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The Vacuum Spark as a device for the generation of fusion neutrons

S. Lee

Introduction

In the areas of research on fusion physicé there is an interest in
laboratory—generated hot plasmzs compressed to a high density and there? ore,

of necessity, hav1ng a very short confinement time.

One class of devices generate what are essentially point plasmas
which are enabled to attain high densities and temperatures by a concen-
tration of energy both space-wise and time-wise. Among this class of point
plasmas (see Fig. 1) are the pinch, the exploding wire, the plasma focus,

tihe vacuum spark and the laser focus.

The pinch is now regarded as a classical dense plasma device,
relying on a large pulsed current to heat a test gas at low pressure and
subsequently to compress it by a self-pinching J x B effect. The plasma
focus, essentially a pinch but incorporating a phase of shock heating
prior to pinching produces a plasma of more extreme conditions. In the

exploding wire, a solid wire is vapourised and the vapour then pinched.

The pinch has teen used for many years to study fusion processes
in plasmas and the plasma focus has exterded the range of investigation both
to higher plasma densities (lO 3) as well as to higher neutron yields
(up to 1012 neutrons per shot using a mixture of deuterium and tritium as
the test gas) Recently the exploding wire has also generated neutrons

with the use of a 'deuterided' wire.

..The vacuum spark may in this context be described as a pinch in a .

Vapour created in a vacuum. The main differences between the vacuum snark

and the pinch are:

"1
s

'\)
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(1) the electrical current flows in a medium containing a
relatively small number of particles whose distribution is also determined
by whichever particular method the vapour is produced (usually by a beam
striking the cathode). '

(1) the pinching occurs with this vapour in a vacuum and not, as
in the case of the pinch, in an originally uniformly distributed ambient gas.

(iii),‘l in the classical vacuum spark experiments the vapour in
which the final compression appears is that of a high-Z metal such as Fe or
Ti whereas the pinch experiments are usually conducted with hydrogen or
deuterium.

Be that as it may, experiments have shown that vacuum sparks in
heavy metal vapours produce point plasmas microns in diameter existing for
‘about 50 ns with an electron density exceedins lO21 per c.c. and an ion tem~
perature of about 10 keV. Such extreme conditions have for long ensured for
the vacuum spark a place in the laboratory as the only device capable of
generating the conditions within the interior of stars. (see Fig. 2).

The vacuum spark2’3, with its high ion density and ion temperature,
~also attracts interest from the point of view of laboratory fusion. For
this purpose, the classical device has to be converted to operate in a deu-
terium vapour. Theﬁe crucial questions then arise ¢ (i) would a deuterium
Vacuum spark maintain the same high electron density as the high-Z vacuum
Spark? If so, the deuterium vacuum spark would have a greater than 10-fold
increase in ion-density. (ii) would a deuterium vacuum spark maintain the

Same high ion temperature as the high-Z vacuum spark?

Jacuum Spark Experiments at Juelich

Fig. 3 is a schematic of the experimental set-up in Juelich (1976).
The test chamber was pumped down to 1074 torr at which point it was observed

that the electrodes could hold off consistently a voltage of 16 kV which was

23-5
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also across the 22 uF capacitor bank. To trigger the vacuum spark; a

sliding spark (22 XV, 0.5 uF) was initiated across the surface of the
This

ceramic insulator betwsen the cathode and the trigger electrode.
released electrons which then accelerated towards the anode in a beam. The
electrons struck the anode throwing out a cloud of vapour of the anode

material which then spread across the inter-electrode space producing a

plasma which then carried the main current from the 22 UF capacitor bank.

In this device operated at 16 kV, the current waveform for the
first half cycle was much extended in time, compared with the second half
cycle. Strong dips in the current waveform were observed corresponding in
time to the production of hard x~rays which occasionally penetrated 10 mm o
lead. Less pefxetrating x-rays were also observed earlier in the discharge
(Fig. 4). “Yhenever the current dips appear in the current waveform, the
X~ray detector show the chare;cteristic vacuum spark x-ray waveforms and so

x-ray pin-hole photographs show a dense plasma phase in the form of small
regions in the interelectrode space emitting strongly in the 1 - 2.5 R band

At 17 K, the curremt waveform became sinusoidal and no x-rays -e
detected as indicated in Fig. 4. The camparison of traces (I) and (II) of
Fig. 4 (b) shows very clearly that a very intense electro-plasma-me chanical
coupling occurred at 16 kV and that this ccoupling was comnletely absent ab’

17 1wk,

These main characteristics_were recorded for the vacuum spark for

‘both types of electrodes used i.e. a solid tantalum anode and a stainles
steel anode with a central channel filled with fused LiD. However when.
was used in the anode, the soft x-ray photdgraphs show images of greater

optical density than comparative-shots using the solid tantzlum anode (F
Bursts of neutrons typically 107 in number having energies in the range

MeV were also detected, correlated to the formation of the dense plasma

With the Juelich set-up, the dense plasma phase of the vacuum
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was ohserved for a narrow range of voltages around 16 kV. This limited the
input energy to 3 kJ, which would limit the neutron yield since for current-

pinched devices of this type, in géneral, neutron production can be expected
to scale as E where n is in the region of 2.

There appeared to be 2 factors in the Juelich set-up which, if

improved upon, could ‘be expected to enhance the neutron yield of the vacuum

1. Voltage-holding

There is evidence frcm the current trace that above 17 kV the dis-
charge has gone ‘over to a surface discharge mode, or as suggested alter-

; ratively by Prof. Morgam5 to a long-path discharge mode; in either case, the
‘discharge would thus divert away from the desired inter-electrode space in

which the vacuum spark could form with all its characteristic electro-
mechanical intensity.

This probleni has been solved, it is believed, since, with a re-
design of the back-wall insulator, and by cleaning the interior of the test
Chamber, the system at the Universiti Malaya now holds 35 kV consistently.

high Z-vapour

11D was chosen for the anode channel partly because the low-Z Li
1ons are expected to have a minimum effect on the plasma as far as cooling
thI‘Oug!‘l Bremsstrahlung is concerned. However in the Juelich device, the
?lethod of triggering most certainly ensured that this advantage was annulled
,‘ince the electrons released by the sliding spark would have preferred to
move towards and impact with the stainless steel material surrounding the
channel containing the LiD.

To overcome this, in the present set-up here in the University of
I'Ialf’x’i’a, the trigger electrode is removed and the triggering will be done by
23-9 '
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focussing the light from a pulsed 80 MW/ ruby laser onto the LiD in its
channel. This will ensure that the initial ‘action' occurs without high-Z
contaminants.

Conclusion

This device is now a laser focus initiating a Li-D plasma to be
further compressed as a vacuum spark. In connection with the plasma focus
work which is already established in the Depazr’t’.men‘b6 this new work appears
to offer many possibilities. First of all we could try to use our establis
snow=-plow model7 to describe the spark. But we shall not get very far with
this model because, with the enhanced electromechanical effects (as apparent
from the current trace) the spark is even more anomalously resistive than ti
plasma focus. The electron Hall parameter is at least 10% compared to lO3 |
for the plasma focus and the ion Hall parameter also 101" to 30 for the focu
Under these circumstances, it is estimated that if as little as 10 kA of thi
total current flowed through the dense plasma spot; the drift velocity would
be such as to lead to energy coupling to the plasma via the two-stream
instability.

One way to study this would be to revert to current-voltage mea
surements and try to define experimentally at which point in time the plas
is in a predaminamntly inductive phase and when it is in a resistive phase
This data could then be correlated to neutron measurements and alsc to me

surement of instability signals appearing on the current waveform.

Ruby laser facility available at the Universiti Malava

The ruby laser is of a twin flash-lsmp pumped type with a L X 5/8
ruby rod.as its lasing element . Several accessory features have been desi
for it, including an intra-cavity .etalon for mode-selection to inprove its
coherence lsngth to over 1 metre. There is also a spark-gap light-pulse

chopper, operated by the laser itself, which chops the light pulse to 2
With these accessories the following modes of operation are available:
23=10
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1. Multimode
2. Multimode chopped
3. STHM

1.54 20 ns ha2lf width 70 MW
. 0.5 4d 2 ns half width 250 MW

35 mJ 20 ns half width 15 My
1 metre coherence lensth

4e ST M chopped -~10mJ 2 ns half width 50 My
1 motre cohr—.rence lensth

Mode 1 is most suitable for heating or vapourising samples and for
large volume disgnostics or low—return scattering experiments. Mode 2 is
suit able for better time resolution €.g. for diagnostics of transient events.

Hode 3 & 4 are specially designed for holographic work.
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PLASMA CONDITIONS REQUIRED FOR ENERGY APPLICATION

S. Lee, FIPM
Jabatan Fizik
Universiti Malaya
Kuala Lumpur

In recent years there have been geveral reports in popular literature about
hreak-throughs by American and Furopean Groups in the race to harness fusion energy.
Temperatures of 100 million degrees Celsius have been claimed and confinement times
of 0.1 second with a particle density of 1014 per cc are reported to have been
achinrved, indicating an nt of 1013 cm~3 sec. It is widely quoted that the Lwo
conditions for a break-even .deuterium-tritium plasma are an Ideal Ignition Temperature
of ‘4 keV (about 45 million degree Celcius) and an nt of 1014; so that it would
dppear that break-even is just around the corner, eppecially when we note that nt
in toroidal machines have becn stagnant for a decade or so at about 1010 hefore
leaping dramatically to 1012 dround the mid-seventies and then Lo a reported 1013
in 1977. A great deal of optimism is generated and altﬁuugh the enthusiam is of a
very healthy nature it is necessary, in order to maintain a balanced perspective,

te occasionally examine the basis on which minimum plasma conditions are derived.

TYPICAL EXPERIMENTS

Figure 1 shows a typical 'medium-sized' toroidal device for producing and
confining a hot plasmal. The cut-away section shows the toroidal plasma, ohmic
heated by currents induced in the plasma by currents in the external primary
windings. The vacuum vesscl surrounding the plasma is shown, as is the toroidal
field coils producing the confining axial magnetic field. A device of such a size

is rapable of a temperature of several tens of million degrees and annt of 1012.

SCALING-UP TO THE FUSION REACTOR REGIME )

Figure 2 shows a conceptual tokamak reactor design illustrating the considered
viabhility of the basic toroidal principle. 'Scaling-up' from preseut generation of
experimental devices to a reactor. involves increasing the axial bias field H@'(LO
10.0) the axial plasma cugrent {(to 10 MA) and the minor radius 'a' of the toroidal

plasma (to 2 m).

The scaling-up of the plasma current increases the plasma femperature which is
further augmented by additional means of heating such as boam injoction. This
inereacn in plasma temperature and the scaling up of B¢ and ‘a’ serves to increase

ntowhich scales aceording 1o classieal diffusion theory as:

wheye Tr is the electron temperature?)’

LLOH_REACTIONS

The purpose of producing and confining a hot plasma 18 to produce enerpgy from
2

24-1
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nuclear fusion reactions such as the following:

p? + 0%+ 1ed « nl v 3.27 Mev (2)

R N N R L I (3)
Deuterium is present in water to the extent of 1 atom of deuterium to 6300
atoms of hydrogen and the deuterijum avsilable in 1 litre of water is equivalent
in nuclear fusion energy content to 300 litre of petrol. Thus one millionth of the
deuterium present in the waters of.tho world has the energy potential (through the
N-D reaction) for 10,000 years of world consumption calculated at 1970 US per

caplta rate.
In order to utilize the nuclear fusion reactions for energy production, 3

minimum conditions have often been stated as:

a) Thermalization
b) Ideal Ignition Temparature

c) The nt criterion

The basis for these minimum conditions will now be reviewed.
TILERMALIZAT[ON

swperimental data indicate that in the range of temperatures up to 100 keV
(1 keV = 1.16 x 107 0K) the fuston cronss-section increases rapidly with temperature.
For example lor the D-D cross-section between 10 - 100 keV the following best fit

cquation has been quoted®:

. 288 45.8 ,
Top = w— €xp(- j——r) barns (4)
D W
D
where WD = relative kinetic energy of the interacting nuclei in keV. This rapid

rise with W is indicated in relative scale in Figure 3.

Curve 1 in Figure 3 represents a number of particles, say N, having an
essentially mono-energetic distribution. The total number of fusion reactions for

these N particle is proportional to
d
Jorngs

which is represented pictorically by .he shaded area marked 1' 1n Figure 3.

1f the same number of particles, N, is allowed to thermalize as indicated in
trace 2, the total number of fusiow reactions for the N particles is increased
as shown by the shaded area marked 2'. The contributiqn to the fusion reactions
comes mainly from the higher energy particles in the distribution. Thus
thermatization enhances the total number of fusion reactions and is to be considered

as an implicd minimum condition in the discussion of the other two minimum conditions.

DAL TGNITION TEMPERATURE

From classical ~lectromagnetic theory 1t®can be shown that the DBremsstrahlung

radiated from a plasina lnereases with Tok wliere ’I‘p is the electron tomperature.

24-2
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‘A treatment which includes quantum mnchunjca

effécts gives the following eXpréssion”:

P, = 5.35 x 1072° n Z(n 22y, T b gemd o

br ]
with Te‘in eV and N, 1y are respectiyglykthg elééfrbﬁfand ion numﬁér densitiés
and 7 the charge number of the lons. o w

The ‘power density produced f{rom the fusion reaction may be written as

P = in

i‘zﬂ—VQ_._ , . L .(8)

where Q is the energy produced per fusion reaction and oV is averuged over’ the
Maxwellian distribution. The very rapid increase in GV over the temperature range
1 to 20 keV tor the D-D and D~T reactions is shown in the following table"

Values of OV at specifiédstéMpé;éEutés

TemEefntUré
(keV)

1.0~

'20.0
60.0

100.90

From thisltablelpth for the D-D and D-T fusion’reaction. may be plotted as a
function of kinetic temperature; L ag shown in Fig. 4" for ihé”caéeﬁﬁf*hi‘='lols'Cm—d.

The Bremsstrahlung.power from the: plasma is..also plotted = The: temperatureVat which

the pth curve .cuts. the P . curve for: a particular: fusion-reactioniis: called: the
Tderl Ignition Tomperature (11T). At this temperature~the thexmonuvloar power

equals tho Bremsstrahlung power and this marks the lowest: tempor1tur@ at which the
can sustain-itself at that tnmporatur

plasma, once heated to that temperature,

»thouf any furthor}extelnal input pnwe

- MINTMUM nt

Th'a 'break-even’ plﬂéMa,"thé”enérgy'aVaiiﬁSie:ﬁty{hé7§ﬁd»éf“i?bﬁiSéakéyéie

must be sufficient o heat the gas to opetntinnal temperqturé for the next cycle.

‘Thi: condition is not neLessarily fulfilled even through the plaqma tpmperature
¥ mom nta 11y exced theleT. Thi< is b cau’e“whe’eas to heat’up n' fuel: pqrticlcs
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of the containment time t. Thus 'break-even' may be defined by equatiné the eﬁgrgy
available at the end of a cycle to the energy required to heat the fuel for the
next cyéle. In this equation it is found that the product nt assumes a controlling

role.

To derive the break-even condition®, consider fuel gas density of n atoms/cms,
réquiring 3 nkT per cm3 of input energy for heating this plasma to thermouucleaf
temperature T. If Pth and pbr are respectively the thermonuclear power produced
and the Bremsstrahlung radiated per cm3 in the plasma contained for t sec., then
the corfesponding energles are TPth and prr' At this point one may note that
although the Bremsstrahlung is regarded as lost for the purpose of sustaining
the thermonuclear plasma, in a reactor the Bremsstrahlung will certéinly be
redbsorbed since even with an operating temperature of 50 keV, the radiation is
predominantly in the soft x-ray region. Likewise the thermal energy 3 nkT of the

hot plasma.

At the end of the cycle the total energy available is Tpth + prr'* 3 nkT
per cm3; The. application of this energy is however subjected to an efficiency
factor less than one. Assume this factor is % and we may write:

1 .
E(Tpth + TPbr + 3 nkT) 2 'thr + 3 nkT . (7)

where the equality sign indicates the break-gven condition and the greater than
sign indicates 2 better than break-even situation. The right hand side is
recognised as the amount of energy rEquired to implement heating to temperature

T for the next cycle.
This break-even condition may be algebraicall& rearranged as:

2
P,,/30°KT

R = > 2 (8)

p)
Py o/30°KT + 1/nT

In this form it may be observed that since pth ~ n2 and pbr ~ n2 as indicated
by equation (5) and (6) the break-even condition (8) may be regarded as a conditior
on the value of the product nt rather than n.

it is instructive to plot R, at given T, against nt ahd repeat fof various
T. This is done as an example for n = 1015/cm3 for a D-T plasma, the values of

P ahd Pbr béing taken from Fig.4. The result is shown in Fig: 5.

It may be seen that for T = 4 keV‘COrresponding to the IIT of D-T the value
of R does not reach:the break-even:value of 2 for all values of nt. This means .
that although a D-T plasma may be.opérated at its IIT of 4 keV, there is no
possibility of a break-even assuming.the model presently discussed. At 6 kev an
nt-of 6 xk1015 is required for break-even and at 20 keV an nt of 3.1 X 1014 is
required. Above 20 keV larger values of nt than 3.1 x 1016 are required. Thus

with this model the minimum nt for break-even occurs at 3.1 x 1014.

th

CONDITIONS FOR ENERGY APPLICATION

The, above discussion based on a simple model should suffice to indicate that

14 3

the otted,qupted break~even qonditions of T = 4 keV and nt = 10 cm “-sec are

only very rough: indications of what will actually be needed for break-even. The

i
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discussion may also contain sufficient data to allow dh estimate to be made of the

conditiong within a practical D-T reactor plasma. ‘Theée may be:

15 3

nt = 10°Y cm “~sec at T = 20 keV

To achieve an nt of 1015, devices using various: combinations of n and t are

proposed, of which two, one employing the tokamak concept:and the: other employing
the laser compression techniques, appear to hold forth;the best promise. These
two research areas and thelr proposed reactor operational regime are shown in the
n, vs T plasma domain map of fig, 6 which gilves a comparative plcture of these
two devices relative to several other plasmas both:natural and produced in the

laboratory.

The tokamak reactor will be a quasi-steady maghefically confined device and
hence the choice of n is dictated by the -technology of. producing a confining field
over the large volume of the torus. For example at n.= 1014 cm—a, (hence T = 10
seconds), the plasma kinefic pressure would be 6 atﬁdépheres at the required
temperature of 20 keV. A confining field of 4T is thus 1ndic§ted assuﬁing a plasma
B of 10% where B is the ratio of the plasma kinetic pressure to the confining

magnetic pressure.

FUSION ENERGY RESEARCH

In the international effort to prove the feasibility of a break-even machine
an immense area of physics and technology has still to be covered. The technological
frontier -may be considered to be in the aspects of machine scaling. In the case
of the tokamak, the scaling-up to break-even conditionsinvolves increase in plasma
volume (radius and aspect ratio), increase in heating, increase in stabilizing
field and plasma B8 whilst maintalning approximate classical scaling-up of v with
temperature. In the case of laser fusion, the technological frontler involves

pellet structures, increase in laser power,and 'tailoring' of the laser pulse.

Whilst research at these technological frontiers appear necessarily the
preserve of the larger laboratorles in developed countries, large amounts of
research data and technological development are required to enable a better
understanding of the physics and technology necessary to continuously push upwards
the frontier towards break-even. Herein 'lles a role for the smaller laboratories
and the developing countries. Realsing that the early successful implementation
of a break-even programme may eventually be dependent on a more concerted
international effort than presently éva}lable the IAEA®’® has in 1978 recommended
research areaé and devices which are suitable for development and study in developing
countriés; such studies to have a two-fold purpose: 1) to advance the technological
level of sclentists in developing countries and 2) to contribute to the international

ef{fort in fuslon research.

FUSION RESEARCH IN MALAYSIA

The plasma focus and small tokamak are the two deviced recommended in the
[AEA report® as suitable for the attention of laboratories” in developing countries.
At the University of Malaya, the plasma physics group has operated a home-made

plasma focus UMDPF! machine since 19717, Neutrons from the D-D fusion reaction
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was first detected from the UMDPFl in October 1972. 1In 1977 a second capacitor
bank became available as the result of a generous gift from the Kernforschunganlage
{Nuclear Rescarch Centre) Juelich and the Alexander von Humboldt Foundation of the
Federal Republic of Germany which also donated a 60 megawatt pulsed ruby laser. A
laser—initiated fuslon sgpark experiment was started. The two devices enable plasma
studies to be made in Kuala Lumpur within the range of T: 106 - 109 OK; nt: up to
10126m'3_suc with fusien neutrons of greater than 109 per pulse and an emission

rate exceeding 1016 per second during the pulse.

These studies and others going on in Brazil, Argentina, India, Pakistan and
other developing countries herald an increasing participation and interest in the
International fusion research programme aimed towards the attainment of plasma

conditions required for energy application.
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Fig.1. A typical experimental Tokamak.

Key to regions

(1) Toroidal field coils
(2) roloidal field coils
(3) Core
(4) Blanket module
(S} Cooling ducts
('6) Duct joints
(7) Shield structure and
vacuum wall
{8) Shield door
(9) shield cooling
(10) Shield support
(11) Servicing floor
(12) Injector, refuel and
control access.

o Cutham Conceptual Tokamak Reactér Mk I

Fig.2. Artist’s impression of a Tokamak Reactor.
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Modules for Applied Physics Experiments -

An Integrated Approach

S. Lee
Jabatan Fizik
Universiti Malaya

Introduction

The transition from teaching packages -of Theoretical and Experimental
Physics to those of Pure and Applied Physics in the Department of.Phy-
sics, University of Malaya has been described by C.Y. Tay . Three
laboratories have been serving the Applied Physics courses and these

are the Radiation Laboratory, the Electronics Laboratory and the Applied
Physics Laboratory. The Applied Physics Laboratory has developed in
three major areas. Firstly in material testing experiments have been
developed in tensile testing, viscosity measurements, phase measurements,
x-ray powder method and ultrasonic flaw detection techniques. These
experiments are complemented by vacuum techniques; pneumatic feedback
experiments and field plotting techniques.

The second area is laser optics. Here a series of experiments have
been introduced around an unifying or integrating concept; the concept
of stimulated emission as exhibited in three useful properties of the
simple helium-neon laser namely, directionality, coherence and mono-
chromaticity. Many experiments, all emphasizing simple rather than
sophisticated techniques and some with practical application, are
included in the series. Experiments involving interference and dif-
fraction effects, in particular, enable the students to experience how
these three properties of the He-Ne laser enable useful observations

to be made in the simplest possible manner, with the fringe measurements
thrown on and measured direct from the walls of the laboratory! 1In a
very simple air-cell interference experiment, a measurement of a change
of length to a sensitivity of one ten-thousandth of a mm is made,

In the third area of development, an opportunity presented itself to
try a completely fresh approach since in this area of development i.e.
pulse techniques, it was intended to design completely original experi-
ments. It was decided to design as an example, a series of experiments
based on the L-C-R circuit with its 3 modes of electrical discharge,
namely, the underdamped oscillation and the critically-damped and over-
damped discharge. This basic concept is linked to a simplified techno-
logy of pulse generation and the technology is in turn linked to appli-
cations such as ultrasonics and stroboscopy. With this integrated
approach it is hoped that the students can in one series of experiments
experience the integration of a basic concept through simplified techno-
logy to industrial applications. The series of experiments is arranged
in module form as illustrated schematically in fig. 1.




Module 1

L-C~-R

module

emphasis -
principles:
underdamped,
critically
damped,
overdamped.

Fig. 1 The Modules

Module 2

UJayT

module

Module 1

emphasis -~
principles &
techniques:

an example
of a pulse
generator

Module 3 & 4

Module 5 & 6

S CR flash tube

module module

2D21 ultrasonic
thyratron
module module

emphasis - emphasis -

tec¢hniques: techniques
semiconduct & product:
switch, gas~ example of
filled tube .7 applications
switch, illus®¥ of pulse

trating genera

" trical pulses
of higher poﬂ

techniques.

Module 1 starts from the very basic principle of simple harmonic oscilla-
tion, progressing to calculations and measurements of current and
voltage amplitudes and frequencies for nearly simple harmonic oscilla-

L
tion (R < 2%5 ) to observations of critical damping (R

2/—(1:—' ) and over

L ) :
damping (R > 2/% ). The observations are made on an oscilloscope and
students are expected-to have a feel for the errors involved in the

measurements.

The circuit is shown in Fig. 2.
microswitch
: 100K L :
50V =AMV BT~ to CRO
= H
charge c discharge R ! é _ 35? EF
circuit i oo
o circuit R = variable from
O ohm to
10,000 ohm.
- Fig. 2 Basic L-C-R circuit of module 1
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Module 2

Module 2 illustrates one simple way of generating sharp pulses of variable
frequency using an Unijunction transistor (UJT). The emphasis here is
on the functional aspects with only one technique highlighted to the

students, i.e. the use of the time constant RC to determine the rate
f switching of the UJT, as shown in Fig. 3.

The students measure pulse shape and pulse frequencies for different
settings of RC.

20V

‘ Fig. 3 Pulse generator
0.58 circuit using an Unijunction
R transistor,
S.6K .

UJT = unijunction transistor
e.g. 2N2646.

This module illustrates the use of a silicon-controlled rectifier (SCR}
O switch a capacitor in an overdamped L-C~R circuit. The emphasis

§ on the general technique and the appreciation of the increased level
f power i.e. a low power pulse (UJT module) switches a pulse of higher
power (SCR module). The circuit is shown in Fig. 4.

200V

Fiq. 4 Overdamped L-C-R

20K
C=0. WF circuit employing an

SCR switch.

100 The inductance L of the

circuit is not specifically

fixed but consists of the

stray inductance of

connecting wires and

= 1:1 ? SCR circuit element totalling
L

220 output about 1 uH.
pulse

SCR= silicon-controlled
rectifier,
Gate circuit L - C - R circuit e.g. MCR107-6,

[

9]
'

w



The students measure pulse shape. power and pulse frequencies for diffe-
rent settings of the RC of the UJT circuit. In addition they may mea-

sure the delay-time (in the region of 0.2 usec) between the UJT and
the SCR pulses.

Module 4

This module illustrates the use of a gas-filled tube as a power-switch
for an overdamped L-C-R circuit. The emphasis is on the general tech-
nigque and on the comparison between the 2D21 thyratron and.the SCR.

The students note the requirement for heater current and for negative
grid biasing, perform the same measurement as for the SCR module and
in addition note the effect of a variation of the grid bias voltages.

200V

thyratron

output

i

Grid circuit L-C-R circuit

—60V ‘ R

Fig. 5 Overdamped L-C-R circuit employing‘a.thyratron switch

C = 0.0lWF chosen as a suitablé value for the subsequent application of .7
this module for powering the ultrasonic module. L = stray inductance.
thyratron = e.g. 2D21 xenon-filled. )

Module 5 - application module - high speed flash and stroboscope

This module consists of a xenon-filled flash-lamp across which a capa-
citor C is connected, the circuit being a critically damped L~-C-R
circuit with stray inductance totalling about 1 pH forming L and the
resistance of the xenon plasma forming R. The flash lamp (FX-6A) holds
the voltage of 600V to which C is charged until the trigger pins
receive a high voltage pulse (1.5 - 3 kV). This high voltage pulse
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is supplied from SCR module with a 10 turns: 200 turns ferrite pulse
transformer acting as a step-up stage.

