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Abstract

Using Lee model code (RADPFV5.16FIB), numerical experiments on
deuteron beams properties emitted from five Dense Plasma Focus (DPF)
devices (PF1000, TAMU, UNU-ICTP, NX2T, PF400) were performed and
compared with each other at low- and high-pressures in a range (1-15 Torr).
Full details of the fitting process of the measured and computed currents and
deuterons properties as function of pressure for UNU-ICTP DPF device were

presented. Comparisons of lpinch and flux in terms of pressure among the
deuterons emitted from the five devices were computed and investigated to
understand the behavior of the ion beam properties when the pressure varies
from low to high values. For each device, the properties of the emitted
deuterons such as flux, fluence, flux energy, fluence energy, ion beam current
density, ion beam current, damage factor, and the energy of deuterons at fitted
pressure values were presented and compared to each other. The results of this
work are very significant as benchmark references in many industrial
applications related to materials processing using plasma focus.

Keywords: Lee Model Code, Deuteron beams, Dense plasma focus
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1. Introduction

Dense plasma focus devices are tools used to study high-density plasmas. They confine plasma in a cylindrical
chamber using high voltage electrical discharges between electrodes. This creates a fast compression of the
plasma, reaching high densities and temperatures of several million Kelvin, but only for nanosecond durations.
The high densities, temperatures and energy achieved make dense plasma focus devices useful for studying
phenomena like dense plasma physics, fusion and generation of intense particle beams, where many
researchers try to optimize the design and operating parameters to improve the performance of these devices.
The Lee model code was developed by Prof. Sing Lee as a simple computational model to describe the plasma
dynamics in dense plasma focus devices. The model makes approximations like axial symmetry, one-
dimensional geometry. Despite the simplifications, the Lee model code is found to reasonably predict
important global parameters of the discharge like the focus point, pinch current, neutron yield and energetic
particles. It thus provides a useful tool to understand plasma formation and compression in dense plasma focus
devices in a conceptual way, and to optimize the device design and operating conditions for better
performance, additionally to study the radiations that emit from the plasma focus. That gives a broad overview
of the main concepts regarding dense plasma focus devices, what they are used for, and how the Lee model
code provides a simplified computational tool to describe their plasma dynamics. In this work, an investigation
and simulation were examined to study the ion beams emitted from five dense plasma focus devices, to provide
the experts benchmarks references in order to help them with the experimental procedures required for the
plasma applications in the field of material science and its applications.

2. Literature Review

Dense Plasma Focus (DPF) devices are pulsed sources of neutrons (L. Marciniak et al, 2018) (M. Akel et al,
2019), electron beams (P. Kubes et al, 2019) (P. Kubes et al, 2021b), soft X-ray radiation (M. A. Malek et al,
2019) (M. A. Mohammadi et al, 2020) and ion beams (S. Lee et al, 2012b) (S. Lee et al, 2013). The column
plasma pinch in a DPF device typically produces pulsed ions from several of 100 keV to several of MeV (L.
Bertalot et al, 1980) (A. Mozer et al, 1982) (M. Sadowski et al, 1988). lon energies in DPF devices depend on
capacitor bank energy, voltage, pinch current, gases, gas pressure, materials, and geometry of devices.
Numerous researches have investigated the properties of ion beams experimentally (M. Etminan et al, 2021)
(L. Bertalot et al, 1980) (A. Mozer et al, 1982) and numerically (S. Lee et al, 2012b) (V. A. Gribkov et al,
2007) using Lee model code as a virtual machine to compute the properties of ion beams such as energy,
density, flux, fluence, and plasma stream specifications (S. Lee et al, 2012b) (S. Lee et al, 2013) due to its
importance in several applications.

