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Abstract—In plasma focus (PF), the thermodynamic
parameters such as ion fraction o, effective ionic charge
number Z., and effective specific heat ratio y at different
temperatures may be calculated by corona model (CM). In the
Lee model code, the neon Zg¢y and y are stored in subroutines
using convenient tables and polynomials derived from the CM
(we call this approach approximated CM). In this paper, the
thermodynamic parameters of the CM are close fitted to the data,
thus replacing the approximate CM data with a more accurate
close-fitting CM (CFCM). The comparisons of the Lee model
code using the approximated CM and CFCM subroutines
are conducted, with the main emphasis on optimum neon
soft X-ray (SXR) emission and their properties. The suitable
focus pinch temperature window of 200-500 eV is applied to
generate the optimum neon SXR yield (Ysxr). The optimum neon
Ysxr is found to be 3.19 and 3.49 J at the optimum pressure
Py = 3.1 torr with approximated CM and CFCM subroutines,
respectively. A high optimum value of SXR yield is obtained
using CFCM subroutines in the Lee model, which is nearer
to the experimental value compared with the approximated
CM subroutines. The use of CFCM in the Lee model contributes
to better estimation for further numerical experiment studies
and gives confidence that the model is sufficiently realistic in
describing the PF dynamics and SXR emission.

Index Terms—y, approximated corona model (approxi-
mated CM), close-fitting of corona model (CFCM), corona
model (CM), ionic charge number, soft X-ray (SXR), specific
heat ratio, Z,rr plasma focus (PF).

I. INTRODUCTION
LASMA focus (PF) machines operated in neon have been
studied as intense sources of soft X-rays (SXRs) [1]-[3].
The dynamics of PF discharges are complicated, and the
Lee model code provides a useful tool to conduct phenom-
enological scaling studies for any PF device from low energy
to high energy [4]. The Lee model couples the electrical
circuit with PF dynamics, thermodynamics, and radiation,
enabling realistic simulation of all gross PF properties [S]-[7].
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The code incorporates radiation mechanisms and uses the
corona model (CM) for the calculation of thermodynamic data
to input into the code.

CM computation [8] is utilized to calculate the ionization
fractions at any high temperature. From these ionization
fractions, the effective specific heat ratio y and effective
ionic charge number Z.s are calculated as functions of
temperature [6], [9]. In the Lee code, the Z.; and y are
calculated from subroutines [10]-[12] using the approximated
CM [5], [6], [13], [14] with approximated tables and
polynomials.

In this paper, the Zes and y are precisely and closely
fitted to the Z¢s and y data in the CM [we call this the
close-fitting CM (CFCM) data]. From the numerical
experiments [15], [16] it has been observed that the Lee model
code not only computes the realistic focus dynamics but also
gives absolute values of SXR yield (Ysxr), which are consistent
with experimental measurements. Therefore, the increased
precision of CM data using CFCM used in the Lee model
may develop more realistic computational results. We compare
these approximated CM and CFCM cases to investigate the
effect on the yields of SXR.

To characterize the PF device operated in neon, the
Lee model code is configured for low-energy PF device:
3-kJ UNU/ICTP PFF. The neon ionization energy data are
extracted from the National Institute of Standards and Tech-
nology (NIST) [9]. We then use the approximate CM and the
CFCM to provide effective charge numbers and specific heat
ratios for neon, which are fed, in turn, into the Lee model code
version RADPF5.15de, in order to compare the difference in
the results using the two different sets of thermodynamic data.

II. CALCULATIONS OF THERMODYNAMIC
NEON PLASMA PARAMETERS

Based on the CM, the plasma equilibrium model [17] is
used to calculate the ion fraction a, the effective ionic charge
number Z., the effective specific heat ratio y, and X-ray
emission of the plasma at different temperatures. Shan [10]
has conducted a line-by-line computation using CM and
determined the relative intensities of each of the four neon
SXR lines (He- and H-like) as functions of temperature. From
the ionization data computed from the CM, it is deduced
that the plasma temperature range 200-500 eV [7] is suitable
for optimum yield of neon Y. This is consistent with the
observation that the electron temperature of X-ray radiative
plasmas for neon is 250-500 eV [9] and that the average
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Fig. 1. Neon ion fraction at different temperatures, where IX indicates Ne+8
(calculated by CM).

electron temperature is ~300 + 50 eV, as has been
experimentally measured in an efficient system [11]. The ion
concentrations can also be identified [18] by solving the
equations for ionization fraction o to calculate the
X-ray emission or absorption from plasma.

