameters : PRINT AP, B@, C, F, Al, Bl [
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AB = @
Bg = B8

G =y

Al = al
Bl = 81
LOG = Netural log.

ar/aT
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fres
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4
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v
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Y A
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Test : Have we reached Z = z, z >1?; -
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To Flow Chart on next page
Fig., 13 Flow Chart of Plasma Dynamics Computation of Plasma Focus
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Radial Phase

resgt time increment

set initial posgitions

get print counter

Compute
K (eq.4)

Ci (eq.49)
Kp (eq. 48)
d1/dT (eq.50)

check print counter

Flow Chart (contipde@)

¥
Y

KS =1 KPP =

ES = K
ZF = 0.0001 I S =K

KP = K
p

ZF = Cf

Y
lN = o‘
._iI___

58 =
SZ =
SP =

- (A@g=A *I) / KP
- 88
((2/(G+1)) = (KS /KP) *SS-(1/G) *(EP/1) *(1-ES*KS/

(KP*KP)) *R-(1/(G+1))* (KP/ZF)* (1~KS*KS/(KP*KP))
®52) /((G-1) /G+(1/G) *KS*KS/ (KP*KP))

(1-Q+(B1/F)*LOG (KP/C)*1*SZ + (Bl/F)*I*(ZF/KP)
*SP) /(1+BJ - (B1l/F)*LOG(EP/C)*ZF)

PRINT computed values

Reset printer counter

PRINT ES, XP, ZF, SS, SZ, SP, R, I, Q

’

Check : Shock reached axis? YES S TOP
NO

Increment time

compute KS, XP, ZIF,

using linear approximation ZF = ZF + SZ ®

I, Q

-3
i

-
+
(=)

=]

Fig. 13 (continued)
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to (25) has been performed using a simple linear approximarion method which
was checked against a Runge—Kutta method and found to be of sufficient
accuracy when 1000 time-steps were taken in each phase56 ., The program

runs well in the BASIC language. The flow chart is shown in Fig. 13.

2.4 Results and Discussion:

A typical set of results is shown in Figs. 10a and 10b. Figure 1Qa
shows the trajectory £ versus T in the axial phase and the current waveform
\ versus T for both phases. It is seen that already in the axial phase the
current has flattened out and reaches a peak value of O.6IO at around t=1.2.
The slight but clearly noticeable dip iIn the current just past T = 1.6
corresponds to the radial collapse phase. The trajectories of this phase
Kp and <, versus T are shown in Fig. 10b on expanded time—-scale. For the
condiction of: a=1.3, 8=1.0, F=6.4, +v=5/3 and c=3.4 it was found that the

quasi-equilibrium radius racio of the plasma focus pinch is 0.lo.

This model presents a relatively simple way for compucting the
plasma Zocus trajectory with a quasi—equilibrium radius ratio. The simpli-
city and low computing requirements of the model makes it very useful for
desizn and optimization studies. The coupling mechanism between the plasma
and the magnetic field has been assumed to beé purely electromagnetic and
this limits the accuracy of the model towards the end of the trajectory as
the quasi-equilibrium columm is being formed. This is because towards the
end of the pinch phase the electron Hall paramecer attains values greater
than unity and the plasma may become anomalously resistive. This effect,
not included in the present dynamic model probably plays a dominant role in
the experimentally observed complex structure and dynamics of the actual

plasma focus in its phases subsequent to the pinch phase we have discussed.

2.5 Energy Balance Theory for the Quasi-Zguilibrium Radius Ratio:

Is the end point of the slug model comsistent with energy balance?

For a fast radial compression with no losses it has been £ ound 24735243

that the quasi-equilibrium radius is defirned from a consideration of energy
and pressure balance. These balance conditions give the following
2 - 2(y=1) rl LzldK

m £ 2 ‘K K
rs m m

(26)
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where frs reflected shock overpressure,

1 normalized current at the time quasi—equilibrium is reached,

Zm = length of the compressed column at quasi-equilibrium,
and Ky = radius ratio at gquasi-equilibrium.
As an approximation to solve this integral we may assume that
during the radial phase 1 = constant and & = a-r (as indicated by the

slug model). Then for v = 5/3 and frs = v, the energy balance condition

of Eqn. (21) gives J
k_ = 0.15 .
m

Thus the energy balance theory predicts that the radius of the
focus pinch column is reduced further from 0.16 (pinch ratio when shock
hits axis according to slug model) to a final value of 0.15. The
approximate values of the pinch focus ratios and the further compression
(after the shock goes on—axis) have been observed in streak photographs

for both deuterium and argon plasma focus“®, and in recent x-rav
g P > 3

photographs“7.

Recent observations have shown that when the shock front hits

"{t were not aware that the

the axis the piston continues to move as though
shock front had hit the axis'". This is of course as expected since the
information that the shock front had hit the axis is only communicated to

the piston at the local small disturbance speed. The local small disturbances
created by the shock front hitting the axis propagates radially outwards in
coalescence as the reflected shock wave so that the piston is only aware of
these events when hit by the reflected shock front. This is, of course, in
variance with the slug modely the breakdown of the model in this region
being due to the importance of the fact that the small disturbance speed

is not infinite. A simple and may be effective empirical method to complete
the solution may be simply to decouple the piston, as suggested by the
experimental observations, letting it move in freely until it hits the
reflected shock. The trajectory of the reflected shock may be estimated

from Guderley's paper>>.
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DESIGN OF THE PLASMA FOCUS EXPERIMENT

3.1 Cost Effective Physics:

In order to implement a project whereby a developing country may
produce a suitable package for sharing technology with other developing
countries with the aim of initiating experimental plasma research it 1is
necessary to consider the cost effectiveness of the device to be chosemn.
Does it produce a rich variety of plasma phenomena? Does it require an
expensive vacuum system? Can its power supplies, control electronics and
basic diagnostics be packaged at reasonable cost? What physical mechanisms
operate to make the chosen device perform better at lower packaging cost
than other devices? Can we understand and model the design and performance
of the device so that we may effectively do research on it? What are the

areas of research and potential applications of the device?

From the point of view of the production of a plasma with
conditions of density and temperature sufficient for plasma fusion studies ?
at an affordable cost there is little doubt that the class of fast magnetic
compression devices known generally as the pinch, including the linear
z-pinch, the superfast pinch, the gas—puff pinch and the plasma focus offers
the best potential. We have considered this class of device and found that
the plasma focus is most cost effective having the same power supply.,
control electronics and basic diagnostic requirements as the simple z-pinch
and a much cheaper vacuum system with only rotary pump requirement, yet
producing more intense plasma phenomena including copious x-rays, relativistic
electron beam (REB) and fusion neutrons, all in one small easily packaged

facility. What is the physics behind this cost effectiveness?

3.2 Cost Effectiveness of Various Tvpes of Pinches:

We first recall that the neutron yield Y from a plasma fusion

source 1s:
Y = %nZ <gv> (volume) (time) (27

We note that Y is proportional to the square of n, the number density of

the fusion fuel. We also note that starting from temperatures below 1 keV
as one struggles to heat a plasma up towards a few keV, the effective cross
section <gv> for a thermalised deuterium plasma rises very rapidly with fuel
temperature T. For example between 1 to 2 keV, <ov> for the D-D fusion

reaction goes up by a factor of 25! = and between 2 to 5> keV, another factor
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of 30!. Thus the neutron yield is very sensitive to temperature. It is

also proportional to the square of density.

In the pinch a large electric current is discharged from a
capacitor bank through a gas between two electrodes. The current rises
rapidly and due to the skin effect and wall conditions, electric breakdown
first occurs across the glass wall of the container, forming a sheath of
current along the glass wall. The electromagnetic JxB force in such a
geometry acts radially inwards at every point of the current sheath so
that, if the current is large enough, the current sheath and the heated
gas (plasma) it entrains implode supersonically to form a hot dense column

around the axis of the device.

The condition of balance hetween the hydrostatic pressure of the
hot plasma and the constricting magnetic pressure gives the equation for
the plasma tenperature as:

IZ
1
. (o]

T= 8N (28)

where N = Trm:2 is the line demsity (particles m‘l) of the pinch. From this
equation it would appear that since the temperature T depends on I2 any
temperature can be reached simply by increasing I to a sufficient value.
However a pinch is essentially a dynamic device. The formation of the column
has to occur in a time matched to the risetime of the current pulse, other-
wise essentially the column is no longer there to obey the pressure balance
equation when the current has risen to its peak value. Because of the dymamic
nature oI the problem the final temperature reached depends also on the
implosion speed of the front of the plasma layer, which takes the form of a

strong snhock front. For deuterium the temperature dependence has the form:

T=2.3 x 1077 (shock,speedlz (29)

Because of the dynamic nature of the problem it is essential for
optimum use of the capacitor energy for the imploding shock wave to reach
the axis at about the time of peak current:, Now a typical well-designed
capacitor bank for a pinch (say 2Q kV, 6Q uF, low inductance) has a current
risetime of about 3 us. 1In general it is difficult (and expensive) to
design a capacitor bank of this conventional type for a much shorter rise-

time, and the bigger the bank capacity the longer tends to he the risetime.
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So we consider a typical current risetime of 3 us. A typical
implosion speed cannot be much less than 10 cm/us. At this speed the shock
temperature in deuterium is 2 X 105 K, any slower and it is doubtful whether
the magnetic 'piston' would be clearly formed. Even at this slow speed a
radius of 30 cm for the pinch tube is required in order to match the current

risetime. Now the imploding magnetic pressure 1is

po=2 (30)

and with such a large pinch tube radius it is difficult to get enough
magnetic pressure in the early stages of the implosion to start a clean
compression unless the gas pressure is low. Thus a conventional pinch is
limited by a (slow) current risetime of 3 us, so that the pinch has to be
operated with a large radius and hence low initial density. Moreover the

speed (and hence temperature) becomes limited because cf time-matching

consideration.

What about the compressed density? Equation (26) gives us the
following useful information:
(a) Ko (and hence the compressed density ratio T = K;z) does not depend
on the absolute magnitude of the current or the absolute length of
the pinch.
(b) Ko (hence T') depends on the time fuction of the current® and length.
(c) Ko (hence T) depends on y and frs' The smaller is y, the smaller 1is
K and the larger is T5". As y approaches the lower limiting value of
1, Ko approaches zero and I tends to infinity. The larger is frs’ the
smaller 1is Ko and the larger is I'. The value of frs for a reflected shock
on-axis, i.e. just after reflection is f*s = 4 for cylindrical geometrysa.

As the reflected shock travels out from the axis we may expect frs to

decrease towards a limiting value of 1.

For example for a constant current pinch with constant length,
with v = 5/3 and frs = 1.6, Equn. (26) gives K= 0.3Q] and hence a density
compression ratio of I = 11. The corresponding figures for the deuterium
plasma focus are estimated to he Km = 0.14 and T = 50. These values are
independent of the magnitude of the plasma current. This limitation of the
ability to compress is a serious one and implies that the performance of

the pinch as a radiation source depends on its initial density.
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There are several concepts to overcome this limitation. The
gas—embedded axis-initiated z-pinch uses a laser to start a pinch discharge
on-axis thus obviating the problem of matching the electrical risetime to
the pinch collapse time and allowing the formation of a very small radius
pinch (sub mm radius) in a very dense plasma (initial density up to several
atmospheres). The device is however plagued with problems of instability3®,
The hollow pinch uses a controlled gas jet to form a thin plasma sheath
which is then pinched into a vacuum. Using argon, krypton or xenon, the
sheath does not thicken very much during the implosion because these gasess“
are in the 'freely ionizing' regime with a y value having a small value of
the order of 1.1. Because of the short distance between the imploding
shock front and the magnetic piston the reflected shock from the axis hits
the piston after a much shorter distance than that compared with a conven-—
tional pinch. The value of frsis hence closer to & than Iin a conventional
pinch with its thicker plasma sheath. Thus the hollow—pinch has a reduced
<4 and has been operated successfully in the heavier gases, particularly
krypron and xenon, for the production of x-rays for x—-ray lithography and
microscopy. However from the technical point of view the hollow pinch
requires the additional development of a rather precise gas valve system.
It is also not known to operate well in deuterium, probably because the
collapsing deuterium sheath thickens as its y goes to 5/3 once the sheath

reaches a speed of the order of 10 cm/us.

Ulcra high power pinches have also heen operated with pulse
forming lines to reduce current risetimes so that the pinch may be operated
at smaller radius, hence higher density3®. This high power approach adds

more complex and expensive technology.

3.3 Cost Effective Feature of the Plasma Focus:

On the other hand the plasma focus uses a very simple principle
to overcome the time mismatch. Essentially it allows a conventional (slow
risetime of 3 us or more) cavacitor bank to drive a very fast pinch
(typically 1 cm radius in 50 ns) at a sufficiently high density and a large
current during the time of pinch. Thus at low cost plasma conditions may
be achieved which are more intense than that produced even in high-cost

pinches.
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The plasma focus uses a conventional capacitor bank to drive a
device which has two sections:- the first section is a coaxial electro-
magnetic shock tube whose length is matched to the capacitor risetime. The
rising capacitor current drives a shock wave axially down the shock tube at
a suitable speed until the shock wave reaches the end of the tube at peak
current. Then by the geometry of the device (see Fig. 4) the axial drive

phase is simply converted to a radial compression or pinch phase.

The pinch phase is very intense (see Eqns. 28 and 30) because it
starts at a very large current (typically 500 kA) and at a relatively small
radius (typically 1 cm). Thus the operating pressure may be relatively
high (10 torr in D, for a plasma focus against 0.1 torr or less for a pinch).
The increased density and temperature more than compensates for the reduced

volume in terms of the neutron yield Y as given in Ean. (27).

Having seen from the basic physics mechanism that the plasma focus
is capable of high levels of performance without special technological
development the next step in the development of an educational package 1is

to consider the modelling and design of a practical device.

3.4 Cost Effective Design of a Plasma Focus:

Design of the plasma focus may be based on the dvnamic model,
described in Chapter 2, which considers the focus dynamics in two separate
phases - the axial run-down (shock tube) phase which crucially delays the
radial focus, or pinch phase until the plasma current has reached its peak

value (see Fig. 4). The first design point is therefore to have:

tr - ta exp (31)
where
L
tr = Tto (32)
with
t =YL C (33)
o oo
and
ta exp N_Zta (34)
where
!
2 : z o-
{(c"=1) o"o
t =
a 2m pénc (IO/éY (35
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Equation (35) comes from the equation of motion of the axial

phase and Egn. (34) from an analysis of the trajectory.

Here t. is.the current risetime and t exp is the transit time
of the plasma layer for the axial phase. The quantities £ and t, are
characteristic times of the axial phase according to the model. Here‘Lo
is the inductance of the capacitor Co together with all connections up to
the plasma section of the focus tube, ¢ = b/a, "a' and 'b' are respectively
the inner and outer radii of the focus tube, Zo its length, po the ambient
gas density, u the permeability of the plasma (same as the permeability of

free space) and
i
I =V /(L /C)?® (36)
o) o° o o
where Vo is the initial voltage on the capacitor.
The second design point involves the characteristic 'pinching'

time of the plasma focus phase. This may be shown from the equations of

motion of the radial phase to be

1
X
4w 0
£ = — La (37)
P ouieent

where v is the specific heat ratio of the plasma. From this expression of
tp it is noted that the ratio of the characteristic axial transit time to

characteristic focus time is

fa_ Gent (Pent
tp 2 (2nc)?

F (38)

where F = z /a.
o

A crucial factor in the operation of the Mathers plasma focus 1is
that the axial phase occurs over a relatively long period t, * enabling
the build up of capacitor current. The pinch phase then occurs over a
relatively short period tp. During this time tp approximately 10-207 of
the initially stored energy is transferred to the pinch plasma in approxi-
mately 27 of the current risetime. This results in a power enhancement
factor during the pinching phase which is crucial to the operation of the
plasma focus. It is important then that the ratio ta/tp be of the order
of 30 - 50 for the Mathers focus. Incidentally this results in a ratio
of radial speed to axial speed of 2.5 for almost all plasma focus machines,

large or small.
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The third point to be considered in the design is that there are
1imits>® of speed and pressure in the operation of the plasma focus. 1In
deuterium for good focussing and consistent neutron yield, the axial speed
just before focussing should be between the limits 6-10 cm/us; the lower
limit being the minimum speed required for a good snowplowing action in the
axial phase and the higher 1imit being imposed by restriking of the discharge
at the backwall or in the shock tube section. The limits of test gas pressure
appears to be between 0.5 torr to 20 torr for deuterium; the lower limit

apparently governed by re-striking; the upper limit by current filamentation.

The design of a plasma focus may take as a starting point the
availability, or choice, of a capacitor bamnk. For the present exercise from
the point of view of economy and cost—effectiveness a single Maxwell
capacitor rated at CO = 30 uF, VO - 15 kV with an equivalent series
inductance, ESL, of less than 40 nH was selected. A parallel-plate
geometry was selected for the capacitor connections and the switch, with
coaxial cables being used to conmect the plasma focus input flanges. The
value of LO was estimated at 110 nH. Having fixed CO and LO Eqns. (33)
and (32) give a value of t_ of 2.9 us. Eqn. (36) yields IO = 248 kA.

The time matching condition of Eqm. (31) fixes t, exp at 2.9 us. The
value of z  was then chosen at 16 cm to give an average axial speed of

5.5 cm/us or a peak axial speedl(l of 9 cm/us just before the focus phase.
This axial speed is expected to be suitable for a good focussing action

in deuterium.

The value of Io is considerably smaller than most operational
plasma focus machines which typically have IO of the order of 5002kA ?rl
more. Observing from Eqn. (35) that the axial speed is ~ IO/(a(c —l)ipZ)
and from Egqn. (37) that the radial speed 1s v IO/(a°pO) it is noted that
a reduction in IO may be compensated in the first instance by a reduction
in 'a' in order to maintain the axial speed within the speed limit
indicated earlier. Thus we design for a = 9.5 mm and b = 32 mm which are
smaller than typical values of most operational plasma focus devices.
Moreover the value of % n 3.4, in this case, is near optimum. It is also
noted that the value ta/tp = 40 for this design.

Having fixed the values of IO, Z b and a and t. it remains to
fix the value of P, from Eqn. (35). This gives oy = 0.21 x 10»3 kgm—3
This is the density of deuterium at Q.9 torr, which is within the pressure

limits for deuterium focus operation as mentioned earlier.
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 The above design parameters have been subjected to a computation
using the dynamic model in which the axial trajectory is compured using a
snowplow model and the radial dynamics is traced using a generalized slug-
model which considers the pinching plasma of increasing length with the
plasma layer lying between a shock front at position T and magnetic piston
at position rp (see Fig. 4). This model has the advantage of giving a
realistic final pinch radius ratio. Using the design parameters for the
present device, the scaling parameters for the generalized slug model are:

tO La
@ == 1.26, and 8=-I:-—‘—'O.36 ’
a (e}

where La = maximum inductance of axial phase = zo(u/Zw)ch. Also

t
a g
= — = . = — = 0,294
a] e 40.0 , and 8] eYS 0.29
P
The other parameters used for the model are ¢ = 3.37, F = 16.84 and

Y = 5/3 (for fully ionized deuterium).

The computation indicates a strong focus with a large focussing
voltage spike. The parameter a was varied between 0.7 to 1.5 (corresponding
to pressure range of 0.5 torr to 2 torr) and the computation repeated at
each a. Good focussing was indicated over this range of pressure. These
computation results add confidence to the design of the plasma focus.
However it has been found that machine effects such as current and mass
sheddingse, reduced channel size due to boundary effects and current
re-strike which are not included in the dynamic model may alter the actual
performance of the plasma focus. It is therefore to be expected that in
actual operation the focus may need to be tuned by a variation of the five
parameters Vo’ Py 25 @ and b. 1If the design is not too far from optimum,
operation over a range of P, may be sufficient to establish a regime of

good focus.

3.5 Scaling of Neutron Yield:

Experimental data on neutron yield have indicated a scaling law
for neutron yield per pulse Y as a function of capacitor energy E. This
scaling law (for operation in deuterium) may be written approximately as:

v = 10 E2 (39)

where E is in joules; and appears to be approximately followed over the

whole range of energy over which data is available i.e. | kJ to 1 MJ.
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This scaling law may only be used with care since this scaling must

depend on how efficiently the energy is coupled into the focus region.

In other words, 2 devices having the same storage energy could be expected
to have quite different yields unless they have been optimised within
similar ranges of parameters such as external inductance and capacitor

voltage.

A similar scaling law with tube current has been deduced from
experimental data as:

I3.3

¥ A (40)

This rule has to be used even more carefully for several reasons.
The first reason is that for the two scaling laws to be both true implies
that those devices whose data contribute to the deduction of the laws must
have been operated with a fixed relationshop between E and I. Secondly
the neutron production should probably be scaled to the focus current
rather than the tube current, as it is known that these two currents are
not the same and it has not been proven that the focus current 1s always

a fixed fraction of the tube current for all devices.

However this does not mean that the scaling laws have no use.
Most capacitors used for focus work are 1in the voltage range of 20 - 40 kV

and are connected so that the total bank (stray) inductance is in the

region of 20 - 40 nH. The ratio b/a is in the range 2 - 3.5 and with a
capacitance of 20 - 100 uF, most of these devices can be similarly
optimised so that corresponding to an energy of 1 kJ one can expect
reliable neutron production N ~ 107 per pulse. In the other extreme oI

1 MJ neutron pulse n 1013 can be expected. An nt scaling has recently

also been suggested”s.
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SUB-SYSTEMS OF THE PLASMA FOCUS EXPERIMENT

The emphasis of this discussion will be on the design and
construction of a simple, fully operational device. The first step in
the planning of a focus experiment is probably in the assessment of the

capacitor bank characteristics.

4,1 Capacitor Bank:

Firstly the operating voltage. There is a lower limit to the
operating voltage given by the inductive voltage drop across the focus
tube during the axial acceleration phase. This is estimated from (d/dt) (LI)

where L, here, is the tube inductance. We take the approximation that

d dL
a-E(LI) v L a—E- (41)

since for the part of the acceleration period when this voltage is
greatest, the current would have risen to large wvalues so that the term

L dI/dt is small compared to I dL/dt.

With L = JL(Zn EJz, we have
2 a

dL _ u b, dz
I-——=1 (n a) It

dt 2T (42)

Typically with in%'% land T ~ 2 x 107 A, this gives an

inductance voltage of 0.4 kV per unit axial speed of ]O4 m/sec (1 cm/us).
The range of suitable axial speeds in a plasma focus tube has been found
to be rather small. The lower limit is fixed by the requirement for the
electromagnetic mechanism to operate with sufficient efficiency. This is
generally taken to be in the region of 3 - 4 cm/us in deuterium, corres-—
ponding to a shock temperature of 20,000°K - 30,000°K. One cannot hope

to reduce the speed further to, say, ! cm/us since T2 N vi and the full-
lonization electrical conductivity g ~ vz and at 1 cm/us the temperature

. o . . . A . . .
is a mere 2000°K with certainly insufficient ionization (consequently

electrical conductivity) for the electromagnetic drive to be operative.

On the other hand experimental observations also show that it
is difficult to obtain consistent focussing action when the axial speed
approaches or exceeds 10 cm/us because of current spoke formation. The

range of acceptable axial speeds would appear to be between 8 - 1Q cm/us.
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Thus from Eqn. (42) the inductive tube voltage is in the range of

3 - 4 kV for a small plasma focus. The capacitor bank driving this back
emf should therefore have an initial voltage several times this. We have
chosen for cost effectiveness a Maxwell fast discharge capacitor rated

15 kV 30 uF, hence with maximm energy storage of 3.3 kJ. The equivalent

series inductance of this capacitor is rated at less than 40 nH.

Connections between elements of the bank must be of low
inductance. These may be by means of wide parallel plates clamped close
together with insulating films of mylar sandwiched by outer layers of

polyethene.

For ease of connection between the parallel plate output of the
capacitor bank to the coaxial input of the focus tube short coaxial cables
may be used. By using a sufficiently large number of these cables in

parallel, the inductance may be suitably reduced.

The life expectancy of this Maxwell capacitor operating at
full voltage, 807 voltage reversal with 3 us risetime is estimated, from
Manufacturers derating curves, to be 50,000 discharges. For research

usage this should give a life expectancy in excess of 10 years-

4.2 Spark—gap Switch and Triggering Electronics:

A simple parallel-plate spark gap with a swinging cascade
configuration (see Fig. 15) was developed giving a low inductance at
minimum <ost. The ratio of the gap is 3:2 (44-3 mm). The gap 1is
triggered via an isolating capacitor from an 800-V SCR unit via a TV
transformer that was found to have a step~up ratio of 50 times and a
risetime of ! us. The isolating capacitor is a 1 m length if UR6Y
coaxial cable. The parallel-plate spark gap is made from j-in. thick
copper plates and proved maintenance free for 200 discharges between
13-15 kV before it was cleaned. The triggering jitter was found to be
within * 50 ns. The circuit is shown in Fig. 15a. The SCR trigger

circuit is shown in Fig. 15b.

The arrangement for the capacitor, the connecting plates, the
spark gap and the output coaxial cables is shown in Fig. 16a. To keep
the inductance low, the Earth plate of the capacitor (labeled no. 10)
is extended nearly up to the anode and insulation is provided by a nylon
cap (no. 5) around the anode stud. The cap dips into a pool of oil (no. &)

that is prevented from splashing out by means of an O-ring (no. 8). Mylar
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Fig. 16 The Plasma Focus Device.

(2) The capscitor connecting plates, the spark gap, and output coaxial cables. | = 15-kV, 30-uF capacitor; 2 = capacitor O-ring seal; 3 = washer
4 = gil; 5 = nylon cap; 6 = steel nut; 7 = capacitor output seel; 8 = O-ring seal; 9 = Earthstud: 10 = Earthplate; 11 = 5-mil Mylar film; 12 = polyethe-
lene film; 13 = copper ring HY connector; 14 = capacitor high-voitage (HY) output plates; 15 = lock nut for HY plate: 16 = HY electrode for swinging
cascade spark gap; 17 = trigger electrode; and 18 = cutput coaxial cables (16 in parallel). (b) The plasma focus tube. 18 = input coaxial cables (16in
paraliél); 19 = stud of anode; 20 = anode collector plates 21 = connecting points for coaxial cable HY lead; 22 = Rogowski coil; 23 = perspex spacer;
24 = rubber holder; 25 = cathode collector plate; 26 = miid steel fange 27 = O-ring scal; 28 = focus cathode support plates; 29 = focus anode;
30 = giass insulator; 31 = focus cathode (6 rods); 12 = mild steel focus chamber; 33 = movable magnetic probe in glass jacket; 34 = flange; 35 = back
fiange: 36 = diephragm gauge: 37 = outlet to vecuum pump; 38 = inlet for test gas; 39 = wax contaner with tndium foil and PM-scintillator activation
counter.
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sheets (no. 11), 2 in. wider all around than the conducting plates, sand-
wiched by polyethylene sheets (no. 12) complete the insulation between the
HV plate (no. 14) and the Earth plate as shown in Fig. 16a. The Earth plate
(no. 10) runs unbroken to the output position where the Earths of the
coaxial cables connect. On top of the insulating sheets the HV plate is
connected to the spark gap. Between the spark gap electrodes and all along
it is placed a i-in. diameter copper tubing (no. 17) that acts as the
trigger electrode. The output plate of the spark gap is connected to the

focus tube by means of 16 coaxial cables (no. 18) used in parallel.

4.3 The Plasma Focus Tube:

Essential to the structure of the focus tube is the backwall
(see Fig. 16b) insulator. The glass insulator (no. 30) plays an important
role in the symmetrical formation of the current sheet and has to be
properly mounted to avoid heing hroken By vibrations. In the present design
this glass insulator is mounted in a rubber holder (nmo. 24) which when
compressed tightly and symmetrically by the brass flange (no. 28) grips the
glass insulator. The rubber holder also acts as a vacuum and high-voltage
seal. Figure 16b also shows the anode collector plate (no. 20) and the

cathode collector plates (no. 25) onto which the coaxial cables connect.

The plasma chamber (no. 32) consists of a 30 cm length of 64-in.
diameter mild steel tubing that is chromed. Vacuum is provided by a single-
stage rotary pump reaching an ultimate base pressure 0.0l torr. The
system was adjusted for a leakage rate of less than 2 u/min and pressure 1s
read with a mechanical diaphragm gauge. Operating at ‘a test pressure of
| torr and with a delay of less than 5 min between gas filling and focus
operation, the air impurity in the system is about 2%. This level of vacuum
proved to be sufficient for operating with good focus in various gases and

good neutron yield when operated in deuterium.

4.4 Some Simple Diagnostics:

To measure the relative strength of the plasma focus action, a
Rogowski coil (mc. 22) with an integration time constant of 200 us displayed
on a 50 MHz CRO is used to measure the current flowing into the anode. A
resistive voltage divider (mot shown in figure) with 15 ns response time is
strapped across the anode collector plate (mo. 20) and the cathode collector
plate (no. 25) to measure the voltage across the focus tube. In a plasma

focus device, the axial drive phase is characterized by a smooth near-—
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sinusoidal rising current and a corresponding smooth waveform with a

voltage value®® that is proportional to the axial drive speed as the rate

of change of current reduces to zero at peak current. As the focus occurs,
the strong electromechanical action draws energy from the magnetic field
pumping the energy into the compressing plasma. This mechanism is indicated
in the distinctive current dip and voltage spike displayed by the current
and voltage waveforms. In general, the stronger the focus, the more
severely the plasma is compressed and the bigger the current and voltage

spike.

To measure the magnetic field a 10-turn ! mm coil jacketed in
a 3 mm glass tubing (no. 33) is inserted into the focus tube and orientated
to measure the azimuthal magnetic field. The passage of the current
sheath driving the plasma layer may be measured as a sharp rise in magnetic
field as the sheath sweeps past the probe. This measurement may be used

to confirm the dynamics required to ensure a good focus.

An indium foil activation system is used to count fusion neutrons
from the plasma. The system consists of an indium foil covering an NE 102
scintillator sittings on the photocathode of a 2-in. photomultiplier tube.
The assembly is placed in a paraffin wax enclosure so as to thermalize the
fusion meutrons. The detector is placed on the end flange of the plasma
focus tube (mo. 39). The PM tube is connected to a counter via a discri-
minator and a preamplifier and has a calibration constant of 5 XJO4 neutrons
per count, the counts being taken for a 30 seconds period immediately after

the focus 1is fired.

\

4.5 Nitrogen Laser Shadowgraph System:

A very simple nitrogen laser system has been developed for pulsed

plasma diagnostics using shadowgraphic, Schlieren or Mach Zehnder Optics“g.

The laser is excited by the conventional voltage swinging circuit
schematically described in Fig. 17. The circuit theory of the parallel
plate transmission line type of laser has been discussed in previous
paperssmel. The two energy storage capacitors C] and C2 of the circuit
consist of a common earth plate, which is a 22 cm x 60 cm strip of kitchen
aluminum kitchen foil laid on top of a flat aluminum plate (for electrical
contact and mechanical support). Figure 18 shows the constructional details
of the laser. On top of- the foil are laid 3 sheets of 2 mil Mylar which
extends at least 10 cm beyond the edges of the conductors all round. The

high voltage plates of C, and C, are 22 cm X 40 cm and 22 cm x 17 cm strips

1 2
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Fig. 17 Equivalent circuit of the nitrogen laser.

53-43



156

+H.V.
R
i itor C
capacilitor C] N, gas capacito 5

trigger
) spark gap
laser output

mylar Perspex

cover
N, Bas plate
aluminium {oils

\ v

N
¥ brass
/
-] electrode
mylar \\

1 7 "
Sog N R R SRR =
/. . laser channel
aluminium base
plate

o

Fig. 18 (a) Sketch of a basic TEA nitrogen laser with
Blumlein circuit.

(b) Cross-sectional view of the laser channel
showing the preionizer system using aluminium
foil-Mylar combination. The Mylar strips
improve the preionization effect. (Ref. 49,50).
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of aluminum foil laid on top of the mylar sheets. The measured values of
C1 and C2 are 15 and 6 nF, respectively. On top of the foils are placed
glass plates (6 mm thick) of approximate dimensions to prevent mechanical
flexing of the foils during charging and discharging of the capacitors. The
capacitor C2 is mounted to a swinging cascade triggered spark gap. These
high voltage capacitor plates are separated by a gap over which the laser
channel is placed so that each side of the channel makes pressure contact
with one of the capacitors. The electrodes of the laser channel are made
of 20 cm long brass strips with cross—sectional dimensions of 0.5 in x I in
and shaped as shown in Fig. 18b. The perspex plate is screwed onto the
laser electrodes on the upper side over the top. Admission and evacuation
of the nitrogen gas at atmospheric pressure is made through the middle and

the ends of the channel, respectively.

In the arrangement shown, the edges of the high voltage capacitor
plates (aluminum foils) are allowed to protrudebeyond the edges of the laser
electrodes into the laser cavity to act as corona blades for preionization.
These form the set of blades on the lower side of the laser channel. A
similar set of corona blades is placed on the upper side of the laser
channel. The laser channel gap is set to 3 mm while the blades separation
is typically set to about 4Q percent greater than that of the main gap.

The edges of the foils function as auxiliary corona electrodes which provide
an initial distributed corona discharge to photoionize and prepare the laser
channel for glow formation. The low—energy surface discharges acting as
preionizing UV radiation sources are formed early during the rise of the
voltage pulse across the laser gap and are distributed by corona charging

of the Mylar surfaces that extend beyond the edges of the foils.

Optimum energy is obtained at a gap separation of 3 mm with a
value of 300 pJ at 15 kV. The laser pulse duration is | ns with good

beam quality.

The 1 ns pulse width of the nitrogen laser is sufficiently
short to provide a freezing of motion of the order of 0.2 mm at a speed

of 20 cm/us.

The laser shadowgraphic set—up is as shown in Fig. 19. The
laser pulse is correctly timed to catch the plasma focus at any time during
the axial or radial phase by using variable delay units linking the plasma

focus triggering pulse to the laser triggering pulse.
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Fig. 19 Optical layout of the shadowgraph system.
The plasma focus chamber, window and interference
filter are not shown. (Ref. 50).

53-46



4.6 High Voltége Charger:

We may consider the question of power supplies for charging the
capacitors. The alternative to buying costly power supplies is simply to
build them. For example to charge a 15 kV 30 uF¥ capacitor bank a power
supply may be build up of the following components:

i) a transformer with an output rating of 15 kV RMS, 50 mA.

ii) 50 pieces of the commonly available IN4007 diodes, each

the size of a grain of rise, rated at 1 kV blocking
voltage, ! A current.

1ii) Connect these diodes in series and insert into a plastic
hose (garden hose variety will do) filled with transformer
oil. Design connectors to fit the ends of the plastic
hose so that the ends of the diode chain protrude out, one

at each end, whilst keeping the o0il in.

Conmnect omne end of the transformer to the positive side of the
capacitor via the diocde chain (observe polarity) in series with a suitable
current—limiting resistor. Connect the other end of the transformer to
the earth side of the capacitor. The simple half-wave rectifier system
will quite satisfactorily perform its duty fo charging up the capacitors,
especially if some care is taken to avoid sharp points at the connections

exposed to air.

The design of the charger must incorporate a feature to dump
the capacitor bank to ground through a ballast resistor in the event of
power failure. Also a word of warning must be heeded about the high
voltage of such a charger and the capacitor bamk. These two pieces of
equipment are definitely lethal and sufficient care must be given to the
safety procedure to be observed in the design and operation of such

equipment.

159

A more efficient way to build a charger is to use switching methods

so that the voltage transformation may be done at frequencies higher than the

mains frequency. This would involve the use of more efficient, weight-

effective, cost—effective ferrite cores. For example for the nitrogen laser

charger the EHT power supply of a television set may be used. A simple
adaptation from such a set results in a 2 kg palm—sized 25 kV (variable)

power supply with | mA current which is ample for the nitrogen laser.
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SOME RESULTS AND APPLICATTIONS
5.1 Results:

The system was tested between 13 and 15 kV in various gases
including air, argon, hydrogen and deuterium. The strength of the focusing
action is gauged from the current dip and voltage spike. Figure 20a shows
an oscillogram of the current and voltage waveforms of the plasma focus in
0.5 torr of air, with focusing action about 1 us after peak current.
Figure 20b shows a deuterium focus, at 13 kV, 2.5 torr with focusing
action occurring at peak current. The deuterium focus shows signs of a
secondary focus occurring some Q.4 us after the first voltage spike. The
occurrence of definite clean dynamics in the axial region preceding the
focus region is confirmed by magnetic probe measurements. Figure 20c shows
the output of a magnetic probe (lower trace) placed at z = 10.2 cm (i.e.
in the axial drive region 10.2 cm from the backwall) in & discharge of
15 kV, 3.5 torr of deuterium. From this oscillogram and in comparison
with the current oscillogram (upper trace) it is found that the current
sheath arrives 0.6 us before focﬁsing occurs off the end of the anode at
z = 16 cm giving a speed of 9.7 cm/us (corresponding, from shock theory,
to a temperature v 2 X 105 K) over this section (z = 10.2 — 16 cm) of the
axial drive region. From the risetime (107-907) of the magnetic signal
and the speed this gives a current sheath thickness of 2 cm. The thickness
and speed of this current sheath is typical of that in a good plasma focus
system. The current dip during focusing 1is also seen as a dip in the
magnetic probe output that shows two other current dips occurring 2t 0.2
and Q.6 pus after the dip. These confirm the occurrence of multiple

focusing 1in deuterium in the device.

In air good focus was obtained at 13 and 15 kV in a narrow
pressure range of 0.5-1.1 torr. In argon the pressure range for good
focusing 1is greater at 0.3-3 torr. At !5 kV very strong focusing action
was obtained at Q.8 torr. In helium the range of focusing is from Q.7 to
3.5 torr while in carbon dioxide focusing is observed below 1 torr. 1In
hydrogen the pressure range for focusing is 1.1-6 torr. However, it is
noticed that the focusing action, although definite, is not as intense,

in terms of a focusing voltage spike, as in argon. The strongest focus
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(e}

Fig. 20 (a) Current (upper trace) and voitage (lower trace) of plasma

focus in airz 13 kY, 0.5 Torr; Top trace: 73 kA/cm; Bottom traces 2 kV/
cm: Time scale (honzontai): | ws/cm. (b) Current and voltage trace of
plasma focus in deutennum: 13 kV, 2.5 Torn: Top trace: 75 kA/cm: Bottom
wrace: + kV/cm: Timescale (honzontal): | us/em. (c) Currentand mag-
netic trace of piasma focus 1n deutentum: 13 kV, 3.5 Torr: Magnenc prode
piaced at = = 10.2 cm: Top trace: 73 kA/cm: Bottom trace: 0.6 T/cm.
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in hydrogen occurs at 3.3-4.3 torr. In deuterium strong focus 1is observed

at 1-5 torr with best focusing at 2.5-3 torr.

In deuterium when operated at 15 kV and optimum pressure
conditions of 3 torr consistent counts of 1000-2000 are obtained using

.. . 8
the PM-scintillator counter. This corresponds to 0.5x10° neutrons per shot.

The system shows remarkably consistent and reproducible operation.
Six systems were assembled one after the other and tested over a period
of 2 months. Each system was assembled and tested over a period of ! week
averaging between 100-200 shots in the various gases. Once a system has
been established to be operating normally, that is, without undue leakage
and after an initial period of out—gasing involving some three to five
discharges, proper focusing is achieved for better than 957 of the
discharges, apart from those discharges deliberately operated outside the

established suitable pressure range for the gas used.

5.2 Temperatures and Densities:

It is of interest to estimate the range of temperatures and
densities available in this device. This is best discussed separately
for each of the two phases of operation, namely, the axial drive phase
and the radial collapse phase. In deuterium in typical operating conditions
in the axial drive phase between z = 8 and z = 16 cm a steady plasma
temperature of 2 x 10° K may be estimated (Eqn. 29) in a 1-D slug length of
4 cm. TFor operating at an ambient density of 3 torr of deuterium,
complete ionization is achieved at this temperature giving an ion density
and an electron density each of about 1018 per cm3 since a shock mass
density ratio of 4 may be expected for a strong fully ionized deuterium
shock. 1In the radial focus phase, soft x-ray techniques>’*d have been used
tD estimate temperatures in a similar small plasma focus to be 0.7-3 keV
while interferometric techniquesaa have been used to measure peak electron
densities in the maximum compressed pinch column of I-5 x JO19 per cm3
These experimental results agree with computations based on the dynamic

theory already discussed.