The circuit is as shown: 600V

to - 20K
] photodiode )
B C=0.47yF
Module 2 Module 3 pulse K-L(‘\\
’ transformer
uJT SCR
pulse . power
generator step-up ‘q“
voltage
step-up =
module 5
trigger LC-R =
circuit R . -
—_—— circuit

Fig. 6 Application of a critically damped L-C-R circuit

for generation of high speed light pulses of high power

The students connect the modules and examine the shape of the light
pulse on an oscilloscope via a high speed photodiode. They measure the
energy of the light emitted per pulse and estimate the efficiency of
the flash in lumens/watt. They next use the modules as a stroboscope
to determine the frequency of rotation of a motor shaft or a fan.

Module 6 - application module — ultrasonic echo techniques

This module consists of an air-core inductor of a few turns placed
across the thyratron output and connected in parallel to a 2 MHz piezo-
electric probe acting as an ultrasonic transmitter. The simplicity of
the arrangement is itself of educational value as shown in Fig. 7.

J\ J ﬁto CRO
[

module 2 module 4 module 5
uJT thyratron
pulse I power

. generator step-up

_J; pulse
= shaping
inductor
piezoelectric piezoelectric
probe-transmitter probe-receiver

Fig. 7 Application of underdamped L-C-R circuit

for generation of ultrasonic waves

e
(¥
(o2}




The probe used is a 2 MHz Baugh and Weedon double-probe.

The students examine the waveform of the pulse across the input of the
transmitter noting that although the circuit is at best only approxi-
mately tuned, forced oscillation of the probe is evident.

Next, the probe is placed in contact with the water surface in a beaker
of water and the receiver probe is connected to the CRO. Echc series .
are noted and the speed of sound in water calculated by ‘time-of-flight’®
method. Similarly echo pulses in various metal specimens are examined
and speed of sound in these specimens computed.

Programme

The students perform the experiments working in pairs, each pair com-—
pleting the 6 modules in 6 periods of 2% hours each. Developments are
continuously incorporated into the experiments e.g. at the moment sub-
modules are being contemplated in the ultrasonic module to illustrate
techniques of improving echo detection such as pulse clipping, demodula~
tion, amplification and other aspects of pulse shaping. Other applica-
tion modules are also being considered.

Beyond these modules

Beyond these modules the students have the opportunity to carry out
experiments using an ultrasonic facility with A-~Scan (point-by-point
echo-computation method using CRO display) and C-Scan (radiographic -
style) capabilities. This facility consists of a Matec ultrasonic
generator - receiver, a philips double-beam CRO, an Emefco scanning
tank and spark recorder interfaced with the Matec receiver by means of
a six-channel spark intensity quantizer and is placed just next to the
pulse-technique module experiments to give the students a sense of con-
tinuity and application for the pulse-technique experiments. In an
adjacent room, high speed photography experiments are conducted as a
fourth year project using a General Radio stroboscope which does not
do very much more than our very elementary set-up of modules 2, 3 and 5.

Beyond the laboratory the students have the opportunity to see the
application and extension of pulse techniques to various experiments

in the research laboratories e.g. a variety of pulsed lasers, nitrogen,
flash~lamp pumped dye laser in the laser laboratory and a 100 Megawatt
ruby laser in theé plasma laboratory, high current L-C-R discharge in the
4th year shock tube experiment and the fusion experiments in the Plasma
Laboratory. They are already aware of the growing number of applica-
tions for pulsed techniques {(e.g. stroboscopy, ultrasonics and radar)

in industrial, commercial and research institutions in Malaysia:

Conclusion

These modules represent an effort to develop a series of experiments
connecting on the one hand with an important basic physical principle
and on the other hand with applications at a fairly high level of tech-
nology. Each module is kept basic with little refinement or trimming.
It is hoped that in a series such as this, students will lose a little
of the sense of isolation of individual experiments and gain a little
of a sense of integration between theory and technique and between tech-
nique and application.
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Laser Research Programme at the University of Malaya

B.C. Tan, S.A. Hussain, S. Lee, K.O. Lee, K.S. Low,
A.C. Chew, Y.H. Chen and Raja Mustapha
Department of Physics
University of Malaya.

I. Introduction

Towards the end of 1976 the concept of forming a group within the
Department of Physics, University of Malaya, to initiate

research in lasers and their applications was mooted. The group
was subsequently formed and a research grant was awarded by the

F Grant Committee of the University of Malaya in 1978 from which
basic equipment, listed in Table 1, were purchased.

The activities of the group comprise developing lasers of all
types and using them as well as those purchased for research in
various fields. These are discussed later.

II. Facilities

The Argon Ion Laser has a BeO discharge tube with a high effi-
ciency cooling system. It has a CW power of 9 watts all-lines
from 454.5 to 528.7 nm with 3 watts each-at 488.0 and 514.5 nm.
Significant UV radiation is obtainable at 351 and 364 nm. By
changing the discharge tube and the optics, the laser can be con-
verted into a Krypton Ion Laser which has strong lines in the
infrared.

The Dye Laser uses rhodamine 6G which comes out in a jet and is
pumped with the Argon Ion Laser lines of 488.0 and 514.5 nm.

The output is tunable from 570 to 640 nm. With an input of 9 watts,
as much as 1.4 watts output has been measured. With wedge tuning,
linewidths of 40 GHz are obtainable. If upgraded to piezoelectric
tuning, linewidths of 5 GHz can be expected.

The other important back-up equipment include a 1} M Czerney-Turner
spectrometer, a 100 .MHz photon-counter, a fast 400 MHz scope and
a chart recorder.
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Table 1l: Laser equipment at the University of Malaya

Eguigmént ‘ Manufacturer Specifications
CW Argon Ion Spectra Physics 9W all-lines :454.% -
Laser Model 171 528.7 nm)
3W each at 488.0 &
514.5 nm
Dye Laser R6G Spectra Physics 572 - 640 nm tunable
Model 375 1.4W with 9W input

40 GHz linewidth
8 GHZ tuning reso-

lution
Scanning inter- Spectra Physics Scanning range 550 -~
ferometer Model 410 650 nm

FSR 1200 GHz
Bandpass 24 GHz

1 M Czerney-Turner Spex Model 1704 175 nm - 1.5 um
spectrometer resolution 40 GHz
Dual trace Tetronix 7834 400 MHz

storage scope

Photon counter - - Ortec - Brookdeal 5 Cl 100 MHz, 10 ns pulse
pair resolution
dual channel disc
amplifier digital
lock-in with chopper

Photomultiplier EMI 9558 QB 200 - 850 nm

XY/t ‘recorder Watanabe WX-4401 100 cm/s speed
0.5 s/cm to 50 s/cm
sweep.

Development of Lasers

The group has undertaken to construct six lasers, both pulsed
and continuous, radiating from the UV to the far IR, Table 2
summarises these lasers, some have been completed while some are

~under construction at the time of writing.

Nitrogen Lasers

A pulsed Ny laser which lases at 337.1 nm has been constructed.
It has a short pulse duration of ~10 ns and peak power of 100 kW
and is useful in spectroscopic studies of transient plasmas.

A different design of this TEA-design laser with a peak power of
700 kW is under construction. It will be a useful pump source for
dye cells from which high power tunable pulses of radiation can
be obtained.

25=8
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Flashlamp-pumprd Dye Lasers

A confocal flashlamp-pumped dye laser is under construction .

The active medium is rhodamine 6 G which is tunable from 570 to
620 nm. The expected energy is about 1 J. This laser will be
used to pump a cresyl violet dye cell to produce’ a broadband

(650 - 690 nm) 100 mJ pulse. This laser will be tuned to study
Hy absorption and the eneray of the pulsed 656.3 nm line is esti-
mated to be about 25 mJ.

CO, Lasers

The only CW laser under study by the group is a CO, laser. This
laser is expected to produce more than 20 W power at 10.6 um.

It is also planned to boost the power to 100 W for cutting,
drilling and other material processing purposes.

TEA - CO, Lasers

A TEA - CO, laser which will operate in the pulse mode at 1 J is
under construction. It will be used to study some transient
plasmas.

Table 2: Laser construction programme at the University of Malaya

Type Wavelength Energy, power Status
1. Pulsed Ny 337.1 nm (a) 100 kW, 1 mJd Lasing
(b) 700 kw, 7 mJ Construction
2. Flashlamp-pumped 570 - 620 nm ~l MW, V1 J Construction
dye laser, R6G, tunable
pulsed
3. Intermediate~laser 650 ~ 690 nm 30 kW, V30 mJ Construction
dye laser system tunable
(cresyl violet)
pulsed dye-cell
4. COy laser 10.6 um 20 W Testing
continuous
5. TEA - CO; pulsed 10.6 um loMw, 1 J Construction
IV. Some proposed studies

(a) Pollution monitoring

Using the high power Argon Iom Laser, fluorescence detection of
atmospheric pollutants, for example NO; and NO, could be performed.
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This is based on the absorption of the laser signal by the pollu-~
tants and the subsequent detection of the fluorescent radiation
from the pollutants.

Light Detection and Ranging (LIDAR) techniques based on non-
resonant Raman backscattering can be utilised with the Nj; or
flashlamp-pumped dye lasers. This technique can provide informa-
tion on the range,; concentration and identity of pollutant gases.

{b) Multi-photon Spectroscopy

High resolution spectroscopy can be obtained using high power
tunable laser sources, together with techniques like Doppler-free
spectroscopy. Fine and hyperfine structures of molecules, iso-
tope shifts, Zeeman and Stark levels can all be studied.

V. Conclusion

The laser group in the University of Malaya comprises eight staff
members. Recently, two tutors who are reading for M.Sc. degrees
have joined the group. The group has been advised by Professor

C. Grey Morgan from the University College of Swansea. A sympo-
sium was held to identify useful research areas and the proceedings
have been compiled. Detailed informaticn on the available faci-
lities and activities of the group, current or planned, are avail-
able from the proceedings. ‘

ARkRhkK* K

PHYSICAL MODEL STUDIES IMPLICATING HBEMODYNAMIC FACTORS
IN THE PATHOGENESIS OF ATHEROSCLEROSIS

by

K. 0. Lim
School of Physics
Universiti Sains Malaysia
Penang

INTRODUCTION

Atherosclerosis or intimal arteriosclerosis is a blood vessel disease
whose existence has been well documented in China as early as some

2500 years'agbl. It is characterized by the formation of fatty deposits,
or atheromas, in the lining of blood vessels. The initial development
of fatty streaks may be followed by the formation of fibrous plaques

and later by calcification. However the relation between fatty streak
development and fibrous plaque formation is still uncertain, though it
is well known that atheromas consist mainly of cholesterol and other.
complex lipids. T ’ '

Atherosclerosis is the major cause of death in developed countries like
the United States? and Western Europe and its occurrence is fast
increasing even in developing countries!. It is the principal cause
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A Low-Cost Tokamak

S. Lee, FIPM
Jabatan Fizik
Universiti Malaya

Kuala Lumpur, Malaysia

ntroduction
introduct o8

a meeting held in 1977 at the International Centre for Theoretical
hysics, Trieste, the International fusién programmes, advances and
otentials were assessed. Arising from this and at the requesi of the
A.E.A. a Status Report on Controlled Thermonuclear Fusion was put up

1978. ,

'he Report envisages that in the next century, three long-term source
‘energy could be aQailable to replace dwindling fossil fuels: fusion,
ssion and solar energy, each one claiming its place when, depending on
cal conditions of supply and demand, its characteristics give it a-
competitive lead. Since the 'scientific basis for building controlled
ermonuclear fusion devices with a net energy output was, even in 1978,
longer seriously in doutt, the Report recommended "a large and
gressive effort towards the practical demonstration of fusion power at
e earliest possible date". 1In order to maximize efficient world-wide
peration and planning in this field the Report recommended, aﬁong
:steps, that a step should be taken to "identify problems where no
e. apparatuses are needsd and which can be tackled by developing

tries wishing to work in this area".

‘December 1978, the I.A.E.A. Consultants met in Swierk, Poland2 to
nsider this question of problem identification and the result of the
eting was a "Report of tke I.A.E.A. Consultants’ Meeting on Fusion
dgrammes for Developing Countries". The recomzmendations centre on
ur categories of activitiss for develcping countries, vis. (i) basic

retical studies in plas=a physics and collakoration with a major
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fusion centre on analysis and interpretation of experimental data;

(ii) studies of techniques with possible application outside as well as
within the fusion field; such as research into properties of low
temperature plasma devices and development of plasma guns and torches
which already have industrial application; (iii) studies primarily
dependent on established techniques and methods of atomic and nuclear
physics for which no high temperature plésma device is needed. Such
studies may include material studies and the measurement of atomic and
nuclear cross sections using beam and beam foil technique; (iv) studies
of intrinsic properties of high temperature (10CeV or greater) plasma
requiring either the purchase or construction of an appropriate plasma
device. Two devices were mentioned, the first being the dense plasma

focus (US$10,000 té US$15,000) and the second a lowlpowered tokamak
(US$150,000 to US$400,000) .

The Plasma Focus Group in Kuala Lumpur has since 1972 operated a dense
plasma focus facility designed, constructed and tested entirely on native
reéourcesa. This dense plasma focus facility was the first machine, as
far as the author is aware, constructed in a developing country, to
produce fusion neutron in sufficient quantities to be detected and to
produce data on neutron energy and distributions. The Universiti Malaya
Group has since 1976 toyed with the idea of building a low-cost tokamak
as this device produces a long-lasting plasma (1 millisec) as opposed to
the very transient plasma of the plasma focus, lasting only 100 nanoseccnd
Whereas the plasma focus is eminehtly suitable for studying small—volume,:
short-lived, dense (lOlg/c.c.) plasmas with very intense electromagnetic-
meéhanical interactioné between megagauss magnetic fields and 107K plasmas
the‘tokamak would be suitable for%studying large-volume, relatively long-
lived plasmas of a more sedate and therefore more stable character. As
the Tokamak is a serious contender to be the basic configuration of a
future fusion reactor, the building of a tokamak would extend the
experience of the plasma physics group further into the area of fusion
technology and physics. There is, as far as the author is aware, no

operational Tokamak in any developing country at present.
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Break-even conditions

what would be the expected plasma parameters in a low-cost tokamak and
how would these expected parameters relate to the parameters of a 'break-

even' machine? To demonstrate a break-even machine it is necessary to

produce in the laboratory a thermalised plasma, so hot and dense that its
energy liberation via the nuclear fusion reaction equals to the sum total
of the energy expended in heating the plasma. From cross-section

considerations, the fuel would be a 1l:1 mixture of deuterium and tritium.

Thermalization

In the range of rea?tor temperatures being considered, the cross-section
for fusion increaseg rapidly with particle energy, and one feature is

that in a thermal plasma of average energy E, most of the particles
ontributing to the fusion reaction have an energy of several E. Thés,
ﬁhermalization multiplies the fusion cross-section; and is an essential

feature for a practical reactor.

Ideal Ignition - Temperature

From consideration of Bremsstrahlung loss and fusion energy producticn

it is known that, fortunately, whereas Bremsstrahlung power loss increases
S T2. The fusion power production increases as Tx where in the range of
temperatures of interesﬁ, x = 1.5. Thus, there exists a temperature
called the Ideal Ignition Temperature (IIT) which represents the lowest
jfemperature for which a self-sustaining reactor can hope to be operated.

or the D-T plasma the IIT is 4 keV (44 million °K).

T’Critérion

n consideration of plasza density n, it is found that the relevant
riterion is one involving the product n and T where T is the plasma
containment time. The product nt is involved because whereas to heat up
n fuel particles to temperature T reguires an arount of energy independgnt
of the heating tize, the Bremsstrahlung energy radiated and the fusion

energy produced is a function of the time 1, so that in considering a

ulsed cycle even at a tszperature aktove the IIT, Ltawson found that a

)
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minimum value of 1 was regquired to enable a sufficient fraction of the
nuclei to undergo fusion to provide the break-even condition. For a D-7

L. 14 -
plasma, the minimum value of nt = 10 particle-sec cm ",

In summary, for a break-even experiment with a D-T plasma we require a

thermal plasma in which

]
1]

4keV

14 -
nt = 10 particles-sec cm

The Tokamck Concept

Linear pinch

From the historical point of view, it is convenient to discuss the tokama

concept starting from the idea of the linear pinch discharge.

It was realised early by Bennett that when a large electric current flowS
through an ionized gas, the J x B force resulting from the interaction of
the current with its self-magnetic field can cause a "pinching" effect on
the gas resulting in compression and heating, with the plaéma temperature
apparently being proporﬁional to fhe square of the current. However,
pinéh experiments soon show that the plasma column is not stable in this‘
magnetic configuration and within a few microseconds of its formation ;

breaks up due to instabilities of various types.

Stabilized linear pinch

To stabilize the discharge, it was found effective to include an axial
magnetic field. The stabilized linear pinch discharge, however, still had
its limitations because, although the plasma column is stably confined
along its length by the azimuthal magnetic field, there is no insulation
between the plasma and the electrodes. Contamination of the plasma by
the high-2 electrode material takes place, increasing the Bremsstrahlung

and lowering the plasma temperature.
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tabilized toroidal pinch - no end losses

ne of the approaches to overcome this problem was ﬁo have the discharge
n a torus with the heating current induced in the gas by transformer
ction along the length of the torus. In this 'end-less' system there is
o end loss and the plasma is again confined from the wall of the torus
y the pinching force provided by the self-magnetic field of the plasma

current. An axial field embedded in the plasma around the length of the

.orus provides stabilization.

fon-uniform magnetic field in torus - plasma drift losses

It was soon apparent that the toroidal system has its own drawback because,
since the stabilizing fizld is curved and non-uniform across the torus,
charge separation and plasma drift occured across the torus so that the
plasma is destroyed very much more quickly than one would éxpect from
éonsideration of classical diffusion time. This charge separation and
plasma drift can} however, be combenéated if the magnetic field lines
in the system are non-degenerate, i.e., if each line does not close upon

itself. This non-degeneracy is achieved by a rotational transform of

;he magnetic field.

prift loss compensation - rotational transform

Happily, the tokamak with its stabilization field Bzand its poloidal

eld B It is found possible to ensure that the non-degeneracy of the

ield lines is maintained through the duration of a discharge if in one
ﬁ cuit of the torus, the resultant magnetic field does not spiral by

e. than Zn. This results, for a given Bz, in a limit for the poloidal
_eld, i.e., a limit on the plasma current Ip' This limit is expressed

the Kruskall-Shapranov limit which states:

2T — a7
Ip ‘$ " La(R) Bz_l

where a = minor radius of the torus

R = major radius of the torus

= aspec: ratio

0|

u = permezbi
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Scaling up the plasma current

Empirically, it has been found necessary to restrict the operational

value of ;p by a further fraction, 1l, where q = 2 to 3 is known as the
q

safety factor.

Thus, in order to increase the plasma heating current and hence the

plasma heating it is necessary to increase Bz' a and a.
R

Effect on T

How would an increase in Bz, a and a affect the containment time T?
R

Although in a non-degenerate with stabilization the toroidal plasma is
said to be confined, by no means can we expect an infinite life-time.
This is because, although charge particles are confined by the field

lines, collisions do occur which will knock the charge particles across

the field lines resulting in what is termed 'classical diffusion'. Thus,
ultimately, the life-time of the best-confined plasma is still limited
to the time an arbitrarily defined proportion of the plasma diffuses out
of the confines of tne rzgretic field. Taking this most optimistic
condition, we have '
nr ~ (B: Telz)a2

where Te is the electron temperature. Thus, as BZ, and a are scaled up

to increase Ip and hence T , the effect on n is also an increase.
e >

Although experimentally the n1 scaling is not observed to be as Optlmlstlc
as that predlcted by classical diffusion it is observed to be not as
pessimistic as that prediced by diffusion through the collective processk
or by Bohm diffusion which predicts nt = BZT_la. The experimental data
tend to'indicate that new generation tokamaks have an nt performance
about half-way between classical and Bohm diffusion. For the purpose of
planning, it appears that for scaling up from current experiments, the

classical diffusion may be overly-optimistic where as for scaling down,

classical diffusion may be overly pessimistic. Thus, in planning a

machine scaled down from operational models, the expected value of nt
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pased on classical diffusion may well turn out to be pessimistic.

‘Scaling of plasma temperature

The scaling of plasma temperature is generally considered to be of less
importance than the scaling of nt for two reasons, the first being that

as the temperature is increased, the plasma resistance diminishes and at
high temperatures the plasma current becomes increasingly inefficient

as a means of further heating. Thus, at the higher ranges of temperatures,
conventional tokamaks require additional heating such as neutral beam
injection, ete. For a low-cost tokamak this would not be necessary and
one of the often qubted scaling equations may be used; such as the follow-
ing based on neo—cléssical heat conduction:

T.L ~ (I B Rzn)l/3
i p z

where Ti is the ion temperature.

A low-cost tokamak

Although the IAEA consultants have estimated a cost of U$150,000 to
 US$$400,000 for a low-cost tokamak, our plasma laboratory might attempt
to build one with existing equipment and low resources. What kind of

‘dimensions and magnitudes might we aim for?

_ 1lwith a
R 5
stabilization magnetic field of Bz = 1T which could be supplied by an

iIf we design for a toroidal plasma of R = O.1 m and a _

existing electrolytic caracity bank of 450V O.1 F, then a maximum

plasma current of S0kA could be planned for. This current could be
supplied by existing cazacitors rated at 1lOkV, 200 uF switched and crow-
barred by ignitrons to grovide a long-pulse currentrwith a gently decaying

tail. An experiment is being planned to find out if the crow-barred pulse

is of sufficient duratica (i.e. about 1l millisecond).

Scaling

Tables of existing resulzs znd expected results based on experimental

-
26=7
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data-and~detailed computation are available in the literature and the
following table I collects together some experimental/projected results
of these machines.4 The first column (IFR) gi&es operational data of
the French machine which is widely quoted because of its good performance.
The second colﬁmn (JET) gives expected data for the Joint-European Torus
(JET), which is being built in Culham, England. The third column
contains a typical projection of the dimensions a fusion reactor might
be expected to have and its operational’conditions. The data for both
JET and the reactor may be considered as scaled-up data. The last
column contains a scaled-down Tokazak such as might be built at the
Universiti Malaya ?sing mainly available components. The one item that
might present some difficulty is the vacuum chamber that is dough-nut
‘shaped, 1l m in major diametér'and with a minor diameter of 20 cm. The
design for the chamber would have to include ports for pumping and
diagnostic ports. To facilitate maintenance, the chamber may be
aSsémbled in segments rather than be manufactured as a complete 'dough-

nut'.

For the planned operational values 6f magnetic field and plasma current
which maintain their values only for the relatively short time of lms,
the magnetic field coils will be of the simplest type. The plasma
current may easily be coupled into the torus by means of an air-cored

transformer.

The result will be a large-volume (l0O-litre) plasma at a temperature of
. . o . .

2 million K lasting 1l ms. This will serve as a very useful source of

: studying near-thermonuclear deuterium plasmas and for the development

--and extension of diagnostic techniques.

Ny
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Table I - Operational Torus, scaled-up torus and a low-cost scaled-down

torus
TFR (France) _JET (EEC) Reactor Low-cost tokamak
(Operational) (scaled up) (scaled up) (scaled-down)
Ro(cm) 100 300 500 50
a{cm) 20 130 200 10
'Ro
— 5 2.3 2.5 5
a v
B, (T) 4 4 : 9 1
¢
Ip(MA) ' 0.4 4 11 0.05
,Ne(per cc) 6 x lO13 4 x 1013 6 x lO14 3 x lo13
1ms 30 1000 1000 "1
;Te(kev) 1 ] : 20 0.2
'ri (keV) 1 9 20 0.2
ot 2 x 10%2 4 x 1043 5 % 1014 3 x 10%°
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A MEASUREMENT ON THE BLUE (425-475nm) CONTENT OF
SOLAR RADIATION TO DETERMINE THE EQUIVALENCE OF
SOLAR RADIATION AND THE RADIATION OF LAMPS USED
IN THE TREATMENT OF NEONATAL HYPERBILIRUBINEMIA

S. Lee, FIPM
Jabatan Fizik, Universiti Malaya,
Kuala Lumpur

Introduction

?hototherapy is now a standard measure in the management of
neonatal hyperbilirubinemia!. Using daylight and blue lamp Tan? has
determined that the minimal radiance. at which phototherapy begins to be
effective was 15 pw/cm? in the 425 to 475 nm range and that the
saturation point of phototherapy appeared to be about 600 pw/cm? in
the 425 to 475 nm range. The criterion for judging both minimal

_ effectiveness and saturation was the measurement of the decline of the
bilirubin level over an operatiohal 24~hour period. A typical value
adopted for phototherapy is 250 pw/cm?.

Sunlight as a source for phototherapy has also been tried. But
with sunglight, because of its high intensity and wide spectral range,
overheating with phyrexia! and sunburn very easily occurs. Usually a
20-minute exposure. to morning sun is the maximum permissible for an
Infant due to the danger of these side-effects.

| The question then arises, what is the equivalence of a 20-minute
‘éxposure to morning sun in terms of the more controllable use of lamps?
There are two factors in the establishment of this equivalence. Firstly,
ﬁhe equivalence can be considered in terms of incident energy in the
125 to 475 nm range. Thus, if the sun has a radiance in the 425 to 475
im range of 100 times that of the lamps used then as far as energy
;EQUivalence is concerned an exposure to the sun for a period of time
which is 1/100 the exposure to the lamps would ensure an equal amount
Of energy incident on the subject. Secondly, equivalence of incident
nergy may not really mean equivalence in effect, i.e. a 100 fold

“rease in radiance operational for a reduced period of 1/100 may not

27-1
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produce an equivalent effect since from the literature? it is not
clear whether the saturation effect reported is solely saturation to
energy or solely saturation to radiance.

This issue, however, cannot resolved by the following measurement.
Nevertheless, it has to be considered before any attempt to establish

an effect equivalence may be made.
Measurement

A Metrix Luxmeter is used for this measurement with two ranges
0 - 506 lux and 0 - 2000 lux respectively. This meter uses a photcell
which has been corrected by means of a filter to have a response almost
identical tc that of the human eye,

The range of response is between 4500 to 6500 X with negligible
response beyond this range. From the response curve supplied by the
manufacturer, an integration over this curve yields an average
sensitivity of 0.50 relative to peak sensitivity over the range 4500
to 6500 K.

A relationship between the wattage of sunlight falling on the
luxmeter and the luxmeter reading can be written down by considering the
following two facforse (1) The spectral distribution of sunlight over
the range of 4500 to 6500 & is almost flat, deviating from a flat
horizontal?line>by an average value of less than 5%. (2) At peak
sensitivity, the luxmeter sensitivity is given as:

1 lux = 0.161 pw/cm?

