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ABSTRACT

The Lee Model code is a very powerful and convenient numerical
experiment facility. This thesis analysed 44 Mather-type plasma focus (PF)
machines operating in Deuterium, Neon and Argon; obtaining reasonably good fits
for all machines so that realistic PF properties are computed and presented. Even the
Speed-2 PF machine which uses a Marx bank is reasonably modelled and analysed.
Also for Filippov-type PF machines, the computed current traces could be fitted to

the measured only up to about half of the rising current trace.

For optimised low-inductance Type-1 machines (typically those in the region
of or below 50 nH) the Lee Model 5-phase code is sufficient to fit the measured
current traces. Those not properly time-matched may require the Lee Model 6-
phase code to complete the fitting of the extended parts of the measured current dip.
Type-2 high inductance machines (typically those above 100 nH) require the Lee
Model 6-phase code even for optimised condition. The Lee Model 5-phase code is
used to start the analysis of a machine, and when necessary proceeds to use the Lee
Model 6-phase code to complete the fitting of any extended current dip. The code is
found useful for testing whether machines are optimised or not. This has been the
case of the India-Assam PF machine with electrodes designed to work in a different
energy range. The code also assists in guiding the experimental process towards
optimised operation as was the case for NX3. In analyzing radiation yields, it is
found that the computed optimised neutron yield agrees with the measured
maximum yield (difference between computed and measured being a factor about
3); the computed and available measured neon SXR yields agree in both optimised
yields as well as yield versus pressure curves. Data from the machines studied was
combined with that from existing machines to obtain neutron, Ne lines and Ar all-

lines scaling laws.

One final observation is that, the Slow Focus Mode (SFM) is encountered at
the highest pressure at which a pinch just occurs. This SFM produces a much larger
pinch cross-section which may be a desirable property for deposition of advanced

materials and nano-materials.
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plasma focus machine with respect to pressure when

capacitor is charged to 29kV in deuterium gas.
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Variation of computed and measured neutron yield in PF50
plasma focus machine with respect to pressure when
capacitor is charged to 25kV in deuterium gas.

The measured current waveform of INDIA-BARC Plasma
Focus 1 machine at 4.2 kV, 1.2 Torr hydrogen gas compared
with Lee Model -6-phase code computed current waveform.
The measured current waveform of INDIA-BARC Plasma
Focus 1 machine at 4.3 kV, 1.2 Torr deuterium gas compared
with Lee Model 6-phase code computed current waveform.
Variation of computed neutron yield with respect to pressure
operating at 4.3 kV in deuterium for INDIA-BARC PF1.
The picture of the system used in Alameda Applied Sciences
Corporation system which is taken from Figure 1, page 4 of
reference [107].

The measured current waveform of AASC Plasma Focus
machine at 4 kV, 2.9 Torr deuterium gas compared with Lee
Model 6-phase code computed current.

Variation of computed neutron yield with respect to pressure
operating at 14 kV in deuterium for AASC Plasma Focus
machine.

Picture of Argentina Nano focus machine taken from Figure
5, page 79 of 1'eférence [28].

The measured current waveform of Argentina Nano Focus
machine at 16 kV, 1.5 Torr deuterium gas compared with
Lee Model 5-phase code computed current waveform.
Computed tube voltage versus time for Argentina Nano
Focus machine at 16kV, 1.5 Torr deuterium.

Computed inductance variation with time for Argentina

Nano Focus machine at 16kV, 1.5 Torr deuterium.
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Variation of computed neutron yield with respect to pressure
operating at 16 kV in deuterium for Argentina Nano Focus
machine.

Schematic of Composite anode geometry used in FMPF-1
The measured current waveform of FMPF-1 Plasma Focus
machine at 12kV, 2.25 Torr deuterium gas compared with
Lee Model 5-phase code computed current waveform.
Variation of computed and experimental neutron yield with
respect to pressure operating at 12 kV in deuterium for
FMPF-1 Plasma Focus machine.

Photograph of India’s smallest sealed- type Plasma Focus
machine which was obtained from Figure 2, page 026104-2
of reference [108].

The measured current waveform of India’s smallest sealed
Plasma Focus machine at 10 kV, 6.0 Torr deuterium gas
compared with Lee Model 6-phase code computed current
waveform.

Variation of computed neutron yield with respect to pressure
operating at 10 kV in deuterium for India’s smallest sealed
Plasma Focus machine.