When heavier gases such as argon are used as the test gas the
dynamic theory predicts enhanced compression due to the specific heat
ratio?? being reduced below 5/3. In the case of argon, higher temperature

2
(about 4 keV) and electron densities (IO“O per cm3), may then be predicted
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by the dynamic theory applied to the pinch phase. There is also experi-

mental evidence?3 to back up these predictions.

At such high temperatures, thermodynamic computations shows

d5’+

that even argon becomes almost fully ionize and experimental work

shows that worthwhile spectroscopic studies may be made of the focus

k57 et al. have used a 2 m

using, e.g. argon as a test gas. Peacoc
Rowland circle grating spectrograph and a de Broglie spectrometer to
obtain spectrograms of argon and neon focus discharges. The results are
sufficiently reproducible for identification of transitions in H-like and
He-like Ne and Ar ions. If line profile scans are to be made them it is
usual to obtain a profile over a number of discharges. The question of
reproducibility then becomes important. In the present setup the repro-
ducibility has been studied by using two simultaneous monitoring criteria.
First, the neutron yield of each discharge is monitored and those that are
beyond 107 of the average may be rejected. Second, the voltage spike is
monitored for its time position and its shape (rate of rise, single spike,
or multiple spikes). The time position of its peak (single peak spike)
may be used as a reference point to fix the time position of the photo-
multiplier output. A discharge with a voltage spike shape that does not
conform with the average shape may also be rejected. A close study of

the data shows that when the system is properly set up and adjusted, at
least 80% of the discharges are sufficiently reproducible for scanning

applications.

5.3 Experiments and Applications:

It may also be of interest to inquire about the types of
experiments that may be donme on a plasma focus machine. First, as already
mentioned in detail earlier, the axial drive phase may be used to study
plasma dynamics and energeticslg. The use of simple voltage, current and
magnetic probes, together with a coupled circuit-dynamic analysis enables
one to obtain the dynamics and energetics of the system and also shock
plasma temperature and densities. These may be confirmed with spectroscopic

and interferometric measurements to check the validity of the dynamic

model used.

In the radial pinch phase, the pinching action is more severe
than the Z or theta pinch for two reasons. The first is that the use of

the axial drive phase delays the focus pinch so that it occurs at peak
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current and enables a smaller radius pinch to occur at higher ambient
density. Second, the smaller radius pinch is an elongating pinch that also
contributes to an enhancement of pinch compression due to the smaller
resulting pinch radius ratio??. Thus even a small plasma focus achieves
sufficiently intense plasma conditions to produce consistent nuclear fusion
and may be used as the lowest-cost device for demonstrating nuclear fusion
from a plasma. Even a simple 3 kJ device such as the one presently discussed
here may be used as astarting point for studying neutronics. For example,

measurement of the half-life of 116

In has been carried out”® using the UNU/
ICTP PFF as the neutron source. It is known that the deuterium focus
produces a deuteron beam30 of several hundred keV. The effect of this beam
on targets may also be studied for the enhancement of neutron yield. The
corresponding electron beam, accelerated in the opposite direction into the
anode, has relativistic speed and may be taken out of the system by using a
hollow electrode. Thus the focus may also be used as a REB source. These
two effects, i.e. consistent neutron and REB production, are not available
in the Z pinch and theta pinch because of insufficient densities (]O]7
per cm3) and temperatures (several hundred eV). This demonstrates the

enhanced intensity of the plasma focus device.

The REB may also be used to sputter anode material downstream
of the focus39’3%, By using different materials as inserts in the anode

face, different materials may be sputtered.

The question of neutron scaling is by no means closed. Lee>?
has shown that the observed neutron scaling of Y » E2 and Y Ia is due
to the speed limitation (10 cm/us axial speed) and density limitation
(about 20 torr) which has been observed for all plasma focus, small or
large. If the focus could be operated with increased axial speed, say
to 20 cm/ps, there are reasons to helieve that the neutron yield would
increase dramatically. Recent laser Schlieren photographs™® (Fig. 21)
have given some clues that the speed limitation may be due to current
sheet - shock front decoupling at higher speeds associated with sheath
inclination and a y-effect. Further studies should be made to see if
conditions may be adjusted to remove the speed limitation and hence

improve the neutron scaling law.




Fig. 21
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anode of view

Schlieren images of the plasma focus discharge
in the axial rundown phase. The plasma focus

device was operated at 14 kV and with deuterium
gas at (a) 1 mbar, (b) 9 mbar, and (c) 14 mbar.
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Other experiments and applications may be listed.

a)
b)
c)

d)

e)

£)

for studying a plasma under nuclear fusion conditions.

for developing diagnostics for fast pulsed plasmas.

as a neutron source for blanket studies for fusion reactors,
pulsed neutron radiography, pulsed activation analysis,
nuclear weapons simulation.

as an intense source for UV light, soft x-ray and electro-
magnetic radiation for spectroscopic applications, pump
source for UV and soft x-ray laser, x-ray diagnostics and
Electromangetic Pulse (EMP) studies.

for production of extreme magnetic fields and associated
possibility of solid state compressions.

as a thermonuclear reactor; potential exists because of

the observed Y n E2 relationship.

In the experience of the UNU Training Programme the study of

plasma dynamics particularly in the axial drive phase and the demonstration

and study of plasma nuclear fusion are in themselves sufficiently

interesting and of sufficient scope for a good beginning to be made in

the field of experimental plasma pnysics.
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A CURRENT-STEPPING TECHNIQUE TO ENHANCE PINCH COMPRESSION -
AN EXPERIMENTAL STUDY

S.H.Saw, S.Lee & C.S.¥Wong
Plasma Research Laboratory, University of Malaya
59100 Xuala Lumpur, Malaysia.

ABSTRACT

The current-stepping technique 1involves the shaping of the
current-time profile during compression. This 1is done by
discharging a second capacitor bank onto the pinch unit at a
suitable time during the approach to quasi-equilibrium, in the
compression due to the first capacitor bank. It has been shown
theoretically that this is able to reduce the quasi-equilibrium
radius ratio kp bv approximately 2 times. This 1is possible

because kp depends on the time variation of the current and not

on the absolute value of the current.
Another effect which affects kp 1s the thermodynamic effects

of the real gas. For an ideal gas with specific heat ratio y of
1.67, kp reached is approximately 0.3 for a constant current

pinch. A smaller_kp will be reached for any gas compression with

an average y below 1.67. As y approaches 1.67, kp w1ill approach

0.3.

A low technology capacitor-capacitor combination 1is first
attempted to study the enhancement in compression bv
current-stepping. Unfortunately no significarnt reduction in k

1s observed. It turns out that the compression during the first
stage 1s too slow such that upon current-stepping, the reduction
in kp 1s masked by an increased 1in kp as 7y approaches 1.67 from

an average of 1.2. Numerical computation indicates that for the
enhancement 1n compression to be observed, 7y should averages at
least 1.4 during the first compression. This requires a faster
pinch unit with a corresponding increase in pinch impedance of the
first capacitor bank to avoid the first capacitor bank from
shorting out the pinch tube during the switching of the second
capacitor bank. A Marx-Marx combination 1s proposed to drive a
new current-stepped pinch which 1is expected to minimise the 7y
masking effect so that the reduction in kp is observed.

INTRODUCTION

It has been shown by Lee'’? that one of the methods to enhance
the plasma produced by gas compression 1is to 1implement the
current-stepping techniqgue which involves the shaping of the time
profile of the driving current source. It is possible to obtain a
maxlmum enhancement in compression resulting in a reduction of the
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quasi-equilibrium radius ratio,kp by aprroximately 2 times. This

will lead to a 4-folds and a 16-folds increase in the plasma
density and the plasma temperature respectively since the plasma
density is directly proportional to the square of the final
radius while the plasma temperature 1is directly proportional
to the square of the compressing shock speed or the plasma

density.3° It 1s suggested that as a prelude to radiation
cooling, current-stepping can be introduced to achieve a denser
and hotter plasma.

At quasi-equilibrium, the following expression can be

obtained by assuming energy balance and pressure balance
condition.

2
J.ro uOI 1 Ronz )
(2nr_1) dr_ = (pmr = 1) (1)
r 8n°r? P (7-1) M mom
l P
where Py Tm , %, 7Yy are respectively the demsity , the

temperature, the departure coefficient and the specific heat ratio
of the plasma in the final state at rm and Ro and M are

respectively the universal gas constant and the molecular weight
of the ambient gas. The integration is done from initial radius
Iy to final radius . It is assumed that the total work domne by

the gas compression goes 1into the internal energy of the
compressed gas without any loss.

Simultaneously at quasi-equilibrium, the pressure balance is
achieved when the kinetic pressure exerted by the plasma in the
final stage exceeds the magnetic pressure by a factor, frs called

the reflected shock pressure jump factor4’5, Thus:

R T p Iz
om £ o m
pm = rs —— (2)
M 8 r
m

where Im is the current flowing at the time the pinch reaches
quasi-equilibrium at Ty frs is obtained numerically as 1.67.

From equation (1) an expression for the temperature of the
plasma at quasi-equilibrium is obtained as shown below

M(-1) B r 1°

0
T = j — dr (3)
o PR = 4n2r2 r r P
m o m m D

Another expression for the plasma temperature at
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quasi-equilibrium can also be obtained independently from equation
(2) as

1
T = f E— (4)
m rs 8n2r2p R x
m m o

From equation (3) and (4) the following condition governing
the quasi-equilibrium radius ratio is obtained:

2(y-1) fo I
m £ P
rs r )

It is obvious from equation (5) that the minimum radius T is

determined bv the integral of the curent and not by the absolute
value of the current.

One of the way to tailor the time-profile of the driving
current is by discharging 2 capacitor banks in parallel; with the
second bank faster than the first bank; consecutively after a

suitable time delay determined
ci Ll RL s1 by the extend of approach to
‘ l quasi-equilibrium. ¥When

: equation (5) 1s divided by 1?
e T AWM et and the ratio represented by v,
T a value of 1 would indicate the
i quasi-equilibrium point while
szgn any values Dbetween 0 to 1
( represent the extend of
T approach to quasi-equilibrium.
= 4 schematic diagram of the
Fig. 1 A schematic diagram current sources for the
of the arrangement for a current-stepping model is shown
current-stepped pinch. in Fig. 1.

EXPERIMENTAL STUDY ON THE CURRENT-STEPPED PINCH : FIRST ATTEMPT

A first attempt is carried out utilising technology and
facilities currently available in the laboratory to 'avoid high
cost. A capacitor-capacitor combination unit, UMCSZPS, is

designed based on the slug mode17. The first stage is powered by
3 units of 20 uF, 10 kV, 40 nH capacitors conmected in parallel
via parallel plates to give 60 uF, 10 kV maximum. When connected
to the pinch unit, a 9 XV discharge produces a current which rises
to 251 kA in 3.4 us. The inpitial rate of current-rise 1is

1.2 x 10} A/s. The second stage comprises of 22 pF, 60 kV, 26 nH
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Julich bank® operating at 18 kV. Upon switching, it delivers a
current of 463 kA in 1.3 ps to the pimch uwnit with an initial

current rise of 5.5 x 1011 A/s. The parameters of the
Z-pinch unit are as follows: radius 7.5 cm, length 15 cm,
inductance 6.8 nH, operating pressure (0.4 - 2.0) mbar Hydrogen.
A schematic of the UMCSZP main set-up is shown in Fig. 2.

Fig.2 A schematic of the
UMCSZP main current set-up.
1.C1=60uF,9kV, 2.air spark
gap 3. 94MQ, 4. 141MQ, 5.

isolating capacitor, 6.t.v. 1 ,
transformer,1:15, 7. -800V, I I l

8. 9MQ, 9. 200kQ, 10. R, w0} e

11. €2 = 12 x 1.814F, 18KV, | —— B N L
12. pressurized spark-gaps, (—; | ' Z ' 1 !
2 @ 1.81yF, 13. spark-gaps izn —

triggering pulses distribu- Zlh—ﬂ 1
ter ring, 14. 1solation

transformer, (1:-1), 15. 0.6 | — )
ME,-30kV, 16. 300kQ,17. 6kQ,
18 -16kV, 19. 6kQ @ 1.81uF,
20. Re’ 21. Z-pinch chamber.

Electrical measurements of the current and voltage were

obtained wusing Rogowski ccnils’10 and voltage probe11

Simultaneously streak photography of the space integrated, time
resolved radial profile is recorded using the IMACON camera. The
results obtained for single Z-pinch compression and for
current-stepped Z-pinch compression are as shown im Fig. 3 and
Fig. 4 respectively. Analysis of the results indicates that upon

Fig. 3 Current and voltage Fig. 4 Current and voltage
signals and time-resolved signals and time resolved
radial profile of the single radial profile of the current-
compressional Z-pinch. stepped Z-pinch.

current-stepping there is no obvious enhancement in the
compression to lead to a smaller kp predicted by theory. It is
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found that the minimum radius ratio achieved with current-stepping
at various time before equilibrium is approximately the same as
that produced without current-stepping. This suggests the
existence of other factors which have ‘the effect of increasing the
radius ratio of the compression upon current-stepping. One of the
parameters which affects compression and is drastically increased
upon current-stepping is the specific heat ratio, ¥y of the gas.
For an increase in the average value of the 7 from a value of -~
1.2 during the first compression to 1.6 upon the switching of
the second bank, the minimum radius ratio will be increased. As
such the expected reduction in the radius ratio upon current
stepping 1s masked bv the increase due to 7. This 1is not
predicted by our earlier computation based on the slug model since
an ideal gas with 7y equal to 1.67 is assumed. An improvement is
made to the slug model to take 1nto account the thermodvnamic
effects of. the real gas. The relation of ¥ with shock speed is
first determined by solving the three equations: namely the Saha
Equation, the _ Thermal Equation and the <Caloric Equation
simultaneously ~. It is then incorporated into the slug model to
enable the transient value of 7 corresponding to the shock speed
to be used in the numerical simulation of the pinch dynamics.
This new model now predicts no enhancement in the
quasi-equilibrium radius ratio for the present set-up as observed
in the experiment. However, this model also predicts a smaller
minimum radius ratio <than observed experimentally. This 1is
probably due to the diffusion of the current sheath resulted from
the slow first compression. Another experimental observation of
current-stepping experiment is that the radius ratio obtained for
discharge with current-
stepping 1s generally
; slightly bigger compared to

ﬂ —7| the radius ratio obtained
\ —0.9 without current-stepping.

/\/jqi‘v/“\cka Measurements of the magnetic

fields > taken at various
distances show that the
current profile brnaden
upon current-stepping before
resuming to implode
further as shown in Fig. 5.
b This may be interpreted as
indicating that the

resistivity of the current
Fig. 5 History of the radial channel is still high due to

current density profile of a inefficient pinching of the
current-stepped Z-pinch. first pinch.

u lU] Aot}

Cucront Lawity |

DISCUSSION

A summary of the results obtained experimentally compared to
the results predicted by the theory with 7 constant and y varying
1s shown in Table 1.
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From the results obtained so far, it is obvious that the
effect of pinch enhancement by the current-stepping technique
‘cannot be observed using the present system of capacitor-capacitor
combination. In order to be able to observe the effect of
current-stepping the compensating effect of ¥ must be reduced
if not eliminated. This is only possible by increasing the speed
of the first compression such that the average ¥y 1s greater than
1.4. This would require the compressing shock speed to be
increased to above 10 cm/ps. With this improvement, the plasma
will also be heated to higher temperature and hence its
resistivity will be reduced.

UMCSZP UMCSZP UMCSZP MLCSZP
Y Theory Experiment Theory Theory
Y-constant Yy-varying y-varying
k Xk k kK
D D P P
1.0 0.24 0.21 0.11 0.17
0.08 0.19 0.23 0.11 0.16
0.4 0.19 0.23 0.11 0.13
0.8 0.18 0.23 0.10 0.12

Table 1. Theoretical and experimental quasi-equilibrium radius
ratio, kp (rm/ro) for single stage Z-pinch and current-stepped

Z-pinch. (w = 1.0 corresponds to single stage Z-pinch while w <
1.0 indicates the various times of switching of S2 based on the
extend of approach to quasi-egiulibrium).

A Marx-Line combination system, MLCSZP is designed based om

0? the improved slug model to provide a
- first compression with average shock
speed of 10 cm/us. The first compression
0.2h is powered by a 150 kV, 0.6 pF, 600 nH
-------------------- Marx constructed from 3 capacitors each
\\\‘-&222:Efi__. rated at 1.8 WUF charged to 50 kV. The
o-1p second compression is driven by a 2Q, 1.5
m water-line charged to 150 kV by another
Marx of 150 KV, O0.1pf. The Z-pinch

T A chamber is of length 5 cm and radius 6
Fig. 6 Quasi-equili- cm. The operating pressure is 0.14 mbar
brium radius ratio, Hydrogen. ¥With this new design a
kp, for MLCSZP before reduction in the radius ratio by a factor
switching of $S2 and of 1.4 upon current-stepping is predicted
at various times of by the improved slug model. Fig.6 shows
switching of S2. the value of kp reached upon current
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-stepping at various conditions of quasi-equilibrium compared to
the value of kp reached without current-stepping. It 1s also

expected that with the increase in the shock speed the magnetic
Reynolds number will also increase, thereby improving the fluid-
field coupling thus leading to the confinement of the current in a
thin sheath. The high impedances of the Marx-Line system would
also ensure larger fraction of current flow into the plasma
current channel upon current stepping.
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Nonperturbing Plasma-Focus Measurements in the
Run-Down Phase

T. Y. TOU, S. LEE,

Abstract—Simuitaneous and nonperturbing measurements involve
using a muitislit streak camera, two high-voltage probes, and a Ro-
gowski coil are carried out to enable an equivalent-circuit analysis to
be made of a plasma-focus discharge in the run-down phase. A leak
current is assumed to flow at the insulator. The calculations show that
maximum constant values of diode voltage, ¥, = 5.3 kV, and pinch
current, [, = 200 kA, are attained during the run-down phase; the
product of these two parameters show an upper limit in the input
power. From the multisiit streak camera, a limiting ryn-down speed,
v. = 9.2 cm/ps, for the plasma sheath is observed which suggests a
constant rate of change of inductance. These observations indicate a
steady-state operation of the plasma focus for this duration.

[. INTRODUCTION

IN the plasma-focus experiment, a uniform and homo-

geneous current sheath is essential for maximizing en-
ergy transter and neutron output {1}]. The formation of the
current sheath depends on the initial discharge conditions
at the glass insulator {1], (2], which for many years re-
ceived considerably less attention in comparison with
other phases of plasma dynamics. pinch formation. and
¢mission charactenstics. When large plasma-focus de-
vices iailed to achieve their scaied neutron vield. inves-
tigation of this initial phase became urgent because a leak
current was found to fiow behind the main current sheath.
For example. the Frascau expeniment [3] at fuil energy
had a neutron yield [4] of only | /9 of what it should be
owing to a leak current at the insuiator {3]. The presence
or a leak current at the insuiator has also been reported by
several other groups [6]-[8].

The cause of a ieak current largely could be linked to
the residual plasma near the insulator and in the un-down
region. Interferometric and SDECIroscopic measurements
{4] showed some 30 percent ot the initial filling density
being left at these regions owing to inefficient snowplow
actuon by the propagating current sheath. The residual
plasma and the ablation of material from the insulator 9]
could allow the current to crowbar the circuit under an
increasing diode voltage generated in the annulus of the

Manuscriot received July 5. 1988: revised Novembper 21, 1988.
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focus tube. A second breakdown at the insulator region
has been observed [10], which prevented further incre-
ment in the pinch current.

Numerical calculations with a one-dimensional three-
fluid code {11] for the Z-pinch geometry showed thart the
ionization process during ignition has a strong influence
on the current-sheath formation. Recently, a two-dimen-
sional three-fluid MHD code {12] for plasma-focus cal-
culations took into account the effect of ionization phe-
nomena. With this code. the sheath dynamics and the
occurrence of residual plasma were studied in the Frascati
Experiment (3], in the faster POSEIDON experiment {13],
and the fast SPEED experiments {1]. The code demon-
strated that fast-current buildup durng the initial phase
was favorable for preventing residual plasma and that ow-
ing to this, the POSEIDON device shows better perror-
mance than the slower Frascati one. [n other case studies.
a much lower level of residual plasma was shown to occur
in the SPEED device which expenmentally has shown
very good perrormance when compared with the large.
low-voltage devices.

On the other hand. a simple physical modei has been
presented by Eltgroth [14] for simulating the current his-
tories in the Frascat (3] and Livermore (15} machines. In
this model. the leak current and mass loss benind the cur-
rent sheath are necessary in order 1o produce a reasonable
match with the experimental observations. Apparently,
more detailed experimental investigations on the initial
and run-down phases are required for a beter insight on
their inrfluences on the plasma-focus performance.

Magnetic probe measurements [16] in our Mather-type
[17] plasma-focus device [18] (20 kV, 12 kJ) have shown
evidence of leak current. These measurements were dif-
ficult in the high-voltage, high-current-density plasma and
in the presence of strong shocks: these conditions placed
strngent requirements on the probe design. In this paper,
simple planar geometry for the current sheath is consid-
ered, which then allows the plasma-sheath motion (resuits
from the multslit streak camera) to be incorporated into
an equivalent-circuit analysis of the plasma-focus dis-
charge. For this analysis, requisite measurements using
two high-voltage probes. a Rogowski coil and a multislit
streak camera, are carried out. These measurements are
simultaneous and nonperturbing to the current sheath until
it reaches the high-voltage probe at the end of the focus
tube. Therefore, the analysis is meaningful only for the
run-down phase for whicn the diode voltage V,, pinch

0093-3813/89/0400-0311501.00 & 1989 IEEE
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current /,, leak current /;, leak resistance R;, and current-
sheath R, are calculated.

1. EXPERIMENT

For the simple situation of a current sheath whose
thickness is much less than the length of the plasma-focus
tube, an equivalent circuit is always convenient to de-
scribe its dynamic behavior {11, [17]. A schematic of our
experimental setup is shown in Fig. 1(a), while its equiv-
alent circuit for our plasma-focus device is shown in Fig.
i(d). A leak current, [, is assumed to flow at the insu-
lator. During discharge, the plasma-focus tube is a load
generator where impedance may be comparable to or
greater than that of the convendonal capacitor banks. This
load impedance tends to limit the total discharge current,
I, especially during the compression phase.

For the experiment presented here, the filling pressure
is 10 mbar of D, and the capacitor voltage is 14 kV. The
total discharge cuitent. /, is measured with a Rogowski
coil whicn is shunted by a small resistor ( ~0.1 Q) at its
output leads so that the coil operates as a self-integrating
current transformer. Two voltage signals, ¥ and Vg, are
monitored with resistive high-voltage probes. The first
probe is connected between the positive and negative
flanges (electrical feedthrough) behind the focus tube.
which is represented electrically by an inductance, L,, and
resistance. R,. The voltage dueto L, = 25 nH and R, =
1.5 mQ have been found to constitute a significant pro-
portion in the measured voltage. V, given by

df
V=V, +L, —+IR,. l
2 ed[ Re ()

The other probe is connected from the inner electrode
to the outer electrode (to one of the cathode rods) at the
2nd ot the rfocus tube. Assuming that the magnetic fieid
due to the pinch current, [,, is negligible in front of the
current sneath, this probe largely measures the resistance
component, Vg, of the diode voltage, V,. V, (see Fig. 2)
may be written as '

Ve = LR, (2)

where R, is the current-sheath resistance.

The diode voltage, V,, has generally been [1], [I7]
given as .

d
V, = o (L,1,) + LR, = IR, (3)
at the insulator.

The inductance, L,, may be defined as a function of the
instantaneous position. z, of the current sheath if the vol-
ume hehind it iv linked with magnatic flux. In coaxial sys-
tems where the outer electrode or cathode is a cage of
rods. one would expect the magnetic field to extend into
the volume between and bevond the cathode-rod gaps.
This increases the annulus inductance over that for two
concentric cylindnicai conductors. By assuming a flat cur-
rent sheath. Eltgroth [14] has denved an expression for
the annuius inductance and for the clectrode geometry
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Fig. 1. (2) Schematic of the expenmental setup. /E: inner electrode: OE:
outer clectrode: G/: glass insulator; SC: streak camera: WS : blackened
microscope slide with an array of transparent siits: RC: Rogowski coti:
Cs, Lo, and Ry are. respectively, the capacitance, inductance. and the
resistance of the capacitor bank: L, and R, are the inductance and the
resistance of the nigh-voltage feedthrough behind the focus wbe: V:
voltage measured during the discharge: V. measured resistive current-
sheath voitage; and /: toual discharge current. (b) The equivalent circuit
for a plasma-focus discharge.

Va/v
600 f

300

\____/

0.5 1.0 1.3 2.0 2.3 t/ s

PR

Fig. 2. Resistive voltage. Vg, of the current sheath. measured at the end
of the tocus tube.

with- an even number of cathode-rods (6) in our device;
this is given as.

L, = 2.3 z(nH) (4)

where z is in cm.

A multislit streak camera [19] is set up to map out the
plasma-sheath motion in the focus-tube annulus: we ob-
tain the plasma-sheath position, z. as a function of time,
r, during the run-down phase. Fig. 3 shows the results for
that part of the plasma sheath adjacent to the inner elec-
trode. In order to incorporate the information from this
figure into the circuit analysis, it is necessary to assume
a flat current sheath so that

L, =L, (5)

We assume also the current-sheath position to be that of
the luminous piasma sheath. Thus. values of L, are esti-
mated from Fig. 3.
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Fie 3 Distance-time diagram of the luminous current sheath adjacent to
the inner electrode (results from the multislit streak camera).

The cxrcuu analysis begins with solving (1) for the diode
voltage. V,, and then (3) for the pinch current, 1,, leak
current, [L (dlfference between / and /,), and the leak re-
sistance. R;. The current-sheath resistance. R,, is calcu-
lated from (2). The following section will discuss the ex-

penmental observations and calculations.

[. DiScussION OF THE RESULTS

Results from this experiment are presented in two parts:

Observations from the multisiit camera. and calcuiated re-
sults.

A. Observations from the Multislir Camera

The initial phase is described [9] as the formation of
current sheaths at the insulator and their lift-off in the ra-
dial direction. like an inverse pinch. to form a parabolic
current sheath. In the conventional piasma focus. this
phase takes a tew-hundred nanoseconds before the para-
bolic current sheath lifts off the upper edge of the insu-
lator and propagates downstream in the annular of the fo-
cus wbe. We observed the axial lift-off at ¢ ~ 0.4 us, as
shown in Fig. 3. The current sheath accelerates initially,
butatr ~ 1.7 us it begins to approach a maximum con-
stant speed of about 9.2 cm/us: This situation would
mean that the rate of change of the inductance (L ) is
constant and so macroscopic steady-state dvnamics of the
current sheath may be proposed. The observation of a
maximum constant speed substantiates the results from
numerical simulation {20] and the experimental observa-
tions in a coaxial shock tube by Keck [9]. who atuributed
the cause of it to the ablation of material from the insu-

lator. We will come 10 this problem again in subsection
B. below.

B. Calculared Resulrs

Fig. 4 presents the measured voitage. V, and the cal-
cularted diode voltage, V,. When high-voltage breakdown
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Voltage/kV

0.5 L0 L5 20 25 ¢fus

Fig. 4. Vis the measured voitage duning the plasma-tocus discharge. while

Y, is the calculated diode voltage generated by the propagating currene
sheath.

occurs at the glass insulator, V is simply (L./(L, +

Ly)) ¥y, where V) is the charging voliage of the capacitor
bank. The measured volt tage, V, is observed to dip and
rise within the next 200 ns. Detailed stwdies {21] reviewed
that this is caused by a collective time- dependent resis-
tance of ignitrons (eight pieces in parailel) and their
switching jiters. These two effects prevent a DrOmpt cur-
rent buildup during the initial discharge, as shown in Fig.
3.

The diode voltage, V,, is always found to be low for ¢
< 0.2 ps, which may suggest that the current sheaths are
confined to the glass insulator. Within the next 200 ns.
however, V, rises sharply, to about 1.2 kV, indicating
possibly a thst inverse pinch of current sheaths. A small
dip is observed at about 0.6 us, which is the result of a
slow initial run-down and a decreasing V. Thereafter, v,
increases steadily, mainly as a result of an increasing rate
of change of inductance. Atr = 1.7 ys, it approaches a
maximum constant value of about 5.3 kV.

The pinch current, /,, is presented in Fig. 5, showing
a steady rise for the ﬁrs. part of the run-dowu phase: thag
is. forr = 1.7 us. The maximum constant value of [,

200 kA represents about 78 percent of the tortal dlscharoe
current. The remainder current. /;, is 1aken to fow across
the insulator surface (Fig. 1(b)).

A rather suddern saturation in the pinch current. [, could
likelv be explained by a second breakdown (107 at the
insulator region in wiich a saturated {, was measured by
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Fig. 5. /is the measured total discharge current, /, is the calculated pinch
current, and /, is the leak current which is assumed to flow across the
gliass insulator.

a magnetic probe. A second breakdown is possible when
the diode voltage, ¥, exceeds the holding volitage for the
insulator region which resuits in more leak current /;
crowbarring the circuit. Similarly, the sharp voltage spike
during the compression phase is known to cause restrikes
{227, {25] at the insulator, and the leak current has been
observed to surge rapidly [4], [6]. The presence of resid-
ual plasma would tend to promote the second breakdown
and lower the holding voltage of the insulator.

A saturated /, could be seen to limit the J X B driving
force behind the current sheath, and this would then limit
the mun-down speed. v.. These two effects stabilize the
diode voltage, ¥,, at a limiting value. However, it ap-
pears that [,, ¥,, and v. adjust self-consistently, which
resuits in macroscopic steady-state dynamics. This could
only be possible when the input power (/, V,) is constant.

Fig. 6 shows the current-sheath resistance. R,, wnich
varies from about 10 mQ at the axial lift-oif to0 0.4 mQ at
its minimum. We expect that the current sheath is rather
resistive owing to the low level of {onization under these
initial discharge conditions. It is thus likely that the cur-
rent sheath is initially porous (due to inefficient snowpiow
action) and that residual plasma are left behind in this re-
gion, which furnish ground for leak current. This range
of values for R, agrees with that reported for MINI-
FOKUS [24], which has similar electrical and geometri-
cal parameters with our device. In the same figure, the
leak resistance, Ry, is shown to vary berween 25 and 100
mi2.

IV. ConcLusion

We have observed, from the points of view of gross
dynamics and the input power, that a steady-state opera-
tion of the focus tube was established ( ~0.8 us) towards
the later pamt of the run-down phase. It should be noted
that ail the experimental measurements are simuitaneous
and nonperturbing to the current sheath. The calculated /,
was found to be lower than that from the magnetic-probe
measurements {16]. which show the same saturation pro-
file under the same discharge conditions. The difference
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Fig. 6. R, is the calculated curment-sheath resistance and R is the leak
resistance.

of 10 percent in the pinch current, /,, is clearly owing to
an over-estimate of the inductance, L,, when a planar ge-
ometry is assumed for the current sheath. Nevertheless,
the above plasma-focus calculations in the run-down phase
show that a leak current and a possible second breakdown
at the insulator have strong influence on the gross dvnam-
ics of the current sheath. These phenomena also establish
an upper limit in the input power from the capacitor bank
to the focus tube.
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Current Sheath Structures of the Plasma Focus in the
Run-Down Phase

K. H. KWEK. T. Y.

Abstract—The current carrying plasma sheath in a 12-kJ plasma fo-
cus is studied in the axial run-down phase by means of the Schlieren
technique. Subnanosecond ultraviolet light pulses from a preionized,
transversely excited, atmospheric nitrogen laser provide sufficiently fine
temporal and spatial resolutions for such investigation where the prop-
agation speed of the current sheath is of the order of 10 cm/ps. It is
observed that the current sheath grows thicker if it is driven at speeds
beyond an optimum vaiue of about 8 cm/ps (when the neutron yield is
maximum). The thickening of the sheath is seen as an effect of the ratio
of the specific heats. At the speed of 11 cm/us the effect of the tem-
per iure gradient at the electrode surface broadens the sheath further.
Sh w driving speeds are observed to result in an inefficient and leaky
piston.

I. INTRODUCTION

HE NEUTRON vield is the parameter that is taken to
be a measure of the quality of the plasma focus de-
vice. In all plasma focus experiments. the average number
of neutrons Y, produced by the D-D fusion reactions has
the characteristic feature that significant values of Y, are
only detected within a well-defined range of values of the
deuterium gas filling pressure. Outside this pressure range
the neutron yield decreases in both high and low pressure
limits, as shown in Fig. 1. It has been suggested that the
neutron production is. in some way, related to the evo-
lution of the current sheath structures already existing
during the rundown phase [1], [2]. This hypothesis was
arrived at through numerncal considerations of electro-
mechanical work performed on the sheath during the axial
propagation. The failure of large devices ( where the ener-
gies are of the order of several hundred kJ) to achieve
their scaled neutron yield [3] due to the presence of leak-
age current flowing behind the main current sheath also
points to the importance of the role of the sheath structure
in neutron production. In such high current (several MA)
devices, the sheath formation is very much affected by the
high input power [4].
So far, little attention has been paid to the structure of
the current sheath in the run-down phase, as compared to
the emphasis given to the radial compression or the pinch
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Fig. 1. Typical curve of neutron yield (measured using foil activation
technique) as a function of deuterium gas filling pressure. The full circles
are the mean vaiues (averaged over 15 shots), and the error bars are the
standard deviations of the means. The curve is obtained from the plasma

focus device used in this work with the capacitor bank of 62 uF operated
at 14 kV.

phase of the plasma focus. The structure of the current
sheath produced in the plasma focus has been studied the-
oretically and numerically through different approaches
ranging from one-dimensional models to two-dimensional
MHD codes [5]-[8]. None of these except the model de-
veloped in [8] included the process of ionization of the
gas swept by the current sheath. The dependence of the
structure of the current sheath on external parameters such
as the filling pressures can also be drawn generally from
this model. Experimentally, most of the work done during
this phase has been centered around detection of light in-
tensities emitted by the current sheath and magnetic and
pressure probe measurements [9]-[13]. No work has been
done so far to actually ‘‘visualize’ the current sheath
boundaries in the run-down phase with the exception of
the Schlieren observations in [14]. However, the depen-
dence of the structure of the current sheath on the filling
pressure or propagation speed was not investigated.

The purpose of this paper is to draw attention to the
importance of the structure of the current sheath which
has definite bearing on the compression of the plasma
pinch in the final collapse phase of the plasma focus, and

0095-3513/90/1060-05268G1.00 © 1990 IEEE
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Laser beam Schlieren lens

Objective
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A=337.1 nm
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Diaphragm Film

Cathode rods
Fig. 2. Schemauc of the Schlieren setup showing the relevant coordinates.
The plasma focus electrodes are shown ends-on.

hence on the neutron yield. It definitely merits more de-
tailed investigations to enhance our understanding of the
plasma focus operation.

[I. EXPERIMENTAL ARRANGEMENT

The experiments were pertormed on a 12-kJ (62 uF. 20
kV) Mather-type plasma focus device [157. [16]. Details
of the parameters of the device can be found in [16]. Fig.
2 shows schematically the experimental setup of the
Schlieren diagnostic technique. A transversely excited at-
mospheric nitrogen laser [17] was used to provide sub-
nanosecond light pulses at a 337.1-nm wavelength. A sys-
tem of corona blades was incorporated into the laser
channel to provide preionization prior to the main laser
discharge. This renders the output beam homogeneous and
uniform in intensity to provide good Schlieren images.
For sheath velocities of the order of 10 cm /us during the
run-down phase. the subnanosecond exposure time pro-
vides sufficiently fine spatial resolution to permit the ob-
servation of sheath structures in the submillimeter range.
The expanded laser beam passes through the plasma tocus
chamber and is refocussed onto a diaphragm by the Schli-
eren lens. which together with the objective images the
plasma onto the film plane. resulting in bright field pic-
wres ot the density gradients inside the plasma. The
plasma radiation is suppressed by means of an interfer-
ence filter. In the experiment a minimum deviation angle
of | mrad was used.

[II. DiscussioN OF RESULTS

Fig. 3(b) shows the current sheath during the run-down
phase near the end of the center electrode. The field of
vievs iy squivaloni o that shown schematicaliy in Fig.
3(a). The filling deuterium gas pressure is at 9 mbar and
the device is operated at 14 kV. Fig. 3(c) is a schematic
representation of Fig. 3(b). In the coordinate system used.
the end of the center electrode is at z = O mm and the
surface is at v = 12.5 mm.

As expected. the current sheath across the electrodes is
not planar, but canted backwards from the inner electrode
‘anode) to the outer electrode (cathode) owing to the ra-
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Fig. 3. (a) Field of view. (b) Schlieren image of the current sheath (deu-
tefium focus at Y mbar and 14 kV). (¢) Sketch of the image in (b).

dial dependence of the magnetic pressure gradient.- The
total accelerating force j x By, where j is the current
density and B, is the induced magnetic field. acting per-
pendicular to the current boundary leads to radial and ax-
ial motions. The (j X Bs), radial component is outward
and. in a sense. forces the sheath against the inner surface
of the outer electrode. The axial component (j * By).
vares with 1 /r” across the electrodes and leads to higher
sheath velocities near the surface of the anode. Owing to
the parabolic current boundary, plasma flows ourward
trom he anode te cathode along the current boundary as
the propagation of the sheath continues. The radial force
and centrifugal flow will cause plasma pileup and stag-
nation at the outer electrode. It is well known that this
problem. if not alleviated, will degrade the quality of the
focussing action during the radial compression and hence
the neutron production. For the plasma focus device used.
the use of 6 rods as outer electrodes prevents the occur-
rence of such stagnation and buildup of the plasma.
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The current sheath produced in plasma focus devices
can be thought of as a strong ionizing shock wave. driven
by a magnetic piston, propagating into a rest gas and ion-
izing it. Between the moving shock and the piston there
exists a finite volume of compressed plasma. Two gra-
dient zones can be identified in the Schlieren image shown
in Fig. 3(b). A frontal region identified as ‘*A’’ corre-
sponds to the gradient zone immediately after the plasma
jayer. Another region, ‘‘B,’” can be identified at the
plasma-magnetic field interface. The dark line at region
A is generally sharp, smooth, and well defined along the
parabolic sheath, especially in the vicinity where the
sheath intersects the anode (z = —7 mm and 12.5 <y
< 15 mm). In contrast, the line at region B is sharp and
well defined only at the region, z = —7 mm, 12.5 <y
< 15 mm. Elsewhere, the dark line is rather broad and
diffuse. especially in the regions towards the outer elec-
trode (y > 15 mm ). An interpretation of this behavior is
that the magnetic piston is more efficient in the region just
above the anode surface than in the region further away
where the diffusion of the magnetic field into the plasma
sheath occurs. Numerical studies [6]. {7] and analytical
steady-state fluid modeling {5] show that the temperatures
fall with increasing radius (as the magnetic pressure falls).
Due to finite and increasing resistivity, the diffusion of
the magnetic field increases. The thickness of the layer
also increases with increasing radius, as can be seen from
the Schlieren image. This is in accord with the results of
[18], wherein the broadening was attributed to the de-
creased plasma temperature at a larger radius.

From the above observations, it would seem that in the
region adjacent to the anode surface the current sheath is
properly formed due to efficient snowplowing by the mag-
netic piston. and between the moving shock and the piston
there exists a compressed finite volume of hot plasma.
The thickness of the plasma sheath in this region is about
1 mm and the shock is very nearly perpendicular to the
surface. When the sheath diffracts at the truncated end of
the anode. it is this small volume of compressed plasma
that participates in the radial compression. It is thus im-
portant that the plasma sheath in this region is properly
formed and compressed for good neutron production.