Thus the wattage of the sunlight (in the range 4500 to 6500 X)

falling on tﬁe luxmeter

Loy 0.161 pw/cm? = 0.32L pw/cm?.

0.5
where L is the luxmeter reading when placed in the sunlight.
The wattage of sunlight in the range 425 to 475 nm car now be
estimated using the table of solar spectral irradiance given in table
6k ~ 17 on page 6¥216 of the Handbook for Physics & Chemistry or by an

integration of the solar spectral distribution such as is given in
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Fig. 16 of Ref. 1. These procedures yield a figure of 0.27 as the ratio
between the powers in the range 425 to 475 om and the range 450 to 650 nm.

Thus theconversionexpression for the luxmeter when placed in

sunlight is:

radiance in the range 425 to 475 nm ’

= 0.32L yw/cm? x 0.27 = 0.09L yuw/cm?

Four readings were taken aﬁd recorded ih Table I,
Table I

Reading no. : Luxmeter reading radiance
(with X400 attenuator) (435 - 475 nm)

l. 3.30 p.m. 31.7.78
dull day, sun hidden

by thick clouds 10,000 lux 900 pw/cm?
2..8.30 a.m. 1.8.78

bright sunshine 17,000 1lux 1500 yw/cm?
3. 10.15 a.m. 1.8.78

bright sunshine 30,000 lux 2700 pw/cm?
4. 12 noon 1.8.78

bright sunshine 50,000 lux 4500 pw/cm?

These figures are compared to calculations based on data taken
rom Tan' and the Handbook of Physics and Chemistrya. Fig. 8 on
age 40 of Ref. 4 gives the total radiation for the month of July as:
8.30 a.m. 20 pw/cm?

10.00 a.m. 40 uw/cm?

12 noon 58 1w/cm?
Ref. 3 gives a value of 7.1% for the fraction of total solar
nergy in the range 425 to 475 nm. Combining the data of Ref. 4 and

ef. 3 above gives the radiance in the range 425 to 475 nm in July as:

8.30 a.m. 1400 jw/cm?
10.00 a.m. 2800 w/cm?
12 noon 4100 w/cm?

Thus the present measurements are in close agreement with the

Stimates bhased on Ref. 3 and Ref. 41 although the dara of Ref. & were

nJ
~J
H
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taken for Singapore.
Discussion

Tt appears that at 8.30 a.m. on a bright sunny morning, a
representative figure for the purpose of discussiton can be taken as
1500 pw/cm? for the radiance in the range of 425 to 475 nm. If we
consider in terms of energy equivalence, 20 minutes exposure to this
"blue radiation' would be equivalent to an exposure of 20 pw/cm? for
a period of 24 hours. On this basis of equivalence, this 20 minutes
exposure would produce a minimal decline in bilirubin level of 1-2%
using data of Fig.4 of table II of Ref. 2. The actual effect could be
even more minimal if we note that the solar radiance of 1500 uw/cm?
in the range of 425 to 475 nm is in the saturation region as discussed
in Ref. 2. As was discussed earlier in the Introduction, if the
saturation effect detected by Tan? were a radiance saturation
effect then this would mean that the effect of sunlight (20 minutes
exposure early morning sunlight) might be too small to be measured.

If however the saturation effect were an energy saturation effect then
a minimal decline of 1~2% might be measurable as extrapolated from the

data of Tan?.
Conclusion

20 minutes of exposure to 8.30 a.m. sunlight gives an energy
equivalence of 20 pw/cm?in the range 425-475 nm incident over a 24
hour period. From published data, this exposure is expected to produce
a minimal {(hardy detectable) 1-2% decline in bilirubin level, if we
assume that equivalence in incident energy gives an equivalent effect.
. This is in agreement with preliminary observations made by Lin?®.

On the other hand, an exposure of 80 minutes would give an
energy equivalent of 80 puw/cm? over a 24-hour period which according

to Ref. 2 would give a considerable decline in bilirubin level of 19%.
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Without some form of filtering of the unwanted portions of the
of the attendant side-effects of overheating and sunburn.
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EXPERIMENTAL PHYSICS RESEARCH
IN THE UNIVERSITY OF MALAYA

B.C. Tan, FIPM and §. Lee, FIPM
Jabatan Fizik, Universiti Malaya,
Kuala Lumpur

The following are the main areas of experimental research currently
being pursued at the Physics Department of the University of Malaya.
Unless otherwise stated, the research is funded by the F-grant allocation

from the University of Malaya.

1. Plasma Physics

The activities of the Plasma Physics Group centres around the Plasma
Research Laboratory in which are housed two major machines, namely the
UMDPFI (University of Malaya Dense Plasma Focus I) and the UMDPFII
(University of Malaya Dense Plasma Focus II). The UMDPFI was designed
and built 1ocaily, parts of it were donated by the U.K. government under
the Colombo Plan. It consists of four module having 25 pieces of 0.6 uF
Wego condensers rated at 40 kvV. The modular condenser banks can be
operated indenpendently or simultaneously. Research with this facility
has been concentrated on the dense plasma focus.

The UMDPFII machine and its 60 megawatt pulse ruby laser were
donated by the Alexander von Humboldt Foundation and the Nuclear Research
Establishment of the Federal Republic of Germany. This machine consists
of 12 pieces of 1.85 uF Maxwell condensers rated at 60 kV. Metal strips
connect the condensers to the vacuum spark gap thereby reducing the
inductance and. hence making the machine a very fast one. The machine
will operated as a vacuum spark incorporating an anode with an insert
of solid lithium deuteride. Switching and initial plasma formation is
achieved by the ruby laser pulse.

Among the ancillary equipment are an Ilmacon camera, a Kerr cell
camera, a transient digitiser, a screen cubjcle and several good

oscilloscopes.
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2. Thin Films

The study of thin films of organic materials has been actively
pursued. Preparation of these thin films is done in a vacuum
evaporator. Measurements on the evaporated films include dc conductivity
from liquid air temperature to 150°C and optical absorptivity at room
temperature. Change over from amorphous to structured forms of the

organic materials are studied by the X-ray diffraction method.

5

3. EM Scattering

Research is being done into EM scattering at microwave frequencies.
The apparatus include a sweep—source generator and detecting devices.
Presently, the scatterer is a cylindrically arranged cage. The experiment

is performed in a specially constructed anechoic room.

4, Liquid Crystals

A study of phase transitions in liquid crystals from room temperature
o, . . s .. . . .
to 100 C is being initiated using platinum resistance thermometers and

special adiabatic calorimeters.

5. Radioisotopes

Using a Phillips neutron generator the studies on activation
analysis are'perfotmed on several isotopes. In this éonnection, the
thermalisation of 14 MeV neutrons in paraffin wax was studies and a
humber‘of short-lived radioisotopes are produced. The very short-lived

isotopes (v a few seconds) pose a serious difficulty in dead-time

~corrections for long counting intervals. A simple method is proposed

for such cases. Ancillary equipment include a multichannel analyser

and sodium iodide detectors along with liquid GM counters.

282 ~
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6. Laser Physics

A new Laser Physics Section has been formed to investigate
pollution, namely, the identification, the concentration and the range
of pollutants in chosen industrial areas. For this project, a 9 Watt
CW Argon Ion Laser with associated detecting and measuring equlpment
have been purchased.

To develop technical skills with lasers, a proposal is made to
construct simple lasers. An ultraviolet N2 laser, a CO2 infrared and
a dye-laser have been constructed. The dye-laser-is being used for
absorption spectfoscopy studies.

The CW COZ laser will be puéhed to higher powers (100 W) for
electrothermal cutting purposeé° A TEA-CO, laser is being planned for

plasma heating as well as multiphoton experiments.



7
v
.



32 Buletin Fizik Vol.1 No.3 1980

bertugas, bertanggungjawab, mudahsuai, bersikap, kritik dan kreatif.
Universiti mempunyai tanggungjawab untuk menyediakan kemudahap-
kemudahan periy bagi melaksanakan tugas pengajaran dan pembelajaran
dengan baik dap sempurna agar ia boleh menghasilkan siswazah yang

berpengetahuan, berkemahiran dan bersikap baik dan sempurna sejajar

dengan kehendak negara.

8th INTERNATIONAL CONFERENCE ON PLASMA PHYSICS
AND CONTROLLED NUCLEAR FUSION RESEARCH

S. Lee, FIPM
Jabatan Fizik, Universiti Malaya,
Kuala Lumpur

This Conference was organised by the International Atomic
Energy Agency with the cooperation of the Plasma Physics Laboratory
~ Association "Euratom - Belgian State" Brussels. The Conference
took place from Ist to 10th July 1980 in Brussels, and was preceded
by a Special Session on INTOR (International Tokamak) on 3]st June,
1980 and followed by an International workshop on the Plasma Focus on
11th July, 1980.

The Conference placed emphasis on Tokamak and inertial confinement
Systems. On these topics comprehensive papers were given by the various
laboratories on experimental results, theortical calculations, plans
for further experiments .and design of reactors and reactor technology
based on the Tokamak and the laser fusion concepts. For laser fusion
the technological frontier appears to be involved in the increasing
of laser energy and the tailoring of both laser pulse and the target
pellets. For Tokamaks, medium sized machines are being constructed
including the TEXTOR in West Germany, the JET in England (EEC project)

and the JT60 by the JAERT, Japan Atomic Energy Research Institute,

Lt 1s anticipated rhat when rhese and other wmedium~sized Tokamaks

Starv ro produce. "hroak —even ' or near 'break-even' plasmas before

the end of this decade ) the rechnological frontier will be involved

with (i Fome=hond | Ui, supercondict ing MARNers, reactor wall materials v
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“and auxiliary power injection. Foreseeing these problems, papers were
discussed at this Conference on many aspects pertaining to them.
Several alternative fusion concepts were also discussed. These
ranged from steady state toroids through long-pulse toroids to short-—
pulse linear systems that seem to go right back to the early-day
classic linear pinch; which in this updated version has a large current
flowing in a narrow (sub-mm) laser-initiated current—channel within a
high pressure D-T gas. .
Registered participants number 550 from 40 countries. Of these

17 participants were from developing countries including Argentina,
Brazil, India, Kenya, Malaysia, Mexico, Pakistan, Turkey, and Zaire.
This participation from developing countries mirrors the growing
interest and ability of their scientists in the exciting and promising
area of fusion energy. Brazil has started a Tokamak program to be
followed soon by India which already has active plasma and laser
activities as have Pakistan and Argentina. Malaysia was able to join
in‘ critical discussion in the plasma focus session and the
1nterhatinnal Plasma Focus Workshop.

: It was very clear from the discussions, formal and informal, that
many of the devices and techniques are well within the capabilities of
some of the laboratories in developing countries, so that the classical
concept that developing countries could only and therefore should only
handle low-technology research appears to be not universally valid
today. Scientists from developing countries gathered at the Conference
were all of the opinion that the IAFA has taken a positive step in its
present stand to encourage plasma research in developing countries,

emphasizing on areas and projects that have proven to be fruitful.
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CONVENTIONAL ENERGY SUPPLIES AND *
NON-CONVENTIONAL ENERGY RESEARCH IN MALAYSIA

S. Lee, FIPM and B.C. Tan, FIPM
Physics Department, University of Malaya
Kuala Lumpur 22-11, Malaysia

Conventional Energy Supplies in Malaysia

0il supplies 947 of current energy consumption in Malaysia. The other
6% is contributed almost entirely by hydro-power, wood and charcoal!. Total
energy consumption in 1980 was 4.4 boe (barrel oil equivalent) per head of
population per annum. This compares with the Japanese consumption of 25 boe

and with the American consumption of 63 boe per head per annum.

0il

Official estimates of the recerrablg“oil reserves in Malaysia is in
the neighbourhood of | Billion béfrels. This estimate is generally agreed
to be conservative. A more realistic estimate has been suggested to be in
the neighbourhood of 3 billion barrels?. The extraction rate in Malaysia
has risen from 346,000 barrels in 1966 to 100 million barrels in 1979. This
compares with a domestic consumption of about 60 million barrels in 1980

(population 13.4 million). Malaysia is therefore a net exporter of oil.

A logistic curve has been suggested to help the understanding of
production and as an aid to phase production. The logistic curve suggests
- an annual rate of production %% which is proportional to the cumulative
production Q and to the remnant reserve Qu°Q where Qu is the original'toFal
reserve. A view of the crude oil production in Malaysia is shown in Figure |
which compares the actual production with the logistic curve?. This figure
indicates that current production greatly exceeds the logistic curve and

Suggests the need for careful control of our production rate.

K. K. Wong? has compared the Malaysian petroleum production logistic

curve with the projected Malaysiam energy consumption rate assuming an

Basedon an invited paper presented at the COSTED Seminar on Energy Options
for Developing Countries held in Madras 23rd - 27th February 1981.
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annual increase of 7.3%7. The projected consumption curve rises above the
production curve in the mid 1990's at which point Malaysia will become a
net importer of 0il. Based on actual production trends, a cross-over point
can be expected before 1990, unless the reserves of petroleum prove to be

considerably greater than presently revealed.

Other resources

Malaysia has other energy resources which could be developed. These

are listed as follows2’™:

Material Quantity Total energy value

(million tons) (103 TJ)

e i e o s i S S

lignite . 600 5,300
natural gas 22 x 10‘]2ft3 25,000
Renewables (per annum)
rubber wood 7.0 88
timber waste 0.5 ' 6
palm oil waste 8.8 55
domestic and animal waste 7
rice waste 1.2 15
sugar cane waste 0.9 : 11
solid municipal waste 1.8 11
hydro ' 61
254

ot

Among the non-renewables resources, lignite has one-third and natural
gas almost twice the energy potential of our oil reserves. The renewables
have the energy potential of 40 million boe per annum. The other resources
are not exploited except for hydro-electric power and the limited use of

some agricultural waste.

The Bintulu LNG plant is scheduled to produce 6 million tonnes of LNG
per year (70 million boe) for export to Japan. The lignite deposits are of
low grade quality and mining and burning this low grade lignite may cause
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environnental problems. The agricultural waste at present represents not
only an used resource, but its disposal as waste has resulted in environmental
pollution. Attempts are already being made to solve the twin problep of
wastage and pollution. There is little doubt that this source will coptribute

significantly to the energy needs of the nation before the end of the century.

"Soft' energy path

With our resources in oil, gas, lignite, agricultural waste and plentiful
sunshine, there are proponents for Malaysia to follow an exclusively 'soft'
energy path, For example in ‘the paper by K.K. Wong2 an energy plan was
proposed for Malaysia as illustrated in Figure 2. This plan envisages
iﬁcfeasing use of lignite, natural gas, bio-waste, biomas, starting’around
1995 with contributions from solar cell and solar air4conditioning around
the turn of the centﬁry. By 2030 the plan has lignite, natural gas, biowaste
and hydro-power supplying about half of the nation's energy needs, with the
other half being supplied by biomass, solar cell and solar air-conditioning.
Noting that by 2030 the total demand curyve. shows Malaysia's energy consumption
tobe 30tiﬁes the 1980 consumption, the envisaged contributionby solar cells

amounts to almost 200 million boe per annum or 3 times the total 1980 energy

consumption.

The role of 'hard' enerzy

There is another school of though: which argues that, 1) oil and gas
should be reserved as much as possible for industrial and transport sectors
and as feedstock for petro-chemical industries, and 2) biomas, solar cells

and solar air-conditioning etc will not contribute to the extent proposed
by the 'soft' energy proponents.

Ahmad Tajuddin’, for example, has projected a required increase for

electricity from 2000 M4 (1980) to 11,000 MW by the year 2000. His studies

‘recommend a nuclear capacity of 6300 J to 11,100 MW by the year 2005. A

review by the Malaysian National Electricity Beard in the mid-1970's

suggested that there is an economic feasibility for power reactors sometime

in the 1990's.
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1007 'soft' package vs a 'soft-hard' mixed package

The case for planning for a 1007 soft-energy programme appears to hinge
on whether biomas, solar-cells, solar air—coﬂditioning and possibly other
solar-based technology could supply the nation with up to 507 of its energy
requirement by 2020-2040; an amount of energy equal to 3000 x 103 TJ or
1300 million boe per annum. To examine the feasibility of such a scheme, it
should be noted that the land area needed for energy plantations to supply
!O6 TJ (15% of energy needs in 2030) is 6000 square miles or 107 of the total

land area of Peninsular Malaysia. For the amount of electricity envisaged to

be supplied by solar cells, up to 1000 square miles have to be covered with
solar cells and Suppbrt strucfures; similarly several hundred square miles
will have to be covered with collectors for the solar air-conditioning systems.
The size of ‘the required areas compares with an estimated figure of less than

100 square miles for the total surface area of roof structures currently in
Malaysia.

The question of availability of land, availability of construction
resources and the environmental impact of the novel usage of such large tracts
of land have to be examined besides the question of cost of solar cells which
1s unlikely to go below US$1.00 per peak watt unassembled cost.

It appears unavoidable that an examination of the above questions will

show large gaps in the energy supply picture as envisaged by Figure 2. The

gaps will apear by the year 2000 and will widen towards the year 2040.

Nuclear proponents recommend filling this gap with nuclear fissiop reactors.

Status of nuclear fission as an energy source

The material progress of Man is directly related to his usage of energy.
The use of wind energy and the energy of flowing water enabled some amount of
work to be done; but it was the large scale burning of fuels during the
industrial revolution which led to the rapid growth of modern civilization
as we know it today. The key to that particular phase of rapid growth of

civilization appears to be the switch from the use of diffuse forms of energy

to the massive use of concentrated fuels.
The atomic age has brought an even more concentrated fuel; nuclear fuel,
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for nuclear burning. One nation 1s already moving rowards a major

dependency on nuclear fission - France. From 1980 to 2000, the production

of electricity in fr&nce‘by nuclear reactors will rise from 207 to 80%.
However in the long term, nuclear fission can only be a transitional
solution. Leaving aside the politically volatile nature of fissile materials
and the serious problems of radioactive pollution and waste disposals that
can arise through a world-wide dependence on uranium, mankind is still faced
with the fact thét there is a limited supply of economically recoverable
fissile fuel, estimated at 10 million tons of U,0

3°8°
breeder reactors are perfected, this amount of uranium ore is sufficient to

Even assuming that

supply the energy needs of the world for only | to 2 centuries.

1

' o ° . . . .
Nuclear burning will come into its own only with the development of the

nuclear fusion reactor.

Nuclear fusion as an energy source

Nuclear fission is the splitting up of a heavy nucleus such as
uranium 235. 1In this reaction energy is release. The atomic bomb is an
example of the harnessing of this energy for violent purposes. The nuclear

fission reactor is an example of the controlled use of this encrgy source.

Nuclear fusion is the process wherein two light nuclei fuse together
forming a heavier nucleus. 1In this reaction energy also is released. The
hydrogen bomb is an example of the violent release of energy from this

process. The sun 1s a natural fusion reactor.

The biggest advantage of a fusion energy source is that, once developed,
it will provide énergy practically fdér infinity. The fuel is deuterium, an

isotope of hydrogen which exists in all water to the extent of one deuterium

atom to 6500 atoms of ordinary hydrogen. The fusion energy potential of

| litre of water equals the combustion of 300 litres of gasoline. The

fusion eﬁergy potential of only | part per million of the deuterium contained
in the waters of thé world is sufficient to provide 100,00 times the present
world energy consumptfon. Moreover, the end product of the reaction is helium

and the radioactive waste problem is minimal when compared with the fission

teaction——A-fusion Feactor—using the magnetic -fusion principle will operate




1
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with a low particle density and a relatively low energy density so that an
explosion would not be more violent than an explosion involing an oil-fired

power plant of equal capacity.

Development of fusion research

W.H. Bennett had developed in 1934 the theory of the constricted
discharge current in a gas; but it was not until 1946 that the use of
electric currents to generate high temperatures was demonstrated by
Thonemann in Oxford and Ware at Imperial College. By the early 1960's

several early ideas has been ‘tested, notably the much publicized stellarator

and it was realised that the application of brute force alone could not

succeed. Whilst a large heating current was applied the plasma had to be

. contained, and subtly, by magnetic fields. Enough was learned for it to be
realised that scientific feasibility of fusion energy would have to be

proven as a first goal.

Scientific feasibility would be proven when break-even conditions are
artained. Break-even would be achieved when in a heating cycle the gross
energy input to heat the plasma equals to the net energy output from -the
plasma from thermonuclear fusion reactions. It is known that two critical
parameters are involved in the establishment of break-even. These are the
ignition temperature and the thermal insulation factor which is the product
of fuel particle density n and the containment time T at the lgnition
temperature.

For a deuterium—-tritium plasma break-even will be achieved when the

following plasma parameters are simultaneously attained:

teﬁperature of 45° million °c

|
1 4 =
: nT product of lO1 cm 3 sec.

Scaling for nT

The scaling law for nT for a Tokamak configuration is now known. To

. 15 . . .
achieve an nT of near 10~ for a reactor regime the following Tokamak machine

parameters are required:
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I. large minor diameter of at least 4 m

2. large major diameter of at least 12 m

3. large heating current of at least 10 million
amperes sustained for seconds

4. large stabilising magnetic field over the entire

plasma colume of 5 T sustained for seconds.

The construction of a Tokamak with these machine parameters require
several technological developments including production of the required large
volume magnetic field, tritium handling and reactor wall technology. A
recent development in the United States has given the fusion research
fraternity a glimpse of the serious commitment that at least one majbr power
has undertaken towards the development of this energy source. This is the
Magnetic Fusion Engineering Act i980 adopted by the U.S. Congress establishing
the following national goals: to prove engineering feasibility by early the

1990's and to operate a magnetic fusion demonstration plant by 2005.

The confidence and commitment that the U.S. has expressed in fusion as
an energy source must at least in part be due to the world-wide progress 1in
plasma containment in Tokamak experiments. This is illustrated in Figure 3
In this figure it is seen that the promise shown in early 1950's experiments

~soon led to a decade of frustration when in the 1960's the value of ntT could

not be'pushed past !0‘1 cm  sec. The breakthrough came in 1973 when the
French TFR group reported results with nt in excess of 10’2 cm—3 sec. These
esults were quickly confirmed by similar Tokamaks and the PLT group in
rincetonraised the nt parameter to IO13 m_3 sec in 1976. The next

generation of Tokamaks planned for operation around the mid 1980's includes

he JET (Joint European Torus of the EEC), the JT-60 (Japan), T-20 (USSR)

and the TFTR (USA). These machines, with plasma diameters of the order of
1~2 metre are expected to be marginally touching the scientific feasibility
'eOime Doubtless plans are being made now, at least in the U.S.. for
Machines which will operate clearly in the scientific feasxblllty regime
and the demonstration reactor regime. On the international scale the INTOR

(International Toxamak) prOJeCt currently being discussed by a study group

1”1LLaLed_hy“LheﬂlAﬁA m+%he«deve+eﬁ—fﬂfe—fhe tnternattomat-project—to—ctearty

demonstrate scientific feasibility.

A -
I
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The scope of the curreat international effort to harness fusion energy

is depicted schematiéally in figure 4.

Research on non-conventional energy sources in Malaysia

In the above, a survey has been made which shows that Malaysia, like
other countries of the world, has to plan her energy development carefully.
The reserves of oil give the country a breathing space to implement the use
of natural gas and lignite by the 1990's. At the same time the country has
to continually increase the hydroelectric output and undertake research into
the conversion of bio-waste into energy, the cultivation of biomass for
fuel and the collection of solar energy for air-conditioning and electricity
production. Projecting a rate of increase in energy consumption of 7% per
annum, it is expected that despite all these developments, serious gaps will
appear in the energy supply early in the 2lst century, so that the
introduction of nuclear fission reactors has to be seriously considered.

In the long term, for Malaysia as well as for the world, even nuclear fission
will only be a transitional source of energy, In anticipation of long term

needs, development of fusion energy becomes essential.

Research into renewable sources of energy

Bio-waste is already used in Malaysia in a limited extent for energy

generation; e.g. many palm oil mills use palm oil waste to generate much of
their own requirement of energy. Other types of waste are being looked into.

)Recently the University of Malaya has developed a furnace for pollution-free

sawdust disposal. Such a furnace could also serve a second purpose as a
heat generator. SIRIM (Standard and Industrial Research Institute of
Malaysia) has developed a simple device to convert rubber wood into charcoal.

Some research on the production of alcohol from bio-waste and bio-mass is
510

ibeing carried at various institutions . A group at the USM (University

l ’ °
iof Science alaysia) has made careful measurements of the energy content of

Jocal plant material and plant waste 'l .

Research into solar collectors is being carried out in several
linstitutions. At the University of Malaya studies are being made on designs

bi flat-plate solar heat collectors and the application to solar water
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heaters!? . At the UPM (University of Agriculture MalaySLa) and>SIRIW

solar drying is being developed!® and at the USM solar cell fabrlcatlon

and the use of solar cells for powering water pumps has been studl.ed“°

Fusion research

In the early 1960's low temperature plasmas were studled at the

University of Malaya. An electric capacitor bank was acqu1red as ‘a gift

of the U.K. government through the Colombo Plan. In 1970 this ‘capdcitor

bank was redesigned as a powerful electric current generator produc1ng

2 million amperes of pulsed current which when applled to a,plasma focus
device produced plasma temperatures of 8 million OC,‘SUfflC’
neutrons to be detected from the deuterium plasma in 1973 ‘

for fusion

A period of technical development followed in plasmashéagdfémént,
diagnostics and modelling specifically =9as2rainz peutron yleld, energy and
distribution, soft X~ray yield and spectroscopy, plasma temperature, density,
dynamlcs and electromagnetlc characteristics and in optimising the

performance of the plasma focus!S.

In 1976, a second capacitor bank was acquired from the Kernfor-

schungsanlage Juelich together with a pulsed ruby laser from the Alexander

von Humboldt Foundation. This enable laser diagnostics of the plasma focus

to be developed. A rew experiment 'laser~initiated fusion spark' was

developed attaining a temperature of 90 million °C in 1980.

Currently a small Tokamak is being planned.

usion research and developing countries

In 1978 the IAEA reviewed world-wide work on fusion'® * V7 | The status

report concluded that the time was ripe for a large effort towards the

Practical demonstration of fusion power. In order to optimize world-wide

fOoperation in this effort the Report recommended, among other steps, that
fCtlon should be taken to ldentify problems where no large apparatuses

Le needed and which can be tackled by developing countries.

One of the concrete-steps taken by the IAEA as regards the encouragement

£ fusion activities in dcwoloang councrles 1s the holding of a 'Spring -

FETRIAL
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College on Fusion Energy’ at the [CTF 1in Triesce chis May at which rusion

work in developing countries was highlighted

Conclusion

In this paper, the energy situation in Malaysia, as an example of a
developing country, has been reviewed. It is seem that an effort is being
made to develop 'soft'-energy sources to supplement the depleting fossil
fuel. It is also seen that there are scientists in Malaysia who are aware
of the essential nature of a permanent solution to¢ the energy problem - a

solution which appears to depend on the development of fusion energy.