Neutron yield variation with shot number and with days,
taken from Figuré 4, page 026104-3 of reference [98].
Measured current waveform of PF400 Plasma Focus
machine at 28kV, 6.6 Torr deuterium gas compared with Lee
Model 5-phase code computed current waveform.

Variation of computed and experimental neutron yield with
respect to pressure operating at 2.8 kV in deuterium for
PF400 Plasma Focus machine.

Computed PF400 radial start time and time to peak current

VErsus pressure.
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Measured Pinch time (@ ) and time to peak current vs filling
pressure (4 )taken from Figure 2, page 3270 of reference
[26]

Variation of computed and experimental soft X-ray yield
with respect to pressure operating at 10 kV in neon for NX1
Plasma Focus machine with anode length of 4.5cm.

The measured current waveform of NX1 Plasma Focus
machine at 10kV, 3.0 Torr neon gas, with anode length of
4.5cm compared with Lee Model 6-phase code computed
current waveform.

The measured current waveform of NX1 Plasma Focus
machine at 14kV, 11.0 Torr neon gas, with anode length of
5.4cm compared with Lee Model 5-phase code computed
current.

Variation of computed and experimental soft X-ray yield
with respect to pressure operating at 14 kV in neon for NX1
Plasma Focus machine with anode length of 5.4cm.
Variation of computed and experimental focus time with
respect to pressure operating at 14 kV in neon for NX1
Plasma Focus machine with anode length of 5.4cm.
Variation of computed and experimental axial speed with
respect to pressur.e operating at 14 kV in neon for NX1
Plasma Focus machine with anode length of 5.4cm.
Measured current waveform of PPRC Plasma Focus machine
at 14.2kV, 0.3 Torr argon gas compared with Lee Model 6-
phase code computed current waveform.

Measured current waveform of PPRC Plasma Focus machine
at 18.5kV, 0.15 Torr argon gas compared with Lee Model 6-

phase code computed current waveform.
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Measured current waveform of PPRC Plasma Focus machine
at 19kV, 0.7 Torr argon gas compared with Lee Model 6-
phase code computed current waveform.

Measured current waveform of PPRC Plasma Focus machine
at 18kV, 0.3 Torr argon gas compared with Lee Model 6-
phase code computed current waveform.

The measured cutrent waveform of KSU-PF2 Plasma Focus
machine at 17kV, 3.0 Torr deuterium gas compared with Lee
Model 6-phase code computed current waveform.

Variation of computed neutron yield with respect to pressure
operating at 17 kV in deuterium for KSU-PF2 Plasma Focus
machine.

The measured current waveform of KSU-PF2 Plasma Focus
machine with 125 nH inductance at 1.125 Torr neon gas
compared with Lee Model 6-phase code computed current
waveform.

Variation of soft X ray yield with respect to pressure
operating at 17 kV in deuterium for KSU-PF2 Plasma Focus
machine

The measured current waveform of Imperial College Plasma
Focus machine at 38kV, 2.62 Torr deuterium gas compared
with Lee Model 5-phase code computed current waveform.
Variation of computed and experimental neutron yield with
respect to pressure operating at 38 kV in deuterium for
Imperial College Plasma Focus machine.

Variation of computed and experimental soft X-ray yield
with respect to pressure operating with an anode length of
5cm, 11 kV in neon for NX2 Plasma Focus machine (C1).
Measured current waveform of NX2 at 11kV, 2.6 Torr neon
gas and anode length of Scm compared with Lee Model 5-

phase code computed current waveform (C1).
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Measured current waveform of NX2 at 11.5kV, 1.5 Torr
neon gas and anode length of 7cm compared with Lee Model
5-phase code computed current waveform (C2).

Variation of computed and experimental soft X-ray yield
with respect to pressure operating with an anode length of
7em, 11.5 kV in neon for NX2 Plasma Focus machine (C2).
Variation of computed and experimental soft X-ray yield
with respect to pressure operating with an anode length of
4cm, 11.5 kV in neon for NX2 Plasma Focus machine (C3).
Measured current waveform of NX2 at 11.5kV, 6.0 Torr
neon gas compared with Lee Model 5-phase code computed
current waveform (C3).

Measured current waveform of NX2-T at 12.5kV, 10.6 Torr
deuterium gas compared with Lee Model 5-phase code
computed current waveform.

Variation of computed and experimental neutron yield with
respect to pressure operating at 12.5 kV in deuterium for
NX2-T Plasma Focus machine.

Measured current waveform of Paco Plasma Focus machine
at 31kV, 1.35 Torr deuterium gas compared with Lee Model
5-phase code computed current waveform.