In a strong, equilibrium shock, where the Rankine-Hu-
goniot conditions are applied to the transition conditions
across the shock, we have the well-known shock jump
equation [19] for mass density:

v+ 1
v -1

ps = Po ( 1 )
where p, is the filling density, p, is the density immedi-
ately behind the shock, and v is the ratio of the specific
heats. (y + 1)/(y — 1) is the shock compression and
expresses the compressibility of the plasma. The
compression of volume is (y = 1)/(y + 1). In the strong
shock limit, the compression of the plasma reaches a con-
stant (v + 1)/(y — 1), if v is constant, and is indepen-
dent of the piston pressure. If the driving force is in-
creased, the density. is unaffected and the temperature is

simply increased. For simplicity, we consider a slab ge-
ometry of uniform plasma. After propagating a distance
of 16-cm down the coaxial electrodes, the plasma layer
would have a thickness of several centimeters if there were
no mass loss. However, the Schiieren image indicates a
much smaller value for the thickness (in the millimeter
range). This apparent increase in compressibility of the
plasma may be accounted for by noting that becausc of
the canted nature of the sheath, some of the shocked gas
is propelled towards the outer electrode. Since the outer
electrode system is made out of rods rather than a solid
cylinder, it is almost *‘transparent’’ to the mass flow. This
mass loss allows the plasma sheath to be thinner than it
would have been without the loss. It is also worthwhile
to note that the above shock jump relation is for a free-
running equilibrium shock. while it is only towards the
end of the axial rundown phase that the current sheath
reaches a macroscopic steady-state condition [13].

Fig. 4 shows Schlieren images of the current sheath to-
wards the end of the run-down phase in different operating
pressures. The peak speed is obtained by capturing im-
ages of the sheath at various positions along the anode and
noting the respective times of arrival. The values of these
speeds are confirmed through multislit streak photography
[12]. The image shown in Fig. 4(d) is the same as that
shown in Fig. 3(b) where the operating pressure yields the
optimum number of neutrons.

It is quite apparent from the sheath appearances in Fig.
4(e) and (f) that the gradient zone at the plasma and mag-
netic field interface is no longer clearly defined. The tur-
bulent-like nature of that region suggests that the mag-
netic piston is leaky and thus results in a progressively
ineffective snowplowing as the operating pressure in-
creases. The poor efficiency of the magnetic piston is the
result of the slow driving speed of the piston, such that
the temperatures in the sheath produced by the gas dy-
namic shock are not sufficiently high to produce complete
ionization of the collected neutral gas. Thus the plasma
becomes transparent to the magnetic field and leaks
through. If the high ion temperatwre in the plasma focus
is mainly due to randomization of the kinetic energy ac-
quired by the ions during their radial acceleration [20],
such a poor piston efficiency can strongly diminish the
rate of fusion reactions. Thus, this establishes a high pres-
sure limit.

As the operating pressure departs from the optimum
value towards the lower pressure regime, several changes
in the sheath structure can be observed. The thickness of
the sheath in the region adjacent to the anode surface in-
creases as the sheath velocity increases with reduced am-
bient pressure. This increase in thickness can be inter-
preted as the result of the effect of the specific heat ratio
v which determines the compressibility of the sheath. It
is commonly assumed in most analysis and modeling [5]-
[7] that v takes the constant value of 5/3. However, this
is only true when the temperature is sufficiently high, as
will be shown below in the calculation of the specific heat
ratio for deuterium



WOWEK er ¢f CURRENT SHEATH STRUCTURFS OF THE PLASMA FO U3

(c) (d)

(e)

Fig. 4. Schlieren images of the current sheath in different operating pres-
sures. Operating voitage is 14 kV. The field of view is the same as that
shown in Fig. 3(a). (a) | mbar: L1 cm/ps. (b) 2 mbar: 10.2 em/ps. (¢}
4 mbar: 9.2 cm/ps. (d) 9 mbar: 8 cm/ps. (¢) 11 mbar: 6 cm/pus. ()
{4 moar: 5 ¢cm/ ps.

The value of v may be defined in terms of the enthalpy
per unit mass s as [21]
~ &

h=———1TD {
v —1M

t2
—

where

D=1+ 2i

the departure coefficient. R, = the universal gas constant,
M = molecular (or atomic) weight. T = temperature. and
o; = fraction of ionization.

The enthalpy # may also be obtained by summing all
the available modes of energy at a given temperature, giv-
ing the form:

RiID | | [

< 1

5 i

h=2 +— ZakE + Dokl (3)
- J

M mg L

where m, = mass of one atom of the gas, E; = total ion-
ization potential from the atom ground state to the ith ion-
ization stage. and E; = average excitation energy per ith
ionized ion.

From (2) and (3) the expression for vy takes the form:

m,,—l (Z oz,-E,- + Z Q;E‘:\'
N /

- (R, ID)/ M - W

The values of @ may be computed for any given tem-
perature by the use of Saha’s equations. For deuterium. it
is found that o; = 1 for T greater than 50 000 K. Thus.

Z o By + 2ok = Ly
l

Y
v =1

i

where I, is the ionization potential of deterium.
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Fig. 5. Ratio of the specific heats vy as a function of temperature. The vai-
ues shown just beside the pointers are speeds of propagation of the cur-
rent sheath tn cm/ us together with the values of v in brackets. v does
not attain the value of 5/3 until the temperature exceeds 1 000 000 K.

The expression governing the relationship between the
specific heat ratio . the temperature 7. and the shock
velocity v, are obtained through strong shock-jump equa-
tions [19] and is given as:

o ‘__Vz v~ 1

T=24x1 3uf‘ (

w

(v + 1)

A plot of v as a function of temperature is shown in
Fig. 5. In the figure the values of y and their correspond-
ing shock speed are also indicated on the plot. From the
plot it can be seen that the v does not auain the value of
5 /3 until the temperature exceeds 10° K. :

The higher value of v at v, = 11 cm/us when com-
pared to the value of y at v, = 8 cm /ps indicates that the
compression of the plasma is weaker at the lower pressure
limit where the speed of propagation of the plasma sheath
is high. Thus the sheath is thicker. An increase in
compression in both an argon plasma focus {22} and in a
linear Z-pinch operated in argon {23] when compared to
that of deuterium or hydrogen plasmas has been observed.
This effect has been explained solely on the basis of the
difference in the effective value of v of the argon plasma
when compared with the v of the deuterium or hydrogen
plasma [24].

Fig. 4(a) also shows that the thickness of the sheath at
the anode surface is broader than that above it. In all other
images (except Fig. 4/e) and (f)}, tne minimum thickress
of the sheath is at the anode surface. Numerical studies
of the sheath development considering the influence of
electron and ion heat conduction show that the tempera-
wre near and adjacent to the anode surface is reduced by
heat losses to the electrode {6]. Decreasing temperatures
towards the wall of the electrode give rise to an increasing
shock thickness {18]. As a consequence. the sheath thick-
ness increases towards the anode. Hence the sheath struc-
ture in the vicinity of the electrode in Fig. 4(a) may also
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be interpreted as an effect of a temperature gradient com-
ing into play.

1V. CONCLUSIONS

We have tried to show the significance of the current
sheath structure in the run-down phase on the neutron pro-
duction in the plasma focus. Operating the plasma focus
device under different filling pressures leads to structural
changes in the sheath as is revealed by the Schlieren im-
ages. The present results strongly indicate that ionization
processes during the propagation of the sheath in the run-
down phase plays an important role in determining the
operating pressure regime. In most successful plasma fo-
cus devices the optimum operating pressures seem to be
centered around 10 mbar regardless of the energy of the
devices. Furthermore. the speeds of propagation of the
sheath in the run-down phase are seldom greater than 10
cm/ps (see [25. table I]). More detailed investigations
into the structure of the current sheath are definitely re-
quired before this peculiar behavior of the plasma focus
can be understood properly.
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Abstract

The half-life of the ground state of *1®In has been measured many times. However, there is considerable scatter in
the value reported. In an investigation on the usefulness of the plasma focus as a neutron source, the half-lives of several
nuclides have been measured. This paper reports the measurement of the half-life of o1y,

Introduction

The half-life of the ground state of ! ®In has been
measured many times. However, there is considerable
scatter in the value reported, from a low of 12.5 2
(Wilhemimi et al.%) 10 a high of 15.6 £0.5 s (Brzosko
et alAs). The value with the highest accuracy quoted is
14.10 £0.03 s (Beckurts et al.%).

In an investigation on the usefulness of the small
plasma focus device3'® as a neutron source, the activa-
tion of indium in the reaction 115In(n, ) 116yh has
been investigated and the half-life of ' 1%In measured.
Even with the relatively cheap and simple plasma focus
neutron source, we have been able to obtain a value
comparable with the result of Beckurts et al.

Method

The present investigation involves two plasma focus
devices, the UNU/ICTP PFF® and the UMDPFI’. With
deuterium as the filling gas the former yields =~ 108 neu-
trons/burtst while the latter yields = 50 — 100 ns. The
experimental atrangement used in this investigation is
shown schematically in Fig. 1. The D — D neutrons are
slowed down by 40 mm of paraffin before impinging on
an indium foil of diameter 50 mm and thickness
0.2mm. An NE-102 plastic scintillator optically
coupled to a photomultiplier is used to detect the (3 par-
ticles emitted. The f activity of the indium foil before
and after the neutron burst is recorded by means of a
multichannel analyser operating on the multiscaling
mode at 3 s dwell time.
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Fig. 1. Schesatic diagrac of equipuent for half life measureasents.

Results and discussion

Table 1 shows the possible isotopes formed! when
natural indium is exposed to slow neutrons. From the
combination of activation cross sections and abundances,
it is clear that the contribution to the total B activity
from ***In is negligible (less than 0.2%). At early timos
the dominant contribution comes from the ground state
of 1%1n. Contribution from the isomeric state 1467, ml
is small, its initial activity being about 2% of the initial
activity of the ground state. Furthermore, because of its
relatively long half-life (54 min), its contritution to the
detector counts can be considered as a component of
the constant background in the first 90s of the decay.

Fiften independent measurements of the indium
activity are made with the UNU/'CTP PFF and another
seven with the UMDPFIL. The maximum counts in the
first set of measurements ranged between 300/channel
and 1100/channel wkile in the second set they ranged
between 1000/channel and 2700/channel. The decay
curve of one of the runs is shown in Fig, 2. 1t is
consistent with a single decav component. For the
determination of the half-life, the counts recorded in 30
channels (90 s) of the decay curve starting from the
second channel after the neutron burst, are considered.
After background substraction, a weighted least squares
fit®? s applied to each of the decay curves over the
region where the net counts exceed three times the
background counts. The weight applied is given by
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Table 1. The possible isotopes formed when natural indium is exposed to slow neutrons.

Isotopes Activation Products Radiation
(abundance) Cross Section (b) (half-life) of interest
11310 4.3%) 3 41 (729) B (1.99 MeV)
8 1141,ml 5 04)
11510 (95.7%) 42 61n  14s) 8 (3.3 MeV)
161 1167,M 154 my B (1.0 MeV)
91 116;,Mm2 05 5 (164 keV)
Table 2. The halfife of }161n,
Tish paper Earlier results
Set 1 Set 2
Run No, ty/a (s) rx/:(s) ’1/:(3) References Year
1 14.90 $0.74 14.24 £ 0.23 156 %0.5 Brzosko et al.? 1965
2 13.94 £0.92 14.17 £ 0.28 14.10 £ 0.03 Beckurts et al.® 1963
3 13.97 %041 14.62 £ 0.28 14.05 +0.26 Ducat & Thomas'® 1960
4 14.28 £0.58 14.06 £ 0.35 134 $04 Domanic & Sailor'! 1960
5 14.34 $£0.28 14.13 £ 0.21 145 104 Capron et al.!2 1959
6 14.25 £0.39 14.21 £ 0.18 125 %2 Withemli et al. 1953
7 14.04 £0.46 14.40 £ 0.24 13 0t Cork & Lawson®? 1939
8 13.12 £0.79
9 13.11 $0.73
10 14.49 £0.62
11 14.30 £0.55
12 14.55 £0.46
13 14.60 £0.27
14 13.80 +0.44
15 13.78 £0.30
14.20 £ 0.15 14.25 £ 0.13 (weighted mean value)

Wi = O’l—b)z/(v}’,‘*ﬁb)z

where y . is the count at channel {, 4 is the average back-
ground and Ap is the error of the background. Our
results show that the fitting routine yields a consistent
value of the half-life when the fitted interval exceeds
about 2 t1/2.

The halfdife calculated from the 2 sets of measure-
ments are listed in Table 2. For the first set-ef measure-
ments, the calculated values of the half-life range from
13.11 s to 14.90 s while the statistical errors range from
0.27 s to 0.92 s. The scatter for the second set of mea-
surements is smaller, the calculated values of the half-
life range from 14.06 s to 14.62 s while the individual
statistical errors range from 0.18 s to 0.35 s. The weigh-
ted mean is 14.20 £ 0.15 s for the first set and 14.25
*0.13 s for the second set. A possible systematic error

of 0.1 s arising from uncertainties in the background
subtraction and from dead time losses is included in the
final errors quoted. Also listed in Table 2 are earlier
measurements of the half-life of **6In. Our values agree
well with the measurement of Beckurts et al.* (14.10

+0.03s)and with Ducat and Thomas* ® (14.05 £0.26 s).
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A pulsed nitrogen laser may consist of a laser channel sitting astride two parallel-plate
capacitors, one of which is the voltage-swinging capacitor and the second is the laser discharge
capacitor. A multichannel nitrogen laser system is proposed for which the laser discharge
capacitor of the first laser channel also acts a$ the voltage-swinging capacitor of the second
laser channel, the laser discharge capacitor of the second laser channel also acts as the voltage-
swinging capacitor of the third laser channel, and so on. This enables several laser channels to
be fired to obtain full power laser pulses in a precision sequence when operated in the “prompt

sequencing” mode.

I. INTRODUCTION

The transversely excited pulsed nitrogen laser may use
two capacitors, the voltage-swinging capacitor C, and the
laser discharge capacitor C, such as shown in Fig. 1 (circuit
e and circuit 1 only without circuits 2 and 3). When the
external spark gap S'is triggered /, siarts flowing in circuit e
and the voltage across the first laser channel V. startstorise
towards ¥, — ( — V) as C, discharges. The laser channel is
typically set to break down at 1.3-1.7 of V.. When V,, ex-
ceeds this set value /, starts to flow. Discharge uniformity
requiring ad¥, /dr of 0.5 kV/ns or greater'* may generally
beimproved by the use of preionizers.>™ A time resolution of
I ns is needed for optical imaging of fast phenomena such as
the plasma focus.®

For the study of fast dynamics it is often advantageous
to obtain pictures in a real-time movielike sequence with
frame separation of several nanoseconds. This has been
achieved using one nitrogen laser pulse by beam division and
optical delay’ or by mode locking a nitrogen laser-pumped
dye laser.® These methods have the drawback of reduced
power. A multiframing system using several nitrogen lasers
controlled by delay lines has been reported.® The sequencing
precision is, however, not good, being limited by the inherent
jitters of the individual spark gaps of the lasers.

In our present development we connect several nitrogen
lasers as an electrical network so that the lasers are fired in
sequence. The system has the potential of multiframing at
precise intervals of a few nanoseconds and with each frame
having the full power of a single nitrogen laser pulse.

Il. THEORY

We consider three laser channels to be fired in sequence
as shown in Fig. 1. The voltage difference across the three
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channels are denoted respectively by Vei» Voo and V5. In
general, the capacitors C,, C,, C,, C, are charged to voltage
V\, V5 V3, and V,, respectively. As discussed earlier, the flrst
laser channel breaks down when the voltage-swinging C,
discharges, enabling C, to discharge 7, through the first laser
channel. The discharge of C, pulls the right-hand side of the
second laser channel downwards from ¥, towards — ¥, so
that C, whilst powering the first laser channel, also acts as
the voltage swinging capacitor for the second laser channel.
If the voltage swing is sufficient to break down the second
laser channel, then C; discharges /,, powering the second
laser channel whilst simultaneously acting as the voltage-
swinging capacitor for the third laser channel until C, is able
to discharge /5 through the third laser channel.

11l. EQUATIONS

We take the laser channel inductance and resistance to
be L, and r, for each laser gap. The stray inductance leading
up to the laser gap on each side is taken tobe L, =L,=L_

The relevant equations may be written as follows.

A, Circuit e
df, dI
L L — L, == I
(L. + ])dt 1dt+ree
(I, -1
=V,_fif_;)-dz. ()
o C,

Circuit ¢ is switched on at ¢ = 0.

Circuit 3

Circuit 2 Circuar 1 Circuit e

FIG. 1. Circuit diagram of the three-channel sequenced nitrogen laser.
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The voltage difference across the first laser channel is
S, —1)ar
o
S U =1)dr YL di,
C, dr

dl,
+ L, —=
S odr

Vo = (Vo= V) +

(2)

Circuit 1 isswitched on when ¥V, reachesa preset value, e.g.,
1.6¥,.

B. Circuit 1

dl,
2 d—j-— L, +r. I,
dr dt

fje—‘[l

(zLS+Lg+L,+L2>%—L

L1 dr +
C.

2 2
The voltage difference across the second laser channel is
Sy —Lydr (I, I;)dt
. G
dl, dl,
> dr dt
Circuit 2 is switched on when ¥V, reaches a preset value.

= (V=) 4+

dr. (3)

Vg;7=(V3“‘V2)+

dl,
2. (4
o (4)

C.Circuit 2
dl dl dl
2L+ L, + L+ L) =2~ L, =L, —LirI
( ) * dr : dt e
=(V3--V2)+'”- Loy =l (s
3 2
The voltage difference across the third laser channel is
Ve = (V,—V3) _,_.L{.Z__"_{}_d;_:r_lid,
G 4
di,
+L 6
* dr ©)

Circuit 3 1s switched on when V,, reach&c a preset value.

2. Circuft 7

di,
%.:[(vz—l)+U(Lz—L)d¢/5z) f(t ~—L)a’T+l5’zdL2 ar

D. Circuit 3
(2L, + L, +L3-rL)d]1 L, (212+r1
=(V‘,—V3)—f13 dt+j(12_13) dr. (7)
4 3

Equations (1), (3), (5), and (7) are the equations gov-
erning the discharge of the four circuits while Egs. (2), (4),
and (6) are the equations determining the times of switching
on, respectively, circuit I, circuit 2, and circuit 3 relative to
time ¢t = 0.

E. Normalization

The variables are normalized in the following manner:

T=1/ty
where the unit time is 1, = ' (L,C,),
i, =171,
with a unit current of /, = ¥,/ (L,/C,). Also
=0/l t,=05L/1, ts=1/],
and
va =V / Vi va=Va/V,
and

Vey = Vi / V. Wethus obtain the following normalized

.equations.

1. Circuit e

( f(L —L,)dT-i-——aL)/(l+E), (8)
(vﬂ—l)+J‘(L —Ll)dT~U(L,——L2)d/ )

N de,
d'r

Circuit 1 is switched on only when v, reaches the preset
value of F,.

(9

]/(l+ﬁ2+ﬁg+2ﬂ,), (10)

ng=(V;—V:)+<J-(L,—Lz)dT/éz)—(f(Lz—LJ)dT/ )+Bzd“+53d‘3 (2B, + B, + ) d‘". (11)

Circuit 2 is switched on only when v, reaches the preset value of F,.

3. Circuit 2

%—= {(V;—V2)+U(L3~L2)df/53) U(L —Lz)df/52)+ﬁ3 dty +EZ——-a Lz]/(ﬁz+53+ﬁ +28.),

(12)
dL2 dL3
Ver = (v~ v3) + (i3 — t3)dr 5 L,dr +53 — (28, + B+ B. . (13)
Circuit 3 is switched on only when v, reached the preset value of F3.
4134 J. Appl. Phys,, Vol. 65, No. 11, 1 Juns 1989 Lee ot al. 4134
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4. Circuit 3

%: [(%: - VJ) - Uhd’r/&;) + U(L: —L3)d7'/53) +B3 %‘g"_agLB]/(BB +ﬁ4+Bg +2BI)'
T T

Equations (8), (10), (12), and (14) are used to com-
pute for ¢,, ¢y, 45, and ¢,. Equations (9), (11), and (13) are
used to determine the times of switching on, respectively,
circuit 1, circuit 2, and circuit 3.

The scaling parameters are

B. = L,/L,, B, = Lz/Lv B: = LB/Lh

Bs=LJL,, B,=L,/L,, B,=L,//L,

8, =Cy/Cy, 6,=C,/C,, 6,=C,/C,

va= VoV, v=V/V, v,=V/V,
and

a, =r,/N(Ly/C)), a,=r/J(L/C)),

where 7, and r, are, respectively, the spark gap and laser
channel resistance, and the preset breadown voltages of the
laser channels are written, normalized to ¥, as F,, F,, and
Fs.

IV.INTEGRATION PROCEDURE

The scaling parameters are first specified. At 7 = 0, Eq.
(8} is integrated for ¢, numerically by linear approximation
with the initial conditions of f:dr=0, t, =0, and
di,/dr = 1/(1 + B,). The quantities +, and dt,/dr are kept
at O until the value of v, computed from Eq. (9) at each step
reaches the preset value. At this time, Eq. (10) is brought
into operation, switching circuit 1 on to compute the value of
¢, simultaneous with ¢, from Eq. (8). During the simulta-
neous integration of Eqs. (8) and (10), f ¢, d7, t., and di,/
drarekept at zero and v,, is computed at each step from Eq.
(11) to determine when circuit 2 is switched on by bringing
Eg. (12) into the integration scheme. Equations (8), (10),
and (12) are then simultaneously integrated for:,, ¢,, and ¢..
During this integration, f i3 d7, i3, and di,/dr are kept at
zero whilst v,; is computed at each step from Eq. (13) to
determine when circuit 3 is switched on after which time all
fromEgs. (8), (10), (12), and (14) are simultaneously inte-
grated for¢,, ¢y, ¢5, and ¢s.

Y. RESULTS OF COMPUTATION

A. Case 1: Uniform capacitances and charging
voltages—proionged sequencing mode

We first consider a system with identical laser heads and
with all capacitorsidentical and charged to the same voltage.
Typically such a system may have

L ,=12uH, L,=L,=L,=L,=0.15 nH,
L,=0.1nH, L,=0.1 nH,
C=C,=Cy=C,=10 nF, r, =008 Q,
re=012Q, V,=V,=V,=V,=16 kV,

with laser channel breakdown set at 21 kV giving scaling
parameters of

4135 J. Appl. Phys., Vol. 65, No. 11, 1 June 1989

(14)

[

Be = 80! Bz =B3 =ﬁ4 = 1: ﬁg 2079 B_\» = 071
6,=8,=6,=1, a,=0.7, a,=1,
Va=wvy=v,=1, and Fi=F=F=13.

The system of equations (8), (10), (12), and (14) is
integrated with time incremental steps of 0.002 of
to =+ (L,C) = 1.2 ns. The unit of current is J, = 130 kA.
The results are shown in Fig. 2.

On switching circuit e it is observed that current ¢, be-
gins to flow and the laser channel voltage difference ¥y be-
gins to rise as the voltage on C, begins to drop. At 7 = 17.8,
v, has risen to the preset value of F, = 1.3. The first laser
channel breaks down. Current ¢, begins to flow. The voltage
across the second laser channel v, now swings up with a
short time constant of

VIA+B, + B, +28,)6,/(148,)] =1.5¢,
superimposed on a longer time constant of |/ [B, (1 + 5,) ]

= 131,, the latter being due to the slower discharge of C, and
C; together into the branch circuit of the large inductance
L

From the point of view of sequencing precision, particu-
larly in consideration of @V, /dt , we would prefer the second
laser channel to reach the preset F, in the first fast swing, a
mode which we shall term "“prompt sequencing.”” However,
it is found that when operated with uniform capacitances
and voltages such as our present case, v,, only reaches F, in

.1 ——
2 . ‘g3 - 1
3 K : Ay 13 ’ i
S R RN {
o . g !
! !
1]
P! i
[ H
. ]
1 .
1 :
|
v'\ !"\
i 3

0.

!
0.0 : . i

10 20 30 40 50 60

|-+

FIG. 2. Computed voltages across the laser channel, laser currents, and
laser currents squared as functions of time; all variables are normalized.
Parameters used are those for a “prolonged sequencing” mode.
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the second fast swing, a mode we shall term *‘prolonged se-
quencing” whenever the breakdown occurs later than the
first fast swing. That this second upswing is related to the
oscillation of the ¢, trace superimposed on the oscillation of
¢, 1$ confirmed by examining the :; and ¢, traces.

When the laser channel 2 has broken down, ¢, begins to
flow and v, beginsits swing upwards again with a short time
constant swing superimposed on a longer time constant. For
our present parameters v,, does not reach the preset value of
Fy= 1.3 uniil its fourth swing, as confirmed by examining
the corresponding trace of ¢,. After the third laser channel
has broken down the current ¢, flows. The laser current
pulses have the following characteristics:

First pulse: amplitude = 0.42 I,

FWHM of power curve = 2.0¢,;
second pulse: amplitude = 0.44 I,

FWHM of power curve = 1.5¢,;
third pulse: amplitude = 0.42 I,

FWHM of power curve = 1.1z,

These are the pulses responsible for producing the nitro-
gen laser pulses. It is noticed that with the scheme of uniform
capacitances and voltages we have a “prolonged sequenc-
ing” mode with the three laser producing pulses separated,
respectively, by 137, and 26¢,,.

The prolonged sequencing mode has the additional dis-
advantage of a slow d¥, /dt particularly for the breakdown
of the third laser channel. It is doubtful from the ramp ob-
tained in Fig. 3 of less than 0.1 kV/ns for ¥, /dr whether
that laser channel could lase consistently even with preion-
izers.

B. Case 2: The prompt sequencing mode

Prompt sequencing may be obtained by using progres-
sively reduced capacitances in the sequence of capacitors.
This may be aided by progressively increasing the voltages in
the sequence of capacitors thus enabling also pulse power
compensation. Both arrangements have been computed.

Figure 3 shows the result of an arrangement with reduc-
ing capacitances but with the same voltage on all capacitors.
The changed parameters are

C,=24nF, C,=12nF, C,=C,= 6nF,
r, =006 Q, r, =0.08 Q,

4
and
Vi=V,=V,=V,=14%V,
giving scaling parameters of
B =80, By=p=B,=1, B, =07, B, =07,
6,=05, 6 =6,=025 a,=0.75
Vy=v=v, = l,and Fy, =F, = F; = 1.6.

a, =1,

Heret, = (L,C,) = 1.9ns,1, = 175kA, and the com-
putation shows in Fig. 3 that prompt sequencing is achieved
with the following pulses:

4136 J. Appl. Phys., Vol. 65, No. 11, 1 June 1989
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FIG. 3. Computed voltages across the laser channel, laser currents, and
laser currents squared as functions of time; all variables are normalized.
Parameters used are those for a *‘prompt sequencing” mode.

First pulse: amplitude = 0.4 I,
FWHM of power curve = 2.0 7,
second pulse: amplitude == 0.34 I,
FWHM of ;Sower curve = 1.5¢;
third pulse: amplitude = 0.32 [,
FWHM of power = 1.1z,

with precise pulse separations of 2.5¢, and 2t,, respectively.

Vi. SOME EXPERIMENTAL RESULTS: PROLONGED
SEQUENCING MODE

An experiment has been carried out with an existing
arrangement (see Fig. 4) using capacitors fabricated from
aluminum foils insulated by three layers of 2-mil mylar

laser output

aluminum base plate

FIG. 4. Schematic of a three-channel sequenced nitrogen laser. The high-
voltage plates of the capacitors C,, C,, C,, and C, are made of aluminum
foils

Lee et al. 4136
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Time scale: 100ns/division.

FIG. 5. Oscillograms of photodiode signal monitoring the three-channel
sequenced nitrogen laser operated in the prolonged sequencing mode; time
scale: 100 ns/div. (a) Shot with three laser pulses in “prolonged sequence.”
(b) Shot with the third laser pulse missing.

sheets to give capacitances of C,=C,=C;~C,~10 nF.
Three identical 20-cm-long laser channels are used each with
6-mm-thick electrodes separated by 3 mm and operated with
a flow of nitrogen slightly above atmospheric pressure.
Preionizing corona blades are used to promote uniform
breakdown.’ The three laser pulses are each suitably atten-
uated and imaged to fall onto a p-i-n photodiode which has
its photocurrent recorded on a 100-MHz storage oscillo-
scope with the rise time of the system estimated to be 7 ns.

Figure 5(a) shows the three laser pulses separated by
intervals, respectively, of 25 and 40 ns. This compares favor-
ably with the predicted intervals of 131, and 26¢,, if we take ¢,
as 1.6 ns.

Figure 5(b) shows a shot where the third laser pulse is
missing, which happens quite frequently. When the third
laser pulse is missing, two things are observed: (a) The first
two laser pulses are still present with consistent intensities
and (b) the third laser tube flashes but with very poor spatial
uniformity. The observations are entirely consistent with the
results of Fig. 3 which have been discussed in Sec. V A.

VIl. CONCLUSIONS

An electrical network for firing several nitrogen lasers
in sequence is suggested. The circuit theory is developed and
computation shows operation in two possible modes-—the
“prompt sequence” mode and the “‘prolonged sequence”
mode. The prolonged sequence mode with relatively widely
spaced laser pulses is predicted to be irreproducible in laser

4137 J. Appl. Phys., Vol. 65, No. 11, 1 June 1989
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action of the late firing lasers due to a small rate of rise of
voltages across the relevant laser channels. The prompt se-
quence mode with closely spaced laser pulses is predicted to
have high sequencng precision since the sequential switch-
ing action does not depend on separate spark gaps but only
depends on inherent voltage swings across the laser channels
typically having the order of 5 kV/ns.

The theory has been tested experimentally with an exist-
ing arrangement of three nitrogen lasers having identical ca-
pacitances and charged to the same voltage. This gives rise to
three laser pulses in a prolonged sequence as predicted by the
theory. The pulse separation of 25 and 40 ns, respectively,
compares favorably with that predicted by theory. When
equipment becomes available, a prompt sequence arrange-
ment will be tested.
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Fusion Programmes »vin Malaysia
S. Lee
Physics Department, University of Malaya

§9100 Kuala Lumpur, Malaysia.

Abgtract:

Fusion Programmes in Malaysia are briefly
reviewed with some attention to historical perspective
and to the academic continuity from undergraduate through
to doctoral programmes. The research in the areas of
glow-discharge, small tokamak, pinch, current-stepped
pinch, vacuum spark pinch and the plasma focus is then
reviewed. The central research fheme threading all this
research 1is identified as a study of the limits
and enhancement of compressions. Our work shows that
in general density compressions are limited and in-
dependent of the absolute magnitude of the compressive
force. Enhancement of compression may be achievad through
time variation of the force field, e.g. specifically
using a force-stepping technique, through a reduction °
in specific heat ratio and in the case of the pinch
through an elongation of pinch langfh during the comp-
ression. These ideas are applicable to magnetic field
compressions as-well as to radiation-driven compressions
and should prove useful to aid in understanding e.g.
the plasma focus scaling laws.

This review -also reports the axperience of the
research group in its attempt to share fusion related
technology on a South=South basis by the development of
specific training packages. One such package the UNU/ICTP
Plasma Fusion Facility has already been daveloped and
8 sets have bean sent back to the home institutes of the
UNU/ICTP Fellow trainees. A compact torus FRC based on
the Rotamak doncept is also being developed.

Paper prepared for the Symposium on Third World Fusion
Programmes and South-North Collaboration, 8-9th June ]989
Trieste, Italy.
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Ir.rroduction

Fusion Kesearch in Malaysia is centered In the
plasma Research Laboratory, University of Malaya. This
laboratory was started in the early 1960°'s by S.P. Thong
who at that time was associated in glow discharge work
in collaboration with K.G. Emeleus of Queens University,
Belfast. Aware of the work already on-going at-that time
in Britain on controlled fusion research Thong had the
foresight to acqire from the British Government through
the Colombo Plan 100 pieces of u0kV 0.6 uF fast discharge
capacitors. Preliminary. work with these and other capa-
citors resulted inthe first Physics H.Sc thesis in Malaysia
being produced on the topic of electric and electromagnetic
shock waves under the supervision of H.H. Tehl-3 in 1966.

In 1970 the technical problems of installing
these capacitors were solved with a design dividing the 100
capacitors into Y modules each switched by 2 ignitrons
with the help of a voltage division technique proposed -
earlier by C.P. Lim. In 1972 1.9MA was measured in a full
testue This capacitor bank is still operational and will
soon be converted to be switched by parallel pla{e gwinging-
cascade spark gaps. A plasma focus Was designed and in
October 1973 D-D nuclear fusion neutrons were measured from
the focus by time-of-flight method giving an energy of

2.2 + 0.1 MeV in a 'backward’ direction,S

During this period of development and gince then
we have planned our research mainly on academic basis re-
sulting in the production of 5 Ph.D 6-10 4nd 15 M.Sc
thesesll‘zu in plasma and fusion physics. Continuity
between undergraduate and postgraduate work is maintained
by undergraduate courses in plasma and fusion physics
augmented by undergraduate experiments in glow discharge,

electromagnetic shock tube and pulse electronics experiments.

(S 4]
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Zxperimenta. plasm. research in Malaysia is
currently carried out on,the following devices :
glow discharge, small tdkamak9 current-stepped Z pinch,
vacuum spark x-ray source and the plasma focus. Various
lasers are being developed for diagnostic work. A trans-
istorised Rotamak which is a compact torus FRC‘with
current drive is being developed at our associated
Pulse Technology Labdratory and an elongating Z-pinch
is being designed at the Technology University.

Programme areas

Over the years the research has developed a
pattern propelled primarily by the academic needs and
perceptions of individuals within a framework of limited
infrastructure and financing typical of the university
environment of a developing country. Yet a pattern has
loosely developed and three broad areas may be identified:

I. Long-lived plasmas, production and diagnostic techniques.

II. Pulsed plasmas, production and properties and techniques

for compression enhancement.
ITII. Development of fusion-related technology for research

initiation in developing countries.

I. Long-Lived Plasmas

Work on these plasmas include the Glow Discharge,
a Small Tokamak and recently we have started constructing
a transistorised compact torus FRC device with current-
drive frcm either a rotating magnetic field or from a
transverse oscillating magnetic field. This device called
the Rotamak was first developed at Flinders University of

South Australia and was transistorised as a specific project

to bring the technology of a compact torus FRC within the

reach of a developing country.



Glow Discharge

Heasurements on glow dischargezs have been
continued. Recent developments include pulsed Langmuir
double probe studieezj in various gases and a computer

based data acquisition systemzae

Small Tokamak,

A small Tokamak was planned29 and plasma obtained
in June 1983 with the following parameters :

major radius R 0.25m
major radius a 0.05m
R/a ’ 5
toroidal field B 0.5T
plasma current 10 kA
safety factor q 2.5
lifetime (optioally 200 pus
observed)

operational pressure 1073 torr

Ty 10 eV

Stabilization bank

Capacitance 60 uF
Charging voltage 26 kV
Coil inductance 63 mf
No. of turns 100

Coil current 25 kA
risetime 100 us

Heating bank

Capacitance 100 pF

Charging voltage 4 kv

Coil inductance 360 uH

No. of turns 20

Coil current 2 kA

risetime 300 ps
59-6
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The toroidal stabilization field, planned at 2T isg
severely reduced by induced current effects in the
stainless steel wall of the plasma chamber.

Rotamak

In the Rotamak30
an axial bias field in such a direction that the,axial
field of the plasma current opposes the axial bias field.

a plasma current is driven around

When the driven plasma currerit becomes large enough

it reverses the original axial field in the central
region. These reversed field lines in the central

region join up with the field lines having the original
direction in the outer regions to form a compact-torus
field-reversed-configuratation with closed field lines.
The Rotamak traditionally uses a magnetic field, rotating
at a frequency between W, (plasma electron frequency)

and w, (plasma ion frequency), to pull along the
electrons, thus producing the current drive in the plasma.

In conventional Rotamak devices the RF generators
for the rotating magnetic field require expensive triode
valves. In a specific attempt to develop low-cost Rotamak
technology suitable for the Third World transistorised
RF generators using MOSFETS were developed at Flinders
University. Moreover during that exercise it was found that
an oscillating magnetic field transverse to the axial bias
field was sufficient to produce the Rotamak configuration.
This provided a further simplification?l

7y



The Rotamak we are building uses a glow-discharge
for preionisation and a MOSFET RF generator of 2 kW to
power the oscil_ating transverse magnetic field at 500 kHz.
We expect to drive a plasma current of 200 A in a
chamber of diameter 25 cm holding an FRC plasma at a

12

temperaturézg{ JeV and an electron density of 107 "/c.c

with a 1lifetime of several 10's of ms.

II. Pulsed Plasmas - Studies of Compression Limits and

Enhancement

Much of our plasma and fusion-related programmes deal
with pulsed plasmas and may be connected by the research
theme of compression limits and compression enhancement.
From energy and pressure consideration applied to fast
compressions it may be shown that generally for a spherical
compression driven by piston-like force field with force [,
the final compressed radius ro is related to the initial

radius L by the compression limit expression.

_f(y) s dr
8 Tm

where. £(y) is a function of the gppecific heat ratio vy and f e
is pelated to the reflected shock over-pressure as the

reflected shock hits the incoming piston force field.
This simple relationship has the following important

features, determining compression iimits and indicating

methods of enhancement. These features are:
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1. It determines the radius ratio rm/ rband shows
that the radius ratio is determined by energy

and pressure considerations.

2. The radius ratio (hence density compression) is
independent of the absolute peak magnitude of the

force F.

3. The density compression depends on the space -
or time - variation of the force field.

4. It depends on the specific heat ratio.

5. It depends on the reflected shock over-pressure factor

factor £ .
rs

For a radiation-driven compression in a spherical
geometry33 the corresponding energy balance equation is
r

.13 - 1) o
Rm = T—IF— i Rdr

rg m m

where R is the radiation power.

This expression may be used33 to show that a square
power pulse radiation piston will produce a density
compression of only 27 for ay = 5/3 fully ionised plasma
whereas a sequenced double pulse each with linearly
rising power may increase the compression limit to 1750
greatly increasing the fusion energy gain factor for a
given absorbed energy in a spherical D - T target.

For a pinch the compression limit expression takes the form:

.2y - 1) 1t de
1 ?oE T—I-Z;— v L=

rs



where i1,k and 4 are the normalised current, radius
and length respectively and m indicates the quantity
at time of maximum compression. From this expression

several methods of compression enhancement are proposed

1. Pinch elongation, as in the elongating

pinch or plasma focusesu

ko

2. Reduction35 of vy, e.g. as y *+1 Km® ;E
o

»Oi

This applies particularly to high - Z plasmas
which remains freely ionizing even at high
temperatures e.g. argon or xenon in pinches,
hollow pinches or plasma focus or high-2

. 7
plasmas in vacuum-spark plnches.as’ 3

3. Current-stepped compressions.38

20

Effects of radiation cooling have also been considered.

Vacuum Spark Pinch

In this experiment a cloud of high-Z material is
injected into a vacuum gap by irradiating a pointed
stainless-steel cathode with a 60MW ruby laser pulse.
This high Z-material is then compressed using the current
from a fast 22uF capacitor charged to 20kV. From x-ray
emission experiments hot spots, possibly radiation

collapsed, with electron temperatures up to 10 keV have

been measured,37

Recently a miniature vacuum spark device using nF

capacitors is being developed as an X-ray source.

59-10
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Current-Stepped Pinch

In preliminary work a low performance linear Z-pinch
with @ = 15, where a = electrical characteristic time/
pinch characteristic time, has been built for laser
scattering diagnostics in a joint project with the
Laser Group®. This pinch produces a plasma with
Te ~ 30,000 K estimated from observed converging shock

waves.

Modelling of pinch has been carried out using
circuit-coupled snow-plow model with energy balance
limitag-uo. A generalised slug model was also developed
for general pinch computation including radiation

cooling effects 20, 41.

