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Computing plasma focus pinch current from total current measurement
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The total current Itotal waveform in a plasma focus discharge is the most commonly measured
quantity, contrasting with the difficult measurement of Ipinch. However, yield laws should be scaled
to focus pinch current Ipinch rather than the peak Itotal. This paper describes how Ipinch may be
computed from the Itotal trace by fitting a computed current trace to the measured current trace using
the Lee model. The method is applied to an experiment in which both the Itotal trace and the plasma
sheath current trace were measured. The result shows good agreement between the values of
computed and measured Ipinch. © 2008 American Institute of Physics. 关DOI: 10.1063/1.2899632兴
The total current Itotal waveform in a plasma focus discharge is easily measured using a Rogowski coil. The peak
value Ipeak of this trace is commonly taken as a measure of
the drive efficacy and is often used to scale the yield performance of the plasma focus.1,2 This is despite the fact that
yields3–5 should more consistently be scaled to focus pinch
current Ipinch, since it is Ipinch which directly powers the emission processes. The reason many researchers use Ipeak instead
of Ipinch for scaling is simply that while Ipeak is easily measured, Ipinch, which is the value of the plasma sheath current
I p at time of pinch, is very difficult to measure even in large
devices where it is possible to place magnetic probes near the
pinch.3–5 This measurement is also inaccurate and perturbs
the pinch. In a small device, there is no space for such a
measurement. A simpler method was tried to compute the I p
waveform using measured waveforms of Itotal and tube
voltage.6,7 This was achieved only up to the start of the radial
phase thereby missing the crucial Ipinch. To date, Ipinch is still
one of the least measured and often misunderstood quantities. In this connection, an attempt was made8 to compute the
time of pinch. However, in that work, Ipinch was assumed to
be Itotal at pinch time.
The relationship between Ipinch and Ipeak is not simple
and has only been recently elaborated.9 It primarily depends
on the value of the static inductance L0 compared to the
dynamic inductances of the plasma focus. As L0 is reduced,
the ratio Ipinch / Ipeak drops. Thus, yield laws scaled to Ipeak
will not consistently apply when comparing two devices with
all parameters equal but differing significantly in L0. Better
consistency is achieved when yield laws are scaled to Ipinch.
In this paper, we propose a numerical method to consistently deduce Ipinch from any measured trace of Itotal. This
method will improve the formulation and interpretation of
focus scaling laws. Specifically, we define Ipinch as the value
of I p at the start of the quiescent 共or pinch兲 phase of the
plasma focus radial dynamics. We now discuss the distinction between Itotal and the plasma sheath current I p.
A measured trace of Itotal is commonly obtained with a
Rogowski coil wrapped around the plasma focus flange10
through which is fed Itotal discharged from the capacitor bank
between the coaxial electrodes across the back wall. A part of
a兲
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Itotal, being the plasma sheath current I p, lifts off the backwall insulator and drives a shock wave axially down the
coaxial space. At the end of the anode, the plasma sheath
turns from axial into radial motion. The previously axially
moving I p becomes a radial inward moving cylindrical
sheath, driving a radially collapsing cylindrical shock front.
When this shock front arrives on axis, because the plasma is
collisional, a reflected shock 共RS兲 moves radially outwards11
until it meets the incoming driving current sheath. The increased pressure of the RS region then rapidly slows down
the sheath. This is the start of the pinch phase. All the dynamics dominating the axial and radial phases is determined
by I p. A proportion of the current, the difference between
Itotal and I p, does not take part in the dynamics. This leakage
current stays at the back wall,4–7,12 but parts of it may be
diffusely distributed.
We define for the axial phase f c as I p / Itotal and distinguish it from f cr for the radial phase. Likewise, it had been
shown that only a fraction of the mass6,12 encountered by the
axial sheath is swept up. This fraction we call f m, distinguishing the radial phase fraction as f mr. The rest of the mass
either leaks through the sheath or is swept outwards due to
the canting of the sheath.