The ionization fraction is defined as the fraction of plasma
that is ionized up to the zth ionized state. It can be written as

07 = —= (1

where N; is the number of ions in the zth state and N; is the
total ion number densities in the plasma.

In this paper, the ionization fraction calculations as shown
in (1) depend on the balance collision process [19] between
the ionization coefficient evaluated from comparison with
the Coulomb—Born approximation in [20] and the radiative
recombination coefficient in [21]. The data of ionization
potentials and X-ray emission spectrum of highly ionized neon
plasma are taken from the NIST database [22].

Fig. 1 shows the ionization fraction in neon plasma. From
Fig. 1, it is observed that the suitable temperature window
to produce H-like and He-like ions in neon plasma
(for SXR emissions) is between 200 and 500 eV [7], [11],
[23], [24]. Based on the experimental results [10], [11], [25],
the X-ray emissions from neon plasma are mainly H-like
[Ly, (1s-2p), Ne: 12.132 A (1022 eV), Lys (1s-3p),
Ne: 10.240 A (1211 eV)] and He-like [He, (1s3-1s2p),
Ne: 13.447 A (922 eV), Hey (1s2-1s3p), Ne: 11.544 A
(1074 eV)], which are suitable for neon SXR production.

The effective ion charge number Zgs can be calculated by
the relation [10]

ZZZL()(ZNZ) N,
Zog = 02 = @)
Zzi() N; Ni
where N, and N; are the electron and ion number densities,
respectively, and N, is the number density of the ions in the
zth ionic state.

The ionization and excitation processes play an important
role for energy balance and compressibility of the plasma.
These effects can be described by the effective specific heat
ratio y using the following equation [24]:

Y 5 E;

— x4 3
y—1 2 kT.(1+ Zef) ®
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where k is the Boltzmann constant, 7, is the electron
temperature (in kelvin), and E; is the ionization energy.

ITII. CLOSE-FITTING TECHNIQUE FOR Zcff AND y DATA

In the Lee model code, Z.f and y from the CM are stored
in approximate tables and polynomials [5], [6], [13], [14]. This
code with approximated CM has been utilized for PF numer-
ical experiments to estimate SXR [6], [23], [26], [27].

For this paper, we consider two cases of approximated
CM and CFCM subroutines in the Lee model. The ionic charge
number Zg and specific heat ratio y from the approximated
CM and CFCM are investigated to observe their effects on the
neon SXR yield.

The code of Z.s and y data is generated based on the
close-fitting approach on the Z.s, and y curves are produced
by the CM data. The Z. and y data are first obtained by
fitting them with sixth-degree polynomials as high degree
order via basic fitting in Excel VBA. The Z.fr versus temper-
ature of logjo T (in electronvolts) and y versus temperature of
logio T (in electronvolts) are plotted. This series of data is then
used to fit with the basic fitting in the MATLAB code with
polynomial fitting up to 10th degree to increase the accuracy
for achieving good fitting precision. The process is continued
until the final values of Zg with the corresponded temperature
are obtained. The whole procedure is then repeated for
the y versus temperature.

At the final stage of fitting process, the sequence continuity
of the series close fitting of Zeg versus temperature and
y versus temperature (CFCM) is compared with CM as shown
in Fig. 2(a) and (b). It is clearly observed that the data of
Zefr versus temperature and y versus temperature in CM are
fitted more precisely by CFCM.

IV. RESULTS ON THE Z¢ff AND y BETWEEN
APPROXIMATED CM AND CFCM DATA

The computed Z¢sr and y data with CFCM subroutines are
then compared with approximated CM subroutines, as shown
in Fig. 3(a) and (b), respectively. In Fig. 3(a), there is a
big difference in the approximated data and the CFCM data
in the temperature range 2-3 eV corresponding to the first
two stages of ionization. Based on Fig. 1, the temperature
range of characteristic neon SXR emission for He-like and
H-like neon ions in neon plasma is estimated between
200 and 500 eV in the CM. The temperature range
118.98-151.85 eV corresponds to the 1s> close shell for the
neon ions is obtained, as shown in Fig. 3(a). Therefore, the
yield from X-ray line emissions is low in this temperature
range from neon. It is also found that the neon atoms become
fully ionized as the temperature reaches 1000 eV and onward.