Another pinch with a = 0.8, 8 = 0.9 has been
designed to give a hotter plasma with the aim of
connecting to two sequenced capacitor banks for testing
the current-stepped pinch compression enhancement
effectnuz

In preliminary work the design was constrained by
existing conventional capacitor banks. It was decided to
operate the 1l5cm diameter pinch at average collapse
speed of 2.5 cm/us 1ncreasing to 6cm/us before the
current step. However no increase in compression was
observed since at this speed range the expected increase
in compression may be cancelled by an increase iny at

bem/us and beyond.

To remove this ¥y -compensation effect the current-

Stepped pinch needs to be run at a higher speed so that
the y remains at constant high value and doe
substantially-during the current-step,

siderations requre a 150kV 0.6uF Marx g

8 not change
The design con-
enerator to
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provide a 70kA pulse to be current-steppes DY ~eans
of a 150kV water-iine pulsed-charged oy & 0.1ufF,

150kV Marx. These are at present being constructed.

Plasma Focus

A Mather's type plasma focus, the UHDPFI“3, has

been.operated in the laboratory for a number of years.

The following are the typical operating conditions:

{nner electrode radius 1.3cm (hollow copper tube)
outer electrode radius 4.3cm (six copper rods)
length 16 cm

Capacitance 60uF (ignitron switched)
current 550kA at 20 kV

Current risetime 33us

pressure (Dz) 8 torr

neutron yield 10g per discharge

The device has also been operated in argon.

Measurements made on this device include device

43-u5

characterisation gsoft X-ray pinhole photography

and temperature measur@mentus9 ehadowgraphsuhqgg
‘o i . 5
holographic 1nterferometrylg9 neutron time of flight ,

49

neutron counting169 , neutron half-1ife measurements

and dynamic modelling25’51n We have also started work
on charged particle measurements using emulsions and

mass B8pectrometers.
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more and more to the following @

development of diagnosticssg and modelling of dynamicssy

development of applications e.g.as neutrorrlor soft x-ray
sources

development of fusion neutron scaling laws

development as a cost-effective training package for
international cooperationqgg 52,58,

The latest development include a target techniqugjfor
determination of fusion neutron source structure in the
plasma focus and more efficient nitrogen lasers 54,55
for focus diagnostics with shadowgraphy, Schlieren system

and M-Z interferometry 56,

On the question of neutron scaling the plasma focus
seems to be unduly restricted to a fusion neutron yield
- (current)u law due to an observed restriction of axial
Epeed to 10cm per microsecond. He are studying the
possibility of increasing this speed. Preliminary ﬁtudiesse
seem to indicate that increasing the axial speed leads to
a decoupling of the magnetic piston and shock front during
the end of the axial phase - a natural consequence of the
rise of y towards 5/3. If this problem can be solved,
by geometry, by seeding with small amounts of high-2Z
material, by gas puffing or current-stepping; this might
lead to a yield- - (curr@nt)7 scaling with great consequence
to the plasma focus as a fusion device.

Elongating Pinch

An elongating pinchsg is being designed at the Plasma
Research Laboratory of the University of Technology.
This is a linear Z-pinch with a hole (radius - 0°5ro)
in the centre of each of the cathode and anode. To
each hole is attached a straight side arm . When the plasma

column pinches to the size of the hole any further
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‘compression by the pinch current causes the plasma
pinch to elongate into the side arms. This
elongation will enhance compression and stability.

I1I1I. Development of Fusion-related Technology for

research initiation in Developing Countries

In view of our relatively extensive experience
in experimental plasma physics the Plasma research
group has pioneered the concept 49,52
fusion-related technology in developing countries.

of sharing of

We have developed the concept of packaging cost-
effectively an integrated facility consisting of well
defined sub-systems which together make up a complete

facility for research and training.

For example we have identified that the following
sub-systems are necessary to start experimental
research in a developing country on the plasma focus

simple vacuum system
focus electrode system with vacuum feed~through
= and proper insulation

small capacitor bank (3kJ) and high current
switch

control and triggering electronics

power supplies

simple diagnostics for current, voltage,
magnetic field,x-ray, neutron and laser
shadowgraphy

plasma dynamic model with structure and chemistry

gsuitable for use on a microcomputer.
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These ideas expounded at the ICTP in Triest@gz
have been further developed with the help of the Firstzsg
Second and Third Tropical Coll@gessxé and has received
full tests in the 6-months UNU Training Programme in
Plasma and Laser Technology (1985/86) and a subsequent
(UNU) ICTP Training Programme (1988). For these
Training Programmes twelve UNU/ICTP Fellows (from
Indonesia, India, Pakistan, Egypt, Nigeria, Sierra Leone
and Thailand) have worked together with us to develop
research packages for the plasma focus, glow discharge
and nitrogen laser. The work has produced a number of

research reports and papersug’so’soﬂsu

During this Training Programme was developed a
complete Fusion Eacilityug now designated as the UNU/ICTP

PFF (Plasma Fusion Facility).

In the First Training Programme five complete sets
of the device were tested over a period of two months,and
each was found to work reliably producing well-defined dynamics
and reproducible fusion neutron bursts. On 20th January
1986 ICTP Director Professor Abdus Salam honoured us
with a visit to the training programme when he witnessed

a fusion discharge.

As a result of the training programmes plasma focus
fusion facilities are in various stages of development
in Pakistan, Nigeria, Indonesia, Thailand, India, Sierra
Leone and at Al Azhar University of Cairo. The first
experimental plasma physics Ph.D has been produced in

Pakistan and several M.Sc's in Nigeria.
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The momentum generated by these results has led
to the formation of the Asian African Association for
Plasma Training (AAAPT) with the aim of extending the
concept of effective hands-on training at progres-
sively higher levels by making available resources in
plasma physics of countries like China, Egypt and
India. It is felt that our training resources in
experimental plasma/fusion physics will become more .
comprehensive when we have developed a simple coste
effective package in a Tokamak-type plasma or a
compact torus FRC plasma.

Conclusion

it may be seen that after some 28 years of
plasma/fusion research in Malaysia our programmes are
still physics-based aimed primarily at academic
production and the development of practical methods
for the sharing of plasma/fusion technology among the
gmaller Third World Countries. We feel that the
time is not ripe for us in Malaysia to have a large
programme, Or a programme involving a ‘'large’ or
"national-sized' machine. We see ourselves playing
a useful role in fusion-related technology in the
community of smaller Third World Countries. We hope
to continue fulfilling this useful role, with the
help of ICTP and TWAS, using small but high quality
machines in the area of long-lived and pulsed plasmas.
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Abstract
A low-cost Rotamak was developed driven by twansistorised RF generators producing 1.7 kW per phase at 170 V
with a pukse duraton of 40 ms. Compact torus field-reversed configurations (FRC) were observed with single-phase
operation as well as with conventonal two-phase Rotamak operation. These compact torus plasmas were stable for the
duration of the RF drive. Operational regimes were mapped out delineating no-breakdown region, plasma current cut-
off regions and FRC regions where the driven plasma currents were sufficient zo produce the stable compact torus FRC.
Radiel and axial scans measuring poloidal field B, demonstrated the magnetic configuration which was established. In

either mode of operation the current drive efficiency was found to be 0.1A/W.

Introduction

There has been some interest recently to de-
sign low-cost plasma experiments which may be
used for teaching and research initiation in deve-
loping countries. The requirements for suitable
experiments are rather stringent. For whilst.the
experiments must be cost-effective and afforda-
ble it must also at the same time demonstrate
some important aspects of plasma physics or
plasma technology. Thus a plasma focus device
known as the UNU/ICTP PFF has been design-
ed! specifically for the purpose of research initia-
tion in developing countries in experimental plas-
ma physics That device is low-cost and yet is
suitable for teaching plasma dynamics and plas-
ma auclear fusion and may also be used as a
source of plasma x-rays, relativistic electron
beam and neutrons. The plasma focus repre-
sents a class of devices with short-lived (micro-
second) plasmas and extreme conditions of den-
sities and temperatures. On the other hand, much
of fuson physics and technology is based on
longer-lived plasma. Of growing importance is a
class of device (the compact torus) known to be
more efficient in usage of magnetic energy than
the Tokamak which is the leading contender in
the present international effort to harness fu-

sion for energy purposes. It has been felt that the
programme for low-cost plasma experiments
should also include a device of the compact torus
type.

We have considered the Rotamak from this
point of view. The Rotamak? employs a current-
drive technique which uses a rotating magnetic
field to drive a continuous electron current in a
plasma ring. This method of current drive has al-
ready resulted?> 3 in reproducible and -macro-
scopically stable plasmas in the longest lived
compact torus configuration in the world. Plans
are being made at Flinders University to scale up
the Rotamak experiments to demonstrate per-
formance at higher powers. For the present paper
however we consider a scaled-down version in
an effort to develop a teaching and research faci-
lity at a low-cost level,

In the Rotamak the rotating magnetic field is
conventionaily produced by RF (typically of
frequency w ~v 1 MHz to fulfil the Rotamak
condition that the ion Larmor frequency
w; < w < w, the electron Larmor frequency)
applied to two pairs of Helmholtz coils with the
axis of 1 pair perpendicular to the axis of the
other pair. The RF applied to one pair is 90° out
of phase with that applied to the other pair so

*Visiting Professor on leave from Physics Department, University of Malaya.



62

that the magnetic field due to the RF rotates
with the frequency w. This method is termed the
conventional two-phase Rotamak drive. An addi
tional externally generated magnetic field (the
poloidal field) js oriented orthogonally to the
two pairs of Helmholtz coils to provide a com-
pensating force to the ‘hoop force’ of the driven
plasma current in order to have equilibrium.

In the consideration of the Rotamak as a low-
cost device the item that represents the highest
cost in existing Rotamaks was identified as the
RF generator. In past Rotamak devices? ~¢ the
RF generator, one for each pair of Helmholtz
coils, uses an expensive triode valve or capacitor
line generators. Technically then the key to the
present problem lay with the. development of a
suitable low-cost RF generator.

In the process of this development was assem-
bled a Rotamak driven by transistorised RF gene-
rators using MOSFETS. Moreover it was found
that compact torus FRC was produced even
when only one pair of Helmholtz coils was ener-
gised with the driving RF. This we term single-
phase operation.

The device supplied 1.7 kW of RF power to
each drive phase at 170V. Stable compact torus
FRC was observed for the duration of the RF
drive of 40 ms in both modes of drive namely
the single-phase operation and the conventional
two-phass Rotamak operation. Curent-drive
efficiency of 0.1 A/W was observed for both
modes of drive, this efficiency being sufficient
in either mode to produce the field reversed con-
figuration (FRC) characteristic of the compact
torus geometry.

Ex perimental

The experiments were carried out in the
device shown schematically in Fig. 1. The glass
spherical chamber had a radius of 14 cm and two
side arms form part of a vacuum system with a
base pressure of less than 107 torr. The poloidal
(‘ertical’) field coil had 12 tumns on each side
and produced a B, field of 0.107 G/A when mea-
sured at the centre of the vessel. The mirror ratio
of the poloidal B, field was measured as 1.7.
The power supply to the coil could produce up
to 250 A in a square pulse lasting 100 ms. It

HELMMOLTZ .RF DAIVE COILS
(PHASE))  (PHASEDN)

PREIONIZATION
coiL

GLAsS
VE9SEL

<N

VERTICAL
FIELD COMLS

Fig. 1 Schematic diagram showing the rotamak con-
figuraton.

could also produce a linearly rising current fora
ramped B, field.

The rotating field Helmholtz coils were
wound from insulated wire with each coil having
6 tumns. The vertically located pair of coilshad a
measured inductance of 22 uH whilst the hori-
zontally located pair of coils had 20uH. A
composite capacitor made up of high voltage RF
capacitors with an equivalent value of 1120 pf
was inserted in series with each pair of driving
Helmholtz coils for tuning purposes. Prejoniza-
tion coils of seven turns each fitted to the side
arms of the vessel were connected to a 300W
continuous RF supply operated at 8.7 MHz for
most of these experiments.

Ir. operation the system pressure was adjusted
to the working pressure (typically several hun-
dred micron) by the combination of a needle
valve controlling the argon inlet and a butterfly
valve controlling the pumping outlet. The pre-
ionization RF was then switched on producing
an RF glow discharge in the glass vessel. The bias
field was then triggered and after a variable delay
follows the 1 MHz RF pulse of 40 ms duration.

Diagnostics include a Hall probe to measure
B,. This probe, with filters and amplifiers had a
sensitivity of 5.8 mV/G and was movable along
the z-axis to enable B, to be measured as a func-
tion of the z-position. Another similar Hall probe
was positioned. to measure the value of B, at
z = 0 as a function of the radius 7. A 5000-tum
Rogowski coil was inserted around a half section
of the plasma along glass tubing guides (see Fig.
2) 50 as to measure the driven azimuthal plasma
current Io. Used with a RF choke, a 5 kHz low-
pass filter, a 50-time amplifier and an active inte-
grator terminated in a second 5 kHz filter the
coil had a sensitivity of 0.44 mV/A.
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Results

Experiments were carried out to determine
the range of driven currents for both single as
well as two-phase drive. The input RF voltage
was fixed at 170 V. The applied B, field and the
test pressure in argon were treated as parameters.
Results for single-phase operation are presented
in this paper in Fig. 3—8.

Singlo Probe-yuids

Rogowsii Coll

i ——Axinl Probe
Port

Redisl probe port

21 proba-guire

Fig. 2 Schematic diagram of the rotamak apparatus
(top view) showing location of magnedc probe
guides and Rogowski coil. The cenue of the
(r, 6, z) coordinates system used in the text is
taken at the cenue of the spherical discharge

Fig. 3 Field-ramped experiment, single phase operaton.
Hall probe measurementws, wace 1 and 1’ for By
at r=0, z=0 for the two cases with preioniza-
ton (discharge) and without preionization (no
discharge) respecuvely; ramped vacuum B field
(Trace 1) of 0.65 G/ms. Time scale (horizontal)
is 10 ms/cm; B amplitude is 6.8 G/cm. Rogow-
ski coil measurement, traces 2 and 2’ for J, with
preionizaton and wirihout preionization respec-
tively. Zg is 30 Acm . (Pressure was 0.4 mtorr
in argon; the RF pulse of 40 ms ‘dusation was
applied at the start of the B; ramp.)

Trace | E,:-\.

Trace3d, RF=

Trace 2
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Fig. 4 Field ramped experiment (single phase opera-

200

180

teo.

140-

ton).

Trace 1: Hall proble measurement (B;); 6.8G
per cm; horizontal scale; 10ms per cm.
(Vacuum field ramped at 0.65G per ms)

Trace 2: Rogowski coil measurement ( 9): 30A
per cm.

Trace 3: RF envelope; 20 A per cm (pressure
was 0.2 mtorr in argon; The RF puise
has a duration of 40 ms and starts at
the same tme as the vacuum field
ramp.)

Plagma

Currant

Cutof!

2
Appiled By ol Ew0, 730  Pn Gaws)

Fig. 5 Single-phase operational regime in argon with RF

of 1MHz at 1.7 kW and preionization using 8.7
MHz RF. Each curve was obtained eith a vaccum
B; field ramp of 0.41G per ms at fixed pressure.
The range of FRC operation for each fixed
pressure is denoted by two large dark dow up 10
0.4 mtorr, above which pressure no FRC opera-
tuon was obgerved with the present single phase
input power of 1.7kW.

The region encircled by the dashed line repre-
sents the FRC operatonal regime for single phase
input at this power level of 1.7kW.
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Fig. 6 Discharge with field reversal and stable for 40ms.
Overlay of oscillograms for two idendcal dis-
chhrges to show reproducibility at 0.2mzorr,
vacuum B, =4.5G and RF of 1.7kW.

Top mrace: By atz =0, r=.0;4.5Gper cm

Middle trace: Envelope of RF current; 40Aper
cm (RF pulsed wrned on 20ms after start of
CRO uaces, or 8ms after start of B; field).
Bottom trace: Driven plasma current 19 ; 110
Apercm Time scale (horizontal): 10ms per cm.

Noutral
Point

tem)

2

4

Fig. 7 By as a functon of z along r=0atr=31.5ms
referenced from swrt of RF puise. Applied
vacuum field of B, =5.5G at 0.3 mtorr argon,
single phase RF drive of 1.7kW.

Field ramping experiments were carried out-
which enable a range of applied (vacuum) B,
fields to be covered in one discharge at a fixed
pressure. An example is shown in Fig. 3 with a
discharge carried out in 0.4 mtorr of argon. In
this experiment the RF pulse is applied at the
start of the B, ramp and lasts 40 ms. In this
oscillogram there are 2 sets of traces labelled 1
and 2 and 1' and 2'. Traces 1 and 1’ are Hall
probe measurements of B, at z = OQandr=0

(@]

Beparearia

Fig. 8 B; as a functon of r along the linez=0atr=
31.5ms and conditons identcal with those of
Fig. 7.
Magnetc flux Y as a functon of r, derived from
Bz,
for the cases respectively with and without pre-
ionization. Without preionization the plasma did
not break down and hence trace 1’ represents the
applied (vacuum) magnetic field B, ramping up
at a rate of 0.65 G/ms. The horizontal line re-
presenting B, = Oat the start and at the end is of
special importance in this oscillogram as the ap-
plied field B, (see, trace 1') is always below this
line and a Hall signal measured above this line
indicates the occurence of field reversal and the
establishment of a compact torus FRC. Thus
trace 1 indicates measurable field reversal in the
time period 3-8 ms after the start of the B,
ramp when the vatue of applied B, was between
95 G. Cut-off of driven current, indicated by
the B, trace reverting to the trace 1 occured at
14 ms when the value of the applied B, field was
9 G. Traces 2 and 2' show the output of the
Rogowski system respectively with and without
preionization. Trace 2' (together with further
careful observations) shows that the Rogowski
system was directly affected by the applied B,
and registered a linearly ramping signal corres-
ponding to the B, ramp even when no plasma
discharge took place. Thus subtraction of trace
2’ from trace 2 (with further subtraction of the
obvious off-set between the two traces) enable a
measure of the driven current at each value of

P
1
£




. It is clear that current cut-off occured at
t" 14 ms after the start of the B, ramp.

Fig. 4 is another set of osciflogmm taken at
0.2 mtorr with trace 1 measuring B, indicating
a clear regime of field reversal and trace 2
measuring the comesponding driven plasma cur-
rent Iy, Trace 3 shows the envelope of the
driving RF current. At the startoftheBz ramp
the RF current had a value of 24 A dropping to
18 A as the driven plasma current reached peak
value and then rose to 35 A abruptly at current
cut-off, and remaining at around that vatue for
the rest of the 40 ms pulse duration of the RF
pulse. The approximate halving of the RF
current from the condition of no-load (ie.
plasma current cutoff) to the condition of
maximum plasma loading (ie. maximum plasma
driven current) could indicate that the maximum
driven current was limited by the power transfer
from the RF source to the plasma.

From a series of such B,-ramped experiments
at different pressures a diagram of operational
regime was mapped out giving driven current Iy
against applied B, at various pressures. Indicated
on the diagram are the current cut-off regions
and the regions where breakdown could not oc-
cur despite the use of preionization RF. In the
diagram (Fig. 5) the field reversed region is indi-
cated by the letters FRC. This compact torus
FRC region includes the low-pressure region of
0.1 mtorr—0.4 mtorr from small values of
applied B, to nearly cut-off values of B,. For
higher pressures the driven current was insuffi-
cient to reverse the applied B, field.

From the diagram of operational regime a
good operational point for FRC could be select-
ed. For example, near-optimum current drive
with field reversal is indicated for 0.2 mtorr with
applied B, of 4.5G. The measurements of two
dlscharges were superimposed (to indicate degree
of reproducibility) and shown in Fig. 6. The top
trace shows the measurement of B, at vessel cen-
tre z = 0, 7 = 0. The trace starts with B, = 0.
B, was switched to a constant value of 4.5 G and
when the RF was turned on at the time as indica-
ted by the RF trace (middle trace) the field was
immediately reversed as shown in the top trace.
The cause of the field reversal, plasma driven cur-
rent, is recorded in the bottom trace. The driven

6J-5
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current rose from 140 A in a gradual manner to
170 A over a period of 40 ms and thep abruptly
dropped to zero when the RF puise terminated.
The B, field indicates the establishment of a stea-
dy FRC with the value of field change AB, rising
from 6.5 G to 8 G.

To obtain some information about the magne-
tic field configuration a series of discharges were
made at an applied field B, (z=0,r= 0)of 5.5G
at 0.3 mtorr with a dnven current at the level of
125 A. During each discharge the value of B, was
measured at a probe position z and the vahie of z
was scanned in 2-cm steps along the line 7 = 0.
A second scan was made with another probe
along the line z = 0, with r varied in 1-cm steps.
Two discharges were recorded at each position
and the oscillograms superimposed. The Rogow-
ski coil output was also measured at each dis-
charge. From these observations the discharges
proved very reproducible. A graph of B, against
z was plotted for the time r = 31.5 ms from
which a neutral point was determined at the posi-
tion of z = 7.3 cm, 7 = 0 (see Fig. 7). A graph of
B, vs r was also plotted for the time = 31.5 ms
(see Fig. 8) from which the position of the
magnetic axis was determined at 7 =6 cm, z= 0.
From the probe dataof B, vsr the values of flux

,
yrz)y = 2n f rBz(r,z)dr was computed with
0
the approximation
v(@rz) = 2rZ rBz(r,z)Ar

These approximate values of \ along the line
z =0 were plotted in the same Fig. 8, vielding
the appraximate position of the separatrix at
r=7.5 cm. Comparing the B, and Y graphs it
may be seen that the large stepsize of the inte-
gration for Y has caused a left-ward shift of the
¥ curve by about % cm; so that a more correct
position of the separatrix along the line z =0
should actually be closer to r = 8 cm. From these
results a schematic extrapolation had been made
of the expected magnetic configuration of the
device at 0.3 mtorr, 31.5 ms into the RF drive.
This is shown in Fig, 9.
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The above resulis were obtained for single
phase RF drive, PI say. Connecting the RF only
to the other pair of coils, PII operation say,
dimilar results were obtained. Finally both phases
were connected and the discharge driven in the
conventional Rotamak mode i.e. with the two
phases simultaneously on but with a phase
difference of 90° between the two drive pulse.
The results obtained were similar with those of
single-phase operation, except that the driven
current /5 and field swing AB, were larger. These
results are summarised in Fig. 10.

Fig. 9 Schematic interpretation of expected Bx field
configuration at r=31.5ms for 1.7kW single
phase RF drive at 0.3 mrtorr argon. This inter-
pretation is made from the measurement of the
three points, neutral point, magnetdc axis and
separatix from Fig. 7 & 8.
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Fig. 10-Driven plasma current/pas a funcu'onugf applied
(vacuum) field Bg; with B; measuredatr=0,z =
0. Operating pressure was 0.1 miorr argon. Thé
input power for single-phase operadon was 1.7
kW and that for two-phase operation was 7 X 1.7
kW.

Conclusion

These experiments have demonstrated that a
low-cost transistorised Rotamak can be built to
produce stable longlived compact torus field
reversed configurations, so that these important
concepts of plasma current drive and the FRC
may be easily introduced in experiments. This is
of special interest to some developing countries.
The use of transistor technology has increased
the flexibility of the device so that it may be
easily characterised. For example the. experi-
mental turn-around time is very much reduced in.
the transistorised version. The RF frequency may
also be rather easily changed.

In the present experiments with an input
power of 1.7 kW per phase stable FRC configu-
rations have been achieved lasting for the
duration, 40ms, of the RF drve pulse for
conventional two-phase Rotamak drive as well as
in operation with single-phase drive. The driven
current has an efficiency of just under 0.1 A/W
for conventional two-phase Rotamak operation
at 9 G and just over 0.1 A/W for the single-phase
mode at 6-7 G.
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Pulse Tectzmolegy, laser Develctment apd

Tackrglegy Jesmmrze Nerwrie
¥

S.Lee
Jabatan Fizik
Chiversitd Malaya

Inthispaperlshallscresstheimpm:tanceoipu]setecﬁnolcgy
in laser develompent and in developing the caoncept of a Laser and Plagma
Tecimolegy Rescurce Networis to help initiare experimental research in Third
Warld Countries.

I. DPulse Technolcey

Pulse tecanclegy is the preducticn, measurerent and applicaticn
of pulses. It encampasses all types of tulses whether rechanical, electrical,

electraragretic, optical, chemical or muclear.
Pulses are characterised by pulse tvpe, pulse share (rise time

»

IWEM, Zail time), pulse amplitude, tulse energy and ERF

Toe advantage of considerizg nulse technalegy is that thers are

general principles applicaple to all types of pulses , €.2. to obtain the most

intense effacts with a given emercy, this energy sboculd he delivered in a
Tulises

; TZe shorter tke pulse time the greater the Lewer. This Is just as
useful a concept in e.g. plasma as well as in laser Technology ; and the

oftenr works just as well for lasers.

II. Dulsed laser amplicaticns

Pulse technolegy applied to laser develomment and applicaticos
T2y be divided into techniques involving electromics ( includirg electrical)
and these involving optics. Certzin electenic and cotical techmiques are
imtimately coupled — hence oproelectromices.

Knowledge of pulse tectmology is very hemeficial +o pulsed laser
applicaticns, for examole we my consider the develomment of the transversely
excited pulsed nitrogen laser. This laser ix based cn the eneryy level scheme
as depicred inm Fig. I, and uses arr electrical discharge as z pumo for pulse
applications.

To be presented at

1. Seminar Kebangsaan Teknologi Laser: Pertama.,15hb Ckt 1989, Universiti
Teiknologi Malaysia, Skudai, Johor.

2. Second Regicnal Symposium on Optoelectronmics |
Nov. 27-28 , 1988, University Of Indcnesia, Jakarrta
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i laser chanmel, transversely exdted, is soown in Fig. 2.
Technically for an efficient cperaticn we may noTe two requirsments :
(1) fast capacitor discharge to power the system

(ii) a uniform discharge, for meximum erffective lasing
volure and good laser team quality.
Both the requirements may be assessed fram an approach based on
pulse technolegy.

Requirement of uniform volume- discharze

large current (tens of kilo amps) discharge tend to form arcs,
lccalising the discharge along cne Or TWO Darrcw paths so that conditicns in

the laser channel are very non-uniform. What is the primarv pulse requirerent

“or uniform treakdown over the wnole volume?

Consider the laser channel of Fig. 2 where the discharge volitage
‘s applied tTansversely. The channel is made as uniZorm as vossible but despite
cais there are bound TO be nom-iniformities inm local gap  spacing, elecTrice

caxture and surtace 'whiskers' so that for a gap setting of 16KV breakdcwn a

]

c

rpical breakdewn voltage distrizuticn ‘or the gap acress the $oints &, 3, C

v be A (16.0kV), B (16.1kV) and C (15.9KV).

\ e

B

.

Consider a simmle low inductance capacitor being used to power 2
laser chznnel as shown in Fig.3. The c':a.nnél is set at 16.CkV. The capacitcr is
charged up. When the voltage reaches 15.2KV, Tohe gZap at voint C oreaks down
and the voltage acrcss the gap at C drops to say 1CkV. 4 voltage lowering rulse
sravels out Tram point C at the speed of e.m. waves tcwards points 3 and A
ahead of any gasdynamic disturbances propagating in toe channel. Hence at points
3 and A there is no electrical breakdcwn and the capacitor discharges quickiy
across the channel only at point C in non-uniformity!.

Remedy?. Raise voltage across the gap quickly. How quickly?. Fast
enough so that in the time it takes for the voltage reducing wave to reach point
3, point B has risen  to 16.1kV i.e. a rise of 0.2kV in the time it takes toO
travel from C to B at speed of 20am/ms . If CB is of the order of 1 cm , 4kV/ns
is required.

Thus the primary requirerent for uniform breakdown i,e. discharge
acrcss all points or a large numberof points oI the channel) is a large dVg/dt,

. . . 1. . . < 2 ;
rate of rise of voltage across the gap. In this example <kV/ns or ¢ x 10 V/s is




required - impossible to achieve using schematic 1 as shown in Fig, 3.

A voltage doubling swinger is used as shownm in Fig. 4 to obtain
dVg/dt of the order of kV/ns. In this schematic C1 and C‘2 are both charged
o Vo' When the externmal spark gap is triggered, C1 discharges through
circuit e which should be lightly damped so that VGl swings down fram
Vo through 0 towards —"VO where £ <1, say f.0.8. VGz remains at VO Supparted
by CZ’ Thus the voltage acrcss the laser channel Vg== VGl - VGZ swings fram
0 towards (1+F) Vo as shown in Fig. 5 in a time..B/ClLe.

Typically C1 =5nF | Le = 20nH (spark gap inductance daminates) and
circuit e time comstant -Y(CiL )=10ns so that 3/C,L_ = 30ms. It v, = 15kv,
dVg/dt = 16(1+0.8)/30 = 1kV/ns.

It is found that for atmospheric N laser this is insufficient to
produce good uniformity and same corona sprayinglktec'nnique along the entire
channel is necessary tcgether with the voltage doubling swinger to give a large
oumber of arcs reasonably evenly distributed appraximating a uniform dis-
charge. Thus by this qualitative  analysis we see that C1 in the circuit e
plays the role of a voltage swinging capacitor. C2 1s the laser power capacitor
discharging rapidly through the laser channel into the capacitor C, to provide
The fast laser pum. )

Pulse analvsis

A detailed circuit analysis cculd of course be carried out in order
TO obtain gquantitative informatica on the pulse characteristics. Fig. 5 is the
equivalent circuit for the nitrcgen laser,

In general the governing equations of the two circuits e and circuit

e 1 1
(LAL) — - L, —+r I =V -= /(I -1I,)dt — (1)
e gt LJ. gt e e 0 Cl e 1

o AT -I)dt - L Tt — 9y
it e 1 1

Ca

dI
. =2 —
and (2LS+Lg_+1’_-lw-L2) L1 —C—l; + rg Il =

£ 1

The voltage difference across the laser channel is:

! "

dt .

v =Ltz 1ar -1 [rat« idI—é--(2L+L) 3)
g‘El e 1 ‘62 1 L= sty



To solve this problem, the circuit parameters are first specified.
At © = 0 Eg.(1) is integrated for I mumerically by linear approximatio
with properinitial conditions. l’1 and d.Il/at are kept at 0 until the value
of Vg camputed fram Eg.(3) at each step reacies a preset value. At this <ime
Eq.(2) is brougnt into operation, switching circuit 1 on to campute the
value of I1 ,simultanecusly with I fran Eg.(1). It is normal in tbese
procedures to deal with norma.hsed equations and scaling pa.rameters .

The normalised variables are :

= t/tO g T Ie/Io ;= Il/Io
where T =/0,C) I =7/ /(14/C)

and the scaling parameters are

2 = T T. 5 = . =T /r 3 2 =T
RN C,/Cy ., =T T emd 2 =L/
Se = Lé/I—l o, = 1r?./*/( L1/C1>

, Cvewit @ damping feRY
and ¢ .. _ = Kev's l/('*ﬁ"-)} , '

err—<
. et ;ng'fl:QC";Qr

and an?’?"_l = c_e C'...l/{l/(ll'-’g-"' 3 )(l"‘C))} , circur v o(&u-.’p '

Results
Using typical parameters :

L =0.18H , L,=0.4nf , L =0.75E
L S

= ] = = 1% =
L =%, G , Cg=20nF , L =32nH

and a slightly damped circuit e with Coffa 0.1 and a slightly damped
circuit 1 with o Copr 1 = 0.3 we have pulse results as shown in Fig. 7 wnere
the laser gap has been set to breakdown at 1.7 VO or Vg = 1.7. The laser
current is shown in the Fig. as 14 and the laser gap power as rro. The
voltage on C; drops fram 1.0 to -0.7 atT= 34.0 , then rises sharply an
laser gap breakdown and contimies with an oscillatjon of pericdic time

" 18t  superimposed on the slower periodic time of " 80t  of the external
circuit. This behavicur is also reflected in the L, curve.




The laser gap current ; .rises to a peak value of 0.23 in a
timwe of éto and oscillates in a damped mode with a pericdic time of r\,18to
with modulation. The corresponding power developed across the laser gap
resistence bas a peak value of 0.42 and a FWEM value of 5.5‘:5. Tke voltage
Vy that may be measured across the laser electrode (i.e. outside the laser
channel) is alse shown inm Fig. 3. av

Iran the above results the value of —a% for a typical nitregen
laser may be estimated. We note that a typical value of T, = ,/(LOCO) is
1.3ns. Operating at a voltage of 15 kV , the average dv_/dt is (1.7 x 15kV)/
(34 x 1.3)ns. ~0.3kV/ns.Such a value is experimentally l:nc:wn to be able to
initiate the uniformity of discharge for a low pressure laser and is the

primary pulse requirement for proper operation of the nitrogen laser.

The FWEM value for the power peak is 5to (6.7ns) fer the
critically damped laser channel and S.Eto (7.4ns) for the more Typicali case
Of the laser channel with effective damping factor of 0.3. It may be expected
Then that such a typical nitrcgen laser will have 2 full width pulse of less
than 7.: ns after consideération of threshold effect. Tor exampie Ior the case
ora ... =0.3, if the lasing threshold is at = power level of 0.3 then the
full width of the laser pulse would be 3.5to or 4.7ns. This is az typically

coserved value for a low pressure nitrogen laser.

Seguenced nitrogen lasers

Using the pulse technolcgy concepts discussed above we mxy
develop exciting laser systems such as sequenced nitrogen lasers to obtain
real-time sequenced full power laser flashes with separations of several
nancsecond. This is useful for imaging of fast events2.An example of
imaging using shadowgraph is shown in Fig. 8.

We consider 3 laser channels depicted in Fig.2. The equivalent
circuit is as shown in Fig. 10.

The voltage difference across the three channels are denoted

respectively by Vc_l, Vﬂ_2 and VgS' In general , the capacitors C1 , C2, C3,
C 4 aTe charged tobvolt;ge Vl’ V2, V3 and V 4 respecrtively. As discussed

earlier, the first laser channel brezks down when the voltage-swinging C1
discharges,enabling Cy to discharge I, through the first laser chamnel.



The discharge of Cz pulls the right-hand side of the second laser channel
downwards frcsz towards wvzsothz‘tczwhﬂst.pmweringthe first laser
channel, also acts as the voltage swinging capacitor for the secand laser
chammel. If the voltage swiag is sufficient to breakx down the second laser
channel, then C3 discharges I, , powering the second laser channel whilst
similtaneously acting as the voltage-swinging capacitor for the third laser

channel until C4 is able to discharge I3 through the third laser channel.

Pulse circuit equations

We take the laser chamnel inductance and resistance to be Lg and
rg for each laser gap. The stray inductance leading up to the laser gap on
each side is taken tobe L . =L _ =1 .

sl s2 S
The relevant equations may be written as follows.

A. Circuit e ar

dIe 1
Te Tl TR TRk

T
(I -1.)
=7, - L——————e 1ot (4)
!

Circuit e is switched on at t = 0.
The voltage difference across the first laser channel is
‘T T Y
fCIe -ljdt

S
AT dr

e
+ -
C 11

9 dt

Vg1 = (Vy=Vy)+

dI2 dI1
Ty TUTRTR & )

Circuit 1 is switched on when Vél reaches a preset value , e.g. l.GVi.




B, Circuit 1

QI.L

)' dIZ dIe
(2L + L + - —_—— —_— —_
s TR TR TR oo e

F(I,-1,) I -1,)
=<v2_v1)+-—3-i-dt+——e—1—dt (6)
Cy C

The voltage difference acrcss the second laser channmel is

. J(r; - 16t _ f(1, = 1y)at

2 3
-~ L? EEE.+ . ffi. - (2L + L2 + L) dI2 (7
° 4t at s v Gt

Circuit 2 is switched on wnen ng reaches a preset value.

C. Circuit 2

d1 ar, dr
| - 2 1
(L_+L +I +L)—2-n_3S_1 L .- 1
S R L3dt "2 dt g 2
J(1.-1,) I(I,-1)
=V, -V =2 2y . T 2Ty
‘ c, c, (8)

The voltage difference across the third laser channel is

_ S(I-1.) 1
Vg = (Vg =Ty v+ 2% 0 -
C3 4
dT.
s A | )
dt dt

Circuit 3 is switched on whem Vg3 reaches a preset value.



g
dl, 41,
(2L_+L +T.+L) — - L.—=+r1 I,
R S« >4t @
, f(I,-1)
= (V; -7 -»«Eidt+ 2 374 (10)
- C4 C,.-
4 3

Zquaticns (4), (6), (8) and (10) are the eguaricns goverming
the discharge of the four circuits wnile Egs. (3), (7) and (2)
are the equatioms determining the times of switching onm,
respectively, circuit 1, circuit 2 and circuit 3 relativerto

time t = 0.

eal

. Normalizaticn

The variables are normalized in the following manner:

T= t/to ,
where tThe unit time ist_ = -/(LLCQ ,
v =I1/T
Te e "o

1]

with a2 unit current oIl IO Vl/ ’/(Li/cl)' Also

—_ / — / pa— by
l—I:‘./IO ’ 12—12/10 ’ 13—'I3/—~O ’
and
J) =V _/V J = A%

S TAS SRR B
and

)f:3 = VQ_3/"71

=1 f=) -

The scaling parameters are

N RIS
A S e N e
Sp=Co/CL . =00 3= CYS

U =VolVy vy =V ug =V

b

wW
oy
|

o}
]

. re/ /(Ll/Ci) ;@ = rg/ /'(LI/CI) ,

where T, and rg are respectively, the spark gap and laser channel resistance,

and *the preset breakdown voltages of the laser chanmels are written,

normaiized to V,, as r,, ¥,, and ¥

4y =y Py

1772 3"




Intecraticn Procedurs

The scaling parameters are first specified. At:= 0, Ig(4) is
integrated for L nunerically by linesr approxdimation with The initial
conditions of fled'l' = 0 g = 0, and d‘re/d": =

?

/(1 + Be). The quantities
15 and dll/d_‘f are kept at 0 wntil the value of vgl camuted fram Eg.(5)
at each step reaches the preset value. At this time, Eq.(6) is brought
into operation, switching circuit 1 cn tc cammite the value of 1,
simultaneous with 1_ fram Eq.(4) . During the simultanecus integration of
Egs. (4) and (8) , f'l.zd‘t » 1, and chz/d-r are kept at zero and Vg2 is
camuted at each step fram Eg. (7) to determine when circuit 2 is
switched on by bringing Eq. (8) into the integration scheme. Equation(4)
(6) , and (8) are then simltanecusly imtegrated for 1o 1y, and 1.
During this integration, f13d~:, 135 and dts/dr are kKept at zero whilst.v
is computed at each step fram Eq.(9) to determine when circuit 3 is
switched on after which time Egs. (4) , (6) , (8) and (10) are

g3

simultaneocusly integrated for tgr 1 and 1,.

10 12 3

Results of Ccmoutation

Camputation shows there are two modes, one designated as the
prolonged sequencing mode giving rise to rather imprecise Sequencing
campared to the second designated as prampt sequencing mode.

Pramnt sequencing may be obtained by using progressively reduced
capacitances in the seguence of capacitors. This may be aided by
progressively increasing the voltages in the sequence of capacitors thus
enabling also pulse power campensation. Both arrangements have been
camuted.

Figure IT shows the result of an arrangsment with reducing
capacitances but with the same voltage an all capacitors.

The Parameters are

C, =24 nF , C, =12 nF

1 2 * =3 4 !
r =0.06Q, r_ =0.08Q
g e

V=V, =V, =V, =14k

giving scaling parameters of

Be=80 R 82:83:84:1 s Bg_=o.7 , BS=0_7
= § =38 = = a =
;=05 ,48, =38 =025,¢ =075, 1
= = = = = = ]
vy=vy3=v,=1,andF =F,=F, =16



Tors r = (FIE) = 1.9 ps IO=175kA, ang The conpUTaricn SDOWS in
o

Tigz, 11 that proopT sequencine 1s achigved witi the following pulses .

‘:“i..*'s::w;.m.'i.'se:zxm;:litu:ieao.f.i.Ia
MdpmmﬂZ-Oto ;
Second pulse amplitude ==O.34IO ,
EWEMoipcwa'cx:ve=l.5ta ;
Third pulse :amplitude=0.32Io
Mofpower=l.lto ,
with precise pulse separacion of 2.5 toand.2to respectively.

’

’

with sape of these computed results , e.g. see Fig, 12.