Space- and time-resolved of high energy deuterons generated from three DPF devices were studied (M.
Sadowski et al, 1985). lon beam has been monitored by using Faraday Cup (FC) as a detector for charged
particles alongside ion Time of Flight (ToF) measurements (H. Kelly et al, 1998) (H. Ito et al, 2011) (S. J.
Pestehe et al, 2014). The ion energies are largely in tens to hundreds of keV range, the pulse durations are tens
of ns, and the currents are typically tens of kA (V. A. Gribkov et al, 2007). Fast deuterons of energies about
100 keV (P. Kubes et al, 2021a) and protons with energies about 3 MeV (A. Malinowska et al, 2008) both
were studied using diagnostic tools which are pinhole cameras equipped with solid-state nuclear track detectors
(SSNTD). Furthermore, fast ions were studied using Lee model code, with an agreement between the computed
beam ion numbers and energy for numerous machines such as PF2 (S. Lee et al, 2012b) (S. Lee, 2014) and
PF1000 (V. A. Gribkov et al, 2007). The measured ion current density, ion number density, ion energy and
energy of flux are measured to compare reasonably well with the calculated values using Lee model code (M.
Akel et al, 2017) (S. R. Mohanty et al, 2007) (M. Hassan et al, 2007). Published data using time resolved
Schlieren imaging in the PF-400J (L. Soto et al, 2014) were compared with the computed results of the Lee
model code for post-focus pinch fast plasma stream (FPS) speeds and stream energy, power flow density, and
damage factor are agreed reasonably with all the measured quantities (M. Akel et al, 2016). The Lee model
code is used for the comparison between the computed and monitored properties for ion beams emitted from
DPF devices using various gases (V. Damideh et al, 2019) (V. Damideh et al, 2017) (M. Akel et al, 2022).
Extensive and systematic measurements were measured using FC, PIN diode detectors, and photomultiplier-
scintillator measurements to study ion beams emitted from PF machines operated with deuterium, neon, and
argon gases (V. Damideh et al, 2019) (V. Damideh et al, 2017). In addition, the effect of the atomic number
on the properties of the ion beams with three different gases (He, N2, Ar) was studied and compared to the
calculations using Lee model code (M. Akel et al, 2022).
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Lee code (S. Lee, 2013c) couples the electric circuit parameters with the thermodynamic, dynamic, and
radiation emitted form pinch column of plasma focus. This code has been configured in 1983 (S. Lee, 1983)
and used to design Mather-Type PF devices (S. Lee et al, 1988) (S. P. Moo et al, 1991). And then improved
to five-phase code by adding a small finite disturbance speed (S. Lee, 2013c¢) (D. E. Potter, 1971). The radiation
and radiation-coupled dynamics was used (A. Serban et al, 1997) (M. Liu et al, 1998) (S. Lee et al, 1998),
then the model was published in 2000 (S. Lee, 2013b). Later, in 2007, the plasma self-absorption was included
(S. Lee, 2013b) (S. Lee, 2013a). The code is widely used as a complementary facility and a virtual device in
numerous devices such as UNU-ICTP (S. Lee et al, 1988) (S. P. Moo et al, 1991), NX1 (S. Lee et al, 1998),
NX2 (S. Lee et al, 1998) (D. Wong et al, 2007), and DENA DPF devices (V. Siahpoush et al, 2005), and these
studies provided diagnostic reference numbers for all gases (S. Lee, 2014). The computed information includes
the axial and radial dynamics of current sheath (S. Lee et al, 1988) (A. Serban et al, 1997), SXR emission and
its yield (M. Liu et al, 1998) (S. Lee et al, 1998), designing of devices (S. Lee, 1983) (S. Lee et al, 1988),
optimization of devices (S. Lee, 2013c) (S. Lee et al, 1988) (S. H. Saw et al, 2009), and developing to Filippov-
type DENA (V. Siahpoush et al, 2005). Neutron yield calculations (S. Lee et al, 2008) (S. Lee, 2008), current
and neutrons yield limitation (S. H. Saw et al, 2009) (S. Lee et al, 2008), neutrons saturation (S. Lee, 2009),
radiative collapse in PF (S. Lee et al, 2012c), current step technique to enhance plasma focus (S. Lee et al,
2012a), and anomalous resistance data (S. Lee et al, 2011) (R. A. Behbahani et al, 2012) from current signals
have been studied using Lee code. The model then has been modified and used to study ion beams emitted
from DPF devices (S. Lee et al, 2012b) (S. Lee et al, 2013).