Although Fig. 3(b) shows considerable differences in
the approximate CM and CFCM data in the region
temperature <3 eV, the data in this temperature region are
never used in the code since the radial phase temperature
is never below 5 eV. Hence, the inaccuracies observed in
the approximated CM subroutines do not contribute to the
results of the code. Differences less than 5% are also observed
for y values in the temperature range 40-500 eV in which
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Fig. 2. Fitted CFCM curves with the CM data for (a) Zegf versus temperature
in electronvolts and (b) y versus temperature in electronvolts.

He-like and H-like ions are produced. The higher value
of y with CFCM does affect the energy balance and plasma
compressibility in the Lee model, resulting in a 10% change
in the characteristic neon SXR yield in the example chosen
for our comparison. Since the Zgg and y possess different
values in the approximated CM and CFCM subroutines into
the Lee model code, the neon SXR yield is also different for
both cases.

The intensities of Lyman alpha (Ly,) and helium
alpha (He,) lines are proportional to the H-like and He-like ion
densities, respectively. Therefore, the power of line emissions
can be calculated [5], [10], [11] for Ly,, Lyg, He,, and Heg
lines in neon as functions of photon energy (hv) using the
following equations [11]:

31 2a9Zeff _M
PLya(ls_zp) =2.13x10 Ni ﬁev e( eV) 4)
_ 09 Zoff (,hﬁ)
PLyp(1s-3p) = 4.05 x 107N} —==e\" v (5)
yp(1s-3p) i ﬁev
PHea(lsz-ls2p) =131x10 Ni fTwe( eV) (6)
_ ogZefr (—"r4
Piep(is>-153p) = 3.30 x 107 2N —=° (7) 7

lﬁeV

Temperature (eV)

Fig. 3. Comparison between the approximated CM and CFCM subroutines
of (a) Zegr versus temperature and (b) y versus temperature.

where hv; = 1024.7 eV, hvy, = 1214.1 eV, hvy = 924.5 €V,
and hvg = 1196 eV. From (4) to (7), it can be observed
that the radiation power is proportional to the density squared
N12 ion fraction a and effective ionic charge number Zgr.
By selecting N; = 1, the normalized emission intensity is
calculated [5], [6], [11].

Referring to (4)—(7), the line emission intensities are
calculated based on the ion fraction a and ionic charge number
Zfr in the CM, i.e., before the Z. data act as a subroutine
into the Lee model code. Since this calculation is determined
in the CM, no differences are observed for the line emission
intensities for neon Ly and He lines although there are such
approximated CM and CFCM subroutines incorporated in the
Lee model code.

The calculated Ly and He emission intensities from one
neon ion at unit density are shown in Fig. 4, which describes
the correlation between the line emission intensity with the
corresponding ions. The peaks of the Ly and He lines are
located at the higher temperature side of the H-like and He-like
ion distributions [5]. Specifically, Ly, and He, lines are the
most intense characteristic emissions of neon plasma, whereas
the other line radiations and the free-to-bound continuum
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Fig. 4. Calculated X-ray line emission intensities from neon Ly and He lines
versus temperature.

are weaker [11], [25]. The locations of the peaks give an
estimation of the optimum temperatures for generating SXRs
from neon plasma, i.e., 316 eV. As the line intensities are cal-
culated based on the CM data, the range of pinch temperature
of 200-500 eV is applied for CFCM and approximated CM.

V. PLASMA FOoCcUS NUMERICAL EXPERIMENTS
IN LEE MODEL FOR NEON SXR

The properties of X-ray in the pinched plasma are mainly
depending on the ionization states, plasma temperature, and
density [10]. The focused plasma with an electron temperature
of a few hundreds of electronvolts to kiloelectronvolts and
high electron density is a copious source of X-rays. The
PF emits soft thermal X-rays by three processes, namely,
Bremsstrahlung (free—free transition) from the coulomb
interactions between electrons and ions; recombination
(free-bound transition), and de-excitation (bound-bound
transition) [11], [28]. The first two processes give rise to the
continuum of the X-ray spectrum, while the third process pro-
duces the line radiation or emission of the plasma. The relative
strengths of the continuum and line emission [29] depend on
how the plasma is generated [28]. For the plasma generated
from a high-Z material, continuum emission dominates; while
for a low-Z material, line emissions are stronger [10], [11].