In order .to emphasise the long—term implications of the energy problem
to the developing countries and the world, this paper concludes with figure 5
which looks at the projected consumption curve of the world against the

projected supply curves of fossil fuels, fissile fuels and renewables. The

general éhape of these supply curves will not be disputed although with

varving ‘estimates of '"economically-recoverable’ reserves the peaks of the
fossil and fissile fuel curves may be varied from the positions they are

assigned in this figure. The curve for the renewables is certainly not

unduly depressed because optimistic goals set by the U.S., Japan and India

regarding the percentage of energy consumption to be supplied by renewable

ed ZOZ, 10% and,lSZ respectively.

sources by the ‘turn: of the century do not exce

50 yearso Prof. Chowdar

expressed diéépp01ntment that India

energy consumptlon by the end of this century. These were»al

At pfeseﬁt'only a‘few. precent of the peop]e of the world h

i
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of living commensurate with the average human capacity to reason and to
want. Because these few percent have, by endeavour, and in some casebby
luck, attained a godd standard of living, the rest of humanity see the good .
things that come with a good standard of living and will continually strive
towards achieving this higher standard. Considering a minimum projected
increase in world population and assuming somewhat optimistically that the
continual increase in energy consumption also leads to an eventual fairly
uniform distribution of energy consumption over the world a 20 times
increase in energy consumption by the third quarter of the 2lst century will

still be hardly enough to provide a universal reasonable standard of living.

Unfortunately, before this 20 times point is attalned a cr1t1ca1 point
would have been reached, about the middle of the 2lst century, at whlch the
total energy output'of fossil, fission with breeding, and renewable sources
will become insufficient to sustain the increase in energy consumption.
Such a}situation will intolerably conflict with the inexorable social and

political pressures for increase in energy consumption.

In fact the energy shortage would become increasingly intolerable long

before the critical point is reached.

That critical point in human history will however be averted because
whilst attending to our short term energy gaps by developing energy
technology utilizing bio-waste, biomass, solar heating, solar electricity
and wind and wave energy, the world, including the developing countries,
is also looking toward the long term and will develop in time a permanent

and limitless source of energy such as nuclear fusion.
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REPORT ON SEMINAR ON ENERGY OPTIONS FOR DEVELOPING COUNTRIES
MADRAS 23rd - 27th FEBRUARY 1981

S. Lee, FIPM
Jabatan Fizik, Universiti Malaya
Kuala Lumpur

The Seminar was arranged by COSTED (Committee on Science and
Technology 1in Developing Countries). Participants from India, Malaysia,
Indonesia, Tanzania, Sri Lanka, Bengladesh, Australia, England, France and
U.S.A. gathered to discuss energy options in various stages of development
including solar heating, solar cells and solar electricity, solar
refrigeration, wave and ocean thermal energy, wind energy, bio-gas, bio-

plantations, fusion energy and hydrogen technology.

Professor Menon of the Indian Science Research Council set the
tone of the Seminar by noting that the non-developed countries of the
world has 70% of the world's population but only 20% of the world's energy
consumption. He also noted that the world-wide consumption of power will
rise from the present 8 TW to between 18 TW to 80 TW in 50 years. How

will this increase in energy consumption be met?

Several delegates from India, Australia, Italy and the U.S.A.
presented papers on solar cell technology, solar cell fabrication and
marketing strategy. Research work on dendritic web silicon ribbon and
amorphous silicon cells was discussed. There is a joint US-Italian plan
to accumulate 10,000 tons of solar—grade silicon feedstock in preparation
for mass production and intensive marketing. Two critical cost factors
for sola} cells to become competitive appear to be
i. US$ 10,00 per kg for solar grade silicon (10% efficiency)
and ii. US$ 2.00 per peak watt assembled cost.

The 1980 cost is $10.00 to $15.00 per peak watt and it was claimed at the
Seminar that a cost of $3.00 per peak watt assembled could be attained by
1986. In particular Westinghouse aims to produce 187% efficient dendritic
web cells by 1982 and to achieve US 68 cents per peak watt unassembled

cost by 1986. Sales figures of 2 MWp was estimated for 1980 andvby 1986

a world sales figure of 400 MWp was projected.

Y
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In Japan, several types of collector plates using ion-plated
selective coating and evacuated-tubes are commercially produced and widely
used for hot water production. A nickel-nickel oxide thin film has been
developed with an absorption coefficient of 0.91 and emittance coefficient
of 0.06 giving 547 collection efficiency which compares favourably with the
33% efficiency of black painted surfaces. There is legislation to encourage
more widespread use of solar collectors as an oil-replacement measure. A
first target of | million square metre of collectors is set for commercial

buildings in Jépan.

Another option on which emphasis was placed by delegates was bio~
gas. Using animal waste and plants like water-hyacinth bio-gas plants can
be assembled at a cost of 8,000 Rupees per kW compared to an average of
14,000 Rupees per kW of gride electricity. New and more efficient bio-
gas designs are being researched and the UNESCO delegate also emphasised
on related bio-technology. Noting that India has instalied only 80,000
bio-gas plants compared to several millions in China, the Seminar agreed
that there is great potential for this energy option in developing

counttries.

Two delegates from U.S.A. presented papers on Ocean Thermal Energy
Conversiou and discussed the | kW test plant that has been operated in
Japan and the 40 MW OTEC pilot plant designed by John Hopkins University.
Another aspect of énergy from the ocean was presented in the Dam-Atoll
concept. In this concept ocean waves sweeping towards a floating atoll
diffract around it resulting in a system of waves which crashes over ‘the
atoll from all sides. A vertical channel at the centre of the atoll
carries the water from the waves downward, dlvertlng the wave energy onto
a turbine. A Study has shown an optimum size of 80 - 100 m diameter for
waves of 3 - 6 m high. A 1/100 scale model has been successfully tested

and a 1/50 model is being planned.

The Seminar also discussed technical details of devices such as
solar box cooker, solar pond, MIS solar cells, solar pumps for irrigation,
solar powered refrigeration cycles, sodium sulphur batteries for energy
/storage, windmill technology, integrated food-energy approach to an Indian

rural community, hydrogen as repiacement for gasoline and devices using
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muscle power.

Underlying the whole discussion was a feeling of urgency. An
Indian delegate felt that with all the development effort India would still
barely be able to double her energy supply by the turn of the century. ,
The Indonesian delegate bluntly stated that none of the energy options-
discussed would solve the preseﬁt and near—term energy problem of the
least developed countries. The only solution was to import mdre 0il! The
Malaysian delegate pointed out that although the renewables are certainly
important energy options, they are not expected to supply the bulk of the
energy requirement both in the short and the long term. The U.S., Japan
and India have set what are regarded as optimistic goals for total
contribution by renewable sources but these goals amount to less than 207,
107 and 157 respectively targeted for the year 2000. With a conservative
projected annual energy demand increase rate of 3%, by the middle of the
next century, the total fossil, fissile and renewable resources would not
be able to sustain the increase in energy demand necessary to enable the
world community at large to progress towards a universal reasonable
standard of living. The solution is to develop a limitless energy source
such as fusion. Developing countries like India, burdened with a huge
population five-sixth of whom depend for their energy requirement on
cow-dung and nearly depleted wood, are in a desperate position and need
to develop energy options as rapidly as possible for the short-term
requirement. On the other hand other developing countries; like Malaysia
_and Indonesia, are more fortunate and are able to formulate adequate
energy policies to optimize the usage of their energy reserves. They
are in a position to look at energy options more calmly for the near,
middle and long term. This is reflected for example in Malaysia's energy
research programme which range from renewables like bio-~waste and solar

energy to long term energy research like plasma fusion.

The Seminar closed with the formulation of a list of recommendation
to he presented to the forthcoming United Nations Conference in Nairobi.
The list presents the energy options which the Seminar has agreed that

the U.N. should support for research and development programmes in
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developing countries. The recommendations emphasized the potential of
bio-technology related energy options and alsc included solar, wind, wave

and fusion as areas of research to be supported.

The Seminar also recommended the establishment of an 'Energy
Company’ and research networks in developing countries. The functions of
the 'Energy Company' include the evaluation of energy options and energy
devices and the negotiation for purchase and distribution of these devices
to developing countries. The fesearch networks will link up existing
centres of research, further strenghtening cooperation among the energy

researchers of the developing countries.
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PERFORMANCE AND OPTIMIZATION
OF A LASER INITIATED VACUUM SPARK

C.S. Wong, MIPM and S. Lee, FIPM
Plasma Physics Laboratory
Physics Department
University of Malaya
‘ guala Lumpur

Introduction

The vacuum spark has been developed initially as a pulsed x-ray
spectroscopic source'™? in which some very highly jonized states of
elements like copper, iron, nickel etc. can be obtained. It was later
on established that the x-ray spectra emitted by the vacuum spark show
some degree of resemblance to the solar flare phenomenon“. Recently,
there has been some interest in the possibility of obtaining plasmas of
low Z elements, in particular deuterium, by using the vacuum spark
discharge. It has been shown® that by using an anode embedded with (CD2)n
in a vacuum spark device of about 3.5 kJ input energy, neutron yield of
the order of 104 to lOS neutrons per discharge can be obtained. The
energy of these neutrons has been estimated to be about 2.5 MeV indicating
that fusion reaction has occured in this plasma. In an independent effort,
Lee and Conrads® have measured neutron yield of the drder of 107 from a

similar device with input energy of 3 kJ.

In this note, effort to improve the performance of the vacuum
_spark system is described. The holding voltage of the system is
increased thus increasing the discharge energy. An optimum electrode
separation for the working voltage regime of 20 kV to 30 kV is also

established.

Characteristics of the vacuum spark

The principle of operation of the vacuum spark discharge can be

described as follows:-—

h 1is

A pair of electrodes (usually with sharp pointed anode) whic
separated by about ! cm is located in a chamber evacuated to a pressure =

of less than 10~5 torr (Figure 1). These electrodes are connected
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directly to a high voltage storage capacitor so that when the capacitor is
charged up, the high voltage is maintained across theinter-electrode gap.
A 60 MW pulsed ruby laser beam is focussed onto the tip of the anode to
initiate a discharge across the inter—electrode gap. Plasma spots with
linear dimensions of a few micron are observed in such discharges. The
electron temperature and density of this plasma have been estimated’ to be

of the order of 8 keV and 102} per cm3 respectively.

The mechanism operating in this discharge is still unclear. Some
of the possible theories proposed are the constricted pinch affect®; the
bombardment of mircoparticles ejected from the anode by electron beam®’ 1% ;

plasma heating by two-stream instability or turbulence’.

The vacuum spark system

The latest design of the vacuum spark system in the Physics
Department, University of Malaya is shown schematically in Figure 1.

Referring to the former design® the following modifications have been made:-

~a) The outer chamber has been eliminated to increase the ease of
obtaining vacuum of <10m5 torr. In the new design, the small aluminium
chamber is used for holding the cathode and also serves as the vacuum »
chamber. The chamber volume required to be pumpedris thus reduced by at
least 10 times. Furthermore, it has been pointed out'! that long-path
discharge may occur between the inner surface of the outer chamber and
the anode which will decrease 'the holding voltage of the system. Hence
the elimination of the outer chamber will also help to improve the

voltage holding capability of the system.

b) A 60 MW giant pulse ruby laser is used instead of the sliding
spark to trigger the discharge. This greatly enhances the accuracy of
anode material evaporation so that evaporation is confined to a small
area at the anode tip only. This condition is important in the case where
LiD is fused in a narrow channel (diameter < ! mm) through the center of

the anode in order to minimize the amount of high Z impurities.

c) The backwall surface breakdown path has been lenghtened by

cutting grooves on the perspex insulator.
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With these modifications, the pressure of the present system can
now be pumped to g 10._5 torr quite easily; and the holding voltage has
been tested to 35 kV. This means that with the present system, the

maximum input energy is 13.6 kJ instead of 3 kJ.

The ruby laser

The ruby laser used to trigger the vacuum spark discharge is the
System 2000 designed by JK Lasers Limited, England. It can be operated
in two modes: the multiple~transverse-mode (MIM) and the single-
transverse-mode (STM). 1In the MTM operation, the nominal power output
is 60 MW (1.5 J in 25 ns) and the coherent length is only a few mm. If
a better spatial coherence is required (as in the case of holographic
interferometry), the laser can be converted to operate in STM. In this

case, the power output is reduced to 1.2 MW (30 mJ in 25 ns), but the
coherent length is now | m.

For the application here where power is the more important factor,
the laser is operated in MTM. The laser beam is guided by three

dielectric mirrors and then focussed by a lens with 7 cm focal length

onto the tip of the anode. The alignment of the laser focussingis done

by using a Virtually Pivoted Beam (VPB) Laser Alignment System.

System performance of the vacuum spark

The performance of the present system is assessed using the
following diagnostics:-—

a) Measurement of the discharge current is obtained by using a

. . 1 . .
Rogowski Coil operated as a current transformer 2. The calibration

constant of the coil used here is 24.7 kA/V.

b) The x-ray image of the plasma spot formed in the vacuum spark

is observed through a 800 um pinhole and recorded by Polaroid film type

667 (ASA 3000). The pinhole is covered by a layer of 2-thousandth inch

thick mylar foil.

i o.c). The time-resolved. x-ray pulses are measured by a pair of SSR PIN

diodes.
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The current oscillogram and the x-ray signal of a typical vacuum
spark discharge are shown in Figure 2. The electrode separation in this
discharge is 5 mm and the capacitor is charged to a voltage of 20 kV.
The current oscillogram shows a very severe dip at the current maximum
which corresponds to a large x-ray pulse recorded by the PIN diode.
During this current-dip, the discharge current has dropped ébruptly to
almost zero current in a time of less than 100 ns with 707 of the drop
occuring in less than 10 ns. This drop may be attributed either to a
sudden increase of inductance of the system or to a sudden increase in
plasma resistivity. Both these effects can result from a very strong
electro-mechanical interaction!®. It is clear from comparison of the
13

current oscillograms of the vacuum spark to that of the plasma focus

that the electro-mechanical interaction in the vacuum spark is even more

severe.

The system has been operated at electrode separation of 5 mm, 8 mm,
10 mm, 13 mm and 22 mm and at each separation, the discharge voltage has
been varied from 8 kV to 20 kV. In general, the system seems to perform
better at smaller electrode separations. So far, large x-ray pulses and
severe current dips have beeﬁ observed for more than 807 of discharges
for the separation of 5 mm to 0 mm; and for the case of 22 mm separation,
no plasma spot has been observed by the pinhole camera for all the
discharges fired. The current oscillogram for a discharge at 22 mm
electrode separation also shows different characteristics as compared to
a typical shot which produces a plasma spot (Figure 3). The starting
portion of its discharge current is observed to be flattened for about
500 ns and in the pinhole picture, it is evident that x-ray is emitted
only from the surface of the anode corresponding in time with the flattened
part of the current. This x-ray is probably produced by the bombardment
of the anode by runaway electrons.

Table | lists the optimum discharge voltages of various electrode
separations for a vacuum spark system using sharp-pointed stainless steel
" anode. The base pressure of the chamber is ™ 10-‘5 torr. However, it
must be pointed out that there does not exist a clear-cut boundary for the

range of discharge voltage which 1is "optimum' to any particular separation.
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The value of the optimum voltage has been fixed based on observation of
the probability of getting good pinching shots. Nevertheless, the

electrode separation of 22 mm has been confirmed to be not suitable for

the operation of this system.

Conclusion

From the above studies, it can be concluded that the performance
of the present vacuum spark system has been fairly well optimized. It is
now possible for us to predict the behaviour of the system and to a
certain extent control it to achieve the required conditions for

obtaining a very hot and dense plasma consistently.
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Table 1

Optimum discharge voltage at
various electrode separation

Electrode Separation

Discharge Voltage

5 mm
8 mm
10 mm
13 mm

22 mm

20 kV
15 kV
12 kv
10 kV
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LASER SHADOWGRAPHIC TECHNIQUE APPLIED TO A PLASMA FOCUS

S. Lee, FIPM and Y. H. Chin
Plasma Research Laboratory
Universiti Malaya
Kuala Lumpur

Introduction

The shadowgraph method is suitable for visualising structures in
gases in which the index of refraction changes over short distances. The
development of the method is usually attributed to Dvorak® who in 1880 used
it to photograph air disturbances. This method has been widely used in
many fields of research e.g. for investigating air jets, air flow around
bodies in high speed wind tunnels, turbulence and shock waves produced by

high speed projectiles.

Wiﬁh the advent of the pulsed ruby laser, shadowgraphy, as well as
the related methods of schlieren photography, interferometry and holographic
interferometry, has become a powerful tool for the visualisation of
transient plasma structures. For example, plasma turbulence and instabilities
have been clearly revealed by applying the shadowgraph method to a theta
pinch?, whilst in 1976 Morgan® has taken shadowgraphs of Rayleigh-Taylor
instabilities during the collapse phase of the dense plasma focus. The

present work extends our range of plasma focus results” to laser diagnostics.

The Method

It is well-known that in a deuterium plasma focus, which is fully
ionized, the electron refractivity at optical wavelength is dominant®. The
deuterium plasma optical réfraétivity for ruby laser light of 6943 K, may
be written as w=1- 2.16 x 10—22ne where n, is the electron density

per c.c.

If an uniform beam of light is travelling along the y-axis and passes
through a test region of uniform refractive index then a screen placed beyond

the test region in the x-z plane will be uniformly illuminated. If in the

Mo
, ox> 9z’
not be uniformly illuminated. There will be variation of illumination-AI

test region there exists non-uniform gradients then the screen will

about the original illumination I. It can be shown that for a fully ionized
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deuterium plasma, the shadow patterns are governed by:

AL -22 L 82ne ane
—~ = =2,16 x 10 2 (e + ) dy
I 2 2
o 0x oz
where % = distance of screen from test section
L = length of test section through which the laser light traverses,
. ou ou .
and provided R and 3, are much smaller than unity.

Control and timing technique

The ruby laser used as a light source for the shadowgraphs in this
experiment has a nominal pulse width at half-maximum of 25 nsec, and a
maximum light energy of 1} joules. Precision in synchronising the giant
laser pulse with the plasma focus 1s important because the implosion phase
of the focus lasts only 100 ns after an axial acceleration phase of 3 us.
The dense focus itself lasts about 30 ns. The laser requires to be pumped
for 1.25 ms before it is Q-switched. The synchronising scheme adopted
is shown in Figure 1. With both the laser and focus tube systems charged
and ready, the laser flashlamp is triggered by the manual start pulse. The
triggering pulse also triggers a delay unit DUl with delay time set at
1.25 ms. The delayed output pulse from DUl is then used to trigger the
2D21 thyratron of the ignitron triggering circuit®. The output pulse of
the 2D21 thyratron constitutes a master synchronising pulse triggering all
diagnostic‘oscilloscopes. This master synchronising pulse triggers at the
same time a second delay unit DU2 set initially at 3 ps. The delayed output
of the DU2 is then used to trigger the pockell cell Q-switch of the ruby
laser. 'The ruby laser pulse passes through a pulse chopper (Figure 2), for
pulsé width reduction, before being expanded to a parallel beam which passes

through the test section to arrive finally at the photographic camera.

: For the final synchronising, the current and voltage waveforms of the
focus tube are monitored on 'centre-aligned' CRO traces. A fast photodiode
is‘suitably located to pick~up stray reflection of the laser pulse. The
photodiode output is displayed on a third trace 'céntre—aligned' to the
voltage trace. Initially the focus and laser are fired repetitively (about
] minute interval) and the delay time of DU2 is adjusted so that the laser

pulse coincides with time to the peak of the focus voltage spike. We define
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the time of the peak of the focus voltage spike as t = 0. The time t at
which a shadowgraph is taken is specified from the;photodipdefpick—up in
reference to t = 0. For example a shadowgraph takén’at fiﬁé-f'= =50 ns
indicates that the laser pulse passed through the'testvsection 50 ns before
the time of the peak of the focus voltage spike. By varying the delay time,
of DUZ and after firing a large number of shots, afqdmpbsite sequence of
shadowgraphs was obtained showing the focus in it$7véfi0ué stage of formation.

Figure 3 shows an example of a laser pulse at t =10 ns.

Laser pulse width

In early experiments it was found that the laser pulse width at
half-maximum was 50 - 70 ns and that the collapsing current sheet could not
be resolved with this long exposure time. The laser pulse chopper was then
used to provide better time resolution. This chopper was initially

adjusted for a laser pulse width of 20 - 30 ns.

Results with laser pulse width of 20 - 30 ns

A series of shadowgraphs was then taken with the focus operating at
8 torr deuterium and with 20 kV on the 60 WF capacitor bank. A composite

sequence is shown in Figure 4.

The sequence from t = -160 ns to t = +40 ns shows the current
sheet sweeping around the anode (t==160 ns), collapsing inwards (t = -50 ns
to t = -20 ns) to a dense focus (t = 0), and breaking up (t = +20 ns) due to
m=0 instabilities to form a column of large radius (t = +40 ns). From our

arlier neutron measurements’ it appears that this large column plasma may
1 be related to the production of fusion neutrons. The post-focus
sequence is shown from & = 220 ns (when there is no sign of the current
column carrying the current from the anode to the current sheet) to t =
950 ns which shows a plasma with a 'spear-heéd' feature apparently ejected
frOm the anode with an average velocity of 3 cm/us. The 'spear~head'
feature has a granular appearance which is consistent with the appearance

of a cloud of sputtered material.

Results with laser bulée width of 5 - 10 ns

From these shadowgraphs it was concluded that the dynamic compression
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phase from -50 ns to —20 ns was not properly resolved in time due to too
long a laser pulse. Photographic smearing was evident. The laser pulse
chopper was then re-adjusted to provide a shorter pulse width of between

S - 10 ns. Figure 5 shows the improved results for 6 shots, between‘t =
=70 ns and t = +50 ns. The improved resolution is particularly evident in
the radially collapsing phase at t = -40 ns, where the velocity is of the

order of 10 - 20 cm/ps giving a smear of up to ! mm.

Conclusion

This series of experiments has shown that the timing sequence and the
chopped laser pulse width of 5 ~ 10 ns are adequate to time-resolve the
plasma focus in its various stages of formation and breaking-up. It has also
revealed, for the first time, a post-focus plasma-jetting effect with a
consistent 'arrow-head' shape probably of sputtered anode material. This
"arrow-head’' appears to jet out from a slower moving dense plasma which
envelopes the anode. This dense plasma envelope is conjectured to arise

from the 'current-shedding’' effect?.

The results indicate that for shadowgraphy and schlieren, our optiecs,
particularly the mirrors and windows, have to be improved to reduce the
effect of stray fringes. For holographic interferometry, the optical
quality of components are of no consequence; but the time resolution may

become more critical than for shadowgraphy.
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Figure 3: Oscillogram for fixing time of shadowgraphic exposure

Upper trace: photodiode signal of laser pulse
Lower trace: voltage probe signal

Both, trace are centre-aligned and linearity
optimized. Time scale: 500 ns/cm.
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Figure 1: Synchronising circuit and optical set-up for shadowgraphy
(not to scale)

FLCU = Fiash lamp control unit DU = Delay unit
CH = Pulse chopper PCCU = Pockel cell control unig
2D21 = Thyratron 2D2] KRU = Krytron trigger unit
(CB-= 60UF capacitor bank operated 16 = ignitrons switching the
at 20 kv capacitor bank
* . L.= Lens W = Window
M = Laser mirror F = Polaroid film
PF = Plasma focus tube CT = Current transformer
VP = Voltage probe = Photodiode

F6943 = Narrow band filter centred at 6943 %
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Current
sheath

i
Figure 4 }Sidewon shadowgraphs of the plasma focus

20 kV, 60 uF, 8 torr deuterium
- Shadowgraph exposure time: 20-30 ns. The line
drawing corresponds to the shadowgraph at O ns.
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Figure § Stde—on shadowgraphs with tmproved time resolution of 5-10 ns

20 kV, 60 yF, 4 torr deuterium
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REVIEW OF PLASMA PHYSICS RESEARCH IN
MALAYSIA

S.LEE

Plasma Laborwory, Physics Department,
University of Malaya,

Kuala Lumpur, Malaysia

Abstract

The energy trends of Malaysia projected for the next few
decades are briefly discussed as a background to the rationale for
Malaysian research into new forms of energy including plasma fusiou.
The planning of this research started nearly two decades ago.

Today research facilities at PLUM centre on two capacitor banks,
one rated at 40 kV, 48 kJ, 2 MA short circuit current and the other
at 60 kV, 40 kJ, 2MA. Other equipment include several smaller
capacitor banks, vacuum systews, oscilloscopes, diagnostic systems,
a screened room, a transient digitizer, an Imacon camera and a

100 MW pulsed ruby laser for discharge initiation and diagnostics.
The research devices include two plasma focus machines, one vacuum
fusion spark, a shock tube and minor experiments like the glow
discharge. The main focus facility, che UMDPF1, was designed and
built encirely by indigenous e¢ffore, usiong 40 kV capacitors donated
by Britain under the Colombo Plan. Difficulties were encountered
especially in the need to adapt what is locally available or
readily imporvable to all phases of the design, construction,
testing and measurement. Nevertheless, the focus group has achieved
the following results: measurement, in 1873, of neutrons produced
in the deuterium focus; current, voltage, magnetic field and
pressure measurements to interprec plasma dynamics and focus
mechanism and to compare with computer simulation of plasma
trajectory and configuration; softc X-ray measurements to determine
electron temperature; study of the effect on the focus of rotation
amd mulriple ionization up to Argon XVIII; and optimuzacion of
focus performance as judged from neutron yield.

In 1977 PLUM acquired the Julich DPFI which was reassembled
as a fast focus, the UMDPF2, This device has been converted to
operate as a vacuum spark with the aim of demonstrating the spark
as a neutron source when using a deuterided anode. We have
measured temperatures of 8 keV in the Jense plasma spots.

Plasma research work here has produced some interesting
vesults aond pustgraduate theses including a Ph.D. thesis. 4
small low-cost Tokamak is being planned to extend the scope of the
work.




Introduction

At the Seminar on Energy Options for Developing Countries
held in Madras in February 1981 ir was pointed out that despite
all conservation measures that may be taken the rate of increase
of energy consumption world-wide would result in a doubling time
in energy consumption of ahout 20 years It was also pointed out
that renewable resources couid only be planned, and optimistically
at that, to provide 10-20Z of the world's energy needs towards
the early parrt of the 2ist Century.

These conclusions together with estimates of the logistic
production curves of fossil and fissile ores give us a scenario
as depicted in Figure 1. Inexorable social and economic pressures
dictated by an increasing population and an innate world-wide
demand towards an universal reasonable standard of living
compatible with the average human intelligence require the energy
consumption curve to rise at a minimum rate of 3% rowards a point
some 20 times above present consumption. However, well before
this 20 times point is reached, a critical point is reached when
the total of all energy supplies, fossil, fission (with breeding)
and renewables, is insufficient to support any further increase
in consumption {1].

This would be a critical point in human history at which
human hopes would forever by extinguished unless a limitless
source of energy such as fusion were to be developed. The present
increasing international effort to built a fusion reactor is
primarily motivated by such a scenario. Realising that rhis
problem is crucial to all humanity, developing countries inclusive,
many scientists in developing countries must have pondered as we
did in Malaysia how we may attempt to play a role at least firstly
in carrying out some experiments to enable us to understand, at
first band, some of the problems regarding the physics of fusion.