To evaluate the flux of the ion beam, S. Lee and S. H. Saw (S. Lee et al, 2013) have written the ion beam flux
(ions per m~2s71) as follows:

Jb=mvy, (1)
where n;, is the number of beam ions N, per pinch volume unit which is given by relation Vp;,cn = nrnﬁinzp
(where 7., is the radius of the pinch cross-section, and z,, is the effective length of column of plasma pinch);
vy, is the effective speed of the beam ions.
Depending on energy conservation, S. Lee and S. H. Saw (S. Lee et al, 2013) derived the flux J,, from the ion

Beam Kinetic Energy (BKE) and the Pinch Inductive Energy (PIE). For an ion beam has N, ion which each
ion has a mass Mm,, and effective speed v, then the BKE equation can be written as the follows:

1
BKE = ENmepvg (2)

where m,, is the proton mass, and M is the ion mass number. In fact, BKE is a partition f. of PIE, where BKE =
fePIE. The PIE can be given by the equation:

1 2
PIE = ELpIpinCh (3)

where Ly, is the inductance of plasma pinch which is given by the relation L,, = %ln (L) zp and u = 4m X

Tmin
10~7Hm™! ; where the radius of the cathode (the outer electrode) is (b) ; the flowed electric current through
the pinch of plasma is I,;,,, Which is taken at start of pinch phase. They derived the flux J, equation (S. Lee

etal, 2013):

fe ln(b/rmin) I;inch
(MZeff)O.S rr%u'n UO.S
Hence, the fluence is the flux multiplied by pulse duration z:

Flux (ions.m™2.s71) = J, = 2.75 x 101%

4)

Fluence (ions.m™2) = J,t  (5)

b
fe In (rmin) IginCh T (6)
(MZeff)O.S Tr%tin Uo.-5

Fluence (ions.m~2) = 2.75 x 10°

The value of f, = 0.14 (a partition of PIE which is converted into BKE) is equivalent to ion beam energy of
3% — 6% of the stored energy E, in cases when the PIE has energy 20% — 40% E, as observed for low
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inductance DPF devices. Since the flux as the main property is determined, the rest properties of ion beam can

be computed using the following relations (S. Lee et al, 2013):

e Energy of flux (W.m™2) is given by the relation J, x eZ,¢¢U. Where U is the plasma diode voltage equals
to 3Vmax (S. Lee et al, 2008) (S. Lee et al, 2008) (S. Lee, 2013), where Vmax is the maximum induced voltage
of the radially collapsing current sheath (S. Lee et al, 2013).

e Power flow (W) is given by the relation energy of flux x mr?2,,, where mr2,, is the cross-section of
plasma pinch.

e Current density (A.m™2) is given by the equation J, X eZess (the ion charge).

e lon beam current (A) is computed using the relation current density X cross — section of pinch.

e lons number per second (ions.s™1) is computed using the relation J, X cross — section of pinch.

e Energy fluence (J.m™2) is computed from J, X t X eZysrU.

e Number of ions in a beam (ions) is computed from fluencex cross — section of pinch.

e Energy of beam (J) is computed using number of ions in beam X cross — section of pinch.

 Damage factor (W.m~2.s%) is computed using J, X eZ,;;U x %, where the damage factor is defined
as the product of power flow density with the lifetime of plasma pinch (pinch duration).

3. Numerical Experiments

The numerical experiments and the computations of the five different DPF devices (PF-1000 (V. A. Gribkov et al,
2007), TAMU (B. Freeman, 2007), UNU-ICTP (M. A. Malek et al, 2019), NX2T (M. V. Roshan et al, 2009), PF-
400 (M. Akel et al, 2016)) were carried out to study the properties of deuterons as a function of pressure. The ICTP-
UNU device was chosen to present the procedures of fitting process. Firstly, we configured the input file of Lee
model code (RADPFV5.16FIB) using the electrical and geometric parameters shown in Table 1: where the
inductance of the device is Lo; the total capacity of the capacitor bank is Co; the reduced radius of the cathode is b;
the radius of the anode is a; the effective length of the anode inside the experimental chamber is zo; the ochmic
resistance of the device is ro; the charging voltage of the battery is Vo, the initial working gas pressure is po. Then
we run the code to fit the computed waveform current to the measured waveform current, thus, we have obtained
the Lee model parameters (fn, = 0.08, f;= 0.7, fnr = 0.45 and f; = 0.7).

