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ORIGINAL RESEARCH

Numerical Experiments on PF1000 Neutron Yield

S. H. Saw • D. Subedi • R. Khanal •

R. Shrestha • S. Dugu • S. Lee

� Springer Science+Business Media New York 2014

Abstract Numerical experiments are carried out, using

the Lee model code to compute the neutron yield Yn of

PF1000 as a function of pressure. Computed results are

compared with available published results of neutron yield.

Relevant plasma focus properties such as peak discharge

current Ipeak, pinch current Ipinch, pinch ion density ni and

energy input into the pinch EINP are also discussed as

functions of pressures so as to provide correlation of Yn

with relevant plasma focus properties over the operational

range of pressures.

Keywords Plasma focus � Pinch � Neutron yield � Fusion

Introduction

The code [1] couples the electrical circuit with PF

dynamics, thermodynamics and radiation. It is energy-,

charge- and mass- consistent. It was described in 1983 [2]

and used in the design and interpretation of experiments

[3–5]. An improved 5-phase code [2] incorporating finite

small disturbance speed [6], radiation and radiation-cou-

pled dynamics was used [7–9], and was web-published [10]

in 2000. Plasma self- absorption was included [10] in 2007.

It has been used extensively as a complementary facility in

several machines, for example: UNU/ICTP PFF [3, 5, 7–9],

NX2 [9, 11], NX1 [9], DENA [12]. It has also been used in

other machines for design and interpretation including sub-

kJ PF machines [13], FNII [14] and the UBA hard X-ray

source [15]. Information computed includes axial and

radial dynamics [3, 7, 16], SXR emission characteristics

and yield [8, 9, 11, 17–22], design of machines [3, 5, 7–9,

17, 22, 23], optimization of machines [3, 7–9, 17] and

adaptation to Filippov-type DENA [12]. Speed-enhanced

PF [7] was facilitated. Plasma focus neutron yield calcu-

lations [24–26], current and neutron yield limitations [27,

28], deterioration of neutron scaling (neutron saturation)

[29, 30], radiative collapse [31], current-stepped PF [32]

and extraction of diagnostic data [33–35] and anomalous

resistance data [36, 37] from current signals have been

studied using the code [1]. The Model code has recently

been used to produce reference numbers for deuteron beam

number and energy fluence and flux and scaling trends for

these with PF storage energy [38]. These beam properties

were extended to all gases [39]. In the present paper we use

the code to look at the neutron yield of PF1000 as a

function of operating pressures.

Procedures for the Numerical Experiments

The Lee model code is configured to work as any plasma

focus by inputting the bank parameters, inductance L0,

capacitance C0 and stray circuit resistance r0; the tube
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parameters outer electrode (cathode) radius b, inner elec-

trode (anode) radius a and anode length z0; and operational

parameters voltage V0 and pressure P0 and the fill gas. The

standard practice is to fit the computed total discharge

current waveform to an experimentally measured total

discharge current waveform [1, 17, 19] using four model

parameters representing the mass swept-up factor fm, the

plasma current factor fc for the axial phase and factors fmr

and fcr for the radial phases.

From experience it is known that the current trace of the

focus is one of the best indicators of gross performance.

The axial and radial phase dynamics and the crucial energy

transfer into the focus pinch are among the important

information that is quickly apparent from the current trace.

The exact time profile of the total current trace is governed

by the bank parameters, by the focus tube geometry and the

operational parameters. It also depends on the fraction of

mass swept-up and the fraction of sheath current and the

variation of these fractions through the axial and radial

phases. These parameters determine the axial and radial

dynamics, specifically the axial and radial speeds which in

turn affect the profile and magnitudes of the discharge cur-

rent. The detailed profile of the discharge current during the

pinch phase also reflects the Joule heating and radiative

yields. At the end of the pinch phase the total current profile

also reflects the sudden transition of the current flow from a

constricted pinch to a large column flow. Thus the discharge

current powers all dynamic, electrodynamic, thermody-

namic and radiation processes in the various phases of the

plasma focus. This explains the importance attached to

matching the computed current trace to the measured current

trace in the procedure adopted by the Lee model code.

The Numerical Experiments-Fitting the Computed

Current Trace to Obtain the Model Parameters

Gribkov et al. [40] had published a paper with laboratory

measurements from the PF1000, including a typical current

waveform and information on neutron yield at a typical

pressure of 3.5 Torr. We first fit the computed current

waveform to the published measured waveform.

