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Our Modelling

» Experimental based
» Utility prioritised

* To cover the whole process- from lift-off,
to axial, to all the radial sub-phases; and
recently to post-focussed phase which 1s
important for advanced materials
deposition and damage simulation
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Priority of Results

» Applicable to all Mather-type PK machines,
existing and hypothetical

 Current Waveform accuracy
* Dynamics in agreement with experiments
* Consistency of Energy distribution

» Realistic Yields of neutrons, SXR, other radiations;
Ions and Plasma Stream; in conformity with
experiments

* Widest Scaling of the yields; all gases
* Insightful definition of scaling properties
* Design of new devices; e.g. High V & Current-Step

* Design of new experiments; radiative cooling and
collapse
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Basis, modelling, results and applications of
the Model code

e

Experimental based; Energy Mass & Charge consistent; Connected to reality;
Utility prioritised, Cover whole process: birth to streaming death.
Universal: all gases and all plasma focus from smallest to largest and beyond.

Connect to reality, fit computed
with measured current

I

Dynamics & Energy Distributions

Asial b Radial Anomalous ~_» Temperature, Density
Phase Phase PRI‘:S'““““’ Outputs
l i —» Neutron, SXR Yields
Applications 5‘| Scaling Ion beams, Streaming Plasmas
/
Design ) *,
PF’s Diagnostic references
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Scaling laws

Technological Insights & Innovations

T LYW

-

School and Training Course on Dense Magnetized Plasma as a Source of lonizing I PF Institute For Plasm: Eocus Studies

Radiations, their Diagnostics and Applications

* Knowledge Should Be Freely Accessible To All »

8-12 October 2012, ICTP, Trieste



I NTI School and Training Course on Dense Magnetized Plasma as a Source of lonizing Institute For Plasma Focus Studies
INTERNATIONAL UNIVERSITY Radiations, their Diagnostics and I-\.ppllcatlons I PF * Knowledge Should Be Freely e Al
LAUREATE INTERMATICHAL LINIVERSITIES 8-12 October 2012, ICTP, Trieste

>k




Plasma Focus Numerical Experiments-
Scaling Properties & Scaling Laws

Outline of talk:

« Numerical experiments are used to deduce scaling properties of the PF.

« Numerical experiments are used to deduce scaling laws for neutrons and
neon SXR.

 We connect the scaling laws as a development from the scaling properties.

* A Global Scaling Law for neutron yields as a function of storage energies
1s derived from numerical experiments combined with measured data
showing a deterioration of scaling due to the dynamic resistance of the
axial phase.

* A by-product of the numerical experiments are diagnostic

reference points.
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The Plasma Focus 12

® Plasma focus: small fusion device, complements
international efforts to build fusion reactor

® Multi-radiation device - x-rays, particle beams and
fusion neutrons

® Neutrons for fusion studies

® Soft XR applications include microelectronics
lithography and micro-machining

® Large range of device-from J to thousands of kJ

® Experiments-dynamics, radiation, instabilities and non-
linear phenomena
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The S-phases of the Model code

Includes electrodynamical- and radiation- coupled
equations to portray the REGULAR mechanisms of the:

« axial (phase 1)

 radial inward shock (phase 2)

 radial RS (phase 3)

» slow compression radiation phase (phase 4)
 the expanded axial post-pinch phase (phase 5)

Crucial technique of the code: Current Fitting
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The Model

Outer slectrode z!
Fig 1: Schematic of (a) axial phase and (b) radial phase /2/
The equations for the axial and radial phases are written and nommalised in the following

manner [2-4.7): (geometrical quantities are shown in the Figs 1 & 2. Lo, Co. 1o are the circuit
mductance, capacitance and resistance, V, 1s the voltage C,; 15 charged to).