The experimental results of Fig.l2 were obtained with parameters winich the
theory predicts to produce a mode designated as prolonged sequencing as shown
in Fig.124 using identical capacitars each 10oF. Fram the computed results

it is seen that the dV g/dt associated with the third laser pulse is very low
typically less than 0.1kV/ns so that it is predicted that with this prolonged
mode of cperation the third laser pulse will be erratic because OI poor
cnannel uniformity. This is as observed often as in Fig 12(b).

-

In conjuncTian with mmitiple Irzme oi laser systans a
J T

System using 2 ruby laser with Zibre optic delay lines to seguentially
switch a series of a2 nitrogen laser as shown in Fig.l2 may prove nore

Slexinle and userul. Or a fast pulse low jitter system with delay cables
may be used.

——

TII. Tectnolcgy Rescurce Netwmork

analysis based on pulse Techmolcogy we can develcp userful systans I =&

are ar the same time supported by the hardware of julse tecomolcgy.

Ixammle of hardware
laser head with preionisers;
fast low inductance capacitars ;
spark gap (low indoctancs , triggered) ;
triggering electronics |, triggering system ;
power- supplies ;
delay units (for swcoronizingwith other events ) ;

There now exist centres woeres basic tecmolegy, basic pulse
tecimolegy and: hard-ware have: beerr develoned: for- the pasT many years ta.a
sutllcient level to ensure self-sufficiency 1n several aspects to the
extent of being able to practise South-Souti Teckmology transfer in
impartant areas of pulse technology suck as im cptoelectmmnics laser and
plasmes. Bowever , a cemtre may be stropg in sape aspects e.g. HV electromic
palse techmiques but nov in another imparczant area e.g. optics whilst
another centre may be strong in optics but weak in the pulse electreonics
aspects.
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There is a proposal for a Laser and Plasma Technology Rescurce
Network with a display and documentation centre at the ICTP (Internatiomal
Centre for Thecretical Physics) , LAMP Laboratory . This was proposed by
the AAAPT (Asian African Association for Plasma Technology) and is in the
process of being set-up. The structure may be as depicted in Fig. 14

Cconcept of a package

The technology transfer and exchange is based on the concept of
packages . Each package is made up of carefully designed sub-systems. Each
subsystem is made up of camponents. An example of a nitrogen laser package
is shown in Fig. 15 which also shows an add-on package for shadowgraphy .
The two packages together form z nanocsecond shadowgraphy system.

Another example of a package 1is the UNU/ICTP PFF (United Nations
University/International Centre for Theoretical Physics Plasma Fusion
1-'zs.cib'_ty)3 shown in Fig. 186.

Documentation of packages

These packages should beside camprehensive hardware also have
camlete documentation as follows

. package cutline ,

. manuals on maintenance and experiments |
. manuals on sub-systems of the packages ,
. the campconents of each sub-system.

‘Transfer levels

Exchange and transier may be carried out at different levels as
follaws :

1. Package with training
e.g. UNU/ICTP PFF package and nitrogen laser package and
shadowgraphy package together with one or two 6-month
training programmes.

2. Package without training
e.g. nitrogen laser package

3. Sub-systems
e.g. triggering electronics for nitrogen lasers or neutron
yield counter.

&, Camonents

e.g. a triggering transformer
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The Kuala Iimmur Experience

1. TNU/ICTP Training Programme 1985/86
2. (ONU) ICIP Trainming Programme 1988
3. ICTP-UM Training Programme 1989/80

Equipment trensferred(Packages and Sub-systems)

fstsian W |G| S| B
Pakistan, QIA JF*

Siera Leone,Njala UC J /*

Nigeria, Rivstech J*F /* J

India, Delhi U / /

India, Rajasntan U J J

India, SP College J

Thailand, PSU / /

Egypt, AL Azhar U / J / X-ray camera
Indonesia, LAPAN Flow simulator/

Indonesia, FPPNY J Glow discharge

Bangladesh, AEC

subsystans

Glow discharge
tube

Xk
Resulted in Ph.D Thesis

"Resulted in M.Sc Thesis
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Fundine/ Tntrastrocours

1. ICTP/UY : Laser and Plasm Technology Rescurce Netwarik of the
AAAPT gproject of ICAC-TM.
Vearmbership:
Networik of the AAAPT plus several other inTerested
instituticns.

2. TWAS/IC? . Fellcwshirs

3. TWAS Scurh-Scuth Fellecwsnip with ICAC support

4, TWAS research grants

5. many other possibilities.

Conclusion
With the advent of the ICTP CEA (Cfiice Cf External Activities)
Soutb—Scuth Science Tzchnolegy and Research transfer is now a
Iimiy establisted fact.
4 Tecorolcgy Resource Networik will help to extend the transter
precess and felp cuild up our own indigenecus scisntific
capapiliTy Iz varicus Iizids including laser develcorent,

optcelectronics  andg culise Tectnoicgy.
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Fig. 1 Three level pumping scheme of

Nitrogen Laser.
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Fig. 2 Transversely excited nitrogen laser channel.
Discharge between the two electrodes should
be uniform occuring at A, B and C, i.e. over
the whole channel.
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Fig. 8 Side on laser shadowgraph of a 20-kV 60 uF, 4-Torr deuterium
plasma focus, showing a pinch ratio 7,/r,~0.13.
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Fig. 9 Schematic of a three-channel sequenced nitrogen laser. The high-
voltage plates of the capacitors C,, C,, Cy, and C, are made of aluminum

foils.
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Fig. 10 Circuit diagram of the three-channel sequenced nitrogen laser.
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Time scale: 100ns/division.

Fig 12 Oscillograms of photodiode signal monitoring the three-channel

sequenced nitrogen laser operated in the prolonged sequencing mode; time
scale: 100 ns/div. (a) Shot with three iaser pulses in “prolonged sequence.”
(b) Shot with the third laser puise missing.
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Fig 124 Computed voitages across the laser channel, Jaser currents, and
laser currents squared as functions of time; ail variables are normalized.
Parameters used are those for a “prolonged sequencing” mode.
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Fig. 13 PRuby Laser triggered multiframe nitrogen
laser system. The fibre optical cables may
be varied in length to provide suitable
delays between frames.

Tnstead of the ruby laser and optical fibre
delay system a fast pulser system e.g.30kV
rising in 50ns coupled with coaxial cable
delay lines of desired delays may be used.
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Diagnosrtics of the Plasma Focus

S. Lee

Physics Deparctment
University of Malaya
59100 Ruala Lumpur, Malaysia.

Objectives
We shall describe here some diagnostics suitable for measurements in a plasma

foeus machine such as the UNU/ICTP PFF (Plasma Fusion Facility). The objectives of such

diagnostics may be two-fold:

(a) Diagnostics for device description - to obtain imcreasingly accurate degeription
of the dynamics and structure of the plasma.

(b) diagnostics for device development - to establish scaling laws and to seek ways
to enhance the scaling laws from a better understanding of the focussing mech-
anisms brought ahbout by better diagmostics. For the plasma focus the most
important scaling laws are these for neutron yield. Complementing these there
should also be scaling laws for yields of plasma x-ray, iom beams and REB. At
the plasma dymamic level there are velocity scaling laws wnich may be central

in the design of plasma focus devices.

The plasma focus device

A typical device is as shown in Fig. 1 which gives some detailsl of the UNU/
ICT? PFF, conveniently divided inmto two sectioms: the capacitor bank and the plasma
focus ctube. Several diagnmostics are shown in this diagram namely: the rogowsky
current coil (mo. 22), the movable magmetic probe (mo. 33) and the neutron yield

counter (no. 39).

The Sub—~svystems

The UNU/ICTP PFF may be conveniently considered as made up of sub-systems as

shown 1n fig. 2.

The Scaling Laws

In the deuterium plasma focus systematic measurements have shown that the

geutron yield scales2 as stored electrical emergy E (in Joules) in the following

mannar:
Y = 10E2

or in terms of electric current £lowing through the plasma focus If (in Amperes):
t=52z10 31t

It is sugges:ed3 that these scaling laws are valid for the present gemeration of
plasma focus machines because these machines, large (MJ) and small (kJ) all operace

within a small range of densities (1-20 torr) and with almest uniform temperature (lkeV)

*Paper prepared as invited lecrure for the Beijing College on Plasma Physics
October-November 1989, Beijing, Peoples Republic Of China.

Procs. Beijing College on Plasma Physics - Diagnostics
Nov 1989, Beijing - £d. S.T. Tsai & Y.A. Li
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The uniform temperature is related to a uniform axial drive speed of 8-10 cm/us result-

ing in a radial on-axis collapse speed of 20-25 cm/us. The speed (u) scaling law is:
= ]
u-= KS(Ip/a)/ 0*

for both axial and radial speeds, where T /a 1s the plasma electrical current per
unit anode radius and p is the mass densit; of the ambient gas.

Careful measurements have been used to establish these scaling laws. Similar
laws should also be established for x-ray and beam yields. Further major improvement
to the plasma focus may require the development of plasma focus devices with enhanced

neutron scaling laws, by means of concerted, systematic diagnostic studies.

Control and synchronising electronics

All time-resolved diagnostics such as current, voltage, magnetic field, X-ray
diode signals, time-resolved neutron signmals, high speed framing or streak photography,
pulsed nitrogen laser optical studies need to be synchronised with each other and with
the plasma focus so that the time histories of the various quantities are known and
related precisely to one another. The timing schematic that needs to be used may be as
shown in Fig. 3. It is essential that all electronic pulses have short rise times and
low jitters. Ideally the jitter of each chain of events as shown in the schematic
should be reduced to the order of ns so that time relationships are known to that order
of accuracy.

The CRO's shown in the schematic may be used to display current, voltage,
magnetic field,x-ray diode signal, neutron signals as well as to display monitoring
signals of the streak camera and nitrogen laser.

Current Measurement

The electric current flowing through the plasma focus is basically a damped
sinusoid distorted by the time-varying impedance due to the plasma dynamics.Because of
the rapid change in impedance as deduced from optical observation the frequency res-
ponse should have an upper limit exceeding 109 (angular frequency) corresponding to a
rise time less than Il ns and a lower limit of lO5 for changes in 10us (a dynamic
range in frequency respomse of 10,000). For the large currents flowing in the plasma
focus, current Méasurements are most conveniently dome by means of pick-up coils, or
loops responding to the changing magnetic fields. The simplicity of the basic method
sometimeg gives rise to a wrong conception in the analysis of frequency response, It
is worthwhile to stress that the limit of frequency response of a measurlng system is
imposed by all itg components so that the worst component has the biggest effect. In
the case of 4 rogowski coil (see Fig. 4) made self-integrating by means of a small

terminazing resistance T. so that it is used in a high~frequency mode very oftenm it is

the self-inductance L, of the terminating resistor that limits the nigh-frequency

rather than the coil itself. As an example the coil shown in
4 has the following characteristics :

response of the System;
Fig.




Te+ T¢

L

c

1. Low frequency limit set by mode condition 20>
(rc and LC are the coil resistance and coil self-inductance).
speed of light

0.32
3. high frequency limit set by self inductive effect w < ':t/Lt

2. high frequency limit set by wire length 2 w >

of terminating resistor

4. voltage amplitude V for current I threading V= % T,
major cross section of coil with n turns.
The conflicting requirements of wanting (r +r )/L small enough, rt/L

large enough, (I rt/n) small enough and ¢ short enough usually results in a comp-
romised upper limit of frequency response of 108 (rise time of 10 ns).

One way to improve the high frequency response is to use a small pick-up coil of
a few turns (see below) hence low LC, and place it in a fixed position shielded from
the magnetic field of currents other than the one being measured. This coil in prin-
ciple is then used in a low-frequency mode i.e. with a high frequency mode-limit. But
because of the low value of Lc’ the high frequency mode-limit may be extended to 109
‘even if the terminating resistor is limited to 50Q by the coaxial cable used. Prac-
tically the upper frequency limit of such a system may then be set by the integrating
system.

As far as the pick-up system is concerned, the best frequency response may be
obtained by arranging for an annular channel in one of the conductors (preferably the
earth return). Then instead of picking-up the magnetic flux in the chanmel with a coil,
the whole channel is used as the coil i.e. with one single turn and the voltage picked
up using a 530-Q] system. This is depicted in Fig. 5. The pick-up loop will have a
high-frequency limit above 109 (limited only by transit time around the channel) but
again the system response will be limited by the integrator circuit.

Calibration of the current monitor may be obtained4 by using the current monitor
to monitor a lightly damped discharge from a capacitance C charge to V for which

the peak current I may be computed rom the measured reversal ratio f and the periodic

time T as follows: nCVO 1+ £)

T

7

=

Voltage Measurement

A simple voltage shunt such as shown in Fig.6 carefully assembled with short
leads and low inductance 1 Watt resistors Day be used to measure the voltage appearing
across the plasma focus input flange which may spike to >50kV during focussing. This
probe attenuates 100 times. The risetime of the probe is however limited to 20ns so
that often the sharepest part of the voltage spike is probably not measured. An alter-
native is to use a capacitative voltage monitor4 as shown in Fig.7 which has an out-

put voltage VOut reduced from the inpuc voltage vV, by:
in



v = — —— v,
out C

-

where Z is the impedance of the signal cable, usually 500 . This equation is valid if

the longest time of interest TO is

2]

<< min (C,R, ; T7)
[o] Ll
R+2  ReZ,-1

R R )

*
where T = CZ (l+2
l 1 2

Magnetic field measurement

This may be made by a small pick-up coil of a few (n) turms placed in a closed
glass tubing for protection against the electric field and electric current (see Fig.l)
and orientated so that the axis of the coil is in line with the expected direction of

the magnetic field B. The output may be integrated by an integrating circuit of constant
RC yielding an output college

v = D AB
out RC
where A is the cross sectional area of the pick-up coil. The risetime of the coil is
L
c
L. = -
T T
t
where L is the coil self-inductance and r_is the terminating resistance of the coil
-

9

which is usually taken to be equal to 50 Q which is the matching impedance of the trans-
mission cable. For precision measurement it is also necessary to consider that the
presence of the probe gives rise to a bow-shock which causes deflection of the plasma
streamline and hence also the magnetic field lines. The magnetic probe may be calibra-

ted using a known current and geometry in situ or separately using a Helmbolz arrange-

ment.

Speed Measurement

A typical set of voltage, current and magnetic probe signals is shown in Fig.8.
From the current sigpal the axial transit time taken by the plasma sheath starting from
the backwall at I = 0 to the end of the axial region when focus occurs (at current dis-
continuity) may -be measured. From this may be measured the average speed. This inform—
ation may also be deduced from the voltage measurement. From the average speed using
any simple model, the peak speed may be deduced. The energy input up to any time during
the axial, and even radial phase, may be obtainmed by multiplying the current and volc-
age curve and measuring the area under the resultant power curve. The detailed trajec-
tory of the plasma sheath may be obtained, in principle, from the voltage and current
curve using a simple inductive model.

For a more accurate measurement of peak speed consider the magnetic probe placed
at Z = 10.2cm i.e. 5.8 cm from the end of the centre electrode (at Z = l6cm). From this
magnetic signal (Fig. 8c) both the arrival time at Z = 10.2cm (sharp rise of magpmetic
signal) and at Z = 16 cm (sharp dip of signal) are obtained from which the tramsit
speed between Z = 10.2 cm and Z = 16 cm is obtained as 9.7 cm/us.

. - 2 . .
From the speed measurementu ) an estimate of temperature may be obtaiped
s
from shock theory.
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For fully ionised shocks in hydrogen: T =1.13 x 107° US“

For deuterium: T =2.26 x ].O-D usz

For a gas in general: T=2.4x10"M v-1 a 2
(v+ % °

where M is rhe molecular weight, Ythe specific heat ratio,D the departure coefficient.
Both D and vy are thermodynamic functions of the temperature T and for any gas may be
computed as functicns of temperaturez.

For the example just given, the deuterium plasma sheath at the end of the axial
transit regicn has a temperature of 2.1 x lO5 K. Scaling law considerations give for
a typical plasma focus a peak radial speed factor of 2.5 so that from the peak axial
speed of 9.7 cm/ps we may deduce a peak radial speed of 24 cm/us with an on—axis shock
temperature of 1.33 x 106K and an on-axis reflected shock temperature of 3.3 x lOéK.

The final compression may be expected to raise the temperature further.

The magnetic probe may be used to obtain much more information. For example by
positioning the probe at various Z positions and various radial positions between the
inner and ocuter electrodes, the magnetic field structure6 in the focus tube may be
obtained at any given time. This is a very powerful method to obtain further information
(besides speed) of sheath inclination, sheath thickness, multiple sheaths, sheath
magnetic energy, current shedding, current loops plus magnetic instabilicies.

Such information may be compared with streak photographs using either conven-
tional streak photography or a multi-slit streak techniques7 which gives a correspond-
ing luminosity structure picture with one single streak photograph.

Neutron Yield Measurement

Neutron yield measurements may be made using a foil activation method8 as shown
in Fig.9. Typically, the counter is starzed a few ms afrter the focus discharge and
the count of theB -radiation of the neutron-activated Indium foil is continued for 30
seconds with a sensitivity of 3 x lO5 neutrons per count with the foil at 13 cm from
neutron source, assumed isotropic. The photomultiplier may be replaced by a geiger-
muller tube with reduced, but still adequate sensitivity.

The structure of the plasma focus neutron source may be investigated9 with
the above activation counter and with deuterided and non-deuterided control targets,
placed at different distances from the plasma focus.

Neutron Time-of-Flight Measurement and Spectroscopy

Time-resolved neutron pulses may be observed using the arrangemenclo shown in
Fig. 10. Two such detectors oneplaced near the focus and the other 10 - 100m away may
be used to obtain the flight time and also the energy spread of the neutromn pulse.

Soft x-ray pin-hole photography

A pinhole camera may be adapted for imaging soft x-ray by covering the pinhole

1
wicth thin foil such as beryllium. Fig. L1 shows a &4-exposure pinhole camera
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Time-resolved SOLT X-rav measurements and temperature JeasuTements

Silicon p-i-n diodes (QUANTRAD 100PIN250) =nay be used to provide time-resolved
x-ray signals firom the plasma Zocus. The arrangement 2ay S5e as snown o Fig. iZ. T
arrangement may be used CO measure elecCtron temperature by the filter ratio metaod.

Refractive mechods using a Nitrogen Laser light.source

Recent development of the nitrogen laserl2 enables a very simple ns light source
to be built for time-resolved imaging of fast plasma events. Such techniques combined
with the plasma focus provide a really advanced research facility which may be most
cost-effectively acquired by a developing country. At the nitrogen laser wavelength of

A = 337.1 nm che plasma refractivity, predominantly electron controlled, may be written
as

-23
u = 1-5.1x10 n,

with n written in cm-3. This equation governs the refractive methods using the nic-

rogen laser in the shadowgraphic, Schlieren or interferometric mode. This laser offers
such a powerful repertoire of diagnostic methods that it is worthwinile to describe it

here in detail.

The laser is excited by the conventiornal voltage swinging circuitr schematically
described in Fig. 13. The circuit theory of the parallel plate transmission line type
of laser has been discussed in previous paperslB. The two energy storage capacitors C
and €, of the circuit consistl%x 2 common earth plate, which is a 22 cm x 60 ca stris
of -aluminium kitchen Foil laid on top of a flat aluminium plate (for elecctronic
contact and mechanical support). Figure l4 shows the comstructional details of the
laser. On top of the foil are laid 3 sheets of 2 mil Mylar which extends at least 10 cm
beyond the edges of the conductors all round. The high voltage plates of C1 and C2 are
22 cm x 40 cm and 22 cm x 17 cm strips of aluminium foil laid on top of the mylar sneets.
The measured values of Cl and C2 are 15 and 6 aF, respectively. On top of the foils are
placed glass plates (6 mm thick) of approximace dimensions to prevent mechanical flex-
ing of the foils during charging and discharging of the capacitors. The capacitor C2
is mounted to a swinging cascade triggered spark gap. These high voltage capacitor
plates are separated by a gap over winich the laser channel is placed so that each side
of the channel makes pressure contact with one of the capacitors. The electrodes of
the laser channel are made of 20 cm long brass strips with cross—sectional dimemsions
of 0.5 in x 1 in and shaped as shown in Fig. 14b. The perspex plate is screwed onto
the laser electrodes on the upper side over the top. Admission and evacuation of the
nitrogen gas at atmospheric pressure is made through the middle and the ends of the
channel, respectively.

In the arrangement shown, the edges of the high voltage capacitor plates (alu-
minium foills) are allowed to protrude beyond the edges of the laser electrodes into
the laser cavity to act as corona blades for preionization. These form the set of

blades on the lower side of the laser channel. A similar cet of coroma blades is

placed on the upper side of the lase channel. The laser channel gap is set to 3 mnm
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while the blades separacion is typically set to about 40 percent greater than thae of
the main gap. The edges of the foils funccion as auxiliary corona electrodes wnich
provide an initital discribured corona discharge to photoionize and prepare the laser
channel for glow formarion. The low-energy surtace discharges acting as preionizing UV
radiation sources are formed early during the rise of the voltage pulse across the laser
gap and are distribured by corona charging of the Mylar surfaces that extend beyond the
edges of the foils.

Optimum energy 1is obtained at a gap separaction of 3 mm with a value of 300 uJ
at 15 kV. The laser pulse duration is | ns with good beam quality.

The | ns pulse width of the nitrogen laser is sufficiently short ro provide a
freezing of motion of the order of 0.2mm at a speed of 20cm/us.

The laser shadowgraphic, Schlieren & interferometric set-ups are as shown in
Fig. 15. The laser pulse is correctly timed to catch the plasma focus ac any time during
the axial or radial phase by using variable delay unmics linking the plasma focus trigg-
ering pulse to the laser triggering pulse.
Resulcs

A sequence of | ns exposure Schlieren phocographsll’lz for a 6 kJ plasma
focus (in neutron oprimised operation) Is snown in Fig. 16. This Sequence shows che
collapse structure of rhe plasma focus including the symmecrical collapse on axis from
t =301ns tot =35 ns and the explosive plasma expansion from t = + 10 ps to t = + 50nns.
These photographs have been synchronised to neutron, X-ray and plasma focus voltagell
as shown in Fig. 17. Two interfercgrams are shown in Fiz.18 and the corresponding

electron density distributions are shown in Flg. 19.

Diaenostics for focus development

What would we like to develop the focus for?

Some possibilities are listed below.

a) for studying a plasma under nuclear fusion conditions.

b) for developing diagnoscics for fast pulsed plasmas.

¢) as a meutrom source for blanket studies for fusiom reactcors, pulsed
neutren radiography, pulsed activation analysis, nuclear weapons
simulation.

d) 2s an intense source for UV light, soft x-ray and electromagnetic
radiation for spectroscopic applications, pump source for UV and soft
x-ray laser,x-ray diagnostics and Electromagnetic Pulse (EMP) studies.

e} for production of extreme magnetic fields and associated possibilicy
of solid stare compressions.

£) as a thermonuclear reaccor; potential exists because of the ooserved
T~ EZ relationship for neutron scaling,

The question of neutron scaling is by no means closed. Lee3 has shown that

the cbserved neutron scaling Of'Y~EZ and Y ~ 14 is due to the speed limitarion (lOcm/us

axial speed) and demsity limitation (about 20 torr) which has been observed for all
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plasma focus, small or large. Lf the focus could be operated with increased axial speed,
say to 20 em/us, there are reasons tO pelieve that the neutron yield would increase
dramatically. Recent laser Schlieren photograpns (¥ig. 20) have given some clues that
the speed limitation may be due Co current sheet - shock ZIromt decoupling at higher

speeds associated with sheath inclination with comsequent radial @ass flow and Y-eiffecct.
Further detailed studies should be made to see if conditions may adjusted to remove

the speed limitation and hence improve the neutTon scaling law.

Myulti-framing svstem:

In order to obtain comprehensive sequence of the plasma focus axial or radial
transit, a multi-frame imaging system is essential. This may use a sequenced nitrogen
laser :echniquelh such as shownin Fig. 2la. Sucn a system in wich the laser discharge
capacitor C, of the first laser acts as the voltage swinging capacitor of the second
laser, and so on may be used to produce 3 closely spaced pulses, each full power, tO
give a 3-frame sequences, Fig. 21b.

An altermative method, with more flexible delays may be arranged using individual
nirogen lasers whose spark gaps are triggered by a split ruby laser beam, each split
beam triggering a nitrogen laser spark-gap by means of suitable optical fibres of vari-
aple length, such as shown schematically in Fig. 22, with each ®m of optical fibre
giving a delay of 4ns.

Such multi-framing techniques used foT Schlieren or shadowgraphy or iunterierometTy
or with Faraday rotation techmiques for non-invasive magnetic field Struc:urésdetermin—
ation will enable data to be collected in sufficient quanticy comprenensively for devel-

opment studies to be made.
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In this paper we describe the construction of a compact, low voltage flash X-ray tube. The device is powered by a small
25 kV, 3300 pF capacitor. Iis design is of the vacuum spark configuration with a hotlow cathode. The discharge is trig-
gered by a low energy spark behind the hollow cathode; and the triggering spark is also powered by the main capacitor
discharge. A 12 kQ2 ballast resistor is connected to this auxiliary spark circuit to limit its current. The flash X-ray tube has
been operated in air at pressures ranging from 107" to 107" mbar. At a charging voltage of 25 kV, the fash X-ray tube is

able to produce X-ray pulses of several kilowatts in power.

KEYWORDS: puised X-ray source, vacuum spark configuration, hollow cathode, X-ray emission energy; eiec-

tron beam

§1. Introduction

In recent years there has been much interest in the
development of pulsed X-ray sources for various applica-
tions. Some of the high-power devices being considered
include the plasma focus,” the gas-puff Z-pinch® and the
laser produced plasma.”? These devices are being devel-
oped as suitable soft X-ray sources for large-scale
microlithography.

Besides the high-power devices mentioned above,
several types of table-top miniature flash X-ray tubes
with input energy in the range of several hundreds of
millijoules to several joules have also been developed.*®
These devices may find applications in non-destructive
testing of materials by the flash X-ray radiography techni-
que; in X-ray induced nuclear fluorescence;® in flash X-
ray diffraction studies,” and in flash radiography of
biological substances.

Basically, a flash X-ray tube is operated by pulsing a
pair of closely spaced electrodes with a high voltage puise
discharge. The main mechanism of X-ray emission is that
of electron-target and electron-plasma interaction.
Several methods of initiating the necessary electron beam
production have been employed. One of the most com-
mon methods is by field emission at the cathode surface,
which requires a high voltage pulse of several hundreds
of kilovoits to be applied across the electrodes. Alter-
natively, a moderate power pulsed Nd-YAG laser may
also be used to initiate the flash X-ray operation” by
focussing the laser beam onto the cathode surface to
release electrons from it. A third method makes use of an
auxiliary clectrode to produce a sliding spark with the
cathode to initiate the discharge. The last method is the
case of a vacuum spark discharge.®

In this paper we describe a compact flash X-ray tube of
novel design based on the vacuum spark configuration.
The device is triggered by a spark behind the cathode.
The cathode is of the holiow cathode configuration
whose electric field line pattern acts as an electrostatic
lens to accelerate and focus the electrons produced by the
triggering spark onto the tip of the anode. With-the use

1264

63-1

of a self-firing air spark gap for switching and the
simultaneously fired triggering spark arrangement, the
operation of the flash X-ray tube has been greatly
simplified.

§2. Design and Construction of the Flash X-Ray Tube

The design and construction of the flash X-ray tube is
shown in Fig. 1. The flat-tip anode is made of stainless
steel which is screwed onto a brass rod connected directly
to the spark gap. The cathode is a brass plate which also

PIN DIQDE —

EXTENSION TUBE

CAPACITIVE PROBE

TRIGGER PIN

CATHODE

ANODE

PUMPIRG PORT

ROGOWSK1 COIL

SPARK GAP

HIGR VOLTAGE

CAPACITOR

I
=

Fig. I. The construction of the flash X-ray tube.
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forms the top cover of the cylindrical chamber. It has a
tapered hole at its centre facing the anode. Both the
anode tip and the cathode hole are 2 mm in diameter.
The inter-electrode spacing can be adjusted. The cylin-
drical perspex sleeving surrounding the anode holder
prevents arcing between the anode holder and the wall of
the chamber. The return path from the cathode plate to
the capacitor earth is via the chamber wall and six brass
rods. A 10 cm long copper extension tube is connected
onto the cathode plate to act as diagnostic as well as ap-
plication port. The chamber and the copper extension

tube is evacuated together by a small rotary-diffusion

pump system to a pressure of <107* mbar.

The flash X-ray tube is powered by a single disc
capacitor rated at 20 kV, 3300 pF. Despite its 20 kV
rating by the manufacturer, the capacitor has been
operated at 25 kV with no apparent problem. It is con-
nected to the flash tube via a self-firing atmospheric air
spark gap. A 1 M resistor in series with a 50 £ resistor is
used as ballast resistor across the electrodes. A voltage
pulse of about 1 V amplitude and 20 ns risetime can be
tapped across the 50 Q resistor during the spark gap
firing. The rising edge of this voltage pulse is used for the
purpose of scope triggering. A trigger pin is introduced
behind the cathode plate beside the rim of the hole inside
the copper extension tube, and it is connected to the
anode side of the spark gap via a limiting resistor of
Ry =12kQ. (Fig. 1) This novel arrangement allows a low
energy spark between the trigger pin and the cathode to
occur when the spark gap fires, thus initiating the
breakdown of the inter-electrode gap. It was found that
breakdown of the gap cannot occur at pressure <10~!
mbar without the trigger spark. The schematic circuitry
of the flash X-ray tube discharge system is shown in
Fig. 2.

The performance of the flash X-ray tube is monitored
by using various diagnostic techniques including the
Rogowski coil for measuring the discharge current;
capacitive voltage divider for measuring the transient

_L CAPACITIVE

~T= PROBE
. I
T
g%
L~ ROGOWSKI COIL
1M
\%
m
47M
—_— AA A
50 —i= 25KV 25KV
3300pF CHARGER
Fig. 2. Schematics of the flash X-ray tube discharge circuitry.
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voltage across the electrodes; Si PIN diode (Quantrad
100-PIN-250) for ume-resolved X-rav measurements;
and pinhole camera for time-integrated X-ray imaging.
The capacitive voltage probe design is similar to that de-
scribed elsewhere.” The PIN diode is mounted ar the end
of the diagnostic/application port indicated in Fig. |.
For X-ray detection, the diode is covered by alumir;ized
mylar of 24 um thickness and iron foil of § 4 1o give a
pass band around the Fe-Ke line of 1.9 A. This combina-
tion of absorption foil is used since it is expected that the
X-ray emission in this case is predominantly due to elec-
tron beam bombardment of the stainless steel anode and
a plasma formed by the vaporisation and heating of the
anode material.

§3.

The flash X-ray tube has been operated at an anode-
cathode separation of 2mm, a discharge voltage of 25
kV and over a pressure range of 107" 10 10™* mbar. Con-
sistent X-ray output has been observed from a series of
discharges. Three typical X-rav output waveforms ob-

Characteristics of the Flash X-ray Tube

CH1
a
CH2
CHl
b
CH2
CH1
c
CH2

Fig. 3. X-ray and curremt waveforms of flash X-ray discharges at
three pressures: (a) 9x 107° mbar, (b) I X 10™° mbar and (c) <107*
mbar.
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tained at operating pressures of 9 1073 mbar, 1x 107}
mbar and < 107* mbar are displayed in Fig. 3 together
with their corresponding discharge current waveforms.
Generally, the X-ray waveform consists of 2 distinct
phases. The first phase of X-ray emission starts well
before the breakdown of the inter-electrode gap occurs.
It lasts for some 150 ns at higher pressures to 250 ns at
lower pressures of <107* mbar. At the instant of
breakdown, as indicated by the start of the discharge cur-
rent, the X-ray emission intensity rises sharply, marking
the start of the second phase. This phase of X-ray emis-
sion is observed to extend into the first half cycle of the
capacitor discharge. The obvious distortion of the
discharge current waveform indicates the presence of
severe electromechanical processes during this phase. A
possible mechanism that may lead to such a strong in-
teraction is the joule heating of the vaporised anode
materials between the electrodes. The second phase of X-
ray emission gives rise to a pulse of about 30 to 40 ns
FWHM (typical). Comparison of the PIN diode signals
using 2 sets of filters, one with 24 ym aluminized mylar

CHL Current
CH2

Voltage

Fig. 4. Waverorms of the discharge current and the voltage across the

electrodes recorded simuitaneously for a typical flash X-ray discharge
at 1% 107° mbar.

C. S. Wong, S. LEE, C. X. OnG and O. H. CHIN

only and the other with ar additional layer of 8 um Fe
foil, indicates that the X-ray emitted consists of
predominantly the Fe-Ka line radiation. Multiple X-ray
Dplses may be observed, mostly from discharges at the
high pressure regime of operation. For the present set-
up, the optimum pressure for high X-ray production is
found to be at around 10~*mbar. For low pressure
discharges the second phase X-ray pulse may attain high
peak value but narrow pulse width, thus the X-ray yield
in terms of total energy emitted is low. On the other
hand, the X-ray intensity is consistently low for high
pressure discharges.

A qualitative picture of the plasma dynamics can be
deduced from the simultaneously recorded current and
voltage waveforms of a typical discharge at ] x10-3
mbar as shown in Fig. 4. Corresponding to the flattening
of the current waveform during the first half cycle of the
discharge, the voltage across the electrodes is observed to
hold at high level after a slight drop at breakdown. This.
is interpreted to be due to the plasma being resistive at
the start of the discharge. It seems that there is efficient
joule heating of the vaporised anode materials in the in-
ter-electrode space during this time to produce a hot
dense plasma emitting X-rays. This may contribute to the
sharp rising X-ray signal corresponding to the flattening
of the current waveform. Subsequently the plasma
becomes a fully conducting channel across the elec-
trodes. Pinching of the column'® may occur, but it will
not be effective due to the relatively low discharge cur-
rent. Another possible explanation of the sharp X-ray
pulse is that due to electron avalanche at breakdown, the
intensity of X-ray from the anode tip caused by electron
bombardment increases rapidly. This electron beam may
also interact with the vaporised anode materials to pro-
duce X-ray.

The X-ray emitted from the present flash X-ray tube at
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operating pressure of around 10~ mbar has been found
to be sufficiently intense to produce single-shot pinhole
image on Kodak Direct-Exposure-Film (DEF), Assuming
the X-ray emitted consists of predominantly the Fe-Ke
line radiation, the total X-ray energy emitted into 47 by
the tube can be estimated from the PIN diode signals.
The variation of the X-ray energy with operating
pressure is shown in Fig. 5 for a series of discharges. It
can be seen that the maximum X-ray energy produced by
the X-ray tube in its present configuration is obtained at
an operating pressure of 2.6 x 107? mbar and has a value
of the order of 210 uJ. corresponding to an X-ray emis-
sion power of kilowatts in amplitude.

§4. Conclusion

We have described the construction and the
characteristics of a flash X-ray tube of simple design, low
cost and yet with. reasonably intense X-ray emission. A
severe distortion of the discharge current waveform sug-
gests that the X-ray emitted originates not only from the
electron beam bombardment of the anode as in the case
of a seif-initiating low pressure spark discharge reported
earlier,'” but also from an intensely heated plasma of the
anode material. In many cases, the electromechanical in-
teraction is so severe that the discharge current is ob-
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served to be almost completely flatiened during the first
half cycle of the discharge. Intense X-rays are produced
from these discharges. Our study here indicates that the
efficiency of the flash X-ray tube is strongly dependent on
the operating pressure. It is believed that other system
parameters such as the electrode configuration,” the in-
put energy and the energy of the triggering spark are also
important parameters affecting the efficiency of X-ray
conversion in this type of flash X-ray tube. These are cur-
rently being investigated in this and other laboratories.
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Abstract
This paper deals with the usage of shadowgraphy in the study of laser induced spark in air at atmospheric pressure.
The spark plasma is produced using a Q-switched ruby laser (=50 MW, FWHM or full width at half maximum == 25 ns).
A nitrogen laser, with an output energy of 120 J in a 3 ns pulse, is used as a source for shadowgraphy. Shock front ve-

locities up to 5 cm/us have been observed.

Introduction

The laser induced breakdown in gases has re-
ceived wide spread attention from many research
workers' ~!? especially in the 60’s and early 70’s.
A great deal of work done in those times dealt
with the study of the initial breakdown, forma-
tion and the subsequent motion of the spark
plasma. The first reported shadow photographs
of laser induced plasmas in gases were obtained
by Malayshev! (1966). This initiated further
work by Evtushenko?, Korobkin®, Askarayan®,
Buchl®, and Holha® to quantitatively study the
spark formation using laser shadowgraphy. In
our lab, a 50 MW Q-switched ruby laser with
FWHM of 25 ns was used to initiate the break-

down in air at atmospheric pressure. Shadow-
grams were obtained using a nitrogen laser 120
wJ and == 3 ns, pulse width, as a source for illumi-
nation. Experimental methods and results are
discussed in the following sections. These studies
follow earlier shadowgraphy work conducted in
the plasma laboratory,'*»1¢

Experimental Setup

The experimental setup is shown in fig. 1. The
system comprises primarily of a JK 2000 Q-
switched ruby laser operated at 50 MW with a
pulse width of 25 ns. The laser beam is focused
in air at atmospheric pressure under laboratory
conditions by a glass lens (research quality) with
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IMAGQING [______.—-———-l

LENS )
/ RUBY LASER
4 P.C
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PHOTODIODE * 1o OBCILLOSCOPE
NITROGEN INPUTS
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MAMUAL T‘IGGEHING____ UNIT
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Fig. 1: Schematic Diagram Of Laser Spark Shadow-

graphy Setup.
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a focal length of 5 c¢m and a diameter of 2.54
¢m to produce a spark. The other major compo-
nent in this system is the laser shadowgraphy set-
up which comprises of a nitrogen laser, a beam
expander, an imaging lens and a photographic
plate. The nitrogen laser beam is collimated to
the required size using a pair of quartz lenses
separated by the sum of their focal lengths in a
telescope configuration. The JK 2000 trigger unit
was used as the master trigger unit to generate
and correlate the time sequence of the various
events. In this experiment, when the whole
system is triggered it is found that the nitrogen
laser fires about 1 us before the formation of the
spark. The firing of the nitrogen laser was then
delayed using the second delay unit so that the
shadowgraphic flash could be made to coincide
with various phases of the spark.

When the manual trigger unit is operated, it
sends a pulse to the master trigger unit. This
master trigger pulse triggers the flashlamp elec-
tronics as well as the pockel cell delay unit. The
delay time between the onset of the flashlamp
trigger pulse to the Pockel cell pulse is optimized
at 1.28 ms so as to generate the sharp giant Q-
switched pulse of 50 MW. The pulse used to
trigger the Pockel cell electronics is also used to
drive a second delay unit whose output triggers
to the oscilloscope as well as the nitrogen laser.
The air spark, nitrogen laser and ruby laser pulses
are monitored using FND-100 photodiodes. The
timing jitter between the production of the air
spark and the nitrogen laser pulse is = 90 ns
which is largely due to the nitrogen laser. We
used a 4 channel digital storage oscilloscope to
time the ruby laser pulse, air spark and nitrogen
laser pulse simultaneously. The shadowgraph
image is recorded using a camera which houses a
filter at the beam entrance. This filter is a band-
pass filter with a center wavelength of 340 nm
and bandwidth at FWHM of 12 nm.

Results

Fig. 2 shows an oscillogram of the ruby laser
pulse and air spark. The spark luminosity starts
before the ruby laser light reaches peak inten-
sity. A sample of the shadowgraph obtained at
t=35 us is shown in fig 3. These shadwographs
are similar to those obtained by Malyshev'. In
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Rupy laser pulse

Fig. 2: Oscilloscope trace showing the photodiode
signals of the ruby laser pulse and the air spark
plasma.

The ruby laser trace is the peak which starts
much earlier. (1 division in the x axis represents

20 ns).