We configure the Lee model code (version RAD-

PF05.15) to operate as the PF1000 starting with the fol-

lowing published bank and tube parameters obtained from

their paper:

Bank

parameters:

L0 = 20 nH (nominal), C0 = 1,332 lF,

r0 = not given

Tube

parameters:

b = 16 cm, a = 11.55 cm, z0 = 60 cm

Operating

parameters:

V0 = 27 kV, P0 = 3.5 Torr Deuterium

To obtain a reasonably good fit the following bank and

tube parameters (L0 and r0 fitted) are used:

Bank parameters: L0 = 33 nH, C0 = 1,332

lF, r0 = 6.3 mX
Tube parameters: b = 16 cm,

a = 11.55 cm,

z0 = 60 cm

Operating parameters: V0 = 27 kV,

P0 = 3.5 Torr Deuterium

Together with the following

fitted model parameters:

fm = 0.13, fc = 0.7,

fmr = 0.35 and fcr = 0.65

The fitted computed current waveform is compared with

published waveform in Fig. 1.

The Numerical Experiments-Computing the Neutron

Yield as a Function of Operating Pressure

Using the fitted inductance, stray resistance and model

parameters, numerical experiments are then carried out at

various initial pressures in Deuterium. The current wave-

forms obtained from these numerical experiments at vari-

ous pressures are displayed in Fig. 2.

We discuss the change of current waveforms from very

high pressures to low pressures. At very high pressures (a

hypothetical 100,000 Torr at which pressure because of the

extreme mass loading there is no plasma motion-equivalent

to short-circuiting the plasma focus at its input end) the

waveform is a damped sinusoid. Lowering the operational

pressure, at 19 Torr the characteristic flattening of the

current waveform due to dynamics is already clearly evi-

dent. The current peak comes earlier and is lower than the

dynamically unloaded (high pressure) case, the current then

droops until the rollover into the dip (due to the increased

Fig. 1 Computed discharge current (doted plot) compared to pub-

lished current for PF1000
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radial phase loading) at around 15 ls. At still lower pres-

sures these characteristics remain the same except that the

current trace is depressed more and more as speed

increases. The peaking (reaching maximum current) also

comes earlier and earlier, as does the radial phase rollover

(into the current dip) of the current trace. This is charac-

teristic of an RLC circuit with increasing resistance R, as R

increases from light towards critical damping. In the case

of the plasma focus the increasing resistance is due to the

dynamic resistance of the current sheet motion with

increasing speed.

At 2.0 Torr, there is hardly any droop for the current

trace, the current waveform showing a distinct flat top

leading to the rollover. At 1 Torr the axial speed is now so

high that the axial phase is completed in \5 ls and the

current is still rising when it is forced down by the radial

phase dynamics.

Plasma Focus Parameters as Functions of Pressures

The Lee model code is used to compute the neutron yield

versus pressure curve of the Polish PF1000 facility [40],

which has the largest bank operating on the energy level of

about 1 MJ, and it operates with deuterium as a working

gas. Some relevant properties of the PF1000 are computed

and recorded in the following Table 1. To present these

plasma focus properties on one chart for correlation pur-

poses each property is normalized to its value at 7.5 Torr.

We then obtain the following Table 2. Some of these

properties are plotted in the following figures.

From the tables and Fig. 3 we see the following important

salient features. Starting at high pressures e.g. 19 Torr, as P0

decreases, Ipeak decreases, and continues to decrease,

Fig. 2 Computed current waveforms as function of pressure. The

basis of reference is a measured waveform at 3.5 Torr which is used

to fit the computed 3.5 Torr waveform to obtain the model

parameters. The fitted traces at 3.5 Torr are shown in this figure
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because the increasing axial speed increases the circuit

loading, throughout the whole range of pressures. However it

is noticed that Ipinch increases from high pressures, peaking in

a flat manner at 6 Torr and then decreases sharply as pressure

is reduced towards 1 Torr. One factor contributing to the

increase is the shift of the pinch time from very late in the

discharge (when discharge current has dropped greatly) to

earlier in the discharge (when current has dropped less). That

is the main factor for Ipinch increasing despite a decreasing

Ipeak. At low pressures (e.g. 1 Torr), the radial phase now

occurs so early that it is forcing the current down early in the

discharge. That lowers both the Ipeak as well as the Ipinch.

