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Abstract

Theoretical calculations are achieved to study the effect of different deuterium
pressures on various . characteristics parameters for PF400J. plasma focus using an
international computer code. Axial and radial velocities, voltage tube, plasma temperatures,
and neutron yields at different operating deuterium pressures are computed. Neutron emission
has been calculated in the device. The maximum total neutron yield calculated is of the order
of (10%) and (10%) neutrons per shot for entire pressure used. The computed results agree
reasonably well with the published neutron yield curves.
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Introduction

The device which can generate, accelerate and pinch plasma by electromagnetic forces
is called dense plasma focus (DPF). The DPF was invented in 1960s and is used in many
types of research [1]. In this device the plasma is pinched in very short time (ns), however it

is hot and dense enough to enhance nuclear fusion reactions, making the DPF to be multi —
radiation source. The DPF works in pulsed mode because the discharge lasts few tens of (Ls),

hence the DPF efficiently operated in a repetitive regime. Mainly there are two types of DPF,
Mather and Filippov configurations. And basically they differ in the geometric design, where
the former is adjusted vertically while the latter is adjusted horizontal. Further they differ in
the dimension of inner and outer electrodes which affect the direction of motion of the
accelerated plasma.

The plasma focus is divided into two sections. The first is a pre — pinch (axial) section.
The function of this section is primarily to delay the pinch until the capacitor discharge
approaches its maximum current. This is done by driving a current sheet down an axial
(acceleration) section until the capacitor current approaches its peak. Then the current sheet is
allowed to undergo transition into a radial compression phase. Thus the pinch starts and
occurs at the top of the current pulse [2].

Several models were developed to simulate the plasma motion in both the axial and
the radial phases [3 — 6]. One of the most interesting models was developed by Lee [3]. He
developed the model with a complete description of the plasma focus dynamics in the axial
and in the radial phases. Although in the literature the DPF is divided into three phases, the
code divides the DPF into five phases: Axial acceleration Phase, Radial Inward Shock Phase,
Radial Reflected Shock Phase, Pinch Phase, and Expanded Column Phase. To calculate
several parameters on DPF based on many model and mechanism Lee continually updating
the code [3]. The description [7], theory [8], code [3] and a broad range of results of the
model are available for download from the "Universal Plasma Laboratory Facility” website.
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In addition, the mechanics of fitting the model to a measured current trace which is described
in the Internet Course notes is also available [2].

We configure the Lee model code (version RADPFV5.15de.xls) which is executed in
Microsoft Excel Visual Basic that is converted from original old version written in
GWBASIC. We choose a PF400J machine device to execute in our simulation. The PF400J
machine is small and fast plasma focus operating in deuterium. We start with the following
published bank and tube parameters of this device [9]:

The system operates at low energy in the hundred of joules range (880 nF capacitor

bank, 38 nH, 20-35kV, 176-539], ~300ns current rise time). We follow fitting

procedure in the same manner as given in paper [10] to achieve the numerical experiment. We
use Bank parameters: the static inductance L, = 40 nH, the storage

capacitance C, = 0.95 uF , and stray circuit resistance r, = 10 m£2. Tube parameters: the
tube outer radius r,=1.55cm, the inner radius r,=0.6cm, and the anode
length z, = 1.7 em. Operational parameters: are operating voltage V; = 28 kV and operating
initial pressure of deuterium gas P, =--- Torr. The computed total current waveform is fitted

to the measured waveform by putting model parameters: the axial mass swept — up factor
f.n = 0.08, the tube current flow factor f. = 0.7, the radial mass swept — up factor f,,. = 0.11

and the radial current factor f..= 0.7 so that the computed waveform matches with the

measured published waveform [9] (Fig. 1).

Once the fitting is done such that the two traces practically inseparable the other
computed properties including axial and radial phase dynamics, energy distributions and
radiation are all realistic. The current trace of the focus is one of the best indicators of gross
performance such that the information is rapidly apparent from the current trace [2].
Numerical experiments are then carried out at an operating voltage of (28 kV') and at various

initial deuterium fuel pressures.