Energy trends in Malaysia

The energy trends in Malaysia {I} liave been extrapolated to
the middle of the next century by ‘'soft-energy’ proponents as
shown in Figure 2. It is certain that a study of the land area
and the construction materials required to support the energy-
plantations and the hundreds of square miles of solar collectors
will result in large gaps in these 'soft-emergy’ proposals from
early in the 21st Century. But a proposed package such as shown
in Figure 2 does indicate that despite the projected phenomenal
growth in energy consumption, 7% per annum, Malaysia does have a
breathing space to plan her energy policy and research without
the strangle-hold of immediate energy crisis. The result is that
a fairly comprehensive range of énergy research now thrives in
Malaysia including solar energy research and plasma fusion
research.
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Plasma Research in Malaysia

Plaswa research at the University of Malaya started in the
early 1960°s vith the studies of oscillations in the glow discharge
{2}. At the same time components for a 40 kV, 60 WF capacitor bauk,
including capacitors, transformers, thyratrons and other electrical
parts were secured from the U.K. government through the Colombo
Plan. Assembly of the capacitor bank was started but progress
was slow because of inadequate understanding of the technical
aspects of capacitor bank switching and associated timing and
synchronising problems. During this time shock wave research was
carried out {3-6}.

Capacitor bank

These problems were resolved in 1970 when a decision was
made to use ignitrons to switch the bank. A modular design was
adopted (7,8} dividing the 60 UF bank into four modules each with
25 capacitors. Each module was switched by two 7703 ignitrons as
shown in Figure 3, with all 8 ignitrons controlled by one master
krytron. A novel feature of this bank was the confinement of the
full capacitor voltage to the capacitor ‘terminals by means of
auxilliary spark gaps so that although the capacitors were charged
at 40 kV, only 20 kV appeared on the ignitrons until the ignitrons
are switched. This reduces the problem of corona and also enables
the use of 7703 ignitrons (rated at 20 kV) to switch the 40 kV
bank. Discharged into a short-circuit load, the bank delivered.

a measured current of 1.93 MA on 23cd March 1972, The inter—
ignitron jitter was determined to be 50 ns and synchronisation
jitter between the start of the current and the master trigger
pulse was of the same order. Since 1972 the 8 ignitrons have
switched in excess of 10000 times between 15 to 30 kV. The
maintenance was minimal until the end of 1980. The ignitrons
need to be replaced now.

Plasma Focus

[n late 1970 with che capacitor bank partially operational

a decision was made to operate a plasma focus as this device
appeared to be the most promising, given our limited facilities,
for the production of a plasma hot and dense enough for detectable
plasma fusion. A Mather-type focus was designed. {9} with suitable
parameters so that focus could occur at or slightly after peak
current. Considering a snow-plow model and taking into account
the effect of the dynamic impedance of the focus tube on the

* circuit current the tube parameters were provisionally Fixed at:
diameter of inner electrode = 5 cm, length of inner electrode =
25 cm, operating pressure = | torr in deuterium for an operating
voltage of 20 kV generating a plasma current of 500 kA. The
outer electrode was interchangeable using either 2 copper cylinder
of 8.2 cm diameter or a glass cylinder of 10 cm in diameter to
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Diagnostics

By early 1971 this focus tube was operational with the
partially completed capacitor bank. Magnetic probes were used
systematically to establish the symmetry, structure and dynamics
of the current sheath in the accelerator region. Voltage and
current probes were used to establish focus dynamics and energetics.
These probes were all of the simplest designs. Ve also proceeded
to develop soft n-ray techniques for the estimation of electron
temperatures. For neutron measurements we designed indium foil
activation counters and also time-of-flight systems in order to
measure the energy of the neutrons. The time-of-~flight systems
included two detectors spaced 10 m apart. FEach detector consisted
of a plastic {NE!OZ) scintillator and a fast photomultiplier. The
sensitivity of each detector to neutrons was estimated and then N
compared with a calibration using a standard polonium-berylium
neutror source. In this way the time-of-flight system could also
give information on the neutron yield.

Results

By late 1971 the gross dynamics of our plasma focus had
already been established both in the run-down region and in the
focus region. Trajectories of the luminous plasma were obtained
using the Imacon in framing and streak modes. Trajectories of
the current sheath were obtained using magnetic probes {9). Sofc
x-ray pictures of the focussed plasma were obtained and using a
multiple foil technique the plasma electron temperature was
estimated to be between 0.8 ~ 2.5 kev {10}.

In October 973 from a deuterium plasma focus we measured
a burst of neutrons with an energy of 2.2% 0.1 MeV (see Figure 4)
in the backward direction {11}. In the forward direction the
neutron energy was measured to be 2.6 * 0.1 MeV. Thus the
evidence indicated that the neutrons were produced from the D-D
reaction {neutron branch) from a plasma with a centre-of-mass
moving in the forward direction. The distribution of neutrons
from the focus was later studied {12) with a view of relating
the distribution to one of the three popular models namely the
beam-target, the movxng boiler and theconverging-ion model. A
typical distribution is shown in Figure 5. The conclusion of this
study was that these models were not adequate to explain the
neutron production.

An attempt was made to further understand focus dynamics
by the measurement of its mass flow in the run-down region and by
constructing a 1~D radial compression model for the focus. The
mass flow measurement was made with a piezoelectric probe (Fig. 6)
in the run-down region and concluded that only 4-7% of the ambient
mass swept up by the current sheath arrives in time to participate
in the focussing action {13). "The 1-D radial collapse model which

34-4




we developed (14} has an equation of motion of the form:

H 12
d 2 2.dr _ _ "o
Ezh(mo+"po(ro ~fs )}E? - 4ur v EP)

where the LHS represents the rate of change of momentum per unit
length of the focussing plasma and the first term of the RHS
represents the corresponding focussing force supplied by the
self-magnetic field of the cylindrical focus current sheath. The
term £(P) represents a recarding force exerted by the kinetic
pressure of the plasma. This retarding force is calculated using
a shock wave-current sheath model; and divides the collapsing
region into 3 phases, the incident shock phase, the reflected
shock phase followed by a phase of adiabatic compression. The
trajectory computed from the model, using initial values of my
and dr/dt consistent with experimental observations, agrees with
high speed photography of the inward—collapse and with soft x-ray
estimates of minimum focus radius. However cthe current sheath
rebound predicted by the model was not observed experimentally.
Indeed, voltage and current measurements were used to show that
as the focus diameter approached the minimum value, the curreat
sheath abandoned its snow-plow cylindrical configuration, rapidly
diffused through the plasma and flowed on-axis. This is a
necessary conscquence of the large electron Hall parameter as

the radius decreases. For example the electron Hall parameter is
estimated as 500 for a typical focus radius of | mm. The plasma
conductivity of the focus is therefore reduced by a factor of
250000 from its Spitzer value.

Together with the development of the 1-D radial collapse
model, two projects were also carried out, one to investigate
plasma focus rotation in the presence of an axial bias fietd{15}
and the other to compute the degrees of ionization in an argon
focus {16,24}.

The next major project was the optimization of the focus.
We had already observed carlier that attempts to increase the
neutron yield by a reduction of operating pressure so as to
enbance plasma speeds resulted in very erratic operation and (o
shattering of the back-wall insulator. This had led to the
conclusion that the focus seems Lo operate best at a speed of
6 cm/is to 9 em/ps.  The detailed optimization procedure adopted
by us (17,18} eventually caabled reproducible neutron production
in o high-pressure acuiron optimised cegime, as distinet from a
low—pressure beam optimised regime. A comparison of the neutron
yield uf various DPF devices reported in the literature is shown
in Figure 7.

Carrently we are developing laser diagnostics of the
plasma focus. We started with laser shadowgraphy {19} and are
now proceeding to lauser holographic interferometry. Figure 8
shows some shadowgraphs of our plasma focus.
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Laser—initiated vacuum spark

Iin 1975 a link was developed with the Institur fuer
Plasmaphysik of the Nuclear Research Centre (KFA) Juelich,
Federal Republic of Germany, which resulted in the transfer of
the Juelich DPFI facility to our laboratory under the sponsorship
of the Alexander von Humboldt Foundation post-fellowship
programme. This is a 60kV, 40kJ machine originally operated as
a fast focus butr converted in its last year at the Institute for
Reactor Development Juelich into a vacuum spark {20} . A 100 MK
pulsed ruby laser was also donated by the AVH Foundation.

With the vacuum spark we have obrained a high density
point plasma having a measured temperature of 8 keV. We are
currently attempting to generate fusion neutrons in this device
by using an anode with a LiD insert {21}

Tokamak

Since 1977 our Group has been in discussion to build a
small Tokamak {22} with the aim of enabling us to develop
measurement techniques of a plasma which is less transient than
a plasma focus. We have been encouraged by the 1978 Report of
the IAEA Consultants' Meeting on Fusion Programme for
Developing Countries {23} , and recently we are completing a
design for a small Tokamak specifically to operate from our
existing capacitor banks.

With this constraint we shall be using our 40 kV bank to
provide about 21 kJ to the stabilizing field of the Tokamak.
This limits severely the energy we can supply to the plasma
heating current for which we could not use more than 1 ki from
a 10 kV, 100 uF bank, in order not to exceed the Kruskal-
Shafranov limit for the plasma current. Despite this encrgy
limitation the scaling laws show that we should still be able
to obtain a plasma for the purpose of diagnostic development.
The design parameters for our small Tokamak are shown in the

following table. .
Design Parameters of PLUM Tokamak

Stabilization Bank

Major radius - 0.25m
Minor radn?s 0.05 m Capacitance 60 pF
Aspect ratic 5 :
N . Coil Inductance 63 ul
Toroidal field 2T . )
. S Number of turns 100
- Plasmacurrent 40 kA .
3 . Coil current 25 kA
Safety factor 2.5 N .
Rise rlme 100 ps
Ion temperature 0.1 kev Charging volrage 26 KV
Electron temperature (.} keV ging B
Confinement time i.4 Tg 3 Plasma Heating .Bank
Particle density Ix10 cm Capacitance 100 F
Coil inductance 360 pl
Number of turns 20
Coil current 2 k&
Rise time 300 us 293
Charging voliage 4 &V
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Conclusion

Much of the work reviewed in this paper would not have
been possible without the material support given in the early
1960's by the British Government through the Colombo Plan and
more recently by the Nuclear Research Centre (KFA) Juelich and
the Alexander vou Humboldt Foundation. The projects have also
been given added momentum by the collaboration between individual
members of the PLUM Group and members of the Institut fuer
Plasmaphysik of KFA Juelich and the Institut fuer Plasmaforschung
of Stuttgart University. We hope that we can extend our
international contacts in this research. We also hope that we at
PLUM  may be able to play a role in the strengthening of plasma
research and plasma research collaboration in the developing -
countries. The pgoal is ever before us ~ infinite energy through
plasma fusion.
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GEOMETRICAL OPTIMIZATION OF THE
DENSE PLASMA FOCUS

S. LEE, Y.H. CHEN

Plasma Laboratory, Department of Physics,
University of Malaya,

Kuala Lumpur, Malaysia

Abstract:

A 12 kJ DPF device with a periodic time of 12Usec,
UMDPF! has been optimized geometrically to produce a
higher neutron yield of 1.5 x 109 at 10 torr filling
pressure than from the same device before optimization.
With the same optimization procedure a faster DPF
device with a periodic time of 3.7usec, UMDPF2, of the
same energy has also been optimized to give a peak
neutron yield of 6.3 x 109 at 16 torr filling pressure.
Experimental evidence shows that over and above the
increase in neutron production due to an increase in
current according to the 13.3 scaling law, a faster
current rise time may have an additional effect of
enhancement in neutron production.

The outcome of this project is that a new high
pressure regime of 16 torr with an enhanced neutron
yield of 6.3 x 102 and improved yield reproducibility
for an input energy of 12 kJ has thus been established.

There is every reason to believe that this
optimization procedure can be extended to other
DPF devices.

I Introduction

Considerable effort has been made to enhance the neutron
yield in middle-energy DPF devices in the attempt to develop a
reproducible and reliable pulsed neutron source {i}. 1In this
paper, the results obtained in optimizing two middle energy DPF
devices, UMDPF] (Universiti Malaya Dense Plasma Focus 1) with a
periodic time of 12 usec and UMDPF2 (Universiti Malaya Dense Plasma
Focus 2) with a periodic time of 3.7 psec are presented. The
geometrical influence and the effect of the current rise time on
neutron production are also discussed.

The DPF devices used in this project are of Mather-type.
A DPF device is a coaxial plasma accelerator but with a truncated
inner electrode as shown schematically in figure 1. In this
optimization project, the outer electrode consists of evenly
spaced rods.
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II Experimental Procedure

In this optimization program, the effect of the seven
operational parameters of DPF devices on neutron yield has been
investigated in detail. These seven parameters are inner
electrode diameter, inner electrode length, outer electrode °
diameter, outer electrode length, insulator length, breakdown
gap and filling pressure.

The neutron flux is measured with an indium activation
counter and a silver activation counter. All data on neutron
yield presented in this paper are the average of more than 20
shots each. After every experiment, the neutron detectors are
calibrated in situ with a neutron source of known strength.

In calculating the calibration factor, the abundance of excited
atoms, the half time of the decay schemes as well as the dead
time correction were taken into account. The accuracy of the
calibration factor is estimated to be better than 57.

The hard x~ray and neutron pulses are measured by a
NE102A scintillator-photomultiplier detecting system. The
current is measured by a Rogowski coil operated as a current
transformer.

In the procedure, we first optimize the inner electrode
length for a fixed inner electrode diameter with variation of
the filling pressure. This, in effect, is to shift the
focussing action so that the focussing action occurs at the
time of the peak current in order to have maximum efficiency
in utilizing the stored capacitor emergy {2,3}.

The optimum inner electrode length is achieved when the
neutron yield versus pressure curve is symmetrical and the
neutron yield is reproducibly the maximum. ' Then the outer
electrode diameter, outer electrode length, insulator length
and’ breakdown gap are optimized with variation of filling
pressure, one by one sequentially until the peak neutron
yield is the maximum. After that the inner electrode diameter
is varied and the above optimization procedure is repeated
until the inner electrode diameter has also been optimized.
This is indicated by the maximum neutron yield and the

‘symmetry of the neutron yield .versus pressure curve.. The

optimization procedure is summarised in-figure 2.

I1L . Optimization of the UMDPF! and results
The geometrical parameters and the characteristic of

UMDPF] -ativarious stages of optimization are shown in table 1.
It was found' that the filling pressure, the inner electrode
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length, the inner electrode diameter and the outer electrode
diameter are the strong parameters. They have great influence
on the neutron production and have to be optimized properly for
high reproducibility and maximum neutron yield. The other
parameter like the outer electrode length, the insulator length
and the breakdown gaps are weak parameters because their effect
on neutron production is less significant than that due to the
strong parameters.

The optimization results are summarised in figure 3 and
figure 4. Figure 3 shows the dependence of the neutron yield on
the inner electrode length. At the optimum inner electrode
length of 16 cm, the curve is symmetrical and the peak neutron
yield is the highest. Figure 3 also shows that with a reduction
in the inner electrode diameter at the optimized inner electrode
length, the neutron yield remains unchanged but the optimum
filling pressure is shifted from 2.0 torr to 10.0 torr. The
influence of the outer electrode diameter on the. neutron
production is also shown. At the optimum outer electrode
diameter of 85 mm, the peak neutron yield is 1.5 x 109 with no
shift in the optimum operating pressure. For an optimized
device, the neutron yield variation for more than 10 shots on
the same filling is less than 10Z. With a single gas filling
neutron production has been obtained for more than 30 shots
consistently. These results are similar to those already
reported earlier {1,4}.

IV Geometrical influence on neutron production

It has been reported that at all operating conditions
the product of the filling pressure and the optimum inner
electrode length is a fixed constant for a particular DPF device
and they can compensate each other in optimization {3,5}. Our
optimization results show that this constant product rule needs
to be qualified once the inner electrode diameter is varied,
which involves a variation in the axial acceleration force of
the current sheath due to the 1/r dependence of the magnetic
field. Experimental evidence shows that the effect of the
variation of the inner electrode diameter on the time of
focussing action is not capable of being compensated by the
variation of the filling pressure alone. Hence the inner
electrode length as well as the filling pressure need to be
adjusted for maximum neutron production. This leads to a new
constant for the same device. The optimum product of the filling
pressure and the inner electrode length changes from 36 torr-cm
for inner electrode diameter of 50 mm to 160 torr—cm for that of
25 mm.

Experimental results indicate that there exists an optimum
inner electrode diameter and an optimum ratio of the outer and
inner electrode in order to have an optimum operating condition
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at which the neutron yield is resproducibly the maximum. On
reviewing the total body of experimental results including
framing photographs and magnetic probe measurements it appeare
that the existence of an optimum inner electrode diameter is
related to the dependence of the azimuthal self magnetic field
to the inner electrode diameter. Thus when the inner electrode
is too large, the magnetic field is too small for effective
driving. On the other hand with decreasing inner electrode
diameter the time for the radial compression stage has also been
reduced correspondingly. The dynamics of this stage has been
found to be significant for the formation of the final focus
and hence the rotal neutron yield {6,7,8}.

Similarly, it appears that the existence of an optimum
ratio of the outer to the inner electrode diameters also depends
on two conflicting conditions. The smaller the ratio the larger
the pinch current tends to be from the impedance point of view.
This factor encourages a higher neutron yield. However,
experimental observation of radial restrikes indicate that for a
given inner electrode diameter and a fixed capacitor voltage, it
is necessary to have a minimum interelectrode gap to minimize the
occurance of radial restrikes which invariably leads to current
shedding {9,10,11,12}, resulting in a lower pinch current. Thus
the optimum ratio of the two diameters is that ratio which gives
the largest drive current without incurring significant radial
restrikes.

An optimum ratio of 3.4 was observed in these experiment
on UMDPFI as opposed to a factor of 2 as suggested by Mather {2}.

V. _Effect of the current rise time om neutron yield

The UMDPF2, formerly the DPF! {13} in Jiilich, Federal
Republic of Germany, is one of the fastest DPF devices available
in middle emergy range. The operating parameters of this device
have also been optimized using the experimental procedure
discussed in Section III. The seven optimized parameters and
the characteristic of UMDPF2 at 27 kV and 33 kV after
optimization are shown in table 2.

Experimental result shows that when the charging voltage
increases from 27 kV to 33 kV,. the peak neutron yield increases
from 3.5 x 109 to 6.3 x 102 with a shift of the optimum filling
pressure from 13.5 torr to 16 torr as shown as figure 4. The
increase 'in neutron yield obegs the I3.3 scaling law. However
the neutron yield of 6.3 x 10” for UMDPF2 is more than 4 times
that from UMDPF] at the same input energy of 12 kJ.

Comparing the neutron yield obtained from UMDPF] at 20 kV
and that from UMDPF2 at 27 kV, the neutron vield of 3.5 x 10% at
620 kA from the UMDPF2 is too high for the I3.3 scaling law in
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order to be in agreement with that of 1.5 x 109 at 520 kA from
the UMDPF!. If the I3-3 scaling law is employed, a neutron

yield of 2.7 x 10° instead of 3.5 x 109 is expected. This
reproducible 307 increase in the neutron yield is most probably
due to the effect of the faster current rise time of 0.9 usec for
the UMDPF2, compared with that of 3 usec for the UMDPF1. This
enhancement effect could be related to an increased ratio of
focus current to total tube current.

VI Conclusion

This project shows that the total neutron yield can be
increased by optimizing the geometrical dimensions of the DPF
devices. The innmer electrode length, inner electrode diameter,
outer electrode diameter and filling pressure are the strong
parameters that have greater influence on the neutron production
and need to be optimized with great care for high reproducibility
and maximum neutron yield. The other parameters such as outer
electrode length, insulator length and breakdown gap are weak
parameters, whose influence on neutron yield is insignificant as
long as they are within reasonable limits.

The outcome from this project is that the operating
pressure has been extended from 2 torr with a neutron yield of
1.0 x 109 to 16 torr with a higher yield of 6.3 x 107 operating
with the same amount of input enmergy, 12 kJ. A new high pressure
regime of focus operation with enhanced neutron yield and
improved yield reproducibility has thus been established.
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Table 1.

Parameters of UMDPFL at various stage
of optimization.

Parameters of UMDPF1

D, 50 mm 25 mm 11 mm
i.e.

1. 18 cm 16 cm . 13 cm
i.e.

1 18 cm 16 cm 13 cm
o.e.

D 115 mm 85 mm 65 mm
o.e.

1. 40 mm 43 mm 43 mm
in

1eff 14 cm 11.7 cm 8.7 cm

Characteristic of UMDPF1

at 20 kV

C 60 WF 60 WF 60 UF

T 12.4 usec 13 usec 14 usec
E 12 kJ 12 kJ 12 kJ

1 550 kA 520 kA 450 kA

P 2.0 torr i0 torr 13.5 torr
Y 1.0 x 109 1.5 x 10° 8 x 108
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Table 2

Parameters of UMDPF2 after
optimization.

Parameters of UMDPF2

eff

8.5 cm
15 cm
25 mm
65 mm

2.8 em

5.7 cm

3 mm

Characteristic of UMDPF2

at 27 kV and 33 kV

27 kv
22 uF
8 kJ
3.7 usec
620 kA
13.5 torr

3.5 x 109

35-8

33 kV

22 uF

12 kJ

3.7 usec
760 kA

16 torr

6.3 x 109
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VACUUM SPARK AS A FUSION DEVICE

C.S. WONG, S. LEE
Plasma Physics Laboratory,
Physics Department,
University of Malaya,
Kuala Lumpur, Malaysia

Abstract

The existence of extremely hot and dense plasma state in a
vacuum spark has inspired the investigation of the possibility of
developing it as a fusion device. Effort.to achieve this aim has
been carried out in the Plasma Physics Laboratory, University of
Malaya and this is presented in this paper. A reproducible
and consistent vacuum spark system with input energy of 13 kJ has
been built and tested. The electron temperature of the plasma
produced in this vacuum spark system has been estimated to be
about 4 to 10 kev. Attempt to introduce LiD into the system in
order to achieve fusion is also described.

t. Introduction
The vacuum spark is considered to be one of the simplest

device that is capable of producing in the laboratory hot dense
plasma with highly stripped ions such as Fe-XXVI, Cu-XXVIII and

Ti-XXI1{1}. Research on this device is mainly concentrated in
two areas: Firstly, it is being utilised as a pulsed x-ray source
for spectroscopic study of high Z materials{2-6). 1In this case,

the material being studied is made into the anode. Secondly,
there has been considerable effort in trying to relate the vacuum
spark discharge to the solar flare phenomenon{7,8)}. It has been
shown that the x-ray spectrum observed in the vacuum spark shows
great resemblance to that of the solar flare.

During the vacuum spark discharge, there is extremely high
concentration of energy in plasma spots with diameter of
approximately 10 pym. This results in the compression and heating
of the plasma to very high density and temperature. Typical
values{9} of the plasma parameters of the vacuum spark are:

Te v 8 kev, N, v 10*! cm—?, T; v 20 kev and N; v 10'? \cm™?.

The above mentioned plasma conditions have been obtained
from a vacuum spark device using high Z anode materials such as Fe,
Cu, Ni and so on. lowvever, due to the existence of these plasma
conditions, it is reasomable for us to consider the feasibility
of developing the vacuum spark as a Fusion device. This
imnediately imposes two crucial questions: (i) can the same value




of ¥e v 10?2 cm™? be achieved in a deuterium plasma produced by
the vacuum spark ? (ii) if so, can the ion temperature of 20 kev
a8 in the case of high Z plasma be maintained ?

These questions have initiated the present project which is
aimed at developing the vacuum spark as a fusion device. The
preliminary experiments on this project have been performed in
Jilich of the Federal Republic of Germany{10}. By using an anode
with a central channel of LiD, neutron yield of che order of 107
per burst had been obtained and the neutron energy had been
measured to be about 2 to 3 Mev{10}. 1In order to increase the
neutron yield of this device, several modifications have been
made{11}. These include the increase of maximum input energy
from 3 kJ to 13 kJ and the use of high pover pulsed ruby laser
for the initiation of the discharge. The latter modification
will improve the selectivity of anode material vaporisation so
that the amount of high Z impurities in the deuterium plasma
formed can be reduced.

2. The vacuum spark system

A schematic diagram of the vacuum spark device used in this
project is shown in Fig.!1(a). 1t consists of a sharp pointed
cylindrical anode separated from the cathode by 5 mm. The anode
ie screwed on a brass cylindrical holder which is mounted onto
the positive plate of the capacitor bank. This anode holder is
insulated from the earth plate by perspex and silicon rubber.
The cathode, which is cylindrical and has a one inch diameter
channel through its center, is mounted on the aluminium vacuum
chamber which also provides the return path of the discharge.
The perspex window above the cathode is provided to allow
transmission of laser light into the chamber. Laser beam
focussing is achieved by using 2 7 cm focal length biconvex lems.

To operate the vacuum spark device, the capacitor bank is
first charged up to 20 to 35 kV. Since the electrodes of the
system are connected directly to the capacitor bank, and the
chamber is evacuated to a low pressure ( < 10”% torr ), the
volrage will be held across the electrodes until some form of
triggering is activated. Conventionally this is done by
introducing a third electrode into the system and a high voltage
pulse is applied across a ceramic surface between this electrode
and the cathode{1-6}. The surface discharge produces electrons
which are accelerated towards the anode tip. The main discharge
will then start, Recently, the vaporisation effect of high
power pulsed laser on metallic surface has been utilised for
this purpose{11,12 13}.

In this project, a 60 MW ruby laser pulse is used to
initiate the vacuum spark discharge. It is focused onto the tip

of the anode to a spot size of approximately 2 mm in diameter{14}.
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This corresponds to a laser irradiance of the order of 10 % vates
per cm? at the anode tip. The discharge is ipowered by a 22 pF
capacitor bank which can be charged to a maximum voltage of 60 kvV.
However, due to the limitation imposed by the insulation, the
system can only hold a maximum voltage of 35 kV which corresponds
to an inpuc energy of 13.5 kJ. The overall ‘inductance of the
system is estimated to be about 40 nH.

3. Experimental results

J.I. System performance of the vacuum spark device

In the effort to develop the vacuum spark as a fusion
device, it is important to ensure that the system performs
consistently and reliably. It is required to investigate
several mechanical and electrical parameters such. as the
inter-electrode separation and the discharge voltage to establish
an optimum system configuration at which the desired plasma
conditions can be obtained consistently.