Comprabticn aEperimsant —s
I sxperiozant )
= t == = L -5 | dissamble
T__? E.-__? t_I_I E__ -—M- Im‘d‘ ! *
t, Z : Z shock phase | BS .
L L ;
'h'_-' == ==
a % a
t, =yLC, and
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The Axial Phase- two coupled equations (1) & (2)

153 EI
Motion: . gl — ! (1)
dr’ L
"
g 1-ldr-fp=1-5
Curent:  —-= = ()
dr 1+£ B

to compute ¢ and 1. with two scaling parameters:
B= [,% z 1|:u:j| /L, (3)

which 15 the ratio of the full axial phase fube mductance to the external fixed mductance. Rato
of charactenstic electncal discharge ume to charactenistic axial transit fumes 15

a=t It
™ =1 : \1 -ull_
where t =
phne f ‘a)
] rh 4
7 TITETNTR
H j:l'. ‘-t:p_l L A e -,_l|| L 4
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giving a charactenistic axial transit speed of v, = z,/t, of

E ]”7;_- /) ©)
The parameters £, memﬂfarhrmﬂmmﬁdurﬂ! We note the dependence

of v, on (I/a)'\p which is designated as the drive parameter S. Equations (1) & (2) are
m@mﬂqrby—ﬁhq:mmﬁnrgmﬂi,mmg-l Then the dynamics move to the radial
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1-fudrsBig S %o Big pnSey a5
F e a F° ¢ d (10)
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tor

where f, =—— F=Ze (11)
Inec a

and the ratio of the characteristic axial transit time to charactenistic pinch time
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Radial characteristic speed & Speed Factor
i ‘

P ez
whmﬂl—ht,F " (11)

and the ratio of the charactenstic axial transit time to characteristic pinch time

y+1)e -1 EF
ITE—I % (12)

Hence ¢ = [ll'['f'l'lj,c t' {I.’l} (13)

and characteristic pinch time a/t, is

?.=MT+llf I/a (14]

=
S= Curre
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N I ) O A A
R R

The ratio of charactenistic radial and axial speeds 15 also essentially a geometnical one, modified by

2 _ b4
thermodynamics. Its v, /v, =[{c 4ib+l}] with a value typically 2.3
¢
Note that the radial charactenistic speed has the same dependence as the axal fransit speed on dnve
factor 5 =(I_ /a)/./p .
Note on Time Match Safegnard-
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Integration
Define initial condit;

£t fﬂn, £=0, 1=0, fudr=0, —=1, ’;m 373

Set time mcrement: D = 0.001
Increment time: t=1t+D
Next step values are computed using the followmg hnear approximations:

_E_Eﬂ
dr

f= §+J;D

t=t+%ﬂ

Jsdr = [adr +:D
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The S-phases of the Model code

axial (phase 1) — 2 coupled equations

* radial inward shock (phase 2) — 4 coupled eqns

radial RS (phase 3)- 3 coupled equns namely: RS
moving outwards, piston moving inwards & circuit

* slow compression radiation phase (phase 4) :

Radiation & heat coupled eqn of motion coupled to
circuit eqn; Bennett for temperature & Spitzer for
heat; Plasma self-absorption included (P. Lee & Khatak)

* Anomalous resistive phase (Phase 4a) — 3 fitting regimes

 the expanded axial post-pinch phase (phase 5)
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Crucial technique of the code: Current Fitting:

The computed current is fitted to the measured;
modifying the computation at each step of the
fitting;

thus connecting the physics-based model with the
reality of the experiment
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Philosophy of Current fitting 1/3

» The current trace of the focus is the best indicators of gross performance.

» The exact time profile of the current trace is governed by the bank parameters, the focus
tube geometry and the operational parameters.

» It depends on the mass swept-up and drive current fractions and their variations.

 These parameters determine the dynamics, specifically the axial and radial speeds
which in turn affect the profile and magnitudes of the current.

e There are many underlying mechanisms (see following slide) which are not simply
modeled. The detailed current profile is influenced by these effects and during the pinch
phase also reflects the Joule heating and radiative yields.

» At the end of the pinch phase the profile reflects the sudden transition from a
constricted pinch to a large column flow.

* Thus the current powers all dynamic, electrodynamic, thermodynamic and radiation
processes in the various phases.

* Conversely all dynamic, electrodynamic, thermodynamic and radiation processes in the
various phases affect the current.

 The current waveform contains information on all the dynamic, electrodynamic,
thermodynamic and radiation processes that occur in the various phases.

« This explains the importance attached to matching the computed total current trace to
the measured total current trace in the procedure adopted by the Lee model code.