These points are clear when you look at the comparative

chart of current traces at various pressures.

The radial EINP follows the same pattern as Ipinch, and

for the same reasons. The radial EINP computes the

cumulative work done by the current sheath (piston) in the

radial phases.

Looking at the other quantities, we note that the speeds

(axial, radial shock and radial piston) and temperature all

continue to rise as pressure lowers; similarly S and maxi-

mum induced voltage V also increase as pressure is

decreased. Pinch length zmax is almost a constant. Mini-

mum pinch radius and pinch duration continue to decrease;

the former due to better compression at higher speeds and

the latter due to the increased T. The number density

progressively drops, due to the decreasing starting num-

bers, despite the increasing compression.

From the tabulations of the above numerical experi-

ments, it might be useful to consider the beam-target

mechanism which we are using to compute the neutron

yield [24, 29].

Yb�t ¼ CnniI
2
pinchz2

p ln b=rp

� �� �
r=V1=2

max

where r is the D–D fusion cross section. In the range we

are considering we may take r * Vmax
n where n * 2–3;

say we take n = 2.5; then we have

Yb�t� niI
2
pinchz2

p ln b=rp

� �� �
V2

max

From Table 1 we note that the factor zp
2(ln(b/rp)) is prac-

tically constant.

Thus we note that it is the interplay of the behaviour of ni,

Ipinch and Vmax as pressure changes that determines the way Yn

increases to a maximum and then drops as pressure is changed.

In their paper Gribkov et al. [40] have recorded that their

Yn at 3.5 Torr ranges from 3 to 7 9 1010 with maximum

values of 2 9 1011 neutrons per shot. Our computed value

of Yn at 3.5 Torr is 9 9 1010. This is comparable with their

measured range of values.

Table 2 Plasma focus properties of PF1000 for different pressure (values normalised to value at 7.5 Torr)

P0 Ipeak Ipinch Axial

peak va

Speed

factor

Radial

peak vs

Radial

peak vp

amin zmax Pinch

duration

Peak V Tpinch

max

Yn Nipinch

max

EINP

All normalised to value at 7.5 Torr

100 k 1.30

19 1.08 0.81 0.65 0.68 0.55 0.54 1.12 0.99 1.99 0.40 0.35 0.18 2.02 0.88

14 1.06 0.91 0.72 0.78 0.71 0.72 1.08 1 1.50 0.60 0.47 0.59 1.60 0.96

10 1.03 0.97 0.84 0.89 0.89 0.89 1.04 1 1.19 0.84 0.76 0.88 1.24 1

9 1.02 0.98 0.89 0.94 0.95 0.95 1.03 1 1.11 0.91 0.86 0.94 1.15 1

8 1.01 0.99 0.94 0.98 1.01 1.02 1.02 1 1.04 0.99 1 1 1.02 1

7.5 1 1 1 1 1 1 1 1 1 1 1 1 1 1

7 0.99 1.00 0.99 1.03 1.09 1.11 1.01 1.01 0.96 0.34 1.16 1 0.91 1

6 0.98 1.01 1.06 1.10 1.17 1.20 1.01 1.01 0.89 1.18 1.37 0.94 0.79 0.99

3.5 0.92 0.99 1.30 1.35 1.50 1.55 0.99 1.01 0.69 1.52 2.27 0.68 0.48 0.91

2 0.86 0.95 1.59 1.67 1.89 1.95 0.99 1.01 0.55 1.84 3.10 0.41 0.27 0.80

1 0.78 0.82 2.06 2.14 2.29 2.33 0.97 1.01 0.44 2.05 5.47 0.18 0.15 0.65

Bold numbers represent the values at 7.5 Torr

Fig. 3 Selected PF1000 normalized properties (Yn, Ipeak, Ipinch and

EINP) versus pressure. Horizontal axis represents pressure in Torr;

vertical axis values are in normalised units
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Conclusion

We have used the Lee model code to run numerical

experiments on the PF1000. The results of the code are

linked to the real experiments through a measured current

trace at 3.5 Torr. The computed neutron yield at this

pressure point is found to be comparable to the published

measured results. The computed neutron yield curve is then

obtained to find the optimum neutron yield as a function of

operating pressure. Correlation of the behavior of neutron

yield with pressure is discussed in terms of the variation

with pressure of plasma ion density ni, Ipinch and induced

voltage Vmax.
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