The performance of the vacuum spark system is studied with
reference to the measurement of the discharge current, the time
~resolved x-ray signals and the x-ray pinhole imaging. The
discharge current is measured by a Rogowski coil operated as a
current transformer. This measurement provides information
concerning the electromechanical behaviour of the vacuum spark
discharge. The time~resolved x-ray signals are measured by a
pair of double-diffused silicon PIN diodes which have risetime
of about 2 nsec. In order to obtain the x-ray image of the
plasma formed in the vacuum spark, a covered pinhole of diameter
of 600 pm or 300 ym is employed and the image formed is recorded
on Polaroid Film Type 667,

The current and x-ray signals together with the x-ray image
recorded simultaneously for a typical vacuum spark discharge
with solid stainless steel anode are shown in Fig.2(a). Current
dips are clearly observed at the time of v 400 nsec after the
start of the discharge and near the peak of the current. These
dips usually correspond to strong bursts of x-ray from the vacuum
spark. Meanwhile, bright plasma spots and clouds are observed
on the pinhole picture indicating that intense x-ray fluence is
being emitted from a small region between the electrodes. X-ray
is also observed to be emitted from the surface of the anode tip.
The anode tip is thus visible in the x-ray photograph and is
taken as reference to locate the position of the plasma spot.

The macroscopic behaviour of the vacuum spark discharge as
visualised from the current and x-ray observations is as follows:

On hitting the anode tip with laser irradiance of " 10°

watts/cm?, some of the anode material will be vaporised and
33§ resulting in a blowoff from the anode surface. This is further




‘ heated by the laser light energy to form a plasma consisting of
electrons, ions, neutral atoms as well as some small particles of
the molten material. This plasma will soon expand to fill the
inter-electrode gap and discharge will then occur. Since the
electrons are moving much faster than the ions, we may consider
the discharge current to be carried mainly by a beam of electrons
accelerating towards the anode in a background of ions, atoms and
micro-particles.

As the current-carrying electron beam is accelerated towards
the anode, it may either interact with a cloud of plasma during
which Bremsstrahlung x-ray is emitted; or it may impinge onto a
micro-particle upon which a large portion of the beam energy is
deposited to heat the micro-particle to form a hot dense plasma
spot. This may cause the sharp decrease of the discharge current
as observed from the current oscillogram.

The consistency of the vacuum spark discharge has been
observed toc be dependent on the inter-electrode separation.
Generally, by refering to the current and x-ray signals and the
s-ray pinhole image, the system seems to have a better
reproducibility at inter-electrode separation of less than | cm.
At a separation of 2.2 cm, the effect of increasing the discharge
voltage will enhance the possibility of electron beam hitting the
anode instead of interacting with the micro-particle. It can be
seen from Fig.2b that the current signal obtained from the
discharge of a vacuum spark system with such configuration is
different from those obtained from typical discharge as shown
in Fig.2a. The starting portion of such current signal is
flattened indicating that energy of the system is being
dissipited through electron-anode bombardment which results in
the emission of x-ray from the whole surface of the anode as
shown in the x-ray pinhole picture of Fig.2b. On the other hand,
the system is observed to be very reproducible at separation of
0.5 and 0.8 cm, with over 80 % of the shots fired being able to
produce the plasma spot.

3.2. Estimation of electron temperature

. The electron temperature of our vacuum spark has been
estimated by the foil-absorption technique{i5}. Although it has
been shown that{16,17} the error incurred by neglecting the
contribution due to free-bound transition can be as high as 50 %
for a high Z plasma, an estimation of the electron temperature

can be obtained by taking into account the c¢lassical Bremsstrahlung
continuum only. The classical x-ray Bremsstrahlung continua at
various eleckiron temperatures are shown in Fig.3.

In our experiment, the x-ray flux is measured by two PIN
diodes which face the vacuum spark through identical windows
covered with two thousandth inch of mylar sheet. Additional
aluminium foil of 60 pm thickness is added so that only x-ray
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with wavelength shorter than 1.65 A will contribute to the
diode signal.

To estimate the electron temperature of the vacuum spark
plasma, the ratio of the amplitudes of the two detectors, with
one of them having additional aluminium foils of thicknesses
20 pym, 40 um, 60 pm and so on, are obtained for a series of
discharges. These data are then compared with the theoretical
curves as shown in Fig.4. It is concluded from this comparison
that the electron temperature of our vacuum spark plasma is of
the order of 4 to 10 kev.

3.3. Neutron production from the vacuum spark

The feasibility of operating the vacuum spark as a neutron
producing fusion device has already been demonstrated(lO} It is
believed that both the reactions D(D n) 'He and L1(D n) Be are
respousible for the neutron yield if LiD is used{i10}. This is
mainly based on two facts: (i) It has been observed that particle
energy of above | Mev is possible in the vacuum spark plasma 7};
and (ii) in experiments where particle beams of ‘Li and 'D are
bombarded at deuterxum targets, the neutron yields for the
reaction Ll(D n)®Be are more than an order of magnitude higher
than that of the D-D reaction at particle energy range above
| Mev{18}. Hence in any realistic estimation of neutron yield
from this device, both reactions have to be taken into account.

The main difficulty that is confronting us at present is the
fabrication of the deuterided anode. In the original design{10},
LiD is fused into a small capillary of diameter 0,2 mm at the tip
of the anode. During the process of fusing the LiD, it is required
that the handling of LiD be carried out in an environment of dry
nitrogen to prevent oxidation of the LiD crystals. It is also
necessary to heat the LiD to a temperature of 700°C at which it
will melt. Finally, it is allowed to cool down and solidify in
deuterium. The use of only 0.2 mm diameter channel of LiD will
also increase the possibility of high Z contamination of the
deuterium plasma.

Several other anode designs have been tried in order to
eliminate the difficulty in fusing the LiD and also to enhance
the purity of the deuterium plasma. These are shown in Fig.l(b).
Design A is the original design which has produced the neutron
yield of 107 neutrons per burst when LiD is fused into the
central channel. TIn design B, the anode is a solid piece with
a hole of diameter and depth of 3 mm each which is filled with
LiD crystals. Experiments using this anode has not been sucessful
mainly due to the throwing out of the LiD crystals during the
discharge. This is evident from the fact that after just one
discharge using this anode, no more LiD is found in the hole at
the anode tip and pieces of LiD crystals are observed inside the
aluminium chamber. In order to prevent this, design



C is proposed which consists of a central channel of diameter
3 mm. The lower part of this channel can be filled with LiD
crystals or pellets. This will prevent discharge current to

flow through the central part of the anode. This design will
be tested in the very near future.

4. Conclusion

From the data we have obtained so far, it is reasonable to
believe that the vacuum spark is feasible to be developed into
a fusion device which may be able to find its application as a
pulsed neutron source which may be useful in the design of a
fusion reactor. Our present tasks are to simplify the process
of anode fabrication so that the system can be set up easily,
and to investigate the possibility of increasing the neutron
yield from such a device.
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Neutron measurements of a 12 kJ plasma focus
C.S. WONG, S. LEE AND S.P. MOO
Abstract

The neutron yield of a 12 kJ plasma focus has been measured by indium-foil
activation detector to be within the range of 107 to S x 10® neutrons per burst
for more than 80% of the discharges. The neutron emission is found to be
anisotropic and the neutron intensity in the forward direction (6 =0°) is about
twice that in the radial direction (6 =90°). For discharges where more energy is
injected into the plasma during focussing, the neutron yields are generally
observed to be higher.

INTRODUCTION

The plasma focus has been the subject of intensive research since the first reports of
Filippov, Fillipova and Vinogradov (1962) and Mather (1964). Although until today, no one
theoretical model has been found successful in explaining the phenomenon precisely, several
conclusions have been drawn from experimental results obtained so far. It is now understood
that most of the neutrons produced from the plasma focus, if not all, are of nonthermal
origin (Bernstein and Hai, 1970; Krompholf, Michel, Schonbach and Fischer, 1977). However,
the device can be considered to be sufficiently well-behaved with respect to neutron yield
taht it is possible to optimise a plasma focus device to obtain consistently high neutron
yields (Chen, 1978; Chen and Lee). It has also been shown (Michel, Schonbach and Fischer,
1974) that an empirical neutron scaling law with respect to the discharge energy can be
established from results obtained in various laboratories. This is of the form N~E2'1, where
E is the input energy of the plasma focus device. These well-behave characteristics, as well
as the high neutron intensity (about 108 to 10! neutrons in 100 nsec), of the plasma focus
make it very feasible as a pulsed neutron source for neutronic investigations in controlled
thermonuclear reactor blanket and material studies (Cloth and Conrads, 1977).

In this paper, the measurements of neutrons produced from the plasma focus device in

EXPERIMENTAL SET-UpP

The plasma focus device in this laboratory is of the Mather type and is shown schematically
in Fig. 1. Powering the discharge is a capacitor bank which in this series of experiments is
set at 20 kV delivering 12 kJ. The switching of this capacitor bank has been described
elsewhere (Thong and Lee, 1973). The discharge current is measured by a Rogowski coil
acting as a current transformer while the transient voltage across the electrodes during the
discharge is measured by a resistive voltage divider. Typical current and voltage oscillograms
are shown in Fig. 2.

The neutrons produced from the plasma focus is measured by two indium-foil activation
detectors each consisting of an EMI 6097 photomultiplier tube coupled to a NE 102 plastic
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Display 1
Upper: 1 (1)
Lower: V (1)

Display 2
Upper: I (t)
Lower: V (t)

FIGURE 2 Two typical displays of current and voltage wave-forms of the focus tube on a double beam
oscilloscope, In display 1, the focusing is more severe.

scintillator as shown in Fig. 3. Indium-foils of thickness 0.2 mm are used and the neutrons
are thermalised by paraffin blocks before arriving at the indium-foil. At the indium foil the
reaction of interest is

llSIn_,}_n_____a IIGIn________% 1168n+ﬁr'

with a halflife of 14s for the '*®In. The betas have a maximum energy of 3.29 Mev.

Using this system, the betas are counted for a period of 40 seconds immediately after
the neutron pulse. The number of counts gives an indication of the number of neutrons
incident on the paraffin block. One advantage of such a system over a system that counts the
plasma focus neutrons in real time is that the difficulty of high speed counting is eliminated.

These detectors have been calibrated with a 228 Th-Be neutron source. With one of these
detectors fixed at the radial position of the focus tube and the other placed at various
angular positions, the angular distribution of the neutron emission was obtained.
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counter

FIGURE 3 Schematic set-up of an indium foil activation detecior.

RESULTS AND DISCUSSIONS

The neutron yield of the plasma focus device can be optimised by adjusting the electrical
and mechanical parameters as well as the ambient gas pressure. An optimised focus neutron
source not only produces high neutron yield (above 10° neutrons per burst), but should also
- be able to produce consistently the same yield under the same conditions. In this experiment,
where the main aim is to study the characteristic of neutron production, a device with fixed
electrical and geometrical parameters is used. The ambient deuterium gas pressure is varied
to obtain a situation where the neutron yield is consistently within 107 to 5 x 10® neutron
per burst. With yield of this order of magnitude, the counting statistics can be kept reasonably
good and an average of ten to fifteen shots can be fired before it is necessary to refill the
tube with deuterium.

The electrical and geometrical parameters of this focus device are listed in Table 1. The
optimum ambient gas pressure is found to be between 1.0 to 1.5 torr, at which the neutron
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TABLE |

Electrical parameters and geometrical parameters of focus tube

discharge voltage 20kV
maximum discharge current 590 kA
periodic time of current 11 us
diameter of inner electrode 5cm
diameter of outer electrode 10 cm
length of inner electrode 20 cm
length of outer electrode 25cm
length of insulator 5cm

yield is within the range of 107 to 5 x 10® neutrons per burst for more than 80% of the
discharges.

The angular distribution of the neutrons emitted from the plasma focus device in this
laboratory is shown in Fig. 4 as a graph of intensity against the angular position ¢. The

“intensity shown is normalised against the radial direction (6 = 90°). From this graph, it can
be seen that the neutron intensity is peaked at the forward axial direction (6 = 0°) with
the ratio [(0)/I(90) equal to 1.84. Although this result cannot be compared directly to those
obtained by Patou, Simonnet and Watteau (1969) and Lee, Shomo and Kim (1972) due
to the differences in focus tube parameters, however, it shows the same feature of anisotropy
as reported by them (Fig. 4). Reently, the existence of an extended neutron source from the
plasma focus has been reported (Cloth and Conrads, 1977). From these observations, it is
evident that the deuterons which produce the neutrons are moving in the forward axial
direction, with an average velocity of about 250 keV as estimated from results obtained in
earlier experiments in this laboratory (Lee and Chen, 1975).

In order to investigate the injection of energy into the plasma during focusing, the
variation of input power of the system is computed from the current and voltage oscillograms
as shown in Fig. 5. The shaded area represents the extra energy injected into the plasma
during focusing. This energy Eg is found to be generally less than 2.5% of the total input
energy of the device. However, it is observed that this energy is generally higher for discharges
of higher neutron yield (Fig. 6). This is in agreement with the fact that a more effective
focusing action can be achieved by arranging the focus to occur near the maximum of the
discharge current (Mather, 1971) which corresponds to a more effective compression of the
plasma, thus resulting in more energy injected into it.

CONCLUSIONS
From the above experiments, it has been shown that the neutrons are emitted from the
plasma focus anisotropically with a forward peaking feature similar to those reported by

other workers. From the shape of the angular distribution curve, it is believed that there are
more than one kind of neutron production mechanism operating in the plasma focus; and
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that not one of the models proposed (the beam-target, the moving-boiler and the converging-
ions model) is adequate 1o explain the neutron production phenomena in the plasma focus,
However, the fact that a higher neutron yield is obtained for a discharge with higher energy
injected into the plasma during focusing indicates that the focus device can be considered
- to be well-behaved with respect to neutron yield. Hence in a system which has been tuned to
the correct pressure regime, an estimation of energy injection can provide a rough relative
measurement of the neutron yield without the use of a neutron detection system.
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THE PINCH PHASE OF A PLASMA FOCUS

S. Lee, FIPM
Plasma Research Laboratory
Physics Department, University of Malaya
Kuala Lumpur 22-11, Malaysia

Introduction

Research work on the pinch haé been generally handicapped by a lack
of understanding of the plasma structure both during the dynamic collapse
phase and the quasi-equilibrium phase. For example, the classical snow-plow
collapse model predicts a collapse of the plasma column to zero radius.

On the other‘hand, the Bennett treatment is for a purely static column

whereas as observed experimentally the dynamic phase is of great ilmportance

in determining the structure of the final quasi-static pinch. Thus, neither
the snow-plow nor the Bennett model could predict even the radius of the

quasi-equilibrium pinch.

Recently, a collapse model with inclusion of a collapse retardation
pressure term has been developed1 which, with the help of two adjustable
parameters, has given pinch radii for the plasma focus in agreement with

2 has

experimental results. It is only in 1978, however, that Potter
treated a constant current pinch in an entirely self-consistent manner

and derived plasma dynamics and plasma structures. One of his important
results was that for a constant current pinch, the pinch ratio, defined as
the pinch radius rp (Figure la) divided by the original radius ros is

dependent only on Y, the specific heat ratio of the plasma, and is given

by:

-1
Y ) Y

- ro(Y + 1

r
P
In this paper, it is shown that a simple consideration based on
energy and pressure balance gives an expression for the pinch ratio
comparable with Potter's more comprehensive computation. Furthermore,
the simplicity of the method based on energy and pressure balance enables
the argument to be extended to pinches with non—-constant currents; and

non-constant length, the latter property being particularly applicable to
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the pinch phase of a plasma focus (Figure 1b). The interest in the pinch
phase of a plasma focus arises because in certain regimes of operation in
a plasma focus machine a well-defined pinch with a stable phase may be
obtained. In these 'pinch-optimised® regimes the plasma focus machines
does not exhibit the intense electro-plasma interactions that occurs when
the machine 'focusses® as in both the 'beam-optimised’ as well as the
"neutron-optimised’ regimes. However, these plasma-focus pinches show
features similar to the finite-Larmor-radius (fLr) stabilised pinches®*"
currently being studied with high-voltage constant current Marx generators
as power sources. Plasma focus devices utilize a simple capacitor
discharge and thus may prove to be simple method of generating flLr

stabilised pinches.

Some experimental results are shown of these plasma-focus pinches and
it is concluded that the difference in observed pinch ratios between a
constant current pinch and a plasma-focus pinch is due to the non-constant
length of the plasma~focus pinch which increases from zero at the start of

the pinching process towards a maximum value, stu

Theory

Energy and pressure balance

Constant current pinch of constant length

We consider the following model. On initiation, the current, I,
flows axisymmetrically in a thin sheath of radius r (Figure la). The
current interacts with its self-magnetic field B6 and implodes inward.
The implosion may be described as a magnetic Piston travelling at a
highly supersonic speed preceded by a shock wave. Starting at radius T
the magnetic piston compresses the plasma sheath which collapse into a
plasma column when the shock wave has imploded onto the axis. The
magnetic piston continues moving inwards until the temperature of the
l column becomes sufficiently high to eventually stop the motion of the
piston. A phase of quasi-static equilibrium is achieved at pinch radius

r .
p

The magnetic piston exerts a magnetic pressure Pm = B, /2u
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where the magnetic induction B, = pI/2mr.

0

through the plasma-magnetic field boundary at radius r.

I is the current flowing

The work done by
the piston in moving from position r to position r_1is:
o %o 212
W'o= F.dr = —5—5—— 2mrdr (1)
T 47 (20)

r r
p p

per unit length of the plasma column.

If the pinch density is p, the mass per unit length is p'lTrp2 and the

work done per unit mass by the magnetic piston in moving from r to rp is
2

T r
W o= —H  an (}_Q) ) )
4t prp P

Assuming that this work is subsequently converted into the enthalpy

of the pinched plasma without loss we may write the plasma enthalpy per

unlit mass as:

Ro Y
T’l— Tz Y—] (3)

=2
]
ol

X
Y-l

where P is the plasma pressure, RO the universal gas constant, M the

molecular weight, T the pinch temperature and z the departure coefficient

due to real gas effects, if any.

Equating the enthalpy to the work done we have:

RO I2 T
O, Y - __¥ o0 (=2)
2 2 T
4 prp P

giving a pinch temperature of:

2 T
I o, M I vy-l
- — —— ) — — ——— ° 4
T 5 5 Zn(r ) RO p (4)

4T pr
p P P

We may also obtain independently another equation for the pinch

- temperature from pressure balance i.e. by equating the magnetic pressure

at r constraining the static pinch to the contained plasma pressure
P
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R
P = pi? Tz. Thus we write:
2.2 R
-—2_]‘.1_.]5_____.' = O.___ Tz
4mr o (2p)
P
and obtain
2
pI M i
T = —_— — ®
T T R (3
8T pr o
P

Combining the independently derived equations (4) and (5) for pinch

temperature T, we obtain:

- Y .
I'p‘— ro eXp{m} (6)

The pinch ratic expressed in equation (6) agrees with Potter's pinch
ratio in the limit y = 1 corresponding to an infinite number of degrees of
freedom for the pinched gas in which case the pinch ratio is zero. For
Y = 5/3, corresponding to a gas of 3 degrees of freedom typical of fully
ionized gases, equation (6) gives a pinch ratic of 0.29 compared to one

of 0.31 from Potter's theory.

From Potter’s theory it is not readily apparent what the effects are
on the pinch ratio of deviations from the coustant current, constant
length model. From the above theory of energy and pressure balance, the

effects of any such deviations are easily seen.

Current rising during pinch

This case is particularly applicable to classical pinch experiments
in which the current may rise from low values of the order of a few kA at
the start to tens of kA or greater at the time of the static pinch. 1In
. this case the I in equations (4) and (5) may be taken as the current
flowing at the time of peak compression with the pinch radius at rp; and
in equation (4) there should be an additional factor f with f < | resulting
from the integration in equation (1) because of the rising current. The -

resulting pinch ratio is seen to be reduced.
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Conversely, if the current drops during the pinch the pinch ratio

would be increased.

Axial loss of mass

This case may be more applicable to the plasma focus pinch because
of the axial velocity inherent in the plasma-focus pinch formation. An
“examination of equations (1) to (6) shows no change in the situation unless
the axially ejected mass carries away a substantial amount of energy. The
effect then could be to reduce the pinch ratio. From shadowgraphys, there
is no evidence of substantial axial ejection of mass out of the plasma-
focus during the pinch phase and it is our conclusion that this is not the
major cause of the reduced pinch ratio observed in the case of the
plasma-~focus pinch when compared to thé constant current, constant length

pinch.

Initial mass

The presence of an 'initial mass' in the case of the plasma-focus
pinch® is not expected to change the pinch ratio because of its low energy

content.

This case is peculiar to the plasma-focus pinch. As the current sheet
sweeps around the anode to start the pinch its length may be considered to
be zero. As the pinch progressesits length increases to a maximum value
of Qp. The relationship between the current sheet radius r and the pinch
length £ may be written as:

' )
g = —>EB (r - 1).

(r - r) o
o p

Then the work done for the whole pinch may be written as:

%o 2.2

uI
s’ e (w)

21 ridr

P

and the work per unit mass m be written as:

)

0
i

(93]
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I r, r r
W= {an(=2) - (1 - By} .
4ﬂ2p (r ~r J)r 2 rp Yo
o pp .
Thus, from energy balance we have
2 T T T
- Mt ° Oy - -yl
T = 2 2 (r —r ){/an(r) (1 r )}R z .Y (7)
4m prp o p P o o
Combining this with equation (5) gives for Yy = 5/3
r rp
Rn(;—) = 2.25 (1 ~-;—)
p o]
r
with a solution for the pinch ratio of ;B-= 0.14,
' o

Experimental observations

Some experimental observations will be noted here for comparison with

the above theory.

Argon focus versus_deuterium focus

A plasma focus in argon is observed to exhibit more intense electro-
plasma interactions than a plasma focus in deuterium’. This may be ascribed
to the fact that in a typical argon focus Y = 1.14 giving a reduction in
the pinch ratio of more than 10 when compared with a Yy = 5/3 gas like
deuterium. This will give rise to more intense electro-plasma interaction

from both inductance as well as stability considerationms.

Rising current pinches

Expefimental observations on classical pinches using rising currents
have shown pinch ratios considerably less than 0.3. The measured pinch
ratio for the Imperial College constant current pinch is 0.29. Both these

observations are in agreement with the theory.

Plasma-focus pinch

In early work on the Universiti Malaya Dense Plasma Focus (UMDPF) it
was found that for operation at low pressures a current-shedding effect

was observed® and a focus phase would be present or absent depending
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on the proportion of current participating in the pinch phase®. Typically
at 0.2 torr DZ; with 19 kV giving a peak current of 430 kA, a strong focus
phase is observed whenever 50% or more of the current participates in the
compression phase. For cases where current shedding was so severe that
only about 20% of the total current arrived in time to participate in the

radial compression no focus phase was observed. Instead a well-formed

pinch with a sustained stable phase was observed.

A typical example is shown in the inset of Figure 2 which is one of
a series of streak photographs taken for the case of 0.2 torr D2 at an
estimated approximately constant current of 80 kA. The anode diameter used
was 4 cm and the concentric cathode of the focus device had a diameter of
9 cm, and was slightly tapered towards the anode at its open end. The
overall experimental evidence was that this particular shape of the cathode
did not affect materially thevplasma compression as the current sheet swept
off the anode. The streak slit was positioned 3 mm off the end of the anode

in a direction perpendicular to the axis of the anode.

Because of the coincidental similarity of these plasma-focus pinches
to the constant current pinches recently published by the Imperial College
Workers®’" these streak photographs have been reconstfucted (Figure 2) to
the same time and space scale as the published streak photograph of the
Imperial College pinch operated at 0.07 torr H2 at an anode radius of 4 cm

and constant pinch current of 60 kA lasting for 100 ns’.

For the same initial radius the speed of the compression scales as
1
1/p?. Thus, the Imperial College pinch should compress at a speed 1.8
times that of the UMDPF pinch. This is observed experimentally in Figure

2. The Imperial College pinch has 'a measured pinch ratio of 0.3 which

compares with Potter's predicted value of 0.3] and the predicted value of
0.29 from the energy balance equations presented earlier in this paper.
The UMDPF pinch (constant current but increasing length) has a measured
pinch ratio of 0.13 which compares with a value of 0.14 from our energy

balance theory.

The Imperial College pinch has a stable lifetime of 100 ns. Defining

;a stability enhancement factor M!' = lifetime/transit time of small
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disturbance speed, the estimated M' for the Imperial College pinch is 20.

This value of M' has been ascribed to the effects of flLr stabilisation?.

The stable lifetime of the UMDPF pinch exceed 300 ns giving a minimum
estimated stability enhancement factor M' of 30 in the UMDPF pinch. The
line density N for the UMDPF pinch is 1019 per m giving a ratio of Larmor

radius r to pinch radius?® of:
gyr

r 8
—f—yﬁ = 8.08 x 10°/N
P

Nl

= 0,26.

This ratio indicates that flLr stabilisation could be the mechanism

responsible for the large value of M' observed in the UMDPF pinch.

Conclusion

It is shown that simple theory based on energy and pressure balance
is able to predict pinch ratios with results comparable to Potter's more
comprehensive computation applied to a constant current, constant length .
pinch. Morever, this simple theory extends readily to sc far untreated
cases with non-constant current and non—-constant length as well as cases
with axial mass ejection out of the pinch during the pinching process.
Thus, tHis energy balance theory is particularly suited to computations
for the pinch phase of the plasma focus. The computation and experimental
results agree that the increase in length of the pinch during the pinching
phase of the plasma focus is the predominat factor resulting in a greatly
reduced pinch ratio. This is contrary to the speculation of other authors
who have ascribed the reduced pinch ratio of the plasma focus to an axial

loss of mass during pinching??’3.

Finally, results are presented of a stable pinch phase observed in a
low pressure plasma focus operated in a heavily current=-shedded non-focusing
'regime. A stability enhancement factor of 30 was estimated for this
UMDPF pinch. Work is in progress to demonstrate that a 'pinch-optimised’

regime may be clearly defined in plasma focus devices.
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Figure 1: Comparison of linear Z-pinch and plasma focus pinch.
' (a) linear Z-pinch
(b) plasma focus pinch
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300 400

Figure 2: Comparison of Imperial College Mark II Z-pinch and
UMDPF pinch-streak pictures

(a) Imperial College Mark IT Z-pinch,
0.07 torr Hy, 60 kA constant current.

(b) UMDPF non~focus pinch, reconstructed from
Figure 2c. 0.2 torr D,, approximately
constant curent of 80 kA.

Inset: Streak photograph of UMDPF non-focus pinch
from which Figure 2b is reconstructed.
Streak length Ius. ro = 4 cm.
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CIRI-CIRI SEBUAH LASER DELIMA DENYUTAN DAN KEGUNAANNYA
UNTUK PENYELIDIKAN DALAM BIDANG FIZIK PLASMA

C.S. Wong, MIPM dan S. Lee, FIPM
Makmal Fizik Plasma, Jabatan Fizik, Universiti Malaya
Kuala Lumpur 22-11, Malaysia

Abstract: This paper describes the operational
characteristics of the pulsed ruby laser in the Plasma
Physics Laboratory, and its usage as a diagonstic tool
and for plasma production. The laser is operated in
both single and multi-mode and typically has a power of
60 MW with a fwhm time of 50 ns. In chopped mode its
pulse width can be reduced to 5 ns making it suitable

for 'freezing' high plasma velocities.