The numerical simulations give insights on factors that affect the dynamic of plasma
focus devices by illustrating them graphically. However, the code is executed for certain
operating pressure at once. Hence collecting data for various fuel pressures of working gas
yield a comparative database of how the dynamic of plasma and characteristics of the device
change. We look for the effect of pressure varying on dynamics factors in both axial, radial
phases and neutron yield of PF400J machine.
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Theoretical approach

A brief review to the important equations used in the calculations of the different
parameters that describing the completely physical behavior for three important  phases
occurred in machine are given in the  international computer code named Lee [10], these
phases are explained in the following sections.

Axial Phase

This is described by a snowplow model with an equation of motion:

d*z _ 2 pp(lnc) (I )2 (dz): .
de? fin 4oy (c? — 1) \r, dt z
In which z is axial position of the current sheath (m), f,, is fraction of mass swept down the

axial direction, f, is fraction of current flowing in the piston, ¢ = r, /r,, p IS gas density,
and i, is permeability of free space.
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In addition, the electrical characteristics of the circuit have the following parameters:
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Where ¥, is initial charge applied to the capacitor, L, is circuit stray inductance (H), C, is
energy storage capacitance (F), and r; is stray circuit resistance (ohim).

We also define:
Z, = L,/C, (Surge impedance, ohm)

ty = (LyCy)*?* (Note: 2m(L,c,)"? is the L-C circuit cycle time)
Iy = W/Z

This is normalized with T= t/t;, ¢ = z/zyand i = I/, and we have

a2 E [z“ £z —[%}z]

de? E :

Lo

(Gt e

f., Is fraction of mass swept down the tube in the axial direction, and f, is fraction of current
flowing in piston.

It incorporates axial phase model parameters: mass and current factors f,, and f,, and is
coupled to a circuit equation:

dl l [1dt
— = 'L.-rl} L i

fert
21

— 1T —Iﬂ%[lnc)%}![i’.ﬂ+ (lncjz]

Similarly, after normalization, we have:

Lo (1~ fur—pE-5)/(1+pD),

dt

where
B = i— with L = f—j (Inc)z,

The normalized equations may be integrated numerically by incrementing = by an interval,
say 0.001, until & reaches 1 (¢ is the axial distance of current sheath normalized to the
electrode length).

Radial Inward Shock Phase

This phase is described by 4 coupled equations using an elongating slug model. The
first equation computes the radial inward shock speed from the driving magnetic pressure.
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Where =, is radial piston position, 7. is radial shock front position, £, is modified fm value in
the radial phase, ¥ is specific heat ratio of the operating gas, and g, is the gas density.

This may be normalized with k., =./a, x, =r,/a, and & = z./a giving:

% = —aa;/x, Where
. |t DDz, (=)
1 “".ll 4(Inc) a |\f,..

The second equation computes the axial elongation speed of the column,
dz; ( 2 )dr_?

dt  \yp+1/dt

Similarly, this can be normalized to:

ﬂ:_( 2 )dxs

dt y+1/dt

The third equation computes the speed of the current sheath, also called the magnetic piston,
allowing the current sheath to separate from the shock front by applying an adiabatic

approximation.

2 r_s&_&(l_i)ﬁ_f_a( _i)ﬁ
%:}-r+1*r?J dt yI r/dt  z; rr/ dt
dt }’—1+1T5_

¥ ¥y

7, i radial piston position, 7. is radial shock front position, and z. is axial piston position.

After normalization, this becomes:

2, dr, xp( _ﬁ)i_ 1 x_p( )dff
r:i;cc?J Y+ 1k, ar Y xg dt - y+1¢&; dt
dt ¥ — 153_

¥ +}‘K‘

The fourth is the circuit equation:

rﬂ_vﬂ_ C, _’”D‘r_ﬂzn(l _)*r_“Lfczn( ); dt

dt L —|-ﬁ: (lncjz[,—l-)";zﬂ(lnb) Zf

The normalized form is:
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a_1-fuetp(nE) L+ pr TR
“ (1+8-6.(n)5/}

The model parameters, radial phase mass and current factors, f,... and f.,., are incorporated in

the radial phases. Thermodynamic effects due to ionization and excitation are incorporated
into these equations, these effects being important for gases other than hydrogen and
deuterium. The average temperature and number densities are computed during this phase.

The four equations can then be integrated by applying a time difference, D, as follows:

_ dr _ I'l'_{t - [ - di _
xs—xs,—i-d—:D Ve, =&, + n D ,xg—xp—i-?:—ﬂ ,t—t+;ﬂ ,andjtdr—ftdr+r,ﬂ

The normalized voltage, v(=V/V,) can be calculated from considering only the inductive
component = d(LI)/dt, where L = (u/2m)(Inc)z, + (u/2m)(Inb/7y)z, .

