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The Lee model couples the electrical circuit with plasma focus dynamics, thermodynamics, and
radiation. It is used to design and simulate experiments. A beam-target mechanism is incorporated,
resulting in realistic neutron yield scaling with pinch current and increasing its versatility for
investigating all Mather-type machines. Recent runs indicate a previously unsuspected “pinch
current limitation” effect. The pinch current does not increase beyond a certain value however low
the static inductance is reduced to. The results indicate that decreasing the present static inductance
of the PF1000 machine will neither increase the pinch current nor the neutron yield, contrary to
expectations. © 2008 American Institute of Physics. [DOI: 10.1063/1.2827579]

This model in its two-phase form was described in
1984.% It was used to assist in the design and interpretation of
several experiments.>™ An improved five-phase model and
code incorporating finite small disturbance speed,5 radiation
and radiation coupling with dynamics assisted several
projects,®® and was web published® in 2000 and in 2005.%°
Plasma self-absorption was included® in 2007. It has been
used extensively as a complementary facility in several ma-
chines, for example, UNU/ICTP PFF,%® the NX2,"® NX1,
and DENA.™ It has also been used™ in other machines for
design and interpretation including Soto’s subkilojoule
plasma focus machines,® FNII,** and the UBA hard x-ray
source.’® Information obtained from the model includes axial
and radial velocities and dynamics,™"*?** soft x-ray (SXR)
emission characteristics and yield>"®® design of
machines,***® optimization of machines, and adaptation to
other machine types such as the Filippov-type DENA.™ A
study of speed-enhanced neutron yield“'13 was also assisted
by the model code.

A detailed description of the model is already available
on the internet.>'® A recent development in the code is the
inclusion of neutron yield using a phenomenological beam-
target neutron generating mechanism,*’ incorporated in the
present RADPFV5.13. A beam of fast deuteron ions is produced
by diode action in a thin layer close to the anode, with
plasma disruptions generating the necessary high voltages.
The beam interacts with the hot dense plasma of the focus
pinch column to produce the fusion neutrons. In this model-
ing, each factor contributing to the yield is estimated as a
proportional quantity and the yield is obtained as an expres-
sion with proportionality constant. The yield is then cali-
brated against a known experimental point.

The beam-target yield is written in the form Y,
~ nbni(rpzzp)((rub)fwhere N, is the number of beam ions per
unit plasma volume, n; is the ion density, r, is the radius of
the plasma pinch with length z,, o is the cross section of the
D-D fusion reaction, n branch,® vp is the beam ion speed,
and 7 is the beam-target interaction time assumed propor-
tional to the confinement time of the plasma column.
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Total beam energy is estimated’” as proportional to
Lplpmch,2 a measure of the pinch inductance energy, L, being
the focus pinch inductance. Thus, the number of beam ions is
No~ Lol ginen’ /0y and ny is N; divided by the focus pinch
volume. Note that L,~ In(b/r )z, that* T~Ip~Zp, and that
vp~UY2 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.

Hence, we derive Yy = Col jiney 2, L(IN 071 ) 107V 02,
1)

where I pinc is the current flowing through the pinch at start
of the slow compression phase; rj, and z, are the pinch di-
mensions at end of that phase. Here, C, is a constant which,
in practice, we will calibrate with an experimental point.

The D-D cross section is highly sensitive to the beam
energy so it is necessary to use the appropriate range of beam
energy to compute o. The code computes V., of the order
of 20-50 kV. However, it is known'’ from experiments that
the ion energy responsible for the beam-target neutrons is in
the range of 50150 keV,'” and for smaller lower-voltage
machines the relevant energy'® could be lower at
30-60 keV. Thus, to align with experimental observations
the D-D cross section o is reasonably obtained by using
beam energy equal to three times V..

A plot of experimentally measured neutron yield Y,, vs
lpincn, Was made combining all available experimental
data. 47192 This gave a fit of Y,=9x 1011, . *® for
[pincn in the range 0.1-1 MA. From this plot, a calibration
point was chosen at 0.5 MA, Y,=7Xx10° neutrons. The
model code® RADPFv5.13 was thus calibrated to compute
Yp-t Which in our model is the same as Y,,.

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 trans-
fer into the focus pinch are among the important information
that is quickly apparent from the current trace. Numerical
experiments were carried out for machines for which reliable
current traces and neutron yields are available. Figure 1
shows a comparison of the computed total current trace

© 2008 American Institute of Physics
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FIG. 1. PF1000 at 27 kV measured (dashed line) vs computed (smooth line)
current traces.

(solid smooth line) with the experimental trace (dotted line)
of the PF1000 at 27 kV (Ref. 17), 3.5 torr deuterium, with
outer/inner radii b=16 cm, a=11.55 cm, and anode length
Z,=60 cm. In the numerical experiments we fitted external
(or static) inductance L,=33 nH and stray resistance r,
=6 mQ with model parameters mass factor, current factor,
and radial mass factor as f,=0.14, f.=0.7, and f,,=0.35.
The computed current trace agrees very well with the experi-
ment, a typical performance of this code.

Each numerical experiment is considered satisfactory
when the computed current trace matches the experiment in
current rise profile and peak current, in time position of the
current dip, in slope, and absolute value of the dip (see Fig.
1). The results were obtained for the PF400, the UNU/ICTP
PFF, the NX2, and PF1000 at 35 kV; for which current
traces and neutron yields are available. We thus established
these reliable points for our computed Y,, data. To make the
results less sketchy, additional points were obtained for the
PF1000 from 13.5 to 40 kV though these additional points
are not supported by published results. More work will need
to be done. However, even with the results obtained, it is
clear that the model code is producing a scaling of Y,
~lpinen™ s and Yo~ 1., >%. These computed scaling laws are
in reasonable agreement with those put up from time to time
by experimental compilations,?*%* considering that in the ex-
perimental results, Iy, is seldom properly measured, in
many cases, only estimated from I,.,. Such estimates are
dicey since the relationship between the peak total current
lpea (Measured in the external circuit) and the pinch current
l sinch flowing in the tube is variable. Our code is consistent in
that I,inen is rigorously computed by fitting the total current
trace. This gives confidence in the scaling ability of the code
for Y, as well.

An important question is how to improve the neutron
yields of experiments. One obvious strategy is to increase
I sinch Py reducing L. For example, the 30 uF, 110 nH UNU/
ICTPPFF (Refs. 2, 4,12, and 19) had its L, reduced to 20 nH
evolving, as it were, into the NX2."1622 | pea More  than
doubled. More importantly, though less than doubled, I
increased from 120 to 220 kA. Neutron yields increased
three to five times, as did SXR yields.

What about a bank such as the PF1000? With C, at
1332 uF, its L, of 30 nH (fitted by the code) is already low
relative to its huge C,. We have run the code using the ma-
chine and model parameters determined from Fig. 1, modi-
fied by information about values of I, at 35 kV. Operating
the PF1000 at 35 kV and 3.5 torr, we varied the anode radius

Appl. Phys. Lett. 92, 021503 (2008)

a (with corresponding adjustment to b to maintain a constant
c=b/a) to keep the peak axial speed at 10 cm/ us. The anode
length z, was also adjusted to maximize | inch.

L, was decreased from 100 nH progressively to 5 nH.
As expected, I e increased from 1.66 to 4.4 MA. As L, was
reduced from 100 to 35 nH, I, also increased, from
0.96 to 1.05 MA. However, then unexpectedly on further re-
duction from 35 to 5 nH, I,y Stopped increasing, instead
decreasing slightly to 1.03 MA at 20 nH, to 1.0 MA at
10 nH, and to 0.97 MA at 5 nH. Y, also had a maximum
value of 3.2 x 10 at 35 nH.

To explain this unexpected result, we examine the en-
ergy distribution in the system at the end of the axial phase
(see Fig. 1) just before the current drops from peak value
I peak @nd then again near the bottom of the almost linear drop
to I pincn- The energy equation describing this current drop is
written as follows:

050 pear (Lo + Laf ) = 050 o2 (Lo/ T + Lo+ L) + Siap

+ 5plasmaa (2)

where L, is the inductance of the tube at full axial length z,.
Oplasma 1S the energy imparted to the plasma as the current
sheet moves to the pinch position and is the integral of
0.5(dL/dt)I?. We approximate this as 0.5Lplpmch2 (which is
an underestimate) for this case. d,y, is the energy flow into or
out of the capacitor during this period of current drop. If the
duration of the radial phase is short compared to the capaci-
tor time constant, the capacitor is effectively decoupled and
dcap May be put as zero. From this consideration we obtain

lpinch” = Dpeak (Lo + 0.5L0)/(2Lo + Lo+ 2Ly), (3)

where we have taken f.=0.7 and approximated fc2 as 0.5.

Taking the example of PF1000 at 35 kV we obtain for
each L, the corresponding L, (~0.65 nH/cm of z,) and L, [
~3.8nH/cm of (Ref. 4) z,~a]. For example, at L,
=100 nH, L,=52 nH, and L,=29 nH giving Ipincn/lpeak @S
0.63. This ratio drops progressively as L, decreases. For L,
=5nH, L,=13 nH, and L,=77 nH giving the ratio as 0.25.
The results show that as L, is reduced from 100 nH, at first,
the increase in I e, More than compensates for the drop in
lpinch/ lpeak  @nd  lpinen increases from L,=100 nH to L,
=40 nH. Below L,=40 nH, the drop in I inch/ | peax Catches up
with the increase in |, leading to the numerically observed
flat maximum of I ey Yy, also has a flat maximum of 3.2
% 10! at L,=40-30 nH.

The current limitation can now be seen as firstly a con-
sequence of Eq. (3). Generally, as L, is reduced, Iy in-
creases; a is necessarily increased leading (Ref. 4) to a
longer pinch length z,, hence a bigger L. Lowering L, also
results in a shorter rise time, hence a necessary decrease in
Z,, reducing L,. Thus, from Eq. (3), lowering L, decreases
the fraction Ipincn/lpeak- Secondly, this situation is com-
pounded by another mechanism. As L, is reduced, the L-C
interaction time of the capacitor bank reduces while the du-
ration of the current drop increases due to an increasing a.
This means that as L,, is reduced, the capacitor bank is more
and more coupled to the inductive energy transfer processes
with the accompanying induced large voltages that arise
from the radial compression. Looking again at the derivation
of Eq. (3) from Eq. (2) a nonzero &, in this case, of posi-
tive value, will act to decrease e, further. The lower L, the
more pronounced is this effect.
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Summarizing this discussion, the pinch current limita-
tion is not a simple effect, but is a combination of the two
complex effects described above, namely, the interplay of the
various inductances involved in the plasma focus processes
abetted by the increasing coupling of C, to the inductive
energetic processes, as L, is reduced.

We carried out several sets of experiments on the
PF1000, each set with a different damping factor. In every
case, an optimum inductance was found around 30-60 nH
with 1,i,¢, decreasing as L, was reduced below the optimum
value. We also carried out another set of experiments with a
planned focus with C, of 300 uF. For that device, optimum
L, was found to be 20 nH. More sets of experiments need to
be run to gain further experience and insight to understand
better the complex interactions of the several parameters that
conspire to determine the optimum L,. The results of these
ongoing studies will be published in more detail in due
course.

In the meantime, enough information has been obtained
from the numerical experiments to enable a statement that
for PF1000, reducing L, from its present 20—30 nH will in-
crease neither the observed I, NOr the neutron yield.

The prevailing thinking seems to be that the lower L, is
made, the higher performance a plasma focus would have in
terms of driving current and Y,,. This paper shows that, on
the contrary, given a fixed C, powering a plasma focus, there
exists an optimum L, for maximum I, Reducing L, fur-
ther will increase neither Ii,c, nor Y. Plasma focus research
now has to meet the challenges posed by this “pinch current
limitation” effect.
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Erratum

The published paper contains 2 errors on page 1 which are corrected by this note. The
relevant paragraph is reproduced here in parenthesis with the corrections highlighted in
bold red:

“Total beam energy is estimated” as proportional to Lplpinchz, a measure of the pinch
inductance energy, L, being the focus pinch inductance. Thus the number of beam ions is
Nb~Lplpineh’/Vb” and ny is Nj, divided by the focus pinch volume. Note that L,~In(b/ry)zp ,
that* t~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 Vmay, the
maximum voltage induced by the current sheet collapsing radially towards the axis.

Hence we derive: Yy = Cn Ni lpinen’zp ((IND/1)) 6/ Vimax ™2
1)
where lpinch IS the current flowing through the pinch at start of the slow compression
phase; rp and z, are the pinch dimensions at end of that phase. Here C,, is a constant
which in practice we will calibrate with an experimental point.”

There is another error on page 2, Fig 1. The vertical axis should be labeled "Total Current
in MA'.



Journal of Fusion Energy first online 20 February 2008 DOI : 10.1007/s10894-008-9132-7

Neutron Scaling Laws from Numerical Experiments

S Lee*? & S H Saw!

YINTI International University College, 71800 Nilai, Malaysia
Nanyang Technological University, National Institute of Education, Singapore 637616

leesing@optusnet.com.au

Abstract

Experimental data of neutron yield Y against pinch current lyinch is assembled to produce
a more global scaling law than available. From the data a mid-range point is obtained to
calibrate the neutron production mechanism of the Lee Model code. This code is then
used for numerical experiments on a range of focus devices to derive neutron scaling
laws. The results are the following: Y,=2x10" 1yinn"” and Y,=9x10%lpea>®. It is felt that
the scaling law with respect to lpinch IS rigorously obtained by these numerical
experiments when compared with that obtained from measured data, which suffers from
inadequacies in the measurements of lyinch.

Keywords: Plasma Focus Neutron Scaling Pinch Current Focus modelling Lee Model

Introduction

A major feature of the plasma focus is its fusion neutron yield. Even a simple
trolley mounted 3kJ device such as the UNU/ICTP PFF routinely produces' a yield of
Y,=10® neutrons, operating in deuterium. A big machine such as the PF1000 typically
produces 10™ neutrons per shot?. Moreover since the neutrons are produced in a short
pulse of the order of 10ns, the rate of neutron production is 10" neutrons/s even for a
small machine and can go up to 10% for a large machine.

From a compilation of experimental data over a wide range of energies a scaling
law of Yn~lpinch3'3 was presented by Bernard®, where lpinch 1S the current flowing through
the dense pinch in the focused plasma. Kies* presented another compilation showing
Y n~lpinen” Whilst Herold® had results showing Y ~lyincn> 2. Gribkov has recently? suggested
that the experimental data can be interpreted with the power law as high as 5 in particular
when dealing with the same device.

One significant uncertainly in compiling such a scaling law is the interpretation of
Ipinch. The current most conveniently measured in most experiments is the total current
flowing into the tube (usually measured with a Rogowski coil placed at the collector plate
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just outside the tube). This total current has a maximum value lpeax. If one estimates lyincn
from the total current measurement there are two difficulties: 1. it is difficult to determine
the point on the current waveform where the plasma has gone into the pinch phase, and
2. even after estimating this point, it still remains to estimate the fraction of total current
that in fact flows into the pinch. One way is to use small magnetic coils to probe the
pinch region. For small machines this method is not suitable because of the amount of
space available and the small size of the pinch so that the probes inevitably interfere with
the pinching current sheet. For large machines, results have been obtained” but with large
errors quoted as 20%. Moreover the shot-to-shot variability of focus performance means
that the final presentation of results relies greatly on how the particular research group
chooses to present the results. For example the yield may be presented as a range, with
some shots considered not representative discarded, and perhaps the biggest values of
observed yield also presented. It is quite remarkable that despite all these difficulties
there is a consensus of opinion that the index in this power scaling law has the value in
the range of 3 to 5.

Compilation of experimental results

In this paper we have combined the laboratory data that we have®”’, which
includes 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. This gives a good fit
of Yn=9x101°Ipinch3'8. The main reason for this compilation of experimental results is to
provide a calibration point for setting the neutron yield mechanism of the Lee Model
code, described below. A calibration point is chosen at around the middle of the current
range at lyinch=0.5MA, Y,=6x10° neutrons. This point is close to the PF1000’s machine
parameters with properly adjusted dimensions if it could be fired at 13.5kV.

The results of the compilation are shown in Fig 1.

10"
*
Yn"lpinch'
1010
»
Yn
10% /
1006 . ,
0.01 0.1 1 10
lpinchln MA

Fig 1. Y, scaling with 1., from laboratory data



The Model used for the numerical experiments

The Lee Model has been widely used to simulate axial and radial phase dynamics,
temperatures and thermodynamic properties and radiation yields. To realistically
simulate any plasma focus all that is needed is a measured current trace of that plasma
focus. Recently the model code® has been extended to include a phenomenological beam-
target mechanism based partially on that proposed by Gribkov?.

The main mechanism producing the neutrons is a beam of fast deuteron ions interacting
with the hot dense plasma of the focus pinch column. The fast ion beam is produced by
diode action in a thin layer close to the anode with plasma disruptions generating the
necessary high voltages. This mechanism, described in some details in a recent paper®,
results in the following expression used for the model code:

Yy.= calibration constant x n; lyinch” Zp>(IN(B/r))S/V x>

where lpincn IS the current at the start of the slow compression phase, r, and z, are the
pinch radius and pinch length at the end of the slow compression phase, Vimax is the
maximum value attained by the inductively induced voltage, o is the D-D fusion cross
section (n branch)™ corresponding to the beam ion energy and n; is the pinch ion
density. The D-D cross section o is obtained by using beam energy equal to 3 times
Vmax, t0 conform to experimental observations.

Scaling Laws derived from the numerical experiments

This paper applies the code 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.

These machines were chosen because each has a published current trace and
hence the current curve computed by the model code could be 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
incompatible with the measured values.

The results are shown in Table 1 and Fig 2.

In Table 1, corresponding to each laboratory device, the operating voltage V, and
pressure P, are typical of the device, as is the capacitance C,. It was found that the static
inductance L, usually needed to be adjusted from the value provided by the laboratory.
This is because the value provided could be for short circuit conditions, or an estimate
including the input flanges and hence that value may not be sufficiently close to L,. The



dimensions b (outer radius), a (anode radius) and z, (anode length) are also the typical

dimensions for the specific device. The speed factor™* S is also included. All devices

except Poseidon have typical S values. Poseidon is the exceptional high speed device in
this respect. The minimum pinch radius is also tabulated as kmin=rp/a. It is noted that this

parameter increases from 0.14 for the smaller machines towards 0.2 for the biggest

machines. The ratio lpincn/lpeax 1S also tabulated showing a trend of decreasing from 0.65
for small machines to 0.4 for the biggest machines.

Table 1. Computed values of Iyeax, Ipincnand Y, for a range of Plasma Focus Machines

Machine Vo P, Lo Co b a Z, |peak Ipinch S Yn I(min Ipinch/
(kV) | (torr) | (nH) | (uF) | (cm) cm) | (cm) | (MA) | (MA) Ipeak
PF400 28 6.6 40 | 095 | 155 | 060 |17 |0126 | 0082 |8 |1.1x10% |o0.14 | o065
UNU 15 4 110 | 30 3.2 095 |16 | 0182|0123 |96 | 1.2x10” | 014 | 068
NX2 T 15 5 20 |28 5 2 7 0.386 | 0225 |86 | 25x10%® | 0.16 | 0.58
Calibration | 16 5 24 | 308 |7 4 30 | 0889 | 0496 |99 |56x10%° |017 | 056
NX2 T-2 125 | 106 |19 |28 |38 155 |4 0357 | 0211 |71 | 2.4x10% |o0.16 | 059
PF1000 135 | 35 33 | 1332|800 |578 |60 |0924 |0507 |89 |9.6x10%° | 017|055
18 |35 33 | 1332|1067 | 770 |60 | 1231|0636 |89 |29x10° | 018|052
23 |35 33 | 1332|1363 | 984 |60 | 1574 | 0766 |89 | 6.8x10° | 0.19 | 0.49
27 |35 33 | 1332 | 16 11.60 | 60 | 1.847 | 0.862 |89 | 1.2x 10" |o0.19 | 047
30 |35 33 | 1332|1777 | 1280 | 60 | 2.049 | 0.929 |89 | 1.6x 10" | 0.20 | 0.45
35 3.5 33 | 1332|2074 | 1500 | 60 | 2.399 | 1.037 |89 | 27x10" | 0.20 | 0.43
40 |35 33 | 1332|2370 | 1710 |60 | 2736 | 1.137 |89 | 41x10" | o021 | 042
Poseidon | 60 | 3.8 18 | 156 | 950 |655 |30 | 3200|1260 | 251 |3.3x10™ | 020|039
Fig 2. Yy scaling with lpinch and lpeak
from numerical experiments
10"
10"
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The resultant data with improved optimization yield more up to date scaling
Iaws:Yn~Ipinch4'7 and Yn~lpeak3'9. It is necessary to emphasize again that the lpincn may be
considered to be computed rigorously especially for those cases where an experimental
current curve is available. Once the computed current curve is fitted accurately to the
experimental current curve, the resultant pinch position is pinpointed as well as the
fraction of current going into the pinch.

This is in contrast to the laboratory data where lpinch is usually only estimated and
if measured is subject to large errors. A study of the data suggests that in most cases lyinch
is overestimated by experimentalists. With all these considerations it would appear that
the scaling laws arising from the code are not inconsistent with experimental observations
and may complement the more conventionally compiled scaling laws to provide
comprehensive database for experiments.

Conclusion

Neutron scaling laws have been derived from computation using the Lee Model
code. These are: Yy~lpinch™” and Yo~lpea®. In these numerical experiments lyincy is
rigorously computed whereas in compilation of laboratory results Iyincn is usually just
guessed at or at best estimated. These numerically derived scaling laws are not
inconsistent with compilation from laboratory experiments. The numerically derived
scaling law against lpinch has an index of 4.7 which is higher than the usually accepted
scaling law with index of 3.2 to 4. The indications are that the numerically derived
scaling laws being more rigorous and consistent in derivation may actually be more
realistic and more reliable for use in interpreting, designing or planning experiments.
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This version of the paper contains two additions to the published paper on pg 3.
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additions highlighted in bold red:

"Yy= calibration constant X n; lpincn” 2p>(IN(0/1p)) 1V max>

where lyincn IS the current at the start of the slow compression phase, r, and z, are the
pinch radius and pinch length at the end of the slow compression phase, Vmax is the
maximum value attained by the inductively induced voltage and o is the D-D fusion cross
section (n branch)™ corresponding to the beam ion energy and n; is the pinch ion
density. The D-D cross section o is obtained by using beam energy equal to 3 times
Vmax, t0 conform to experimental observations."
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Abstract

Contrary to the general expectation that performance of a plasma focus would
progressively improve with progressive reduction of its static inductance Lo, a
recent paper suggeststhat thereisin fact an optimum L, below which athough
thepeak total currentincreasesprogressively the pinch current and consequently
theneutron yield of that plasmafocuswould not increase, but instead decreases.
This paper describes the numerical experiments and results that led to this
conclusion.

1. Introduction

A recent paper [1] suggests that for any plasma focus with a fixed capacitance C,, there isan
optimum static inductance L, below which the focus pinch current Zgincn N0 longer increases.
This paper describes the numerical experiments and results leading to this conclusion of a
plasma focus pinch current limitation effect.

We need to say right at the beginning that this Zyincn limitation effect is not the same?
as the Ima-related mechanism proposed by Nukulin and Polukhin [2] to explain an observed
neutron saturation effect. In[2] itispostulated that in large plasmafocus devicesthe peak total
discharge current Iyeq (Which they denote as Ima) hardly increases with increase in storage
energy through increase in bank capacitance C,. This‘tardiness’ of Ipe l€ads to an equation
which in the limit of large storage energies E tends towards a constant neutron yield Y,. We
state here that [2] deals with a specia, though important, class of plasma focus discharge
conditionswhere anincrease in C, needs a corresponding increasein anode length z,. Thisin
turn leads to a situation where the effective discharge impedance, which determines peac for
any given operating voltage V,, seems to tend towards a constant value as E increases with
Co, thus limiting Ipeac. This work delves deeper into the problem. We show that in another

4 The authors thank areviewer for stressing that this comparison of our work with that of [2] should be made.
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classof plasmafocus discharges, as static inductance L, is progressively reduced to lower and
lower valuesit is Ininen (asdistinct from and not representative of Jpea) Which becomes limited
whilst Ipeac cONtinues to increase progressively with no sign at al of reaching aconstant value.
This remarkable divergence of the values of Ijincn from Ipeq indicates then that generally for
all classes of plasma focus there is a need to distinguish between the total discharge current
Tiotal, Which has a peak value Ieq, and the actual current driving the plasma dynamics which
we call the plasma sheath current I, denoting its value at the start of the focus pinch phase
as Ipinch-

2. Distinguishing the Iiqa waveform from the I, waveform

A measured trace of Iy iS commonly obtained with a Rogowski coil wrapped around the
plasmafocus flange through which isfed Iy discharged from the capacitor bank between the
coaxial electrodes acrossthe back wall. A part of I, being the plasmasheath current 7, lifts
off the back-wall insulator and drives a shock wave axially down the coaxial space. We denote
fcasthecurrent fraction I/ Iiota for the axial phase and fc for the radial phases. In modeling
itisfound that areasonable value for initia trial for f. is0.7 with asimilar first trial value for
for- However in aDPF78 experiment [3,4] f. wasfound to vary from O at the start of the axial
phaserising rapidly above 0.6 for therest of the axial phase. Intheradia phase f; wasfound
to stay above 0.6 before dropping to 0.48 at the start of the pinch and then towards 0.4 as the
pinch phase progressed. These Stuttgart results confirm a complex relationship between the
waveforms of figy and 1.