Table 1: The electrical and geometric parameters of the UNU-ICTP device.

Lo (nH) 110
Co (uF) 30
ro (mQ) 8
po (Torr) 3
b (cm) 3.2
a (cm) 0.95
Zo (cm) 16
Vo (V) 135

The model parameters f,, and f; are the mass and current factors of the axial phase while fyr and f.r are the mass
and current factors of the radial phase, respectively (S. Lee, 2013a) (M. Akel et al, 2012). Lee model
parameters consider all the physical phenomena in the plasma focus, such as the mass and current distributions,
additionally to possible loses (S. Lee, 2013a). Figure 1 shows the computed and measured waveforms currents
of ICTP-UNU dense plasma focus device. The computed waveform current (continuous line) is fitted well to
the measured waveform current (multi spikes line) for all the important parts, and the fitting procedures were
done up to the end of the radial phase (at = 2 us) and the divergence beyond this point is not important and
was not considered in the model (S. Lee et al, 2022).
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Figure 1: The measured and computed waveform currents of the 2.7-kJ UNU-ICTP device operated with 3 Torr
of initial deuterium pressure.

For the rest four devices, the same computations and procedures of fitting process were repeated. Table 2
shows the electric and geometric parameters of the five PF devices, while Table 3 shows the Lee model
parameters for each device.

Table 2: The electrical and geometric parameters of the five PF devices.
: 0 Vo Lo Co ro b a 20
pevice name (orn) | () | (00 | uF) | o) | em | cem) | om
PF1000-485.5 kJ 3.5 27 | 335 | 1332 | 6.3 16 | 115 | 60
TAMU-126 kJ 12 30 40 | 2664 | 25 8.6 5.1 24
UNU-ICTP-2.7 kJ 3 135 | 110 30 8 3.2 | 095 | 16
NX2T-2.2 kJ 106 | 125 | 19.8 | 285 3 3.8 | 1.55 4
PF400-400 J 6.6 28 40 0.95 | 105 | 155 | 0.6 1.7
Table 3: Lee model parameters for the five PF devices.
Device name fm fe fonr fer
PF1000-485.5 kJ 0.142 0.7 0.2 0.6
TAMU-126 kJ 0.1625 0.74 0.1944 0.6
UNU-ICTP-2.7 kJ 0.08 0.7 0.45 0.7
NX2T-2.2 kJ 0.13 0.7 0.2 0.7
PF400-400 J 0.08 0.7 0.11 0.7
4, Results and Discussion

For the UNU device, the flux and Iinch Were studied as function of pressure (figure 2 and 3), the flux increases
with increasing of pressure until reach its peak, the peak of flux is at (po = 5 Torr), then decreases with
increasing of pressure because of the decrease of l,inch, Where the changing of flux with pressure depending on
Ipinch Strongly (see Eq.4). The relation between flux and the pressure of filled gas is attributed to the relation
between gas pressure and density as well. Therefore, the gas density reduces the dynamic resistance of the
current sheath, that is why Iy increases when the pressure goes to high values (S. Lee et al, 2012c).
Furthermore, the main reason of the decrease of lyincn IS the time matching of the focus pinch time with the
current risetime of the circuit (S. Lee et al, 2012c¢). Our computations indicate that the risetime is 2.85 us for
UNU-ICTP device, therefore, after this moment, Ipinch Starts decreasing which affects flux value at p, =
5 Torr. For TAMU DPF device as a special case, it is clearly that the risetime of TAMU electrical circuit is
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about 5.13 us, therefore, we are not able to reach the maximum of lsncn due to the exceeding of the
experimental limits for applying very high pressures (see Figure 3).