The normalized voltage is then:

=|B—By(In-F d__ﬁﬂ_ 24+ |ln—E
v [ (lnz)ff]d; Ffdx ( s )dff]

Ky dr c /drt

In addition, a_communication delay between shock front and current sheath due to the finite
small disturbance speed is incorporated by calculating an appropriate delay when integrating
the shock speed.

Radial Reflected Shock (RS) Phase

When the shock front hits the axis, because the focus plasma is collision, a reflected
shock develops which moves radially outwards, whilst the radial current sheath piston
continues to move inwards. Four coupled equations are also used to describe this phase, these
being for the reflected shock moving radially outwards, the piston moving radially inwards,
the elongation of the annular column and the circuit equation. The same model parameters

fmr @and f_.are used as in the previous radial phase. The reflected shock is estimated to be 1/3
of the inward radial shock speed.

dr, g (d’rs)
dt i - dt On &Xis

The equations used are:

a. Piston radial speed

_&(1_£)£_f_w(1_ﬁ)ﬁ

% _ ¥l e dt Z; Ty dt
dt y—1, 1+
Y ¥

b. Pinch elongation speed

&= ()@
dt a }'r+ 1 dt o axis

c. Circuit Equation
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dt L —|-,ﬁ:2 (lnc]z[,—l-ﬂzﬂ(lnb) Zf

AL L APy
T,/ dt 1, dt g

Three coupled equations describe this phase; these being the piston radial motion
equation, the pinch column elongation equation and the circuit equation, incorporating the
same model parameters as in the previous two phases. Thermodynamic effects are
incorporated into this phase. When the out-going reflected shock hits the in-going piston the
compression enters into the radiative phase in which for gases such as neon, radiation
emission may actually enhance the compression where we have included energy loss/gain
terms from Joule heating and radiation losses into the piston equation of motion.
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d: Pinch voltage

I b dl u
VF=—I](1 In— —+ —
ey [(nc]zu+(nrp)zfl)‘;dt+zﬂ

Pinch Phase

The duration of this slow compression phase is set as the time of transit of small disturbances
across the pinched plasma column. The computation of this phase is terminated at the end of
this duration. The equations used are:

a. Radial speed

pdl 1 7n,dz 4m(y—1) 1, dQ
% ! }-'I dt y+1z;dt pyzy - fItdt
dt y—1

¥

b. Column elongation

dzf K |: I i|1.-"2 '{f‘c
dt  l4m2(y +1)p, T,

c. Circuit equation

Idt b z
o VD—ICD —i(ln—) ki B E B gy

2m 2w, dt
dt b
L, + Efﬂ [[ln c)zy + lna] Zg
d. Voltage
uf. b dzf zf dr,
V= . (lng) Tl dt (lnc]zﬂ, ln— z; ——|- RI

In addition, the radiation energies are calculated as follows:
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Expanded Column Phase

In this final phase the snow plow model is used, and two coupled equations are used
similar to the axial phase. This phase is not considered important as it occurs after the focus
pinch. The normalized equations for the circuit and the motion are as follows.

a. Circuit equation:

e 1—‘r:dr+,[?:%a—6:
dr | 1+p-plE-1e

where e =(lnec+1/z)/Inc

b. Motion equation:

I zfdiy®
dzé_-_[fxts._—h {E] =
F —W Whel’e ‘91 — (].I].C'" 1}"4);"1115

Calculations and Results

Initially we look at variation of tube current with fuel pressure; running PF400J from
short — circuit (very high pressure) to a low pressure. To simulate a short circuit we apply
very high pressure shot that stops the entire current sheath motion. This shot is just to obtain
unloaded case current waveform for comparison with the focusing waveforms at different
lower pressures. Figure (2) shows the variation of tube current vs. time for this shot. At this
extreme high pressure (100000 Torr) the current waveform is sinusoid ally damped. In real
experiment, this shot to ensure that the current sheet moves past the probe before current
move fairly slowly so that the current waveform is near sinusoidal [12].

At lower pressure, the variation of current and other properties with pressure are
compiled together in the code. The current waveform distorts from damped sinusoid when
plasma focus loaded because of the electro — dynamical effects of the plasma motion,
including the axial and radial phase dynamics.

