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Abstract: The fluence of a deuteron beam emitted from three dense plasma focus (DPF) devices, PF-1000, 
MPEF-12 kJ and PF-2.7 kJ, versus deuterium gas pressure was simulated and studied using the adapted Lee 
model code (RADPFV6.16FIB). The computed fluences were then compared to the reported measured values 
of these devices at certain distances from the pinch, where the comparison showed good agreement 
including within the range of errors. Furthermore, many numerical experiments using the Lee code were 
conducted and discussed for other different energy devices over a wide initial D2 pressure range of 
(1 –  15 Torr), for studying the deuteron beam features at the pinch exit and various distances from the 
pinch. The obtained results indicated that the deuteron beam fluence is in order of 1020 ions. m−2  at the 
pinch exit for all the considered plasma focus devices (with energy storage included in the 0.2 − 863 kJ 
range) and this order can be reduced up to 1019 ions. m−2 at the distance of 14 cm from the pinch exit. 
Therefore, the placement of treated material samples, using plasma focus, at different distances from the 
anode tip plays an essential role (in addition to the number of plasma shots) for multi-applications (e.g., ion 
implantation, thin film deposition and surface modification). 
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1. Introduction 
 

Dense plasma focus (DPF) devices are pulsed sources of 
neutrons (Marciniak et al., 2018; Wahbe et al., 2023), electron 
beams (Akel et al., 2018; Kubes et al., 2019), soft x-ray radiation 
(SXR) (Ay 2021; Barati 2023) and ion beams (Damideh et al., 
2017; Etminan & Aghamir 2021; Ito et al., 2011; Kelly et al., 1998; 
Lee & Saw 2012b; 2013; Pestehe et al., 2014; Roshan et al., 
2022). A column of pinched plasma in a DPF device is believed 
to typically produce pulsed ions from several of 100 keV to 
several of MeV (considering ions emitted from the nuclear 
fusion reactions) (Bertalot et al., 1980; Kubes et al., 2021; 
Malinowska et al., 2008; Mohanty et al., 2007; Mozer et al., 1982; 
Sadowski et al., 1988). Ion energies in DPF devices depend on 
the capacitors’ bank energy, applied voltage, pinch current, 
gas type, gas pressure, materials used for manufacturing 
electrodes and insulators, and their geometry. Several 
researchers studied the properties of ion beams 
experimentally (Bertalot et al., 1980; Damideh et al., 2017; 
Etminan & Aghamir 2021; Ito et al., 2011; Kelly et al., 1998; 
Mozer et al., 1982; Pestehe et al., 2014) and numerically (Akel 
et al., 2017; Gribkov et al., 2007; Lee, 2014; Lee & Saw, 2012b) 
using the Lee model code as a useful tool for computing ion 
energy, density, flux, fluence, and plasma stream 
specifications (Lee & Saw, 2012b; 2013) due to its importance 
in several applications. 

Space- and time-resolved investigation of high-energy 
deuterons emitted from three DPF devices was conducted 
(Sadowski et al., 1985). Ion beams were investigated using the 
Faraday Cup (FC) as a diagnostic tool for ion current density 
alongside ion time-of-flight (ToF) measurements (Damideh et 
al., 2017; Etminan & Aghamir 2021; Ito et al., 2011; Kelly et al., 
1998; Pestehe et al., 2014). The ion energies are in the tens to 
hundreds of keV range, the pulse durations are tens of ns, and 
the currents are typically tens of kA (Gribkov et al., 2007). Fast 
deuterons of energies of about 100 keV (Kubes et al., 2021) and 
protons with energies of about 3 MeV (Malinowska et al., 2008), 
were studied using pinhole cameras equipped with solid-state 
nuclear track detectors (SSNTD). 

Numerically, using the Lee model code, fast ions were 
studied to compute ion beam numbers, fluence and energy of 
fluence for numerous devices (Lee, 2014; Lee & Saw, 2012b). 
The measured ion current density, ion number density, ion 
energy and flux energy were found to match well with the 
computed values obtained using the Lee model code (Akel et 
al., 2017; Hassan et al. 2007; Mohanty et al., 2007). Published 
experimental data using time-resolved Schlieren imaging in 
the PF-400 J DPF device (Soto et al., 2014) were compared with 
the code results for post-focus pinch fast plasma stream (FPS) 
speeds and Stream Energy, power flow density, and damage 
factor. All computed quantities were found consistent with the 
measured quantities (Akel et al., 2016). 

In several articles, the ion beams for various working gases 
were studied experimentally and numerically (Akel et al., 2016; 
2022; Damideh et al., 2019). Extensive and systematic 
measurements were conducted using the FC, PIN diode 
detectors, and photomultiplier-scintillator measurements to 
study ion beams emitted from DPF devices operated with 
deuterium, neon and argon gases, and to correlate the 
measured results with results obtained using the Lee model 
code, thus providing conclusive experimental validation of the 
ion beam computations using the Lee model code (Akel et al., 
2016; 2022; Damideh et al., 2019). In addition, the effect of the 
atomic number influence on the properties of the ion beams 
with three different working gases (He, N2, Ar) was studied 
experimentally and numerically using the Lee model code 
(Akel et al., 2022). 

