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Abstract Numerical experiments are carried out sys-
tematically to determine the nitrogen soft X-ray yield for
optimized nitrogen plasma focus with storage energy E,
from 1 to 200 kJ. Scaling laws on nitrogen soft X-ray yield,
in terms of storage energies E,, peak discharge current Lc,
and focus pinch current Iy, were found. It was found that
the nitrogen X-ray yields scales on average with Yo, N =
1.93 x E(l)‘zlJ (Eo in kJ) with the scaling showing gradual
deterioration as E, rises over the range. A more robust
scaling is Yoo = 8 x 107°L2% . The optimum nitrogen soft
X-ray yield emitted from plasma focus is found to be about
1 kJ for storage energy of 200 kJ. This indicates that
nitrogen plasma focus is a good water-window soft X-ray
source when properly designed.

Keywords Plasma focus - Soft X-ray - Nitrogen gas -
Lee model code

Introduction

Plasma focus devices with nitrogen filling gas has been

used widely in plasma focus devices as an emitter of soft
and hard X-rays [1-8], and plasma focus devices operated
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with pure nitrogen are developed as sources for X-ray
microscopy [9-11]. X-ray microscopy allows the imaging
of living hydrated biological specimens. The wavelength
range between the K-absorption edges of oxygen
(A =234 nm) and carbon (4 = 4.38 nm) is especially
interesting for this because the radiation in this wavelength
range (so called “water window”) is weakly absorbed by
water but strongly absorbed by organic matter resulting in a
good contrast of wet samples [9]. Whilst many recent
experiments have concentrated efforts on low energy
devices [12—-14] with a view of operating these as repeti-
tively pulsed sources, other experiments have looked at
X-ray pulses from larger plasma focus devices [15, 16]
extending to the mega joule regime. However, numerical
experiments simulating X-ray pulses from plasma focus
devices are gaining more interest in the public domain. For
example, the Institute of Plasma Focus Studies [17] con-
ducted an International Internet Workshop on Plasma
Focus Numerical Experiments [18], at which it was dem-
onstrated that the Lee model code [19] not only computes
realistic focus pinch parameters, but also absolute values of
SXR yield Y, which are consistent with those measured
experimentally. A comparison was made for the case of the
NX2 machine [14], showing good agreement between
computed and measured Yy, as a function of operational
pressure po [18, 20]. This gives confidence that the Lee
model code produces realistic results in the computation of
str~

Numerical experiments using Lee model have been
carried out systematically to derive scaling laws on the
neon [21, 22] and argon [23] soft X-ray yields, in terms of
storage energies Ey, peak discharge current I, and focus
pinch current Lyich Obtained from studies carried out over
storage energies E varying from 1 kJ~' MJ for optimized
plasma focus device parameters.
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The Lee model code has been modified to include
nitrogen gas and it has been then used to characterize the
plasma focus device operated in nitrogen [24]. The
suitable temperature range for generating H-like (Ly,
(1s-2p, Nj: 2.478 nm)) and He-like (Heﬁ(152-153p, N,:
2.496 nm)) ions in nitrogen plasma (therefore X-ray
emissions in the water window region) was found to be
between 74 and 173 eV (0.86 x 10°-2 x 10° K)
[17, 24].

Numerical experiments on low energy plasma focus
with nitrogen filling gas using the latest version of Lee
model [24, 25] have shown that the optimum nitrogen soft
X-ray yield is about 0.064 J, which it is expected to
increase with reducing the external inductance to maxi-
mum value of near 4 J at an achievable Ly = 15 nH.

In the context of soft X-ray nitrogen scaling law over
any significant range of energies, no experimental or
numerical work appears to have been reported in the lit-
erature. In this paper, we show the comprehensive range of
numerical experiments conducted to derive scaling laws on
nitrogen soft X-ray yield, in terms of storage energies E,
peak discharge current I, and focus pinch current Ipich
obtained from studies carried out over storage energies E
varying from 1 to 200 kJ for optimized plasma focus
device parameters.