The exact time profile of the Itotal trace is governed by
the bank, tube, the operational parameters, and by the mass
and current fractions and variation of these fractions through
the axial and radial phases. Although we may expect these
fractions to vary, for simplicity, we average these model parameters as f m, f c and f mr and f cr.
The Lee model couples the electrical circuit with plasma
focus dynamics, thermodynamics, and radiations enabling
realistic simulation of all gross focus properties. The basic
model was described in 1984 共Ref. 13兲 and used to assist
projects.6,7,10,11,14–16 An improved five-phase code crucially
incorporating small disturbance speed,17 and radiation coupling with dynamics, assisted further projects,8,18–23 and was
published in the internet in 2000 共Ref. 24兲 and 2005.25
Plasma self-absorption was included24 in 2007. It has been
used in machines including UNU/ICTP PFF,10,11,15,16,21
NX2,18–20 and NX1,18 and has been adapted to the Filippovtype DENA.8,22,23 Neutron yield Y n using a beam-target
mechanism,1 is included in the present version RADPFV5.13,
共Ref. 26兲 resulting in realistic Y n scaling27 with Ipinch. Since
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the detailed theory of the model and the code are given in the
websites,24–26 we proceed to the proposed method to compute Ipinch.
The method requires a measured Itotal waveform from a
discharge in which the bank parameters, the tube geometry,
and operating parameters are known. The Lee model code26
is used to simulate this discharge using the model parameters
for fitting. The model parameters are varied until the simulated Itotal trace agrees with the measured Itotal trace. The start
of the quiescent or pinch phase is pinpointed from the computation and the computed value of I p at this time is obtained
as Ipinch.
For the actual fitting process, the bank parameters L0, C0
共capacitance兲, and r0 共resistance兲 are put into the active sheet
of the EXCEL code. If r0 is not available, a trial value of
0.1共L0 / C0兲1/2 is used. Next, the tube parameters b 共cathode
radius兲, a 共anode radius兲, and z0 共anode length兲 and the operational parameters V0 共voltage兲 and P0 共pressure兲 are entered. The fill gas is indicated by its atomic weight and number in the cells provided. Trials values of f m, f c, f mr, and f cr
are then entered, e.g., 0.08, 0.7, 0.1, and 0.7, respectively
The code is then run. The computed Itotal trace which is one
of the graphical outputs is transferred onto a comparison active sheet and plotted onto a graph together with the preloaded measured Itotal trace. Detailed comparison, feature by
feature, of the traces is made.
The first step is fitting the axial phase. This involves
variation of f m and f c while observing the changes that appear on the resulting computed Itotal trace in respect to the
rise time, rising shape, and Ipeak and how these features compare with the corresponding features of the measured Itotal
trace. During this fitting an increase in f c increases axial
speed which increases dynamic resistance, thus, lowering
current magnitude on the rising slope. The greater rate of
increase of tube inductance flattens out the rising slope. A
decrease in f m has almost the same effect. However, a change
in f c has an additional subtle effect of changing the relative
effect of the tube inductance. This means that increasing the
speed by a certain amount by increasing f c, then reducing it
by exactly the same amount by a corresponding increase in
f m will not bring the Itotal shape and magnitude back to the
shape and value before either change is made. Thus, one has
to get each of f m and f c separately correct to get both the
current shape and magnitude correct in the rising current
profile.
The value of r0 may need to be adjusted. An increase of
r0 lowers the current trace at all points proportionately. Adjustment to nominally given values of L0, sometimes even
C0, may need to be made before a good fit is achieved. When
all values are properly adjusted and when f m and f c are correctly fitted, the measured rising profile of the computed
Itotal, usually up to the peak value Ipeak, is found to fit the
measured rising profile well in both shape and magnitude.
Two other points need to be noted.6,7 The measured Itotal
profile usually has a starting portion which seems to rise
more slowly than the computed trace. This is due to the
switching process during which, until fully switched, the
spark gap presents additional resistance. It could also be
compounded by the lift-off delay.21 Practically, this effect is
compensated by shifting the whole computed trace forward
in time, usually by a small amount around 50 ns. A related
note is that z0 may need to be reduced to account for the
shape of the back-wall insulator.