408428 1 APF1000
NX2T
3.5E+28 - —
=~ . = UNU-ICTP
o 30Ex28 4 m - Uy
NE 25E+28 {1 W . e TAMU
- | |
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Figure 2: The flux versus pressure for the five DPF device.
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Figure 3: The lpinch current versus pressure for the five DPF devices.

The simulated deuterons properties emitted from UNU-ICTP device as a function of pressure are shown in
Table 4.1 and Table 4.2.

Table 4.1: Some of ion beam (deuterons) properties emitted from UNU-ICTP device versus pressure.

Flux Fluence En. Flux En. Fluence %l;;ﬁpt
po(Torr) | (lonsm~2s~1) | (lonsm~2) | (W.m2) (J.m~2) A m_zy)
x 1028 x 1020 x 1013 x 10° S

X 10
1.00 2.2 1.8 21 1.7 35
2.00 2.8 2.9 23 2.4 45
3.00 3.2 4.0 22 2.7 5.1
4.00 3.4 4.9 20 2.9 5.4
5.00 35 5.7 17 2.8 5.6
6.00 35 6.5 15 2.7 5.6
7.00 34 7.1 12 2.5 5.5
8.00 3.3 7.5 9.8 2.2 5.3
9.00 3.1 7.8 7.6 1.9 4.9
10.00 2.8 7.9 5.5 1.5 45
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Table 4.2: Some of ion beam (deuterons) properties emitted from UNU-ICTP device versus pressure.

lon
lon IBN Damage Factor
po (Torr) current ('\II gg;:ﬂg:) (ions/s) En. (I?)e am (W/m?2s°%)

(kA) < 1014 x 1023 x 1010
1.00 18.7 9.5 1.2 9 1.9
2.00 24.4 16 1.5 13 2.3
3.00 27.9 22 1.7 15 2.4
4.00 30.3 28 1.9 16 2.4
5.00 31.9 33 2.0 16 2.2
6.00 33.0 38 2.1 16 2.0
7.00 33.6 43 2.1 15 1.8
8.00 33.9 48 2.1 14 1.5
9.00 33.9 53 2.1 13 1.2
10.00 33.6 59 2.1 12 0.92

According to the numerical experiments shown in Table 4, it is not necessary for the flux and fluence to be
maximum when the lyinch reaches its peak because of the effect of the pinch radius alongside pinch duration.
The fluence reaches its peak at (po > 10 Torr) affected by the changing of the pinch duration, pinch radius and
lvincn. The changing of radius pinch with pressure is attributed to radiative cooling which reduces the radius of
the pinch as the pressure increases (S. Lee et al, 2012c). For UNU-ICTP device and for high pressures, the
pinch radius will increase due to the insufficient pinch. Moreover, the increase in pressure of the filled gas
reduces the speed of the current sheath through the transit from the axial to the radial phases. Therefore, the
pinch duration will be longer when using high pressure due to the slowness of the current sheath movement
(M. A. Malek et al, 2019). The energy of flux is the highest at po = 2 Torr, then it decreases with higher
pressure values due to the reduction of U = 3Vnax value. The energy of fluence reaches the maximum at 4 Torr,
this is attributed to the relation with flux, pinch duration, and plasma diode. The ion beam current density
increases with the increase of pressure until reaching 5.6 x 10° A.m~2 at 5.5 Torr, then reduced. Additionally,
flux and ion beam current density both have the same behavior at the same value of pressure po = 5.5 Torr, and
that is because of the constancy of ion charge eZe through the increase in D, gas pressure. The ion beam
current reaches its peak at high pressure (about 8.5 Torr) and then reduces with the higher value. Moreover,
the ion beam current is related to the product of the current density and pinch cross-section parameters (Fmin
and zmax), Where zmax is constant approximately when pressure varies. Furthermore, we notice that the ion beam
number per second and ion beam number per shot both rise to higher values with an increase of pressure till
reaching the peaks at po = 6 Torr and po > 10 Torr, respectively. The increase of ion number per second and
ion number per shot is a consequence of the rising of pinch radius rmin.