In the pinch phase, the line radiation Q7 is calculated using
the relation [1], [5]

dQ; —4.6 x 10731n?ZeffZﬁ(7tr12,)Zf

T T, ®)

which is integrated over the pinch duration. The SXR energy
generated within the plasma pinch depends on the number
density n;, effective charge number Zg, atomic number of
gas Z,, pinch radius rj,, pinch length z;, plasma (pinch)
temperature 7,, and pinch duration [15]. This generated energy
is then reduced by the plasma self-absorption mainly on
density and temperature; the reduced quantity of energy is
then emitted as the Yy [23].

Based on the CM, in the Lee model code, it is considered
that the neon SXR yield (generation H-like and He-like ions)
is equivalent to line radiation yield, i.e., Ysxr = Qp, in the
following temperature range 200-500 eV. To run this code,
the published experimental current waveform is chosen for
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fitting purposes to get the realistic measurement of computed
(numerical experiment) results and actual experimental results.
Then, the actual experimental results of Y, are also used for
the comparison with the computed results.

VI. NUMERICAL EXPERIMENTAL PROCEDURES
UsSING RADPF5.15de

The Lee code is configured to work as any PF by
inputting the bank parameters, the tube parameters, operational
parameters, and the filled gas [5], [26], [30]. The standard
practice is to fit the computed total current waveform to
an experimentally measured total current waveform using
four model parameters [1], [31], i.e., the mass swept-up
factor (f;) and the plasma current sheath factor (f.) for
the axial phase and radial mass swept-up and current factors
fmr and f. for the radial phase [5].

The exact time profile of the total current trace is governed
by the bank parameters, focus tube geometry, and the oper-
ational parameters, [5] and also depends on f,, f., and
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 [5], [15].
Evidently, from the current trace, the information of axial and
radial phase dynamics and the crucial energy transfer into the
focus pinch are determined.

The detailed profile of the discharge current during the
pinch phase reflects joule heating and radiative yields [30].
At the end of the pinch phase, the total current profile reflects
the sudden transition of the current flow from a constricted
pinch to a large column flow [32]. Thus, the electrodynamic,
thermodynamic, and radiation processes in the various phases
affect the discharge current. The discharge current waveform
includes all the information of dynamic, electrodynamic, ther-
modynamic, and radiation processes that occur in the various
phases of the PE. This explains the importance to fit the
computed current trace to the measured current trace in the
procedure adopted by the Lee model code [30].

VII. LEE MODEL NUMERICAL EXPERIMENTS
FOR SXR EMISSION

The numerical experiments are performed with
approximated CM subroutines in the Lee model code.
In the next step, RADPF5.15de version of the Lee model
code is modified by incorporating CFCM subroutines
codes. By operating the Lee model with the CFCM and
approximated CM, the numerical experiments are conducted
for the standard 3-kJ UNU/ICTP PFF PF using the same bank,
tube, and operational parameters as in [11]. The approach of
CFCM is executed to observe the significance and effects on
equilibrium properties of SXR emission.

The measured discharge current trace of the UNU/ICTP PFF
filled with neon gas detected by Rogowski coil [11] is used
to perform numerical experiments with the selected measured
waveform of a shot at 3.0 torr neon [11]. The following
configuration parameters [11] are used for the Lee model with
the CFCM and approximated CM of neon.
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Fig. 5. Fitted model parameters of the total computed current waveform

at 3.0 torr to those of the experimentally measured current waveform at the
same 3.0 torr of neon with the CFCM and approximated CM.

1) Bank: Static inductance L = 110 nH, Co = 30 uF, and

stray resistance r = 12 mQ.

2) Tube: Cathode radius » = 3.2 cm, anode radius

a = 0.95 cm, and anode length zp = 16 cm.
3) Operation: Voltage Vo = 14 kV and pressure
Py = 3.0 torr.

The computed total discharge current waveform is fitted to
the measured discharge current by varying model parameters
fm>» fes fmr, and f one by one until the computed waveform
agrees with the measured waveform [23]. Current waveform
fitting has been successfully obtained using model parameters
as follows [23]:

fn =005, f. =07, fur =02, fo =0.8.