Fig. 3: A typical shadowgram of the air spark plasma

taken at t = 5 us. (The direction of the beam is

from left to right. Magnification: 1.08x).
this picture, we can see that there is a sharply
defined front, which is actually the shock front
moving outward axially as well as radially (axial
means from left to right and radial means from
down to up). From the shadowgraphs the radial
and axial displacements were taken and a displa-
cement versus time plot was made (see fig. 4).
These displacements were calculated by measur-
ing the diameter and dividing the value by half to
obtain the increments in one particular direction.
The gradient at particular points were taken from
this plot and a plot of velocity versus time was
made (see fig. 5). The right hand side of the scale
in fig. 5 shows the velocity in terms of the Mach
number.

From the plot of velocity versus time, we can
see in the initial stages the axial velocity is al-
most twice than that of the radial value. From
the oscillogram, we can see that the air spark is
formed before the ruby laser light reaches peak
intensity. It is to be expected that the region of
breakdown will extend away from the focus, to-
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wards the focusing lens, until the peak laser pulse
has passed. This is simply the fulfilment of the
breakdown condition extended over a larger
volume. This effect is often described as a
“breakdown wave”!!»!® It also could be due to
multi-focusing as a result of spherical aberration
of the lens used'®.

After the duration of the pulse, both the axial
and radial velocities slowly decrease until their
values become almost equal. The shadowgraphs
taken were only up to 5 us after the formation of
the air spark. Further shadowgraphs taken after
this time would reveal that these values would
converge to one particular value.

Two phases can be distinguished in the ex-
pansion of the spark, corresponding to the time
before and after the duration of the laser pulse.
From the log-log plot of displacement versus
time'®, we can observe that from the time of
breakdown till the end of the laser pulse, the

27

plasma front moves approximately as the 060
power of time, decaying later towards a value of
approximately 0.4. This dependence was derived
by Ramsden and Savic'® by interpreting the
initial phase of the formation of the spark as a
radiation-supported shock wave and analyzing
it in terms of the Chapman-Jouguet detonation
theory in reacting gases, replacing the reaction
energy by the energy per unit of mass absorbed
behind the shock front from the laser beam. It is
assumed that if the radiant energy absorbed is
much larger than the ambient enthalphy of air
the three conservation equations and the Chap-
man-Jouguet condition lead to a very simple
result. The later phase, i.e. at the end of the laser
pulse, the expansion of the heated gas is analy-
sed as a blast wave. From the log-log plot of dis-
placement versus time (see fig. 6), this depen-
dence is only true for the radial phase and not
for the axial phase. The reason for this is lies in

Log(Displacementi.
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Fig. 6: Graph Of log (Displacement) vs. log (Time).
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the difference between the energy received per
unit mass of the gas for a laser driven ‘detona-
tion’ and chemical explosive detonation used by
Ramsden and Savic!®. Detonation in a chemical
explosive is a combustion process initiated by a
shock'®. The shock raises the density, tempera-
ture, pressure and entropy of the medium and
sets off the chemical reaction in a thin layer
immediately behind the shock front. The reac-
tion energy then causes a fall in pressure and
density to the Chapman-Jouget point together
with a further rise in temperature and entropy.
In the case of a laser driven ‘detonation’ no che-
mical reaction is involved. The initial shock front
changes the transparent cold gas into a dense,
cool, absorbing plasma. Incident laser energy is
therefore deposited immediately behind the
shock front. The resulting fall in pressure and
density to the Chapman-Jouget point, together
with the rise in temperature produces a hot plas-
ma behind the detonation which is only weakly
absorbing. The Hugoniot curve must be modified
to allow for velocity dependence of the energy
per unit of mass absorbed hind the shock front
from the laser beam'!.

A pin hole picture of the air spark plasma was
also taken. From this pin hole picture we can see
that the shape of the air spark plasma is elonga-
ted in the axial direction. This results agrees with
the shadowgrams we have already obtained and
also with the work done by Askarayan®.

Fig. 7:

A pin hole photograph of the air spark plasma.
The direction of the beam is from left to right.
(Magnification 7x).
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Abstract
Design equations of a simple shadowgraphic system are given and a specific system is designed. Using this system
some Interesting results of a plasma focus discharge are presented including a) focusing dynamics in the presence of a
target, b) sequential focus, ¢) focusing onto a thin wire target and d) structure of a negative polarity focus. These results

could open up new lines of research for the plasma focus.

Introduction

The shadowgraph has been used extensively
in the visualization of shock waves and turbu-
lence in aerodynamic studies. In more recent
years with the advent of laser light sources, time
resolution has been improved with the nano-
second regime being readily accessible. Particular-
ly with the easy availability of the nitrogen laser!
and with the present effort to propagate research
machines such as the plasma focus® to develop-
ing countries the diagnostics method of nano-
second shadowgraphy® opens up a method of
assessing dynamics of new experimental set-ups,
providing very quickly a comprehensive picture
such as would be difficult to obtain by other
methods including streak photography and mag-
netic mapping.

To demonstrate the ease and power of the
method and to remove some of the remaining
mysteries we first write down the design equa-
tions, produce a specific design and proceed to
present a range of results of the focus in new and
important set-ups.

Design of Shadowgraph System

Trz shadowyrapih systeii is made up of sub-
systems as indicated by the block diagram of Fig.
1.

a) Present address:
b)  Present address:
¢)  Present address:
d) Presenrt address:

EVENT

I N L2 [

Fig. 1:  Sub-system of the shadowgraphic set up.
1 = Nitrogen Laser.

2 L Beam expander using quarts lenses.

3 - Imaging system.

4 = Camera with Hilters.

The Laser

The nitrogen laser is now fairly readily avai-
lable and can even be home-made,' with the high
voltage power supply readily adapted from the
high voltage supply of a television set. With some
care fairly good beam quality and a pulse width
of just under 1 ns (resolution of 0.2 mm) may be
attained with a laser gap operated at atmosphe-
ric pressure. Details on the construction of such
a laser has already been described.!

The Beam Expander

For the beam expander a design such as
shown in Fig. 2 may be used, The design criteria
may be listed here as:

(2) input lens diameter D, > d, the beam dia-
meter so that the full beam may pe used.

(b) distance between lenses is adjusted to equal
fy +f,, where f, = focal length of input lens

Physics Department, Rive. State University of Science and Technology, Port Harcourt, Nigeria.
Physics Department, University of Zimbabwe, Harare, Zimbabwe.

Physics Department, Quaid-1-Azam University, Islamabad, Pakistan.

Department of Physics and Astrophysics, University of Delhi, India.



Fig.2: Design of Beam expander.

and f, = focal length of output lens.

(c) in order to make use of the full diameter of
output lens, for maximum system aperture
put

35T 6y

For our present system we use quartz lenses
with D, =254mm, D; = 50.8mm and f; =
101.6 mm. The laser input beam is about 1cm,
5o that D, is almost fully used.

The Imaging System

For the imaging system we use an imaging
lens, a plasma light reduction stop and a nitro-
gen laser filter centred at 337 nm (3 nm band-
pass) and several neutral density filters of the
thin-film Inconel-deposited glass type. The set-
up is shown schematically in Fig. 3.

The imaging lens (focal length f,) is placed
at x cm from the event to be shadowgraphed.
The parallel laser beam from the beam expander
focuses at distance f; on the other side of the
lens. A stop (diameter S~ 1 mm) is placed at the
focal point. Distance of imaging lens to the film
in the camera is y cm.

Fig. 3: Schematic of Imaging System.

komr e el

To focus the event on the film, set

@)

For our present system, we use an objective
lens with D3 =51 mm and f; =30 cm, and put
x=40cm (note x should be greater than f3).
The stop is put at 30 cm from the lens and the
film is placed at a distance from the lens of y =
120 cm in accordance with equation (2).

We note that the magnification M is

f5

©))

giving us a value of 3 with our present set-up.

Also the total image size (size of the laser
beam) on the film is D3 X M.

For the case of a highly luminous event,
such as a plasma focus, in which the light from
the event, even after filtering through the narrow
bandpass filter, is still sufficiently strong to be of
the same order as the laser light, the stop serves a
very important function. It reduces the plasma
light falling on the film whilst not stopping down
the laser light if the stop size is bigger than the
focused laser beam diameter at the stop.

If the plasma event produces light of inten-

sity I, then light collected by lens D, is I(D3 2 /4x%).

This light is focused by D3 onto the film. At the
place of the stop, this light beam has diameter
R given by R/D3 = (y — f3)/y which after sub-
stituting for y from equation (2) and simplifying
gives

R = Dy @)

Hence of the total light intensity I, the light
intensity getting through the stop of diameter S

)

which after substituting for R from equation (4)
and simplifying gives (1/4XS/£5)*.

Thus the stop reduces the light collected at
the film from (1/4) (D3/x)* without stop, to the
stopped value (I/4XS/f3)?
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The stop reduction ratio SR is therefore
given by

2 D..2
187130

3
or SR = (Dij X (—f’g-)’ 6)

In our present arrangement S=1mm, D3 =351
mm, x = 40cm, f3 30 cm hence SR =7 X 10 *

Experimental Set-Up

The experimental set-up is shown in Fig. 4.

We use the plasma focus designated. as the
United Nations University/International Centre
for Theoretical Physics Plasma Fusion Facility
(UNU/ICTP PFF) which is a 3 kJ plasma focus
device operated at the neutron optimized point
of 3 torr deuterium at 15 kV and 176 KA peak
current.?

Its inner hollow copper electrode has a dia-
meter of 2 cm and a length of 16 cm. The outer
electrode consists of 6 copper rods forming a
diameter of 6 cm.

The shadowgraph system has already been
described in some detail. Polaroid film is used for

3

recording. For these experiments a bandpass
filter centred at 340 nm having a passband of 12
nm and several neutral density filters are used to
obtain the correct nitrogen laser intensity record-
ed on the film. The set-up is as shown in Fig. 4.

The electronic timing sequence is as shown
in Fig. 5. The instant of plasma focus is defined
as the time of voitage spike using a voltage divi-
der placed across the focus anode and cathode.
From earlier work? it is known that the voltage
spike time corresponds to the time of maximum
plasma compression.

To synchronize the plasma focus and the
laser flash it was necessary to determine the
focus time t, and the laser flash time t; and then
to match these by use of a delay unit. The
plasma focus time t. —t_, defined here as the
time of voltage spike, was found to be 5.86 * 0.09
us. The jitter is due to the parallel plate swinging-
cascade spark-gap jitter and the focus run-down
time jitter.

The instant of laser flash measured with a
photodiode BPX65, with the delay umit by-
passed, was found to be t; —to =1.50%0.05
hs. This jitter was mainty due to the laset spark-
gap.

-
I

Supporting rod
with glass insuiator

Laser
Beam
! ] Target
 —
— | } —
Camera Ston Objective o } Beam Nitrogen
with Lsns Expander Lasar
flitars l
b : 3

Plasma Focus

Fig.4: Schematic of Shadowgraphic Set-up.
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Plasma
HVSCR Step-up Coous Plasma Plasma
Focus Tlme
Pulser Transformer Spark Gap Focus (
t,)
f
Start
Time (to)
Nitrogen Laser
Step-u
Delay — HVSCR ep-up Laser Flash
Unit Puise Transformer Spark Gap Time
{t)
L
Master
SCR
Pulse
Fig.S: Block Diagram of Electronic Time Sequence

in Experimental Set-ip.
(SCR: Silicon Controiled Rectifier; HVSCR:
High Voltage SCR).

Therefore the required delay ist, —t; =4.36
us. With the times set thus, the synchronization
has a jitter range typically of about 0.1 us. Since
the focusing (pinch) time takes about 0.1 us and
the laser pulse time is 3 ns (in these experiments),
the jitter will allow, over a large number of shots,
shadowgraphs to be taken of different instants
during the focus collapse. We denote the time of
voltage spike as t = 0. Hence, e.g., — 10 ns means
10 ns before the voltage spike.

The target (see Fig. 4) consists of a brass
disc, 5 mm thick having a diameter of 25 mm
hanging from a brass support rod of 3 mm dia-
meter. The target is kept at floating potential as
the support rod is insulated from the earthed
charaber by a glass tubing of diamter 6 mm.

Resulrs

Fig. 6 shows a composite shadowgraph se-
quence with the target at 1.5 cm from the focus
anode. Fig. 6¢c of this sequence shows that there
is no interaction between the radiaily collapsing
current sheet and the target up to the time 6 ns

before maximum compression as indicated by
the corresponding timing oscillogram, Fig. 7,
showing the voltage spike (which identifies the
instant of maximum compression) and the laser
pulse. At the measured speed of 20 cm/us there
is only a further radial compression of 1.2 mm.
The rate of elongation of the plasma focus is
known to be of the some order as the rate of
radial compression® hence we can extrapolate a
further elongation of 1.2 mm at maximum com-
pression. In fact from Fig. 6¢, we can safely state
that there is no interference of the current sheet
by a target placed at further than 1 cm which is
the anode radius. Fig. 6d shows a shadowgraph
31 ns after peak compression with the curved
return current path clearly seen but with 10 sign
of the pinch column.

The situation depicted by Fig. 6d is known
to be the time during which the pinch column
has expanded and is in a quiescent condition’
corresponding to the time just after peak neutron
emission. The shadowgraph shows clearly that
the current sheet at this time still has not reached
the target.
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(d) £ = + 3} ns

Fig. 6: Shadowgraphs of current sheet configuration
before and after peak compression with a flat
target at a distance of 1.5 c¢cm from anode
face.
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Fig. 7.  Timing Oscillograms for Fig. 6c¢.

(a) Top wace: photodiode signal of laser (b) Same as (a), but with expanded time

pulse ) R scale 20 ns/div.
Bottom trace: voltage signal of focus 1 From this Oscillogram the time of the laser
us/div.

pulse is determined to be t = — § ns; ie. 6
ns before maximum plasma compression or
voltage pulse maximum.
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Examination of several sequences of shadow-
graphs with the target at increasingly closer dis-
tances from the anode shows that for this focus
machine targets may be used with distances as
close as 10mm without interference of the
focusing current sheet of the focus proper. This
is of importance to the study of beam-target
neutron production experiments.* ¢

On the other hand when the target is at e.g.
7 mm (see Fig. 8) the current sheet reaches the
target before maximum compression (Fig. 8b)

(a) t = - 43 ns

(¢) t = + 36.4 ns

(e) t = + 304 ns
Fig. 8:

and is deemed to interfere with the focus dyna-
mics.

Examination of the sequence of shadow-
graphs also revealed an interesting phenomenon.
For example in the sequence with the target at
7 mm as shown in Fig. 8 the current sheet has
reached the target about the time of focus maxi-
mum compression (see Fig. 8b). Following that
the current sheet climbs over the target, so to
speak, as seen in Fig. 8c. Fig. 8¢ shows this cur-
rent sheet advancing at an axial speed of 5 cm/

(b)) t = - 5.6 ns

(@) t = + 277 ns

(f) £t = + 326 ns

Shadowgraphic sequence (composite) of

current sheet configurations with the flat tar-
get at a distance of 7 mm from the anode

face.
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i over the disc which we may now interpret as
a new “‘anode”. This axially advancing axisym-
metric current sheet then collapses onto the glass
tube surrounding the brass support rod as seen in
Fig. 8 d-f. This raises the interesting question
whether, if the brass support rod with its insula-
ting tubing were removed, a new focus could be
formed beyond the target. If so a metal disc
placed say 1 cm beyond the anode face would
after the usual focus and after a small interval of
say 300 ns, present in effect a new anode face
producing a fresh focus event. In this manner by
a series of separated discs, a series of plasma
focus may be produced sequentially in one
discharge, each disc sequentially becoming a
fresh anode face. It is necessary of course to
adjust the discharge parameters to provide a
sufficiently long sustaining electric current I to
adequately power each focus up to the last one
in the sequence keeping in mind the speed scaling
factor of [(I/a)/</p], where a is the anode radius
and p the ambient density. Further work on this
will be started.

(a) = 0 ns

(¢) = + 80 ns

7

Results for an axial wire target experiment
were also obtained. These are shown in Fig. 9.
These shadowgraphs with the corresponding vol-
tage waveform, show the formation of a strong
focus onto the centrally located wire target. The
copper wire target used here has a diameter of !
mm which is smaller than the usual focus
diameter of 2 mm and the results indicate a focus
on target with similar, though a little weaker vol-
tage spike characteristic and similar shadowgraph
characteristic as a free focus. Since the focusing
voltage splke has an amplitude that is propor-
tional to T/r (radial velocity divided by radius), it
is clear that the use of a thinner wire target, say
of 100 um diameter, would restore the focus vol-
tage spike as well as its overall intensity. This
indicates that even with our small focus, having
only 3 KJ energy it should be possible to carry
out plasma implosion experiments on thin fibres,
deuterated or otherwise for neutron yield en-
hancement experiments or for plasma target inte-
raction experiments.”® Incidentally Fig. 9c
shows the ‘bubble’ formation that occurs after a

(b) t

+ 46 ns

[

Fig.9:  Shadowgraphs of plasma focus collapse onto
a 1 mm axially located wire.
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strong focusing event. The observation of such a
bubble also is an indication of strong focusing.
Finally we show some shadowgraphs taken
of a negative-polarity plasma focus that is a
plasma focus run with the centre electrode nega-
tive. We keep all parameters the same as the
UNU/ICTP PFF except the polarity. We also vary
the pressure from 3 torr upwards to 10 torr.
Such a reversed polarity focus is impertant as its
studies could help in the understanding of good
focus mechanism.? So far very little is known of
the negative polarity focus except that its
neutron yield is considerably lower than that of

(ay) t = - 137 ns

(by) ¢t

- 344 ns

the ordinary, i.e. inner-electrode positive, focus.
Shadowgraphs could at least answer the follow-
ing question: Is it the axial run-down phase that
is responsible for the poor neutron yield? or the
radial phase?

We compare the axial run-down phase of the
normal positive polarity focus, Fig. 10a,, and the
negative polarity focus Fig. 10b,. No difference
is descernable, neither in inclination nor thick-
ness of layer. However Fig. 10a, and 10b, com-
paring the start of focus (or radial phase) for the
two polarities may hold the key to the difference
in focusing effect on polarity. Fig. 10a, for

(az) t =~ 69 ns

(b3) t = - 172 ns

Fig. 10: Comparison of axial phase and start of radial
phase for the normal positive polarity focus
versus the negative polarity focus
(ay) Positive polarity, end of axial phase
(a,) Positive polarity, start of radial phase
(b) Negative polarity, end of axial phase
(b, ) Negative polarity, start of radial phase.

In each shadowgraph, the anode is on' the
right pointing upwards and the cathode is on
the left. Axial motion is upwards.
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normal positive polarity shows an uninterrupted
progression from axial phase to clear radial col-
lapse. Fig. 10b, for the negative polarity case
shows that even after the current sheet has gorne
some distance beyond the end of the anode the
radial collapse still has not started, with the
current sheet still faintly and diffusely ‘attached’
to the ‘corner’ of the anode.

In Fig. 11 we examine the pinching in the
radial phase for the case of negative polarity. The
negative polarity radial phase produce shadow-
graphs that look distinctly different from the
normal polarity collapse of e.g. Fig. 6. The
column in Fig. 11 is faint and diffuse in appear-
ance and it is clear that further studies on this
phenomenon should concentrate on the radial
phase rather than the axial phase. Fig. 12 shows
the voltage signal of the negative polarity focus
corresponding to Fig. 11.

9

Fig. 13 shows the negative polarity-focus at
6 torr. At this higher pressure the column
appears more distinct but the focus is still weak
as apparent from voltage signal.

Conclusion

This work - has ~demonstrated that the
shadowgraph may " be “built as a very simple
system. Yet belying its simplicity it may imme-
diately be applied to produce very quick yet au-
thoritative resuits as demonstrated with three
situations in these experiments namely: (a) inte-
raction of flat targets with plasma focus dyna-
mics, leading to a concept of a sequential focus,
(b) feasibility study of focusing onto: an axial
wire target and (c) negative polarity focus —
deciding which phase is responsible for poor
focusing.

(a)

(b)

Fig. 11:

Radial phase of negative polarity Plasma focus

at 15 kV 3 torr deuterium. These shadow-
graphs may be compared with those of Fig. 6
which are for the normal positive polarity

focus.
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Fig. 12:

Fig. 13:

Timing oscillograms for Fig. 11. Top trace: Voltage signal of negative polarity Plasma
Focus.

Bottom trace: Photodiode signal of laser pulse 1 hs/div. From an expanded version of this
oscillogram the time of the laser pulse is determined to be t = — 56 ns, i.e. 56 ns before
maximum .

(e) )

Radial phase of negative polarity plasma focus at 15 kv, 6 torr of Deuterium. The focus
although less diffuse in stfucturc is actually weaker when judged from the corresponding
voltage spike. The shadowgraphs a-f are in time sequence with (a) as the earliest, before the
focus and (f) as the latest shadowgraph, after the focus.
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PLASHA FOCUS DYNAMICS - ITS ROLE IN AN AAAPT TRAINING PROGRAMME

S. Lee
ICAC-UM
Physics Department
University of Malaya
59100 Kuala Lumpur
Malaysia

Abstract

A brief description of the Asian African Association for
Plasma Training is given with a listing of its 8 activities carried
out in the past 2 years. Its present effort to establish the
Plasma and Laser Technology Resource Network is also described.
The experience of the AAAPT points to the effectiveness of training
packages and equipment packages in helping developing countries
initiate/strengthen research in experimental physics. One such
package is the UNU/ICTP Plasma Fusion Facility which has
successfully been installed in 9 institutions in 7 countries. The
sub-system concept and the sub-systems 1in this package, or
facility, has been extensively described. However very often
overlooked is that such a package must be at the same time
supported by a comprehensive theoretical model, so that the
experimental work benefits from the complementary understanding of
modelling and computation. The plasma focus dynamics model
supporting the UNU/ICTP PFF package is discussed and shown to agree
with the experimental features of current dip, voltage spike and
axial and radial trajectory. Moreover the basic model is extended
to predict the behaviour of a cascading focus, an invention of the
recent AAAPT-associated ICTP-UM Training Programme. The model and
results are discussed in detail.

Invited review paper prepared for the Third Summer School on Plasma
Physics, Tsingdao City, People’s Republic of China, 15-22 August 1990.

rocs. Third Summer School on Plasma Physics, Aug. 1990
Tsingdou, P.R. China, Ed. Tsai Shih-Tung & LI Yin An.
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Introduction

The Asijan-African Association for Plasma Training (AAAPT) was for‘med1 to

éarry out the following activities:

o

o

o

e}

to conduct Plasma Physics training programmes for Asian and African
countries

to develop research packages for transfer and research initiation

to exchange scientists

to publish a newsletter

The AAAPT now has 23 member institutions in 18 countries. Starting from

its formation the following nave been its activities:

o]

o

Formation on 7 June, 1988 (during the Third Tropical College on
Applied Physics) in Kuala Lumpur, Malaysia

Second (UNU)ICTP Training Programme, Kuala Lumpur, Malaysia, June-
October 1888

Beijing College on Plasma Diagnosticsz, Beijing, P.R. China, October-
November 1988

Third ICTP-UM Training Programme, Kuala Lumpur, Malaysia, December
1989 - May 1990

Regional College on Plasma Applications, Songkla, Thailand, January
1980

Fourth Tropical College on Applied Physics, Kuala Lumpur, Malaysia,
May-June 1890

Third Summer School on Plasma Physics, Tsingdao, P.R. China, August
1890

Basic Course on FPlasma Physics - Theory, Islamabad, Pakistan,

September-November 1990.

The AAAPT is currently also spearheading the establishment of the Plasma

and Laser Technology Resource Network (PLTRN) with the following
i s 3

description :

Aim: To mssist development of equipment packages.

To assist distribution of equipment packages.

Concept: tocnnology <i£:> (:}:) <:E:> <:::>

Recipients Y I ‘_]
| 1

ICTP Display
Documentation And
coordination Centre

L : :
Producing
Centres E E
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Proposal:

PLTRN be established at ICTP to benefit as many Third World scientists

as possible.

Funding and contributions: ICAC's, AAAPT, ICTP, TWAS, etc.

Actions

taken:

Nitrogen Laser Education and Application package already installed at
ICTP (contributed by ICAC-UM).

Optical Fibre Monochromator (OFMS) package already completed and sent to

ICTP (contributed by AAAPT, project of Plasma Physics Division, Chinese

Academy of Science, Beijing).

Multi-purpose plasma devices, pinch and glow discharge device completed,

to

be donated to University of Cairo (contributed by AAAPT, project of

Egypt Atomic Energy Authority, Plasma and Nuclear Division).

Other packages being planned include:

Training programmes for research transfer have been set up with
Basis of transfer: research facility package with comprehensive
Results: transfer of significant research activities to 10
Results: Research paper‘sﬂ’«7 and postgraduate theses up to Ph.D.

Out of these programmes has grown the AAAPT bringing expertise of

more advanced South countries contributing 8 activities in 2 years.

o Laser Shadowgraphy System
o Plasma Fusion Facility
© Theta Pinch
© Transistorised Rotamak FRC System
© YAG Laser package
O Hologram System
Summary: Training Programmes of the AAAPT

o)

proper S-S-N interaction criteria.
o)

hands-on training programme and equipment follow-up.
o

institutions in 7 South countries.
o

level.
o
o)

AAAPT attempts to open up the technology resources of the more
developed South countries to other South countries through the PLTRN.

Training packages

Among all the activities of the AAAPT, experience has shown that one

very effective way of establishing the transfer of technology for the initia-

tion of

research is the use of training packages4.

A training package is usually evolved around an experimental facility

which is carefully planned so that it may be transferred at low cost to
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various developing countries so as to enable experimental research {associat-
ed with that particular facility) to be started or strengthened in the
recipient country. For pedagogical reasons the package is divided into sub-
systems, so that each sub-system may be taught separately. When eventually
put together all the sub-systems form the compiete facility to be trans-
ferred. A typical package is the UNU/ICTP PFF which is shown schematically
in Fig. 1. This package has been used for three training programmes each
lasting between 4-6 months. The result of these training programmes has been
the establishment of operational plasma focus research activities in 8
institutions in 7 countries (see accompanying Table).

A very important sub-system of the package is the computation of plasma
focus dynamics using microcomputer packages (see Fig. 1). This sub-system
has usually been overlooked in the description of the package. It is however
vitally important to the design and understanding of the plasma focus and has
recently led to a new and rather exciting concept developed during the course
of a training programme.

Plasme focus dynamics

The proper operation of the plasma focus depends on the correct
ad justments to the driving current density, electrode geometry and operation-
al pressure. The designB of these parameters should ensure the correct speed
of about 10 cm/us in the axial run-down phase and 25 cm/pus on-axis speed in
the radial implosion phase at a filling pressure of several torr for a small
focus operated in deuterium. It is a well-known and unfortunate factor that
higher speeds seem not to be conducive to a consistent good neutron yleld.
The axial and radial phase dynamics 1is i1lustrated in Fig. 2. The geometry
of the compressed plasma column in its densest phase before break-up is shown
in Fig. 3 where the length of the column is shown to be a little smaller than
the anode radius, and the radius of the deuterium plasma column is about 0.15
of the anode radius. These dimensions are experimentally observed and
conform to the results of computations. The column remains compressed for
30-50 ns for a small focus but this lifetime increases according to the anode
size which follows a scaling according to available driving current or stored
energy. At about the time of the maximum compression the plasma enits
copious X-rays, REB, deuteron beams and fusion neutrons.

In the axial phase8 a snow-plow model is often found adequate to compute

the gross dynamics. This may be writtem as follows (refer Fig. 2a):

d. 2 2_dz uIz
EE{FPO[F -1}a ZEE} = ZE-&nc (1)

where ¢ = p/g

66-4




With a coupled circuit equation:

t
J Idt
d ‘ _ _ 0
r [LO+L}I} = VO c (2)
0
where VO is the initial voltage on CO and the tube inductance L = y’ (&nC)z
where p’ = p/2m.

These two equations may be written in the non-dimensionalised form:

Phase: axial phase (AI}:

a2L2 _ {dqg 2
2 dt

Motion: 9—% = — (3)
dt C
. 1 - JLdT*BL%%
Circuit: = = (4)
1 + BC
where T = t/t,, ¢ = z/zg, L = /1 {with ty = V(Loco), I, = VO/V(LO/CO)] are
the normalised time, distance and current. The normalisation reveals that

besides the electrical circuit characteristic time of tO’ the characteristic
tube length of Zq and the characteristic electrical amplitude of IO there is
another characteristic time, defined as the axial transit time of ta given in

the scaling parameter o where

5 1/2 . 1/2
c“-1) ofo
wéne (Io/a)

a =t ./t and t = ZH[(
0" "a a

The scaling parameter B 1is

where La is the maximum tube inductance in the axial phase with La =
u (ch)zo.

We note that the scaling parameter « may be used in a consideration of

0
may be used in a consideration of matching the tube maximum inductance {axial

the matching of the electrical time t. with the axial transit time ta and B

phase) with the external inductance.

The axial phase tube voltage may also be written in normalised form:
_ de dZ
v = B[ E; + La;} (5)

For the radial implosion phase an elongating pinch (length zf) may be
modeled with a plasma slug layer8 bounded by a radially inward moving shock

front (position rs) and an inward moving magnetic piston (position rD)
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pushing the layer radially onto the axis (refer Fig. 2b}. The

developed for this phase may be written in this form:

Radial phase:

1

dr p (y+1)12
. X S 0 I
radial shock motion: PPN N U R
dt p 4nr
L 0 P
axial shock elo tio tion: dzf = 2 dFS
i shoc ngation motion: I ST at
radial piston motion:
2 2
dz
2 "s¥s  Tp| Ts far 1 Tpf, 7Y%
7+1 r_ dt 71 r2 dt y+1 2 2)dt
dr P
P P
dt
Yir
v P

circuit equation:

dz
) , b dI , . D T
{Loﬂl [f_nc}zo +u [Zn;—]zf} oo Iu Lnr It

P P
2, dr S1dt
S g TV %,
P

equations

(68)

(7)

(8)

(8)

These equations may be normalised 1nto the following form; where lengths

in this phase are normalised to a for example:

K =T _/a, kK =T /&, Qf = z_./a
= s P P t

Phase 2: Radial phase (RI)

o, L
Radial shock: — = -

Axial shock:
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Radial piston:

“s Ts 1 fp[ fs)ae | (1)%p(, %)%
¥+1|x_ dT P 2|dt r+1)¢, 2|dz
dx P P p
P = (12)
dt 5
=1, l] _.s_]
- G2
P
L, de K dg
- f _»p p| £
! ILdT YR & ! Bf["né‘] ‘a7
. . de p
Circuit:. =— = (13)
dT Kp
1 + B - Bf [ch—-] cf

where B8, = B/(Féinc) and F = zo/a and

@, = [(z+1) [cz—lJ]l/z F/[2tnc] .

The scaling parameter %, is also identified as @, = ta/tp where tp is

the characteristic radial collapse or pinch time of:

1/2
0]

g (3+1)1172 (14/2)

an
t =
P

Tube voltage may be written in non-dimensional form as

K dx k_~dZ
= |g- Ple lde _ b p|_f
v {B Bf{en-c—]cfjla:c- Bf" lfcp dt " {Enc ]d‘t } (14)

where the tube voltage consists of 2 terms, the first being the product of
tube inductance with rate of change of current and the second is the product
of current with rate of change of position. Approaching the densest phase
both the radial and axial speed are of the order of 20 cm/ps and in
particular the radial speed term i.e. the term with the factor d;cp/d'r in

equation (14) tends to dominate the voltage because of the small value of <

o)

in the denominator. This term in dimensional form is p’sz[drp/dt]/r a.ng
for values typical of a small plasma focus with I = 1.5x105, zp = 10_2, f‘p =
10—3, d_r'p/dt = 2.5x105, this contribution to the tube voltage is typically 75
kV so that the inductance voltage due to the radial collapse of the current
sheet may be used to explain the observed voltage spike during focus.

In order to model the observed subsequent drop in the voltage spike it

is necessary to go on to a third phase, the elongating large plasma column
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phase. Following the maximum compression, experimental observations show
that the plasma column breaks up into a large volume plasma. It is a
characteristic of shadowgraphs taken at this time that no plasma column is
visible indicating that for the purpose of modeling one may take as a first
approximation the current path to be large and uniformly spread out with the
current path linking the anode to the moving current sheet flowing uniformly
in a column of radius a. This is distinct from the case of phase 1 or
phase 2 where all current paths are thin and indicated by a single arrow. In
this model we also assume that phase 2 moves instantaneously into phase 3.
Although this must be considered a deficiency of this model it is not too far
(from the viewpoint of gross dynamics), from experimental observations in
which the transition from phase 2 to phase 3 1is astonishingly rapid
particularly for small machines.

For this phase the two governing equations in ncn-dimensional form are:

Phase 3: Flongating large column phase (RAI):

2
a2L2L - h d¢
d2 1 dt
Elongating Motion: ——% = (15)
dt 1 + h(C-1)

2 2 1
where h = c“/(c™-1), L1 = Unc + Z)/an

- _ g, 49¢
1 JL dr - Bl
Circuit: =—= = (18)

1+ 8+ B(C—I)L2

where L2 = (hc+%]/£.nc.

In this phase the lengths are normalised to Zyr ©-8: ¢ = Z/zo, and the
voltage recovery, i.e. voltage drop back to small values typically several kV

may be obtained from the inductive voltage expression:

- 1 de 1 dg
v = B[l + [1+ZTEE}[C_1]]E? + B[1+ZTEE]LH? (17}

Solution

The two governing equations of phase 1, i.e. equations (3) and (4) are
solved by numerical integration for the two variables ¢ and {, using linear
approximation amongst the three quantities ftdr, t and diu/dt and amongst the
three quantities £, df/dt and d2§/d12.

To start the integration we may use the following starting point:




(r)o 0, Efdr]o = 0, (L)O = 0, '[a;]o =1

2
(&), = 0, [d—c] =0, a2\ - 33
0

dt 2
0

drt
We increment time, by a small amount (AT) typically 0.001, and we may use
= - . . L
linear approximation to generate (J"Ld'r)m_l and (L)n+1 from [jr]n’ and (C)n+1

and Ci—g]n+1 from (dzc/dfz-)n, thus:
1(d 2
ULdT]m_l = [j‘t_d"c]n + (L]n£AT] + '2‘[&%] (A'r]
n

(s = (p + [ 20

Similarly

ey = €y [%]H(ATJ * %d—z‘g (a7)°

drz
[d._c] = [g.g] + _dic_ [AT]
dt n+1l dz n drz n

and then use the governing equations (3) and (4) and the newly evaluated
(ILdr)n+1, Ln+18,cn+1 and (dé/dr)5+l i
second order changes namely (d“¢/dt )n+1 and G-"E]m»l' At every step equation

n

to generate the next values of the

(5) is also used to evaluate the voltage v. This phase is integrated until ¢
= 1.

For phase 2, the four governing equations i.e. (10), (11), (12) and (13)
are used to obtain the 4 variables KS, Kp, cp and ¢.

To start the integration of this radial phase, we use as starting values
the following final values of phase 1: T, [JudTr, ¢ and g%. Other initializing
values are, KS = 1, Kp =1, qf = 0, taking care that for the first point, the
last term in the numerator of equation (12) is put to 0, as otherwise =z
computation would not proceed since Cf = 0 at the first point. The time
increment AT for this and other radial phases 1s taken as 0.00002.

The integration proceeds, using linear approximation described earlier,
until Kk, = 0 at which point the minimum Kp is achieved. At each step the
voltage v is also evaluated using equation (14).

For phase 3, the two governing equations, i.e. equations (15) and (16)
are used to solve for ¢ and .

To start the integration of this phase we use as starting values the

following final values of phase 2; T, Judt, ¢ and & = 1+ (L. /F)
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(renormalising the value of Qf to zo). We also use as starting value the

"final value of df/dr of axial phase Al.

The integration proceeds using linear approximation until ¢ = 1.3, say,
z,/24- Voltage v is computed from equation (17).
As an example computations are carried out for the UNU/ICTP PFF which

has been designed with the following parameters:

Cy = 30x10°° F, L, = 110x10"° H, Vo = 15x10° V

a = 0.95x10 °m, b = 3.2x10 % m, z,=0.16 m

Py = 0.21x10-3 kg“3 (1 torr D2) giving

I, = 2.5x10° A, c = 3.37, F = 16.8

£ = 1.8x107° s, t, = 1.45x10°° s ty = 35.8x10 " s

The scaling parameters are

a = to/ta = 1.28 B

o, = »a/tp = 40.04, Be

L /L_ = 0.36
a 0
0.017.

The results are shown in Fig. 4; showing the axial trajectory ¢, the
current t with its characteristic current dip and very sharp voltage spike
during the radial collapse phase. Fig. 5 shows the radial trajectories and
speeds.

Thus the dynamics computation package of the UNU/ICTP PFF is able to
very simply model the major current, voltage and trajectory characteristics
of the plasma focus. This package may be used to design effective focus
machines from any chosen point of view e.g. kinetic energy during collapse,
thermal energy of dense phase, or from the point of view of magnetic energy
storage or voltage spike.

To illustrate the usefulness of this simple model a development during
the recent December 1983 - May 1990 training programme will be briefly
described.

Dynamics of the cascading plasma focus - an invention of a Training Programme

In this recent study Shadowgrapﬁ7 were taken of a flat disc target
placed near and downstream of the anode of a plasma focus in order to assess
whether the target disturbed the focusing dynamics. It was found that, when
the target was at a distance from the anode greater than the anode radius,
there was no disturbance on the dynamics of the focus proper (see Fig. B).
However it was further observed (see Fig. 7) that after the focus proper the
current sheet moved axially until it reached the disc target whereupcn the
current sheet propagated around the disc target and pinched or focused again

peyond it. It was as though the disc target had become a new "anode”. The
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question then arose naturally whether a series of separated discs placed
downstream of the main anode could each become sequentially a new anode to
the advancing plasma current sheet resulting in a series of sequential plasma
focus. Such a device may be called a cascade or a cascading plasma focus.

A model is set up for the case of two discs to produce three cascading
focus events. As described earlier each focus event is divided into three
parts: an axial run-down phase (denoted by A), a radial collapse phase
(denoted by R) and a large column elongation phase or radial extension phase
{(denoted by RA). There are altogether nine phases (AI, RI, RAI, AII, RII,
RAII, AIII, RIII, RAIII) in this model with two auxiliary disc anodes as
depicted in Fig. B.

The equations for the first focus event are exactly as already described
for the 3 phases of the plasma focus AI, RI and RAI. The only difference is
in the termination of phase 3, where for the case of the cascading focus we
integrate until ¢ = ¢

where Cl = zl/z is the starting position of the first

1 0
auxiliary disc anode (see Fig. 8). We continue with the modeling of the
remaining phases.

Phase 4 -~ AII:

The two governing equations of this axial phase are:

a2L2L - ES ;
d2c 3 1ldT
Motion: —3 = (18}
dTt 1+ hl(cfl)
ch1 c2—d§
where L3 = e and hl = - ; dl = al/a and c1 = C/dl'
c -1
dg
4 1 JLdT BLE;L4
Circuit: E% = 5 (1)
1+ B + BLB(C"l) + m(crl)

To start the integration of this phase we use as starting values the
following final values of phase 3: T, Jfudr, ¢, dg/drt.

The intcgrztion proceeds until ¢ = §2 =22/zo.

Phase 5 - RII:

The 4 governing equations of this radial phase are:

dx aalL .
Radial shock: —— = - (20)
aT K

p
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dc dx
‘Axial elongation: «—i = - [jiif—i (21)
at y+1lldz
Radial piston:
2 2
2= s 1 Pl [_L]K_P[l_'cj]dcf
w y+1 Kp dt 7 KZ dt 7+1 Cf K2 drz
b p p
I (22)
dt 2
Lt R E A )
7 7).2
P
L. dx K dZ
_ f P P f
1 JLdT * B T Bf{ﬂn5_1 ‘aT
. . de p
Circuit: — = (23)
at Kp 5
1+ B - Bf{ﬁng—]cf + BLE(CZ—I) + ZZEE(Cl—l)

To start the integration of this radial phase we use as starting values

the following final values of phase 4: <, J[fidr, t and du/dr. Other
s 1’ 10 & =0

The integration proceeds until Ko = 0 at which point the minimum Kp is

initialization values are: k= d Kp =d

achieved.