The computed titﬁe to pinch compared with the experimental
results for Paco Plasma focus machine at 31kV.

Variation of computed neutron yield with respect to pressure
operating at 31 kV in deuterium for Paco Plasma Focus
machine.

Measured current waveform of University of Tehran Plasma
Focus machine at 19kV, 0.375 Torr argon gas compared with

Lee Model 6-phase code computed current waveform (St1).
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Measured current waveform of University of Tehran Plasma
Focus machine at 19kV, 0.375 Torr argon gas compared with
Lee Model 6-phase code computed current waveform (St2).
Measured current waveform of University of Tehran Plasma
Focus machine at 19kV, 0.375 Torr argon gas compared with
Lee Model 6-phase code computed current waveform (St3).
Anomalous resistance of all three shots of University of
Tehran Plasma Focus machine at 19kV, 0.375 Torr argon gas
and averaged values for the three shots.

The variation of axial phase mass factor (if all other factors
are constant) and its effect on axial speed on University of
Tehran Plasma Focus machine at 19kV, 0.375 Torr argon
gas.

The measured current waveform of Montecucolino Plasma
Focus machine at 25kV, 2.0 Torr deuterium gas compared
with Lee Model 5-phase code computed current waveform.
Variation of computed neutron yield with respect to pressure
operating at 25 kV in deuterium for Montecucolino Plasma
Focus machine.

Measured current waveform of DPF 2.2 Plasma Focus
machine at 18kV, 11.0 Torr deuterium gas compared with
Lee Model 6-pha§e code computed current waveform.
Variation of computed and experimental neutron yield with
respect to pressure operating at 18 kV in deuterium for

DPF2.2 Plasma Focus machine.

The measured current waveform of PF12 at 16kV, 3.5 Torr
deuterium gas compared with Lee Model 5-phase code

current waveform.
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Information obtained from Lee Model 5-phase code
configured for PF12 Plasma Focus Machine at 16kV, 3.5
Torr deuterium gas.

The measured current waveform of Amirkabir Plasma Focus
machine at 12 kV, 1.26 Torr argon gas compared compared
with Lee Model -6-phase code computed current waveform.
Variation of computed and experimental optimum pressure
versus capacitor voltage for Amir Kabir Plasma Focus
machine working in argon gas.

Variation of computed and experimental total current at
pinch time versus voltage at optimum pressure for Amir
Kabir Plasma Focus machine working in argon gas.
Variation of computed total line yield with respect to
pressure operating at different voltages in argon for Amir
Kabir Plasma Focus machine.

The measured current waveform of Amirkabir Plasma Focus
machine at 12 kV, 4.5 Torr neon gas compared compared
with Lee Model 6-phase code computed current waveform.
Variation of computed and experimental optimum pressure
versus capacitor voltage for Amir Kabir Plasma Focus
machine working in neon gas.

Variation of combuted and experimental total current at
pinch time versus voltage at optimum pressure for Amir
Kabir Plasma Focus machine working in neon gas.
Variation of computed soft X ray yield with respect to
pressure operating at different voltages in neon for Amir
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Measured current waveform of UNU ICTP PFF machine at
13.5kV, 1.5 Torr argon gas compared with Lee Model 6-

phase code computed current waveform.
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Measured current waveform of UNU ICTP PFF machine at
12kV, 2.0 Torr neon gas compared with Lee Model 6-phase
code computed current waveform.

Measured current waveform of UNU ICTP PFF machine at
14kV, 2.8 Torr neon gas.compared with Lee Model 6-phase
code computed current waveform

Measured current, waveform of UNU ICTP PFF machine at
13.5kV, 3.0 Torr deuterium gas compared with Lee Model 6-
phase code computed current waveform.

Variation of computed and experimental soft X-ray yield
with respect to pressure operating at 14 kV in neon for
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Variation of computed neutron yield with respect to pressure
operating at 13.5 kV in neon for UNU/ICTP Plasma Focus
machine.

The measured current waveform of AECS-PF2 machine at
15kV, 0.41 Torr argon gas compared with Lee Model 6-
phase code computed current waveform.

The measured current waveform of Bora Plasma focus
machine at 17kV, 7.6 Torr deuterium gas compared with Lee
Model 5-phase code computed waveform.

Variation of combuted neutron yield with respect to pressure
operating at 17 kV in deuterium for Bora Plasma Focus
machine.