At 4 Torr, the energy of the ion beam has a peak with a similar behavior of ion beam number per shot. We
notice that there is a difference in pressure values for the peak of the energy beam (at 4 Torr) and the peak of
the ion beam number per shot (at po greater than 10 Torr). The damage factor reaches its maximum at lower
pressures relatively (3 Torr) and this is explained by the relation between the flux and damage factor J, x
eZoprU X 707,

We have repeated all calculations for the rest four devices to demonstrate the difference in features of emitted
deuterons when the pressure varies. Therefore, we summarized the flux property results in Table 5. We clearly
notice that the flux has a wide range and does not depend on stored energy Eo, which means that we do not
have to use high energy devices to process material since we have small devices which could emit flux with
the same order or higher. Table 5 presents the flux in terms of pressure and shows that PF1000 has the lowest
flux among all the other devices despite that PF1000 has the highest stored energy due to the large relative
value of rmin sShown in Table 6, while the highest flux is for PF400 DPF machine which its pinch has the
smallest rmin. Consequently, the pinch radius is the controlling parameter despite the PF1000 device having a
higher value of Iinch. The divergence in flux values of devices is attributed to the divergence in rmin, lpinch, and
U values which are summarized in Table 6.
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Table 5: Flux versus pressure for all devices, notice that (-) means that code stopped due to exceeding the
experiment limit.

Flux (ions.m%s?) x 10%’
po(Torr) PF1000 TAMU UNU NX2T PF400
1.0 1.2 4 22 8.3 19
3.0 1.7 6.5 32 13 28
5.0 2.0 8.0 35 16 31
7.0 2.1 9.1 34 17 31
9.0 2.2 9.9 31 18 30
11.0 2.2 11 25 19 27
13.0 2.1 11 16 19 23
15.0 2.0 12 - 20 -

Moreover, all devices reached their peaks at a medium relatively pressures range (5-11 Torr), except TAMU

and NX2T devices which reached the maximum peak at high pressure value (about 15 Torr).

Table 6: The properties of deuterons emitted from five different-energy DPF machines are sorted from the
highest to the lowest stored energy. These values are computed at the fitted pressure value.

UNU
PF1000 TAMU NX2T PF400
Property 486 kJ 126 kJ ;%E 2.2k 400 J
po(Torr) 35 12 3 106 6.6
lpeak (KA) 1840 1495 169 356 126
Ipinch (KA) 759 733 115 204 81
Zmax (CM) 175 7.7 16 2.3 08
Imin (CM) 2.16 0.84 0.13 0.25 0.09
7(ns) 216.4 78.3 126 247 5.2
Vinax (KV) 46 65 14 21 17
Flux (ions.m~2s~1) x 10?7 18 11 32 19 31
Fluence (ions.m~?) x 102° 3.9 8.5 4 4.7 1.6
lon Beam Energy (J) 12651 5923 15 94 3.1
En. Fluence (Jm~2) x 10° 8.6 27 2.7 4.7 1.3
En. Flux (W.m™?) x 1013 4 34 22 19 25
Power flow density (W) x 10° 58 76 1.2 3.8 0.59
lon number per shot x 1014 5800 1900 22 95 3.8
lon Beam Current (KA) 426.3 385.8 27.9 61.8 11.7
Current density (A.m~2) x 108 2.9 17 51 30 50
Dam. Fac. (W.m~2s%5) x 101° 1.9 9.5 2.4 3 1.8

From Table 6 we summarized the following notes considering that each device has been operated at a fitted

pressure value:

® Flux: the highest is for UNU, while the lowest flux was for PF1000 device, this is attributed to the radius of

pinch column rmin as a key parameter affected by the radiative cooling and the radiative collapse at low
pressure then increases as the pressure becomes higher than a critical value (the critical value of pressure is
for the smallest radius of a pinch). We should notice from Table 6 the following ratios: a =