The performance of a plasma focus is closely linked to the current Igincn actually
participating in the focus pinch phase rather than the total current flowing in the circuit. Itisa
common practice to take Ipex OF some representative fraction of it as Iinch. Another practice
isto take the value of Iqa at the time of the pinch as Ipineh [2,5]. Whilst in their special cases
this practice could be justifiable, the distinction of 1, from Iy should generally be clearly
made. We emphasize that it should be the value of I, at thetime of pinch which isthe relevant
value for the purpose of yield scaling. The practice of associating yield scaling with the total
current waveform (i.e. taking Ipea OF Iiota 8t estimated pinch time) would be justifiable if
there were a linear relationship between the waveforms of figry and 7,. However as shown
by the Stuttgart experiments [3, 4] the actual relationship is a very complex one which we
may ascribe to the interplay of the various electro-dynamical processes including the relative
values of static inductance L, tube inductance and the dynamic resistances which depend on
the tube geometry and plasma sheath speeds. Thisrelationship may change from one machine
tothe next. Whilst these el ectro-dynamical processes and other relevant ones such asradiation
are amenable to modeling there are other machine effects such as back wall restriking (for
example due to high induced voltages during the pinch phase) which can almost unpredictably
affect the relationship between iy and I, during the crucial radial phases. Hence it is not
only simplistic to discuss scaling in terms of the Iioiy Waveform (i.e. taking Ipes O the value
of Ity @ the estimated time of pinch) but also inconsistent.

One of the most important features of a plasma focus is its neutron production recently
reviewed by Vikhrev and Korolev [6]. The well-known neutron yield scaling, with respect
to current, based on various compilations of experimental data, is Yy ~ I, Where x is
varied [5, 7-9] in the range 3-5. In arecent paper [10], numerical experiments using a code
wasusedtoderiveascalingwithx = 4.7. Difficultiesintheinterpretation of experimental data
ranging across big and small plasmafocus devicesinclude the assignment of the representative
neutron yield Y, for any specific machine and the assignment of the value of Innh. In a
few larger machines attempts were made to measure Ininch USing magnetic probes placed

2



Plasma Phys. Control. Fusion 50 (2008) 065012 SlLeeetal

5 PF1000 27kV 3.5 Torr D,
<
=
i,
T
5
| = Measured
& — Computed

0 !

0 5 10
Time (us)

Figure 1. Computed (solid line) versus measured (dotted line) current traces for PF1000 at 27 kV,
3.5Torr Da.

near the pinch region [3, 4, 9], with uncertainties of 20%. Moreover the probes would have
affected the pinching processes. 1n most other casesrelated to yield scaling datacompilation or
interpretation inch is simply assigned aval ue based on the measurement of peak total current
Ipeai OF the value of total current at the observed current dip.

The difficulties in distinguishing Ipinch from Iy are obviated in numerical experiments
using the Lee Model [11-15]. In atypical simulation, the Iy trace is computed and fitted to
ameasured iy trace from the particular focus. Three model parameters for fitting are used:
axial mass swept-up factor fn,, current factor f. and radial mass factor fi,,,. A fourth model
parameter, radia current factor, f; may also be used. When correctly fitted the computed
Lota trace agrees with the measured Iy 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 asrestrikes, 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 Iy trace with the measured Iy trace.
Then there is confidence that the computed gross dynamics, temperature, density, radiation,
plasma sheath currents, pinch current and neutron yield may also be redlistically compared
with experimental values.

One simplifying feature of the method is that the ratio 1,/ Liqa is fitted as an average
value f. over the axial phase and separately as another average value f,; over theradial phase.
Whilst an improvement would be to fit some time function of f. and f, our experience is
that the present method is adequate to give good agreement for the axial and radial phases up
to the end of the plasmafocus pinch phase. This ability to fit well has been demonstrated for
all classes of machines from the sub-kJ PF400 to high repetition kJ plasma focus NX2 to the
medium energy DPF78 all the way through Poseidon and up to the MJ PF1000. The excellent
agreement between computed and measured current waveforms for all these machines are
available for download from [15].

In a recent paper [5] there was expectation that the large MJ plasma focus PF1000 in
Warsaw could increase its discharge current, and its pinch current, and consequently neutron
yield by areduction of its external inductance L,. To investigate this point experiments were
carried out using the Lee Model [15]. Unexpectedly, the results indicated that whilst Ipeac
indeed progressively increased with reduction in Lo, no improvement may be achieved due

3
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to a pinch current limitation effect [1]. This paper reports on the detailed results of these
numerical experiments.

3. Themodel code used for the experiments

The Lee Model couples the electrical circuit with plasma focus dynamics, thermodynamics
and radiation enabling realistic simulation of all gross focus properties.

The basic model, described in 1984 [11], was successfully used to assist severa
experiments [16-18]. An improved 5-phase model and code incorporating small disturbance
speed [19], and radiation coupling with dynamics assisted other research projects [20-22],
and was web-published in 2000 [13] and 2005 [14]. Plasma self-absorption was included
in 2007 [13]. It has been used extensively in several machines including UNU/ICTP PFF
[16-18, 20, 23], NX2 [21, 22], NX1 [21], and adapted for the Filippov-type plasma focus
DENA [24]. A recent development is the inclusion of neutron yield, Yy, using a beam-target
mechanism [5], incorporated in the present version [15] of the code RADPFV5.13, resulting in
realistic Yy, scaling with Ininch [10]. The description, theory, code and a broad range of results
of this‘Universal Plasma Focus Laboratory Facility’ isavailable for download from [15].

4. Thenumerical experiments and discussions

A measured current trace of the PF1000 with C, = 1332 uF, operated at 27kV, 3.5Torr
deuterium, has been published [5], with cathode/anode radii b = 16cm, a = 11.55cm
and anode length z, = 60cm. In the numerical experiments we fitted external (or static)
inductance L, = 33nH and stray resistance r, = 6.3 with model parameters. f, = 0.14,
fe =0.7 = fo and fir = 0.35. The computed current trace (see figure 1 solid line) agrees
very well with the measured trace (figure 1 dotted line) through all the phases, axial and
radial, right down to the bottom of the current dip indicating the end of the pinch phase. This
agreement confirms the model parameters for the PF1000.

Once the model parameters have been fitted to a machine for a given gas, these model
parameters may be used with some degree of confidence when operating parameterssuch asthe
voltage are varied. We kept these model parameters constant and ran numerical experiments
for PF1000 with C, = 1332 uF, operating at 35kV and 3.5 Torr deuterium. We varied L,
from 100 nH in steps of 5nH.

Ateach L,, ‘a’ wasadjusted, whilst keepingc = b/a = 1.385, sothat the peak axial speed
isfixed at 10.2 cm s~ to conform with optimal focus operation in terms of speed factor [18]
S = (Ipesk/a)/ p®°, where p isthe operating pressure. Decreasing L, changesthe current rise
time aswell as effective drive time as shown in figure 2, which shows three current waveforms
corresponding to L, = 100 nH (current peaking at 1.66 MA), L, = 30nH (current peaking at
2.6 MA) and L, = 5nH (current peaking at Ipe = 4.4MA). The experiment for L, = 5nH
was optimized with z, = 20 cm and corresponds to the current trace with current drop starting
at around 3 us. A fourth trace (for L, = 5nH but non-optimal z, = 40 cm) is shown with rise
time and peak current almost exactly coincidental with the optimal L, = 5nH trace but with
alonger drooping top and with current drop starting just after 5 us.

As L, was reduced, Ipe increased; and hence ‘a’ needed to be increased to maintain
optimum S. At the same time because of the reducing current drive time, z, needed to be
reduced. The geometry inevitably moved from a long thin Mather-type to a shorter fatter
geometry (see table 1). Thus whilst L, and axial section inductance L, reduced, the pinch
inductance L, increased due to increased pinch length [1, 18].
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Figure 2. PF1000 current waveforms (computed) at 35kV, 3.5 Torr D, for arange of L.

Table 1. Effect on currents and ratio of currents Ipinch/ Ipeak (Computed) as L, is reduced-PF1000
at 35kV, 3.5Torr D».

Lo b a %0 Ipeak  Ipnch  Yn
(nH)  (em)  (em) (em) (MA) (MA) 10" Igincn/lpek

100 150 108 80 1.66 0.96 244  0.58
80 160 116 80 181 1.00 271 055
60 180 130 70 2.02 1.03 301 051
40 215 155 55 2.36 1.05 320 044
35 225 163 53 247 1.05 320 043
30 238 172 50 261 1.05 310 040
20 280 211 32 3.13 1.03 300 033
10 330 238 28 3.65 1.00 245 027

5 400 288 20 4.37 0.97 200 022

With large L, = 100 nH it is seen (figure 2) that therising current profileisflattened from
what its waveform would be if unloaded; and peaks at around 12 s (before its unloaded rise
time, not shown, of 18 uS) as the current sheet goes into the radial phase. The current drop,
less than 25% of peak value, is sharp compared with the current rise profile. At L, = 30nH
therising current profileislessflattened, reaching aflat top at around 5 s, staying practically
flat for some 2 us before the radia phase current drop to 50% of its peak value in a time
which is still short compared with the rise time. With L, of 5nH, the rise time is now very
short, thereis hardly any flat top; as soon as the peak is reached, the current waveform droops
significantly. Thereisasmall kink onthe current waveform of boththe L, = 5nH, zo = 20cm
and the L, = 5nH, z, = 40cm. Thiskink corresponds to the start of the radial phase which,
because of thelargeanoderadius, startswith arelatively low radial speed, causingamomentary
reduction in dynamic loading.

Looking at thethreetypesof tracesitisseenthat for L, = 100 nH to 30 nH, thereisawide
range of z, that may be chosen so that the radial phase may start at peak or near peak current,
athough the longer values of z, tend to give better energy transfers into the radial phase.
Incidentally, thistype of traceisthe special class considered by Nukulin and Polukhin [2]. For
thistype of discharge thereis sufficient L, to limit the value of the discharge current until the
inductance of the tube, around 1.1 nH cm~, getsto sufficient value, to in combination with L,
and the dynamic resistance (about 0.6 Ohm per cm/us), determine the value of Ipea. In such
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Figure 3. Effect on currents and current ratio (computed) as L, is reduced-PF1000, 35kV,
3.5Torr Da.

acase it may be justified in a very rough approximation, by ignoring Lo, to say that Jpex iS
controlled by the full tube inductance, which approximation then resultsin their conclusion [2]
of Ipea (their Imax) tending towards a constant val ue with capacitance increase.

At L, = 5nH, another class of discharge, the situation is quite different. Ipes is much
bigger than that cal culated using thefull tubeinductance. Thisisbecausewith suchasmall L,
thereisashort risetime, ‘ over-shooting’ asit wereto avalue of current beyond that eventually
set when the full tube inductance comesinto play (seefigure 2). Thereis hardly any flat top,
the current drooping almost immediately from its peak value as the tube inductance increases
progressively. For this type of trace, clearly one would not increase length z, proportionately
toincreasein C,; since the radial phase should not be delayed too long after early occurrence
of Ineac. Length matching becomes more critical, athough because of the small rate of drop, in
terms of optimizing energy transfer to the pinch, abalance hasto be sought between increasing
storage volume as the axial current sheath advances and the falling current. The computation
showsthat for L, = 5nH, z, = 20cmisoptimum, and that z, = 40 cmisalready significantly
off optimum because of the current droop.

At each 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 Iinch Which corresponds closely to the largest Yy,

Theoptimized situation for each valueof L, isshownintablel. Thetableshowsthatas L,
isreduced, Ipea riseswith each reduction in L, with no sign of any limitation. However, Igincn
reaches abroad maximum of 1.05MA around 40-30 nH. Neutronyield Y,, aso showsasimilar
broad maximum peaking at 3.2 x 10! neutrons. Figure 3 shows a graphical representation
of this Innen limitation effect. The curve going up to 4MA at low L, is the Ipes curve.
Although we have numerical data downto L, = 1nH, in table 1 we only present data from
Lo =5-100nH. At L, = 1nH, Ipea reached beyond 6 MA whilst Incn dropped further to
around 0.95 MA.

Thus Ipeac Shows no sign of limitation as L, is progressively reduced. However Ipinch
reaches a broad maximum. From figure 3 there is a stark and important message. One must
distinguish clearly between Iginch 8and Ipeax. [N general one cannot take I to berepresentative
of Ipinch-

One may also wish to reflect briefly about the effect on the distribution of energies in
the inductances as L, is lowered. As L, islowered from 100 to 1 nH, the optimum L, also

6



Plasma Phys. Control. Fusion 50 (2008) 065012 SlLeeetal

decreases from around 90nH to around 6 nH. Thus the percentage of energy stored in L,
compared with thetotal stored inductive energy just beforetheradial phase hasincreased from
some 47% to some 86%. It is unfortunate that this increase in available energy is prevented
by the interplay of all the physical processes from acting to increase the pinch current. We
note that the current fitting process gives us confidence that the computed pinch current is as
reliable as if we had measured it; the reliability being the same degree as the reliability of
the measurement of the total discharge current, which we used for the current fitting during
the computation process. A recent comparison of a numerical experiment with laboratory
measurements confirms the reliability of this numerical technique [25].

The above numerical experiments were conducted using a factor RESF = stray
resistance/surge impedance of 1.16, fitted for the PF1000. Thisis a high resistive damping
factor for a capacitor bank. We repeated the experiments for PF1000 at 40kV keeping
everything the same except changing RESF to alower 0.21. Again Iyinch limitation is clearly
seen; at L, = 60nH with Zyinen of 1.59MA and a corresponding ¥, maximum of 8.2 x 101
neutrons.

We carried out several more sets of experiments of which one was with a smaller
Co, = 300 uF, operated at 15kV, 6 Torr D2, with ¢ = 2 and RESF = 0.1. Weused f,, = 0.08,
fe = 0.7, frr = 0.16 which are the parameters typically fitted for smaller plasma focus such
asthe NX2 [21,22]. The peak axial speed was kept at 10.3cm st for optimal S. L, was
reduced from 40 to 1nH. Again a broad maximum was found for Zjinch a 0.455MA in the
range 25-15nH, with a broad maximum for ¥, of 4.4 x 10° neutrons around L, = 25nH.

Comparing the energy distribution in the circuit elements at the start of the radial phase
at the time of Ipe to that near the bottom of the almost linear drop to the time of pinch (see
figure 1) the ratio Ipinch/ Ipeac Was derived as afunction of Lo, L and Ly, [1]. This equation
and the increasing coupling of the remnant capacitor energy to the pinch were shown to be the
physical mechanisms responsible for the decrease in the fraction pinch/ Ipea a@nd for the pinch
current limitation as L, isprogressively reduced, despitethe progressiveincreasein Ipex. That
theoretical consideration and the results of these numerical experimentstogether clearly show
the importance of distinguishing clearly Iyinch from Ipea; @nd to use Ipineh rather than Ipex as
amore consistent quantity for scaling focus yields.

It isaso clear that design of new experiments should consider the optimum value of L,
rather than the morewasteful practice, technol ogically speaking, of designing for aslow avalue
of L, aspossible. Moreover, thislimitation may now require consideration of new technology
to overcome the limitation of Inen, for example by some form of current stepping [26, 27].

5. Conclusions

Theresultsof these setsof numerical experimentsindicatethat generally corresponding to each
plasmafocus capacitance of C,, thereisan optimum valuefor L, below which performancein
termsof Iinch and Yy, doesnotimprove. These experiments confirm the pinch current limitation
effect in aplasmafocus.
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The total current |,y waveform in a plasma focus discharge is the most commonly measured
quantity, contrasting with the difficult measurement of 1,;,,. However, yield laws should be scaled
to focus pinch current I, rather than the peak ly. This paper describes how I, may be
computed from the |, 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 |5 trace and the plasma
sheath current trace were measured. The result shows good agreement between the values of
computed and measured I jinen. © 2008 American Institute of Physics. [DOI: 10.1063/1.2899632]

The tota current |,y waveform in a plasma focus dis-
charge is easily measured using a Rogowski coil. The peak
value | of this trace is commonly taken as a measure of
the drive efficacy and is often used to scale the yield perfor-
mance of the plasma focus.? This is despite the fact that
yields% should more consistently be scaled to focus pinch
current | incn, SINCe it is | inen, Which directly powers the emis-
sion processes. The reason many researchers use |, instead
of Iinen for scaling is simply that while | is easily mea-
sured, | inch, Which is the value of the plasma sheath current
I, a time of pinch, is very difficult to measure even in large
devices whereit is possible to place magnetic probes near the
pinch.*® 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 |,
waveform using measured waveforms of |,y and tube
voltage.e’7 This was achieved only up to the start of the radial
phase thereby missing the crucia I n,. To date, lginen IS still
one of the least measured and often misunderstood quanti-
ties. In this connection, an attempt was made® to compute the
time of pinch. However, in that work, |, was assumed to
be l;,iq a pinch time.

The relationship between Iy and I ey is not simple
and has only been recently elaborated.” It primarily depends
on the value of the static inductance L, compared to the
dynamic inductances of the plasma focus. As L is reduced,
the ratio I incn/lpeac drops. Thus, yield laws scaled to | ey
will not consistently apply when comparing two devices with
all parameters equal but differing significantly in L,. Better
consistency is achieved when yield laws are scaled to I jne.

In this paper, we propose a numerical method to consis-
tently deduce Inc, from any measured trace of lyyy. This
method will improve the formulation and interpretation of
focus scaling laws. Specifically, we define I e, as the value
of I, at the start of the quiescent (or pinch) phase of the
plasma focus radial dynamics. We now discuss the distinc-
tion between I,y and the plasma sheath current 1,

A measured trace of |y 1S commonly obtained with a
Rogowski coil wrapped around the plasma focus flangelO
through which is fed I, discharged from the capacitor bank
between the coaxial electrodes across the back wall. A part of

3| ectronic mail: leesing@optusnet.com.au.
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liota» DEING the plasma sheath current 1, lifts off the back-
wall insulator and drives a shock wave axially down the
coaxial space. At the end of the anode, the plasma sheath
turns from axia into radial motion. The previously axialy
moving I, becomes a radia inward moving cylindrical
sheath, driving a radially collapsing cylindrical shock front.
When this shock front arrives on axis, because the plasmais
collisional, a reflected shock (RS) moves radially outwards™
until it meets the incoming driving current sheath. The in-
creased pressure of the RS region then rapidly slows down
the sheath. This is the start of the pinch phase. All the dy-
namics dominating the axial and radial phases is determined
by I, A proportion of the current, the difference between
liota @nd 1, does not take part in the dynamics. This leakage
current stays at the back wall,*"*? but parts of it may be
diffusely distributed.

We define for the axial phase f; as I/l and distin-
guish it from f., for the radial phase. Likewise, it had been
shown that only a fraction of the mass®*? encountered by the
axial sheath is swept up. This fraction we cal f,, distin-
guishing the radial phase fraction as f,,.. 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 I,y 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 pa-
rameters as f,,, f. and f,, and f,.

The Lee model couples the electrical circuit with plasma
focus dynamics, thermodynamics, and radiations enabling
realistic smulation of all gross focus properties. The basic
model was described in 1984 (Ref. 13) and used to assist
projects.® 101114718 Ay improved five-phase code crucially
incorporating small disturbance speed,'” and radiation cou-
pling with dynamics, assisted further projects,®*** and was
published in the internet in 2000 (Ref. 24) and 2005.%°
Plasma self-absorption was included® in 2007. It has been
used in machines including UNU/ICTP PFF1151621
NX 2,82 and NX1,*® and has been adapted to the Filippov-
type DENA.2%*% Neutron yield Y, using a beam-target
mechanism,” is included in the present version RADPFV5.13,
(Ref. 26) resulting in redlistic Y, '\:;f;aling27 with I jinen. Since

© 2008 American Institute of Physics
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the detailed theory of the model and the code are given in the
websites,**% we proceed to the proposed method to com-
pute Ipinch-

The method requires a measured |,y Wwaveform from a
discharge in which the bank parameters, the tube geometry,
and operating parameters are known. The Lee model code 6
is used to simulate this discharge using the model parameters
for fitting. The model parameters are varied until the ssimu-
lated |,y trace agrees with the measured |y, trace. The start
of the quiescent or pinch phase is pinpointed from the com-
putation and the computed value of 1, at thistime is obtained
as Ipinch-

For the actual fitting process, the bank parameters L, C,
(capacitance), and r (resistance) are put into the active sheet
of the EXCEL code. If ry is not available, a trial value of
0.1(Lo/Cp)¥? is used. Next, the tube parameters b (cathode
radius), a (anode radius), and z, (anode length) and the op-
erational parameters V, (voltage) and P, (pressure) are en-
tered. Thefill gasisindicated by its atomic weight and num-
ber in the cells provided. Trials values of f, f, f, and g
are then entered, e.g., 0.08, 0.7, 0.1, and 0.7, respectively
The code is then run. The computed |, trace which is one
of the graphical outputs is transferred onto a comparison ac-
tive sheet and plotted onto a graph together with the pre-
loaded measured |, trace. Detailed comparison, feature by
feature, of the traces is made.

The first step is fitting the axial phase. This involves
variation of f,, and f. while observing the changes that ap-
pear on the resulting computed |, trace in respect to the
rise time, rising shape, and | ,ey and how these features com-
pare with the corresponding features of the measured |y
trace. During this fitting an increase in f. 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
decreasein f,, has amost the same effect. However, a change
in f. 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, then reducing it
by exactly the same amount by a corresponding increase in
f, will not bring the Iy, shape and magnitude back to the
shape and value before either change is made. Thus, one has
to get each of f,, and f. separately correct to get both the
current shape and magnitude correct in the rising current
profile.

The value of ry may need to be adjusted. An increase of
ro lowers the current trace at all points proportionately. Ad-
justment to nominaly given values of L,, sometimes even
C,, may need to be made before a good fit is achieved. When
all values are properly adjusted and when f,, and f. are cor-
rectly fitted, the measured rising profile of the computed
liotar» Usu@ly up to the peak value |, is found to fit the
measured rising profile well in both shage and magnitude.

Two other points need to be noted.®’ The measured lotal
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 z; may need to be reduced to account for the
shape of the back-wall insulator.

Appl. Phys. Lett. 92, 111501 (2008)
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FIG. 1. DPF78 measured |,qy (labeled as I 4e) and measured |, waveforms.
The third trace I is the difference of 14y and I,

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 cur-
rent 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 theradial phase. Asthis phase
starts, the current trace starts to roll over, at first impercepti-
bly, then clearly dipping and then sharply dips as the focus
dynamics enters the severe pinch phase which absorbs a sig-
nificant portion of the energy from the driving magnetic
field. Thus, the second step in the fitting consists of adjusting
fr and f, 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,*° a
Rogowski coil measured the |, trace, and magnetic probes
measured the |, waveform. The bank parameters were C,
=15.6 wF (nominal) and Ly=45 nH (nominal), tube param-
eters were b=50 mm, a=25 mm, and z,=150 mm, and op-
erating parameters were V=60 kV, and P,=7.6 Torr deute-
rium. Figure 1 shows these measured |y (labeled as | g in
Fig. 1) and |, waveforms. The third trace is the difference of
Itotal and lp'

These parameters were put into the code. The best fit for
the computed |,y With the measured |y Waveform was
obtained with the following: bank parameters were C,
=172 uF, Lo=55nH, and ry=3.5m(); tube parameters
were b=50 mm, a=25 mm, and z,=137 mm; and operating
parameters were V,=60 kV and Py=7.6 Torr deuterium.
Model parameters of f,,=0.06, f.=0.57, f,,=0.08, and f,
=0.51 were fitted.

With these parameters, the computed |4 trace com-
pared well with the measured |4 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 us. At this time |, Was computed
as 0.51X778=396.8 kA. The value of I, from the mea-
sured |, 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
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FIG. 2. (Color online) Comparison of computed (solid line) and measured
(dashed ling) |,y Waveforms.

same time to get further insight into f. and f.,.

Theratio |,/ 1y (digitized from Fig. 1) was plotted as a
function of time and shown in Fig. 3. At time=1.551 us, the
ratio was found to be 0.49, and |,y Was measured to be
778 kA. Hence, I, =381.2 KA was measured in the Stut-
tgart DPF78 experiment. The computed |, Was 4% larger
than the measured | ,,. 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 I,/ I,y varied from 0.63 to 0.4, and at the
start of the pinch phase this ratio was 0.49 and rapidly drop-
ping. Thus, one would expect the computed value of Iy, 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 |,, measurements
using magnetic probes.

The conclusion is that the numerical method is a good
alternative, being more accurate and convenient and only
needing a commonly measured |y waveform.

Ratio of measured currents: I/l

08 —
T —
0.6

0 0.5 1 1.5 2
Time in ps

FIG. 3. Ratio of measured I, to I,y as a function of time.
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Abstract

In a 2007 paper Nukulin and Polukhin surmised from electrodynamical
considerations that, for megajoule dense plasma focus devices, focus currents
and neutron yield Y, saturate as the capacitor energy Eq is increased by
increasing the capacitance Cyp. In contrast, our numerical experiments show
no saturation; both pinch currents and Y, continue to rise with Cp although
at a slower rate than at lower energies. The difference in results is explained.
The Nukulin and Polukhin assumption that the tube inductance and length are
proportional to Cg is contrary to laboratory as well as numerical experiments.
Conditionsto achieve Y, of 10 in adeuterium plasmafocusarefound from our
numerical experiments, at a storage energy of 3MJwith a circuit peak current
of 7.6 MA and focus pinch current of 2.5MA.