*  Once matched, the fitted model parameters assure that computation proceeds with
all physical mechanisms accounted for, in the gross energy & mass balance sense.
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Philosophy of Current fitting 3/3

All inaccurate model effects are accounted for by the fitting:
Known effects that might deviate from our modelling include:

1. Geometrical, including our assumed geometry

2. Our assumed structures and distributions

3. Mass shedding & current sheet CS porosity

4. Current shedding, fragmenting, leakage & inclination

5. Non uniformity & inhomogeneity of CS and plasma; boundary
layer effects

6. Radiation & thermodynamics

7. Ejection of mass caused by necking curvatures

Once current-fitted, also unspecified and unknown effect are
also accounted for in terms of energy and mass.

Radiations, their Diagnostics and Applications
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Philosophy of Current fitting 2/3

* So we relate to reality through a measured current trace

« computed current waveform 1s adjusted to fit measured
current waveform

* Adjustment by model parameters fm, fc, fmr, fer; account for
all factors affecting mass flow and force field flows not
specifically modelled including all KNOWN and
UNKNOWN effects.

 When adjustments are completed so that the computed
waveform fit the measured waveform, the computed
system is energetically and mass-wise equivalent to the
real system.
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Insights

 [imitation to Pinch Current and Yields- S Lee & S H Saw:

Appl Phys Letts. 92 (2008) Note also: M Trunk Plasma Physics, 17, 237
(1975)

* Neutron Yield Scaling-sub kJ to 1 MJ-J Fusion Energy 27

(2008) S Lee & S H Saw- multi-MJ- PPCF 50 (2008) S Lee

* Neon Soft x-ray Scaling- PPCF 51 (2009) S Lee, S H Saw, P Lee,
R S Rawat

 Neutron Yield Saturation- Appl Phys Letts. 95 (2009) S Lee
Simple explanation of major obstruction to progress

Benchmarking Fast Ion Beams and scaling laws-S Lee, S H Saw
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From Measured Current Waveform to Modelling

Bar \
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Step 2: Fitting the computed current waveform to the
measured waveform-(connecting with reality)

A measured discharge current I waveform for the specific plasma focus is
required

e The code is run successively. At each run the computed a1 Waveform is fitted
to the measured It waveform by varying model parameters fq, fc, fnr and fe,
one by one, one step for each run, until computed waveform agrees with
measured waveform.

« 1. Fitting static inductance Lo and stray resistance ro.
This is done by matching current risetimes and current amplitudes
e 2. The 5-Point Fit:

» First, the axial model factors I, i are adjusted (fitted) until

— (1) computed rising slope of the ;. trace and

— (2) the rounding off of the peak current as well as

— (3) the peak current itself

are in reasonable (typically very good) fit with the measured I trace

» Next, adjust (fit) the radial phase model factors ., and f., until

- (4) the computed slope and

- (5) the depth of the dip

agree with the measured I waveform
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Example of current fitting: Given any plasma
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Step 1.2. Configure

parame

the code as the PF1000 using given

‘H ameters (in red) t certain

—

Start Configuration

Given: L,nH C, uF b cm a cm Z, cm r, me)
20 1332 16 11.55 60 1
fm fc fmr fcr
0.1 0.7 0.2 0.7
P, Tor MW A Atom-molecule
3.5 4 1 2

V, kV

27

I NTI School and Training Course on Dense Magnetized Plasma as a Source of lonizing I PFS Institute For Plasma Focus Studies

Radiations, their Diagnostics and Applications P S FileToAlls
Ll — e ey At



Eictinge Pl 1000
Ay

T -l:i_
— - e =

PF1000 40kV 1332uF 9nH 1.1MJ Io= 15M3

Big Plasma Focus
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Fire the PET0O00O, compare computed current
waveform with measured current waveform
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: 20 1332 16 11.55 60 1
\massf currf massfr currfr  Model Parameters
0.07 0.7 0.16 0.7

Po Mw A At-1 mol- Operational

4 1

20nH 1mOhm PF1000-fitting

2 Parameters

lIn KA

0 . 4 Time in Microsec & 10 12
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16 11.55

|massf currf  massfr currfr  Model Parameters
007 07 0.16 0.7

Vo Po MW A At-1 mol- Operational

25nH 1mOhm PF1000-fitting

I In KA

0 2 4 Time in microsec & 10
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- note computec h; that
_I lr .