Phase 8 - RATI:

The 2 governing equations of this axial phase are:

2
22 [dC
o L LS h["a—{]

2
Motion: 9—% = (24)
dr 1 + hl(cz—l) + h(C—CZ)
1 - JLdT - BL%%L4
Circuit: g% = (258)
: 1+ B+ BLy(C-1) + () (G0 1)

_ 1
where L4 = (Enc1+z)/(£nc).

To start the integration of this phase we use as starting values the
following final values of phase S5: T, Jfitdt, ¢ and § = C2 + Cf/F. We also use
as starting value the final value of d{/dt of axial phase AII.

The integration proceeds until ¢ = CS = 23/20'
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Phase 7 - AITI:

The two governing equations of this axial phase are:

2
22 _ dg
2 “tlg hz[‘a?]
Mot ion: —3 = 5 (28)
dt 1+ hl(C—l) + hz(c—cz)
dg
1 - liudt - BLt=—=L
. dv J dv'6
Circuit: Iz = (27)
- B _ - -
1+B+BL3(C2 1)+(ZTEE)(C1 1+C3 C2)+BL8(C Cz)
cz—dg az
where L8 = &ncz/tnc, h2 = C2_1 and d2 == -

To start the integration of this phase we use as starting values the
following final values of phase 6: T, fudt, ¢, C and dZ/dtT.
The integration proceeds until =

" = 24/2
Phase 8 ~- RIII:

o

The four governing equations of this radial phase are:

dKS aalL
Radial shock: -— = - (28)
dt K
o)
dc dx
. . f 2 s
: —= - = 2 28
Axial elongation: Iz [7+1Jd1 (29)
Radial piston:
2 2
21% % _ 1 %[, 5S)de | (1 )5p(, 5%
¥+l dt L 2]dt r+1 cf 2ldt
dx p p
3_E= (30)
T 2
-1 1 s
- + 12l ==
) BB
p
LZ, dx K dZ
- fp p f
! f‘d“fo—ar—*Bf[ﬂnc} ‘T
. . de P
Circuit: = = {31)
- dt

K
5 B v —roar -
1+B=Bs [ch_] CptBLy (G +BLg (8)=8p) *pna (837 % 6

To start the integration of this radial phase wWwe use as starting values
the following final values of phase 7: =T, Judt, ¢ and du/dT. Other

initialization values are: K, = d2, Kp = d2 and Cf = 0.
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The integration proceeds until K, = 0 at which point the minimum Kp is

[

achieved.

Phase 8 - RAIIIL:

The two governing equations of this axial phase. are:

2
22 . {dg
2c vl h&ﬁﬂ
Motion: — = (32)

2
dT 1+ hl(cz—l) + hE(C4’C2) + h(c—c4)

Circuit:
de _ T JLdT ] BLLB%% (33)
- 1+B+BL3(C2—1)+BL5(C-C2)+(Z%;E)(C‘C4+C3'C2+C1’1)
. L (En02+%)
where = e

To start the integration of this phase we use as starting values the
following final values of phase 8: T, Judr, v and ¢ = C4 + Cf/F. We also use
as starting value the final value of d¢/dt of axial phase ATIT.

The integration proceeds until { = CS = 25/2O where zg may be taken as

5 4 4 3

Voltage eguations

Besides the measurement of current, another common and informative
measurement that may readily be made of the plasma focus is the voltage Vp

across the input of the focus. This may be computed noting that:

_d
Vp = af[LpI] . {34)

where we have assumed a purely inductive model.

These are written, for each of the nine phases, in normalized form with

v = Vp/VO, where V0 = initial voltage on capacitor, as follows:
: = gledt 4 98
Phase 1: v B[Cdt + La;] {35)

It is seen that the tube voltage contains two terms, the first being the
product of displacement and rate of change of current and the second the
product of current and speed. As the current peaks and stays near constant,

the second, which we =z!1, speed tcorm dominates.

)
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K dx x_dg
. v = |g- Ple {d _ f P fmp| L
Phase 2: v [B Bf[énc ]cf]E Bft.[;; c—h,—*.[&lc ]d’t ] (36)

In the radial phase, the form of the voltage equation contains the two
terms with the same dependence as in the axial phase. But in the radial
phase the speed term has a much greater magnitude especially the term
involving the piston speed dxp/d'r since this term has rcp in the denominator

and this has a larger effect as r;p goes to smaller values.

Phase 3: v = 3[1 + [1+ ][g 1”“‘_‘ + 3[ &nc] g-% (37)
Phase 4: v = B{[l + L3[c-1} + [Zli_nc] [’51'1”%;‘ + Laug-%} (38)
1 € de
Phase 5: v = {3[1 + 1_3[1;2—1] + [ZE{E] [C1~—l]] - By [En—c—g]cf}a
Kk_~dg . dk
- p| °f F™p
Byt [[&‘a‘]az— T F] (39)
: p
. _ _ | _ _ de 1 ]dg
Phase 6: v = B[l + L3[§ 1] + 4—£n—c[c c2+c_;1 1]:'— + BL[ 5 * 4£nc]dr (40)

. _ 1 de
Phase 7: v = B[l + L3 [Cz-l] + [m] [§1“1+C3'C2] * LB [C—CZHE:E

dg
+ I_,SB(,E (41)

Phase 8: v = {3[1 Ly [g2—1] ‘L [c4-c2] . [z%?{a] [c1—1+c3—_c2”

K d¢ C,. dx
_ P du f f )% '
Bf[tnc ]cf = [[ ]dr & F] (42)
Phase 9. v = B[l + L [cz 1] + L [C c2] + 4£nc[c C4 C3 c2+c "1]](11'
1 )dg ¢
* B [Le * 4£nc]a? -

Results

Computations were carried out using this model with a view of designing
a cascading focus system based on the 3kJ plasma focus designated as the
UNU/ICTP PFF® The scaling parameters are «, B, ¥, ¢, F, Cl, C2, C3, C4s dl
and d2. In order to reduce the large number of possible combinations to

arrive at a combination that will provide good focusing characteristic (large
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voltage spike, significant current dip), for all 3 cascading focus events we

note that the speed scaling’ in both axial and radial phase is dependent on
the factor (I/a)/JES, so that it is necessary to maintain the value of (1l/a)
during each of the cascade focusing events. Thus basically we adjust the
scaling parameters from the values of the UNU/ICTP PFF so that the first
focus of the cascade focus occurs earlier than the focus of the UNU/ICTP PFF.
Also to maintain the value of {I/a2), the auxiliary anodes are designed with
radii a, and a, 2 little less than a.

Thus whereas the UNU/ICTP PFF was numerically optimized with the
parameters « = 1.26, 8 = 0.36, F = 16.8, c = 3.37 and y = 5/3; the cascading
plasma focus is redesigned with a = 1.7, B =0.27, F=12, ¢ = 3.37, v = 5/3
and with §1 = 1.083, §2 = 1.167, §3 = 1.25, §4 = 1.333, d1 = 0.85 and d2 =
0.7.

These parameters correspond to the cascading plasma focus operating with

the following conditions: VO = 15 kV, CO = 30 uF, LO = 110 nH, a =1 cm, 2z

O=
12 - cm, z1 = 13 cm, 22 = 14 cm, z3 = 15 cm, z4 = 16 cm, a2 = 0.85 cm, a3 f
0.7 cm and pressure = 1 torr 1in deuterium. (Due to current and mass

shedding? not included in the present modeling, the actual operational
pressure would be closer to 3 torr).

The S-phase model was computed with the above scaling parameters, using
equations (3)-(4) for phase 1, eguations (10)-(13) for phase 2, equations
(15)~(18) for phase 3, equations (18)-(18) for phase 4, equations (20)-(23)
for phase 5, equations (24)-(23) for phase 6, eguations (28)-(27) for phase
7, equations (28)-(31) for phase 8 ana eguations (32)-(33) for phase 8. The
voltage across the focus tube was also computed for each phase using
equations (35)-(43).

The results are presented in Figs. S-11. In Fig. 89 are presented the
current ¢ and voltage v waveforms. The current reaches a peak value of 0.787
at T = 1.335 at the end of phase 1 just before the start of phase 2 (see
Fig. 10). During this phase 2, it drops to 0.785 or by 2.8% of the peak
value, with the steepest part of the drop occurring at T = 1.3515. This
steep drop of current corresponds to the peak voltage which spikes up to a
vailue of v = 8.28 corresponding to =a piston speed of 5.8 (see Fig. 1lla)
scaled to characteristic speed of zO/tO. These three effects, namely the
current dip, the voltage spike (contributed mainly by the term (dxp/dr)/x
[see voltage equation (36)] and the fast radial piston speed are the
nclassic" characteristics of a plasma focus. During this radial phase a
further, though smaller, contribution to the voltage spike [see equation
(28)1] is the high axial elongation speed of up to 12.6.

After the radial phase RI, our model allows for a radial extension phase
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RAI during which the current remains practically constant at I = 0.7648 (see
Fig. 9) dropping gradually to 0.757. The tube voltage drops to a value of
0.347, slightly above the AI final value of 0.27. This higher value is due
to the extra inductance term of l#’z

4 f
stays practically constant, see Fig. 10, at 1.23 only slightly higher than

during the RA phase. The axial speed

the final axial speed of phase 1. Phase RAI moves on to phase AII
characterized by almost constant current, slightly lower tube voltage and
slightly higher axial speed.

At the end of phase AII, the second focus event occurs with the current
dipping noticeable by another 2.5% from 0.757 to 0.738 in a short time
interval of 0.012 (see Fig. 8). The voltage spikes up to S.14 at T = 1.45
contributed mainly by the high piston speed. This radial collapse again has
all three classic indication of a plasma focus. The phases RAII and AIII
have similar charécteristics as the earlier axial phases, almost constant
current, tube voltage and axial speed.

At the end of phase AIII, the third focus event occurs during phase RIII
this time with a current dip of 2.5% from 0.729 to 0.711 and a voltage spike
of peak value 10.5 correspending to a peak piston speed of 10.1 at T = 1.55.
This focus event also has all three characteristics of a strong plasma focus.

Indeed the parameters having been adjusted so that this third focus in the

cascading series occurs at T = 1.55 and moreover with the relevant anode

having a radius .of 0.7 of the main anode, this assures that there is ample
near-peak current so that the value of I/a2 ensures the highest radial speed
and largest voltage spike during RIII of all the three focus events.

Following this radial phase RIII, we follow the plasma dynamics through
one more axial phase RAIII to bring the voltage down to the small values that
characterizes an axial phase. The current further drops gradually during
this phase,.

Fig. 1la, 11b and 11c show the results of the computation'on the radial
phases RI, RII and RIII. These three graphs fill in the three gaps in
Fig. 10. On an expanded time scale each of the three graphs of Fig. 1l1a, 11b
and 1llc shows the shock trajectory Ks and the piston trajectory xp and the
corresponding speed graphs dKS/dT and de/dT vs T. Also displayed is the
elongation speed dqf/dt.

In Fig. 1la showing results for the first of the radial phases, the
plasma starts pinching at K, = Kp = 1 at the time T = 1.335. Up to T = 1.347
the speeds dxs/dt, dnp/dt and dcf/dt have risen to values around 4 from
initial values of about 1 (in a time interval of 0.012). But in the next
smaller time interval of 0.003 from 1.347 to 1.350 the values of dxs/dr and
dCf/dT have risen to over 18 and 12 respectively, whilst the value of de/dT

66-17

A9



70

has risen to 8 and then drops sharply to zero in the very last instant as the
radially imploding shock front goes on axis.

The very large voltage spike of RI of Fig. 9 1is due to the large value
attained by dxp/d'r in the small interval of 0.003 from 1.345 to 1.350,
coupled to the decreasing value of Kp during this short interval of time.

The feature of Kp. K and the speeds dxs/d'c, dxp/d’r and dcf/d-r follow
the same pattern for the other 2 radial phases RII and RIII.

It may be commented that the radial collapse speed and the voltage
spike, say of RI, coming out of these computations are too large when
compared with voltage measurements on a plasma focus. It would be correct to
say that because the slug model assumes instantaneous signal communication
between the shock front and piston this leads to the computed exceedingly
large values. 1f we consider the communication delay due to finite small
disturbance speed between the piston and shock front (of the order of 0.3
mn/ps or in the non-dimensionless units of these calculation 0.1 units of
distance in 0.002 units of time) then, because in the slug model the piston
pressure drives the shock front and the motion of the shock front creates
volume for the piston to move into, =2 communication delay of 0.002 or 0.003
in time between the piston and shock front would mean that the shock front
would at any instant feel the considerably smaller pressure of the piston at
an earlier time and likewise the piston would feel the effect of the shock
front at an earlier position. This delay effect if incorporated into the
model would considerably slow down both the shock front and piston as they
near the axis, and hence also reduce the voltage spike. Another mechanism
which needs to be considered in this context is the different mass shedding
factor in the axial and radial phases.

Operating the cascading focus in deuterium =a neutron pulse may be
expected with each focus. It may be necessary to use hollow auxiliary anodes
i.e. with a hole in the centre in order not to disturb the deuteron beam-gas

target mechanism responsible for a proportion of the fusion reaction in a

plasma focus.
Conclusion

This paper has reviewed briefly the activities of the AAAPT in the past
two years. The importance of training packages and their sub-systems is
emphasized and it 1is pointed out that an experimental package should be
supported with a theoretical/computational sub-packages. The example of the
UNU/ICTP Plasma Fusion Facility is cited and a description of the plasma
focus dynamics model is given demonstrating how such a model may be used to
design the plasma focus and predict all the major dynamics and electro-

dynamic behaviour of the focus. It is further demonstrated that this model
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EMST Nitrogen Laser
UNU/ICTP Fiow Laser Shadowgraph Glow
PFF Simujator System System Discharge

Cairo, AL Azhar U, X X X
Jaipur, Rajathan U, X X°

Delhi, Delhi U. % X x
Srinaga, SP Coll. X

Jakarta, LAPAN x

(Space research)

Yogyakarta, PPNY X X
(nuclear research)

Islamabad, QIAU X" X * X

Port Harcourt, US&T X X X

Njala, S. Leone, NUC X

Songkia, PSU X X

* Also used for M.Sc. and Ph.D. theses programma.

* Have produced Ph.D./M.Sc. theses from these facilities.

Table 1. Facilities transferred as training packages

C.R.O.'s ROTARY PUHP
CHARGER &
v
20 kV, 50mA GAS SYSTEH
CURRENT VOLTAGE
coiL $ROBE
] MAGNETIC COIL
< TO CRO
capacitor || spark [ £1 FOCUS TUBE | G-N NEUTRON
15KV, 30ur CAP COUNTER
TRIGGERIKG
ELECTRONICS

NHITROGEN LASER
CONTROL & SYHC

TO CRO st SHADOWGRAPHIC
ELECTRONICS SYSTEM

MICROCOMPUTER

PACKACES

Pig.i1 Sub-systems for the UNU/ICTP PLASMA FOCUS FACILITY
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has helped in the invention of 2 new device called the cascading plasma focus
resulting from a recent training programme. This is an indication that the
AAAPT training proérammes are not only cost effective but also have excellent
research potential, particularly when the experiments are backed by effective

computational models.
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Fig. 2a Phase 1: axial acceleration phase
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Fig. 2b Phase 2: radial compression phase

Fig. 3 Compressed column of the plasma focus
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Phase 2
-,
~ 1.1
Phase 1 ~— Phase 3—
L v
1.0 _Z.0
0.8 | 4.0 124
L L ~\\\\\\\\\\\\
0.6 | 3.0
0.4 | 2.0
0.2 1.0
0 1 % ) It It A L x%s\g
0 0.2 0.4 2.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Fig. 4 Current . and voltage p for UNU/ICTP PFF with « =
1.26, p=0.36, F = 16.8, ¢ = 3.37, v = 5/3.

Fig. 5 Radial phase: Trajectories of phase 2 radial shock
(ks) and radial piston (kp) for UNU/ICTP PFF. Also
given are radial shock speed dksldr (e), radial
piston speed dkp/dt (#) ané focus column elongation
rate dg/dr (X).
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{(a) ¢ = ~ 46 ns (b) t = ~ 17.6 ns

(¢} t = ~ 6 ns (d) ="¢ 31 ns

Fig. 6 Shadowgraphs of current sheet configuration before
and after peak compression with a flat-target at a
distance of 1.5 cm from anode face.
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(2) t=-43ns (b) t=-5.6ns

(d) t=+277ns

(e) t=+304ns (£) t=+326ns

Fig. 7 Shadowgraphic sequence {composite) of current shect
configurations with the flat-target at a distance of

7 mm from the anode face.
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8: The 9 phases of the
cascading plasma focus model.
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Fig. 8 : Current-1 and voltage v for cascade focus with @ = 1.7, B = 0.27, F = 12,

c = 3.37, y = 5/3, 31 = }.083, Tg = 1.167, &3 = 1.25, L4 = 1.333, ¢y = 0.85 and Ga = C.7.

{To help identify the 9 phases their time intervals are given here:
0 - 1.335
1.335 - 1.352 (first voltage spike)

Phase
Phase
Phase
Phase
Phase
Phase
Phase
Phase
Phase

2.

3
4
5
6
7
8
9

Fig. }0: Axial position { and axial s
RAILI for cascading focus wi
represent the three phases RI,
in Figs. Sa, 5b and Sc.

AA A A

A A A A

A

1.352

= 1.369

P
th parameters given in Caption of Fig.

RII and RIII, results of which are

1.437
1.449
1.473
1.539
1.548

3o

!

.369

L4637

449 (second voltage spike)
.473

.539

548 (third voltage spike)
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Fig. Na:

Fig. 1lb:

Fig.llc:

- 20
-~ 16 dry
dt
-1 12
dx
dr
- 8 =
dcf
-l b dr
11

1
1.335 T

Radial phase RI: Trajectories of radial shock (xg) and radial piston (x;) for
cascade focus with parameters same as Fig. 3. Also given are the rading
speed dkg/dr (o), radial piston speed dep/dt (4) and focus column elongation
rate dgg/dr (x).

i
~n
a o]a
alx Al =R
“

-

0 0.004 0.008 0.012 0.016
1.437

Radial Phase RIL: Trajectories of radial shock (xg) and- radial piston (xj)

for cascade focus with parameters same as Fig. 3. : Gl
speed dxg/dt (o), radial piston speed dwp/dt (&) and focus column elongatli
rate dig/dt (X).

dx

- 8 dcf
drt
- &
! 1 ! ! : 0

0.012 0.016

1.539

Radial Phase RIII: Trajectories of radial shock (xg) and radial piston (xp) for
cascade focus with parameters same as Fig. J. Also given are the radial shock
speed dxg/dt (°), radial piston speed de/dT (#) and focus column elongation
rate dg¢e/dt (X).
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I. Need for Training Programmes

In the 1980°'s there have been greatly increased opportunities for
South-South as well as South-North scientific interactions. Consider
just one example: the activities sponsored by the ICTP and its Office

of External Activities:

Year 188S:

387 Federated Agreements, each providing 3 visits to ICTP,
Trieste, Italy;

500 Associates;

40 Scientific Colleges and Conferences at Trieste;

139 External activities, Workshops, Colleges, Conferences,
Training Programmes, Physics and Mathematics Teaching
Programmes;

The creation of 9 Affiliated Centres (ICAC's) and 4 Networks.

These ICTP activities alone sponsored an estimated 5000

South-South and South-North visits for Third World Physicists in 198S.

With all thesw exchange activities, it it timely to put emphasis

Hy

on activities which optimise results to achieve lasting effects.
Beyond the conference halls, beyond the laboratory visits, at the end
of an activity one question 1is often heard from the Third World
physicist "What can I do back home? How can 1 do it?". One way to
answer this question is through Training Programmes for South-South

transfer of experimental research and research facilities.

Ty




I1. Training Programme for South-South Research Transfer

(1) Alm: To initiate/Strengthen experimental research 1In a

specific field in several developing countries.

Method: By transfer of an integrated package of expertlse,

components and equipment.

Concept:
SOUTH SOUTH
Cantra {or Tralning Programme Reclplent Group
tor Research Transfar of bullding up
specliic technology/faclliity apeciilc technalogy/taclilty
Contribution Contributi
1. Manpower and infrastructure. 1. Man-power and commitment.
2. Planning and organisation. 5. Basic mechanical and
3. Design of specific facility. electronic workshop
4, Detailed course content. tacilities.
6. Teaching.- Open Box approach. 3. Basic laboratory equipment
8. Construction of facility. and space.
7. Follow-up equipment and
expertise.
NORTH
International Organisations
ihul]
1. Living & travel expenses for recipient participants.
2. Cost of parts and labour and freight for follow-up equipment.
3. Cost of follow-up visits and scientific exchange.
4. Coordinatlon and technical expertise.




(i1) Identification of = Centre for Research Transfer

The Centre shall have:-

1.

(i1i)

specific and specialised research activity in the area of
physics it is offering.

sufficient experience and productivity in that area of physics
including: development of undergraduate courses, production of
post-graduate theses (preferably to doctoral level) and
research papers.

a self-contained technical infrastructure for the research.
evolved the technical infrastructure at the centre ifself so
that the technical infrastructure may be adapted to another
developing country without excessive cost in equipment and
funding.

a willingness (enthusiasm) to take the initiative to prepare a
comprehensive program to teach, in one package, all the
technology required to carry out research in the designated

subject area.

Role of the Centre

The Centre should on its own initiative: -

1.

Identify a facility (modelled on its own experience) that may
be built and on which research may be carried out fruitfully.
Plan a breakdown of the facility into its basic technical
sub-systems.

Define the major technical requirements (related to the
working principle) of each component so that its design and
building may be adapted to suit local technical capabilities
and individual needs.

Plan the basic theory and model needed to optimise the
parameters of the facility, and on which the behaviour of the
facility may be studied fruitfully and with possibility of
extension.

Plan for computation and numerical modelling to be done with
modest computing facilities like microcomputers.

Plan the building of the power and control systems and basic
diagnostics so that these may be built in simple (preferably

modular) form in the local environment.
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10.

11.

12.

1

14.

Plan a comprehensive series of experiments and lectures to
demonstrate all the above in modular as well as in assembled
working form.

Identify the basic equipment that may not profitably be
home-built in the framework of the particular program, such
as, for example, vacuum pumps, oscilloscopes, electronics and
power components.

Select the participants (bearing in mind the suitability also
of the environment of the home institutions).

Conduct a course (from 3-8 months as necessary) based on the
above for a group of 2-8 participants.

Provide facilities for construction of the facility to be
transferred.

Oversee the design, construction and testing of the facilities
by the participants.

Arrange alr freighting of facility.

Provide follow-up.

III. ICTP-UM Training Programmes in Plasma, Laser and

Pulse Technology at ICAC-UM, Kuala Lumpur.

(1) Programmes

Thes

e were 4-8 month training programmes held as follows:

1985/86 UNU/ICTP Training Programme - 8 UNU Fellows

1988

ICTP(UNU) Training Programme - 4 ICTP Fellows
- 2 TWAS Fellows

1989/90 ICTP-UM Training Programme - 3 ICTP (ICAC-UM) Fellows

{(ii1) Faci

- 4 TWAS (ICAC-UM) Fellows

lities for transfer

These were carefully packaged. Each package is made up of

carefully

designed sub-systems. Two of the packages are shown in

Fig. 1 and Fig. 2.
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i
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IV. Results of ICTP-UM Training Programmes

(i) Facil

ities transferred

Exper

{mental plasma/fusion/laser research has been init

jated

in

Third World countries.

Facilities transferred include the following:

UNU/ICTP
PFF

Cairo, Al Azhar U. X

Jaipur, Rajasthan U, X

Delhi, Delhi U X

Sringaga, SP Coll.

Jakarta, LAPAN
(Space research)

Yogyakarta, PPNY X
(Nuclear research)

o
Islamabad, QIAU X
Port Harcourt, US&T B
Sierra Leone, NUC X
Songkla, PSU X

#

- Also used for M.Sc.

EMST
Flow
Simulator

and Ph.D.

Nitrogen
Laser
System

Laser
Shadowgraph
System

X

theses programme.

Glow

Discharge

+
- Have produced Ph.D./M.Sc. theses from these facilities.
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(1i) Results - research publications

Each of the training programmes has produced research publications
in which the team of trainees alsoc participate. Among these

publications are the following:

Device development

- Fusion package for research transfer.

"A Simple Facility for the Teaching of Plasma Dynamics
and Plasma Nuclear Fusion"

Amer. J. Phys. 5B, 62 (1988)

S. Lee, T.Y. Tou, S.P. Moo, M.A. Eissa, A.V. Gholap
K.H. Kwek, S. Mulyodrono, A.J. Smith and M. Zakaullah.

- Nitrogen Laser Development.
IEEE J. Quan. Elec. QE-23, 283 (1887)
A.J. Smith, K.H. Kwek, T.Y. Tou, A.V. Gholap and S. Lee

J. Fiz. Mal. 6, 165 (13985)
S Lee et. al.

New Devices

"Sequenced Nitrogen Lasers”

J. Appl. Phys. 65, 4133 (1989)
S Lee, K.H. Kwek, Jalil Ali, M.V.H.V. Prabhakar,
Y.S. Shishodia and A.G. Warmate.

1R o

Effect of Targets on Plasma Focus”

IEEE J. Plasma Science (accepted for Dec 1880 issue)
S. Lee, M.A. Alabraba, A.V. Gholap, S. Kumar. X.H. Kwek,
M. Nisar, R.S. Rawat and J. Singh.

“Cascading Plasma Focus"

Submitted to J. Applied Physics
S. Lee

Some of the published results are shown in Figs. 3

10.



V. Consequent Development of Organisations

(1) ICAC-UM

As a result of our involvement in the implementation of the,
concept of Training Programmes for Research Initiation the Physics
Department, University of Malaya has been invited to be an Affiliated
Centre of the International Centre for Theoretical Physics. We aim to
continue and expand activities as a training centre for research

transfer.

(ii) Asian African Association for Plasma Training (AAAPT)

In order to widen the scope for technology and research transfer
among Third World countries the AAAPT was formed in 1988 with the
following objectives:

- Plasma Physics training programmes in Asia and Africa.

- Development of research packages for transfer.

- Exchange of sclentists.

~ Newsletter.

Activites (and associated activities):

- Formation on 7.6.1988 (during Third Tropical College on Applied
Physics), Kuala Lumpur, Malaysia.

- 2nd (UNU)ICTP Training Programme, Kuala Lumpur, Malaysia,
June-Oct 1988.

-~ Beijing College on FPlasma Diagnostics, Beijing, P.R. China,
Oct-Nov 1989.

- 3rd ICTP-UM Training Programme, Kuala Lumpur, Malaysia, Dec 89 -
May 1990.

- Regional College on Plasma Applications, Songkla, Thailand,
January 1890.

- 4th Tropical College on Applied Physics, Kuala Lumpur, Malaysia,
May-June 1980.

— Third Summer School on Plasma FPhysics, Tsingdao, FP.R. China,
15-22 August, 1930.

- Basic Course on Plasma Physics - Theory, Islamabad, Pakistan,

September-December 1990.




The ICAC-UM and the AAAPT have also taken the 1initiative to
propose the formation of a Plasma and Laser Technology Resource

Network.

(i11) Plasma and Laser Technology Resource Network

Aim: To assist development of equipment packages.

To assist distribution of equlpment packages.

Concept:

Technology 1 2 3 4

Recipients

PLTRC Display,
Documentation and

Coordination Centre

Technology
Producing 1 2 3 4

Centres !

Structure of Technology Resource Netwaork.

Proposal:
PLTRC be established at ICTP to benefit as many Third World
scientists as possible.

Funding and contributions: ICAC’'s, AAAPT, ICTP, TWAS, etc.

Actlons taken:

Nitrogen Laser Education and Application package already
installed at ICTP (contributed by ICAC-UM).

Optical Fibre Monochromator (OFMS) package already completed
and sent to ICTP (contributed by AAAPT, Project of Chinese
Academy of Science, Beijing).

Multi-purpose plasma devices, pinch and glow discharge device
completed, to be domated to University of Cairo (contributed
by AAAPT, project of Egypt Atomic Energy Authority, Plasma

and Nuclear Fusion Division)



Other packages belng planned include:
Laser Shadowgraphy System
Plasma Fusion Facility
Multi-channel X-ray Spectrometer
(These will be transferred to the ICTP by the end of 1880).
Theta pinch
Transistorised Rotamak FRC System
YAG Laser package

Hologram System

VI. Conclusion

o Training programmes for research transfer have been set up with

proper S-S-N interaction criteria.

o Basis of transfer: research facility package with comprehensive

hands-on training programme and equipment follow-up.

- Results: transfer of significant research activities to 10

institutions in 7 South countries.

» Results: Research papers and postgraduate theses up to Ph.D.

level.

o Out of these programmes has grown the AAAPT bringing expertise
of more advanced South countries contributing 8 activities in 2

years.

o AAAPT attempts to open up the fechnology resource of the more
developed South countries to other South countries through the

PLTRN.
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piasma layer may be measured as a sharp rise in magnetic
field as the sheath sweeps past the probe. This measure-
ment may be used to confirm the dynamics required to
ensnre 2 gond focus.

An indium foil activation system is used to count fusion
neutrons from the plasma. This system consists of an indi-
um foil covering an NE 102 scintillator sitting on the pho-
tocathode of a 2-in. photomultiplier tube. The assembly is
placed in a paraffin wax enclosure so as to thermalize the
fusion neutrons. The detector is placed on the end flange of
the plasma focus tube (no. 39). The PM tube is connected
to a counter via a discriminator and a preamplifier and has
a calibration constant of 5X 10* neutrons per count, the
counts being taken for a 30-s period immediately after the
focus is fired.

IV.RESULTS

The system was tested between 13 and 15 kV in various
gases including air, argon, hydrogen, and deuterium. The

strength of the focusing action is gauged from the current.

dip and voltage spike. Figure 4(a) shows an oscillogram of
the current and voltage waveforms of the plasma focus in
0.5 Torr of air, with focusing action about 1 s after peak
current. Figure 4(b) shows a deuterium focus, at 13 kV,
2.5 Torr with focusing action occurring at peak current.
The deuterium focus shows signs of a secondary focus oc-
curring some 0.4 us after the first voltage spike. The occur-
rence of definite clean dynamics in the axial region preced-
ing the focus region is confirmed by magnetic probe
measurements. Figure 4 (c) shows the output of amagnetic
probe (lower trace) placed atz = 10.2 cm (i.e., in the axial
drive region 10.2 cm from the backwall) in a discharge of
15kV, 3.5 Torr of deuterium. From this oscillogram and in
comparison with the current oscillogram (upper trace) itis
found that the current sheath arrives 0.6 us before focusing
occurs off the end of the anode at z = 16 cm giving a speed
of 9.7 cm/us (corresponding, from shock theory, to a tem-
perature ~2X 10° K) over this section (z = 10.2-16 cm)
of the axial drive region. From the rise time ( 109-90%)
of the magnetic signal and the speed this gives a current
sheath thickness of 2 cm. The thickness and speed of this
current sheath is typical of that in a good plasma focus
system. The current dip during focusing is aiso seen as adip
in the magnetic probe output that shows two other current
dips occurring at 0.2 and 0.6 us after the first dip. These
confirm the occurrence of multiple focusing in deuterium
in the device.

In air good focus was obtained at 13 and 15 kVin a
narrow pressure range of 0.5-1.1 Torr. In argon the pres-
sure range for good focusing is greater at 0.3-3 Torr. At 15
kV very strong focusing action was obtained at 0.8 Torr. In
helium the range of focusing is from 0.7 to 3.5 Torr while in
carbon dioxide focusing is observed below 1 Torr. In hy-
drogen the pressure range for focusing is 1.1-6 Torr. How-
ever, it is noticed that the focusing action, although defi-
nite. is not as intense, in terms of a focusing voltage spike, as
in argon. The strongest focus in hydrogen occurs at 3.3-43
Torr. In deuterium strong focus is observed at 1-5 Torr
with best focusing at 2.5-3 Torr.

In deuterium when operated at 15 kV and optimum pres-
sure conditions of 3 Torr consistent counts of 1000-2000
are obtained using the PM-scintillator counter. This corre-
sponds to 0.5-1 10 neutrons per shot.

The system shows remarkably consistent and reproduc-

56 Am. J. Phys.. Vol. 56, No. 1, January 1988

Fig. 4. (a) Current (upper trace) and voltage (lower trace) of plasma
focus in air: 13 kV, 0.5 Torr; Top trace: 73 kA/cm: Bottom trace: 2 kV/
cm; Time scale (horizontal): | ps/em. (b) Current and voltage trace of
plasma focus indeuterium: 13kV, 2.5 Torr; Top trace: 75 kA/cm; Bottom
trace: 4 kV/cm: Time scale (horizontal): 1 us/cm. (¢) Current and mag-
netic trace of plasma focus in deuterium: 15kV, 3.5 Torr; Magnetic probe
placed at z = 102 cm; Top trace: 73 kA/cm; Bottom trace: 0.6 T/cm.

ible operation. Six systems were assembled one after the
other and tested over a period of 2 months. Each system
was assembled and tested over a period of 1 week averaging
between 100—200 shots in the various gases. Once a system

Leeeral 66

7ig 4. Research results- some measurements of the UNU/ICIP PFF
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Time scale: 100ns/division.

Fig Oscillograms of photodicde signal monitoring the three-channel
sequenced nitrogen laser operated in the prolonged sequencing mode; time
scale: 100 ns/div. (a) Shot with three laser pulses in “prolonged sequence.”
(b) Shot with the third laser pulse missing.
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(a) £t = - 46 ns _ . (b)Y t = - 17.6 ns

(d) = + 31 ns

Fig Shadowgraphs of current sheet configuration before and
after peak compression with a flat target at a distance
of 1.5 cm from the anode face

Fig.7.Research resultsr l-nanosecond laser shadowgraphs of the
UNU/ICTP PFF- IEEE Trans Plasma Science (Dec 1990)
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+ 326 ns

t= +304 ns t

Fig Shadowgraphic sequence (composite) of current sheet
configurations with the flat target at a distance of
7 mm from the anode face

Fig 8 Research results- developing the concept of the
Cascading Plasma Focus
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Effect of Targets on Plasma Focus

Jyn;

S. LEE, M. A. ALABRABA, ASHOK VASUDEO GHOLAP, §. KUMAR. K. H. KWEK,
MOHAMMAD NISAR, R. S. RAWAT, anDp JASBIR SINGH

Abstract—Shadowgraphs were taken of a 3-kJ plasma focus in the
presence of a flat disc target placed downstream of the anode and a
1-mm wire target inserted along the axis at the anode. Three obser-
vations were made: (i) The flat disc target does not affect the dynamics
of the focus proper when it is placed downstream at a distance greater
than the anode radius; (i) the current sheet moves over the disc and
forms a pinch beyond it as though the disc has become a new anode;
and (iii) the piasma focuses strongly onto a 1-mm wire on axis.

These observations may be used to design beam-target experiments
in a plasma focus machine. They indicate the possibility of focus-fibre
experiments, and also raise the possibility of and indicate the guide-
lines for designing a sequential focus device.

I. INTRODUCTION

HE PLASMA focus is recognized as a device which

is very suitable for the study of plasma dynamics {1]
as well as being a simple source for neutrons, X rays, and
particle beams. In some studies, targets are used as a di-
agnostic tool for the observation of deuteron beams. For
example Cloth and Conrads [2] and Bernard et al. [3] have
used a target technique to show the importance of the
beam-gas target mechanisms for the neutron production
in the plasma focus, and to demonstrate the presence of a
high energy component in the deuteron beam and to study
the duration of the beam. '

More recently, Moo et al. [4] have used a metal target
and deuterated target placed at various axial distances
from the end of the anode in a plasma focus device (3-kJ
device designated as the UNU/ICTP PFF [1}). The neu-
tron yields are measured with each of these flat targets and
are compared to the yield without them. Results are ob-
tained that are consistent with the interpretation that a
beam-target mechanism plays a primary role (85%) in the
neutron production in this device.

In those experiments, Moo et al. [4] were careful to

Manuscript received March 30, 1990: revised July 24, 1990.
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keep the target distance no less than 2 cm from the anode
of radius 1 cm, as it was believed from current and volt-
age measurements that the target beyond 2 cm did not
disturb the focusing dynamics.

To demonstrate the validity of this viewpoint, we have
carried-out experiments in the plasma focus UNU/ICTP
PFF to obtain shadowgraphs in the presence of a flat tar-
get at varying distances from the anode. We also exam-
ined the focusing dynamics in the presence of an axial
thin-wire target protruding into the hollow anode. The
rationale of this second experiment with a thin-wire target
was to check whether strong focusing action still occurred
in the presence of an axial thin-wire target. The answer
to this question and the dynamics of this situation are im-
portant in considering focus experiments of the deuter-
ated-fibre-type such as arise naturally as a sequel to the
fibre pinch experiments of Sethian er al. [5] or inertial
compression experiments using targets bathed in the
plasma of a focus as suggested by Gratton er al. [6].

In the course of these experiments with a flat-target,
observations made of the post-focusing dynamics suggest
the possibility of sequential focusing as a result of the flat
target. These observations are also reported.

II. EXPERIMENTAL SETUP

We use the plasma focus designated as the United Na-
tions University/International Center for Theoretical
Physics Plasma Fusion Facility (UNU/ICTP PPF), which
is a 3-kJ plasma focus device. This device is operated at
the neutron optimized point of 3-torr deuterium at 15-kV
and 176-kA peak current [1].

Its inner hollow copper electrode has a diameter of
2 cm and length of 16 cm. The outer electrode consists of
6 copper rods forming a diameter of 6 cm.

The shadowgraph system uses as a light source a TEA
nitrogen laser [7] of wavelength 337 nm, a quartz beam
expander, and a quartz objective lens used together with
a plasma light reduction stop. Polaroid film is used for
recording. A bandpass filter centered at 340 nm, having
a passband of 12 nm and several neutral density filters,
are used to obtain the correct nitrogen laser intensity re-
corded on the film. The setup is shown in Fig. 1.

The electronic timing sequence is shown in Fig. 2. The
instant of plasma focus is defined as the time of voltage
spike using a voltage divider placed across the focus
anode and cathode. From earlier work [1] it is known that
the voltage spike time corresponds to the time of maxi-
mum plasma compression.

0093-3813/90/1200-1028%01.00 © 1990 IEEE
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Fig. 1. Schematic of shadowgraph setup.
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Fig. 2. Block diagram of electronic time sequence in experimental setup.
SCR = silicon controlied rectifier. HVSCR = high voltage SCR.

To synchronize the plasma focus and laser flash, it was
necessary to determine the focus time #; and laser flash
time ¢, and then to match these by use of a delay unit. The
plasma focus time #;-1,, defined here as the time of volt-
age spike, was found to be 5.86 + 0.09 us. The jitter is
due to the parallel plate swinging-cascade spark-gap jitter
and the focus run-down time jitter.

The instant of laser flash measured with a photodiode
BPX65, with the delay unit by-passed, was found to be
t,-to = 1.50 = 0.05 us. This jitter was due mainly to the
laser spark-gap.

Therefore the required delay is t;-1;, = 4.36 us. With
the times set thus, the synchronization has a jitter range
typically of about 0.1 us. Since the focusing (pinch) time
takes about 0.1 us and the laser pulse time is 3 ns (in these
experiments), the jitter will allow, over a large number of
shots, shadowgraphs to be taken of different instants dur-
ing the focus collapse. We denote the time of voltage spike
ast = 0. Hence, for example, — 10 ns means 10 ns before
the voltage spike.

The target (see Fig. 1) consists of a brass disc, 5-mm
thick having a diameter of 25 mm hanging from a brass
support rod of 3-mm diameter. The target is kept at float-
ing potential as the support rod is insulated from the
earthed chamber by a glass tubing of a 6-mm diameter.
When the wire target is used, the disc target shown in
Fig. 1 is replaced with a 1-mm axially located copper wire

1029

that is held at the supporting rod and extends along the
axis into the hollow anode.