1. Introduction

In a2007 paper Nukulin and Polukhin [1] surmised that the peak discharge current Ipes in a
plasmafocusreachesalimiting value when the storage energy of its capacitor bank isincreased
to the megajoule level by increasing the bank capacitance Cy at a fixed charging voltage Vj.
The crux of their argument is that for such large banks, increasing Cy increases the discharge
current risetime which then requires an increase in the length of the focus tube in order for
the axial transit time to match the current risetime. According to their reasoning the axial
tube inductance L, = 2 x 10~In(b/a)zo (their equation (5)) where b and a are the outer
and inner radii, respectively, and the length of the coaxial section iszg = (7/2)(LaCo)*%va
(their equation (4)). We rewrite their equations in Sl units throughout except where stated
otherwise. Here v, is the average axia speed in the rundown stage which in experimental
situations is known to be best kept at avalue around 10° (or 10cm pus™t). Thisargument leads
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to Ly = (107" wvaln(b/a))?Co. That is, L, is proportional to Cy, resulting in, for fixed Vo,
asaturated Ipesk = Vo/(La/Co)®®° for megajoule banks, where L, is so large as to make the
static bank inductance insignificant. We shall refer to this chain of argument as the Nukulin
and Polukhin (N&P) scenario. Saturation of Y, then followsin that scenario.

A careful consideration of the above argument reveals two factors that need to be re-
examined. Firstly, matching the transit time to the ‘rise time’ of (L.Co)%®° (as required by
their equation (4)) is a hypothetical situation assuming the circuit inductance has the value of
L, from the beginning of the discharge. In actual fact the circuit starts with a much smaller
value of Ly and only attains the value of L, towards the end of the axial transit. Secondly,
the dynamic resistance loading the circuit due to current sheet motion at instantaneous speed
v, is (1/2)(dL/dt) = 10~7In(b/a)v, and has the same value, 3.3ms, for v, = 10° and
b/a = 1.39, independent of the value of Cy. This dynamic resistance becomes increasingly
dominant and controlling in the early stage of the discharge for larger and larger Co, since at
the early stage of the discharge the tube inductance has not grown to large values yet.

Because of these two factors, for large deviceswith large Co, wewill show that the current
peaks early in the discharge and then exhibits a dight drooping, nearly flat-top behavior as
seen in the published discharge current waveform of the PF1000 [2, 3]. This early peaking
changes the situation from the N& P scenario, resulting in much smaller optimized L, with
correspondingly shorter zo. Thisinvalidatestheir equation (4). Laboratory and also numerical
experiments are not carried out with the values of L, and zg envisaged by the N& P scenario,
simply because these N& P values are far too large for optimum conditions. Using optimized
values of L, and zo, in contrast to the saturation envisaged by the N& P scenario, the optimized
Ininch @nd Yy, continue to rise with Ey, as Co isincreased, although the rates of increase indeed
slow down. In the case of Y, the scaling is Y, ~ E(Z) at small Eq and becomes Y,, ~ Eg inthe
higher energy ranges.

Wewould liketo state here that we are not disputing the experimental observations[1,4,5]
that have led to the idea of a neutron saturation effect in plasma focus operation. What we
dispute in this paper is the N& P scenario, which is erroneous in its conclusion that the cause
of neutron saturation is electrodynamical (electrotechnical in their words) in nature. Our
numerical experiments show that from electrodynamical considerations, the currents Zpeac and
Ipinch do not saturate, nor doesthe neutronyield. The cause of saturation needsto belooked for
elsewhere, beyond electrodynamical considerations, which is outside the scope of this paper.
This paper continues to present our numerical experiments.

Although the analytic and intuitive approach is useful in attempts to understand this
electrodynamic problem it could also lead to oversimplified, indeed erroneous, conclusions.
Theunderlying physicsissimple, requiring only the charge and energy conservation conditions
imposed into the time-varying circuit equations, for example, in the form often expressed by
Kirchhoff’s current and voltage rules, and an equation of motion for the axia phase. These
equations are coupled to reflect the physics that the plasma current 7, drives the motion, and
the resistive and inductive loading of the mation in turn affect the magnitude and temporal
behavior of the total discharge current, Iioiy. The solution of such a coupled set of equations
will take into account all of the subtle interplay of current drive and motiona impedances
and the temporal relationships among early and late discharge characteristics imposed by a
large capacitance Cy, coupled to a static inductance Ly and a growing tube inductance L,.
This electrodynamic situation is very well handled by the Lee model code [6] which after the
axial phase goes on to compute the radial, including the pinch phase. This paper describes
numerical experiments carried out with the code to uncover the scaling of Zynch and Yy, up to
tens of megajoules.
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2. TheLee model code

The Lee model couples the electrical circuit with plasma focus dynamics, thermodynamics
and radiation, enabling realistic simulation of all gross focus properties.

The basic model, described in 1984 [7], was successfully used to assist severa
projects [8-11]. An improved 5-phase model and code incorporating a small disturbance
speed [12] and radiation coupling with dynamics assisted other research projects [13-15]
and was web-published in 2000 [16] and 2005 [17]. Plasma self-absorption was included
in 2007 [16] improving soft x-ray yield simulation. The code has been used extensively
in several machines including UNU/ICTP PFF [8, 11, 13, 14, 18], NX2 [14, 15], NX1 [14]
and adapted for the Filippov-type plasma focus DENA [19]. A recent development is the
inclusion of the neutron yield, Y, using a beam-target mechanism [3, 20, 22], incorporated
in the present version [6] of the code RADPFV5.13, resulting in redlistic Y, scaling with
Ipinch [20]. The versatility and utility of the model is demonstrated in its clear distinction of
Ipinch from Ipeac [21] and the recent uncovering of a plasma focus pinch current limitation
effect [3,22]. The description, theory, code and a broad range of results of this ‘Universal
Plasma Focus Laboratory Facility’ is available for download from [6].

The last sections of this paper discuss the scaling of the neutron yield with increasing
voltage. Inthat discussionitisfound that thereislittle advantage for D—D beam—target fusion,
and indeed a disadvantage for D—T beam—target fusion, to exceed 90kV charging voltage. To
understand that situation it is necessary to revisit the neutron production mechanism used in
the model. The neutron yield is computed using a phenomenological beam—target neutron
generating mechanism [2]. A beam of fast deuteron ionsis produced by diode action in athin
layer close to the anode, with plasma disruptions generating the necessary high voltages. The
beam interacts with the hot dense plasma of the focus pinch column to produce the fusion
neutrons. The beam—target yield is derived [3] as

Yot = Contil5oenzp(INb/1p)o/ Vi,

where n; is the ion density, rp, is the radius of the plasma pinch with length zp, o the cross-
section of the D-D fusion reaction, n-branch and Vi the maximum voltage induced by
the current sheet collapsing radially towards the axis. C,, is treated as a calibration constant
combining various constants in the derivation process. The model uses avalue of C,, obtained
by calibrating the yield [3,20] at an experimental point of 0.5 MA.

The D-D cross-section is highly sensitive to the beam energy so it is necessary to use
the appropriate range of beam energy to compute o. The code computes Vi Of the order
of 20-50kV. However, it is known from experiments that the ion energy responsible for the
beam—target neutronsisin the range 50-150keV [2], and for smaller lower-voltage machines
the relevant energy [18] could be lower at 30-60keV. Thus, to align with experimental
observations the D-D cross section o is reasonably fitted by using beam energy equal to
three times V. With this fitting it is found [20] that the computed neutron yield agrees
with experimental measurements over awide range of plasma focus machines from the small
(sub-kJ) PF400 to the large (MJ) PF1000.

3. Proceduresfor the numerical experiments

The Lee codeis configured to work as any plasma focus by inputting the bank parameters Lo,
Cy and stray circuit resistance ro, the tube parameters b, a and zo and operational parameters
Vo and Py and thefill gas. The standard practiceisto fit the computed total current waveform
to an experimentally measured total current waveform [3, 16, 17, 20-22] using four model

3
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parameters representing the mass swept-up factor fi,,, the plasmacurrent factor f. for theaxial
phase and factors fi,, and f for the radial phases.

From experienceit isknown that the current trace of the focusis one of the best indicators
of gross performance. Theaxial and radial phase dynamicsand the crucia 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 the
mass swept up and the fraction of sheath current and the variation of these fractionsthrough the
axial andradial phases. These parametersdeterminetheaxial and radial dynamics, specifically
the axial and radial speeds which in turn affect the profile and magnitudes of the discharge
current. 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, thermodynamic and
radiation processes in the various phases of the plasma focus. Conversely al the dynamic,
electrodynamic, thermodynamic and radiation processes in the various phases of the plasma
focus affect the discharge current. It is then no exaggeration to say that the discharge current
waveform contains information on al the dynamic, electrodynamic, thermodynamic and
radiation processes that occur 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.

A measured current trace of PF1000 with Co = 1332 uF, operated at 27kV, 3.5Torr
deuterium, has been published [2], with cathode/anode radii b = 16cm, ¢ = 11.55cm and
anode length zo = 60cm. In the numerical experiments we fitted the external (or static)
inductance Lo = 33.5nH and the stray resistancerg = 6.1 m<2 (damping factor RESF = stray
resistance/(Lo/Co)®® = 1.22). The fitted model parameters are f, = 0.13, f. = 0.7,
fmr = 0.35and fir = 0.65. The computed current trace [20, 22] agrees very well with the
measured trace through all the phases, axial and radial, right down to the bottom of the current
dip indicating the end of the pinch phase. This agreement confirms the model parameters
for PF1000. Once the model parameters have been fitted to a machine for a given gas, these
model parameters may be used with some degree of confidence when operating parameters
such as the voltage are varied [6]. With no measured current waveforms available for the
higher megajoule numerical experiments, it is reasonable to keep the model parameters that
we have got from the PF1000 fitting.

4. Discrepancies between the N& P scenario and our numerical experiments

We now examine the case of PF1000 at Co = 1332 uF, which hasan Eq of 0.82MJat 35kV.
According to the N&P scenario, for this case with b/a = 1.39 and v; = 10°ms™?, the
final tube inductance works out at L, = (10~" wvan(b/a))?Co = 144nH, and since the
coaxial section with b/a = 1.39 has an inductance per unit length of 2 x 10~/ In(b/a) =
0.66 x 100"Hm™ or 0.66nHcm™1, then zo = 218cm using the N&P scenario. In the
actual case PF1000 is operated in the laboratory at a typical experimentally optimized length
of 60cm [2].

Our numerical experiments show an optimum length of zo = 50cm, in near agreement
with the laboratory operation. In the numerical experiments if zg is taken to be the N&P
scenario value of 218cm, both the pinch current and the Y, are far below optimum. The
difference becomes even clearer in the next example.

4
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Table 1. Numerical experiments to optimize Yy, by varying zo for fixed Co = 39960 uF.

Z0 a Ipeak Ipinch Yn
em) (ecm) (kA) (kA)  (10Y)

6480 11.95 4227 933 534

1000 2150 5463 2208 1102
800 2229 5548 2282 1211
600 2312 5634 2345 1298
500 2355 5678 2368 1320
400 2391 5715 2378 1307
350 2405 5729 2375 1280
274 2415 5739 2355 1206

Welook at another case of even larger Co = 39960 . F, 30 times bigger than PF1000, with
an Eq of 24.5MJ at 35kV. According to the N& P scenario L, = 4278nH and zo = 64.8m.
We note that these figuresfor L, and zo are 30 times bigger than for PF1000, since the crux of
the N& P scenario is simply that L, is proportional to Cy.

We carried out numerical experimentswhich show that the matching conditions proposed
by Nukulin and Polukhin give very poor results. We compute that the length for optimum Y,
iszo = 500cm, which practically correspondsto the optimum length for jinch. Table 1 shows
the results of this series of experiments with Co = 39960 uF, varying zo to find the optimum.
For each z, ‘a’ isvaried so that the end axial speed is10cmus™. It isclear that one would
not operate at the N&P scenario zo = 6480cm, for which case the current has dropped so
low that Ipinch only attains 933 kA with ¥, of only 5.3 x 10*, compared with the numerically
computed optimum ¥y, of 1.32 x 10% at zg = 500 cm with Zyinen Of 2.37 MA.,

5. Explaining the discrepancy

We look for the explanation of the discrepancy between the N& P scenario and our numerical
experiments. To do this we plot in figure 1 Case 1 which depicts the time scale for the case
in which a discharge occurs with Cop = 39960 1 F and a constant inductance L = 4260 nH
according to the N&P scenario. In the same figure we plot Case 2 which is the discharge
current computed from our model code with Co = 39960 «F and alength of zo = 6480cm,
the required matching length as envisaged by the N&P scenario. Case 3 is the computed
discharge current for zo = 500 cm, corresponding to line 5 of table 1, which is the optimum
length, producing maximum ¥, of 1.3 x 10™® and anearly optimum Zgincy Of 2.37 MA. In both
Case 2 and Case 3the anoderadius ‘a’ has been adjusted to give afinal axial speed (end axial
phase) of 10cmus™.

If the discharge current were to have the time profile as shown in Case 1 of figure 1, then
an axia rundown time of 600 ns would be appropriate, with a corresponding zo of around
6480 cm, reaching the radial phase just when the current was peaking. Such a situation would
justify the N& P scenario. However, computation using the model code shows that the actual
current profile using a matching zo = 6480 cm as envisaged by the N& P scenario is that of
Case 2 with the current peaking at 4.2 MA at just 19 us; thereafter the current profile droops,
dropping to below 2 MA asthe current sheet movesinto theradial phase. Because of the severe
dropinthetotal current, yinch isonly 0.93 MA producing Yy, of 5.3 x 101, With such acurrent
profileit isclearly better to have a shorter zg, So that the pinch could be allowed to occur much
earlier before the current has dropped too much. Asseen in theresults of table 1, the optimum
zo isin fact found to be 500 cm with ¥, = 1.3 x 103, The current profile corresponding to

5



Plasma Phys. Control. Fusion 50 (2008) 105005 SlLee

N& P Fixed L, zg =6480 cm and optimum

6000 —

[ Case LN&P scena;-io. fixed L |
| = =Case 2: z5=6480cm
| —Case3: Optimum z;=500cm |

= 4000

<

=<

S

-

=

@

=

1=

=

< 2000

0 200 400 600 800
Time (us)

Figure 1. Current waveform for the N& P scenario (Case 1) compared with computed waveform
using N& P matching zo = 6480cm (Case 2). Also shown is the computed current waveform for
optimum zo = 500 cm (Case 3).

this optimum is shown in Case 3 of figure 1. Thus, figure 1 shows that the conclusion of the
N& P scenario that the tube inductance and tube length should grow proportionately with Co,
for large Co, is not correct. This effectively invalidates their argument for Jpey Saturation and
hence aso Y, saturation.

Looking more closely at the numerical results we note that the risetime to Jpea is only
19 us, which isless than the short circuit rise time of (77/2)(LoCo)®° ~ 58 us. At thistime of
19 us, the axial speed has already reached 9.9cmus™. At that speed, the dynamic resistance
0.5(dL/dr) = 107 In(b/a)v, = 3.3mS, which is dominant when compared with the bank
stray resistance of 1.1 mQ and short circuit surge impedance of 0.9me2, even if we consider
that at this time the current sheet has traveled 140 cm adding another 92 nH to the circuit, so
that at thistime the effective surge impedance is 1.7 mS. It can then be seen that the dynamic
resistance is the controlling factor and it is the small initia inductance coupled with the rapid
increase in dynamic resistance which causes this early peaking and subsequent flattening and
droop of the discharge current. We also note that this dominance of the dynamic resistance
occurs only at large Co; and the larger the Co, the more the dominance. At small Co, for
example, at 100 uF, the short circuit impedance is 18 mQ, whilst the dynamic resistance is
unchanged at 3.3mS. In those cases of lower Cy, no early peaking followed by subsequent
drooping flat-top is observed.

This early peaking and subsequent current droop invalidate the N& P scenario.

We now describe the numerical experiments which show how ZTpea, Zpinch and Yy, vary
with Co.

6. Numerical experimentsat 35kV, 10Torr, Lo = 33.5nH, RESF = 1.22 and
b/a = 1.39, varying Cp- No saturation observed

The numerical experiments are then carried out for a range of Co. The pressure is fixed at
Py = 10 Torr deuterium. The results are shown in figures 2-5. From these figures we see that
as Eq isincreased by increasing Cop, from 8.5kJto 25MJ, there is no saturation in Jpeac, Ipinch
or Y, asfunctions of Cq or Ej.

6
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Computed Currents vs N&P Scenario
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Figure 2. Ipea (top trace) computed from numerical experiments as a function of Co, compared
t0 Ipeak envisaged by N& P scenario (middle trace). Also shown isthe Ipinch curve (lower trace).
The single point at the 2MA level isan experimental PF1000 point [23].

LoQ('paak)a Lc'g(lpinch) VSLOQ EO
10000 —

022
—=63T%
y

f/ o e “xu.n
S 1000 AW y=7
s
S)
-

A‘

-84
¥
100 i —
10 100 1000 10000 100000

Log(Eo), Eo (k)

Figure 3. Log Ipex (top curve) and Log Ipinch Versus Log Eo, showing no saturation for Eg up to
25MJ.

Figure 2 shows the computed /pe as a function of Co, from our numerical experiments
compared with that postul ated by the N& P scenario. Theimportant differenceisthat whereas
the N&P scenario shows Inex Saturation, our numerical experiments show no saturation,
athough there is ascaling shift from Ipea ~ ES4 t0 Ipea~ES?* which is seen when plotted
on log-og scale (see figure 3).

More importantly, the Znncn scaling with Eq shows a similar slowdown from Zpinch ~
E3* 10 Iginn ~ EQ?* (see figure 3), but again no saturation. As was shown in earlier
papers [3,20-22] it is the Ininch Scaling, rather than Iex , Which directly affects the neutron
yield scaling.

For this series of experiments we find that the ¥, scaling changes from ¥, ~ E30 at tens
of kJto Y, ~ EJ® at the highest energies (up to 25MJ) investigated in this series. Thisis
shown in figure 4(a). Figure 4(b) shows the values of zg, optimized for the neutron yield and
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Figure4. (a) Y, plotted asafunction of Ep inlog-og scale, showing no saturation of the neutron
yield up to 25MJ, the highest energy investigated. (b). Optimized zo and ‘a’ versus Eq for the
numerical experiments of (a).

the corresponding value of ‘o’ for an end axial speed of 10cm us*. These anode dimensions
are used in the numerical experiments recorded in figure 4(a).

Because of the way Y, versus E, scaling slows down at the megajoule level and the
corresponding way Ipea and Ipinch Scaling also slow down, the scaling of Y, with Ipea and
Iinch Over the whole range of energies investigated up to 25MJ (figure 5) is as follows:

Yo =32x10"I50: Yo = 1.8 x 10" I35 where Iyex and Iyincn arein MA.

In this scaling, /e ranges from 0.3 t0 5.7 MA and Iinch ranges from 0.2 to 2.4 MA.

7. Numerical experimentsto attain Y;, = 10 D-D neutrons per shot, using a less
resistive bank of RESF = 0.12

Gribkov et al [24] had pointed out that ¥, = 10 in deuterium is a desired landmark to
achievein aplasmafocus device, from the point of view of possible exploitation as apowerful
source of fusion neutronsfor testing of prospective materialsfor thefirst wall components and
construction elements in magnetic confinement fusion and, especially, ininertial confinement
fusion reactors. Converting such a plasma focus yield to operation in DT with ¥, = 10'°
could produce, during a one-year run, an overall fluence of the order of 0.1-1.0dpa for such

8



Plasma Phys. Control. Fusion 50 (2008) 105005 SlLee

Yn VS lpinch (higher line), Y, vs lyeak (lower line)
10000.0 -

y= 10»12x4.5
&
—
S 100.0
G y=7x1 01238
SE
o 1.0 ‘ :
| 100 %MD 10000
0.0 -
Log I, I (kA)

Figure5. Log(Yy) scaling with Log(/peak) and Log(Zpinch), for the range of energies investigated,
up to 25MJ.

testing purposes, at a very low cost relative to other methods currently being considered. We
now examine the requirements to reach this landmark.

In the above series of numerical experiments we have shown that Y, does not saturate
with increasing Ey at the megajoule level. The scaling does deteriorate from ¥, ~ E? to
arelationship closer to ¥,, ~ Eo Nevertheless, because of the non-saturation, Y, = 10% is
achieved at 18-19 M J (seefigure4(a)) with Ipea and Ipinch 0f 5.5 MA and 2.3 MA, respectively.

However, in the above experiments the capacitor bank was assigned a relatively large
resistance ro with RESF = rp/(Lo/Co)®® of 1.22, which is an unusually high damping factor
associated with PF1000. With amodern bank we should be able to have aless highly damped
bank with an RESF of say 0.12.

Werepeat the above experimentswith the RESF changed to 0.12, representative of ahigher
performance modern capacitor bank. We keep ¢ = b/a = 1.39 and Py = 10 Torr Deuterium.
We obtain results which are summarized in figure 6(a).

These results show that using a less resistive modern bank reduces the Eq required to
reach ¥, = 10" in deuterium to some 8MJ With Ipea and Iginch of 6MA and 2.3MA,
respectively. Figure6(b) showsthe optimized geometry required for the numerical experiments
of figure 6(a).

8. Investigating therole of pressure, electroderatios and static inductance Lo

We want to investigate the effect of increasein Vp [1,2]. A preliminary run at Co = 1332 uF
under the conditions of figure 6(a) showsthat as Vy isincreased from 35to 90KV, Y, increases
substantially to above 2 x 10%3. Theindicationsarethat at 90kV, Cy in the region 700-800 .F
would be sufficient to produce Y, = 10% in deuterium. However, before we finalise these
numerical experiments, varying Vo, we need to fix practical optimum conditions in pressure,
radius ratio and static inductance L.

We vary the pressure from 1 Torr upwards in suitable steps, adjusting zo and ‘a’ for
optimum Y, at each Py, with the requirement that the end axial speed is maintained at
10cmus~t. Then we look for the optimum over the range of pressures. We find the
following. At Eo = 1332 uF, Y, peaks a 10Torr. As Ej is increased, the optimum P
increases. At the highest energy investigated there is a factor of 3 in Y, between 10 and
60 Torr, with Y;, still increasing above 60 Torr. However, at this point we consider thetechnical
situation [25] regarding the current per unit radius, Ipea/a. The factor controlling speed is
S = (Ipesk/a)/ PY° [11]. Hence, at any Ipea, a Po isincreased, to maintain the end axial speed
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Figure6. (a) Log-og plotsof Yy, (lower trace), Ipinch (Middletrace) and Ipex (top trace) versus Eo
for a high performance bank up to 25MJ; computed from numerical experiments. (b) Optimised
electrode geometry used in numerical experiments of (a).

of 10cmus™2, (Ipe/a) has to be increased by reducing ‘a’. At 10Torr, (Ipea/a) isin the
region 250-300kA cm~! over the range of energies investigated. At Py = 60 TorT, (Ipesk /@)
needs to be increased by a factor nearly 2.5. From this technical aspect, for this exercise, we
set alimit of 300kA cm~1. Hence, from this point of view we keep the pressure at 10 Torr
for al our higher Eq experiments, knowing that to go lower in Py would move the operational
point further from optimum and sacrificing the move closer to optimum at higher Py in order
not to exceed (Ipea/a) of 300KA cm~1. We make a note here that if we can improve anode
materials technology to withstand (Zpea /@) greater than 300kA cm~1, then, in that case, the
following results would be conservative and may be upgraded accordingly.

We next vary the radius ratio ¢ = b/a. We start with the optimum condition which we
have found for Cyp = 1332 uF. At each value of ‘¢’, we adjusted the values of ‘a’ and zq for
optimum. Wevary ‘¢’ from 1.2 to 1.6 and find that 1.39 is at the optimum. It appears that the
radiusratio ¢ = 1.39 used in PF1000 [2] had aready been very well chosen.

We next examine the choice of Lo. It had been shown [3, 22] that for a fixed Cy, if
Lo is reduced, there is a range of Lo at which Ijineh reaches a flat maximum. There is no
advantage lowering Lo below this range; indeed Ininch Would suffer a slight decrease, due to
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Table 2. Numerical experiments on effect of increasing Vo, at fixed Co of 777 uF.

Vo Eo b a 20 Tpeak Ipinch  Yn
Kkv) k) (m)  (m) (cm) (kA) (KA) (109)

90 3147 3992 2765 25 7580 2483 1228
70 1904 3114 2240 30 5955 2091 631
50 971 2344 1686 35 4365 1652 246
35 476 1669 1201 37 3074 1286 88
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Figure 7. Scaling of currents and Yy, as functions of operating voltage Vo. Top curve: Log(Ipes),
middle curve: Log(Zpinch) and bottom curve: Log(Yy).

this focus pinch current limitation. Looking at the range of large Eo we are dealing with in
these experimentswefind that agood compromisevalueof L is36 nH which ensures optimum
I pinch-

In consideration of the above we fixed optimum values of Lo = 36nH, ¢ = b/a = 1.39
and settled on Py = 10 Torr (for the highest pressure whilst keeping the technical condition of
not exceeding 300 kA cm™1). We consider these as the practical optimum conditions.