These fitted values of the model parameters are then used
for the computation of all discharges at various pressures.
In Fig. 5, it is observed that the computed discharge current
waveform agrees well with the measured current waveform,
which covers all the regions of interest from axial to radial
phases up to the end of the pinch phase [5], [30], [31]. The
same model parameters are used for the current waveform by
the Lee model for CFCM and approximated CM methods,
which produce the same results, as shown in Fig. 5.
Insignificant discrepancy (0.01%-0.24%) in terms of current
waveform from start to end in the radial phase
around 3.78-3.89 us is estimated. This affected discrepancy
is spotted as the temperature increases from 18 to 200 eV
where the ions are just started to be heated and emit as neon
SXR. Referring to neon line radiation in (8), the discrepancy
of CFCM and approximated CM feasibly influences the
outcomes of Y, and there could be more discrepancy as the
temperature rises to ~500 eV.

VIII. RESULTS ON SXR YIELD AND ITS
PARAMETER INTERACTION

A series of numerical experiments over the pressure (Py)
range 1.0-4.2 torr is carried out to attain the optimum
Ysxr versus Py to compare with the measured Yy versus
Pp data in [11]. For any shot, whenever the focus
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Fig. 6. Numerical experimental result of Ysxr of UNU/ICTP PFF operated

under similar conditions for comparison using the CFCM and approximated
CM subroutines.

pinch temperature is within the range 200-500 eV
(2.3 x 10°-5.8 x 10° K), the line radiation is counted as neon
SXR yield Ysxr. When the pinch temperature is out of this
range, the line radiation is not included as neon Y [7], [24].

Comparison of Y versus Py via numerical experiments is
performed with the CFCM and approximated CM as shown
in Fig. 6. It is interesting to note that the neon Yy, curves
show a similar pattern for both the CFCM and approximated
CM cases. As the pressure is decreased, the Y keeps
increasing until it reaches the optimum values at the same
pressure, 3.1 torr. Then, the Y keeps decreasing with lower
pressures below their optimum pressures due to the decrease
in the density of the pinched radiating plasma, i.e., n; pinch
(see Tables I and II).

The results obtained with the CFCM and approximated
CM are 3.49 and 3.19 J, respectively. As the pressure goes
lower, the percentage of discrepancies becomes diminished,
which can be explained by the behavior of pinch ion density
n; pinch, as plotted in Fig. 7(a).

According to the temperature range for neon SXR yield,
the decrease in n; pinch in the case of CFCM produces
higher values than that of the approximated CM. The decrease
in n; pinch is also observed as the pressure decreased to
the lowest operating pressure. The decrease in n; pinch for
the CFCM is estimated around 32% higher than that of the
approximated CM at the optimum pressure, i.e., 3.1 torr, which
shows substantially high differences between these two cases.
The increase in Ipinch increases the compression sufficiently so
that despite of a drop in ambient number density, the n; pinch
is still able to reach a higher value at 3.1 torr. However, the
n; pinch does not increase further due to insufficient increase
in Ipinch below 3.1 torr as shown in Tables I and II for both
cases. The other properties of Y« as well as the discrepancy
can be explained by the parameters included in (8), particularly
within the temperature range for neon SXR yield.

Since the values of 200-500 eV (2.3 x 10°-5.8 x 10° K) of
neon plasma are suitable for neon SXR production, this range
is plotted in Fig. 6 to correlate it with the SXR yield Y.
It is observed that the temperature at the pinch phase, Tpinch,
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TABLE I
COMPUTED LEE MODEL WITH THE APPROXIMATED CM FOR NEON GAS

Py L Linch Thinch peak vy Ty zr boinch n; pinch o
(Torr) | (kA) (kA)  (10°K)  (ecm/ps)  (cm)  (cm) (ns) (10%/m’) )
420 182 90 1.15 16.79 0.09 1.31 11.64 19.97 0.00
4.00 182 94 1.32 17.51 0.08 1.32 10.79 17.63 0.10
3.70 181 99 1.59 18.84 0.07 1.34 9.91 14.56 1.61
3.50 181 103 1.81 19.99 0.07 1.36 9.39 12.66 3.19
3.30 180 103 2.00 21.48 0.06 1.36 8.80 10.64 3.92
3.20 180 108 2.18 22.17 0.06 1.35 8.59 9.65 3.66
3.10 180 110 232 22.99 0.07 1.35 8.34 8.78 3.19
2.50 178 119 3.33 25.41 0.08 1.37 8.39 5.42 1.36
2.00 176 125 4.53 26.76 0.09 1.40 8.44 3.84 0.62
1.50 173 129 6.28 29.70 0.09 1.43 7.88 2.68 0.24
1.00 169 130 9.13 34.58 0.10 1.43 6.83 1.73 0.07
TABLE I1