III. RESULTS

Fig. 3 shows a composite shadowgraph sequence with
the target at 1.5 cm from the focus anode. For this se-
quence the neutron yield per shot is estimated as being
typically [4] 0.1 X 10%. This compares with a yield of
1.2 x 10® when no target is used. The reduction is pos-
tulated [4] to be due to interference of the target with a
deuteron beam accelerated downstream out of the focus
region. Further details of neutron yield variation with tar-
get position is the subject of another paper [4]. Fig. 3(c)
of this sequence shows that there is no interaction be-
tween the radially collapsing current sheet and the target
up to the time 6 ns before maximum compression, as in-
dicated by the corresponding timing oscillogram (Fig. 4)
showing the voltage spike (which identifies the instant of
maximum compression) and laser pulse. At the measured
speed of 20 cm / us there is only a further radial compres-
sion of 1.2 mm. The rate of elongation of the plasma fo-
cus is known to be of the some order as the rate of radial
compression [1]; hence we can extrapolate a further elon-
gation of 1.2 mm at maximum compression. In fact, from
Fig. 3(c), we can safely state that there is no interference
of the current sheet by a target placed at further than
1 cm, which is the anode radius. Fig. 3(d) shows a
shadowgraph 31 ns after peak compression, with the
curved return current path clearly seen but with no sign
of the pinch column.

The situation depicted by Fig. 3(d) is known to be the
time during which the pinch column has expanded and is
in a quiescent condition [9] corresponding to the time just
after peak neutron emission. The shadowgraph shows
clearly that the current sheet at this time still has not
reached the target.

Examination of several sequences of shadowgraphs with
the target at increasingly closer distances from the anode
shows that for this focus machine, targets may be used
with distances as close as 10 mm without interference of
the focusing current sheet of the focus paper.

On the other hand, when the target is at, for example,
7 mm (see Fig. 5), the current sheet reaches the target
before maximum compression (as indicated by the voltage
maximum in Fig. 5(b)) and is deemed to interfere with
the focus dynamics. This interference is consistent with a
further reduced neutron yield per shot of below 10°.

Examination of the sequence of shadowgraphs also re-
vealed an interesting phenomenon. For example, in the
sequence with the target at 7 mm as shown in Fig. 5, the
current sheet has reached the target about the time of fo-
cus maximum compression (see Fig. 5(b)). Following
that, the current sheet climbs over the target, so it seems,
as seen in Fig. 5(c). Fig. 5(c) shows this current sheet
advancing at an axial speed of 5 cm/us over the disc,
which we may now interpret as a new ‘‘anode.”’ This ax-
ially advancing axisymmetric current sheet then collapses
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(a) (b)

© (d)

Fig. 3. Shadowgraphs of the current sheet configuration betore and after
peak compression with a flat target at a distance of 1.5 cm from the anode
face. (a)r = —46 ns. (D)r = —17.6ns. ()1 = =6 ns. (d) 1 = +31
ns.

~aa0n =
FAYYY uB

(b)

Fig. 4. Timing oscillograms for Fig. 3(c). (a) Top trace: Photodiode sig-
nal of laser pulse. Bottom trace: Voltage signal of focus | us/div. (b}
Same as (a). but with an expanded time scale of 20 ns/div. From this
oscillogram the time of the laser pulse is determined to be r = —6 ns:
i.e.. 6 ns before maximum plasma compression or voltage puise maxi-
mum.
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(c) (d)

(f)

(e)

Fig. 5. Shadowgraphic sequence (composite) of current sheet configura-
tions with the flat target at a distance of 7 mm from the anode face. (a)
r= —43ns. (b)r = —=5.6ns. (c)7 = +36.4ns. (dyr = +277 ns. (e)

+304 ns. (fy 1 = +326ns.

I =

onto the glass tube surrounding the brass support rod. as
seen in Fig. 5(d)-(f). This raises the interesting question
whether, if the brass support rod with its insulating tbing
were removed. a new focus could be formed beyond the
target. If so. a metal disc placed. say. | cm beyond the
anode face would, after the usual focus and after a small
interval of, say. 300 ns, present in effect a new anode face
producing a fresh focus event. In this context, the new
“*anode’” refers to the effect of the disc as a continuation
of the dynamic system. with a current sheath linking the
disc to the cathode and with consequent axial drive. In
this manner, by a series of separated discs, a series of
plasma focus may be produced sequentially in one dis-
charge. each disc sequentially becoming a fresh anode
face. It is necessary, of course. to adjust the discharge
parameters to provide a sufficiently long-sustaining elec-
tric current / to adequately power each focus up to the last
one in the sequence, keeping in mind the speed-scaling
factor of [(I/a )/x/;—)], where a is the anode radius and p
is the ambient density. Further work on this is planned.
Results for the axial wire target experiment were also
obtained. These are shown in Fig. 6. These shadowgraphs
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(a) (b)

(c)

Fig. 6. Shadowgraphs of plasma focus collapse onto a I-mm axially lo-
cated wire. (@) r = 0 ns. (byr = +46 ns. (¢c) 1 = +80 ns.

Fig. 7. Voluage wavetorm, bottom trace. showing strong tocusing action

onto axially located wire corresponding to Fig. 6. The top trace is of

the nitrogen laser pulse corresponding to Fig. 6ta). The time scale is |
us /div.

with the corresponding voltage waveform (Fig. 7) show
the formation of a strong focus onto the centrally located
wire target. The copper wire target used here has a
diameter of | mm that is smaller than the usual focus
diameter of 2 mm. and the results indicate a focus on tar-
get with similar. though a little weaker. voltage spike
characteristic and a similar shadowgraph characteristic as
a free focus. Since the focusing voltage spike has an am-
plitude that is proportional to 7/r (radial velocity divided
by radius), it is clear that the use of a thinner wire targer.
of. say, 100-um diameter. would restore the focus voltage
spike as well as its overall intensity. This indicates that
even with our small focus. having only 3-kJ energy. it
should be possible to carry-out plasma implosion experi-
ments on thin fibers, deuterated or otherwise for neutron
" yield enhancement experiments or for plasma-target in-
teraction experiments. Incidentally. Fig. 6(c) shows the
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“*bubble’’ formation which occurs typically after a strong
plasma focusing event. It would be interesting to carry-
out neutron vield and soft X-ray measurements in these
axial target experiments.

IV. CONCLUSION AND DISCUSSIONS

The shadowgraphs show that for the UNU/ICTP PFF,
a flat target placed at a distance further than 10 mm does
not affect the dynamics of the focusing event. Interaction
may occur tens of nanoseconds later as the current sheet
moves forward to hit the target. But such postfocus inter-
action does not affect the focus proper. and the attendant
effects like neutron. soft X-ray. or beam production which
all occur for this device within 50 ns of focus maximum.
The presence of the target. however, could block the deu-
teron beam and reduce its beam-gas interaction as indi-
cated by the reduced neutron yield. The soft X-ray yield
in the presence and absence of targets should similarly be
studied.

However, it must be borne in mind that this distance of
10 mm need not necessarily apply to all machines. From
the shadowgraphs and even from a simple model of the
plasma focus [8] which treats the focus as an elongating
pinch. pressure considerations dictate that the rate of
elongation is about equal to the rate of radial collapse. In
that model. the radiallv collapsing shock front has a ve-
locity driven by the constricting magnetic pressure. Since
the axially moving shock front associated with the plasma
elongation is driven by the same constriction pressure. the
collapse speed is the same as the elongation speed. This
means that the pinch length at maximum focus is about
the radius of the anode. The rule of thumb is then this: A
target should be placed at a distance from the anode
greater than the radius of the anode in order to avoid tar-
get interference of the dynamics of the focus proper. This
agrees with both focus theory as well as the present
shadowgraph observations.

The flat-target experiments also indicate the possibility
of using spaced flat discs as auxiliary anodes to produce
sequential focus events. It should be interesting to further
examine this effect to produce sequenced neutron and soft
X-ray pulses with possible applications for neutron radio-
graphic and soft X-ray cinematography.

Finally. the shadowgraphs taken with the thin axial wire
target experiments show that the focus will form with re-
duced voltage spike on even a relatively thick (1 mm)
wire. Preliminary calculations show that a thinner wire
target (say a fiber of radius 0.1 mm) will restore the volt-
age spike to the value of the free focus. This is because
the focusing voltage spike has an amplitude inversely pro-
portional to the radius of the magnetic piston. In this con-
nection we assume. and this assumption is consistent with
the shadowgraphs of the focusing process (for example,
Fig. 3(a)-(c)). that the fiber is not dynamically affected
by the focus until the plasma sheath hits it. On impact.
the focus plasma will then vaporize and heat the thin tar-
get to form a pinch of the original fiber material. although
obviously a higher energy focus should be used. Such ex-
periments open up several interesting possibilities.
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A word about reproducibility. Each shadowgraph in this
paper is 90 % reproducible: i.e.. it may be repeated in nine
discharges out of ten when the system is properly ad-
justed. Such reproducibility {1] is typical of this small
3.3-kJ plasma focus that has been designated as the UNU/
ICTP PFF.
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l. Laser produced plasmas

When a powerful laser beam is focussed to a small
point in air, there is a breakdown of the air resulting in
tne appearancz of an air spark, producing plasma wusing

only tignt. This was first reported in 1963.2

Fundamental to this laser-plasma interaction are the

following eguations relating the electric field E(V/m) of

the electromagnetic field to the lignt intensity I(Js'qm‘z),
the photon flux ®(m'2), P the radiation power (Js~') and
-7
PQ(Nm T the radiation pressure for area illumination with
focussing circie of radius r(m)
E o= 19.4 17 = 11P? ceee
r
5 =6 x 10'8(1/hy) e o
nv, energy of photon in eV.
I = PZ 3
Tr
_ -9
PR = 3.3 x 10 I 4

* Invited paper to be presented at Second South East Asian
Laser School, Yogyakarta, Indonesia. Jan 1991.
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Electric fields associated with Q-switched laser

pulses attain very large values. For example a 1 MW pulse

focussed to a radius of 0.1 mm gives rise to an electiric
11 x 103

10-4
electric field, very large in comparison with breakdown

field of ~ 108 V/m or 1 MV/cm. However this

tnreshold of electric sparks (30 kV/cm 1in atmospheric air)
is not sufficient for air breakdown by laser pulses which
requires1 about 5 MV/cm. Typically electron densities of

5

5 x 1019cm'3 and temperatures of 5 x 10 °K are attained 1in

ajir sparks created by Q-swithed laser pulses.

The main difference petween laser produced sparks,
and electric sparks is that the laser produced sparks
require a multi-photon absorption mechanism before electron

cascade.

. 5
As an example we have taken laser shadowgraphs to
show the development of air sparks. These shadowgraphs,
together with the parameters of the set up are shown in the

accompanying Figure 1.

When a powerful laser pulse 1s focussed onto the
surface of a solid, plasma is produced from the heating at
the focus site and material is ablated from the surface.
The threshold intensity is of the order of several GW/cmZ.

As material is ablated, the reaction, the rocket effect,

presses on the ablated surface.

An example of this effect is shown in the following

Figure 2, showing shadowgraphs of the shock wave produced

[6x

Ne]
i

Ny




el

from plasma ablated from a focussed ruby laser pulse onto

5
a surface.

ITI. Laser fusion
Heat a small pellet from all sides (Fig. 3). Material
is ablated from surface of pellet. Resultant rocket effect,

if ablation pressure is sufficient, compresses the pellet.
If sufficiently high temperature and density are created,

fusion reactions will take place.

Fusion reactions that are considered

2o ot st s e ey 5
1 1 0 2

(Ideal ignition temperature: 4keV)

02 + 02 5 n' 4 Hed + 3.2 MeV ... 6
1 1 0 2
(IIT : 40 keV)
I S O 1 A 7
1 1 1 1
(IIT : 40 keV)
Temperature equivalence: 1 keV = 1.14 x 107 °K

The potential of nuclear fusion may be seen by the
following example. The deuterium in 1 litre of sea water

undergoing fusion produces the energy egquivalent to 300

litre of gasoline.

. .3,
Reaction cross section” is expressed by <oV> as

shown in the following Figure 4.
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1171, Conditions for laser fusion

1. Input energy reguired for breakeven

To heat the pellet to fusion conditions regquires the
input of laser energy. The gain factor G is defined as the

ratio (fusion energy produced)/(thermal energy input).

The energy required to heat a pellet of radius R to

temperature T is: (where n is electron density and also 1ion

density ).
_ ’ 4 3 ) 3
Enermal T 3nkT . 3 mR™ = 4r(nR)~> kT ... 8
2
n
The fusion energy 1s
E = n\2 4
fusion [?J <oV > Q (@ aR3)T e 9

where <oV > is the fusion cross-section corresponding to

temperature T and Q is the fusion energy peéer reaction. The
time interval during which fusion takes place, -, may bDe
taken to be the pellet disassembly time. This has a value

of R/VS where V_ is the velocity of small disturbances.
Considering that more mass lies 1in the outer half of the

. . , . .4
radius than the inner half a more correct disassembly time

is found to be

P 10

4y

S

Therefore, gain factor
5 R
1
G = Efusion _s <oV>d 4VS ..... 11
Etherma1 SnkT
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At breakeven,

6 = 1 and nR = 98 Vg KT 12

<gV > Q

Substituting this expression of nR in egn. (8)
At breakeven:

Input energy required to heat plasma,

3
i 48V _KT
Ethermal b | s kT 13
<oV > Q] n?
"l -
Thus Etherma] ~ L, 14
n2

For a-temperature of 10 keV required energy in laser pulse

is @

3

2
Elaser = 1.5 (_s) MJoule ... 15
n
) . 27 =3
where solid density, ng = 5 x 102 cm
Thus energy input required to heat pellet up to breakeven
condition is inversely proportional to density squared.
That is, compression reduces energy requirement. In the
context of laser inertial confinement fusion, this compression

typically starts from solid density and goes considerably

above solid density.

At solid density i.e. withno compression 1.6 MJ is

required to fulfil G=1. However this isnot a sufficient

condition since for energy applications G has to be much

targer than 1.
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2. Gain factor G as function of compression

The gain G may be rewritten a56

1
R T 16
E i
BE

for a 50:50 D-T mixture at 10.3 keV
Here T = ratio of compressed density to initial liquid D-T
density and EBE = 1.6 MJ absorbed by the pellet. This

formula may also be written as:

where < is the radius ratio, (final radius)/(initial radius)

of the compression.

3. Radius R and rangeofa particles

A commonly accepted scneme is based on tne implosion
of a pellet (a shell containing the D-T fuel) with
consequent self-heating through nuclear reactions in a
central ignition region of high temperature with radius R.
The compressed density may be hundreds of times solid
density and a-particles (ionised He) are generated from
the D-T fusion reaction each carrying 3.5 MeV of energy
(see Eq. 5 ). To assist the process of heating and
burning it is necessary to absorb these a-particles so that
a fusion burn wave would propagate radially outwards from
the central ignited (fusion) region. This will lower

the laser energy requirement. The range of a-particles RQ
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under these conditions may be written as:

- . Ne. . -
Ra B kﬁij(;- jcm where T14 = 10 keV ... 18
10
Thus for n = 103 ng at fuel temperature T = 10 keV
R~ 1073 ¢
et

Thus if the pellet size is of the order of mm, the
a-particles will assist in the heating. The neutrons have

@ much greater range and will not assist in this self-burn

process.

4. Confinement criterion (nT)

To heat the pellet to a high temperature a fixed
amount of energy has to be invested. To recover this
energy from the pulsed compression, the nuclear fusion
burn must last for a sufficient time T which may be taken
as the confinement time of the system. This is expressed
in the Lawson's criterion for pulsed fusion system with a

conversion efficiency of 1/3.

The confinement criterion for Bbreakeven is

nt o= 1004 soem3 D-T ceee 19

nt o= 1019 gep3 D-D .. 20
. ) 15 -3 . . .

A figure of nt = 2 x 10 S=-Ccm is aimed for in a

fusion reactor.

£5-7
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Confinement criterion (pR)

Since 1t = R
4VS
n =P
m.
i
ntT = pR e 21
4m1.VS
Thus for nt = 2x10'° s-cm-3, m. = 2x1.6x10_27kg, VS=106m/s
2
we have pR = 3 gm/cm
Since liquid density of D-T is 0.2 gm/cm

for pR =3 gm/cm2 we may draw up the following

taple:
R o required density compression
ratio _final radius
initial radius
15cm 0.2gm/cm” 1 1
2

5cm 0.6gm/cm- 3 0.7

Tem 3gm/cm” 15 0.4

Tmm 30gm/cm’ 150 0.19
0.1mm  300gm/cm° 1500 0.09

R = 15cm corresponds to 3kg of D-T fuel which, if undergoes

fusion completely produces an energy equivalent of about

300 kiloton TNT.

R = 1mm corresponds to 1 mg of D-T fuel has a fusion energy

equivalent of 100 kg TNT (340 MJ).

59=8




Thus whilst bomb-sized 'pellets' do not require compression
to fulfil the Lawson's criterion, reactor sized pellets may
need large compression of 100-1000 times with corresponding

radius reduction to 1 _ original size.
10

Can this order of compression bpe achieved?

5. Gain factor, coupling efficiency, and burn fraction

The Gain factor G also depends on the coupling

efficiency n and the burn fraction ¢.

We may write

= m Eb¢ m = mass of fuel

fusion 22
Eb = fusion output
per unit mass
¢ = fraction of burn
Laser Energy to neat to required condition:
E, . mE £ = energy per unit
- _n h mass reguired to 23
N heat and compress
n = coupling efficiency
E £
G = “fusion ¢ 2 ce.. 24
E
ELaser h

For example,

11
at bkeV, estimated Eb 3.4 x 10 J/gm

5.8 x 105 J/gm

Eh =

If o = 50%
n = 10%
G = 30

Such a gain is insufficient for a practical reactor.
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6. Central

10

zone heating and Gain ennancement

We may divi
into two separate

Energy expended =

de the energy expended in a compression
parts

energy of compression without heating,EF
or (Fermi Energy)

+ energy of heating, Eh

The Fermi energy is much less than the enérgy of

heating and hence

the central

Then theenhanced

M
— is fraction of

7. Burn fraction

gain G may be enhanced by heating only

zone of a pellet.

Qg = notp

fuel that 1s heated.

o

The burn fraction fb may be estimated in the

following way:

Reaction rate:

giving, on

i

where n
0

i

integration:

1 =
- — <
Ng 2

Vs
o\l1 T

.....

1
n
initial

number density,

number density of particles that have

not undergone fusion.
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Noting ¢ = R and n R = oR
4y 0 m
S
(b = OR ..... 28
g+ oR
where g = 8m1VS ~ 6.3 at 20 keVv D-T.
<oV]. >
I 29
6.3+pR
- 2 , ‘ .
For pR = 3 gm/cm (required for confinement)
fb = 0.3 1.e. 30% fuel burn-up before

disassempnly.

8. Critical design requirements

In consideration of the above, the following have
been pui up as requirements to achieve target gain of 100

. . 3
considered necessary for reactor purposes

a. coupling efficiency n from absorped energy to heated
fuel must be higher than 5% n > 5%
0. preheating of the core must pe less than 10eV at

liquid density

c. radius of compressed core must be less than %6 initial
radius e < 1
m 30
d. density of compressed fuel must exceed 200 g/cm3

Pm > TO&JQO Py © O.Zg/cm3

e. temperature of ignition plasma 10 keV
f. radius of compressed fuel must be Targer than range
of d-particles Rm > Ra



g. Limits to compression?

Can we compress as much as we like or are there limits
to compression? It is known but not widely discussed that
to achieve high compressions, laser pulse profiling is
required. The profiling is usually accomplished in relation
To computer programmes which are designed interactively with

experiments to help improve compressions.

It is however possible to set limits of compression6
through simple physical mechanisms as we know that the
physics determining the compression is governed by the laws
of conservation of energy, momentum and the thermodynamic
equations of state; so that in principle the limits of
compression may be defined by an examination of these
equations.

A simplified basic model may be set up as follows.
Consider a spherical pellet irradiated uniformly by intense
radiation as illustrated in Figure 5. The radiation power

-1 . . C . . . .
) has associated with it radiaticon intensity

2 -1 -2

1=P/(4nr~) (Js m ) in this spherical geometry.

Assume the radiation pressure is fully coupled on the
surface of the pellet and continues for the period of the
pulse. Assume that the radiation pressure is sufficient to
cause the radiation piston to implode supersonically. Then
a shock front will propagate anead of the piston, the shock
front being the transition region between ambient pellet
condition and piston compressed condition. The situation

is shown in Figure pawhere both the imploding radiation




piston and the converging (radially inwards) shock front are
moving inwards. When the shock front has converged onto the
pellet centre a reflected shock moving radially outwards is
propagated. This is shown in Figure 6band also in Figure 7.
In Fig.7 the region A represents ambient condition, B shocked
condition and C reflected shock condition. The point M
represents the time and radius of maximum compression just

before pelilet disassembly.

Fnergy eguation

The work per unit mass done by the converging piston

up to point M qs

-9
. 1 0 3.3x10 p 2
W = - : LATYT dr .... 30
m (4 3) r » 2.
?ﬂpmrm m (4mr ™)

where the subscript m denotes tne guantity at point of time M.

The plasma internal energy U per unit mass is:

U =CD 'm eve. 31

where C is the Universal Gas Constant divided by the molecular

weight, D the departure coefficient, vy the specific heat

ratio.

At time M, assume that the plasma particles have no
directed kinetic énergy. Assume also no energy gain and no
energy loss. Hence we may equate wm and Um to obtain the

temperature:

-9, "o
T = Z.3x1o (v-1) Pdr Y
§ﬂomrm3 co "m
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Pressure eguation

Next consider the pressure relationship at time M.
Tne plasme kinetic pressure P = Cho i Th exceeds the
radiation pressure PRm by the reflected shock pressure jump

factor fr This gives us

-
T - 3.3x1077 P _f
m s 33
2
dmrl o CO

Energy and Pressure balance point

From the values of Tm obtained through energy balance

R \ 0 ) .
and tnrough pressure balance we obtain

r
G I 34
m f r r
rs m m

This equation specifies tne radius g at which pboth <the
energy and pressure conditions of equations 32 and 33 are
simultaneously met. This equation sSNOWS
- The radius ratio szrm/ro is independent of the
absolute magnitude of the radiation power which
may be Pm or any fraction of it.
- The radius ratio is a function of:
Y

rs

and the pulse shape (as a function of r or t)

Example 1. Square pulse radiation power R=constant

Taking P=constant, y = 9, frg = 4

Egn. 34 integratesto give

Km= 0.33 or Fm = 27




W

txample 2 Stepped sauare pulse - enhanced compression

The effect of pulse shape may be seen from Figure 8

wnich foliows the LHS FL and RHS function FR of Equation 34
r
- - 0
where FL= ﬂnand FR=L3(Y-1)/errmJ Irm Pdr. From this

Fig. it is seen that as the compression progresses with
decreasing k as the FL function approaches the FR function
1f the radiation power is suddenly increased from Pm o
an, say, FL goes up vertically, but FR’ being an integral

rises less abruptly than the rise in F Thus the meeting

K
point of FR and F, is moved to a smaller value of K.
L

Thus Egn. 34 is able to predict the compression

ennancement effect of Pulse shaping.

Effect of pulse shaping

The effect of pulse shaping has been computed for

various cases using Pm = 1016w, re = 100um of 50:50 DT at

10.3 keV, througn the use of equations 34, 15, 16, and 32

together with a snowplow equation which gives the

Characteristic time of compression for g = 100um and
= 0.2 /c 3
QO = . g m
8 4 1 - -1
as o= (A 1070gr Ve gt Rt 35
P
0

For this case of Pm=1016w, ro=100pm D-T pellet we

have 50ps for the characteristic compression time at a

6 - , L. . 6
speed of 2x10° ms . The computations yield

£9-15
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Case 1 Case 2 Case 3 Case 4

square pulse Linearly stepped square stepped
rising pulse linearly
pulse rising
pulse
Tm(keV) 26 16 14 7
E (MJ) 0.5 0.4 0.45 0.38
Kl "m0/ ) 0.33 0.2 0.17 0.083
r(fm) 28 125 203 1750
Po
G 6 16 23 80
G for r_ = 100ym, P_ = 1016w
0 K m
Iv. Physics and Technology of Laser Fusion
To understand actual experiments there is a whole
body of physics that needs to be studied in detail.

Tnese include: Absorption of laser light in plasmas -
classical absorption, collective effects, resonance absorp-
tion; filamentation and self-focussing; energy transport,
flow of heat and material; implosion symmetry and stability;
target hydrodynamics, uniformity and efficiency of ablation
pressure. This may be summarised4 in Figure § showing
the interaction processes surrounding a pellet driven by

intense laser pulse. Figure 10 and Figure 11 show the time

b

history of a laser compression and the relationship of
the trajectory with a typical driven pulse. There is also

the technology of targets - for direct laser drive, and

£9-16




with nigh gain targets; indirect drive using the 0Osaka
cannon-pall concept in which a space around the target 1is
filled either with plasma - plasma drive; or with x-ray -
radiation drive. Above all there is the technology of high
power lasers, glass lasers, UV excimer lasers. These
include the 12 beam glass laser Gekko XII of Osaka University

with 20 kd, Tns [2x10 °W] in 12 beams, the 24 beams of LANL
ANTARCS with 40kJ in 1ns or 4x10 3y,

A glimpse of target fabrication technology may be
seen in Figure 12 which shows tne assembly of the O0Osaka

‘cannon-pall", with the experimental parameters of Figure 13.
A view of the NOVA glass laser faciiity of LLNL, 10 oeams
with 120 kJ output is shown in Figure 14, Figure 15 shows

a ICF reactor design.
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Ruby laser pulse
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Fig.1 Shadowgrapns of Laser Induced Breakdown in Air.
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Fig.Z
Ruby Laser Beam on a Graphite Block.
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radtation pressure
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T ) radiation pressure
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{a} initiai geometry {b) maximum compression geometry
before disassembly

Fig. 5. Idealized representation of spnerical compression
of pellet by radiation piston.
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P J P imploding radiation ptston

{a) (b)

Fig. 6. (a) Imploding radiation piston driving a converging
(forward) snock, pefore the forward shock has hit the
centre. Region A=ampient pellet condition, region B=
piston compressed (singly shocked) condition. (b)
Imploding radiation piston driving a diverging (reflected)
shock, after the forward shock has hit the centre.

Region B=singly shocked region, region C=doubly shocked
region.

.
'
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time —

Fig. 7. Trajectory of pellet compression showing regions,
A, B and C of fiqure 2.
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Fig. 12. Fabrication process of a cannon ball
target.

59-26




Target and laser parameters

Outer shell radius <Rout> 1 mm~1.25mm
Outer shell thickness (Au) >15 um

Inner shell radius R, 400 zm ~800 um
Inner shell thickness 10 um ~i5um
Laser pulse width Insec

Laser energy 10k

Figure 13. Target for radiation drive cannon
ball implosion.
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An Investigation of the Ion Beam of a Plasma Focus using a metal

obstacle and a deuterated target

S.P. Moo, C.K. Chakrabarty and S. Lee

Plasma Research Laboratory, Physics Department, University of Malayva

59100 Kuala Lumpur, Malaysia

Abstract

This paper reports the results of an experiment using a metal (copper)
obstacle and a deuterated target to study the ion beam properties of a
3.3 kJ, 15 kV plasma focus. The plasma focus 1is operated at 3 torr
deuterium and neutron vield measurements are made with the obstacle or
the target placed at various axial positions from the end of the
anode. It 1s found that in the normal operation of the focus without
an obstacle or a target, less than 15 % of the neutrons are produced
within the pinch column, and that more than 85 % of the neutrons arise
from the deuterium ion beam bombardment of the deuterium gas in the
region 20 mm - 60 mm from the end of the anode. The neutron

production is highest between 30 mm - 40 mm from the anode,.

IEEE Trans. on Plasma Science (accepted)
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Introduction

Recent experiments [1-12] on the plasma focus have yielded a lot
of data on the ion beam generated in the plasma discharge. A variety
of techniques have been employed. These include the use of Thomson
parabola spectrometers, ion pinhole cameras, track detectors,
time-of-flight Faraday cups, time-cf-flight neutron spectrometers,
nuclear activation and nuclear emulsions. A simple technique which
involves the bombardmen£ of a solid target with the ion beam has also
vielded useful data. In fact, using such a technique, Cloth and

Conrads [13], and Bernard et al. [14] have confirmed the importance of

the beam - gas target mechanism for the neutron production in the
plasma focus. They further showed the presence of a high energy
component (E > 600 keV) in the deuterium ion beam. Bernard et al.

have also suggested the use of a deuterated target for studying the
duration of the deuterium beam.

In this paper we report the results of an experiment using a
metal (copper) obstacle and a deuterated target placed, in turn, at
various axial distances from the end of the anode in a plasma focus
device. The neutron yields with and without a solid target are
measured and compared.

Based on documented experimental results [1,2,9,13,14] it 1is
reasonable to interpret our neutron yield measurements from the
perspective of a deuteron beam - target mechanism whilst not excluding
the possiblities of non-beam mechanisms such as thermonuclear fusion.
Our results of neutron vields using a copper obstacle and a deuterated
target are consistent with a beam-target mechanism playing a primary
role (more than 85 %) with a non-beam mechanism being responsible for

the rest of the yields.

[A]

70-2



Experiment

The plasma focus device used in this work is the 3,2 kJ UNU/ICTP
PFF [15]. It is operated at 3 torr deuterium at 15 kV and 180 kA peak
current. Neutron yield measurement is by means of an indium foil -
NE102 plastic scintillator activation detector [16] placed 170 mm
from the end of the anode.

The deuterated target (obtained from Amersham Int. Ltd) has an
effective diameter of 25.4 mm and contains about 1020 deuterium atoms
absorbed in a thin layver of titanium deposited on copper. By means of
a target holder, kept at floating potential, the deuterated target or
a copper obstacle of similar size can be placed at various axial
positions (z) from the end of the anode or be withdrawn to the rear
chamber wall (z = 130 mm). The outer diameter of the target holder is
40 mm. The relative sizes of the target and electrodes of the focus
device 1is shown schematically in Fig. 1. From voltage and current
signals it is observed that the focusing dynamics of the plasma focus
is not affected by the presence of a solid obstacle placed more than
10 mm from the end of the anode. This 1is in agreement with the
observations of Bernard et al. and Cloth and Conrads. Further
evidence for this has been obtained from shadowgraphs [17] taken with
a TEA hitrogen laser during the focusing phase of the plasma focus.
Thus to avoid disturbing the focusing action, the obstacle or target
is placed no nearer than 20 mm from the end of the anode.

With the copper obstacle, 10 shots are fired at each position,
starting from z = 20 mm. The gas filling is renewed after every 5
shots and each time the obstacle position is changed. For each shot

the neutron count is recorded. The interval between shots is several
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minutes. The above procedure is repeated with a deuterated target.
In this case, however, the target 1s moved in steps toward the anode.
This is to avoid any premature deterioration of the deuterated target.
The total number of shots is 120, covering 6 positions. Of these, 6
shots (5 %) are "bad" ones with low neutron yields. They are excluded
from the data analysis. Another 13 shots {about 10 %) have relatively
higher neutron yields {generally larger than about 3 timesrthe sample
standard deviations). These "exceptional' shots are analysed

separately from the "normal" shots.

Results and discussion
In the 1interpretation of the experimental results it may be
necessary to consider the consequences to the deuterium plasma when

the high discharge current impacts and heats the obstacle or target

with the release of contaminants. This 1is best considered from two
aspects:
Firstly, consider the effect within a shot. From the time history of

the neutron pulse, it is known that the bulk of the neutrons in this
device is produced within ~ 80 ns after maximum compression. Thus for
the obstacle/target contaminants to have a significant influence on
the neutron production, the current sheet must arrive at the
obstacle/target well within » 80 ns after maximum compression. From
shadowgraphic observation {17], it is estimated that the current sheet
would reach the closest obstacle/target position (z = 20 mm) about 100
ns after peak compression. Hence,the release of contaminants from the
obstacle or target by the discharge current occurs too late to
influence the neutron yield within a shot.

Secondly, consider the effect of the contaminants on the next shot.
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Since the shots are separated by several minutes, and each shot lasts
only a few microseconds, the question can be resolved by looking at
the sequence of shots to examine if there is a consistent increase or
reduction in neutron yields as the series progresses.An examination of
the repeated neutron measurements with the deuterated target at each
position shows no definite trend which suggests (i) significant loss
of gas from the target as a result of the ioﬁ beam bombardment or
discharge current heating, and (ii) significant enhancement of the
working gas density due to the deuterium gas released from the target
in the preceding shot. Similarly, an examination of the repeated
measurements with the copper obstacle shows no trend which suggests
significant deterioration of the performance of the plasma focus in a
sequence of 5 shots due to the contamination of the working gas by the
copper released from the obstacle and the holder in the preceding
shot. It is to be noted that in the routine operation of the plasma
focus, copper is always released from the anode as a result of
discharge current heating and bombardment by energetic electrons.

As the plasma focus device emits radiation in the uv region, and
this emission begins in the axial run-down phase [18], uv radiation
ablation [19] of the target/obstacle could cause the release of
contaminants before the pinching occurs, Extrapolating from the
results of Sincerny et al. [19], and assuming that 3 % of the stored
electrical energy in the focus is converted into uv radiation, it is
estimated that the contaminants released will have travelled no
further than 2 mm from the target/obstacle in the period upto 100 ns
after peak compression. In the present investigation where the
target/obstacle is placed further than 10 mm from the end of the pinch

column, it is unlikely that this source of contaminants will influence
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the neutron yield.

For the "normal" shots, the average neutron counts y_ and y, as a
function of position (z) of the copper obstacle and the deuterated
target respectively, are shown in Fig. 2. The error bars shown
correspond to one sample standard deviation. The neutron counts at
position z = 130 mm are statistically the same for V. and Y, and they
are in agreement with the case without an obstacle or a target. The
average neutron yield in normal operation is about 1 X 108 neutrons
per discharge.

For the copper obstacle, it is seen that the neutron counts are
affected when the obstacle is less than 50 mm from the anode. ds z
decreases, Y. decreases fairly sharply. At z = 20 mm the neutron
count is about 16 % of the value without an obstacle. Thus over 85 %
of the neutrons produced in the plasma focus arises from the deuterium
ion beam - deuterium gas interaction within the first 60 mm downstream
of the anode. The contribution from the thermonuclear source which is
expected to take place in the pinch column is therefore less that 15
%. This result is in general agreement with reported measurements,
for instance, Bernard et al. [14].

For the deuterated target, the neutron counts increase as the
target approaches the anode and reach a maximum at z = 50 mm - 40 mm.
This trend has been noted by Cloth and Conrads with a lithium hydride
target. In their case they observed a maximum when the target was at
about 40 mm from the anode. At closer positions V4 decreases fairly
sharply and reaches to about the same value as the case of the copper
obstacle at z = 20 mm. Thus, there appears to be no enhancement of
neutron production with the deuterated target at this position. This

observation differs from the observation of Bernard et al. who

70-6



reported a five-fold increase in neutron production when a metal
target was replaced by a CD2 target at 13 mm from the end of the anode
in a 27 kJ, 40 kV plasma focus operating at 1.3 torr deuterium. In
the case of Bernard et al., however, the effect of discharge current
heating of the target was likely as it was much closer to the anode,
probably within the pinch column.

Both the Y. and v, curves show large sample variation of the
neutron yields. This 1is due to the large shot-to-shot fluctuation
common in the plasma focus device. A comparison of Y. and Yy shows
that they are significantly different for 20 mm < z < 60 mm. At a
given target position, the difference (yd - yc) gives the neutron
counts Yot arising from the. bombardment of the deuterated target
alone. This is plotted in Fig. 3. The curve shows that the deuteron
beam at 20 mm < z < 60 mm is sufficientiy energetic to yield neutrons
with the deuterated target. For the deuterated target alone a maximunm
in the neutron yield occurs at z = 30 mm - 40 mm. Fig. 3 also shows
the neutron counts ybg arising from the bombardment of the deuterium
gas in the chamber per centimeter of the gas. This is cbtained from
the y,_ curve of Fig. 2. Although the dispersion of data is large, the
trend is certain and agrees with the y,, curve; a maximum also occurs
at z = 30 mm - 40 mm. The observation that both Yii and ybg are not
higher at the nearest position used is difficult to understand as it
implies that either the deuterium ion beam is most energetic or most
intense at z = 30 mm - 40 mm. Another possibility is that the
presence of the a solid target at z = 20 mm has disturbed the ion beam
generation mechanism even though it may not have disturbed the

focusing action.

The observation that Yot and ybg are not highest at the nearest

70-7



position used is also rather unexpected. There 1is , however, some
evidence for this in the work of Krompholz et al. [20]. Using an
entirely different approach, a shadow bar technique, to investigate
the location of the neutron production in a 1 kJ, 20 kV plasma focus
operating at 4 torr deuterium, Krompholz et al. reported that the
neutron production within the ~ 10 mm long focus amounted to probably
less than 10 %, while neutron production outside 30 mm and 70 mm from
the anode amounted to »~ 80 % and ~ 50 % respectively. Thus, ~ 20 % -of
the neutrons were produced in the first 30 mm from the anode with ~ 10
% of the neutrons being produced within 10 mm - 30 mm. In the region
30 mm - 70 mm about 30 % of the neutrons were produced. This would
imply that, outside the pinch column, the neutron production did not
peak immediately, but at a position beyond 30 mm from the anode.

It is rather fortuitous that every target position 1is represented
in the 13 shots with relatively higher neutron vields. As a result,
it is possible to analyse these 13 "exceptional” shots separately.
Fig. 4 shows the variation of the neutron counts (single shot) Yc and
Yd as a function of the position of the copper obstacle and the
deuterated target respectively. The error bars in this case are the
usual one standard deviation counting errors. Shown in Fig. 5 are the
corresponding neutron counts th { = Yd - Yc) arising from beam -
deuterated solid target interaction, and ng arising from beam -
deuterium g¢as target interaction. The similarities between Fig. 2 and
Fig., i ,and between Fig. 3 and Fig. 5 are very obvious, indicating
that the same mechanism may be responsible for the neutron production
in "normal" shots and in "exceptional" ones.

It is to be noted that the present investigation is based on a

small focus, and the conclusion that can be drawn from it is not true
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for large foci, such as the Poseidon [21], which are known to exhibit

different plasma dvnamical characteristics.
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Figure Captions

Fig. 1. Schematic diagran of the plasma fccus showing the relative
sizes of the electrodes and target. 1 = chromed mild steel focus
chamber; 2 = copper target holder; 3 = target; 4 = cathode (6 copper

hollow copper anode.

rods}; o

Fig. 2. Variation of the average neutron counts Y. and v, as a
function of position (z) of the copper obstacle and the deuterated
target respectively. The point at z = 130 mm is the average of 17

shots with the obstacle/target withdrawn to the end wall of the

., A8 \
chamber. It corresponds to about 1X10 neutrons per shot.

Fig. 3. Variation with position (z) of the average neutron counts due
to the deuterated target alone (ybt), and due to per centimeter of the
deuterium gas in the chamber (ybg).

Fig. 4. Variation of single shot neutron counts Yc and Yd as a
function of position of the copper obstacle and the deuterated target

respectively.

Fig. 5. Variation with position of the neutron counts (single shot)
due to the deuterated target alone (th) and due to per centimeter of

the deuterium gas in the chamber (Yb ).
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T
T

Fig. 1. Schematic diagram of the plasma focus showing the relative
sizes of the electrodes and target. 1 = chromed mild steel focus
chamber; 2 = copper target holder; 3 = target; 4 = cathode (6 copper

rods); 5 = hollow copper anode.
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Average neutron counts
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Fig. 2.

Variation of the average neutron counts v, and y, &s a

function of position (z) of the copper obstacle and the deuterated

target respectively. The point at z = 130 mm is the average of 17
shots with the obstacle/target Wwithdrawn to the end wall of the

8
chamber. It corresponds to about 1X10 neutrons per shot.
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Fig. 3. Variation with position (z) of the average neutron counts due
to the deuterated target alcne (ybt), and due to per centimeter of the

deuterium gas in the chamber (ng)-
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Neutron counts
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Fig. 4. Variation of single shot neutron counts YC and Yd as a

function of position of the copper obstacle and the deuterated target

respectively.
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due to the deuterated target alone

the deuterium gas in the chamber (Yb )
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