The objective of this research is to investigate the fluence 
of deuterons emitted from the PF-1000 (863.1 kJ), MPEF-12 (9.7 
kJ) and PF-2.7 kJ DPF devices using the Lee model code, and 
further evaluate its consistency in simulating the realistic 
values of ionic radiations emitted from the focused plasma 
which is produced in DPF devices. Furthermore, it aims to 
provide benchmark references of DPF devices to expert 
researchers in material processing using plasma focus 
technology. 

 
2. Lee model code and ion beams emitted from DPF 
machines 
 
The Lee model code (Lee, 2014; n.d.) couples the electric 
circuit parameters with the thermodynamic, dynamic, and 
radiation of plasma focus (PF). This code was initially 
implemented in 1983 (Lee & Saw, 2012b) and has been used 
for designing Mather-type DPF devices (Lee et al., 1988; Moo et 
al., 1991). The code was improved to be five-phase by adding 
a small finite disturbance speed (Lee, n.d.; Potter 1971). The 
version including radiation and radiation-coupled dynamics 
was introduced (Lee et al., 1998; Liu et al., 1998; Serban & Lee, 
1997) and published in 2000 (Lee, 2014). In 2007, plasma self-
absorption was included (Lee, 2014). The code has been 
widely used as a complementary tool for the simulation of 
discharges in numerous devices such as UNU-ICTP (Lee et al., 
1988; 1998; Moo et al., 1991; Serban & Lee, 1997), NX1 (Lee et 
al., 1998), NX2 (Lee et al., 1998; Wong et al., 2006), and DENA 
DPF Filippov-type devices (Siahpoush et al., 2005). These 
studies provided diagnostic reference data for discharges in 
different gases. The main information obtained from the code 
includes the axial and radial dynamics of the current sheath 
(Abdou et al., 2012; Lee et al., 1988; Moo et al., 1991; Serban & 
Lee, 1997), SXR emission and its yield (Lee et al., 1998; Liu et 
al., 1998; Wong et al., 2006) and total neutron emission yield 
(Lee, 2009; Lee et al., 2009; Saw & Lee, 2010). The code was 
used to design DPF devices (Lee et al., 1988; 1998; Lee & Saw, 
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2012b; Liu et al., 1998; Serban & Lee, 1997), optimize DPF devices 
(Lee n.d.; Lee et al., 1988), develop Filippov-type DENA DPF 
devices (Siahpoush et al., 2005), determine current and neutron 
yield limitation (Lee & Saw, 2008b; Saw et al., 2009), investigate 
neutron saturation effect (Lee, 2009), investigate radiative 
collapse in plasma focus (Lee et al., 2013), develop current step 
technique to enhance plasma focus (Lee & Saw, 2012a) and 
obtain anomalous resistance data (Lee et al., 2011; Lee, 2014). 
The model was also improved and used to study ion beams 
emitted from DPF devices (Lee & Saw, 2012b; 2013). 

To estimate the flux of the ion beam, (Lee & Saw, 2013) 
expressed the ion beam flux (ions. m−2. s−1) as: 

 
𝐽𝐽𝑏𝑏 = 𝑛𝑛𝑏𝑏𝑣𝑣𝑏𝑏                                                                                           (1) 

 
Here, 𝑛𝑛𝑏𝑏 is the number of the beam ions (𝑁𝑁𝑏𝑏) per unit of 

pinch volume (Vpinch), and 𝑣𝑣𝑏𝑏 is the effective speed of the beam 
ions. The pinch volume can be expressed as 𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃ℎ = 𝜋𝜋𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚2 𝑧𝑧𝑝𝑝, 
where 𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 is the radius of the plasma pinch column and 𝑧𝑧𝑝𝑝 is 
the effective length of the plasma column. Using the principle 
of energy conservation, (Lee & Saw, 2013) derived the 𝐽𝐽𝑏𝑏 from 
the ion beam kinetic energy (BKE) and the pinch inductive 
energy (PIE). For an ion beam, which has 𝑁𝑁𝑏𝑏 ions, where each 
ion has a mass 𝑀𝑀𝑚𝑚𝑝𝑝 and effective speed 𝑣𝑣𝑏𝑏, the BKE relation 
can be written as follows: 

 
𝐵𝐵𝐵𝐵𝐵𝐵 = 1

2
𝑁𝑁𝑏𝑏𝑀𝑀𝑚𝑚𝑝𝑝𝑣𝑣𝑏𝑏2                                                                    (2) 

 
Where 𝑚𝑚𝑝𝑝 is the proton mass, and 𝑀𝑀 is the ion mass 

number. Moreover, BKE constitutes a portion 𝑓𝑓𝑒𝑒  of PIE: 𝐵𝐵𝐵𝐵𝐵𝐵 =
𝑓𝑓𝑒𝑒𝑃𝑃𝑃𝑃𝑃𝑃, where 𝑃𝑃𝑃𝑃𝑃𝑃 = 1