massfr currfr  Model Parameters
0.07 0.7 0.16 0.7

Po Mw A At-1 mol- Operational
4 1

2 Parameters

30nH 1mOhm PF1000-fitting

o
&=
E=
0 2 4 Time in Microsec & 10
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16

|massf  currf massfr currfr  Model Parameters
007 07 0.16 0.7

VD Po Mmw A At-1 mol- Operational
27 3.5 4 1

2 Parameters

30nH 3 mOhm PF1000-fitting

lIn KA

0 . 4 Time in Microsec & 10 12
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5. Increase r, to 5 mQ; fit of cu ¢ 1s now quite good. Fo fit of

Lo Co b a Z0 ro mOhm
30 1332 16 11.55 80 5

massf currf massfr currfr  Model Parameters

0.07 0.7 0.18 0.7

Vo Po Mw A At-1 mol- Operational

27 3.5 4 1 2 Parameters

30nH 5 mOhm PF1000-fitting

lln KA

4 Time in Microsec &

INTI

INTERNATIONAL UNIVERSITY
LAUREATE INTERMATICNAL LINIVERSITI

I PF Institute For Plasma Focus Studies
* Knowledge Should Be Freely Accessible To All »

K




J0nH 5 mOhm PF1000-fitting fm= 0.1

—— measured

—— computed

4 Time in mMicrosec 8
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7. Increase f to 0.13, note that dial phase starts later a ; but
gone higher- due '

higher ¢ crease f,

Co b a
30 1332 16 11.55 60

massf currf massfr currfr  Model Parameters
0.13 0.7 0.16 0.7

Vo Po MW A At-1 mol- Cperational
27 3.5 4 1

2 Parameters

30nH 5 mOhm PF1000-fitting fm= 0.13

——measured

——computed

lIn KA

4 Time in Microsec &

INTI

INTERNATIONAL UNIVERSITY
LAUREATE INTERMATICNAL LINIVERSITI

I PF Institute For Plasma Focus Studies
* Knowledge Should Be Freely Accessible To All »

K




b a Zo ro mOhm
30 1332 16 11.55 60 1]

massf currf massfr currfr  Model Parameters
0.14 0.7 0.16 0.7

Vo Po MW A At-1 mol- Operational
27 3.5 4 1

2 Parameters

30nH 6 mOhm PF1000-fitting fm= 0.14

——measured

——computed

I In KA

4 Time in microsec &
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9. Increase 1, to 6.3 mQ2. Note that the computed current has dropped enough for the
rising slope (particularly the top part of the rising slope) and the flattened top to agree
very well. Also the computed current dip start (roll off) agrees very well with the

measured current dip start. Thus L, and 1, fitted; also f, 1s fitted.

%

Lo Co b a Z0 re mOhm
33 1332 16 11.55 60 6.3
massf currf massfr currfr  Model Parameters
0.14 0.7 0.16 0.7
Vo Po MW A At-1 mol- Operational
27 3.5 4 1 2 Parameters
g9 nNH 6.3 mOhm PF1000-fitting fm=0.14 fmr=0.16
2000 - d.
— MeasLre
1800 _—
—— computed
1600 v i \\ -
1400 /, \
= e
= 1000 7 -
— 800 /
600 f :
400 /,
200
D 1 1 1 1 1 1
0 2 4 Time in Microsec S 10 12
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10 Next, to fit the radial phase. Note last slide computed slope of dip is much too steep
than measured dip slope. This means that the computed speed is too high. To reduce the
radial speed, increase f_; try 0.25. Note improvement; the computed slope is now less

steep and agrees better with the measured; need to increase f__ further.
Lo Co b a Z0o ro mOhm
33 1332 16 11.55 60 6.3

massf currf massfr currfr  Model Parameters
0.14 0.7 0.25 0.7

Vo Po MW A At-1 mol- Operational
27 3.5 4 1 2 Parameters

g hH 6.3 mOhm PF1000-fitting fm=0.14 fmr=0.25

2000 - -
1800 P —— measured

b /—"W \ —— computed
1400
1200 / \

< 1000 7 .
— 800 /
600 )},
400 /
200
D T T T T T 1
0 2 4 Time in Mmicrosec & 10 12
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e of the computed curren
Note 5 points of agr
1p; 5.slope om of dip.