Pendahuluan

Laser delima adalah salah satu jenis laser denyutan berkuasa
sederhana yang banyak dipakai dalam bidang perindustrian, tentera dan juga
penyelidikan saintifik. Jenis laser ini telah menjadi lebih penting semakin
hari sebab ianya senang untuk digunakan dan juga dijaga. Harganya juga
tidak mahal jika diperbandingkan dengan jenis laser lain yang bertenaga
setaraf. Istimewanya dalam bidang Fizik Plasma, laser ini telah digunakan
sebagal alat pengukuran dan juga sebagali sejenis sumber tenaga untuk

memanaskan plasma.

Di Makmal Fizik Plasma di Jabatan Fizik, Universiti Malaya ini,
kedua—dua kegunaan laser delima yang tersebut di atas telah dapat
dicubakan'; iaitu laser ini telah digunakan sebagi sumber cahaya untuk
teknik bayanggrafi? dan interferometri holograf®, dan ia juga ada digunakan
sebagai sumber tenaga untuk memanaskan bahan anod bagi memulakan nyahcas

spark vakum®.

Dalam kertas ini, ciri-ciri sistem laser delima yang berada di Makmal
kami (JK Laser 2000) akan diperiksa. Kegunaan laser ini untuk penyelidikan
dalam projek Fokus Plasma dan Spark Vakum juga dibincangkan dengan

ringkasnya.



oo
.
~N

Buletin Fizik Vol.2 No.4 1987

Sistem laser delima

Satu skim susunan sistem laser delima ada ditunjukkan dalam Raj. 1.
Ia mempunyai satu rongga vang terdiri dari sebuah etalon berkepingan
tunggal sebagai cermin keluaran (pemancaran separa) dan sebuah cermin cekung
sebagai cermin belakang (100% kepantulan). Jejari cermin cekung itu adalah
5 meter dan panjang rongga ialah hampir 1 meter. Komponen terpenting dalam
sistem ini adalah pengayun delima (ruby oscillator) yang panJangnya 4 ineci
dan garispusatnya ialah % inci. Batang delima ini dlpamkan secara optik
dengan menggunakan dua batang lampu-kilat xenon yang diletakkan samada

batang delima di dalam sebuah bekas yang disejukkan oleh air-suling.

Ini adalah susunan Q-tetap (fixed-Q) untuk laser tersebut. Dalam
keadaan ini, bilangan atom yang ada di tingkat tenaga atas akan bertambah
dengan cepatnya sehingga ambang untuk keluaran laser tercapai dan satu
denyutan laser pun dikeluarkan. Kejadian ini akan meruntuhkan bilangan
atom di tingkat tenaga atas dan keluaran laser terus terhenti. Tetapi, oleh
kerana pada masa itu lampu~kilat itu masih berkuasa cukup, keluaran laser
itu aken berulang beberapa kali lagi sehingga pendudukan terbalik (population
inversion) tidak dapat dicapai lagi. Susunan kejadian ini akan menghasilkan
satu rantai denyutan-denyutan laser seperti yang didapati dalam Raj. 2(a).

Tempoh kejadian ini adalah lebih kurang 200 us.

Untuk mendapatkan operasi Q-suis, sebuah pengutub berjenis ‘stacked-
plate’ dan sebuah sel-Pockel berhablur K*DP hendaklah ditambah ke dalam
rongga iaser. Selepas melalui pengutub, cahaya yang dlkeluarkan dari
pengayun ruby itu terjadi terkutub linear. Pada mulanya satu voltan—-pincang
sebanyak 1.6 kV dipasang ke atas sel-Pockel itu supaya sinaran akan dipantul
oleh cermin-cekung belakang dan melalui sel-Pockel sekali lagi, menjadikan
pengutubannya linear semula tetapi sudut-pengutubannya telah diputar
sebanyak 90°. Oleh sebab itu, sinaran yang diasalkan dari pengayun itu
tidak dapat melalui pengutub lagi dan akan dihilangkan. Dengan cara ini,
kadar kehilangan rongga laser itu telah ditinggikan (ini bermakna nilai Q
rendah) dan keluaran sinaran laser menghalang untuk membiarkan bilangan
atom di tingkat tenaga atas bertambah sehingga lebih tinggi dari ambang

laser itu. Masa tunda di antara permulaan lampu-kilat dan pembukaan
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sel-Pockel biasanya ialah lebih kurang | ms®. Untuk laser kami, masa

tunda yang sesuai ialah 1.25 ms. Keluaran laser Q-suis boleh didapati
dengan memadamkan voltan-pincang sel-Pockel itu selama = 500 ns pada

hujung masa tunda yang perlu. Kejadian ini ada ditunjukkan dalam Raj.'Z(b).
Dengan operasi Q-suis, keluaran laser terjadi sebagai satu denyﬁtan gergasi
(giant pulse) dalam selang masa 30 ns. Kuasa denyutan laser ini adalah

60 MW. -

Keluaran laser yang terdapat seperti diterangkan tadi ialah operasi
berbilang mod (multimode operation). Dalam kes ini, taburan keamatan
laser adalah bukan—gauss dan jarak koherennya ialah lebih kurang ! cm
sahaja. Akan tetapi, kalau laser ini hendak digunakan sebagal sumber
sinaran untuk teknik interferometri holograf, bim laser yang bertaburan
gauss dengan jarak koheren ! m akan diperlukan. Ini bermakna bahawa mod
pengayun rongga laser mestilah dilaraskan menjadi TEMoo dan sela
jarakgelombang pun harus dipendekkan sehingga kurang daripada 0.005 R.
Syarat pertama itu boleh dicapai dengan menggunakan suatu bukaan kecil
dengan garispusat 1.8 mm. Untuk syarat kedua, sebuah etalon-dalam-rongga
(intracavity etalon) hendaklah ditambah di antara batang delima dan
pengutub seperti terdapat dalam Raj. 1. Ini adalah operasi mod-tunggal

(single mode operation) laser ini.

Ciri-ciri keluaran laser delima

Denyutan-denyutan keluaran laser delima itu telah diukur dengan
menggunakan sebuah diod PIN (masa kenaikan = 2 ns dan masa keruntuhan
~ 10 ns). Keluaran dari diod ini boleh ditinjau dengan menggunakan

sebuah osiloskop TEK 7834.

Satu contoh osilogram denyutan laser yang terdapat ada ditunjukkan
dalam Raj. 3(a). Kuasa laser ini boleh dikoncang oleh beberapa faktor
seperti suhu batang delima, kelemahan lampu-kilat, kebersihan air penyejuk
dan sebagainya. Tetapi dalam tempoh satu jam, koncongan kuasa laser telah
dilihat tidak lebih dari 3%. Tempoh-setengah-maksima (fwhm) laser itu pun
telah diukur dan didapati bahawa tempoh ini adalah lebih panjang bila
voltan nyahcas lampu-kilat itu dikurangkan. Tempoh-tempoh denyutan laser

delima ini pada beberapa voltan nyahcas lampu-kilat telah di senaraikan
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dalam Jadual 1.

Untuk meninjau taburan keamatan bim laser itu, kertas foto Polaroid

667 telah digunakan. Caranya ialah mengarahkan bim laser itu kemukaan
kertas foto. Satu tanda terbakar yang disebabkan oleh bim itu akan
terlihat seperti yang ditunjukkan dalam Raj. 4. Bahagian (a) adalah
tanda dari operasi Q-suis berbilang mod. Kita boleh dapati bahawa mod
melintang (transverse mode) laser itu ialah TEM]],O dalam operasi
berbilang mod. Kalau bukaan kecil ditambah, mod melintangnya boleh
dikurangkan kepada TEMOO yang bertaburan-gauss seperti dalam Raj. 4(b).

Akan tetapi, kuasa laser dalam kes (b) 'itu adalah banyak kali kurangnya

dari kes (a).

Cara memendekkan tempoh denyutan laser

Untuk menggunakan laser delima dalam pengukuran plasma seperti
interferometri holograf, denyutan laser dengan tempoh-setengah-~maksima
yang kurang daripada contoh yang ditunjukkan dalam Raj. 3(a) akan diperlukan.
Dalam laser delima kami, tempoh ini boleh dikurangkan ke 5 ns dengan
menggunakan sebuah pemotong denyutan (pulse chopper). Susunan komponen-
komponennya telah ditunjukkan oleh pekerja-pekerja lain dari makmal ini?.
Tanya mempunyai 2 buah pengutub Glan, sebuah sel-Pockel K*DP dan sebuah

jurang spark (spark gap). Turutan opersainya adalah seperti berikut:

Selepas melalui pengutub pertama, bim laser delima itu akan dijadikan
terkutub linear. Oleh kerana pada mulanya voltan~pincang sel-Pockel itu
adalah sifar, bim itu dapat melaluinya tanpa perubahan, dan kemudianya
dipesong oleh pengutub kedua ke sebuah prisma dan akhirnya dipesong ke
jurang spark. Jurang spark ini dipenuhi nitrojen dengan tekanan 45 psi
supaya dapat menahan voltan sebanyak 10 kV. Tetapi apabila terkena oleh
sinaran laser peruntuhan jurang spark ini akan terjadi dan voltan 10 kV
itu akan dipasangkan kepada sel-Pockel. Selang masa denyutan voltan tinggi

‘itu dikawal oleh kabel pendek yang digunakan sebagai satu ‘shorting stub’.

Dengan voltan ini, pengutuban sinaran laser itu akan bertukar dan sekarang

sinaran laser tidak lagi dipesong ke prisma oleh pengutub kedua tetapi akan
melaluinya tidak berubah. Dengan cara ini, satu denyutan laser dengan

tempoh yang pendek akan didapati. Satu contoh denyutan laser terpotong

39-4




Buletin Fizik Vol.2 No.4 1981 210

itu adalah ditunjukkan dalam Raj. 3(b).

Kegunaan laser delima dalam Makmal Fizik Plasma

Beberapa teknik pengukuran plasma yang menggunakan laser delima telah
dikembang dalam makmal ini. 1Ini adalah termasuk teknik bayanggrafi® dan
interferometri holograf®. Dalam kertas ini, kami akan membincangkan dengan
lebih mendalam lagi tentang kegunaannya sebagai sumber tenaga untuk
memanaskan bahan anod bagi memulakan nyahcas di spark vakum". Dalam
keadaan ini, irradiance laser yang besar adalah diperlukan dan oleh sebab
itu, adalah lebih sesuai sistem laser delima ini dijalankan dalam operasi
berbilang mod. Sinaran laser itu dipesong oleh 3 buah cermin dielektrik
dan kemudian di fokus oleh sebuah kanta ke atas hujung anod di dalam
sistem spark vakum itu (Raj. 5). Bahagian tenaga laser yang hilang selepas
melalui cermin~cermin dan kanta adalah tidak melebihi 10%. Dalam operasi
biasa tenaga 1.5 J dikeluarkan oleh laser itu dalam selang masa 50 ns.
Kuasa yang kami dapat di hujung anod ialah 27 MW. Gari§pusat bintik laser
yang terdapat di atas anod pun telah diukur dan panjangnya adalah lebih-
kurang 1.0 mm. Ini bermakna bahawa irradiance laser itu adalah sebanyak
3.4 x IO9 W/cmz. Irradiance laser seperti ini adalah cukup untuk
menghasilkan satu plasma dengan ketumpatan elektron yang tinggi (21018 cm~3)
dan suhu setinggi beberapa ev ®. Apabila nyahcas yang berarus besar berlaku

dalam plasma ini, plasma yang amat panas dan rapat dengan Te = 4 - 8 kev’

21 . . . . .
dan Ne = 10 cm 3 pun akan terhasil. Garispusat plasma ini adalah lebih

kurang 50 um.

Kesimpulan

Ciri-ciri operasi sebuah laser delima denyutan sistem JK2000 telah
ditinjau dan diperiksakan dengan rujukan kepada kesesuainnya sebagai alat

untuk pengukuran plasma dan sebagai sumber pemanasan plasma.
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Etalon-dalam~rongga

Lampu~kilat
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L
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]
- — — —' _|Barapng Delima| __:__:_._ B U ARG M / R
| ] /
{ ! /4
. g - 1
Cermlin Lampu—kilat PengUtub Sel-Pockel Cermin
Keluaran
Belakang

Bukaan Kecil

Raj.l: Susunan komponen—komponen di dalam sistem laser delima.

(a) (b)
(20 us/div.) (2.0 us/div.)

Raj.2: (a)Keluaran laser delima Q-tetap.

(b)Mas? pembukaan sel-Pockel(atas) dan denyutan gergasi laser
delima(bawah).
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(a) (b)

Raj. 3: (a) Denyutan laser delima secara Q-suis
(b) Denyutan terpotong (chopped pulse)

(a) (b)

Raj. 4: (a) Tanda terbakar oleh laser delima di atas kertas
foto jenis Polaroid 667 dalam operasi berbilang
mod. )

(b) Yang sama dengan operasi mod-tunggal.
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Cermin 3 \\\\ﬁermin 2

Y AN
. Laser Delima
-z?=_Kanta Cermin 1 < JK2000
IEIKatod
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' ‘l +
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Raj.5: Susunan sistem spark vakum yang menggunakan laser delima untuk
memulakan nyahcas.

Voltan (kV) 2.10 2.15 2.20 2.25 2.30
Tempoh (us) 85 70 60 55 50
Jadual 1: Perubahan tempoh denyutan laser delima dengan voltan nyahcas

lampu-kilat.
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HIGH DENSITY HIGH TEMPERATURE PLASMA PRODUCTION

IN FAST Z-PINCHES

p. F. M. Baldock, A. E. Dangor, M. B. Favre Dominguez,
D. Grimsley, J. D. Hares, E. Rahan, S. Lee*

The Blackett Laboratory

Imperial College of Science and Technology
London SW7 2BZ, U.K.

Experiments in two Z-pinch devices are being conducted at
Imperial College. The drivers for both pinches are characterised
by a very fast current rise time (10 - 30 nsec) obtained by the
use of pulse charged and switched water transmission lines.

The smaller device, a laser-initiated gas-embedded pinch,
produces a radially stable plasma of radius 100 - 400 uym and
density 2 x 1019 to lOéo cm” 3. The current (50 kA), with the
Bennett relation, give a temperature of 600 - 100 eV. Radial
equilibrium is obtained during current rise where tﬁe increase in
plasma pressure due to Joule heating is balanced by an iﬁcreasing
magnetic pressure.

In the high current device (I ~ 130 kA) a high density high
temperature plasma is produced by the shock compression of a
hydrogen or argon gas column. A magnetic piston forms and
detaches from the pinch tube (initial radius ~ 1 cm) which drives
the plasma to a final radius of ly - % of the initial radius with
argon pinching more than hydrogen, as expected.

X-ray and optical measurements indicate a temperature of a
few hundred eV and a density of 10!8 cm™3. No gross instabilities
are observed within the duration of the current pulse. This
corresponds to several radial Alfven transit times.

It is envisaged,that.thewequilibpLumvpiasmaﬂbewdgiven—to_mwww

higher density by a subseguent adiabatic compression phase.

i

*Darmanaent address: fmiversiti Malava, Kualae Lumpur.
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MICROCOMPUTER IMPLEMENTATION OF
MAGNETOHYDRODYNAMIC COMPUTATION INCLUDING
REAL GAS EFFECTS

S. Lee FIPM
Jabatan Fizik Universiti Malaya, Kuala Lumpur 22-11. .

Abstract

Computationsfor the trajectories of electromagnetically compressed gas columns, incorporating
real gas effects, are of sufficient complexity to warrant full-scale codes with computer centre facilities.
We demonstrate that majef” parts of such codes may be run,with improvement, on-a low-cost micro-
computer. A modularapproach is proposed to implement the full code. Such an approach has the
advantage of greafer control over the physics of the problem resulting in a better model for each
module and herce also a better over-all code, -

Introduction

e role and use of microcomputers (a) in teachjngl’2 and (b) for interfacing to
ents>** has recently been discussed in the Malaysian physics scene. It is proposed
onstrate here that this role may be widened to include the use of the micro-
computer in the implementation of large computer packages, or codes, traditionally the
preserve of fullsize facilities in computer centres. The microcomputers referred to here
are from 16K to 48K in capacity and may cost from below 1000 to 3000 Malaysian
Ringgits. It is this very low cost that has made inevitable the introduction of such
‘personal’ or ‘home’ machines into many 'areas of scientific activity including the imple-
mentation of large codes, especially in applied physics computations.

We begin by reviewing briefly the computations that we have made earlier using
computer centre facilities on radial magnetohydrodynamic flows® with the incorporation
of real gas effects®. The basis of these computations is an equation of motion describing
an inward imploding snow-plow type plasma. To avoid the non-physical situation of the
plasma piling up on-axis with infinite density a retarding force term due to the kinetic
pressure was included. But the method of obtaining structure was not self-consistent,
although results could be adjusted to fit experiments or to agree with the final radius
as predicted by a self-consistent energy balance model’. When argon is used as the test
gas all 19 species, from atomic argon to the 18th-ionized argon, have to be considered
in the high temperature compression®. Such a computation involves storage and
generation of energy levels and summation for partition functions and excitation energies
and large codes are routinely stored in several computer centres.

We have recently taken a renewed interest in these computations and found that
improved control over the physics in our own code is vital in order to make our compu-
tations realistic as well as self-consistent. To this end we have used a microcomputer for
the implementation of the improved code. Because of the ready access to the micro-
computer, numerical experiments could be performed at any time resulting in good
continuity in the development of the flow model. The result is an elegant self-consistent
model covering both the axial and radial phase of a plasma focus. This will form module
I of the code. Further modules will be required for the inclusion of the real gas effects
for argon flow.
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Module I The flow model for an ideal gas
The following model is developed for a coaxial system with a plasma-focus
geometry. In this model the plasma heating is achieved in two phases as depicted in Fig.
la and Fig. 1b. In the first axial phase an axisymmetric current sheet is propelled from
z = 0 (Fig. 1a) to z =2z, by theJ x B force (J = radial current density in the current sheet
and B = azimuthal magnetic field due to J). This current is discharged from a capacitor
Co charged to voltage ¥,. The circuit inductance is depicted as Z,. When the current
sheet reaches z,, a radial compression starts, This radial compression has an initial length
= 0 and initial radius r = a. In each phase the dynamics is described by appropriate
equations of motion and the current is computed from a circuit equation. The equations
of motion contain the current / through the magnetic pressure term whilst the circuit
equation contains the variable z, for the axial phase, and the variables r and Zp for the

radial phase, through the plasma inductance. In this way the plasma dynaxmcs and the
electric current are coupled.

Axial phase
In the axial phase, an infinitesimally thin snowplough model is used. The equation
of motion is:

d dz u12 b
Gr Lo @ -y zgr | = (en ) W
The circuit equation is:
; dI u b, ,dz I[
-.-— 2 T - Zy 7L = —
[Lo (n )z | tog n—)y I = ¥, o R 2)

where py = ambient gas density and the inductance of the coaxial tube is taken as
M b
@)z
The following normalization procedure is adopted:
=z/z,, =tt, i=Ill,
where .t _'(Lo CO)— and 10 Vo/(Lo/Co) 2

The normalized equations are

d? . ’ |
Motion: T4 = it - (K ®)
. di dr— B
Cireuit : - = [1=fidr—pi %10, g @
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with o = tc/ta and t isthe characteristic axial run-down time

1

]

4n? (b — a?)po 2o
u(Qn/b/a) Iy?

ta::[

The parameter a is then an essential scaling factor. The parameter 8 = [—2“—7—7— ® n—f:—)zo 1/Lo

is a second essential scaling factor. The starting conditions are:

- =g 4f azg
= 0, = 0’ = _ = s

T § r 0, e indefinite,
_ di _

i=0 g7 =1

Radial Compression phase

In the radial compression, a finite-thickness slug model is used. The position of the
front of the slug which is a shock front is designated as r, and the position of the rear of
the slug which is the magnetic piston is designated r_. The position T is obtained through

shock-jump equations and by linking the shock pressure to the magnetic pressure. This
gives:

dr I L
5. 20 v+ 1)T2 1
dr - U (r+1] arr, ©)

where v is the specific heat ratio. The piston position is then allowed to separate from the
shock position by an adiabatic rule®, resulting in:

2 r r? 1 r? dz
o dr T Tyl (- y =1L (6)
p _ v+l rp dr vi p 27 dt v+l r? dr

p p
=Dy + A @r)

[t is noted here that the length of the imploding column, 2, is allowed to increase

in a self-consistent manner by coupling the axial shock front of the imploding column
dz d
|

= ar . The circuit equation may then be

to the plasma pressure. Thus:

written as:
dz
nooob n b al ;B gy 2y
(Lot 5r@n )z + o7 Wn o)z g v g ()

d JIdt
i Zf rp = VO - C (7)

w7, dr

The following normalization procedure is adopted.

) , =Z e, i=lfly, 7=t

$

41-3



200

The normalized equations are then:

dk
shock motion: ) de = aaif Kp (8)
dk .
piston motion: P = )
dr
2 2
2 _Ki .sz _ 1 _K_p(l___xs_.)di ( 1 ‘_K_l_’(_x_s)fiﬁ
(531 X a7 y i k 2 7dr T 7+1)§f k20 dr
p p P
=Dy + (f7) (/% )?
circuit: _
B K, di Bk, oAb g i dk _
Web=F G g - @ ar TF k@ o
10)
d§f sz (
axial shock: pra an

where ¢ = bja.

The additional parameters are:

1
[(v+1)(c* - D] ? F/2kne

&y

8,

U

B/enc, and F =zy/a

The radial compression phase starts when the axial phase reaches 7 = |; at which
time,
TTTe g Lok, =1 g
The compression ends when k. =0.

= 0.

Integration

To start the numerical integration from + = 0 for the axial phase, an estimated
) s

value for - at 7= 0 has to be made. This was done by a trjal-and-error method

dr?

checking for maximum numerical stability and rapid convergence of solution. A value
of ~0.02, typically, was found to be suitable. The transition from the axial to radial
phase was problem-free. The actual integration for ¢, 7, Koo K §f was done by a linear
approximation method; though of course a Runge-Kutta method would be an easy
improvement,

This procedure for the complete module I was implemented on a Sinclair Spectrum
48K microcomputer in the BASIC language. The program also runs well on other micro-
computers such as the Apple. Some resulis for an ideal gas with a fixed v of 5/3 are
shown in Figs. 2 and 3. The final radius ratio of 0.16 compares with a value of 0.14
based on an independent energy balance model”. Computation with a variable v to take
into account real gas compressibility is in progress. This will take the form of three
separate modules,
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Modules for inclusion of real gas effects

The three modules to be developed will computé the partition functions and
excitation energies with the input being atomic energy levels from standard tables supple-
mented by iso-electronic estimates and the outputs in the form of polynomials or in a
form suitable for interpolation.

Thus the partition functions may be conveniently stored as a set of coefficients.
The same procedure would bé adopted to store the excitation energies.

For the next module, the partition functions are used to compute the ionization
fractions from the Saha equations, again these being output in polynomial form.

The next module will use the ionization fractions and the excitation energies
to compute values of 7, resulting finally in a polynomial or several polynomials describing
v as a function of temperature. These polynomial may then be used in module I to
provide a suitable value of 7y at each step of the trajectory integration,; the temperature at
each point of the trajectory being known from the shock speed.

Conclusion

Computations for the trajectories of compressed gas columns, with real gas effects,
are of sufficient complexity to warrant fullscale codes in various computer centres. We
have demonstrated that major parts of such codes may also be adequately run using a
low-cost microcomputer. Indeed, because of the full access and control that an operator
has over a microcomputer it was found that a continuous approach could be adopted
with immediate and unlimited turn-round. This has resulted in a greatly improved model
from the physics point of view. Using a modular computation approach the control over
the physics of the problem is greatly enhanced and .we expect to be able to implement a
major code completely, and with advantage, on a microcomputer.
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Energy Balance and the Radius of Electromagnetically Pinched Plasma Columns*

(Received 30 July 1982; and in revised form 15 October 1982)

Abstract—A general model is adopted with the magnetic piston perfectly coupled to the imploding plasma.
The work done by the piston in moving from initial radius r, to equilibrium radius r, is equated to the
enthalpy of the plasma column atr,. This, together with pressure balance, suffices to produce an expression
for the pinch ratio dependent only on 7, the specific heat ratio of the pinched plasma. For a constant
current, constant length pinch with y = 5/3 a pinch ratio of 0.29 is predicted. For the pinch phase of a
y = 5/3 plasma focus treated as a constant current pinch having a length which increases ‘with decreasing
radius, a pinch ratio of 0.14 is predicted. These compare well with experimentally observed values.

1. INTRODUCTION

ELECTROMAGNETICALLY pinched columns of plasma find numerous applications, for example, as spectro-
scopic, X-ray and neutron sources, and for fusion studies. In the design of devices for these applications
the radius of the plasma column is often an important parameter. For a dynamically compressed pinch
it is convenient to separate the discussion of the dynamic compression phase with its predominant electro-
magnetic mechanism {rom the subsequent quasi-static phase when the pinch column is governed by Joule
heating competing with energy losses through radiation and end-electrode effects (HAINES, 1981).

The classical treatment for the dynamic phase is a snow-plough model which leads to a zero radius
column. A modified snow-plough model incorporating a retarding kinetic pressure term has been used
to derive a finite radius for the plasma focus pinch column (LEE and CHEN, 1975). POTTER (1978) has used
a stug mode! with a slug of plasma imploding inwards between a shock front and a driving magnetic
piston. The plasma pressure, assumed uniform, is governed by the shock speed and matched to the magnetic
piston pressure. The adiabatic law is used to relate the shock and piston positions. The piston comes
to rest as the shock front implodes on axis. With a constant driving current the pinch ratio of the equilibrium

column is derived to be:
{7 3D
o y+1

where r, is the wall radius and y the specific heat ratio.

These and other models proposed in the literature all employ specific assumptions to obtain the radius
and it has not been realised that the radius of the electromagnetically compressed pinch is in fact
determined once energy and pressure balance are applied. Such an energy method is simple and general
and may be used, with littie modification, for all electromagnetic pinch devices including the classical linear
pinch, the hollow pinch and the plasma focus.

2. THEORY

The following general model is used. To form an axisymmetrically pinched cylindrical plasma column
it is necessary that the current, I, starts flowing axisymmetrically at a position defined by rq (see Fig. 1a).
The current must be suitably large so that interacting with its azimuthal self magnetic field, B, it implodes
inwards, sweeping up ahead of it all the mass it encounters. No specific distribution of the mass need
be assumed although for the sweeping-up action to be complete the plasma must have a sufficiently high
electrical conductivity. In practice this requirement is generally met since implosion Mach numbers typically
exceed 100 in these devices creating a plasma with high temperature and high electrical conductivity. In
such an implosion a compressed column of plasma bounded by the current sheath must eventually be
formed. As the compression proceeds further the energy per unit volume must eventually become sufficiently
high to slow down the magnetic piston enabling the temperature and density to move towards uniform

values as the piston comes to stop at position r,, with the plasma also stationary.