COMPUTED LEE MODEL WITH THE CFCM FOR NEON GAS

Py Lyeak — Lpinch Tyinch peak v, 7y zr Lpinch n; pinch )3
(Torr) | (kA) (kA)  (10°K)  (cm/ps)  (cm)  (cm) (ns) (10%/m’) )

4.20 182 90 1.16 16.8 0.08 1.29 11.51 13.55 0.81
4.00 182 94 1.33 17.5 0.08 131 11.45 11.81 1.36
3.70 181 99 1.61 18.5 0.08 1.36 11.38 12.63 2.77
3.50 181 103 1.82 19.1 0.07 1.38 11.04 13.96 3.90
3.30 180 106 2.06 19.7 0.07 1.39 10.83 13.51 4.15
3.20 180 108 2.19 20.1 0.07 1.40 10.72 12.66 3.92
3.10 180 110 2.32 20.4 0.08 1.39 10.52 11.56 3.49
2.50 178 119 3.30 23.0 0.09 1.38 9.20 6.93 1.33
2.00 176 125 4.29 25.4 0.09 1.39 8.43 4.90 0.58
1.50 173 129 5.70 28.5 0.10 1.40 7.74 3.38 0.22
1.00 169 130 8.40 33.2 0.10 1.42 6.97 2.12 0.06

keeps increasing as the pressure is decreased. This is due to its
dependence on the square of the shock speeds, (Tpinch & v?),
and further neon plasma compression [33]. The increase in
speed leads to rise in Tpinch, Which is required for SXR pro-
duction. The increase in temperature for the CFCM deviates
decreasingly from the approximated CM as the pressure is
decreased. This is due to the higher v; of the approximated
CM compared with the CFCM, as shown in Tables I and II.
At the optimum pressure, temperature with the approximated
CM is observed to be 0.9% higher than the CFCM. As the
Ysxr is inversely proportional to the Tpinch, this could influence
the calculation of Y to be deviated largely. However, the
Tpinch difference at this optimum pressure is considerably
small and does not affect much on the optimum Y value.
As the pressure is decreased, the percentage of discrepancy
for temperatures in both cases increases up to 10%.

It is observed that the suitable Tpinch for neon SXR yield is
produced for the operating pressure between 1.5 and 3.1 torr
for the CFCM. Meanwhile, for the approximated CM,

the suitable Tpinch for neon SXR yield is produced for the
operating pressure between 2.0 and 3.1 torr. This is because
below 2.0 torr, the temperature is not suitable for producing
neon SXR yield using the approximated CM subroutines. The
results show that as the pressure is reduced to 1.5 torr, the
neon Tpinch for the approximated CM is not anymore consid-
ered as the pinch temperature window for neon SXR yield.

In comparison with the approximated CM, the lower vy
corresponds to the lower Tpinch values of the CFCM, and thus
has a wider range of operating pressures that can be used to
obtain the neon SXR yield within the given pinch temperature
range, in which this situation could not be achieved by the
approximated CM.

The slow compression phase (pinch duration) scales
inversely to the square root of the pinch temperature [28].
The pinch duration fyineh slightly reduces for the CFCM
as the pinch temperature Tpinch increases with decrease in
the pressure. Compared with the CFCM, the fpinch for the
approximated CM represents almost constant values as the
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Fig. 7. (a) Ion pinch density varies with pressure. (b) Pinch duration varies
with pressure. (c) Maximum pinch length varies with pressure. (d) Minimum
pinch radius varies with pressure.

pressure is decreased. At the optimum pressure, around 20%
higher fpinch is observed for the CFCM than that for the
approximated CM, as shown in Fig. 7(b), which is consid-
erably high discrepancy compared with other pressures.

In Fig. 7(c), the maximum pinch length, zy, for
CFCM shows an increase in values compared with the
approximated CM, particularly at the optimum pressure,
3.1 torr. At this optimum pressure, it is estimated that the pinch
length of the CFCM is increased slightly, which is about 3%
higher compared with the approximated CM. The z y increases
below the optimum pressure as the pressure is decreased. This
is due to the increase in peak vg, as shown in Tables I and II.
However, the z; parameter only produces minor differences
for obtaining the neon Yy, as it produces small deviations
between the CFCM and approximated CM.