9. Investigating the effect on Y;, as operating voltageisincreased from 35to 90kV, at
Co =777 uF

We next run numerical experiments at practical optimum conditions ¢ = b/a = 1.39,
Lo = 36nH, P, = 10Torr. We keep Cy at 777 uF and vary V, from 35 to 90kV. The
results are summarized in table 2. The results are also plotted in figure 7 in log-og scale.
Figure 7 showsthat Y, ~ VZ® over the range of voltages examined from 35 to 90kV.
Looking at this scaling, it may at first sight be tempting to think in terms of increasing
the voltage further. However, it is then necessary to look more closely at that prospect. An
examination of the computed results shows that the computed effective beam energy [3,20,22]
for 90kV is aready at the 330keV level. Looking at data for the D—D cross-section [26]
as a function of the beam energy, it is seen that above 300keV, the rise in the D-D fusion
cross-section is very slow. Hence, there is little advantage operating above 90KkV. In fact,
the situation is actually disadvantageous to increasing the operating voltage if one considers
changing to D-T operation. The D—T fusion cross-section [26] has already peaked at 120 keV,
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Figure 8. (a) Numerical experiments at 90kV, varying Co, to obtain scaling of Ipeak, Ipinch and
Yn with Eg. Log(Yn): steepest curve; Log(/peak): dotted curve; Log(Zpinch): other curve. Yy in
units of 101° D-D neutrons/shot; Ineak and Ipinch in KA. (b) Optimized geometry corresponding to
numerical experimentsfor (a).

and operating at 90 kV with the beam energy at 330 keV, the beam energy is already too high,
the DT cross-section having dropped by afactor of around 3.6 fromitspeak. It seemsthen that
from this point of view there is no advantage in operating a plasmafocus at higher than 90kV.
For conversion to DT operation it would probably be better to operate at alower voltage. It
would then be necessary to increase Co until 101> DT neutrons is reached.

10. Investigating operation at 90kV, varying Eo, by varying Cy; at 10Torr, Ly = 36 nH
and b/a = 1.39; RESF = 0.12

We consider the effect of operating at 90kV. We run experiments at 90kV with increasing Eq
(by increasing Cy) to obtain the energy required to reach ¥, = 10*3 D-D neutrons per shot. At
each Co, zo is varied whilst adjusting ‘a’ for an end axial speed of 10cmus~2. The optimum
zo isthus found for each Co (Eo). The results are shown in figure 8(¢). Again at this higher
voltage, no saturation isfound for ZJpeax, Zpinch OF Y. At 90KV we confirm we are ableto reduce
the Eo required for ¥,, = 10% D-D fusion neutrons per shot to 3MJ, with Co = 777 uF as
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shownin figure 8(a). The values of Ipea and Iinch are, respectively, 7.6 MA and 2.5MA. The
required anode geometry is aso shown in figure 8(b).

Furthermore, at 90kV with the highest value of Cy investigated as 39960 1.F, the storage
energy is 162 MJ. At that storage energy, optimized Y,, is4.5 x 10** D-D neutrons/shot with
Ipeak = 17.3MA and Ipinch = 5.7 MA.

11. Conclusion

This paper shows that the N& P scenario is erroneousin its conclusion regarding the saturation
of ¥, at megajoule energies as Ey is increased by the increase in Cp. The N&P scenario
contends that this saturation is due to electrodynamic effects. Our numerical experiments
show that the scaling of L, and zo envisaged by the N& P scenario is far from the optimum.
Laboratory experiments at the 1MJ level as reported in the literature have been carried out
close to the optimum as confirmed by our numerical experiments. The numerical experiments
show no saturation in Jpeak, Ipinch OF Yy that may be traced to the electrodynamics governing the
system, although there is a slowing down of scaling at high Eo, eg. ¥, ~ E2 at low energies
and Y, ~ EQ® athighmegajoulelevels. Thus, any saturation of ¥, with Eq (as Cp isincreased)
cannot be ascribed to the physics governing the el ectrodynamics of the system. Other, possibly
machine-related, effects outside the scope of this paper may have to be investigated to account
for the apparently observed saturation effects. In connection with this it may be pointed out
that the drop in scaling for Y, below Ej isasignificant disappointment from the point of view
of scaling for fusion energy production purposes.

This paper findsthat scaling up from a PF1000-like capacitor bank requirescloseto 19 MJ
to reach atarget D-D neutron yield of 10% per shot. However, the numerical experiments also
find that amodern bank with typical lower damping may achieve the sametarget D—D neutron
yield of 10'3 at 8 MJ operating at atypical voltage of 35kV. The energy requirement is further
reduced to 3MJ by increasing the operational voltage to 90kV. Because of the high effective
beam energy already at 90KV, there is little advantage in operating at voltages above 90 kV
for the D-D neutron yield.
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Abstract

The Lee Model couples the electrical circuit with plasma focus dynamics, thermodynamics, and
radiation. A phenomenological beam-target neutron generating mechanism is included in the code to
provide information on the neutron yield. The Lee Model is extensively used to design and simulate
experiments.  This paper provides an overview of recent published results from numerical
experiments carried out using the Lee Model. The results are: (1) a previously unsuspected “pinch
current limitation” effect; (2) the existence of an optimum L, below which the pinch current and
neutron yield of that plasma focus would not increase, but instead decreases; (3) a realistic neutron
yield scaling with pinch current; and (4) an innovative tool to obtain the pinch current. A dominant
thread running through the research papers is that the pinch current has to be distinguished from the
discharge peak current in the analysis and scaling of plasma focus experiments.

1. Introduction

The Lee Model in its two-phase form was described in 1984 [1]. It was used to assist in the design
and interpretation of several experiments [2-4]. An improved five-phase model and code incorporating
finite small disturbance speed [5] and radiation coupling with dynamics assisted several projects [6-8] and
was web published [9] in 2000 and in 2005 [10]. Plasma self-absorption was included [9] in 2007. It has
been used extensively as a complementary facility in several machines, for example, UNU/ICTP PFF [2,6]
the NX2 [7,8] NX1 [7] and DENA [11]. It has also been used [12] in other machines for design and
interpretation including Soto’s sub-kilojoule plasma focus machines [13] FNII [14] and the UBA hard x-
ray source [15]. Information obtained from the model includes axial and radial velocities and dynamics
[1,7,11,12], soft x-ray (SXR) emission characteristics and yield [6-8,16], design of machines [13,16],
optimization of machines, and adaptation to other machine types such as the Filippov-type DENA [11]. A
study of speed-enhanced neutron yield [17] was also assisted by the Lee Model code.

A detailed description of the Lee Model is already available on the internet [9,10]. A recent
development in the code is the inclusion of neutron yield using a phenomenological beam-target neutron
generating mechanism [18] incorporated in the present RADPFV5.13 [19]. This improved model has been
used to discover the pinch limitation effect [20], the existence of an optimum L, below which the pinch
current and neutron yield of that plasma focus would not increase, but instead decrease [21], a realistic
neutron yield scaling with pinch current [22] and has been proven to be an innovative tool to obtain the
pinch current [23].

2. The numerical experiments

Numerical experiments were carried out on plasma focus machines for which reliable current
traces and neutron yields are available. The experiment was 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.

Keynote address delivered by S H Saw at International Conference on Plasma Computation and Applications IWPCA2008,
Kuala Lumpur on 14 July 2008
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Figure 1. PF1000 at 27kV measured (dashed line) vs computed (smooth line) current traces.

Figure 1 shows a comparison of the computed total current trace (solid smooth line) with the
experimental trace (dotted line) of the PF1000 at 27 kV at 3.5 Torr Deuterium, with outer/inner radii b=16
cm, a=11.55 cm, and anode length z,=60 cm. In the numerical experiments we fitted external or static
inductance L,=33 nH and stray resistance r,=6 mQ with model parameters mass factor, current factor, and
radial mass factor as f,=0.14, f.=0.7, and f,=0.35. The computed current trace agrees very well with the
experiment, a typical performance of this code.

Each numerical experiment is considered satisfactory when the computed current trace matches
the experiment in current rise profile and peak current, in time position of the current dip, in slope, and
absolute value of the dip (see Figure 1). Once this fitting is done our experience is that the other computed
properties including dynamics, energy distributions and radiation are all realistic.

3. Pinch current limitation effect

In a recent paper [18] there was expectation that the large MJ plasma focus PF1000 in Warsaw
could increase its discharge current, and its pinch current, and consequently neutron yield by a reduction of
its external inductance L,. To investigate this point experiments were carried out using the Lee Model code
[19]. Unexpectedly, the results indicated that whilst ., indeed progressively increased with reduction in
L,, no improvement may be achieved due to a pinch current limitation effect [20, 21]. Given a fixed C,
powering a plasma focus, there exists an optimum L, for maximum lnen. Reducing L, further will increase
neither Iyincy NOT Yy,

We carried out numerical experiments for PF1000 using the machine and model parameters
determined from Figure 1, modified by information about values of I at 35 kV. Operating the PF1000 at
35 kV and 3.5 Torr, we varied the anode radius a with corresponding adjustment to b to maintain a constant
c=b/a in order to keep the peak axial speed at 10 cm/us. The anode length z, was also adjusted to maximize
lpinch @S Lo was decreased from 100 nH progressively to 5 nH.

As expected, lpea increased progressively from 1.66 to 4.4 MA. As L, was reduced from 100 to 35
NH, lyinch also increased, from 0.96 to 1.05 MA. However, then unexpectedly, on further reduction from 35
to 5 nH, linch Stopped increasing, instead decreasing slightly to 1.03 MA at 20 nH, to 1.0 MA at 10 nH, and
t0 0.97 MA at 5 nH. Y, also had a maximum value of 3.2x10* at 35 nH.

To explain this unexpected result, we examine the energy distribution in the system at the end of
the axial phase (see Figure 1) just before the current drops from peak value I, and then again near the
bottom of the almost linear drop to the pinch phase. The energy equation describing this current drop is
written as follows:

0-5|peak2(Lo + Lafc 2): 0-5|pinch2 (I-o/ fcz + La + I—p) + 5cap+ 5plasmay (1)

where L, is the inductance of the tube at full axial length z,, dpiasma is the energy imparted to the plasma as
the current sheet moves to the pinch position and is the integral of 0.5(dL/dt)I>. We approximate this as
0.5Lplpinch2 which is an underestimate for this case. Jg,p is the energy flow into or out of the capacitor
during this period of current drop. If the duration of the radial phase is short compared to the capacitor time
constant, the capacitor is effectively decoupled and J.,, may be put as zero. From this consideration we
obtain

Ipinch2 = |peak2(|—o +0.5L, )/(2L, + La + 2L), (2)



where we have taken f,=0.7 and approximated f. ? as 0.5.

Generally, as L, is reduced, .. increases; a is necessarily increased leading [17] to a longer pinch
length z,, hence a bigger L,. Lowering L, also results in a shorter rise time, hence a necessary decrease in
Z,, reducing L. Thus, from Eq. (2), lowering L, decreases the fraction lpinch /lpea. Secondly, this situation is
compounded by another mechanism. As L, is reduced, the L-C interaction time of the capacitor bank
reduces while the duration of the current drop increases (see Fig 2, discussed in the next section) due to an
increasing a. This means that as L, is reduced, the capacitor bank is more and more coupled to the inductive
energy transfer processes with the accompanying induced large voltages that arise from the radial
compression. Looking again at the derivation of Eq. (2) from Eq. (1) a nonzero de,p, in this case, of positive
value, will act to decrease lynen further. The lower the L, the more pronounced is this effect.

Summarizing this discussion, the pinch current limitation is not a simple effect, but is a
combination of the two complex effects described above, namely, the interplay of the various inductances
involved in the plasma focus processes abetted by the increasing coupling of C, to the inductive energetic
processes, as L, is reduced.

4. Optimum L, for maximum pinch current and neutron yield

From the pinch current limitation effect, it is clear that given a fixed C, powering a plasma focus,
there exists an optimum L, for maximum lyncn. Reducing L, further will increase neither Ignen, nor Y,. The
results of the numerical experiments carried out are presented in Figure 2 and Table 1.

With large L, = 100 nH it is seen (Figure 2) that the rising current profile is flattened from what its
waveform would be if unloaded; and peaks at around 12us (before its unloaded rise time, not shown, of
18us) as the current sheet goes into the radial phase. The current drop, less than 25% of peak value, is sharp
compared with the current rise profile. At L, = 30 nH the rising current profile is less flattened, reaching a
flat top at around 5us, staying practically flat for some 2us before the radial phase current drop to 50% of
its peak value in a time which is still short compared with the rise time. With L, of 5 nH, the rise time is
now very short, there is hardly any flat top; as soon as the peak is reached, the current waveform droops
significantly. There is a small kink on the current waveform of both the L, =5 nH, z,= 20 cm and the L, =
5 nH, z, = 40 cm. This Kink corresponds to the start of the radial phase which, because of the large anode
radius, starts with a relatively low radial speed, causing a momentary reduction in dynamic loading.
Looking at the three types of traces it is seen that for L, = 100 nH to 30 nH, there is a wide range of z, that
may be chosen so that the radial phase may start at peak or near peak current, although the longer values of
Z, tend to give better energy transfers into the radial phase.
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Figure 2. PF1000 current waveforms computed at 35kV, 3.5 Torr D2 for a range of L,

The optimized situation for each value of L, is shown in Table 1. The table shows that as L, is
reduced, lpeax rises with each reduction in L, with no sign of any limitation. However, |.c, reaches a broad
maximum of 1.05MA around 40-30 nH. Neutron yield Y, also shows a similar broad maximum peaking at
3.2 x 10" neutrons. Figure 3 shows a graphical representation of this loincn limitation effect. The curve
going up to 4MA at low L, is the sk curve. Thus Iy shows no sign of limitation as L, is progressively
reduced. However |, reaches a broad maximum. From Figure 3 there is a stark and important message.

One must distinguish clearly between lpea and lginn.  In general one cannot take I to be
representative of lpinch.



Table 1. Effect on currents and ratio of currents as L, is reduced-PF1000 at 35kV, 3.5 Torr Deuterium

LO(nH) b(cm) a(cm) ZO(Cm) Iueak(MA) Ioinch(MA) Yn(loll) Ininch/ Ineelk

100 15.0 10.8 80 1.66 0.96 2.44 0.58
80 16.0 11.6 80 181 1.00 2.71 0.55
60 18.0 13.0 70 2.02 1.03 3.01 0.51
40 215 15.5 55 2.36 1.05 3.20 0.44
35 22.5 16.3 53 2.47 1.05 3.20 0.43
30 23.8 17.2 50 2.61 1.05 3.10 0.40
20 28.0 21.1 32 3.13 1.03 3.00 0.33
10 33.0 23.8 28 3.65 1.00 2.45 0.27
5 40.0 28.8 20 4.37 0.97 2.00 0.22
5
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Figure 3. Effect on currents and current ratio (computed) as Lo is reduced-PF1000, 35 kV, 3.5 torr D,.

We carried out several sets of experiments on the PF1000 for varying L,, each set with a different
damping factor. In every case, an optimum inductance was found around 30-60 nH with Iic, decreasing as
L, was reduced below the optimum value. The results showed that for PF1000, reducing L, from its present
20-30 nH will increase neither the observed lyincn nOr the neutron yield, because of the pinch limitation
effect.

5. Neutron yield scaling with pinch current

The main mechanism producing the neutrons is a beam of fast deuteron ions interacting with the
hot dense plasma of the focus pinch column. The fast ion beam is produced by diode action in a thin layer
close to the anode with plasma disruptions generating the necessary high voltages. This mechanism,
described in some details in a recent paper [18], results in the following expression [22] used for the Lee
Model code:

Y= calibration constant X Nilpincn” Zp> (IN(0/1p))6/V x> (3)

where lpincn is the current at the start of the slow compression phase, r, and z,, are the pinch radius and pinch
length at the end of the slow compression phase, V. is the maximum value attained by the inductively

induced voltage and & is the D-D fusion cross section (n branch) [24] corresponding to the beam ion
energy. The D-D cross section G is obtained by using beam energy equal to 3 times V., to conform to
experimental observations [25].



Experimental data [26,27] of neutron yield Y, against pinch current Iy is assembled (see Figure
4) to produce a more global scaling law than available. It must be noted that there is no clear distinction
shown in the literature of lginch , lpeak @Nd lior. From the data a mid-range point is obtained to calibrate the
neutron production mechanism of the Lee Model code (Figure 4).

1012__
100 +——— -
Yo
10% —
10% * — 1
0.01 0.1 1 10
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Figure 4. Assembly of experimental data to obtain Y, scaling with current; loosely termed as the current or
pinch current in the literature. This is the experimental curve from which a calibration point is obtained, at
0.5 MA, to calibrate the neutron yield equation (3) for the Lee Model code.

We then apply the calibrated code to several machines including the PF400, UNU/ICTP PFF, the
NX2 and Poseidon to derive neutron scaling laws from computation. 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. These machines were chosen because each has a published current trace and
hence the current curve computed by the model code could be fitted to the measured current trace.

Table 2. Computed values of lpeak, Ipinch & Y and selected parameters for a range of Focus Machines

Machine Vo P, L, Co b a Z, | peak Lpinch S Yn Kmin | lpincn/
(kv) | (Torr) | (nH) | (uF) | em) | cm) | (cm) | (MA) | (MA) I peaic
PF400 28 6.6 40 0.95 1.55 0.60 1.7 0.126 | 0.082 | 82 1.1 x 10% 0.14 | 0.65
UNU 15 4 110 30 3.2 0.95 16 0.182 | 0.123 | 96 1.2 x 107 0.14 | 0.68
NX2T 15 5 20 28 5 2 7 0.386 | 0.225 | 86 2.5x 10% 0.16 | 0.58
Calibration | 16 5 24 308 7 4 30 0.889 | 0.496 | 99 5.6 x 10 0.17 | 0.56
NX2 T-2 12.5 | 10.6 19 28 3.8 1.55 4 0.357 | 0.211 | 71 2.4 x 10% 0.16 | 0.59
PF1000 135 | 35 33 1332 | 8.00 5.78 60 0.924 | 0.507 | 89 9.6x10%° | 0.17 | 055

18 3.5 33 1332 | 10.67 | 7.70 60 1.231 | 0.636 | 89 2.9x10° | 0.18 | 052

23 3.5 33 1332 | 13.63 | 9.84 60 1.574 | 0.766 | 89 6.8x 10 | 0.19 | 0.49

27 3.5 33 1332 | 16 11.60 | 60 1.847 | 0.862 | 89 1.2x10" | 019 | 047

30 35 33 1332 | 17.77 | 12.80 | 60 2.049 | 0929 | 89 | 1.6x10% | 0.20 | 0.45

35 35 33 1332 | 20.74 | 15.00 | 60 2399 | 1.037 | 89 | 2.7x10% | 0.20 | 0.43

40 35 33 1332 | 23.70 | 17.10 | 60 2736 | 1.137 | 89 | 41x10" | 0.21 | 0.42

Poseidon 60 3.8 18 156 9.50 6.55 30 3.200 | 1.260 | 251 | 3.3x10" | 0.20 | 0.39




In Table 2, corresponding to each laboratory device, the operating voltage V, and pressure P, are typical of
the device, as is the capacitance C,. It was found that the static inductance L, usually needed to be adjusted
from the value provided by the laboratory. This is because the value provided could be for short-circuit
conditions, or an estimate including the input flanges and hence that value may not be sufficiently close to
L,. The dimensions b (outer radius), a (anode radius) and z, (anode length) are also the typical dimensions
for the specific device. The speed factor S [17] is also included. All devices except Poseidon have typical S
values. Poseidon is the exceptional high speed device in this respect. The minimum pinch radius is also
tabulated as kmin= rp/a. It is noted that this parameter increases from 0.14 for the smaller machines towards
0.2 for the biggest machines. The ratio lnen/lpeax is also tabulated showing a trend of decreasing from 0.65
for small machines to 0.4 for the biggest machines.
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Figure 5. Computed neutron yield compiled to produce Y,~lpea and Y,~lpincn Scaling laws

The results are the following: Y, =2x10"15inen* " and Y,=9x10%l pea>; Y, in units of neutrons per
shot; and Ipea and lpinch in MA.

It is felt that the scaling law with respect to Iy is rigorously obtained by these numerical
experiments when compared with that obtained from measured data, which suffers from inadequacies in the
measurements or assumptions of lyinch.

6. Measurement of pinch current

The total current trace in a plasma focus discharge is the most commonly measured quantity.
However, yield laws for plasma focus should be scaled to focus pinch current Iinen rather than peak total
current lpeq. Since the direct measurement of ling, is laborious and difficult, a reliable method for its
deduction would be useful. Numerical experiments using the Lee Model code can be used to determine
loinch from the total current trace of a plasma focus by fitting a computed current trace to the measured
current trace. The method is applied to an experiment in which both the total current trace and the plasma
sheath current trace were measured. The result shows good agreement between the values of computed and
measured lpinch.

We now describe how we tested the validity of this method. In an experiment in Stuttgart [28,29]
using the DPF78, a Rogowski coil measured the Iy, trace, and magnetic probes measured the plasma
current I, waveform. The bank parameters were C;=15.6 uF (nominal) and L,=45 nH (nominal), tube
parameters were b=50 mm, a=25 mm, and z,=150 mm, and operating parameters were V=60 kV, and
Po=7.6 Torr Deuterium. Figure 6 shows these measured |, (labeled as lg) and I, waveforms. The third
trace is the difference of o and Iy,

These parameters were put into the code. The best fit for the computed I, With the measured Iy
waveform was obtained with the following: bank parameters were Cy =17.2 uF, Ly=55 nH, and r,=3.5 mQ;
tube parameters were b=50 mm, a=25 mm, and z,=137 mm; and operating parameters were V=60 kV and
Po=7.6 Torr deuterium. Model parameters of f,=0.06, f.=0.57, f,,,=0.08, and f., =0.51 were fitted. With
these parameters, the computed I, trace compared well with the measured Iy, trace, as shown in Figure



7. The computed dynamics, currents, and other properties of this plasma focus discharge were deemed to be
correctly simulated.
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Figure 6. Experimental measurements of ) (top trace) & lyjasma ON DPF78 in Stuttgart.

DPF78 Discharge 60kV 7.6 torr D2

1000
E
E
E so00
=
E [
-] —— Cormpund Tinl Cuarern
=
1]

] 0.5 1 1.5 2 2.5

Tima in microsec

Figure 7. Fitting the computed Iy, waveform to the measured Iy, Waveform from Fig 6

From the numerical experiments lincn Was computed as 397 KA. luincn measured in the Stuttgart
DPF78 experiment (Figure 6) was=381 kA. The computed l,incn Was 4% larger than the measured lyinch. This
difference was to be expected considering that the modeled f.. was an average value of 0.51; while the
laboratory measurement showed (Figure 8) that in the radial phase Iy/lo 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 lyincn to be somewnhat 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 I, measurements using magnetic
probes. The numerical method proves to be a good alternative, being more accurate and convenient and
only needing a commonly measured |y, Waveform.
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Figure 8. Ratio (measured) I/l derived from Figure 6.



7. Conclusion

The results of these numerical experiments indicate that corresponding to each plasma focus of
capacitance Co, there is an optimum value for L, below which performance in terms of I,y and Y, does
not improve. A scaling law Yn~lpinch“'7 is obtained from the numerical experiments. This numerically
computed scaling is more rigorous and reliable than previously obtained scaling of Y, with loosely termed
‘pinch current’. This is because we have clearly defined and rigorously computed our pinch currents. It is
worth emphasizing that one of the most important ideas arising from this series of published papers is the
crucial need to differentiate between the commonly-measured I, and the almost-never-measured pinch
current lyinen in attempts to understand plasma focus processes and scaling. The Lee Model code is a reliable
tool to determine the pinch current.
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Abstract

The Institute of Plasma Focus Studies was founded with the aim of using the Lee model code to assist
training of focus scientists in the same way that the UNU ICTP PFF was used successfully to train a
generation of plasma focus researchers. The inaugural activity of the IPFS was an internet-based
Workshop on Plasma Focus Numerical Experiments. Over 4 weeks, 30 participants were guided to
configure the RADPFV5.13.9b to operate a range of machines from the tiny PF400 to the 1 MJ
PF1000. Important exercises included fitting a plasma focus so that the computed current waveform
agrees, in axial and radial features, with the measured waveform, thus obtaining the model parameters
of that particular machine. Computed properties were tabulated side-by-side for a small and a big
machine to show similar properties and scalable properties. The evolution of current profiles with
pressure was traced for a neutron yielding focus as well as for a neon soft x-ray yielding focus. 18
participants from 9 countries successfully submitted all exercises. A surprising development is also
reported. This concerns an additional exercise given to participants to be attempted in future.
Numerical experiments in connection with this exercise show that contrary to what Nukulin and
Polukhin surmised, there is neither current nor neutron saturation attributable to purely electrodynamic
effects for plasma focus machines up to 25 MJ. The numerical experiments show that early peaking of
the current profile for megajoule banks invalidates the crux of the N & P argument. The numerical
experiments also find the conditions at which a 3 MJ plasma focus may yield 10 D-D neutrons, a
landmark target for materials testing in connection with first wall materials in fusion reactors.

1. Introduction

The Institute for Plasma Focus Studies was founded to promote the understanding of plasma focus
devices. The method used will be communication through the internet. The main instrument will be the
plasma focus simulation package based on the Lee model, the latest being the version RADPFV5.13.9b.

