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Lee Model Code — (1/3)

Note: Detailed description of the model is available at http://www.intimal.edu.my/school/fas/UFLF
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Lee Model Code — (2/3)
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Lee Model Code — (3/3)
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Lee Model Code — (4/4)

(S Lee and S H Saw, J of Fusion Energy, DOI: 10.1007/s10894-008-9132-7)
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Determination of Pinch Current

PF1000 27kV 3.5 Torr D2
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Results from Numerical Experiments with PF1000
- For decreasing L, - from 100 nH to 5 nH

As L, was reduced from 100 to 35 nH - As expected

Further reduction from 35 to 5 nH

Unexpected

* Y,also had a maximum value of 3.2x1011 at 35 nH.
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Energy distribution in the system at the end of the
axial phase and at the end of the pinch-(1/2)

> Linen = loeax (Lo + 0.5L)/(2L, + L, +2L) (Note : £.=0.7, f,'~0.5)
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Energy distribution in the system at the end of the

axial phase and at the end of the pinch-(2/2)

Ipinchllpeak = ((Lo + 0-5La)/(2|-o + La + 2Lp)) .

2 lyinch INCreases from L,=100-40 nH
- numerically observed flat maximum of Ipinch

* Yn =2 flat maximum at 40-30 nH
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Pinch Current Limitation Effect - (1/3)

L, decreases, |1/l e decreases
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Pinch Current Limitation Effect - (2/3)

Sifact IS More pronouncee! &l [ower Lo
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Pinch Current Limitation Effect - (3/3)
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Conclusions — (1/2)
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Conclusions — (2/2)

Pinch Current Limitation Effect
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Numerical Experiments on Plasma Focus Pinch Current Limitation
S Lee, P Lee, S H Saw and R S Rawat, Plasma Phy. Control Fusion 50 (2008) 65012

« Contrary to the general expectation that performance of a plasma
focus would progressively improve with progressive reduction of its
static inductance L, a recent paper suggests that there is in fact an

optimum L, below which although the peak total current
iIncreases progressively the pinch current and
consequently

* the neutron yield of that plasma focus would not increase,
but instead decreases

 This paper describes the numerical experiments and results that led to
this conclusion.

14-15 July 2008 Presented by SH Saw at IWPCA 2008



Numerical Experiments Using Lee Model

* The |, trace is computed and fitted to a measured |, trace from the particular
focus.

» Model parameters used for fitting:

» axial mass swept-up factor f,,, current factor f;, radial mass factor f,,, and radial
current factor, f,.

» When correctly fitted

« the computed i, trace agrees with the measured I, trace in peak amplitude,
rising slope profile and topping profile (see Figure 1) which characterize the
axial phase electro-dynamics.

« The radial phase characteristics are reflected in the roll-over of the current trace
from the flattened top region, and the subsequent current drop or dip.

« Any machine effects, such as re-strikes, current sheath leakage and
consequential incomplete mass swept up, not included in the simulation
physics is taken care of by the final choice of the model parameters, which are
fine-tuned in the feature-by-feature comparison of the computed I, trace with
the measured I, trace.

« The computed gross dynamics, temperature, density, radiation, plasma sheath
currents, pinch current and neutron yield can be confidently compared with
experimental values.
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The numerical experiments and discussions - 1/4

« Ateach L, after ‘a’ was adjusted for optimum S, the computed shape of
the current waveform was used as a guide to fine-tune z, for optimum
performance, which was finally indicated by the largest | ;. Which
corresponds closely to the largest Y.

« The optimized situation for each value of L, is shown in Table 1.

« Table 1 shows that as L, is reduced,
l,eak rises with each reduction in L, with no sign of any limitation.

* However, lnch reaches a broad maximum of 1.05MA around 40-30
nH

. Neut1r1on yield Y, also shows a similar broad maximum peaking at 3.2
« x 10 neutrons
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The numerical experiments and discussions — 2/4

Table 1. Effect on currents and ratio of currents |,;,cn/lpeak (COMputed)
as L, is reduced-PF1000at 35 kV, 3.5 Torr D,.