Numerical Experiments on Nitrogen Plasma Focus

The Lee Model code [19] has been used to carry out a
series of numerical experiments over the energy range
1-200 kJ. In the code, nitrogen line radiation Qg is cal-
culated as follows:

% = —4.6 x 107N ZoiZ2 (na%, ) Zimax / T

Hence the SXR energy generated within the plasma pinch
depends on the following properties: number density Nj,
effective charge number Z., atomic number of gas Z,,
pinch radius a,;,, pinch length Z,,,.x, plasma temperature T
and the pinch duration. This generated energy is then
reduced by the plasma self-absorption which depends pri-
marily on density and temperature; the reduced quantity of
energy is then emitted as the soft X-ray yield. In the
modified Lee model code version RADPF5.15K, we take
the nitrogen soft X-ray yield to be equivalent to line radi-
ation yield i.e. Yy, = Qp at the following temperature
range 74-173 eV (0.86 x 10°-2 x 10° K). In any shot, for
the duration of the focus pinch, whenever the focus pinch
temperature is within this range, the line radiation is
counted as nitrogen soft X-rays. Whenever the pinch
temperature is outside this range, the line radiation is not
included as nitrogen soft X-rays.

@ Springer

During all our numerical experiments, the following
parameters are kept constant: the ratio b = c/a (1.5) the
operating voltage Vo (20 kV), the static inductance
(30 nH), the ratio of stray resistance to surge impedance
RESF (kept at 0.1). The model parameters f,,, f., fi,, o are
also kept at fixed suitable values of 0.06, 0.7, 0.15 and 0.7,
respectively.

The storage energy E, is changed (from 1 to 200 kJ) by
changing the capacitance Cy (from 5 pF up to 1,000 pF).
Parameters that are varied are anode length z, and anode
radius ‘a’, operating pressure po. Parametric variation at
each E follows the anode length zy and ‘a’ until all real-
istic combinations of Eg, z, and ‘a’ are investigated. In
other words at each Ey, a py is fixed, a z, is chosen and ‘a’
is varied until the largest Yy, is found. Then keeping the
same values of E, another p is selected. The procedure for
parametric variation of zy and ‘a’ as described above is
then carried out for this Ej; and new py until the optimum
combination of z, and ‘a’ is found. This procedure is
repeated until for a fixed value of E,, the optimum com-
bination of py, zo and ‘a’ is found. The procedure is then
repeated with a new value of E, [21-23].

Results and Discussion

After systematically carrying many numerical experiments
using Lee model on nitrogen plasma focus following the
above mentioned procedures, the optimized shots for var-
ious energies are tabulated in Table 1. This table shows
optimized configuration found for each E for 30 nH. From
the data of Table 1, we plot Y, against Ey as shown in
Fig. 1. From Fig. 1 we found that Y, scales on average as
Yorn = 1.93 x Ej?! at energies in the 1-200 kJ regions.
We then plot Y, against Iy, and Ininen and obtain Fig. 2,

which shows that Yo, =8 x 1078028 and Y =2 x
10‘7112)211 (Ipeak and Ipinch in kA and Yy, in J). The

resulting Yy, VS Ipinch and Ipeax log—log curves found to be
with the scaling index 3.4 and 3, respectively (Fig. 2).
From Fig. 2 it can be seen that the resulting Yy, Vs Ipeax
log—log curve has a larger scatter from linearity than Y,
VS Lyinch log—log curve. Another way of looking at the
comparison of the Lncn scaling and the Ipe. scaling is to
consider some unoptimised cases e.g. at very high or very
low pressures. In these cases, Y, is zero and Ipiych 1 zero
but there is a value for Ineac. This is an argument that the
Ipinch scaling is more robust. However it must be noted that
both scaling are applicable only to optimized points.
Nevertheless noting that the Y, ~ Ipincn scaling has less
scatter than the Y, ~ Ipeak scaling, the conclusion is that
the Ipincn scaling is the more universal and robust one.
Table 1 shows that the electrode geometry increases with
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Table 1 Optimized configuration found for each E,. Optimization carried out with RESF = 0.1, ¢ = 1.5, Ly = 30 nH and V, = 20 kV and
model parameters f,, f., fi.., fo. are fixed at 0.06, 0.7, 0.15 and 0.7, respectively, nitrogen gas