Figure (3) illustrates this distortion of current waveform (upper bold curves) for
several values of deuterium fuel pressure. The flattening of the current waveform at pressure
(11.3 Torr) is evident, however, the current peak is lower and comes -earlier than

(100000 Torr). The characteristic of current waveform as the pressure lowered is such that

the current peak comes earlier and the current trace is continually compressed more.  The
current waveform, due to the decreased axial phase, has a dip started at (0.32 ps) for a
pressure (8.3 Torr), (0.301 us) for a pressure (5.3 Terr) and (0.178 ps) for a pressure
(0.8 Torr). Figure (3) also shows the variation of computed total tube voltage (lower thin
curves) during radial phase vs. time. It is clear that increasing pressure leads to lower voltage
peak waveform. The start of voltage waveform peak is the end of axial phase and a start of
radial pinch phase. Obviously, the tube voltage waveform peaks, which is induced by the
rapid plasma motion, coincide with the dip of current. However, in this type of numerical
simulation it is hard enough to compare measured and computed tube voltage in term of peak
value since the response time of dividers is so poor. Comprehensibility, low pressure case has
too fast a voltage drop from peak voltage due to the instantaneously moving radial phase into
the expanded column phase. And as mentioned earlier as the pressure increases the current
waveform is flattened and it is from the figure that the voltage waveform has very low peak.
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Figure (4) shows the variation of axial position and speed vs. time for different gas
pressures. Obviously, the axial phase positions (lower thin curves) are decreased as the
pressure decreases. The higher pressure results in the plasma last higher time in the axial
position before the cut off. At lower pressure, the axial position continues rising at earlier
time and longer duration than that of the higher pressure at late time. Since the same curves
of axial positions of the plasma for various pressures have different durations in the earlier
time, the axial speeds (upper bold curves) in turn have distinguished curves displaying axial
phase dynamics in term of speed. As the pressure is increased the axial speed decreased. It
shows that the current sheath reaches the end of the axial phase at less than (0.20 ps) with a
peak speed of less than (25 cm/us) for lower pressure used so that the computed current dip
comes much too early in (Fig. 3). Thus it is reasonable to correlate the current dip with the
radial phase, so the shift of the current dip comes earlier at lower and lower pressures is
consistent with higher axial speeds.. The current trace is compressed more and more due to the
increased axial speed. The current waveform continues to rise and then due to the radial phase
dynamics it is forced down to form a dip. At the end of current dip the pinch phase occurs.
The expanded Colum phase starts after the end of pinch phase. Now, throughout the entire
range of pressures the decreasing axial speed decreases the circuit loading and so the peak
current comes late. The high speed would also lower the peak current. The current sheet is
accelerated, rapidly reaching nearly its peak speed, and continues accelerating slightly toward
its peak speed at the end of the axial phase. Thus for most of its axial position the current
sheet is traveling at a speed close to the end — axial speed. Fig (3) also shows that the current
sheaths reach the end of the axial phase at (0.683 us) with a peak speed of (24.2 cm/pus) for

pressure (0.8 Torr) and (7.09 cm/us) for pressure 11.3 Torr. In deuterium the end of axial
speed for pressure less than (5.3 Torr) is observed to be about (10 cm/us) [13].
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Figure (5) displays the tube voltage variation vs. time from start of radial phase for
different gas pressures. As pressure decreases the curves are at higher voltage and last shorter
time, also the tube voltage peaks are thinner. At pressure (4.5 Torr) the radial voltage is

(20.9 kV) while it is (13.9 kV) for a pressure (8.3 Torr).

Figure (6) displays the variation of plasma temperature peaks at middle of pinch
duration vs. time for different gas pressures. The figure shows that plasma temperature has a
maximum Vvalue and an averaged uniform value. Increasing gas pressure leads to decrease
plasma temperature. The plasma temperature peak is (3.75x 107 °K) for a pressure

(0.8 Torr) and it is (1.73 x 107 °K) for a pressure (2.3 Torr).