From the mid-Eighties to mid-Nineties and on to the new Millennium a group assisted in the
starting and strengthening of several laboratories on plasma focus studies [1] , using a 3 kJ plasma focus the
UNU/ICTP PFF, specially designed for that purpose. More than 20 Fellows were trained to build, use and
maintain this plasma focus through intensive hands-on training programmes sponsored by UNU, ICTP,
UNESCO and TWAS and the AAAPT. This plasma focus, though low-cost, has proved very useful in the
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education of plasma focus scientists [2]. It is now actively operated in 7 countries and research on it has
produced more than 22 PhD theses, 50 Masters theses and 200 peer reviewed research papers.

From the very beginning of that program it was realized that the laboratory work should be
complemented by computer simulation. A 2-phase model was developed in 1984 [3,4]. Over the years we
have developed the model until its present form [5-7]. It now includes thermodynamics data so the code
can be operated in H,, D, He, Ne, Ar, Xe. We have used it to simulate a wide range of plasma focus
devices from the sub-kJ PF400 (Chile) through the small 3kJ UNU/ICTP PFF (Network countries), the
NX2 3kJ Hi Rep lithographic focus (Singapore), medium size tens of k] DPF78 & Poseidon (Germany) to
the MJ PF1000 [7]. An Iranian Group has modified the model, calling it the Lee model, to simulate
Filippov type plasma focus [8].

We are now confident that the Lee model in its latest coded wversion the
RADPFV5.13.9b; can realistically simulate all Mather type plasma focus, from small to large, and produce
reliable results for all the electrodynamic processes including axial and radial trajectories, total discharge
currents and plasma currents, energy distributions; and also giving a good representation of the temperature
waveform, radiation yields and neutron yields [7].

Although we can simulate any given machine, without any experimental input, our standard
practice requires a measured total discharge current versus time waveform from the specific machine
together of course with the bank parameters (capacitance, static inductance), tube parameters
(cathode/anode radii, anode length) and operating parameters (voltage, pressure and which gas). We then
configure the code with these parameters; and further use 4 model parameters (a mass swept-up factor and
a plasma current factor for each of axial and radial phases) to fit the computed total discharge current trace
to the experimental total discharge current trace. The process, carried out separately for axial and radial
phases, usually ends with an excellent fit for both shape and absolute magnitudes of the total current
waveform [9-12].

The total discharge current, particularly the fraction of it flowing in the plasma, drives all the
electrodynamic processes in the axial and radial phases; even the plasma heating and radiation are coupled
into the equation of motion during the pinch phase.

Conversely all these processes are reflected back in the profile of the plasma current and hence the
total discharge current. The total discharge current carries in its profile and magnitudes the
information about all the processes that go on in the plasma focus. Thus having fitted the computed Iy
trace with the measured Iy, trace, we then have the confidence that all the processes are realistically
simulated; and the numerical results are realistic representation of the actual properties of that particular
plasma focus.

In the last 3 months of 2007 numerical experiments using the code found a new effect, the plasma
focus pinch current limitation effect [11,12]. We also re-formulated neutron yield scaling laws from the
numerical experiments [9] and defined a numerical procedure [10] to compute pinch current lpne, from the
waveform of the easily measured total discharge current i, This code is a universal numerical laboratory
that will complement any plasma focus laboratory; acting as a powerful research tool that goes beyond the
normal experimental reach. The power of this tool is only limited by the researcher’s limit in imagination.

As an inaugural exercise of the IPFS the Internet-based Workshop on Plasma Focus Numerical
Experiments was held from 14 April to 19 May 2008.



2. The Program

The program was divided into 4 parts.

The first part introduced the worksheet, guiding the participant to configure the code as a
Numerical Plasma Focus Laboratory (UPFL) to operate as any plasma focus. The input data to configure
each focus are: the bank parameters static inductance L,, capacitance C, and circuit resistance ry; the tube
parameters outer radius b, inner radius a and tube length z, and operational parameters voltage V, and
pressure Py and the fill gas. The model parameters representing the mass swept-up factor f,, the plasma
current factor f, for the axial phase and factors f, and f, for the radial phases are also required. As an
example the participant operated the NX2 [13,14], studied the results {see Fig 1) and completed an exercise
with some measurements taken from the results displayed by the worksheet after a shot. Notes were
supplied to emphasize the importance of the inductive and resistive effects of plasma focus dynamics on
the current time profile; the fact that all energetic processes are reflected in the current waveform.

Fig 1. The worksheet configured for NX2 Neon, showing the results of a shot.
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What about the model parameters? In the second part of the program, a participant was guided to
configure the code as the biggest plasma focus in the world the 1 MJ PF1000 using guessed trial model
parameters, fire the focus, and adjust the trial model parameters progressively until the computed current
waveform agreed with a published current waveform of the PF1000 [15].

The axial phase is fitted first, followed by the radial phase (see Fig.2a-c). As an exercise, a
participant was then required to fit the PF400 [16], with storage energy several thousand times smaller than
the PF1000. A side-by-side tabulation of the results for the BIG and small machines show similar
properties, such as speeds, temperature (energy density), ratios of “peak pinch dimension/inner radius”,
and scalable properties such as pinch dimensions and times and neutron yield (Fig 3). The physics of the
similarity and scaling was discussed [5-7,17]. The importance of clearly distinguishing pinch current lgincn
from peak total current .. Was emphasized [9-12].

Fig 2a. Computed current trace not agreeing with measured trace; need to adjust f,, f..
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Fig 2b. Computed trace agrees with measured trace, up to end of axial phase.
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Fig 2c. Computed trace agrees with measured trace; reasonable fit to end of pinch phase.
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Fig 3. Comparing properties of a BIG & a small focus, showing Similar properties & Scalable Properties.

Parameter

Stored Energy Eo in kJ
Pressure in Torr, Po
Anode radius a in cm
e=h'a

anode length 7, in cm
final pinch radius r,, in cm
pinch length 7, in cm
pinch duration in ns
i/ B

el

L in kA

Lyt i kA Sem

S=il, o /aV(P," i kAlem) Torr"”

Lyime, i KA

Fpime i T

Peak induced voltage n KV
peak axial specd in emius
peak radial shock speed cov'us
peak radial pivton speed cmifus

peak temperature in 10°6K
neutron Yield Y in 10°6

Measured Y, in 10°6: range
Measured Y, in 1076 thighest

PF1000

{ 27kY 2.5 Torr D2}
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35
1,585
139
B0
23
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282
0.2
1.64
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0425
401
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BEE+D4

(2- TIE+D4
Z.0E+05

Ratio FF408 Ratio DPF78
PF1000/PF400 { 28kV 8.8 Tor DF) Himrm [BOkY 75T D2

1313 3
0.63 75
19.3 25
0.54 2
35 127
267 0.37
222 3.43
-3 16.9
14 0147
1.6 1.37
145 869
0.7% 348
1.05 127
9.54 a0
0.65 0.46
24 93
1.24 155
048 452
048 02
0.19° 104
82000 1.3E+03
9.0E+03

Note: ratios in orange: values are of the order of 1; ratios in blue: values are of the order of (ratio of anode radii)
or (ratio of Ipeak); ratio of temperature (arange*) is a special case, because of the difference in values of c.

[ These points are worth thinking about; with reference 1o the file on the Theory of the Lee model,

available from http/www.intimal.edu.my/school/fas/UFLF/

Look especially at the sections on the scaling parameters of the axial and radial phases]



Part 3 went on to guide a participant to more advanced fitting situations; e.g. how to fit the stray
circuit resistance ro (commonly not given by experimenters), or values of Ly and Cy in cases (commonly
encountered) where nominal (or inaccurate values) are given. Even given values of z, may need to be fitted
as 'effective values' as well as a time shift given to the whole measured current trace to account for break-
down times and switching processes. An exercise was given to a participant to fit the DPF78 [10], which
required some of these more advanced fitting considerations.

Part 4 took the participant back to work on the PF1000; operating the PF1000 from short-circuit-
like high pressure, through to optimum pressure for neutron yield, and then down to lower pressures (Fig
4). In the process the neutron yield was plotted as a function of pressure. Various other properties were also
plotted for the participant to get a feel of any correlations (see Fig 5). For example as the pressure was
increased, lpea Was seen to increase continually with pressure whereas lyinch reached a maximum value at a
pressure close to the optimum pressure for neutron yield. This emphasized again the importance to
distinguish clearly lpeac and Ipinc in the analysis of plasma focus performance.

Fig 4. Showing evolution of current trace with pressure; the greater and greater distortion of the current
traces (from sinusoid) is due to greater dynamic resistance with greater speeds as pressure is reduced.

PF1000 Discharge Current at various Pressures
3000 -

ST p— -
— 1 wmped 13 Toty

¢ mpsd §O0 Tort
Cwmpaned 1¥ Tary
e i 18 Tty
— mpd "8 oty

ey r——T ]

2000 +

Current in kA

1000

] 5 10 15 H
Time in Microsec

The second section of Part 4 had the participant working on the NX2 neon soft x-ray production as
a function of pressure (Fig 6), again plotting the yield and various focus pinch properties against pressure
(Fig 7) to enhance the understanding of correlation. Moreover the soft x-ray yield versus pressure curve
was found to agree with experimental measurements.



Fig 5. Variation of Yn, speeds, pinch dimensions & other properties with pressure.
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Fig 7. Variation of Y., speeds and pinch properties with pressure of NX2, Hi Rep Focus developed for
microelectronics lithographic & micromachining purposes. The attached graph also shows comparison of
computed yield curve vs measured yield points.
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3. Participation

Eighteen participants submitted all exercises. There was a lively exchange of views, in the
discussion of the physics of the plasma focus. Regarding the fitting of the model parameters in some cases,
particularly for the PF1000, there appeared to be some difference of opinion as to what constituted the best
fit. There emerged the consensus that one is not able to get a perfect fit; in the sense that you can defend it
as absolutely the perfect fit. The way to treat it is that one has got a working fit; something to work with;
which gives comparable results with experiments; rather than perfect agreement. There is no such thing
anyway; experiments on any one plasma focus under consistent conditions give a range of results;
especially in yields (factor of 2-5 range is common). Thus several slightly differing working fits should still
all give results that fall within the range of the hardware experiment.

Even though a fit may only be a ‘working' fit (as opposed to the hypothetical perfect fit) when one
runs a series of well planned numerical experiments one can then see a trend e.g. how properties, including
yields, change with pressure or how yields scale with Iginen, OF with Lo etc. And if carefully carried out, the
numerical experiments can provide, much more easily, results just like hardware experiments; with the
advantage that after proper reference to existing experiments, then very quickly one can extend to future
experiments and predict probable results.

4. Additional exercises

In order to engage the participant beyond the workshop to emphasize that the UPLF is to be used
as a tool in later work two additional experiments were proposed. The first involved a simple exercise to
run the code for PF400 neutron yield [16] as a function of pressure and to compare the computed results
with published results of the PF400. The second outlined the broad idea of using the code to verify (or not)
the Nukulin and Polukhin (N & P) idea that for megajoule plasma focus machines current and neutron yield
saturate from a consideration of purely electrodynamic effects [18].

5. Results arising out of the additional exercises

In order to be able to answer prospective queries from participants in future, numerical
experiments were then carried out. For the PF400, the numerical experiments resulted in a paper to be
presented in this Workshop. Although a simple exercise, the results establish the state of the art, since
before this effort, all plasma focus neutron computation only compared with the measured values in order
of magnitude.

Numerical experiments carried out to verify the N & P idea for the second additional exercise very
quickly showed that the crux of their argument is wrong; in fact based on purely electrodynamic
consideration, there is no saturation for lsea, lpinch OF Yn. A detailed study followed, which revealed that
their error was related to assumptions of current profile. Numerical experiments show that there is a very
early peaking (Fig 8) of the current profile for megajoule devices, whereas the N & P scenario envisaged a
much longer current risetime of the order of (L,Co)®° where the inductance of the coaxial tube L, is further
assumed in the N & P scenario to be proportional to Co.



Fig. 8. Comparing the N & P scenario waveform and the computed waveform.
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The numerical studies gave the following important results [19]:

Y.~Eo? for low (kJ) energies; this scaling slows down to Y,~Ey"* for megajoule energies up to the
25 MJ levels investigated.
The scaling of Y, with lea and Iyincn Shows similar slowing down at high megajoules.

As a result, over the whole range of energies from kJ up to the 25 MJ level investigated, it was
found that the scaling of Y, with currents are as follows:

Y~ lea’® and
45
Yn'"'lpinch

This is the first time that neutron scaling with lpea O lpincn UP to such high energies has been
formulated. The currents involved go up to 6.7 MA for lpea and 2.7 MA for lpincn.

Furthermore, numerical experiments found the conditions to reach the landmark target of 10** D-
D neutrons per shot (convertible to 10" D-T neutron), for cost-effective testing of materials for first wall



components in magnetic & inertial confinement fusion reactors [20] as follows:

PF1000-like banks at 35 kV: 18 MJ

Modern, low-damped banks: 8 MJ

High voltage (90 kV) banks: 3 MJ at lyinen Of 2.5 MA
6. Conclusion

A report of the Internet-based Workshop on Plasma Focus Numerical Experiments is given. The
Lee model code is used as a Universal Plasma Focus Laboratory Facility, configured to operate as a range
of plasma focus from very small to very big for neutron yield and soft x-ray yield. Major points emphasized
in the activity include model fitting, similar and scalable properties of the plasma focus, evolution of
current waveforms, neutron and soft x-ray yields, and focus properties with pressure, and the importance of
distinguishing between Iyincn and Ipea for scaling purposes. Arising from additional exercises, important
results pertaining to current and neutron scaling of megajoule plasma focus machines were obtained, and
prepared for publication [19].
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Abstract
Numerical experiments are carried out, using the Lee model code to compute the neutron yield of PF400 as
a function of pressure. Results are compared with published laboratory measurements, showing agreement
between the numerical and the laboratory experiments.

1. Introduction

The Lee Model couples the electrical circuit with plasma focus dynamics, thermodynamics and radiation,
enabling realistic simulation of all gross focus properties. The basic model, described in 1984 [1], was
successfully used to assist several experiments [2-5]. An improved 5-phase model and code incorporating
small disturbance speed [6], and radiation coupling with dynamics assisted other research projects [7-9],
and was web-published in 2000 [10] and 2005 [11]. Plasma self-absorption was included in 2007 [10]
improving soft x-ray yield simulation. The code has been used extensively in several machines including
UNU/ICTP PFF [2,5,7,8,12], NX2 [8,9], NX1 [8], and adapted for the Filippov-type plasma focus DENA
[13]. A recent development is the inclusion of neutron yield, Yy, using a beam-target mechanism [2],
incorporated in the present version [14] of the code RADPFV5.13.b, resulting in realistic Y/, scaling with
lpincn [15]. The versatility and utility of the Lee Model is demonstrated in its clear distinction of Iyinc, from
leax [16] and the recent uncovering of a plasma focus pinch current limitation effect [17,18]. The
description, theory, code and a broad range of results of this ‘Universal Plasma Focus Laboratory Facility’
is available for download from [19].

2. Procedures for the numerical experiments

The Lee Model code is configured to work as any plasma focus by inputting the bank parameters,
Lo, Co and stray circuit resistance ry; the tube parameters b, a and z, and operational parameters V, and Py
and the fill gas. The standard practice is to fit the computed total current waveform to an experimentally
measured total current waveform [11,15-19] using four model parameters representing the mass swept-up
factor f.,, the plasma current factor f. for the axial phase and factors f,,,, and f,, 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 current. 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, thermodynamic and
radiation processes in the various phases of the plasma focus. Conversely all the dynamic, electrodynamic,
thermodynamic and radiation processes in the various phases of the plasma focus affect the discharge
current. It is then no exaggeration to say that the discharge current waveform contains information on all



the dynamic, electrodynamic, thermodynamic and radiation processes that occurs 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.

3. The numerical experiments- fitting the computed current trace to obtain the model
parameters

Silva, Moreno and Soto et al had published a paper [20] with laboratory measurements from the
PF400, including a typical current waveform and a graph on neutron yield vs pressure. We first fit the
computed current waveform to the published measured waveform in the following manner.

We then configure the Lee model code (version RADPF05.13.9b) to operate as the PF400 starting
with the following published [20] bank and tube parameters:

Bank parameters: Lo=38nH, C,=0.88pF, ro=not given
Tube parameters: b=1.55 cm, a=0.6 cm, z,=2.8 cm
Operating parameters: V=28 kV, Py= 6.6 Torr Deuterium

where Lo=static inductance (nominal) , Co= storage capacitance (nominal), b=tube outer radius, a=inner
radius, zo=tube axial length, V,=operating voltage, Po= operating initial pressure.

To obtain a reasonably good fit the following bank and tube parameters (Lo, Co and z, refitted and r, fitted)
are used:

Bank parameters: Lo=40 nH, Cy=0.95 puF, ry=10 mQ
Tube parameters: b=1.55 cm, a=0.6 cm, z,=1.7 cm
Operating parameters: V=28 kV, Py= 6.6 Torr Deuterium

together with the following fitted model parameters:
f,=0.08, f.=0.7, f,=0.11 and f,=0.7.

The fitted computed current waveform is compared with published waveform in Fig.1.
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Fig 1. Computed discharge current compared to published current for PF400.



4. The numerical Experiments- computing the neutron yield as a function of operating
pressure

Using the fitted model parameters, numerical experiments are then carried out at various initial
pressures in Deuterium. The neutron yields Y, are then tabulated in Table 1 and compared with the
published values [20] in Fig. 2.

Table 1: Computed Y, compared with published Y, for PF400 as a function of pressure

Measured | Computed
Po(mbar) | Y, (10° | Y, (10°%
1 0.25
2 0.55
3 0.81
4 0.99
5 1.11
6 0.2 1.16
7 0.53 1.15
8 0.7 1.10
9 1.06 1.01
10 0.78 0.90
11 0.74 0.77
12 0.2 0.63
13 0.50
14 0.38
15 0.27
14 - PF400 Y/, vs P, Measured & Computed
121 == \easured Y, vs P,
—a&— Computed Y, vs P,
14
“‘_5| 0.8 -
§ 0.6
> 0.4 -
0.2
0 ‘ ‘ ‘ ‘
0 5 10 15 20
Pressure in mbar

Fig. 2. Computed and Measured Neutron Yield as functions of pressure.



Figure 2 shows that the computed neutron yield versus pressure curve agrees reasonably with the
published curve. The agreement is even more remarkable when we note that the same model code (version
RADPF05.13.9b) also shows reasonable agreement in neutron yield when compared with the published
results of the PF1000 [15]; noting that the PF400 is a small plasma focus of 400 J whilst the PF1000 is one
of the biggest plasma focus in the world at 1 MJ. Despite all the discussions in the literature about neutron
production mechanisms such as beam-target [14], gyrating ions, moving boiler and others, the state of the
art is not able to do better than make order of magnitude estimates [21]. Figure 2 is the first time, to our
knowledge, that computed neutron yield versus pressure data has been quantitatively compared with
measured data; moreover with several important features of agreement.

5. Conclusion
The Lee Model code is used to compute the neutron yield versus pressure curve of the Chilean
PF400. The computed results agree reasonably well with the published curve.
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Abstract

As a first step toward the development of a compact and portable, quasi-continuous pulsed
neutron source, we have demonstrated a ‘fast miniature plasma focus (PF) device’ as a
compact nuclear fusion apparatus. The system operates with deuterium gas and produces an
average neutron yield (Yoo-) of (1 £ 0.27) x 10 neutrons/shot at ~70 kA peak discharge
current. In the range of 1.5-4 mbar, a distinct and sharp dip in the current derivative signal
indicates a strong pinching action with subsequent emission of hard x-rays followed by a
neutron pulse. The yield and the time history of the neutrons were measured by both active
and passive detection techniques (such as a *He proportional counter, NE102A plastic
scintillator and CR-39 SSNTDs). The overall dimensions of the apparatus, which includes a
capacitor bank, sparkgap switch and the focus chamber, are 0.2m x 0.2m x 0.5m and the

total mass of the system is ~25kg. The scope of this paper is to evaluate/demonstrate the
potential of such a fast miniature PF device as a compact and portable fusion apparatus

producing neutrons while operating at relatively low energy.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The plasma focus (PF) is a kind of pinch discharge in
which a pulsed high voltage is applied to a low pressure
gas between coaxial cylindrical electrodes generating short
duration (~10-50 ns) high density plasma (~10*° cm~3). The
PF device was independently discovered by Mather [1] and
Filippov [2] in the late 1950s. Since then many advances have
been made by various laboratories across the world to harness
the potential of PF as a source of fusion neutrons when operated
with deuterium.

The coaxial discharge arrangement in a PF device uses
a fast-rising current pulse with the inner electrode as anode
and the outer electrode as cathode. The plasma discharge is
initiated along a dielectric insulator at the closed, upstream
end of the electrode assembly and generates a J x B Lorentz

4 Author to whom any correspondence should be addressed.

0963-0252/08/045020+11$30.00

force that drives the plasma sheath toward the open end of
the coaxial electrode assembly. Once the plasma sheath has
traversed the length of the anode, magnetic forces rapidly
further accelerate the plasma radially inward across the face
of the anode, resulting in the formation of a pinched plasma
column with very high temperatures and densities [3]. In
the pinch, temperature is of the order of ~200 eV-1keV. The
pinch phase is designed to coincide with the natural rise time
of the capacitor bank, in order to achieve the best pinching
efficiency. The typical velocity of the current sheath is of
the order of 5-10cm us™t and 15-25cm s~ in the axial
rundown and radial compression phases, respectively. The
PF device generates beams of ions and electrons, ultra-short
bursts of soft and hard x-rays (HXRs) and neutrons (if operated
with deuterium) during and after the radial compression phase.

Using deuterium as the filling gas, as a consequence of
D-D fusion reactions, fast neutrons of energy ~2.5MeV and

© 2008 IOP Publishing Ltd  Printed in the UK
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energetic protons of energy ~3MeV (leaving behind 2He
and 3H) are produced. The neutron burst typically lasts about
tens to hundreds of nanoseconds [4]. The major advantage of
the PF as a pulsed neutron source over a passive radioactive
source of fast neutrons of similar energy is that passive sources
such as 22Cf with similar mean energy or Am-Be with a
harder spectrum emit continuously, causing inconvenience in
handling and storing [5], whereas the PF, being a pulsed plasma
device, does not have any activation problem for storage and
handling.

Over the past few decades, most of the experimental
studies on PF devices were in medium (2-10 kJ) [6-9], large
10-500kJ [10-13] and mega-joule [14, 15] PF facilities and
not many results have been reported on the sub-kilojoule
range, low energy PF devices. In fact, the PF community
was somewhat skeptical about reproducibility and efficient
pinching in the sub-kilojoule range of PF devices. The inherent
advantage with the sub-kilojoule range ‘miniature PF’ devices
is that they are much smaller in size and cost effective in
comparison with medium and high energy plasma foci and also
easier to operate in a repetitive regime from a few Hz to kHz
range since the driving power requirement is low. For these
reasons the development of sub-kilojoule range miniature PF
devices is now gaining momentum [16-21], but it is still in the
stage of infancy and more research is required to develop an
efficient and reproducible miniature PF device which would
find commercial applications.

In this paper, we present the results of optimization
of a miniature PF utilizing different electrode designs and
dimensions to generate strong pinches and neutron yield.

2. Experimental arrangement

As a first step toward the development of a repetitive pulsed
neutrons source, a low energy PF device named ‘Fast Miniature
PF (FMPF-1)’ (200J, 2.4 uF, 27nH, T/4 ~ 400ns) was
designed and constructed. A computational code developed
by Lee [22] was used to optimize the FMPF-1’s parameters
to maximize the 2.45MeV D-D neutron yield. One of the
major considerations in the design was to obtain a PF device
of minimum possible dimensions and mass for enhanced
portability. Specifications of the capacitor bank were chosen
such that for field applications FMPF-1 could be charged using
battery powered high voltage supplies [23]. In order to make
the system efficient, significant efforts were made to reduce
the driver inductance. The capacitor bank consisted of four
0.6 uF, 30kV low inductance capacitors (total mass ~20 kg),
connected in parallel, in a compact layout through a common
transmission plate assembly of size 0.2m x 0.2 m as shown in
figure 1.

Four layers of 125 yum thick Mylar were used as insulation
between the transmission plates. The connections between
capacitor bank, spark gap and PF head were integrated without
use of cables to minimize the total system inductance. This
was done by embedding the indigenously designed spark gap
within the transmission line assembly of the capacitor bank
and by directly interfacing the PF head to the discharge end of
the spark gap (figure 2).
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Figure 1. Layout of the compact geometry of 200 J capacitor bank.

The measured total driver bank inductance (~capacitor
bank inductance + transmission line inductance + spark gap
inductance) was about 27 £ 2nH. The control system
and radiation diagnostics of the PF were contained in a
Faraday cage in order to minimize pick-up due to the
associated intense electromagnetic noise generated during PF
operation.

The finalized coaxial electrode assembly of the PF head
consisted of a 17mm long stainless steel (SS) anode of
composite geometry [24] and a chamber wall of 30 mm inner
diameter acting as cathode. The chamber was fabricated from
stainless steel material and had a wall thickness of 5mm.
Traditionally, PF devices have been characterized as Mather
and Filippov types according to their anode aspect ratios, i.e.
A = 1/2a in which [ is the effective anode length and a
the radius of the anode. The Mather configuration is defined
with an aspect ratio >1 (typically 5-10) whereas the Filippov
configuration has an aspect ratio <1 (typically 0.2-0.5). The
miniature PF device reported here is closer to the Mather type,
but its aspect ratio is only 2.8.