EO CO a Zo Po Ipeak Ipinc:h Va Vs Vp str (J) Ipeak/a Effi.
(k) (uUF) (cm) (cm) (Torr) (kA) (kA) (cm/ps) (cm/ps) (cm/ps) (kA/cm) (%)
5 1.3 1.0 4 222.2 140.8 4.8 15.0 10.9 1.5 170.9 0.15
2 10 1.6 2.0 4 312.1 190.9 5.9 16.4 11.9 4.2 195.1 0.21
6 30 2.4 4.0 4 516.2 297.9 6.6 17.2 12.4 19.3 215.1 0.32
10 50 2.9 5.0 4 638.7 359.5 6.8 17.2 12.4 36.4 220.2 0.36
20 100 3.6 12.0 4 889.9 464.0 8.2 18.1 13.1 85.5 247.2 0.43
40 200 4.5 15.0 4 1,154.7 590.3 8.4 18.6 13.3 194.0 256.6 0.48
80 400 5.5 25.0 4 1,475.0 734.4 9.0 19.0 13.6 404.7 268.2 0.51
120 600 6.0 33.0 4 1,661.2 828.2 9.4 19.6 14.0 590.3 276.9 0.49
160 800 6.5 40.0 4 1,807.1 897.2 9.5 19.6 14.0 777.9 278.0 0.49
200 1,000 7.0 43.0 4 1,930.6 950.7 9.4 194 13.9 967.3 275.8 0.48
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Fig. 1 Soft X-ray yields from nitrogen plasma focus versus storage
energy with RESF = 0.1, ¢ = 1.5, Ly = 30 nH and V, = 20 kV and
model parameters f,,, f., f. f., are fixed at 0.06, 0.7, 0.15 and 0.7,
respectively, nitrogen gas

increasing the storage energy from 1 to 200 kJ, while it is
noticed that the peak axial speed (v,) suitable for maximum
nitrogen soft X-ray yield changes over this wide energy
range, this means that there is a required range of axial
speed in plasma focus devices for nitrogen soft X-ray
emission, for example, in our case these values are in the
range 5-9.5 cm/ps (with an average value of 7.8 cm/ps). It
can be also noticed, from this table, that the peak radial
shock (v) and the peak radial piston speeds (v,,) over this
wide energy range are slightly varying, and its average
values are found to be vy = 18 cm/ps, v, = 13 cm/us. The
observations of the numerical experiments, bolstered by
fundamental considerations is that the I, scaling is the
more universal and robust one. This implies that for
applications requiring high X-ray yield, the plasma focus
must be designed to optimize Iyi,ch. For example from

Fig. 2 Soft X-ray yields from nitrogen plasma focus versus Ipinch,
Ipeak

Table 1, it can be seen that the optimum efficiency for SXR
yield (0.51 %) is with capacitor bank energy of 80 kJ. One
factor may be that beyond these optimum energies, Ipinch
do not increase as well with bank energy due to the
increasing dominance of the dynamic resistance of the
axial phase in comparison with that of the bank impedance.
Therefore for larger devices, it may be necessary to operate
at a higher voltage and use higher driver impedance to have
increased X-ray yield efficiency. So based on these
numerical experiments, we can consider that the plasma
focus operated with nitrogen gas as intense soft X-ray
source in the water window region. Numerical experiments
have been investigated [21-23], to determine the neon and
argon soft X-ray yields for optimized plasma focus with
storage energy Eq from 1 to 1 MJ. Scaling laws on argon
and neon soft X-ray yields, in terms of storage energies E,
were found to be best averaged as: Y ar = 0.07 x EJ34
and Ygone = 11 X Eé‘2 (yield in J, Eg in kJ), respectively
at energies in the 2-400 kJ regions. By comparing our
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Fig. 3 Soft X-ray yields versus storage energy for neon, nitrogen and
argon plasma focus

recent results for nitrogen plasma focus with argon and
neon soft X-ray yields over this studied storage energy
ranges, it is seen that the neon soft X-ray yield of plasma
focus is the most intense one (Fig. 3). So considering all
these numerical experiments, we find that the plasma focus
is a powerful source of X-rays with wavelengths which
may be suitably selected for microlithography, microma-
chining and microscopy simply by selecting the working
gas (Neon or Argon or Nitrogen correspondingly) and
choosing corresponding design and operating parameters of
the device.

Conclusions

Numerical experiments are investigated on nitrogen plasma
focus at different operational conditions. The optimum
combination pg, zo and ‘a’ is found for each E; within the
range of 1-200 kJ. The results show that nitrogen X-ray
yields scale on average with Yg,n = 1.93 x E}?! over
1-200 kJ regions (yields in joules and storage energy in
kJ). These numerical experiments confirm that the Y, vs
Ipinch scaling is more robust and universal, and scale well
with Yo = 8 x 1078128 (yields in J and current in KA).
This implies that for applications requiring high X-ray
yield in the water window region, the key is to optimize
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Ipinch- The optimum nitrogen soft X-ray yield efficiency is
found to be 0.51 % at energy of 80 kJ with yields close to
0.5 % in the range 40-200 kJ.
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