Figure (7) shows the variation of radial inward (thin curves) and reflected shock
position (bold curves) vs. time for different pressures. The inward shock trajectory curve is

decreased from same point (6 mum) to (0 mm) for entire pressures value used; however,
lower gas pressure suffers shorter duration than higher pressure. Its duration is (11.1 us) for a
pressure (0.8 Torr) and it is (36.3 us) for a pressure (11.3 Torr) . When the shock front hits
the axis, because the focus plasma is collisional, a reflected shock (linearly increased bold
lines) develops and moves radially outwards. We note that the radial trajectories and speeds
are difficult to measure, thus the computed radial trajectories and speeds yield insight of how
these parameters behave in radial phase.

Figure (8) shows the variation of radial piston (current sheath) vs. time for various
pressures. As time progresses the radial piston sharply falls down reaching to time point such
that it linearly decreased. In spite of that, the shock front hits the axis (Figure 7); the radial

245



C Ibn Al-Haitham Journal for Pure and Applied Science

No. [ 2 ] Vol. [25] Year [ 2012

current sheath piston continues to move inwards. The piston continues to compress inwards
until it hits the out — going reflected shock front. The point where the piston meets the
reflected shock is the point of maximum compression, which labels as radial position 7,

The 7, has value of 0.08 cm for pressure less than (5.3 Torr) and (0.09 cm) for this
pressure and higher.

Figure (9) shows the variation of radial pinch elongation speed vs. time for different
gas pressures. It is clear that the radial pinch elongation has the similar behavior except that it
has longer duration as the pressure increased. It has peak at (8.46 mm) for all pressure used.

Figure (10) shows the variation of radial position shock speed vs. time for different
pressures. The curves decrease as time develops reaching a peak and then slightly increases.
As the gas pressure increases the curve continue to rise but still has negative values of speed.

Neglecting the negative sign, the radial position shock speed peak is (41.5 ecm/ps) for
pressure (4.5 Torr) just before the radial shock hits the axis at (21.5 ns) after starting of
radial phase (Fig. 7). At a pressure (8.3 Torr) the radial shock speed peak is (29.9 cm/ps)
before the radial shock hits the axis at (29.5 ns)after starting of radial phase.

Figure (11) shows the variation of radial piston (current sheath) speed versus time for
different gas pressures. The radial piston speed increases in negative sign reaching to peak
and then sharply decreases. As the pressure increases the radial speed piston takes longer
time to reach the peak.

Figure (12) shows the variation of pinch elongation speed versus time for different gas
pressures. The pinch elongation speed increases exponentially to a value there is constant
speed and then increases at fixed time to a higher speed value. However, at low pressure the
pinch elongation speed has higher values than as the pressure increased.

Figure (13) displays the variation of I,,., versus pressure. As pressure increases
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Iincn 18 rapidly increased reaching to peak at nearly (4.5 Torr) and then decreased.

Obviously, the increased and decreased of I,;.., determines the way that neutron yield

behave.

Figure (14) shows the computing the neutron yield ¥, as a function of pressure. The
pressures had been chosen in order to demonstrate the way the neutron vyield varies with
pressure. It is clear that ¥, increases rapidly from (1.5 Torr) to the peak at nearly (4.5 Torr) .
Then, the neutron yield also decreases rapidly as the pressure increased. It is obvious that the
optimum pressure (for ¥,) is between (4.5 Torr) and (5.3 Torr). We note that computed
neutron Yyield versus pressure curve agrees reasonably with the published curve [11]. Also we
note that axial speed has an optimum value for deuterium operation.. The average axial speed
for optimum neutron yield appears to be just below (& em/ns) corresponding to a peak axial

speed of (9 — 10 cm/us) (Fig. 4) and a peak radial speed of some (25 cm/us) as the plasma
focus radial shock goes on axis (Fig. 10).

Conclusion

We studied the computed results, including total current, tube voltage, pinch current,
radial and axial trajectories, radial and axial speeds, plasma temperature, and neutron yield.
Obviously, the axial position, temperature and voltage tube all continue to rise as pressure
lowers to rise. However, radial inward, reflected, and piston positions shifted left hand side
due to short duration of radial phase as pressure decreased. Speeds (axial, radial shock and
radial piston) increase as pressure is decreased. The code is used to compute the neutron
yield versus pressure curve of the PF400J. The computed results agree reasonably well with
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the published curves. The results indicate that this code, incorporated gives realistic plasma
dynamics and realistic neutron yield without the need of any adjustable parameters, needing
only to fit the computed current trace to a measured current trace. It is necessary to note that
our calculated results give a good agreement with the published experimental results [9, 14].
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