The measured current waveform of HU PF at 16 kV, 2.9
Tonl" deuterium gas compared with Lee Model 6-phase code
computed current waveform.

The measured current waveform of HU PF at 16 kV, 1.4
Torr deuterium gas compared with Lee Model 6-phase code

computed current waveform.
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Variation of computed neutron yield with pressure for
different anode lengths in deuterium for HU PF. The
maximum neutron yield is 9.7 % 10 n/shot for 14.5 cm
anode with peak v,=6.3cm/ps and peak vi=20cm/ ps
Variation of computed and experimental optimum pressure
with respect to different anode lengths of HU PF.

The measured current waveform of GN1 Plasma Focus
machine at 30kV, 0.75 Torr deuterium gas compared with
Lee Model 6-phase code computed current waveform.
Variation of computed and experimental arrival time with
respect to pressure operating at 30 kV in deuterium for GN1
Plasma Focus machine.

Variation of computed neutron yield with respect to pressure
operating at 30 kV (using anode radius 1.8 cm and length 12
cm) in deuterium for GN1 Plasma Focus machine.

The measured current waveform of GN1 Plasma Focus
machine at 30kV, 3.0 Torr deuterium gas compared with Lee
Model 6-phase code computed current waveform.

Variation of computed and experimental pinch time with
respect to pressure operating at 30 kV (using anode radius
1.9 cm and length 8.7 cm) in deuterium for GN1 Plasma
Focus machine.

Variation of computed and experimental neutron yield with
respect to pressure operating at 30 kV (using anode radius
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The measured current waveform of GN1 Plasma Focus
machine at 30kV, 3.0 Torr deuterium gas compared with Lee

Model 6-phase code computed current waveform.
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Measured current waveform of NX3 at 12kV, 3.75 Torr
deuterium gas compared with Lee Model 6-phase code
computed current waveform (£,=0.13, £=0.7, fi,=0.1 and
f,=0.7).

Measured current waveform of NX3 at 13kV, 3.0 Torr
deuterium gas compared with Lee Model 6-phase code
computed current waveform (f,=0.195, £=0.7, f,=0.1 and
£=0.7).

Measured current waveform of NX3 at 13kV, 3.0 Torr
deuterium gas compared with Lee Model 6-phase code
computed current waveform (£,=0.172, £=0.7, £,~0.1 and
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Variation of computed neutron yield with respect to pressure
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Variation of computed energy input into plasma with respect
to pressure operating at 12 kV in deuterium for NX3 Plasma
Focus machine.

Variation of computed neutron yield with respect to pressure
operating at 14 kV in deuterium for NX3 Plasma Focus
machine.

Variation of combuted energy input into plasma with respect
to pressure operating at 14 kV in deuterium for NX3 Plasma
Focus machine.

They measured current waveform of BARC Plasma Focus 2
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Xxxii

Page
160

162

163

165

165

166

167

169

170




4.48

4.49

4.50

4.51

4.52

4.53

4.54

4.55

4.56

4.57

4.58

The measured current waveform of PF143 Plasma Focus
machine at 30kV, 1.5 Torr deuterium gas compared with Lee
Model 6-phase code computed current waveform.

The measured current waveform of PF143 Plasma Focus
machine at 30kV, 9.75 Torr deuterium gas compared with
Lee Model 6-phase code computed current waveform.

The compression.time of plasma from the peak value to the
end of the radial phase as defined in Figure 1, page 250 of
reference [126].

Variation of computed and experimental compression time
with respect to pressure operating at 30 kV in deuterium for
PF143.

Variation of computed and experimental neutron yield with
respect to pressure operating at 30 kV in deuterium for
PF143.

Measured current waveform of DPF78 at 60kV, 7.6 Torr
deuterium gas compared with Lee Model 5-phase code
computed current waveform.

DPF78 measured Itotal (labeled as Iges) and measured Ip
waveforms. The third trace Iis is the difference of I total and
Ip.

Ratio of measuréd Ip to Itotal as a function of time [128].
Variation of computed neutron yield with respect to pressure
operating at 36 kV in deuterium for DPF78.

Var‘iation of computed neutron yield with respect to pressure
operating at 30 kV in deuterium for Tamu PF.

The measured current waveform of Tamu Plasma Focus
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The measured current waveform of Posideon Plasma Focus
machine at 60kV, 3.8 Torr deuterium gas compared with Lee
Model 5-phase code computed current.

Variation of computed and experimental neutron yield with
respect to pressure operating at 60 kV in deuterium for
POSIDEON PF.