b a Z0 ro mOhm
33 1332 16 11.55 [:11] 6.3

massf currf massfr currfr  Model Parameters
0.14 0.7 0.34 0.7

Vo Po MW A At-1 mol- Operational
27 3.5 4 1

2 Parameters

33nH 6.3 mOhm PF1000-fitting fm=0.14, fmr=0.34

—— measured

—— computed

I In KA

4 Time in microsec &
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Fitting PF1000 27kV-adjusting model parameters
until computed current waveform matches
- measured (after getting L

E ‘b
Fig3a PF1000, 27KkV; Fitting computed current waveform to Fig3b PF1000, 27kV; Fitting computed current waveform to Fig3c PF1000, 27kV; Fitting computed current waveform to
measured waveform- measured waveform- measured waveform-
First Try Model Parameters-bad fit; Improving axial phase fit-better fit Axial phase fitted reasonably well
fm=0.073, fc=0.7, fmr=0.16, fcr=0.7 fm=0.11, fc=0.7, fmr=0.16, fer=0.7 fm=0.13, fc=0.7, fmr=0.16, fcr=0.7
o —— measured 2 —measma 2000 — measured
— )] ted '/,—-—‘\ —— computed —— computed
£ 1 LR 1500 — S 1500 -
£ \ \"—‘ & / \~\"_\k £ / \&‘&
fé 1000 / ~_ E’ 1000 / o E 1000 / —
S £00
3 500 5} o0 3 500
8 8 T - ; 0 ‘ . .
o T T T
-5 0 5 10 15 20 8 0 5 10 15 20 -5 0 5 10 15 20
Time in Microsec Time in Microsec Time in Microsec
Fig3d PF1000, 27kV; Fitting computed current waveform to ]
veform- PF1000 LonH CouF romCohm bcm acm Zo cm Vo kV Po torr D2
THERNIOd W RIS S 335 1332 63 16 1155 60 27 35
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Computed neutron yield agrees with
those reported in the paper by Gribkov et al,
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PF1000 fitted results
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Summary: the S-point fit 1/2

5-Point fitting; computed vs measured-Nx2
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Once fitted: model is energy-wise & mass-wise
equivalent to the physical situation 2/2

» All dynamics, electrodynamics, radiation,
plasma properties and neutron yields are
realistically simulated; so that the code
output of these quantities may be used as
reference points for diagnostics
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Scaling Properties

3 kJ machine PEF1000 40kY 1332;117' OnH 1.1 Io=15
Small Plasma Focus 1000 kJ machine

Big Plasma Focus
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Comparing large and small PF’s- Dimensions and lifetimes- putting
hs side-by-side, almost same

1 = 0
L B :-..‘I-...

Anode radius 1cm
Pinch Radius: 1mm

Pinch length: 8mm

Lifetime
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Scaling Propertie

Dimensions & D
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Rule-of-thumb scaling properties, (subject to minor
variati ily by the variatio

constant

nch duration pe
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teracts with
produces the
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the plasma pinch colum
-section of the D-D fusior
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More detailed description:

The beam-target yield is written in the form Yy, ~ n,n; (r,* z,) (v, o) T where
N, is the number of beam ions per unit plasma volume, niis the ion density, r,
is the radius of the plasma pinch with length z,, c is the cross section of the
D-D fusion reaction, n branch,sv.is the beam ion speed, and t is the beam-
target interaction time assumed proportional to the confinement time of the
plasma column.

Total beam energy Is estimated:-as proportional to L.l....? @ measure of the
pinch inductance energy, L.being the focus pinch inductance. Thus, the
number of beam ions is N, ~ L2 /v,2 and n»is Ny divided by the focus pinch
volume. Note that L.Inb/ r.z,, that.r,z,, and that v.U..where U is the
disruption-caused diode voltage..-Here, b is the cathode radius.We also
assume reasonably that U is proportional to V., the maximum voltage
induced by the current sheet collapsing radially toward the axis.
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Computation of Neutron yield (2/2)
Note:

« The D-D cross-section is sensitive to the beam energy in the range
15-150 kV; so it is necessary to use the appropriate range of beam
energy to compute o.

« The code computes induced voltages (due to current motion
inductive effects) V. .. of the order of only 15-50 kV. However it is
known, from experiments that the ion energy responsible for the
beam-target neutrons i1s in the range 50-150keV, and for smaller
lower-voltage machines the relevant energy could be lower at 30-

60keV.