An insulator sleeve of Pyrex glass with a breakdown
length of 5 mm was placed between the SS anode and cathode.
Selection of the anode and insulator sleeve material was done
in accordance with comparative studies reported earlier for
the enhanced neutron yield. Significant improvement in the
neutron yield was reported by Shyam et al [25] using an
anode with low discharge driven erosion. A comparative study
performed by Zakaullah et al [26] regarding anode material
indicated two-fold enhancements in the neutron yield when
an SS anode was used in comparison with a copper anode.
Pyrex was chosen as the insulator sleeve material because
Beg et al [27] indicated a higher neutron yield with a higher
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Figure 2. Construction details of the FMPF-1 device.

dielectric constant insulator sleeve and Pyrex has a fairly high
dielectric constant of 4.5-6 and is relatively inexpensive.

3. Diagnostics arrangement

Diagnostics of FMPF-1 have been found to be more
complicated in comparison with conventional kilojoule range
PF devices for the following reasons: (i) in medium and
high energy range PF devices, the quarter rise time (7/4)
of electrical discharges is typically in the range of a few
microseconds (1-5us), but in the sub-kilojoule range of
miniature PF devices it is faster, typically ranging from 150
to 500 ns. Therefore the associated plasma dynamics is much
faster in comparison with conventional kilojoule devices. In
such fast discharges, the bandwidth of the electrical diagnostics
must be wider to observe fast dynamic events such as the
pinch phase which may have a typical lifetime of only a few
nanoseconds. (ii) Another complication that is associated with
the operation of “fast miniature PF device’ is the generation
of large electromagnetic noise, from the Mylar separated
low inductance parallel plate assembly due to transmission
line effects and secondarily from the sparkgaps [28]. In the
present device, the electromagnetic noise was found to be so
strong that it resulted in either the complete malfunctioning

of the employed diagnostics or a significant decrease in the
signal-to-noise ratio. To eliminate noise interference, all of
the implemented diagnostics along with the cables had to be
thoroughly shielded and radiation diagnostics were installed
inside the shielded enclosure. (iii) For measuring yields below
the order of 10° neutrons/shot, which is the expected yield for
the miniature PF device, neutron detectors such as activation
counters (indium/beryllium based) and bubble detectors
(which have been commonly used by us in the past [7,29] for
kJ range PF devices) are not effective. Hence, for measuring
neutron yields <10° neutrons/shot, a high sensitivity *He
proportional counter was tailored for this source.

The time resolved information of neutron emission was
obtained by a photomultiplier based scintillation detector,
where the PMT was coupled to an NE102A plastic scintillator.
We also confirmed the neutron emission indirectly by
observing >1 MeV proton tracks using a CR-39 solid state
nuclear track detector (SSNTD).

The data acquisition system consists of two Yokogawa
DL9140, 5GS/s, 1GHz oscilloscopes and one Tektronix
TDS 340 real-time digital oscilloscope and a computer.
The synchronization of signals is very important because
data analysis requires comparison on the basis of the same
time base.
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Table 1. Typical values of neutron detection efficiency and gamma ray sensitivity for some common detectors [34].

Detector Neutron active  Incident neutron  Neutron detection ~ Gamma ray

type material energy efficiency (%) sensitivity (Rh™?)
Plastic scintillator H 1 MeV 78 0.01

Loaded scintillator 6L Thermal 50 1

Methane (7 atm) H 1 MeV 1 1

3He (4atm), Ar (2atm) 3He Thermal 77 1

3He (4atm), CO, (5%) °3He Thermal 77 10

BF; (0.66 atm) og Thermal 29 10

3.1. Electrical diagnostics

It is well known that the current derivative signal, obtained
by a Rogowski coil, is a key parameter that provides relevant
information regarding the plasma dynamics in the axial
acceleration phase and radial collapse (pinch) phase of the
PF device. The successful pinch compression is verified by
the strong dip in the current derivative signal which is due to
the rapid change in plasma impedance [30, 31]. According
to Bernard et al [31, 32] the increase in plasma impedance
is a necessary condition for the good operation of the PF
machine for generation of efficient neutrons and x-ray yields.
They attributed the large increase in the plasma impedance
to (i) fast changing plasma inductance Ly(z) and (ii) growth
in anomalous resistance Ry(¢) caused by the collisions of
electrons with the waves, when they reach a high intensity
level. In the present arrangement, an indigenously designed,
high bandwidth Rogowski coil of 350 MHz (having a response
time of <3 ns) was used. Itisto be noted that the rise time of the
Rogowski is limited by the length of its winding; therefore it
was made froma 15 cm long, 5 mm wide copper strip. The strip
winding technique limits the stray inductances and enhances
flux coupling [33] that helps to attain high bandwidth response.

3.2. Neutron diagnostics using a *He proportional counter

The typical neutron vyield expected in a miniature PF
device as per the existing scaling laws is of the order of
<10° neutrons/shot.  This compelled us to tailor a high
sensitivity, gas-filled thermal neutron detector, i.e. a *He
proportional counter configured to measure low yields.

To achieve a high neutron-to-gamma discrimination ratio
it is necessary that the detector used have minimal gamma
ray sensitivity. Table 1 lists the neutron detection efficiency
(i.e. interaction probability for neutrons of the specified energy
striking the detector face normally) and approximate gamma
ray sensitivity for various neutron detectors [34]. The detection
efficiency mentioned here is for a single pass through the
detector at the specified energy.

It can be concluded from table 1 that amongst all, the
3He gas filled detector is most suitable because of its high
neutron (thermal) detection efficiency (typically ~77%) and
low gamma ray sensitivity. The cross section for the 3He
reaction is 53305 for thermal neutrons. It is important to
note that the cross section depends strongly on the incident
neutron energy E and exhibits a roughly 1/+/E dependence.
Typically 3He has 77% efficiency for thermal neutrons, i.e.
~0.025eV, 2% at 100 eV, 0.2% at 10 keV and roughly 0.002%

at 1 MeV [34]. Because of this strong energy dependence He
gas filled neutron detector tubes are customarily surrounded
by a local moderating medium such as paraffin wax. In
our arrangement, a moderator having a thickness of ~10cm
was used to maximize the counting efficiency of the high
sensitivity He neutron detector tube RP-P4-1636-203 from
GE Reuter—Stokes (having a nominal sensitivity length of
36 in. with 2 in. diameter). The thickness of the moderator was
estimated using MCNPX simulation for D-D neutrons. This
tube was used in the proportional counter mode along with an
amplifier, ORTEC 485, and low-noise, fast rise time, charge-
sensitive preamplifier, CAEN A424A. TENNELEC TC 948
(0 to +1500 V) was used as an NIM high voltage module. For
providing power to various transistorized modules, namely,
amplifiers, high voltage supplies, etc the standard NIM bin
module 4001 A from ORTEC was used. The layout of the
overall neutron detection and instrumentation arrangement is
shown in figure 3.

When the neutrons are detected, an analog signal
corresponding to the current generated in the *He detector tube
is registered through a preamplifier (CAEN A424A) whose
output is directly connected to a digital oscilloscope. The
time integrated signal is the charge generated in the 3He
tube and it is proportional to the neutron yield. The signal
registered on the oscilloscope is integrated using Yokogawa
software, XViewer®, and the area under the curve is calculated
in microvolt seconds.

To calibrate the 3He detection system (with the moderator
included) a beryllium activation counter (previously cross
calibrated with an indium detector [29] on the much higher
neutron output NX2 PF device) was used. Both of the
detectors, the newly adapted high sensitivity *He and the
beryllium activation counter, were used simultaneously in
the NX2 PF device detecting neutron yields on the order
of 106-107 neutrons per shot. We estimated the calibration
factor for the He proportional counter placed at distances of
1-3m (at 0.5m intervals) from the NX2 pinch. The variation
in the calibration factor with distance is shown in figure 4.
For each of the distances shown in figure 4, the calibration
factor was estimated using an average of 20 NX2 shots. The
calibration factor for the 0.5 m distance of the *He proportional
counter from the neutron source point (because the NX2 has
access limitation of >1m for the big He detector tube) was
extrapolated, since for the miniature PF we used this distance
to estimate the neutron yield. It may however be cautioned that
there may be additional uncertainty at this extrapolated point,
as that distance is comparable to the size of the detector used.
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The bias voltage was kept fixed at +650V during the entire
calibration process.

3.3. Neutron diagnostics using SSNTD (CR-39)

A passive detector such as an SSNTD was also used to
confirm neutron production. Imaging of fusion protons using
CR-39/PM355 from a 3kJ deuterium PF was reported by
Springham et al [35]. Time integrated measurements of
the angular distributions of fusion products using CR-39
Lantrack® passive detectors were done by Castillo et al [36].
In our arrangement, a CR-39/PM355 plastic track detector
from Page Mouldings, UK, of size 2.5cm x 3.5c¢m having a
thickness of 1000 .«m, was placed on a circular KF40 vacuum
flange in the end-on position (see figure 3) ata distance of 15cm
from the anode top and covered with a 50 um thick Kapton
tape. Calculations done using the TRIM code [35, 37] showed
that a 50 um thick Kapton window would pass 2.45MeV
neutrons and the 3.03 MeV protons from the fusion reactions
but stop the other charged products of D-D fusion reactions
such as 1.01 MeV tritium and the 0.82 MeV *He nuclei. It is
also able to stop the lower energy deuterons as well as impurity
ions resulting from electrode erosion. The detection efficiency
of the CR-39/PM355 for protons is expected to be 100%.

3.4. Time resolved neutron diagnostics

To acquire time resolved neutron and HXR signals, a 14-stage,
high gain photomultiplier tube (EMI 9813BK) coupled with an
NE102A plastic scintillator (of thickness 10 mm and diameter
50 mm) having a decay time constant of 2.4ns was used in
the side-on position. A high voltage power supply, model

PM28B from Thorn EMI electron tubes, was used to provide
—1800V bhias to the photomultiplier tube. The scintillator—
photomultiplier tube assembly was jacketed inside a 400 mm
long aluminum casing of 10 mm wall thickness to effectively
shield it from electromagnetic noise and also visible light.

4., Results and discussion

The results discussed in the following subsections are the
average of 20 shots for each of the filling gas pressures and
the gas is refreshed after every five shots as a nominal pressure
rise of 0.05 mbar was observed after each set of five shots. For
the absolute measurement of pressure, a Barocel capacitance
manometer (Model 600) from BOC Edwards was used. It
has an accuracy of 0.15% in the range of 0-10 mbar. The
negative peak of the current derivative signal obtained from
the Rogowski coil is taken as the time fiducial reference for all
time resolved measurements. The charging voltage was kept
fixed at 12 kV throughout the investigation.

4.1. Anode optimization

The current derivative signal of discharge current was used
to investigate the effect of anode design/gas parameters on
the pinching characteristics of the miniature PF device. The
magnitude of the distinct, sharp dip in the current derivative
signal is considered as a measure of the pinching efficiency.
Higher magnitude of the current derivative dip implies stronger
pinching [38,39] resulting in efficient radiation emission from
the pinched plasma column. The four different anode designs
that have been studied are shown in figures 5(a)—(d). Pinching
efficiency (measured in terms of peak amplitude of dip in
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(b) Tapered anode (V2/TA/20-5/Cu). (c) Tapered anode (V3/TA/15-5/Cu). (d) Composite anode (V4/CA/17-3/SS).

the current derivative signal) for different anode geometries
is shown collectively in figure 6 for comparative analysis. The
figure also includes ‘speed factor’ curves for the investigated
anode designs. The ‘speed factor’ (also referred to as the
drive parameter), i.e. (Io/a)/./p (here, I, is the peak discharge
current in KA, a is the anode radius in cm and p is the filling
gas pressure in Torr), is a measure of driving magnetic energy

per unit mass associated with peak discharge current [40] and
was considered for analyzing the performance of different
anode designs. Across the wide energy range of deuterium
optimized, Mather type PF devices, it has a typical value of
89 4+ 8 kA cm~! Torr—1/2 [41].

The characteristic curves shown in figure 6 illustrate
that operating regimes and pinching characteristics of the PF
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Figure 6. Peak amplitude of dip in the di /d¢ signal and speed factor for various anode geometries.

device are significantly influenced by anode design/geometry.
For the cylindrical flat anode geometry (V1/CFA/20-5/Cu),
pinching efficiency was found to be considerably low along
with poor reproducibility. This was probably due to delay
in the ignition of the breakdown phase across the insulator
which in turn will further delay the current sheath buildup
time [42, 43], and as the miniature PF has a relatively short
quarter time period, its pinching efficiency is significantly
affected by the delay in the breakdown phase. As the
uniform initiation of the plasma sheath depends crucially on
the electric field appearing between the anode and cathode
[44], to enhance the electric field and support rapid formation
of surface discharge streamers over insulator, in the rest of
the anode designs/geometries, the lower end of the anode
diameter was extended up to the insulator outer surface with
sharp edge periphery, seen in figures 5(b)—(d), to improve the
ignition of the breakdown phase. This resulted in a significant
improvement in pinching efficiency and higher reproducibility.

For the second anode design V2/TA/20-5/Cu (see
figure 5(b)), even though good pinching efficiency was
achieved at lower operating pressures, we failed to detect
neutrons as well as HXRs. It can be seen from the graph
shown in figure 6 that the speed factors at various pressures for
this anode are on the relatively higher side ranging from 250
to 113kA cm~1 Torr=%/2 in the pressure range of 0.4—2 mbar.
Such high speed factors may cause effective separation of the
magnetic piston from the plasma layer thereby resulting in
inefficient collapse of the plasma layer in the radial phase as the
piston continues to drive axially [45]. However, performance
of this anode design was found to be favorable for producing
high soft x-ray yields [46].

In order to reduce the speed factor (to bring it closer to
the typical range of 89 + 7 kA cm~! Torr~%/2) the third anode
geometry V3/TA/15-5/Cu (see figure 5(c)) was used with the
anode length reduced to 15 mm from 20 mm (for the second
anode design). Reduction in the anode length increases the
operating pressure to match the arrival time of the current
sheath at the anode top with the quarter time period of the

capacitor bank. As expected, this anode design performed
in the relatively higher pressure regime with the optimum
pinching pressure shifted to 4 mbar as compared with 0.8 mbar
for the second configuration. However, due to the significantly
reduced length it focused efficiently in the very narrow regime
of 4 to 4.5 mbar.

To broaden the operating pressure range of optimum
pinching, a fourth composite configuration V4/CA/17-3/SS
(see figure 5(d)) was tested. This anode is made of SS as it
has low spark erosion characteristics as compared with copper
[26]. Inthis design, the length of the anode was increased from
15to 17 mm and a taper was incorporated over the last 7 mm of
the anode with the radius gradually tapering from 6 to 3mm.
The decrease in the anode radius from 5mm (for the third
design) to 3mm (for the fourth design) enhanced the linear
currentdensity (i.e. Iy /a) and hence increased the compression
efficiency, since dimensions and lifetime of pinches are scaled
according to the anode radius [41].

As indicated from characteristic curves shown in figure 6,
in experiments with the fourth composite anode geometry,
efficient and consistent pinching was observed, over a wide
range of operating pressures from 1.5 to 4mbar. The
oscilloscope trace of the typical di/dr pattern for this anode
geometry is shown in figure 7. In the rest of this paper, all
results and discussions are only for this fourth composite anode
design.

The variation in time to pinch from the breakdown phase
(which includes axial acceleration phase and compression
phase), defined as ¢, in figure 7, and the radial phase duration
(measured using FWHM of the dip in current derivative signal),
defined as ¢. in figure 7, at different filling gas pressures
is shown in figure 8. The characteristic time 7, increases
with the increase in operating pressure due to the slowing
down of the current sheath in the axial phase. However, the
radial phase duration is almost constant over a wide range
of deuterium pressures from 0.5 to 4.0 mbar indicating the
consistent focusing in FMPF-1.
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4.2. Neutron yield measurement using a *He detector

The variation of the neutron yield with deuterium gas pressure
for the fourth anode design is shown in figure 9. Comparing
the graph shown in figure 9 with the pinching efficiency graph
shown in figure 6 confirms that the neutron yield maximizes
at the highest amplitude of dip in the current derivative signal.
The measured average neutron yield (Yoo-) was 1 40.27 x 10*
neutrons/shot at 3 mbar gas pressure.

It is observed from figure 9 that there is an optimum
pressure which produces a maximum neutron yield. This
can be explained using the effect of ambient gas pressure
on thermonuclear and beam-target mechanisms. From a
thermonuclear point of view, we can use the explanation
provided by Moreno et al [47] according to which the optimum
neutron yield can be achieved provided the peak current occurs
simultaneously with pinch (with the neutron yield proportional
to 7). This condition, when expressed mathematically
(equation (17) in [47]), was shown to have an interdependence
among the anode length, charging voltage and filling gas
pressure. If two of the parameters are kept fixed, then the third
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Figure 9. Total neutron yield versus deuterium filling pressure.

can be fine tuned to satisfy the condition for obtaining the
optimum yield. Moreover, logically, the initial increase in the
filling gas pressure increases the plasma density in the pinch,
increasing thereby the reaction rate probability and the neutron
yield. Butafteracertaincritical pressure, which depends on the
other operating parameters of the focus machine, increasing the
pressure does not increase the neutron yield as the time to pinch
increases further and the pinch does not occur simultaneously
with peak current resulting in lower heating of the pinch plasma
and thus lowering of the neutron yield. From the beam-—
target point of view, one needs strong Rayleigh—Taylor (RT)
instability formation for efficient production of accelerated
deuterons to produce a higher neutron yield [48]. It may
be noted that the growth time for RT instability is give as
J/2m)]/g where g is acceleration of the current sheath and
A is the wavelength of perturbation [49]. At lower pressures,
the growth rate of RT instabilities will be too high (because of
higher acceleration of the current sheath) to allow the formation
of a well-defined pinch plasma column resulting in a poor
neutron yield. Near the optimum operating pressure, the
current sheath acceleration is adequate for efficient instability
formation.  This results in a strong instability generated
deuteron beam resulting in a higher neutron yield by an efficient
beam-target mechanism. At pressures significantly above the
optimum pressure, the acceleration of the current sheath may
be too slow to allow for efficient RT instability formation
resulting in a less efficient beam—target interaction leading to
a low neutron yield. It may however be noted that since the
neutron anisotropy measurements have not been done by us
so far it is not appropriate for us to comment on which one
is a more dominant mechanism of neutron production in our
miniature PF device.

Soto observed the empirical scaling law of ¥ ~ 7.73 x
10751282 [4], for sub-kilojoule range CCHEN PF-400J and
PF-50J PF devices. The peak discharge currentin our FMPF-1
is ~70 kA; therefore, following the observed scaling law for
sub-kilojoule PF, the expected yield is about 6 x 10*ns~?
which is in the same order as measured by us. Even though
the neutron yield is on the lower side as compared with the
one expected from the observed scaling law, it should be
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emphasized that the FMPF-1 produced neutrons with high
reproducibility over a wider range of operating gas pressures.

4.3. Simulation “fitting’ results with FMPF-1

The plasma dynamics involved with PF discharges is
complicated, as it is inherently 2D in nature and involves
radiation hydrodynamicsaswell. The ‘Lee code’ [22] provides
a useful tool to conduct scoping studies, as it is not purely a
theoretical code, but offers a means for the user to conduct
phenomenological scaling studies for a given machine, once
certain key ’fitting’ parameters (such as current and mass
fractions) and electrical circuit parameters have been adjusted.

Knowing the short circuit discharge current parameters,
the approximate anode length, anode radius and inter-electrode
separation were chosen for deuterium operation based on a
certain universally known range of typical values of axial
acceleration and radial compression speeds. Thenthe Lee code
is used to fine tune the electrode shape, electrode dimensions
and operating pressure. The electrode assembly is then
constructed and tested. The experimental discharge current
traces are then used to fine tune the “fitting’ parameter of the
Lee code for that particular electrode design. The possible
pressure and voltage regime are explored computationally
to optimize the pinching efficiency and the radiation yield.
The experiments are then carried out to verify the simulation
results and possible modification in the electrode assembly
is explored for further enhancement of the radiation yield.
Hence, the system works on the mutual feedback mechanism,
from simulation to experiment to simulation and then to
experiment again, to continuously evolve the electrode shapes
and dimension until we get the best results. As an example,
in the following paragraph we mention the results for our final
version of composite anode geometry (V4).

The following values of “fitting’ parameters were found
to have a good fit of the current traces operated for a range
of charging voltages and pressures: axial mass factor ( fy,) =
0.155; axial current factor (f;) = 0.6; radial mass factor
(fmr) = 0.2 and radial current factor (f;) = 0.7. The
electrical circuit parameters: capacitance (Cp), inductance
(Lo) and resistance (Rg), were fixed at 2.4 uF, 32.9nH and
60m<2. The sample current-trace ‘fitting’ result for the
FMPF-1 device operated at 12 kV for deuterium filling at a gas
pressure of 3 mbar for composite anode geometry is presented
in figure 10. As can be seen, there is a good match with the
experimentally measured trace, particularly with respect to the
rising and roll-off portions (the portion of the computed current
trace near the end of dip requires further investigation). The
maximum current 70kA obtained from simulation matches
well with the experimentally obtained current trace. The Lee
code [22] simulation predicted a maximum neutron yield of
4.91 x 10* neutrons per shot at 70 kA peak discharge current
and 3 mbar D, filling gas pressure which is of the same order
of magnitude as obtained experimentally.

4.4, Measurements with SSNTD

The CR-39 SSNTD, mounted along the end-on direction at a
distance of 15cm from the anode face, was exposed to five
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Figure 10. Current-trace “fitting’ result for composite anode.
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Figure 11. Energetic proton recoil tracks registered on
CR-39/PM355 detector at 5x resolution. (A snap of SSNTD along
with the filter holding arrangement is shown in the inset.)

PF shots at 3 mbar gas pressure. After irradiation, the detector
sample was etched in 6.25 M NaOH solution at a controlled
temperature of 70 &= 1°C for 24 h. Since the 50 um Kapton
filteris thick enoughto block the 1.01 MeV T and the 0.82 MeV
3He fusion products, energetic proton recoil tracks of average
diameter 38 £ 6 um were registered on the CR-39 detector.
A microphotograph of the etched pits formed on the plastic
detector with 5x magnification is shown in figure 11.

Upon scanning the plate area of 25 mm x 30 mm under a
high resolution microscope, four recoil tracks were observed in
the field of view of size ~208 um x 160 um. Our calculations
indicate that the yield is typically in the order of ~2 x 10°
neutrons/shot (we have considered neutrons/protons to be
essentially forward directed within the angular cone of about
10°). The estimated neutron yield was found to be on the
higher side (in comparison with time integrated measurements
performed using 2He proportional measurements mentioned
earlier), possibly due to background etch pits, representing
undistinguishable pseudo tracks. Also, a larger sample size of
tracks would improve the statistics.
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Figure 12. Current derivative (di /dr) signal trace with the HXR/
neutron signal recorded with a side-on scintillator-photomultiplier
detector.

4.5. Time resolved measurement of neutron and HXR pulses

The scintillator-photomultiplier detector is located in the
side-on position 0.5m from the focus in order to separate
in time the HXR pulse from the neutron pulse. The
current derivative and scintillator-photomultiplier signals
were recorded simultaneously in a fast digital oscilloscope
DL9140; both channels were triggered at the same time and
similar lengths of cables were used for both diagnostics.
The oscilloscope traces of typical current derivative and
scintillator—photomultiplier signals for a PF shot at 3 mbar
deuterium gas pressure are shown in figure 12.

The first peak is of non-thermal HXRs produced by the
interaction of energetic electrons with the copper anode. It
may be important to mention here that there is an inherent
delay of ~30ns in the photomultiplier tube signal, causing
the HXR peak to shift significantly from the peak of the
current derivative signal as seen from the graphs shown in
figure 12. The second peak is confirmed to be the neutron
peak as 2.45MeV D-D neutrons are expected to arrive about
24 ns after the first HXR peak which matches well with the
observed time difference of 23.8 ns between the two peaks.
The durations of HXR and neutron pulses, estimated from
FWHM of the corresponding peaks, are about 8.9+ 0.8 ns and
6.9+ 0.8 ns, respectively, averaged over 20 shots at 3 mbar gas
pressure.

Relative measurements (area under the curve) of HXR and
neutron emission as recorded by scintillator-photomultiplier
detector signals at various pressures are shown in figure 13. As
inferred from the graph, initially with the increase in pressure
from 1 to 3 mbar the trends in neutron emission follow HXR
emission trends with the yield for both maximizing at 2 mbar.
It may be noted that for all of the shots, (i) the neutron pulse
was registered only after the non-thermal HXR pulse (which is
mainly generated due to an accelerated electron beam hitting
the anode target) and (ii) the neutron yield predominantly
peaked at a peak HXR yield in the operation range of 1-3 mbar
filling gas pressure. These observations point to the dominance

Deuterium Gas Pressure (mbar)

Figure 13. Relative measurements of HXR and neutron emission
(area under the curve) estimated from scintillator—PMT detector
signals.

of the beam-target mechanism in FMPF-1. We plan to
perform neutron anisotropy measurements in the near future
to confirm the neutron production mechanism in miniature PF.
At operating pressures >3 mbar, the neutron yield decreased
but the HXR emission was still significant. This can be
due to the difference in acceleration mechanisms of ions
(specifically deuterons which produce neutrons) and electrons
(which produce HXRs).