Measured current waveform of PF1000 at27kV, 3.5 Torr
deuterium gas compared with Lee Model 5-phase code
computed current waveform.

Variation of computed neutron yield with respect to pressure
operating at 27 kV in deuterium for PF1000 plasma focus

machine.

The measured current waveforms (anode of 110 mm-figure
(a) and anode 115 mm-figure (b)) of INDIA-Mohanty’s
Plasma Focus machine at 25kV, 0.3 Torr nitrogen gas
compared with Lee Model 6-phase code computed current.
The measured current wave forms (anode of 120 mm-
figure(c), anode 125 mm-figure (d) and anode 130 mm-
figure (¢€)) of INDIA-Mohanty’s Plasma Focus machine at
25kV, 0.3 Torr nitrogen gas compared with Lee Model 6-
phase code computed current.

Published average speed compared to computed average
spe;d for different anode lengths of INDIA-Mohanty’s
Plasma Focus machine at 25kV, 0.3 Torr nitrogen gas.

Ch5 shows the estimated time taken from the start of plasma
to the pinch of a 13cm anode and Ch 3 shows the estimated
time taken in a 12 cm anode for INDIA-Mohanty’s Plasma

Focus machine.
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Computed soft X-ray yield versus pressure (a) and
experimental soft X-ray yield versus pressure (b) for INDIA-
Mohanty’s Plasma Focus machine.

The measured current waveform for Sofia Plasma Focus
machine at 16kV, 1.05 Torr nitrogen gas compared with Lee
Model 5-phase code computation.

Variation of computed soft X ray yield with respect to
pressure operating at 16 kV in nitrogen for Sofia Plasma
Focus machine.

The measured current waveform for Zimbabwe Plasma
Focus machine at 13kV, 1.0 Torr nitrogen gas compared
with Lee Model 6-phase code computed current waveform.
Measured current waveform of the Nano Focus machine at
6.5kV, 2.25 Torr hydrogen gas compared with Lee Model 5-
phase code computed current waveform.

The measured current waveform of Quaid I Azam University
Plasma Focus machine at 20kV, 0.38 Torr hydrogen gas
compared with Lee Model 6-phase code computed current.
The measured current waveform of Egypt Plasma Focus
machine at 15kV, 0.8 Torr helium gas compared with Lee
Model 5-phase code computed current waveform.

The measured cu.rrent waveform of PFMA-1 Plasma Focus
machine at 20.5kV, 9.8 Torr helium gas compared with Lee
Model 5-phase code computed current waveform.

The measured current waveform of Rico Plasma Focus
machine at 14.9kV, 0.2 Torr oxygen gas compared with Lee
Model 6-phase code computed current waveform.

Measured current waveform of Filippov PF3 Plasma Focus
at 9kV, 1.5 Torr neon gas compared with Lee Model 5-phase

code computed current waveform.
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Radial trajectory of Filippov PF3 according to the Lee Model
5-phase code; taken from same numerical shot as Figure
5.14.

Measured current waveform of Filippov Dena Plasma Focus
at 16kV, 0.5 Torr argon gas compared with Lee Model 5-
phase code computed current waveform.

Siahpoush’s Modified Lee [ML] code used to fit Dena
Plasma Focus machine [41]; with our additional small
adjustments: time shifted 0.3 microseconds and the
amplitude reduced by 1 %. These small adjustments
significantly improve the fit.

The measured current waveform at 180kV, 1.875Torr
deuterium gas compared with Lee Model 5-phase code
computed current waveform.

The measured current waveform compared with Lee Model
5-phase code computed.

Variation of computed neutron yield with respect to pressure
when capacitor in UMDPF1 Plasma Focus machine is

charged to 14kV in deuterium gas.

3 kI UNU ICTP PF.

1 MJ PF1000 Plasma Focus.

Computed neutron yield versus input energy in the Plasma
Focus machine.

Neutron yield versus input energy Neutron yield versus input
energy (All data-computed and measured)..

Computed neutron yield versus peak current.

Computed neutron yield versus pinch current.

Computed peak current versus energy input into plasma.

Computed pinch current versus energy input into plasma.
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Computed neutron yield versus pinch duration.
Computed neon soft X-ray yield versus pinch current.

Computed neon soft X-ray yield versus peak current.

Computed neon soft X ray versus energy input into plasma.

Computed energy input into plasma versus pinch duration
Computed line yield versus peak current.
Computed line yield versus pinch current.

Computed line yield versus energy input into plasma.
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