* This work was partly done whilst the author wason sabbatical leave at the Blackett Laboratory, Imperial
College of Science and Technology, London SW7 2BZ, UK.
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F1g, I.—-Comparison of linear Z-pinch and plasma focus pinch. {a) Linear Z-pinch; (b) Plasrma
focus pinch.

We consider the energy balance between the initial state and the final state with the pision at ry and
7, Tespectively. Such a consideration is applicable whether the compression is wholly adiabatic or partly
influenced by shock waves and refiected shock waves. It is applicable even if the current sheath rebounds
and oscillates. Experimentally it has been observed that under some conditions the plasma column
undergoes osciflations in radius before settling down to a quasi-static column. In such a case it would
be reasonable to assign the position 7, to the radius of the guasi-static column.

The magnetic piston, or current sheath, exerts a magnetic pressure 2, = B%/2;, where the azimuthal
induction B = uf/2nr. f is the current flowing through the plasma-magnetic field boundary at instantaneons
radius r.

3 CONSTANT CURRENT, CONSTANT LENGTH PINCH
For this case ilie work done by the magnetic piston in driving from r, to r, is
[ rr” pll?

idr - e
er P, 2nrid Jr,, o dr

.~

where | is the consiant tength of the pinch column.
Expressing this a5 W, the work done per unit mass of the plasma column in the final state at v, gives:

12 \
W= #—Zzn(—”; 2
dncpr} ro/

where p is the pinch density in the final state at o
The equation of siate is P = MRo/M)T, so that the plasma enthalpy per unit mass # = (Pip)[ysty — D
in the final state may be wriiten as

)
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studies {L5E, 1981) an empirical relationship between instantznecus length | and radius » may be writien as:

(2 Yo g

where 7o, the radius of the inner clectrode may also be considered to be the iritial radius of the focus
pinch.

The work done by the whole current sheath in moving from ro 10 7, is as given in equation (1) but
for this case { is 2 function of r as given in equation (9).

The work done per unit mass of the pinched plasma is:

pl? ro r v
W= J,_z( o Mo {1-"2)| (10)
4dntpro\ro—7, r, ro/ |
Equating % with & given in {3) gives the pinch iemperature as:
1* F T r M [y-—1
pe 2 (o Nlple () |20 (1)
Antpr \ro—7p T, o Roz\ b4

Combining {11) with {7} gives:
AN r, y
n{=j={1—-——}+———1} 12)
(79) ( To)l: Ay~ 1)] 4

1n<:—°) - 2.25(1 ~;ﬂ> (13)
P 0,

For the case y = 3/%

this gives a focus pinch ratio of 0.14.

6. EXPERIMENTAL OBSERVATIONS

For the consiant current pinch the pinch ratio predicted by the above theory has already been discussed
in Section 3 with published results of the Imperial College Mark II Z-pinch.

For the typical piasma focus it is often difficult to identify a stable pinch phase wizer the plasma column
is sufficiently uniform in radius and the structure is sufficiently steady to be considered as being in quasi-static
equilibrium.

The steady pinch phase usuaily constitutes only a very transient phase leading to a violent pinch dis-
assembly phase during which most of the fusion neutrons are produced. However, shadowgrams taken
of the Frascati 1M J Plasma Focus (BiLBAo er al., 1980) operated at 25 kV 4 torr deuterium have shown
a uniform column stable for 50 ns before the violent pinch brezk-up. Their results indicate a pinch ratio
of 0.1.

With the Universiti Malaya Dense Plasma Focus, UMDPF, facility (CHow ei al, 1972} experiments
have been performed with a pinch current sufficiently low to avoid the violent pinch disassembly phase
(LeE and TaN, 1975). The device was operated at 0.2 torr deuterium and at the peak of a sinusoidal current
which was effectively constant over the lime-scale of the pinch. Streak photographs were taken with a
slit positioned 3 mm off the end of the anode in a direction perpendicular to the axis of the anode. These
show a stable and uniform pinch cotumn lasting for up to 500 ns. A typical streak phoiograph is shown
in Fig. 2 with r, = 2 cm and pinch current I constani ai 80 kA. The pinch ratio is measured as 0.13 which
compares with a value of 0.14 from equation {13).

1t may be further remarked that the long lifetime of the siable column seems io indicate a stability
enhancement factor (CHoi ei al., 1978) in excess of 10, this could indicate finite Larmor radius (fLr) stabiliza-
tion (HaINES, 1981}, a¢ with a line density of 10'% m~"* the UMDPF pinch had a Larmor radius to pinch
radius ratio of 0.26.

Finally, experiments with argon have been performed at imperial Coliege (BALDOCK et al., 1982) and
in the UMDPF pinch. In these experiments the argon pinch ratios were observed to be considerably smaller
than the corresponding pinch ratios in hydrogen or deuterium. This isin qualitative agreement with equations
{8) and (12) since for freely ionizing argon y is less than 5/3, resuliing in smaller pinck ratios when compared
with a v = 5/3 gas.
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where T, z and y are respectively the temperature, the departure coefficient and the effective specific heat
ratio of the plasma in the final state and Ry and M are respectively the universal gas constant and the
molecular weight of the ambient gas.

For energy balance we now assume that W is converted into h without loss. Thus:

R ¥ 2 r
=2 Tz S = “IT‘—Z In 2 B (4)
M y—1 dnpr; r,

This gives a pinch temperature of

12 [ro\ M [y—1
RN ) R kil | (5)
4ncpr, r,) Roz b4
We may also obtain independently another equation for the pinch temperature by equating the magnetic
pressure P, at r, to the plasma pressure exerted by the plasma column in the final state. Thus:

212 R
_._~‘2 3 = p—o Tz (6)
4ntro(2u) M
and
r M
r=A 2 M
8rlpri Roz

From equations (5) and (7) we obtain the pinch ratio as:

T ~y o
P Pl ®

From this equation in the limit v =1, corresponding to an infinite number of degrees of freedom for
the pinched gas, the pinch ratio is zero as expected. For y = 5/3 corresponding to an ideal gas, or, in
practice, a fully ionized gas with 3 degrees of freedom, the pinch ratio according to (8) is 0.29, compared
to a value of 0.31 from Potter’s slug model. Experimentally a pinch ratio of about 1/3 has been observed
in the Imperial College Mark II Z-pinch operated essentially as a constant current, constant length y = 5/3
pinch (HaiNgs, 1981; Cuor et al., 1978).

The difference in the pinch ratio computed here and Potter’s pinch ratio is due to the non-uniform
temperature vs radius profile implicit in his slug model. The enthalpy equation (3) applied to Potter’s column
would contain an integral of the temperature across the column. Such an integral could be considered,
where necessary, to result in a correction factor to the enthalpy equation, but would not be discussed
further here.

Since the above derivation depends only on energy and pressure balance it is readily adaptable to the
discussion of pinches such as the classical pinch with sinusoidal current and the pinch phase of the plasma
focus, which may be regarded as a pinch of non-constant length.

4. PINCH DRIVEN BY SINUSOIDAL CURRENT

For this case the pinch current may rise from a few kA at ry to tens of kA or greater at r,. In this
case in equation (1) the constant current I has to be replaced by I sin wt, where the time ¢ and the radius
r need to be related by an equation so that (1) may be integrated. The integration results in the same
expression for W as in (2) except that I has to be replaced by a factor JI, where fis a factor less than
unity. The resultant pinch ratio is considerably reduced. This agrees with experimental observations in
classical pinches where y = 5/3 pinch ratios are observed to be considerably less than 0.3.

5. PINCH PHASE OF THE PLASMA FOCUS
In a plasma focus (see Fig. 1b) as the current sheath sweeps around the anode into the start of the radial
pinch phase its length may be considered as zero. As the pinching progresses the length of the column
increases with decreasing radius until 2 maximum value of 1, 1s attained at radius r,- From shadowgraphic
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7. CONCLUSIGN

It is shown that by equating the plasma enthalpy in the stationary pinck column 10 the work done
by the magnetic pision an expression for the pinch ratio of a constant curreni, constant length pinch ig
obtained, dependent only on the specific heas ratio, y, of the pinched plasma. For 5 — 5/3 the theory predicts
a pinch ratic of 0,29, This compares with published experimental resuits of the Imperial College Mark
11 Z-pinch with a hydrogen pinch ratio of abous 1/3. .

The theory is applied 1o the pinch phase of the plasma focus, treated as a constant curreni pinch but
with a column length which increases with decreasing radius. A pinch ratio 0f9.14 is obtained for a y=5/3
gas. The UMDPF facility has been operated with a low constang pinch current to produce a stable pinch
in a plasma focus configuration withoui the characterisiic violent pinch disassembly phase. A stable
deuterium column has been observed on streak photographs. The pinch ratic was measured to be 0.13.

Thus it appears that the radiug of an electromagnetically pinched column may be adequately estimated
simply from energy and pressure balance. Such a simple procedure shouid be particularly usefui for designers
of devices utilizing electromagneticaily pinched plasma columns,

Acknowledgement— The author is grateful ic Professor M. G. HAINES for valuabie discussions in connection
with this paper.
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Observation of radial equilibrium and transition
to a helix of a gas-embedded Z pinch
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A laser-initiated, gas-embedded Z pinch is operated with a preheat current which adjusts the
plasma parameters by Joule heating and expansion so that when the main current is injected,
the plasma core is heated under conditions of pressure balance. This results in a pinch which
has a constant radius during the time of current rise. The pinch is stable during this time and
thereafter undergoes a rapid transformation into a radially expanding helical structure. The
growth time and wavelength of the instability is in good agreement with the theoretical predic-
tions of the m = 1 magnetohydrodynamic instability.

It is well known'™® that in a Joule-heated pinch it is
necessary to have a particular rate of current rise [ to
maintain the pinch in radial equilibrium. In the
laser-initiated, gas-embedded Z-pinch experiment re-
ported by Jones et al.* the pinch, powered by a
source with an fof 10'2 As™, was found to expand
radially over the whole duration of the current. Us-
ing a source with an [of 5 X 10'2 As”!, we have ob-
served a similar expansion. Here we report on a
laser-initiated gas-embedded pinch in which a preheat
current is used to raise the temperature whilst lower-
ing the density by expansion, so that when the main
current is injected, the pinch is heated under condi-
tions of pressure balance. The pinch maintains a
constant radius during the time of current rise. No
instabilities are observed during this time. At the
end of the current rise, the pinch becomes
transformed into a helical structure similar to that re-

LASER

AMPLIFIER

1

ported by Smirs. The structure expands radially but
does not break up catastrophically. :

A schematic diagram of the apparatus is shown in
Fig. 1. The 200-kV, 0.125-uF Marx bank pulse
charges a 3-Q, 50-ns coaxial water line. This is con-
nected via a water gap, shunted by a 250-( resistor,
to a matched 10-ns transfer line and then to the Z-
pinch assembly. The pinch electrode separation is §
cm. A pulsed ruby laser beam (1 J, full width at half
maximum, 30 ns) is focused axially through a hole in
the earth electrode onto the live negative electrode.
The pinch chamber can be evacuated and pressurized
up to 2 atm. Hydrogen is used in the experiments
reported here. ,

The shunt resistor across the water gap enables
operation of the pinch with a preheat current. Its
value is chosen so that, during the pulse charging
from the Marx bank, the transfer line is charged to a

RUBY
LASER

MARX

BANK (CAXIAL LLNE

TRANSFER
LINE

WATER GAP PLNCH

] CHAMBER

STREAK
CAMERA

FIG. 1. Schematic diagram of the apparatus.
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voltage of one-tenth that of the coaxial line. Thus,
when the laser is fired, a predischarge, powered by
the transfer line acting as a capacitor, is initiated
between the elecirodes. The predischarge has a ring-
ing period of 80 ns and a maximum current of 6 kA.
The water gap is adjusted to overvolt during the
predischarge such that the main current, produced by
discharge of the coaxial line, begins near the end of
the first half-cycle of the predischarge. A main_ .
current of up to 50 kA with a maximum / or 5% 1012
A 57! can be generated .

The condition nccessary to mamtam the pmch in
radial equilibrium, derived in Refs _‘1—._—3, can be ob-.
tained more directly from the gnergy and pressure. :
balance equanons if we assume that, during the time
under consideration, radiation and conduction losses

_have not yet becorpe significant. Thus the energy
balance after integration over the. pinch cross secuon
can be writien as |

m( x szT) —"ff—F ' A
whlch equates the rate of i mcrease of the plasma en-
ergy to the Joule heating. Here k is the Boltzmann
constant, N is the electron or ion line density..

(Z =1), Tis the temperaiure taken io be the same

for electrons and ions, /is the current whxch is as-
sumed to flow uniformly over the cross section of the
pinch, a.is-the radius, and.n is the Spitzer transverse
resistivity. For pressure balance, we use the Bennett

relation .

pof?= 16ﬁNkT

anferennatmg (2) and combmmg wnh Eq ), we
obtam

2)

i/2
f=s55x10"mal_ )
a‘T
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FIG. 2. Streak
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where T'is in eV. This equation specifies the value
of i requ1red io ensure that the magnenc pressure in-
creases af the same raie as the increase in the kinetic
pressure due to Joule heating. The condition for ra-
dial'equilibriﬁm‘_detivcd by Manheimer? reduces to
an identical expression if radiation and coaduction
losses are ignored. Assuming initial plasma condi-
tions of T=1¢eV, N=3x10¥m™ a=10"*m cor-
responding to operation at 1 atm, Eq (3) gives
F=34x 10" A's™', which is much larger than the

. available I With a preheat current we may expect
‘both a and T io, be increased and thus the required J

reduced. ,.
Flgure 2 shows typlcal streak photographs taken

. transvcrscly of the pinch with and without preheat.

PINCH “RADIUS (mm)

(kA

PINCH CURRENT

Without- preheal the pinch is seen to expand continu-
ously; with preheat, the pinch has a constant-radius
phase. The lummosnty before the constant-radius
phase corresponds to the preheat discharge. Similar
results are obtained over the whole pressure range
(0.2 to 2 atm) investigaied. The constant-radius
phase has duration of 40—50 ns at the low pressure
and 5 as at the high pressure. Schlieren observations
of the dlscharge give a column radius which is identi-
cal to that obtamed from the streak photographs.
These observatlons are limited 1o the discharge at 1-
atm hydrogen wnth preheat and without preheat to
the whole pressure range.

Assuming that during this time. the pmch is
governed by the equihbnum Egs. (l) and (2) we
may rewnte the equatnons to

T=36.1 mA"—.i’i-; . N=16x10YT

da*

from which T and N may be inferred taking 7 and i
from the current waveforms and a from the streak

0 80 160 260
{b} tin
A .
V80 160 240
104 \
M \ /
30

photographs and current wave forms at 0.33 aim in hydrogen (a) withous preheai and (b} with preheat.
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TABLE 1. Plasma paramelers calculaied al the end of lhe constant-radius phase.

P (aim) a (mm) T (eV) N (10¥ m™h) n (10" cm™?)
0.20 0.38 52.3 1.0 . 2.1
0.33 0.45 34.6 1.8 2.8
1.00 0.40 19.4 3.2 6.4
1.70 0.45 16.2 3.8 6.1

photographs. Some values calculated at the end of
the constant-radius phase are given in Table I. The
inferred plasma parameters indicate a short electron-
ion equilibration time and a current penetration depth
of the order of the column radius in agreement with
the assumptions made in writing Eq. (1). The table
shows that the temperature decreases with pressure,
which is as expected. The calculated density, howev-
er, is less than the initial density by a factor ranging
from 3 at 0.2 atm to 9 at 1.7 atm. The lower density
is probably due to the main pinch being formed in
the rarefied core of the expanded decaying preheat
discharge. This is supported by the streak photo-
graphs which show that there is an expansion of the
preheat discharge. At the beginning of the main
current the photographs do not show any implosion;
instead, the column expands from a narrow filamen-
tary discharge to its equilibrium radius in a time <5
ns. .

The expansion seen in the streak photographs in

(a)

(b)

FIG. 3. Framing camera pholographs at'0.33 atm in hy-
drogen. Time between frames is (a) 13.3 ns in the upper se-
quence and (b) 3.3 ns in the lower sequence.

Fig. 2 at the end of the constant-radius phase is, in
fact, associated with the transformation of the pinch
into a helix which then expands radially. This can be
seen in Fig. 3 which shows a typical sequence of
framing photographs. The top sequence shows the
preheated column followed by the narrower pinch
with constant radius and then the transition to a heli-
cal structure. The lower sequence shows the radial
expansion of the helical structure with a better time
resolution. At higher pressures the structure is less
well defined. The rapid transition to a helix and the
subsequent radial expansion constitute a large rate of
change of inductance L and hence a large “‘dynamic
resistance”’ in the circuit. Estimates of the value of L
indicate that it may easily exceed the line impedance.
This possibly accounts for the different current
waveforms observed at different gas pressures.

The observed characteristics of the helical instabili-
ty appear to be in good agreement with the calcula-
tions of Felber and Rostocker® for the magnetohydro-
dynamic m =1 instability. At 0.33 atm the ratio of
the pitch of the helix to the column radius is ob-
served to be 4.6. The theoretical prediction for the
fastest growing modes is A/a =4, where A is the
wavelength and a is the radius. The growth time ob-
tained by calculating /7 from the streak photographs
immediately after the constant current phase in-
creases. with pressure being 10 ns at 0.2 atm and 15
ns at 1.7 atm. The theoretical values are 3.5 ns at
the low pressure and 7.4 ns at the high pressure.

The discontinuity in the expansion seen in the streak
photographs is presumably due 10 the onset of non-
linearity and occurs at r/a ~3.36 £0.01 (averaged
over all shots over the whole pressure range), where
r is the major radius of the helix. Nonlinear behavior
is predicted when the perturbation amplitude be-
comes equal to 4a.

It is of interest to note that stabilization due to fin-
ite Larmor radius is predicted for the m =0 mode in
the Z pinch” and for all modes in the 8 pinch.*® In
our experiment the ratio of the ion Larmor radius to
the pinch radius is > 0.1, but w7 <1 for the ions.
Stabilization due to the surrounding gas predicted by
Manheimer et al.'® is presumably not occurring due
to the low density of the surrounding gas caused by
the preheat discharge.
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\pplication of energy balance to compute plasma pinch ratios

S. Lee
Plasma Research Laboratory, Physics Department, University of Malaya, Kuala Lumpur, Malaysia

(Received 24 January 1983; accepted for publication 15 February 1983)

From energy balance the pinch ratio r,/ro (where r, = equilibrium pinch radius and r, =
original radius) may be directly computed for the case of a constant current electromagnetic
pinch. For the case of a varying current, to solve the energy integral requires the current as a
function of the pinch radius. To achieve this an approximate pinch trajectory is first estimated

using a snow-plow model. This trajectory by itself gives a zero pinch ratio but it enables the energy
integral to be performed. The theoretically predicted values of r, /r, for several cases are found to
be in satisfactory agreement with experimental values. This procedure would be useful for

designers of pinch devices.

PACS numbers: 52.55.Ez

The plasma pinch has been established as a classical
device with several practical applications. However, its theo-
retical treatment is far from complete. The standard snow-
plow model leads to a plasma column of zero radius whilst
the Bennett treatment deals with the column as a purely
static situation without relationship with the collapse phase.
The snow-plow model has been modified to include a kinetic
retarding pressure term.! Such a model is capable of giving
equilibrium pinch radius for the plasma focus in agreement
with experimental results. However, the form of the retard-
ing pressure term has not been written in a self-consistent
manner and the trajectory is subject to the adjustment of
parameters, somewhat arbitrarily.

For a self-consistent estimate of pinch radius ratior,/ro
(where r, = equilibrium pinch radius, r, = original radius)
a simple energy balance theory has been suggested.” In this
communication this theory is reviewed and its application to
the computation of radius ratios is demonstrated for the
cases of (1) a constant current, constant length pinch, (2) a
constant current, varying length pinch, and (3) a constant
length, varying current pinch. The results are compared
with experimentally measured values.

We consider the following general model for the pinch.
On initiation the current I flows axisymmetrically in a thin
sheath of radius r, as shown in Fig. l{a). The current acting
as a magnetic piston with field B, then implodes inwards
compressing the plasma sheath which collapses into a col-
umn when the front-running shock wave has imploded onto

the axis. The magnetic piston continues moving inwards un-

til the temperature of the column becomes high enough to
eventually stop the piston motion leading to a quasistatic
column at pinch radius 7,,.

The magnetic piston exerts a magnetic pressure
P, =B%/2u where By = I /2mr. The work done by the
piston in moving from position ryto 7, is

W J @I
prril, Jr, 4T (2u)

2arridr, (1)

per unit mass of the final plasma column. Here, in general I
and pinch length / are functions of r(or time ¢ ) and p, 7, and
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[, are the density, radius, and length of the quasiequilibfiurh o
pinch. "

We write the enthalpy per unit mass of the pinched
plasma as

= R

1 M (2)

3
f

© |~
‘ﬁ
|

Tg —'_L ’
y—1
where P = (Ro/M )T(pis the plasma pressure and 7, {,andy
are the temperature, the departure coefficient, and the spe-
cific heat ratio of the pinched plasma, respectively. Also, Ko
is the universal gas constant and M the molecular weight.
Assume that the work done by the magnetic piston s
completely converted into the enthalpy of the pinched plas-
ma. Thus, we equate Eq. (1) to Eq. (2) and obtain

cathode

b

FIG. 1. Comparison of linear Z pinch and plasma focus pinch: (a) linear:-Z
pinch; {b) plasma focus pinch.
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dr’pril, Ry y ¢ roF
But in its state of quasiequilibrium we may obtain inde-

pendently another equation for the pinch temperature from
pressure balance, P,, = P. Thus,

Y
87TZP",2, Ro ; '
where 7, is the current flowing at the time the quasiequili-

brium pinch is first established. Combining the independent-
ly derived Egs. (3) and (4) we have

~ (3)

(4)

2= ~—_2(7’“”f“121£1l. (5)
v, 2 r

In general the integral in Eq. (5) which we may call the
energy integral may be solved only if 7 and / are known func-
tions of r.

We shall discuss several specific cases.

Case I:For this case I = constant, / = constant, and Eq.
{5) gives the pinch ratio as

o o_ exp{ —;7—] (6)
ro Av—1

For y = 5/3, Eq. (6) predicts r,/ro =0.29. This case has al-
ready been dealt with earlier.?

Case 2:This case, of particular interest to a plasma fo-
cus, is depicted in Fig. 1(b). As discussed earlier? a working
empirical relationship between / and r for the plasma focus
may be written as

/= _1"—— {ro —r).

(ro—r,) .

For y = 5/3, Eq. (5) then gives a value ofr,/ry=0.14.

Case 3a current of form I = Towt: To see the effect of a
changing current on the pinch ratio we consider the case
I = Iwt. This is the case of a pinch which reaches r, very
early in a sinusoidal capacitor discharge. The effect of this
variation in current may be evaluated from Eq. (5)if we have
1% as a function of  so that the integration in Eq. (5) may be
performed. To do this we may use the snow-plow equation:

AL

- ] = — P/, (7)

where k=r/ro, 7=1/1,, 1, = (4mpory /pl 3w?) /2. This
snow-plow model produces a well-known trajectory® which
yields by itself a nonphysical radius ratio of r,/1o=0 at
7= 1.47. However, this approximate trajectory may be used
to give us a relationship between 72 and « in the form

I? = flk) = 2.180 — 0.797x — 1.835 x°

+ 1.081 k* — 0.955 k* + 0.326 «°. (8)
Equation {5) may then be written as
. !
| f(mzz(__y* 1 )f S g )
14 x, K

For ¥ = 5/3, the solution of this equation gives a pinch
ratioof r,/r, = 0.17. We note that in this procedure we have
used an approximate trajectory having a nonphysical final
. pinch ratio of r,/ro =0 to compute a nonzero pinch ratio

3604 J. Appl. Phys., Vol. 54, No. 6, June 1983

based on energy balance.

Case 3b I = I sin wt: In the same manner wemay ¢
sider a current of the form J = Iy sin wt driving the pir
The snow-plow equation of motion would be

d dr

—_ lth_]:_azsiz/,

dr {( ) dr K !
where K=r/roT=1/1,a =1/t =(L,Co)'

= {4 porg /ul 5112,

Solving the trajectory described by this equation of
tion, we fit a polynomial of sin? 7 against « to enable
energy integral to be performed. For y=5/3anda =1,
pinch ratio was found to be r,/ro=10.21.

Comparison—Case I: Published results of the Impe;
College Mark II Z pinch? show that it is a constant leng
pinch driven by a constant 60-kA current lasting 100
With hydrogen at 0.07 Torr as the test gas, the resulti
plasma has y = 5/3 and a pinch ratio from streak pho
graphs of ~1/3 was reported* together with a computatic
predicting a pinch ratio of 0.31. This result has been cc
firmed in an upgraded device® operated with a higher ¢
rent of 150 kA.. Our energy balance theory predicts a pin
ratio of 0.29.

Comparison—Case 2: Published results of the Univer,
ty of Malaya Dense Plasma Focus (UMDPFI) indicates th
for a variable length pinch imploding at approximately co
stant current in deuterium with ¥ = 5/3 a pinch ratio of 0.
was observed from early streak photographs.? Recent las

FIG. 2. Side on laser shadowgraph of a 20-kV 60 uF, 4-Torr deuterivn
plasma focus, showing a pinch ratio r,/rg~0.13.

S. Lee 360«



"ABLE 1. Pinch ratios r, /ry for y == 5.3.

Energy
balance Experimental
theory observations
Case | constant /, constant J 0.29 ~1/3"
Jase 2 variable /, constant / 0.14 0.13
Case 3a  constant /, [ = Jw! 0.17 S
lase 3b  constant /, ] = [, sin wt 0.21 0.23¢

{mperial College.*
UMDPF1L.*’
Bodin et al®

shadowgraphs’ of which a sequence is reproduced in Fig. 2
1ave confirmed this radius for the UMDPFI. The energy
»alance theory predicts a pinch ratio of 0.14.
Comparison—Case 3: Many pinch studies made in the
:arly 1960’s are of the type in which the current may be
ipproximated as sinusoidal. For example, Bodin et al.® had
rajectories in hydrogen which indicate that for an operating
>ondition close to a = 1, a pinch ratio of 0.23 was observed.
This compares with a theoretical value of 0.21 from the ener-
zy balance theory for a sinusoidal drive current. It should be
1oted that in Bodin’s pinch the current waveform was dis-
:orted by the pinch motion so that at the expected peak cur-
rent time of 1.1 us the current was depressed below its ex-
pected peak value. If this effect were included in the energy
»alance computation, for example, by coupling the current
to the plasma motion through a circuit equation, a pinch

3605 J. Appl. Phys,, Vot

ratio greater than 0.21 may be expected from the energy
balance.

The results of the above computation based on energy
balance are summarized in Table I, with some comparison
experimental results.

It would appear that a procedure based on energy ba-
lance may be applied to obtain practical estimates on radius
ratios for different classes of electromagnetically com-
pressed plasma pinches. In this paper the case of ¥ = 5/3
only has been elaborated upon. Equation {6) however pre-
dicts lower radius ratios for plasmas having values of ¥ less
than 5/3. This agrees with experimental results in argon®*
and nitrogen.® : :
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