5. Conclusion

The results presented here demonstrate a proof of concept
of a low energy pulsed plasma neutron source based on a
cost effective, fast miniature PF device (FMPF-1) producing
yield in the order of ~10* neutrons/shot. After performing
an experimental study on various anode geometries, it was
realized that there are three major issues—good focusing
efficiency, speed factor and ignition process (in the breakdown
phase), which are critical for efficient performance of miniature
PF devices. It is remarkable to note that the speed factor
(which describes the axial sheath speed) seems also to
strongly influence the radial sheath speed and thus the neutron
optimized regime. In other words, the final radial speed is
coupled to the axial speed in the coaxial region. Serban and
Lee [24, 41] demonstrated this when they first optimized
the tapered anodes. Performance of the present device with
composite anode geometry confirms that even for the sub-
kilojoule range of miniature devices, the speed factor/drive
parameter lies in the typical range of 89 4 7 kA cm~* Torr—%/2
for the optimum neutron yield. The yield obtained with
FMPF-1 also conforms to the established neutron yield scaling
law ¥ ~ 7.73 x 107513 for the sub-kilojoule range of
PF devices. Further optimization measures such as electrode
parameters, operation with admixtures and increase in the
discharge current to increase the neutron yield are presently
under investigation. To make this compact (0.2m x 0.2m x
0.5m) and low mass device (~25kg) useful for potential
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applications such as non-invasive interrogation of contraband
materials, hidden nuclear materials, medical neutron therapies
and soil humidity measurements, the targeted D—D neutron
yield generation is about 10° neutrons/shot and hence efforts
are underway to increase the time averaged fluence by
conceptualizing and designing the next generation of high
repetition rate miniature PF devices with an upgraded pulsed
power system of similar energy.
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Order of magnitude enhancement in neutron emission with
deuterium-krypton admixture operation in miniature plasma focus device
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The effect of varied concentrations of deuterium-krypton (D,—Kr) admixture on the neutron
emission of a fast miniature plasma focus device was investigated. It was found that a judicious
concentration of Kr in D, can significantly enhance the neutron yield. The maximum average
neutron yield of (1+0.27)x10* n/shot for pure D, filling at 3 mbars was enhanced to
(3.14+0.4) X 10° n/shot with D,+2% Kr admixture operation, which represents a >30-fold
increase. More than an order of magnitude enhancement in the average neutron yield was observed
over the broader operating range of 1-4 mbars for D,+2% Krand D,+5% Kr admixtures. © 2008
American Institute of Physics. [DOI: 10.1063/1.2979683]

Plasma focus devices are among the least expensive and
simplest available pulsed neutron generators that suit a num-
ber of potential applications.™ Several attempts have been
made to enhance the neutron yield from plasma focus by
optimizing various parameters.e‘10 Recently, research and
development of fast repetitive miniature plasma focus
devices™*? with a few hundred joules of stored energy is
gaining momentum because of their suitability for various
field applications. In this letter we report the results of the
effect of varied concentrations of D,—Kr admixtures on the
neutron yield of a fast miniature plasma focus device.

In recent years substantial efforts have been made in
investigating the role of high-Z impurity ions on radiation
yields. Koshelev et a.t® reported formation of micropinch
structures by the addition of heavy gas impurity to the pure
deuterium fill. Kies et al.*** reported that in admixture op-
erations, two distinct pinch modes are produced: the mi-
cropinch mode or the stable column mode, depending on the
atomic number of the doping gas. Micropinches are zones of
local radiative collapse. According to Lebert et al.,*® such
radiative collapse seems to appear only if the atomic number
Z=18 whereas with Z=18 macroscopically stable pinch
columns are formed. It is well known that the Pease—
Braginskii current for radiative collapse in a pure hydrogen
plasma is ~1.4 MA.Y" As the atomic number of the plasma
increases, the bremsstrahlung radiation loss channel is aug-
mented by line radiation channels, which effectively reduce
the Pease—Braginskii current to lower values. Koshelev and
Pereira®® gave a formula to estimate this “modified” Pease—
Braginskii current. Decker et al.'® reported that in argon-
doped deuterium discharges the micropinches preferentially
undergo radiative collapse via bremsstrahlung and line radia-
tion from argon. Bayley et al.?’ and Antsiferov et al.?* illus-
trated that admixture of D,—Ar results in the formation of
multiple high density micropinches having structures of high

dAlso at Pulsed Power Group, Institute for Plasma Research, Bhat, Gandhi-
nagar, Gujarat 382428, India.

b Author to whom correspondence should be addressed. Electronic mail:
rajdeep.rawat@nie.edu.sg.

0003-6951/2008/93(10)/101501/3/$23.00

93, 101501-1

aspect ratio (10:1) with lifetime in subnanosecond regime.
Brzosko and Nardi?® reported formation of superdense do-
mains (>10% c¢cm™) with admixture operation which re-
sulted in higher neutron yield. Vikherev and Braginski23 dis-
cussed that an admixture of a heavier gas promotes the
slipping of the current sheath due to “Hall effect” near the
anode.

All the investigations, discussed in the preceding para-
graph, have been done for medium (approximately a few
kilojoules) to high energy (>10 kJ) plasma focus devices
whereas this letter reports the work done on miniature
plasma focus device named “FMPF-1" (200 J, 2.4 uF, 27
nH, T/4 ~400 ns). In “FMPF-1,"%* the electrode assembly
consists of a 17 mm long stainless steel anode of composite
geometry (tapered over the last 7 mm with diameter decreas-
ing from 12 to 6 mm) and the chamber wall of 30 mm inner
diameter acting as cathode. An insulator sleeve of Pyrex
glass with a breakdown length of 5 mm is used. To measure
time integrated neutron yields, a high sensitivity *He propor-
tional counter was used. To acquire the time resolved history
of emitted radiation, a “dual time of flight” setup was
implemented. Three identical scintillator photomultiplier
detectors—PMT1, PMT2, and PMT3—each comprising of
NE102A plastic scintillator and photomultiplier tube (PMT)
EMI 9813B (biased at —1800 V and enclosed inside 1cm
thick aluminum casing) were arranged in the radial direction.
Two of the detectors, PMT1 and PMT2, were placed at the
same distance of 0.5 m from the anode axis. PMT1 was used
unscreened where as PMT2 was screened with 1 ¢cm thick
lead sheet. PMT3 (screened with 1 cm of lead sheet) was
placed at the distance of 1 m from the anode axis. Through-
out the experiment, the stored energy of the system was kept
constant (12 kV, 70 kA) and the effect of varied concentra-
tions of D,—Kr admixture (with Kr volumetric ratios of 10%,
5%, and 2%) on neutron and hard x-ray (HXR) emissions
was investigated. The results were obtained for averages of
20 shots for every choice of admixture gas pressure.

The measured average neutron yields for various volu-
metric ratios of D,—Kr admixture are shown in Fig. 1. Sig-
nificant enhancement of neutron yield was observed specifi-

© 2008 American Institute of Physics
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FIG. 1. (Color online) Neutron yields obtained with various impurity
concentrations.

cally with D,+2% Kr and D,+5% Kr admixture ratios.
The maximum neutron yield with admixture operation in-
creased by 30, 20, and 1.2 times for D,+2% Kr, D,
+5% Kr, and D,+10% Kr, respectively, as compared to
pure deuterium operation at 3 mbars.

Time resolved information obtained using PMT1 (Ch2
trace) for pure D, filling is shown in Fig. 2. The first peak
(PMT1 trace) is of nonthermal HXR whereas the second
peak was confirmed to be of neutron on the basis of time of
flight consideration. The Ch3 and Ch4 traces, from lead
screened PMT2 and PMT3, filter out the HXR pulse and
record only the neutron signal. The ~24 ns time difference
between the neutron pulses recorded by these two channels
confirmed the production of 2.45 MeV D-D neutrons. The
duration of HXR and neutron pulses, estimated from full
width at half maximum (FWHM) of the corresponding
peaks, are about 9+ 1 and 7 £1 ns, respectively. It is impor-
tant to note here that the appearance of HXR peak (in Ch2
trace) after ~30 ns from the peak of the current derivative
signal is because of the latency in PMT.

The PMT1 signal with D,—Kr admixture operation, as
shown in Fig. 3, depicts HXR and multiple neutron pulses.
The multiple neutron pulses can also be noticed on traces of
Ch3 and Ch4. The relative time difference of ~24 ns be-
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FIG. 2. di/dt trace with HXR/neutron signals (D, discharge at 3 mbars).
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tween the neutron pulses of Ch3 and Ch4 confirms the pres-
ence of 2.45MeV D-D neutrons. The cumulative pulse
widths of HXR and neutron pulses are ~20-25 and
~25-35 ns, respectively, for various admixture concentra-
tions.

The relative HXR yields, area under the identified HXR
peaks, at various pressures for different admixture combina-
tions are shown collectively in Fig. 4. The trends of increase
in HXR vyield predominantly follow the trends for neutron
yields, indicating that the Kr admixture enhances the contri-
bution of the nonthermal mechanism in neutron production.

The observation of multiple HXR and neutron pulses in
Kr seeded operation with enhanced yields can be explained
by hypothesizing the formation of several successive mi-
cropinches initiated by radiative collapse in high-Z admix-
ture operation. It is well known that the use of high-Z impu-
rity increases the effective ion charge (Zs) of deuterium
plasma. For the fully ionized pure deuterium plasmas, there
are three mechanisms that control the kinetic pressure of the
plasma: Ohmic heating rate, radiative cooling rate, and rate
of change in current. In general, the Ohmic heating rate is
larger than the radiative cooling rate until the time at which
the pinch current (I cn) exceeds the Pease-Braginski critical
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FIG. 4. (Color online) HXR yield for D, and D,—Kr admixtures at different
pressures.
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value (IPB).25 Beyond the Pease—Braginski current limit, ra-
diative losses exceed the Ohmic heating rate. As the high-Z
ions in a <1 keV plasma are not fully stripped, line radia-
tion dominates over bremsstrahlung. Thus, for high-Z admix-
ture plasma, Ipg no longer provides the correct power bal-
ance relationship. Instead, power balance occurs at a critical
current (l) which is much less than Pease—Braginski current
limit (Ipg). Shearer®® theoretically showed the Pease—
Braginski current limit (Ipg) of 650 and 110 kA for 1% car-
bon and 1% argon impurity pinches, respectively.

According to Koshelev and Pereira,® the critical current
limit for radiative collapse to occur largely depends on effec-
tive ion charge (Z.¢) and nuclear charge (Z,,) for the plasma
of heavy ions; therefore even a small amount of heavy ion
impurity drastically modifies the energy balance in the
plasma due to intense radiative losses. Heavier atoms, such
as Kr, are not fully stripped. For example, 1 keV plasma
would ionize the Kr down to the Ne-like stages (Kr?®*);
therefore many different bound-bound transitions are pos-
sible and this makes the high-Z ions radiate copiously. Thus,
radiation cooling enables the magnetic field to comEress the
plasma to a higher density and smaller final radius 627 (mi-
cropinch), while maintaining the plasma in a Bennett-like
state where the average kinetic pressure inside the column is
in equilibrium with magnetic pressure at the edge of the
plasma.?® Hence, micropinch formations due to addition of
high-Z impurity in pure D, in the correct proportion lead to
neutron yield enhancement.

Time resolved investigation of current derivative (di/dt)
signals of D, and D,—Kr admixtures (referred to as Chl in
Figs. 2 and 3, respectively) indicates that radial phase dura-
tion, FWHM of the dip, averages to 30+5, 35+ 3, 39+4,
and 50+4 ns for pure D,, D,+10% Kr, D,+5% Kr, and
D,+2% K, respectively. This infers that the high-Z Kr im-
purity also plays an effective role in pinch stabilization, de-
pending on the impurity concentration ratio. The magnitude
of the dip of the negative spike in the current derivative
signal, a measure of focusing efficiency, for D,—Kr admix-
ture is on an average of ~1.5 times higher than pure deute-
rium gas discharges. Thus, D,—Kr admixture, with appropri-
ate volumetric ratio, not only plays an important role in
enhancing neutron and HXR yield but it also broadens the
optimum pressure regime and stabilizes the pinch for longer
duration. Enhancement in pinch stabilization is also sup-
ported by the fact that Rayleigh—Taylor instability growth
time (which is known to be t;=v2m\/a, where a is the
sheath acceleration and \ is the wavelength of perturbation)
increases as a consequence of slowing down of current
sheath with high-Z admixture operation, 8 also observed in
Poseidon plasma focus.”

In conclusion, our study illustrates that if judicious con-
centration of Kr in D, is used (by adding just enough Kr to
optimally enhance the radiation by radiative collapse, but not
enough to affect the implosion through the higher atomic
mass of the Kr atoms) along with adjustment of the base

Appl. Phys. Lett. 93, 101501 (2008)

pressure such that the swept mass allows the time for first
radial collapse to coincide with the peak current, then D,—Kr
admixtures can significantly enhance the radiation yields.
The improved pinch stabilization and higher plasma density
through improved compression, actuated by radiative col-
lapse, explains vigorous enhancement in neutron and HXR
yields for D,—Kr admixture operation.

The authors are grateful to the National Institute of
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We report the successful deposition of nano-phase crystalline titanium dioxide (TiO;) thin films using a
repetitive plasma focus device on silicon (Si) substrates at room temperature. The plasma focus device,
fitted with solid titanium anode was operated with argon-oxygen admixture as the filling gas. X-ray
diffraction (XRD) patterns of as-deposited films confirm the deposition of crystalline TiO, thin films
having polymorphism nature; anatase and rutile, and their relative phase transition and crystallinity
improvement by increasing the number of ion irradiation shots and/or annealing temperature. The

l;,;lgsélq crystall.ite sizes of the TiO, particulate§ estimf;lted from the typica.l d.iffractio.n peaks are found to b'e
52.77.Dq approximately 8 nm and 13 nm. The weight ratios of anatase and rutile in the TiO, were estimated and it
68.55.—a was revealed that anatase weight fraction was reduced by increasing the total ion irradiation and/or
68.47.]n annealing temperature, owing to phase the transformation from anatase to rutile. Raman studies have

also established the dominant presence of Eg and A;g Raman active modes of the rultile phase. Scanning
Keywords: electron micrographs (SEM) of the as-deposited films reveal uniformly distributed nano-phase
;;ysgallj}ilf:;:tanium dioxide morphology over the film surface. Agglomeration of smaller TiO, nano-sized grains, to form bigger

sized particulates, is seen to occur owing to the clustering of charged nucleates in the gas phase. The

Repetitive plasma focus device . . . : . N . .
p P agglomeration is enhanced by increasing the number of ion irradiation shots and/or annealing

temperature.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Thin films of titanium dioxide (TiO,), being versatile material,
have been the subject of sustained research interests due to
their diverse electronic and photonic applications. Titania (TiO,)
is known to exist in amorphous form and crystallizes in three
distinct crystallographic structures: two tetragonal phases, ana-
tase (a=3.785A, c=9.514 A) and rutile (a=4.593 A, c=2.959 A)
and a third orthorhombic phase, brookite (a = 5.456 A, b= 9.182 A,
¢ =5.143 A). Rutile, known to be the most stable phase, is applied in
white pigments (e.g. in cosmetic products and paints) and various
optical devices due to its high chemical stability, UV absorbance
and refractive index. Owing to its good blood compatibility, rutile
can be used as artificial heart valves [1] and plays a key role in the
biocompatibility of bone implants. Anatase, a metastable phase
which can readily oxidize, is widely used as a photocatalyst [2,3] in
various fields such as environmental purification, sterilization and
deodorization. In general, TiO, is also utilized in electrodes of

* Corresponding author. Tel.: +65 67903930.
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electrochemical and dye-sensitized solar cells [4]. Particularly due
to its high permittivity, high physical and chemical stability and
the acceptance for most modern CMOS fabrication facilities, TiO,
has extensively been investigated as a possible SiO, replacement
for the fabrication of new generation of dynamic random access
memories (DRAMS) and micro-electromechanical systems [5].
TiO, has been investigated for use in heterogeneous catalysis, in
solar cells for the production of hydrogen and electrical energy, as a
corrosion protective coating, as an optical coating, as a gas sensor,
in electronic devices (such as varistors) and in ceramics. Generally,
high crystallinity of TiO, is desired in its applications as a
photocatalyst and as an electrode of a photovoltaic device. TiO; is a
possible candidate among the gate insulators because its rutile
type has a high dielectric constant of approximately 80 and good
thermal stability on Si.

Various techniques including sputtering [5,6], chemical vapor
deposition (CVD) [7], ion beam-assisted deposition, reactive
evaporation [6], laser-assisted evaporation, sol-gel process [8]
and spray pyrolysis [9] have been employed for the preparation of
titanium oxide films. Mardare et al. [5,10] deposited amorphous
TiO, thin films on the substrates at room temperature using RF
sputtering. Many authors have reported crystalline TiO, thin film
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deposition at low substrate temperatures [11-15]. Low tempera-
ture deposition of crystalline films is of particular interest in the
thin film industry as it eliminates the requirement for substrates
that can tolerate high temperatures, and thus reduces the
production cost. In this connection, a technique that can easily
control the polymorph of TiO, on the substrate surface at room
temperature during synthetic process is industrially of immense
interest. The present investigations report, for the first time, the
use of high performance, high repetition rate plasma focus device
for the successful deposition of crystalline TiO, thin films on Si
substrate at room temperature.

The dense plasma focus (DPF) device [16] is a simple pulsed
plasma device in which electrical energy of a capacitor bank, upon
discharge, is converted into plasma energy resulting in the
formation of a short lived, but hot (~1-2keV) and dense
(~10%°26 m~3) plasma. The plasma focus device is a source of
neutrons, highly energetic ions, relativistic electrons and X-rays
[17-19]. Being a source of such a wide range of phenomena, the
device has found applications in other areas too [20]. Highly
energetic ions from the plasma focus have been used for processing
of various thin films [21-26] irradiated at different distances from
the top of the anode. The plasma focus device has also been used
for implantation of nitrogen [27] and carbon [28] ions into
different metallic substrates, and for deposition of thin films of
carbon [29,30], fullerene [31], titanium carbide [32] and titanium
nitride [33,34]. The plasma focus-assisted thin film deposition has
shown that this pulsed plasma device possesses interesting
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features of high deposition rates, energetic deposition and possible
film formation under a reactive background gas pressure.

The present work reports the deposition of nano-phase crystal-
line TiO,, thin films having polymorphism nature (anatase and rutile)
on Si substrates at room temperature using DPF device in repetitive
mode. The TiO, films are deposited for multiple number (25, 50, 75,
100, 150 and 200) of focus shots and are then annealed at different
temperatures of 573 K, 773 K and 973 K for 1 h in air ambient in
order to systematically investigate their structural and morpholo-
gical properties, and to reveal their phase dependence based on total
ion irradiation and annealing parameters.

2. Experimental setup
2.1. The deposition system

The deposition of TiO, thin films was accomplished by using a
repetitive DPF device designated as Nanyang X-ray source-2 (NX2).
The NX2 is a high performance (12 kV, 400 kA), high repetition
rate (up to 16 Hz) DPF device, which was specially designed for
applications like soft X-ray microlithography. Conventionally, the
electrode assembly of the NX2 possesses a hollow copper anode
surrounded by 12 cylindrical copper cathode rods in a squirrel cage
fashion. For the deposition of TiO; films, the central hollow copper
anode was replaced with a copper anode fitted with a solid
titanium top of 99.95% purity. The schematic of experimental setup
showing various subsystems of the NX2 device is sketched in Fig. 1.
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Fig. 1. The schematic of the dense plasma focus device employed for TiO thin film deposition.
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Table 1

The operating parameters of plasma focus device for preparation of TiO, film
Operating parameters Description

Base pressure 5 x 107> mbar

Filling gas pressure 2 mbar

Oxygen partial pressure 0.2 mbar

Charging voltage 10.5 kV

Capacitor bank 28.8 |F (48 WF x 0.6 WF)
Peak discharge current 350 kA

Repetition rate used 0.2 Hz

Substrate temperature Room temperature (295 K)

The experimental parameters for the deposition of TiO, are
provided in Table 1. The base pressure of the order of
5 x 107> mbar was achieved in the deposition chamber using a
turbo molecular pump. The argon-oxygen admixture in the
pressure ratio 9:1 was used as the working gas at the optimum
pressure of 2 mbar to ensure strong focusing. When the electrical
energy stored in the capacitor bank (four modules of 12 wF x
0.6 WF, 30 kV capacitors) is transferred to the focus chamber by low
inductance pseudo-spark gap switches, the gas breakdown occurs
initially across the surface of the insulator separating the anode
and the cathode. This breakdown, under the influence of Lorentz
forces, proceeds on to form uniform, axis symmetrical current
sheath in inverse pinch phase before being accelerated down the
anode axis in axial rundown phase. Upon reaching the top of the
anode, the current sheath collapses radially inward during the final
focus phase resulting in the formation of hot dense plasma at the
top of the anode. The plasma temperature is sufficiently high to
cause complete ionization of the filling gas species. Oxygen, being
one of the filling gas species, supplies ions in almost all ionization
states [35]. The formation of hot dense plasma is followed by the
onset of sausage instabilities. A sausage (m =0) instability is a
magneto-hydrodynamic instability which is developed in the
cylindrical plasma column, such as pinched plasma column of
focus device, carrying a strong axial current due to imbalance
between the inward magnetic pressure and outward kinetic
pressure. This instability enhances the induced electric field
locally, and hence breaks the focus plasma column [36]. This leads
to the acceleration of gaseous ions with very high energies (50 keV
to few MeV) towards the top of the chamber and relativistic
electrons towards the anode, which ablate the anode material. The
ablated plasma consisting of titanium ions and neutrals reacts with
the oxygen ions of the filling gas to form TiO,, which is deposited
on the Si substrate.

2.2. Film deposition

TiO5 films were deposited on 10 mm x 10 mm x 0.625 mm fine
polished P-doped Si (100) substrates. The substrates were
ultrasonically cleaned in acetone, alcohol and de-ionized water
sequentially for 10 min each. Films were deposited at ambient
substrate temperature using multiple focus shot exposures. The
very advantage of the repetitive NX2 device over a single shot
device is its high repetitive rate performance unlike a conventional
single shot DPF device usually operated in manual trigger mode at
arate of one shotin 30 s to 1 min. Substantial thickness of films can
be achieved in a short duration of time using a repetitive DPF
device. However, in the repetitive mode, the substrate temperature
may increase as a result of energetic ions bombardment if no
cooling arrangement is provided. In this regard, the temperature
rise of the substrate exposed at 12 cm or above the anode axis for
100 shots of DPF operated at different repetition rates, was
explored by using a k-type thermocouple interfaced to a computer.

For 2.0 Hz repetition rate, the substrate temperature rose from
room temperature of 295 K to about 310 K. The reduction in the
repetition rate was observed to cause a small substrate tempera-
ture rise, typically 1-2 K for 0.2 Hz repetition rate, which was fixed
for the present investigations.

Noticeably, the deposition of films such as TiC [32] and TiN
[33,34] along the anode axis at lower axial distance have been
reported with significant surface damage by the last treatment
shot because of the maximum energy and flux of ions along the
axis. Eventually, the deposition of those films was conducted at
different angular positions (referred as off-center and outermost
position) with respect to the anode axis. In the present investiga-
tions, the deposition however has been done along anode axis by
keeping the substrate at much higher distance of 33 cm. This is to
ensure that the energetic ions while traversing through the longer
filling gas path should loose enough energy and cause less damage
to the film surface. Moreover, this arrangement will also ensure
uniform film deposition over a larger area due to fountain like
geometry of the ion beam in DPF device. This was accomplished by
placing another vacuum chamber above the main chamber of the
NX2 device as shown in Fig. 1.

The deposition of thin films on Si substrate in room temperature
environment was carried out using multiple number (25, 50, 75,
100, 150 and 200) of focus shots. The as-deposited films were
annealed at temperatures of 573 K, 773 K and 973 K for 1 h in air
ambient. The main motivation of annealing the films, at above-
mentioned temperatures, is to investigate the effectiveness of
energetic ion-assisted deposition in plasma focus device in
reducing the phase transition temperature, from anatase to rutile
phase, from typically observed temperature of about 673K to
lower values.

2.3. Film characterization

The crystallography of the as-deposited and annealed TiO, thin
films was studied by employing a SIEMENS D5005 X-ray
diffractometer having a Cu Ka source. The detector scan mode
at grazing incidence of 3° was used to perform 260 scans over the
20-60° range. The chemical state of the TiO, films was analyzed
using a Renishaw MicroRaman spectrometer, with a spectral
resolution of 1cm™!. The surface morphology of the films was
studied using a JEOL J[SM-6700F field emission scanning electron
microscope. In order to prevent charge build up, a thin gold film
was coated on the substrates during analysis.