* In line with experimental observations the D-D cross section ¢ 1

reasonably obtained by using U= 3Vmax

»  The model uses a value of C_ =2.7x107 obtained by calibrating the
yield at an experimental point of 0.5 MA.

I NTI School and Training Course on Dense Magnetized Plasma as a Source of lonizing I PFS Institute h_"_ PI AT l'n( us Studies

* i Radiations, their Diagnostics and Applications « Knowledgs Should B e e

Lﬂ;UH-EAT.E NTERMATICMAL UNIVERSITIES 8-12 October 2012, ICTP, Trieste




1/2)

dgL =-4.6x10""'n,"2Z} (m*pz )zf /T

Q, is obtained b

¥ L1 .II.
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Computation of Neon SXR vyield (2/2)

Note:

® The SXR yield is the reduced quantity of generated energy after plasma
self-absorption which depends primarily on density and temperature

® The model computes the volumetric plasma self-absorption factor A
derived from the photonic excitation number M which is a function of the

Z .n.ZandT.

n’ -1’

® In our range of operation the numerical experiments show that the self
absorption 1s not significant.

® Liu Mahe (1999) first pointed out that a temperature around 300 eV is
optimum for SXR production. Shan Bing’s (2000) subsequent work and
our experience through numerical experiments suggest that around 2x10°
K (below 200 eV) or even a little lower could be better.

® Hence for SXR scaling there is an optimum small range of temperatures

(T window). [200-500 eV]
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Scaling laws for neutrons from numerical

experiments over a range of energies from

10kJ to 25 MJ (1/4)

» To study the neutrons emitted by PF1000-like bank energies from
10kJ to 25 MJ.

. I%A&g)ly the Lee model code to fit a measured current trace of the
PF1000:

Co=1332 uF, V,=27kV, P,=3.5torr D,;b=16cm,a=11.55 cm or
c=1.39; z,= 60 cm; external (or static) inductance L,= 33.5 nH and;
damping factor RESF= 1.22 (or stray resistance ry=6.1 m€2).

» 2) Apply the Lee code over a range of C,
ranging from 14 pF (8.5 kJ) to 39960 uF (24 MJ):
» Voltage, V, = 35 kV; P, = 10 torr deuterium; RESF = 1.22; ratio c=b/a 1s 1.39.
» For each C,, anode length 7, 1s varied to find the optimum z,.
« For each z,, anode radius a, 1s varied to get end axial speed of 10 cm/ps.
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Scaling laws for neutrons from numerical
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Scaling laws for neon SXR from numerical

For C, varying
For each
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What ¢ s current scaling deterioration

3 ik ; 11y y
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What causes current scaling deterioration
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Connecting the scaling properties with the
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Papers from Lee model code 1\2

® S Leeand S H Saw, “Pinch current limitation effect in plasma focus,” Appl. Phys. Lett. 92,
2008, 021503.

® S Leeand S H Saw, “Neutron scaling laws from numerical experiments,” J Fusion Energy 27,
2008, pp. 292-295.

® Slee, PLee, S HSaw and R S Rawat, “Numerical experiments on plasma focus pinch
current limitation,” Plasma Phys. Control. Fusion 50, 2008, 065012 (8pp).

® Slee, SHSaw, PCK Lee, R S Rawat and H Schmidt, “Computing plasma focus pinch
current from total current measurement,” Appl. Phys. Lett. 92, 2008, 111501.

® S Lee, “Current and neutron scaling for megajoule plasma focus machine,” Plasma Phys.
Control. Fusion 50, 2008, 105005, (14pp).

® Sleeand S H Saw, “Response to “Comments on ‘Pinch current limitation effect in plasma
focus’”’[Appl. Phys. Lett.94,076101 (2009)],” Appl. Phys. Leet.94, 2009, 076102.