I—o b a Zo Ipeak Ipinch Yn11 Ipinch/Ipeak
(nH) ~ (cm)  (cm)  (cm) (MA)  (MA) (10 )

100 15.0 108 80 166 096 244 0.58
30 16.0 116 80 1.1 1.00 271 0.55
60 18.0 13.0 70 202 103 3.01 0.51
40 215 18,5 55 236 105 320 0.44
35 225 163 53 247 105 320 043
30 23.8 172 &0 261 105 310 040
20 280 211 32 313 103 3.00 0.33
10 33.0 238 28 3.65 1.00 245 0.27
< 400 288 20 437 097 200 0.22
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The numerical experiments and discussions — 3/4
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* Figure 2. PF1000 current waveforms (computed) at 35 kV, 3.5 Torr D,
for a range of L,
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The numerical experiments and discussions — 4/4
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» Figure 3. Effect on currents and current ratio (computed) as L, is reduced-PF1000, 35
kV,3.5 Torr D,.
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Neutron Scaling Laws from Numerical Experiments
S Lee and S H Saw, J of Fusion Energy, DOI:10.1007/s10894-008-9132-7
published first online 20 February 2008 at http://dx.doi.org/10.1007/s10894-008-9132-7

 Experimental data of neutron yield Y, against
pinch current |;,.., is assembled to produce a
more global scaling law than available.

2x10" lnen | and

Yn

9x10 ek

Yn
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http://www.intimal.edu.my/school/fas/UFLF/Papers/PP2 with Erratum JoFE NeutronScalingLawsFromNumericalExperiments.pdf
http://dx.doi.org/10.1007/s10894-008-9132-7

Compilation of Experimental Results — 1/2

» Use recent results from some smaller machines e.g. Soto’s PF400 and the
large PF1000 as well as a high performance repetitive device, the NX2.

3.8

« This gives a good fit of Yn=9X1O10|pinch

« This compilation of experimental results is to provide a calibration point for
setting the neutron yield mechanism of the Lee Model code.

« A calibration point is chosen at around the middle of the current range at

loinch=0.9MA, Yn=6x109 neutrons. This point is close to the PF1000’s
machine parameters with properly adjusted dimensions if it could be fired at
13.9KkV.

« The results of the compilation are shown in Fig 1
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Compilation of Experimental Results — 2/2
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Scaling Laws derived from the numerical experiments -1/3

* Lee Model code is applied to several machines including the
PF400, UNU/ICTP PFF, the NX2 and Poseidon.

 The PF1000 which has a current curve published at 27kV
and Y, published at 35kV provided an important point.

* Moreover using parameters for the PF1000 established at
27 kV and 35 kV, additional points were taken at different
voltages ranging from 13.5kV upwards to 40kV.

. Thes_e machines were chosen because each has a
published current trace.
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Scaling Laws derived from the numerical experiments -2/3

* The current curve computed by the model code is fitted to the measured
current trace.

* Once this fitting is done our experience is that the other computed
properties including dynamics, energy distributions and radiation are all
realistic.

« This gives confidence that the computed Y, for each case is also
realistic.

* Moreover since each chosen machine also has measured Y,
corresponding to the current trace, the computed Y/, could also be
compared with the measured to ensure that the computed results are not
iIncompatible with the measured values.

* The results are shown in Fig 2.
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Scaling Laws derived from the numerical experiments -3/3
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* Fig 2. Yn scaling with |;,., and |,.., from numerical experiments
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Computing Plasma Focus Pinch Current from Total Current Measurement
S. Lee, S. H. Saw, P. C. K. Lee, R. S. Rawat and H. Schmidt, Appl Phys Letters 92,
111501 (2008)

* The total current l;,,; waveform in a plasma focus discharge
Is the most commonly measured quantity, contrasting with
the difficult measurement of | inch.

 However, yield laws should be scaled to focus pinch current
lbinch ather than the peak lig¢q).

* This paper describes how |;,., may be computed from the
liota) 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
liota trace and the plasma sheath current trace were
measured.