. 2 ) 2
(w) = 43.56 where g = (M) = 276.07, therefore, we can attribute the high flux of

Ipinch-UNU Tmin-UNU
UNU-ICTP to the radius of pinch rmin, hence, to the radiative collapse considering the changes in the voltage
of plasma diode and the radius of cathode do not play key roles due to the smallness of the ratios relatively
_ (Upri000\% _ _ In(b/rmin)PF1000 _
y = (—UUNU ) =181and § = SO/ minerion TmnPTAOD — (.63
® Fluence: isrelated to the flux with the pinch duration, we noticed that the highest is for TAMU while the
lowest is for PF400. Since most devices have the same order of flux, then, we can directly attribute the
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changing of fluence to the pinch duration affected by gas pressure, which slackens the current sheath motion
as its mass increases resulting in the pressure increase.

® lon beam number per shot: mainly relates to fluence and cross-section parameters which are z, and rmin,
the highest is for PF1000 (notice that pinch duration t as well as the effective length of pinch z, which have
relatively large values), while the smallest is for PF400 device.

® lon beam energy: the ion beam which has a large ion number must carry high energy due to the relation of
ion beam energy with the number of ions and pinch cross-section. Based on that, the highest energy is for
PF1000 DPF device and the lowest is for PF400 DPF device.

e Energy of flux and fluence: both relate to diode plasma voltage U=3Vmax, the highest energy of flux and
fluence is for TAMU while the lowest energy of fluence and flux is for PF400 and PF1000 DPF devices,
respectively.

e Current density: is proportional directly to J, and Ze. Since the effective charge is constant for all devices, that
means the current density increases as the flux Jy increases. The higher flux the higher current density and this
leads us to UNU-ICTP device which has the highest flux, as well as PF1000 which has the smallest flux.

e Damage factor: relates with U, Ze, and pinch duration t. The highest is for TAMU device due to the large
value relatively of Vmax in addition to the small value of pinch duration. While the PF400 device has the
smallest damage factor value. Since the voltage of plasma diode U = Vna is inversely proportional with
pressure while the pinch duration is directly proportional, therefore the damage factor is directly affected
with pressure. However, we should mention here that all features of the ion beam are computed at the
escape out moment from the plasma diode, therefore, we have to take into account the distance from the
target to the plasma diode in order to calculate the effective value of the damage factor.

It is important to note that these differences in the fitted pressure values reflect the characteristics and design

of each device, which can affect its performance. Such electrical parameters control the raised time of the

discharge current flowing through the current sheath, while the geometric parameters control the critical
guantity of gas inertia and hence controlling the travel time of the current sheath motion during the axial phase

will match the raised time of the discharge current. Therefore, we would say that those differences are set as a

signature for DPF device in order to make the lpinch as high as possible.

Conclusion

For this work, we have investigated the numerical experiments on ion beam features emitted from five DPF

devices using Lee model code. We have presented full details for UNU-ICTP device explaining the fitting

process of the current waveforms and discussed the results of the computed properties in terms of gas pressure.

The properties (flux, fluence, energy of flux, energy of fluence, ion beam energy, power flow density, ion

number per shot, ion beam current, current density, and damage factor) as a function of initial deuterium

pressure for five devices were obtained and discussed. For each device, at a constant fitted value of the gas
pressure, we found that the highest flux is for UNU-ICTP device while the lowest is for PF1000 device, and
we attributed these results to the relation of Ipinch With pressure due to the increase in the gas density alongside
the pinch duration. In addition, we found that only two machines (TAMU and NX2T devices) reached their
flux peaks at high pressure values (virtual values) relatively (15 Torr), while the low energy PF400 device
reached its flux peak at low pressure (5 Torr), and the other peaks of the rest devices were at a range of pressure

(5 - 11 Torr). We must point out of here that Lee model code has been considered as virtual DPF devices due

to the agreement with the published measured ion beam features. Moreover. The Lee model code does not

consider all the physics phenomena in forming plasma focus, i.e., the code does not take into account
filamentation and hot-spots formation during PF discharges.
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