® Slee, S HSaw, L Soto, S V Springham and S P Moo, “Numerical experiments on plasma
focus neutron yield versus pressure compared with laboratory experiments,” Plasma Phys.
Control. Fusion 51, 2009, 075006 (11 pp).

e S HSaw, PCK Lee, R S Rawat and S Lee, “Optimizing UNU/ICTP PFF Plasma Focus for
Neon Soft X-ray Operation,” IEEE Trans Plasma Sci, VOL. 37, NO. 7, JULY (2009)

® JeeS,RawatR S, Lee P and Saw S H. “Soft x-ray yield from NX2 plasma focus- correlation
with plasma pinch parameters” JOURNAL OF APPLIED PHYSICS 106, 023309 (2009)

® Slee, SHSaw, P Lee and R S Rawat, “Numerical experiments on plasma focus neon soft x-
ray scaling”, Plasma Physics and Controlled Fusion 51, 105013 (8pp) (2009)
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Papers from Lee model code 2\2

M Akel, S Hawat, S Lee, Numerical Experiments on Soft X-Ray Emission Optimization of
Nitrogen Plasma in 3 kJ Plasma Focus Using Modified Lee Model,
First online Tuesday, May 19, 2009

« M Akel, S Hawat, S Lee, Pinch Current and Soft x-ray yield limitation by numerical experiments
on Nitrogen Plasma Focus, J Fusion Energy DOI 10.1007/s10894-009-9238 first online 21
August 2009

S. Lee. Neutron Yield Saturation in Plasma Focus-A fundamental cause.
Appl Phys Letts (2009) 95, 151503 93..

M. Akel, Sh. Al-Hawat, S. H. Saw and S. Lee. Numerical Experiments on Oxygen Soft X- Ray
Emissions from Low Energy Plasma Focus Using Lee Model DOI
10.1007/s10894-009-9262-6 First online 22 November 2009

» Sing Lee and Sor Heoh Saw Numerical Experiments providing new Insights into Plasma Focus
Fusion Devices-Invited Review Paper: for Energy: special edition on ““Fusion Energy”

Energies 2010, 3, 711-737; d0i:10.3390/en3040711-Published online 12 April 2010
« S H Saw, S Lee, F Roy, PL Chong, V Vengadeswaran, ASM Sidik, YW Leong & A Singh-

In-situ determination of the static inductance and resistance of a plasma focus capacitor bank —Rev
Sci Instruments (2010) 81, 053505

« S H Saw and S Lee, Scaling the Plasma Focus for Fusion Energy Considerations- Int. J. Energy
Res. (2010) Int. J. Energy Res. (2010) View this article online at wileyonlinelibrary.com. DOI:
10.1002/er.1758

« S H Saw and S Lee- Scaling laws for plasma focus machines from numerical experiments
» Invited paper Energy and Power Engineering, 2010, 65-72 doi:10.4236/epe.2010.21010
* Published Online February 2010 (http://www.scirp.org/journal/epe)

I NTI School and Training Course on Dense Magnetized Plasma as a Source of lonizing Ihstitute Eor Plasma Focus Studies
Radiations, thei Diagnostics and Applications I P F * Knowledge Should Be Freely Accessible To All »

LAUREATE INTERMATIONMAL UNIVERSITIES 8-12 October 2012, ICTP, Trieste

%




Fe R L A B e S
]NTI School and Training Course on Dense Magnetized Plasma as a Source of lonizing IPF Institnielor Plasmallocus S todies

INTERNATIONAL UNIVERSITY Radiations, their Diagnostics and Applications

A * Knowledge Should Be Freely Accessible To All »
LAUREATE INTERNATIONAL UNIVERSITIES <D s, E i, ITEE



Numerical experiments
with Bora- hands-on

S H Saw
Today 10 October 2012
2pm-4pm (2 hrs)
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Summary

For this exercise we will fit BORA computed current
waveform to match a BORA measured current waveform.

* From fitting the rising slope (and the risetime) of the current
we obtain the static inductance L,,.

* From the fit of rising profile and the topping profile (including
scaling the measured peak to the computed peak) we obtain
the bank stray resistance r,,.

* From fitting the axial mass factor f_ and radial mass factor f__
(where necessary also fitting current factors f_. and f_) we
obtain a good overall fit; fixing the dynamics of Bora.

* The final fitting produces from the code realistic results of
Leat> Lyinens @X1al and radial dynamics and pinch properties.

Radiations, their Diagnostics and Applications
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Data
1. Capacitance Cy=24.4 uF (from pg 15 Table 1)

2. Chamber: cathode radius b=2.5 ¢cm; anode radius
a=1.5 cm (pg 65 Fig 62)

‘axial’ length z,=3.5 cm (nominal) curved; will be
fitted as an equivalent straight axial length

3. Current derivative trace; (from pg 84 Fig 89) - bottom
most trace 1s used; as this 1s the trace with effectively
the whole trace visible and distinguishable.