3. Results and discussions
3.1. Structural studies

Fig. 2 shows XRD spectra of the as-deposited titania thin films
on Si substrate at room temperature for different number of
deposition shots viz. 25, 50, 75 and 200. In the notation of Miller
indices, “A” indicates anatase-type crystal and “R” indicates rutile-
type crystal. The XRD spectra reveal that the film deposited for 25
shots is predominantly composed of anatase phase having a broad
diffraction peak (0 0 4) at 20 = 37.21° (Powder Diffraction pattern
00-021-1272) along with a weak diffraction peak (101) at
20 =35.51° of rutile phase (Powder Diffraction pattern 00-002-
0494). The film deposited for 50 shots shows the presence of a
weak peak at 26 = 40.13°(1 1 1) attributable to the rutile phase and
a strong rutile peak at 260 =35.51° (1 0 1) along with the anatase
(0 0 4) peak shoulder. For the film deposited for 75 shots, (11 1)
rutile peak appears at 26 = 40.06° and the strong rutile peak (10 1)
appears at 26 =35.26° with an increasing peak shift with the
increasing ion irradiation. For the increasing ion irradiation of 50,
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Fig. 2. XRD spectra of as-deposited TiO> thin films for different number of shots, at
room temperature.

75 and 200 shots, the rutile phase is predominantly evolved with
(101) plane orientation instead of (110) preferred plane
orientation. The crystalline nature of the titania thin films as-
deposited at room temperature substrate using multiple focus
shots and transformation of anatase to rutile phase during post-
annealing (discussed later) at temperature much below than the
transition temperature reported in the Powder Diffraction pattern
makes the present investigation different from most of the studies
reporting amorphous titania thin films grown on substrates at
room temperature [5,13]. The observed crystallinity of the films
can be explained on the basis of characteristic features of plasma
focus-based deposition technique and deposition parameters.
During the DPF discharge, ions of argon and oxygen contributed
by filling gas species are much more energetic than titanium ions
contributed by ablation of anode material. Moreover, the filling gas
species ions are formed and accelerated earlier than the ablated
titanium ions. These energetic filling gas species ions reach the
substrate first causing etching and hence cleaning of the substrate
surface prior to deposition and are then followed by the deposition
of the TiO, compound on the substrate. It has been suggested that
the TiO, thin film growth occurs via a chemical reaction between
substrate surface and atoms, ions and/or molecules in the gas
phase, which impinge on the substrate. The decomposition of
predecessor molecules (e.g. O,) in the gas phase or on the
substrate, results in atoms or reactive species (ions and radicals,
e.g. 0%, 0?*, etc.), which migrate to and diffuse along the substrate
surface. Such ions and radicals having multiple charged states have
been reported to be emitted from the plasma focus. Rhee [37] has
investigated the charged state information of a variety of ion
species, emitted either from a solid metallic anode of the plasma
focus or the injected gases. For a simple case of He, it was revealed
that only singly charged ions were of relatively low energy,
whereas all of the higher energy ions were doubly charged states. It
has been well established that the ions having singly and doubly
charged states (O* and 0%*) are the most probable ion species in the
entire ion spectrum because the energy spectrum contains
maximum of comparatively low energy ions as compared to the
higher energy ions acquiring higher charged states. Thus, the

chemically active background gas oxygen ions react with the
subsequent Ti ions (Ti*, T**, etc.) to form charged nucleates of
titania (usually TiO* and TiO,"), which are then deposited on Si
substrate. The thin film is a self-assembly of such reactive species,
which grows via a gas phase nucleation during their flight. Thus, in
the case of dense plasma focus with reactive background gas, the
deposition mode is usually a CVD, where the gas phase nucleation
is the primary step towards the film growth process. Also, every
time a shot is fired, energetic filling gas species ions go firstly to the
thin film deposited for previous shots. This provides the additional
energy required for surface diffusion and migration, and thus
improves the crystallinity of the thin film. During the successive
ions bombardment, free energy (contributed mainly by the
internal energy and the vibrational entropy of the atoms) of the
topmost zone of the film deposited for the previous shot/shots may
increase leading to the redistribution/phase transition of the film
and an eventual stress evolution in it. Nevertheless, the DPF
energetic ion-assisted deposition helps restoring the equilibrium
state of the film deposited for the previous shot because of the
significant transient temperature rise during the short pulse (about
100 ns for low energy DPF) gaseous ions bombardment, in addition
to the film growth by the deposition of charged nucleates usually
TiO* and TiO,". The equilibrium restoration of the film is also
reflected by the transformation of metastable anatase phase to
more stable rultile phase by increasing number of ion irradiation
shots. Thus, the film growth proceeds along with the phase
transformation by increasing the number of shots. The rapid
temperature rise during ions bombardment by each successive
shot may assist the migration of defects within the film and thus
improves its crystallinity as well.

Fig. 2 also demonstrates the number of ion exposure shots
dependent phase transition from anatase to rutile phase in the as-
deposited films. Such DPF ion-assisted redistribution/phase
transitions in thin films have already been reported [38,39].
During DPF ions irradiation, the substrate surface recrystallizes
due to the adsorption of the energetic species onto the surface
forming new phases. The DPF ions adsorbate-induced reconstruc-
tion yields multiphase structures with the minimization of the
surface-free energy of substrate [39]. The random impurity
dispersion by thermodynamic means may require a quenching
procedure from a high transient temperature phase. The impurities
(pre-deposited nucleates) may cluster, move to dislocations or
form new phases with various stoichiometries [38]. The bombard-
ment of energetic ion species influences the grain growth in the
vicinity, i.e. the impingement of ions on the growing surfaces can
create new nucleation sites. The phase transition may be
considered to be the growth of new crystalline titania phase
(rutile) owing to the momentum transfer from the impinging
particles to the growing surface. In order to redistribute the film
microstructure, the impinging ion species need to possess
sufficient Kkinetic energy to surpass the potential barriers
associated with the phase transformation. This corresponds to
the crystalline nucleation energy of rutile TiO,. Hassan et al. [34]
have investigated that not only the energy but also the ion flux is
the key parameter for DPF ion-assisted phase transformation. The
anatase to rutile phase transformation by the DPF ions is
considered to require such intrinsic threshold ions flux, hence
the total ion exposure, which determines the phase transforma-
tion. In argon-oxygen plasmas, the density and energy of the
gaseous particles (e.g. TiO* and TiO, ") play an important role in the
growth of a particular titania phase. Thus, certain minimum total
ion irradiation (more than 100 shots for the present case) is
required for rutile phase growth. The continuous impingement of
ions possessing sufficient kinetic energy transfers momentum to
the growing surface by surpassing the potential barriers associated
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with the phase transformation and thus increases the surface
energy of the film, which helps in its redistribution by minimizing
its surface energy as explained earlier. For the present Ar + O,
discharge, this is actually accompanied by the creation of oxygen
vacancies in the film during successive impingement, and is
therefore reflected by the poor crystallinity of the films as-
deposited for lower number of ion irradiation shots. However, an
increase of the number of ion irradiation shots increases the
surface energy that is minimized by redistribution of the film
microstructure forming new nucleation sites (rutile phase). This
redistribution/phase change mechanism is accelerated for higher
number of ion irradiation shots due to the defects migration
already produced in the film with preceding lower ion irradiations.
Eventually, the crystallinity is improved dominantly for rutile for
higher number of ion irradiation shots.

Fig. 3 shows XRD spectra of the titania thin films deposited for
20, 50 and 75 shots and annealed at 773 K to reveal the annealing
effect on the growth and crystallinity of the films. Annealing of
films improves the rutile phase growth, thus showing more than
two diffraction peaks. In addition to the significant phase growth in
new plane orientations A(101),R(110),A(200)and R(2 1 1), the
(111) rutile peak is also comparatively intense than that in the
respective as-deposited film. Similar patterns, with higher peak
intensities, were observed for films deposited for 100, 150 and 200
shots. The deviation of positions of a few peaks from their
corresponding Powder Diffraction data by less than 0.1° demon-
strates the presence of stresses in the films, induced by energetic
ions bombardment. Note that for lower number of ion irradiation
shots (25, 50 and 75 shots) there is still phase competition in the
films annealed at comparatively lower temperature of 773 K.
Nevertheless, the annealing based phase transformation can be
accomplished for films as-deposited for comparatively lower
number of ion irradiation shots, the effect of number of ion
irradiation shots on phase transformation for as-grown films is
significant for higher number of ion irradiation shots (100 shots
and above).

The phase transformation from anatase to rutile mainly
depends on substrate temperature, oxygen partial pressure and
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Fig. 3. XRD spectra of TiO, thin films deposited for different number of shots and
annealed at 773 K.

deposition rate. Tang et al. [40] revealed an anatase to rutile phase
transformation temperature of about 673 K in Ar + O, atmosphere
(20-30% oxygen, 1.5 kV x 0.4 A power and 0.5 A/s deposition rate).
It has also been well investigated that phase transformation
temperature depends on background gas pressure, stress, con-
taminants, oxygen deficiency etc. in the substrate. The rutile phase
is usually quenched in the thin film form even when the film is
grown at temperature below the transition temperature [41]. The
phase transformation from anatase to rutile for the film deposited
at room temperature and annealed at 773 K in air ambient is a
similar kind of quenching in the as-grown TiO films. Since the
oxygen vacancies are introduced not only during the film
deposition in the present Ar + O, atmosphere but also by annealing
stoichiometric TiO, films in the reducing atmosphere of air
ambient. This facilitates the defects migration, and eventually the
phase transformation from anatase to rutile may be accelerated
[42] even at 773 Kinstead of saturating anatase phase as-deposited
favorably for lower number of ion irradiation shots.

The annealing of TiO, at still higher temperatures results in
the transformation of metastable anatase to stable rutile phase,
owing to the surface-free energy minimization as revealed
by many researchers. Fig. 4 shows XRD spectra of the films
deposited for 200 shots (as-deposited and annealed at different
temperatures of 573 K, 773 K and 973 K). It may be noted that as
the annealing temperature increases, the shift in diffraction
peaks also reduces which can be attributed to relaxation of
stresses in the film (discussed at the end of this section). The as-
deposited films for 200 shots due to their substantial thickness
are expected to have high stress as compared to annealed films,
which were deposited for 200 deposition shots. In Fig. 4, the
(101) rutile peak for as-deposited film is located at 20 = 35.10°
and gradually shifts to 26 = 36.10° which is almost same position
as being reported in corresponding Powder Diffraction data.
Annealing at higher temperature provides more energy for
surface diffusion and increases the mobility of deposited species,
which leads to high crystallinity. The rearrangement of atoms
and evolution of (110),(101),(111),(210),(211)and (220)
rutile peaks is well reflected by XRD spectra of the films
deposited for 200 shots and annealed at successive higher
temperatures as shown in Fig. 4.
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Fig. 4. XRD spectra of TiO, thin films deposited for 200 shots for as-deposited and
annealed samples at different temperatures.
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Scherrer’s formula was used for the calculation of crystallite
sizes, which is as follows:
0.9
" Bcos6

where D is the crystallite size, A the X-ray wavelength used
(1.5418 A), B the broadening of diffraction line measured as full
width at half-maxima (FWHM) and 0 the corresponding angle. The
broadening of the peak is obtained by fitting to Lorentzian
distribution. The crystallite sizes of the TiO, were found to be
approximately 8 nm and 13 nm corresponding to as-deposited film
for 50 and 75 shots, respectively, estimated from strong (101)
rutile peak.

The residual stresses in the TiO, films have been evaluated by
using the X-ray diffraction data. The shifting of diffraction peaks
from their respective stress-free data indicates a uniform stress
developed normal to the corresponding crystal plane in the film
during rapid cooling after transient temperature rise by ion
irradiation. Refer to Fig. 3 (film deposited for 75 shots), (111)
rutile peak is shifted to 20 = 40.06° and strong rutile peak (10 1) is
shifted to 20 = 35.26°. The shifting of diffraction peaks from their
corresponding Powder Diffraction data ((004) anatase peak at
20 =37.78°, whereas (11 1) and (1 0 1) rutile peaks at 26 = 41.22°
and 26 =36.08°, respectively) indicates the presence of stresses,
reflecting a change in d-spacing of a typical hkl plane. Such stresses
have been well reported in the plasma focus-based thin films [34].
In the commonly used Bragg-Brentano method [43], which
operates in the 6-26 scan mode, the residual stress is calculated
quantitatively using following expression:

 E(dy—dy
077;( do )

where E, v, d, and dy are, respectively, the Young’s modulus (Pa),
Poisson’s ratio, d-spacing (A) of the diffraction plane parallel to the
surface of the film under stress and the d-spacing (A) of the same
series of stress-free planes. Substituting the modulus of elasticity
of 230 GPa and Poisson’s ratio of 0.27 for TiO,, the residual stress in
the as-deposited film, corresponding to strong (1 0 1) rutile peak is
found to vary from 13.2 GPa to 22.3 GPa by varying the focus shots
from 50 to 200 and is shown in Fig. 5(a). It is observed that
increasing number of shots initially increase residual stresses in
the thin film, which tend to saturate after 150 shots. The saturation
may be due to slight increase in substrate temperature for large
number of focus shots that helps in stress relaxation.

The weight ratios of anatase and rutile in the titania were
measured quantitatively using the following equation [44]:

1

Wan = \T57 265 e /1) = 120

where W,, is the weight fraction of the anatase phase, I,; and I,
are the intensities of the strongest anatase and the strongest rutile
reflections, respectively. Note that the ratio I,,/I;, is independent of
fluctuations in diffractometer characteristics. For the present case,
In and I, correspond to the (0 0 4) anatase and (1 0 1) rutile peaks,
respectively, when measured for the films as-deposited for various
number of ion irradiation shots. A systematic trend showing
suppressing effect of ion irradiation (25-200 shots) on the weight
fraction of anatase in the mixed phase (titania) is sketched in
Fig. 5(b). Thus, ion irradiation-based phase transformation from
anatase to rutile is confirmed by the decreasing anatase weight
fraction W,, in the as-deposited films. W,, reduces significantly
from 52% for the films as-deposited for 25 shots to 18% for those as-
deposited for 200 shots. The smallest W, for the film deposited for
200 shots shows significant phase transformation by the ion
irradiation. Annealing temperature has also lead to the anatase to

(@ =« - —
—=— Stress in as-deposited TiO, film
22 1
20 -
©
o
2 184
"
7
D
=
D 16 4
14 -
12 L} L} L] T T T L}
50 75 100 125 150 175 200
No. of shots
(b) Annealing temperature (°K)
300 400 500 600 700 800 900 1000
1 il '} L
554 —=— Anatase weight fraction (W_ %)
A vs lon dose
50 4 —-h-LAnatase weight fraction (W, %)

4 ]_ vs Annealing temperature
45

40 4
35
30 4

25 4

Anatase Weight fraction W__ (%}

20 4

15 T T T Ll o T L) b T T
0 25 50 75 100 125 150 175 200 225
No. of shots

Fig. 5. Variation of (a) stress developed for as-deposited TiO, thin films corresponding
to (10 1) rutile peak, vis-a-vis ion exposure shots, and (b) anatase weight fraction
(Wan) vis-a-vis ion exposure shots and annealing temperature.

rutile phase change, in addition to the crystallinity improvement of
the entire mixed phase of titania. Initially, by annealing the film,
Wan has been found to increase from 18% for as-grown films for 200
shots to 47% for the same films annealed at 573 K, owing to the
overall crystallinity improvement of titania. However, on further
increasing the annealing temperature, the phase transformation
phenomenon comes into play and W,, reduces eventually. W,, has
been found to reduce from 47% for the film deposited for 200 shots
and annealed at 573 K to 18% for the film deposited for the same
fluence but annealed at 973 K. The effect of annealing temperature
(573-973 K) on the weight fraction of anatase in titania films all
deposited for 200 shots is also displayed in Fig. 5(b). Present results
adequately report the anatase to rutile phase transformation based
on total ion irradiation and/or annealing temperature, and also
agree strongly with the Raman spectroscopy investigations. In fact,
the amount of ion irradiation plays similar role of thermal
excitation of film microstructure, leading to restructuring and
phase transformation as that of thermal agitation by annealing.



2938 R.S. Rawat et al. / Applied Surface Science 255 (2008) 2932-2941

3.2. Chemical state investigations

Raman spectroscopy was used to characterize the chemical
structure of the films. Fig. 6 shows Raman spectra of the TiO, films
as-deposited for different number (25, 50, 75, 100, 150 and 200) of
shots. For as-deposited films, a small peak at 142 cm~! and a broad
peak centered about 230-260 cm™' indicate the nano-phase
titania (TiO,) film. The Raman lines at 450 cm™! and 610 cm™!
clearly appear for films deposited for 150 as well as 200 shots.
These peaks correspond to the Eg; and A;g modes of the rutile,
respectively. The presence of the rutile Raman modes indicates
that the high temperature rutile phase was stabilized at room
temperature on samples prepared at higher focus deposition shots,
i.e. at temperatures much lower than the bulk transformation
temperature from the anatase to rutile. Such a conclusion is
consistent with the XRD results shown in Figs. 2-4. Films become
increasingly rutile for the increasing number of shots.

Fig. 7 shows Raman spectra of the TiO, films deposited for
multiple number (25, 50, 75, 100, 150 and 200) of shots and
annealed at 773 K. After annealing, the emergence of a Raman line
at 515 cm™! that can be assigned to the A;¢; mode of the anatase
phase becomes quite evident. Although annealing of the films
significantly improves their crytallinity, as is depicted by the more
intense Raman modes appearing for both the phases, the effect of
annealing at 773 K is more pronounced for anatase rather than for
rutile. However, further increasing the annealing temperature to
973 K improves the crystallinity of TiO, films, dominantly for the
rutile favorably grown for higher number of ion irradiation shots,
as shown by the intense peaks corresponding to the Eg and Aqg
Raman modes of rutile (Fig. 8). Furthermore, it is observed that as
the annealing temperature increases, the rutile modes at 450 cm™!
and 610cm~! become stronger while the anatase mode gets
weaker. From the Raman investigations, it is revealed that the
crystallinity of TiO films can be improved both by the amount of
ion irradiation and/or the annealing. The increasing ion irradiation
favors the growth of stable rutile phase than that of metastable
anatase phase. The annealing of films at low temperature
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Fig. 6. Raman spectra of the as-deposited TiO, thin films for different number of
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transforms anatase to rutile phase along with the improvement
of overall film crystallinity. But, the annealing of films at higher
temperature dominantly grows rutile than anatase. The Raman
investigations are quite consistent with the XRD results.

3.3. Morphology

The effect of increasing ion exposure and annealing tempera-
ture on the surface morphology of TiO, films deposited on silicon

E,(450cm”)
| A, (515cm)

500000 R | Re—A, (610cm™)
] A
R R
400000 4 200 shots
] RVa R 150 shots
5 300000 - 100 shots
59', A
z ' R, R
2]
£
| R R
100000 A
HJ 25 shots
04
T v L) r T A L v L v 1
200 400 600 800 1000 1200

Wavenumber (cm'1)

Fig. 8. Raman spectra of TiO, thin films deposited for various number of shots, each
annealed at 973 K.
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Fig. 9. SEM micrographs of the as-deposited TiO, films for (a) 25 shots, (b) 100 shots
and (c) 200 shots.

wafers has been investigated by using SEM. Fig. 9 shows SEM
micrograph of the films as-deposited for multiple number (25, 100
and 200) of shots. The surface morphology of these films is almost
identical. However, agglomeration of grains is observed for higher
number of shots. The surface morphology of the film deposited for
25 shots (Fig. 9(a)) shows the presence of individual nano-phase
grains of 10-20 nm size and also the agglomerates of grains to form
particulates of the sizes of 100-200 nm distributed over the
substrate surface. The surfaces of films deposited for 100 shots
(Fig. 9(b)) are seen to be composed of much bigger sized
particulates of about 300-800 nm size. A close view of the
particulates reveals that they are the aggregates of many smaller
nano-sized grains or particulates. The surface of the film grown for
200 shots (Fig. 9(c)) exhibits further agglomeration, with the
particulate size distribution of a few 100 nm to a few microns.

An increase in the energetic ion irradiation causes more energy
being transferred to the film surface leading to greater mobility of
nanoparticles and hence resulting in bigger sized agglomerates.
This observation also supports our argument of the crucial role
being played by the total energy deposited by energetic ions on
morphologies of film surfaces. This can be elaborated under the
theory of charged clusters (TCCs) [45,46] and the thermal coagula-
tion phenomenon. The DPF has been investigated to be a rich source
ofions and/or radicals having multiple charged states [35], such ions
nucleate in the gas phase to form charged nucleates of titania
(usually TiO* and TiO,*), which are then deposited on the substrate to
grow thin film, as explained earlier. The clusters can grow either by
reactions with reactive species in the gas phase or combining
with very small uncharged clusters (well explained by the TCC). This
also limits the size of a cluster. In our case, the gas phase nucleation
has resulted in the cluster size of about 100-200 nm that makes

Fig. 10. SEM micrographs of the TiO, films annealed at 573 K, deposited for (a) 25
shots, (b) 100 shots and (c) 200 shots.
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the basis of titania thin film. The cluster size is improved by further
agglomeration owing to the successive ion bombardment (ion
irradiation effect) and/or post-deposition annealing (thermal
coagulation effect). Films grown at extremely slow rate contain
atoms or molecules as growth units, whereas dimers, trimers,
tetramers or large clusters are formed at faster growth rates. Since
repetitive mode DPF-based thin film deposition is a fast process, the
gas phase nuclei making a sufficiently large surface area facilitate the
atomic growth preferentially on the clusters in gas phase rather than
on the substrate surface. Moreover, the growth of larger clusters on
successive ion bombardment by repetitive DPF shots is owing to the
surface energy minimization of smaller clusters. The ion-induced
collision cascades rapidly increase the total free energy of the film.
The transition of metastable anatase phase to stable rutile phase
requires the minimization of total free energy that is accomplished
by the agglomeration of the nanoparticulates owing to the defects
migration and redistribution within the film. This in turns develops
larger surfaces, thus minimizing the surface-free energy, a major
contribution to the total free energy. This supports the phase
transformation of metastable anatase phase to stable rutile phase
along with the crystallinity improvement as well.

Fig. 10 shows SEM micrographs of the TiO, films deposited for
multiple number (25, 100 and 200) of shots to demonstrate the
agglomeration effect by annealing at 573 K. It is well known that
rapid heating of the films causes fast removal of residues from the
material and the resulting TiO, films may appear porous. More-
over, such thin crystalline films are likely to be cracked due to the
mismatch in the thermal expansion coefficients of the film and the
substrate. However, a controlled temperature profile such as
annealing in the present investigations, on the other hand, permits
the slow release of such residues along with defects migration and
a dense non-porous morphology of the film surface is reflected. The
increased ion irradiation-based agglomeration of the nucleates is
explained by the charged clustering during gas phase nucleation of
titania (TCC) and ion-induced thermal coagulation of pre-
deposited film by the preceding shots.

SEM micrographs collected for the TiO, films deposited for 25,
100 and 200 shots and all annealed at 773 K demonstrate that
identical trends of cluster agglomeration have been found when
the films deposited for different number of ion irradiation shots are
post-annealed at further higher temperature. Higher temperatures
favor the formation of larger nano-phase clusters.

4. Conclusions

Successful deposition of crystalline TiO, thin films onto silicon
substrates at room temperature has been achieved using a
repetitive plasma focus device. Films have been deposited using
different number of focus deposition shots and have been post-
annealed at different temperatures (573 K, 773 K and 973 K). The
TiO, films are evolved with the anatase phase for lower number of
ion exposure shots, which is transformed to the rutile phase along
with the crystallinity improvement by increasing the ion exposure
shots. The crystallite sizes of the TiO, particulates, estimated from
typical (1 0 1) diffraction peak of rutile phase as-deposited for 50
and 75 shots, are found to be about 8 nm and 13 nm, respectively.
The as-deposited films are found to have residual stresses typically
varying from 13.2 GPa to 22.3 GPa for 50 to 200 focus shots,
respectively, which saturate at higher number of ion irradiation
shots of 150 and 200 shots. Annealing of the titania films has also
resulted in anatase to rutile phase transformation along with the
improvement of their crystallinity and relaxation of stress level.
The oxygen vacancies introduced during the TiO, film deposition in
the Ar+ O, atmosphere as well as by the annealing of stoichio-
metric TiO, films in the reducing atmosphere of air ambient may

help in the phase transformation from anatase to rutile. The weight
fractions estimates reveal that W,, reduces as the number of ion
exposure shots and/or annealing temperature increases, which
confirms the anatase to rutile phase transformation. Raman
investigations of the TiO, films have confirmed the presence of
Eg and A,z Raman active modes of rultile phase, which is favorably
grown for higher ion exposure shots (150 and 200 shots) and is
found to be stabilized at room temperature unlike conventional
growth of this phase at higher temperature. Although, ion
irradiation and annealing both improve the crystallinity of the
TiO, films, the effect of ion irradiation is more gratifying for the
growth of rutile than that of anatase. The annealing at low
temperature transforms the anatase to rutile along with the overall
crystallinity improvement of titania. But increasing the annealing
temperature favorably grows rutile than anatase. SEM micro-
graphs of the films exhibit the presence of nano-sized grains and
their agglomeration by increasing the number of ion exposure
shots and/or annealing temperature. The anatase to rutile phase
transformation is accompanied by the further agglomerlation of
nanoclusters of titania caused by the increasing energetic ion
irradiation and/or annealing temperature. A systematic study of
microstructure, crystallinity, phase composition and surface
morphology of the TiO, films, based on ion irradiation and
annealing temperature, is reported in order to understand the film
deposition by the repetitive plasma focus device, post-deposition
annealing and the transformation of anatase to rutile phase
qualitatively and quantitatively at the temperature below the
transition temperature reported in Powder Diffraction data.
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