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FIG. 1. DPF78 measured Itotal 共labeled as Iges兲 and measured I p waveforms.
The third trace Iis is the difference of Itotal and I p.

The next step is fitting the radial phases. We need to
understand the transition from the axial to the radial phase.
For a plasma focus to work well, it is usually operated with
a speed such that its axial run-down time is about equal to
the rise time of the circuit with the device short circuited
across its back wall. With the focus tube connected, the current rise time will be larger. At the same time, the current
trace is flattened out. In most cases this increased rise time
will be cut short by the start of the radial phase. As this phase
starts, the current trace starts to roll over, at first imperceptibly, then clearly dipping and then sharply dips as the focus
dynamics enters the severe pinch phase which absorbs a significant portion of the energy from the driving magnetic
field. Thus, the second step in the fitting consists of adjusting
f mr and f cr so that the computed current roll over and the dip
agree in shape, slope, and extent of dip with the measured
waveform.
We now describe how we tested the validity of this
method. In an experiment in Stuttgart using the DPF78,4,5 a
Rogowski coil measured the Itotal trace, and magnetic probes
measured the I p waveform. The bank parameters were C0
= 15.6 F 共nominal兲 and L0 = 45 nH 共nominal兲, tube parameters were b = 50 mm, a = 25 mm, and z0 = 150 mm, and operating parameters were V0 = 60 kV, and P0 = 7.6 Torr deuterium. Figure 1 shows these measured Itotal 共labeled as Iges in
Fig. 1兲 and I p waveforms. The third trace is the difference of
Itotal and I p.
These parameters were put into the code. The best fit for
the computed Itotal with the measured Itotal waveform was
obtained with the following: bank parameters were C0
= 17.2 F, L0 = 55 nH, and r0 = 3.5 m⍀; tube parameters
were b = 50 mm, a = 25 mm, and z0 = 137 mm; and operating
parameters were V0 = 60 kV and P0 = 7.6 Torr deuterium.
Model parameters of f m = 0.06, f c = 0.57, f mr = 0.08, and f cr
= 0.51 were fitted.
With these parameters, the computed Itotal trace compared well with the measured Itotal trace, as shown in Fig. 2.
The computed dynamics, currents, and other properties of
this plasma focus discharge were deemed to be correctly
simulated.
From the computation results the start of the pinch phase
was obtained as 1.551 s. At this time Ipinch was computed
as 0.51⫻ 778= 396.8 kA. The value of Ipinch from the measured I p trace was not immediately obvious since there was
no striking feature that marked this moment on the measured
I p trace. We used the following procedure to obtain it, at the
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FIG. 2. 共Color online兲 Comparison of computed 共solid line兲 and measured
共dashed line兲 Itotal waveforms.

same time to get further insight into f c and f cr.
The ratio I p / Itotal 共digitized from Fig. 1兲 was plotted as a
function of time and shown in Fig. 3. At time= 1.551 s, the
ratio was found to be 0.49, and Itotal was measured to be
778 kA. Hence, Ipinch = 381.2 kA was measured in the Stuttgart DPF78 experiment. The computed Ipinch was 4% larger
than the measured Ipinch. This difference was to be expected
considering that the modeled f cr was an average value of
0.51; while the laboratory measurement showed 共Fig. 3兲 that
in the radial phase I p / Itotal varied from 0.63 to 0.4, and at the
start of the pinch phase this ratio was 0.49 and rapidly dropping. Thus, one would expect the computed value of Ipinch to
be somewhat higher than the measured, which turned out to
be the case. Nevertheless, the difference of 4% is better than
the typical error of 20% estimated for Ipinch measurements
using magnetic probes.3
The conclusion is that the numerical method is a good
alternative, being more accurate and convenient and only
needing a commonly measured Itotal waveform.

FIG. 3. Ratio of measured I p to Itotal as a function of time.
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