Within the range of pinch temperature for neon SXR yield,
the minimum radius of the plasma pinch, r,, during the slow
compression phase shows a large difference at a pressure
of 3.1 torr, which causes the r, for the CFCM to produce
around 11% higher compared with the approximated CM as
the pressure is decreased. Due to insufficient increase in Ipinch
(see Tables I and II), the r, does not compress any further
below 3.1 torr for both cases.

With the increase in Ipinch, the temperature increases, which
tends to oppose the severity of the compression during the slow
compression phase as the pressure is reduced below 3.1 torr,
although the decreased ambient number density tends to work
in the opposite direction. The SXR yield depends on the
absolute density, which in turn depends on the ambient density
and the compression. The smaller the pinch radius ratio (r/a),
where a is the anode radius, the higher the compression [28].
This shows that the volume that mainly scales as a of the pinch
plasma during the slow compression phase also influences the
radiation yield.

As shown in Fig. 7(d), the pinch radius r, is lower for
the approximated CM, and it has smaller pinch radius ratio
and higher compressibility compared with the CFCM. As the
Ysxr depends on the squared of 7, the values of optimum Yy,
for the CFCM are obtained higher even though compressibility
is reduced compared with the approximated CM. In this paper,
it is observed that the competing effects of the 7p, #pinch,
n; pinch, Tyinch, and volume of plasma parameter interaction
contribute to the SXR yield for the both cases.

The comparison between the computed and measured
data is employed in order to observe the discrepancy
among the numerical and experimental results for the
Ysxr versus Py curves, as shown in Fig. 5. These discrepancies
can be explained as follows; in the experimental measurement,
uniform source column or hot spots with different aspect ratios
(length to radius) affects the dynamics and radiation of the
final phase of the focus [11]. While in the numerical experi-
ment, the computation is done for uniform pinch column and
other parameters such as radiation duration, bank parameters,
tube parameters, operational parameters, and the filled gas,
which affect the radiative and quantitative results of the X-ray
emission. Although the deviations are existed, the numerical
and experimental results are almost in the same magnitude for
the pressure below 3.1 torr, compared with the pressure higher
than 3.1 torr due to large depletion yield for the computed
results. The result with the CFCM shows significantly higher
Ysxr corresponding to the pressure and produces optimum Yy,
near the measured result. From Fig. 8, the large depletion or
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similar conditions for comparison with numerical experiments with the
CFCM and approximated CM.

sharp dropoff in Y, is observed at the high-pressure side
(3.1-4.2 torr), whereas the temperature is lesser than 200 eV,
which is outside the SXR yield temperature range for neon
gas.

The comparison of Y versus Py between the computed
data performed for the approximated CM and CFCM with
the measured data is shown in Fig. 8. From the experimental
results, it is observed that at the optimum pressure 3.0 torr,
an optimum Y of 5.4 & 1 J [11] is produced. The result
of optimum Y for the CFCM is 3.5 J, while that of the
approximated CM is 3.2 J.

IX. CONCLUSION

The neon plasma thermodynamic parameters a, Zeff, and y
are calculated at different temperatures. The close fitting on the
Zefr and y data included in the CFCM for neon is successfully
determined by applying fitting in data series using Excel
VBA and MATLAB code. Based on the discussed parameter
interaction in Yy, it is found that with the close fitting of
Zeir and y in the CFCM used in the Lee model, the n; pinch is
the key parameter that influences the SXR yield. The n; pinch
causes large percentage difference for Ysx; versus pressure for
both CFCM and approximated CM cases, especially within
the temperature range of neon SXR yield near to the optimum
values.

The SXR yield deviations between the computed and
experimental results show that the Z¢g and y in the CFCM can
be used as more suitable subroutines for the basis of Lee model
operation as it increases Ysx corresponding to the pressure,
especially at the optimum Yg,. The CFCM performance for
thermodynamic data gives the potential of numerical experi-
ments to be practically producing more realistic and significant
results of SXR yield for neon.

The optimum SXR yield is found to be 3.19 and 3.49 J at the
optimum pressure 3.1 torr for the numerical experiment with
the approximated CM and CFCM subroutines, respectively,
in the Lee model. By applying CFCM subroutines in the
Lee model, the SXR radiation yield gives higher values than
that of the approximated CM subroutines, which is near to

IEEE TRANSACTIONS ON PLASMA SCIENCE

the experimental values. The close fitting on the CM thus
shows that it can be contributed to better estimation for further
research and gives confidence that the model is sufficiently
more realistic in describing the PF dynamics and improving
the optimum SXR emission.
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