* The result shows good agreement between the values of
computed and measured |,inch.-
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http://www.intimal.edu.my/school/fas/UFLF/Papers/PP4Published APPLAB9211111501_1.pdf

The method

 The method requires a measured i, waveform from a
discharge in which the bank parameters, the tube geometry,
and operating parameters are known.

 The Lee Model code is used to simulate this discharge using
the model parameters for fitting.

* The model parameters are varied until the simulated ;.
trace agrees with the measured I, trace.

* The start of the quiescent or pinch phase is pinpointed from
the computation and the computed value of |, at this time is
obtained as |,ich-
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The Experiment -1/2

 In an experiment in Stuttgart using the DPF78,
current traces were measured using Rogowski coll
for the total current (l,es In Fig 2) and an array of
magnetic probes for the plasma sheath current (1, in
Fig 2).

* The bank parameters were given as: C,=15.6uF
(nominal), L,=45 nH (nominal)

* The tube parameters were given as: b= 50 mm,
c=25 mm and z,=150 mm

« Operating parameters were given as: V=60 kV,
P,=7.6 Torr in deuterium.
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The Experiment -2/2
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Numerical Experiment

* These parameters were input into the code.

* The best fit was obtained with the following parameters:
 Bank Parameters: C,=17.2 uF, L,=55 nH, and r,=3.5 m Q
* Tube parameters: b=50 mm, a=25 mm and z,=137 mm

» Operating parameters: V,=60 kV, Po=7.6 torr deuterium

* Model parameters: f.,=0.06, f.=0.57, f.,,=0.08 and f.,=0.51.

« With these parameters the computed total current trace

compares with the measured total current trace as shown in
Fig 3.
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Results -1/4

DPF78 Discharge 60kV 7.6 torr D2

1 1.5
Time in microsec
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Results — 2/4

* From the computation results the start of the pinch phase
was obtained as 1.551 s. At this time |;,., was computed as
0.51778=396.8 kA.

 The value of |;,c, from the measured |, trace was not
immediately obvious since there was no striking feature that
marked this moment on the measured I, trace.

* We used the following procedure to obtain it, at the same
time to get further insight into f, and f.,.
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Results - 3/4

« The ratio |, / l;ot5 digitized from Fig. 1 was plotted as a function of time and shown in
Fig. 3.

« At time=1.551 ps, the ratio was found to be 0.49, and l;,;,; was measured to be 778
kA. Hence, |,,cn=381.2 kA was measured in the Stuttgart DPF78 experiment.

« The computed l;;,cn Was 4% larger than the measured l;,ch-

« This difference was to be expected considering that the modeled f., was an average
value of 0.51; while the laboratory measurement showed Fig. 3 that in the radial
phase |, / liota 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 |;;,c, 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 l,inch Measurements using magnetic probes.
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Results -4/4

Ratio of measured currents: 1,
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Conclusion

* The numerical method to determine |, is
* a good alternative
* more accurate and convenient

* needing only a commonly measured |;,;,; waveform
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Comments from a Reviewer

Reviewer #1 (Comments to the Author):

This is a very clearly written paper that offers an important addition to the DPF

(and z-pinch) literature, as regards scaling of radiation output (be it x-rays ro neutrons) with current.
For four decades, the community has glibly claimed 1*4 and other scaling laws for pinches, which have been
"verified" by plotting output vs. a current that is almost always measured far away from the pinch.

This paper breaks new ground by showing how one can deduce the "pinch"

current from the measured loop current, using the Lee Model. The central question in
use of such a model with fitting parameters is: do the parameters stay rigid or must one choose different
parameters for each set of conditions? It is clearly shown by the authors that once they have fixed the key
fractions (f_c, f_m, etc. for a given machine, those fractions remain fixed for different operating conditions.
hence these "fitting parameters" are useful and robust.

This Letter should spark a flurry of new papers in which others revisit their old
data and show how the neutron or soft x-ray output scales with pinch current
rather than discharge current. This Letter is stimulating and worthy of rapid publication. The
Lee Model upon which the paper is based is itself an unsung hero of the DPF
community.

Perhaps this Letter will stimulate more widespread use of that model in DPF research worldwide.
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