This trace 1s also stated to be of a properly synchronised
shot (4 PSS switches properly synchonised ) so that
each trace 1s a proper PROFILE representation of the
total circuit current.
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ce: (from

The final conditioning of the device has resulted in its proper operation at 17-18 EV
with devterium pressure of about 10 mbar Comesponding oscilloscope traces obtamned by
miniature magnetic probes installed near each of our 4 PS5s are presented in Fig. 89.

From this picture one may see that the rise-time of curent of our main discharge is
equal fo about 1.5 pe with the “peculianty” of the curent positioned i a proper place at the
moment of 1. 8 microsecond from the start of the discharge By means of Rogowsk coil we
have measured the amplitode of our discharge cwrent With 3 capacitors and maximal
achievable voltage (19.5 kV) supplied by ouwr charger we obiained the cument magnitude
equalto 234 kA
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Fig §9 Oscilloscope waces of the discharge current dervatives in a property-sheet mode of the DPF
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Notes:
1. The current derivative trace i1s dI/dt taken at one of the 4 PSSs.

2. Inductance (static) of bank L is not given; we will fit it unambiguously
from the slope of the computed current trace fitted to the measured
current.

3. Stray resistance of bank is not given; we will use 0.1 of surge
impedance of bank and check that this is consistent during the fitting.

4, We only have the waveform; ie the shape of the current trace
taken at one of the 4 PSSs. However the model code we are using is
charge-‘consistent. Hence once we have the current waveform correctly
fitted, the computed current amplitudes are correct and may be used to
calibrate the system current; we assume the shape of the current trace at
the PSS that we are using 1s consistent with the overall current waveform.
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Data treatment

 Tracing the dI/dt, filtering out the high frequency ‘noise’
oscillations

e Since we have no digital file, we trace out the dI/dt Current
derivative trace; (from pg 84 Fig 89 bottom-most trace) as
best we could (filtering out the high frequency ‘noise’
oscillations by drawing a line through the middle of the high
frequency ‘noise’ oscillations as judged visually. We obtained
the following as shown in Figure 2.1 after an inversion to
obtain the starting dI/dt positive.
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Image to ¢

btaining the digitize
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* In order to make the comparison meaningful we note:

» The computed curve and the measured curve may need to be shifted in time
one relative to the other. To do that we add an amount of time (time shift)
specified in Cell K1 which is varied until the start of the computed and
measured traces coincide.

 The measured current has unknown (hence treated as arbitrary) amplitude.
To make meaningful fit it is necessary to adjust the measured current
amplitude to that of the computed amplitude. To do this we place a
multiplying factor (multiplier) in Cell L1 which is varied until the
measured amplitude is equal to the computed. Then we start the profile
(shape) fitting.

I NTI School and Training Course on Dense Magnetized Plasma as a Source of lonizing ] n'%tl'tllte l"t')l‘ l-’l AT l“(')( us Studies
Radiations, their Diagnostics and Applications I P F wledge Should B P T ST

8-12 October 2012, ICTP, Trieste

%

LAUREATE INTERMNATIOMNAL UNIVERSITIES



Current (arbitrary units ) numerically integratad from dl/dt
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This fitis quite a reasonable one
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7 Concluding Notes

The inductance (55 nH fitted) is surprisingly high when compared with
the predecessors PF-5M (33 nH) or NX1 (30 nH). The Designer of BORA
will be able to confirm this aspect of the design in comparing with PF-5M
and NX1.

2. The mass factor f_ and radial mass factor f__are unusually high
indicating (a) that the solid channel of the Bora is conducive to a more
efficient mass swept-up (b) and the possibility that the pressure that was
actually in the chamber could be higher than “about” 10 mbar as stated
against Fig 89;

Peak circuit current Ipeak=304 kA and
the neutron yield Yn= 1.9x108.

The dynamics and some Pinch Properties are presented in the following
screen capturein the next page.
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Once fitted, the dynamics, plasma
dimensions and plasma temperature
and density are all outputt -
the code

* Note that our input is just this:
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