2
𝐿𝐿𝑝𝑝𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ2 , therefore, BKE can be 

expressed with the following equation: 
 

𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑓𝑓𝑒𝑒𝑃𝑃𝑃𝑃𝑃𝑃 = 1
2
𝑓𝑓𝑒𝑒𝐿𝐿𝑝𝑝𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ2                                                     (3) 

 
Where 𝐿𝐿𝑝𝑝 is the inductance of the plasma pinch, and 

𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ is the electric current flowing through the pinch taken at 
the beginning of the slow compression phase. The inductance 
of plasma pinch is expressed with 𝐿𝐿𝑝𝑝 = 𝜇𝜇

2𝜋𝜋
ln � 𝑏𝑏

𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚
� 𝑧𝑧𝑝𝑝 

relation, where 𝜇𝜇 = 4𝜋𝜋 × 10−7H. m−1 and 𝑏𝑏 is the radius of 
the cathode (outer electrode). Using the above equations, the 
following relation is obtained (Lee & Saw, 2013). 

 
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (ions. m−2. s−1) = 𝐽𝐽𝑏𝑏 = 2.75 ×

1015 𝑓𝑓𝑒𝑒
�𝑀𝑀𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒�

0.5
ln(𝑏𝑏/𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚)

𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚
2

𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ
2

𝑈𝑈0.5                                                       (4) 

 
 
 
 

In the above equation, 𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒 is the effective ion charge and 
𝑈𝑈 is the plasma diode voltage. Hence, the fluence is the flux 
multiplied by the ion pulse duration 𝜏𝜏 (approximated using 
computed equilibrium pinch lifetime). 

 
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (ions. m−2) = 𝐽𝐽𝑏𝑏𝜏𝜏

= 2.75

× 1015
𝑓𝑓𝑒𝑒

�𝑀𝑀𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒�
0.5

ln � 𝑏𝑏
𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚

�

𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚2
𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ2

𝑈𝑈0.5 𝜏𝜏       

 
The value of 𝑓𝑓𝑒𝑒 = 0.14 (a portion of PIE which is converted 

into BKE) is equivalent to an ion beam energy of 3% − 6% 𝐸𝐸0 
(stored energy) in cases when the PIE has energy 20% −
40% 𝐸𝐸0 as observed for low inductance DPF devices (Lee et 
al., 2011).  

Based on the calculated flux, the other physical quantities 
of the ion beam can be written as follows (Lee & Saw, 2013). 

• Energy flux (W. m−2) = 𝐽𝐽𝑏𝑏 × 𝑒𝑒𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒𝑈𝑈 (where 𝑈𝑈 is the 
plasma diode voltage equal to 3𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 (Lee & Saw, 2012b.; Lee 
& Saw, 2008a; 2008b), and 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum induced 
voltage of the radially collapsing current sheath (Lee & Saw, 
2013) . 

• Power flow (W) = Energy flux × 𝜋𝜋𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚2 (where 𝜋𝜋𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚2  
is the pinch cross-section). 

• Ion current density (A. m−2) = 𝐽𝐽𝑏𝑏 × 𝑒𝑒𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒 (𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the 
effective ion charge). 

• Ion beams current (A) = 𝐽𝐽𝑏𝑏 × 𝑒𝑒𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒 × 𝜋𝜋𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚2 . 
• Ions per second (ions. s−1) = 𝐽𝐽𝑏𝑏 × 𝜋𝜋𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚2 . 
• Energy fluence (J. m−2) = 𝐽𝐽𝑏𝑏 × 𝜏𝜏 × 𝑒𝑒𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒𝑈𝑈. 

• Number of ions in the beam (ions) = 𝐽𝐽𝑏𝑏 × 𝜏𝜏 × 𝜋𝜋𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚2 . 
• Energy in beam (J) = number of ions in a beam 

×  𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑈𝑈 = 𝐽𝐽𝑏𝑏 × 𝜏𝜏 × 𝜋𝜋𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚2 × 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑈𝑈. 
• Damage factor (W. m−2. s0.5) = 𝐽𝐽𝑏𝑏 × 𝑒𝑒𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒𝑈𝑈 × 𝜏𝜏0.5, 

where the damage factor is defined as the product of power 
flow density with the square root of plasma pinch lifetime 
(pinch duration) (Akel et al., 2016). 

 
3. Fitting procedures using the Lee model code 
 
Many numerical experiments have been conducted for the 
three reported DPF devices (PF-1000 (863.1 kJ) (Mateus et al., 
2023), MEPF-12 kJ (9.7 kJ) (Niranjan et al., 2018) and PF-2.7 kJ 
(Lee & Saw, 2010) operated with deuterium filling gas using the 
Lee model code (RADPFV6.16FIB). Table 1 presents the 
parameters of these studied plasma focus devices. 
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Table 1. The electrical, geometric, gas and Lee model 

parameters of the PF-1000 kJ, MEPF-12 kJ and PF-2.7 kJ DPF 
devices. Where 𝐿𝐿0 is the inductance of the device; 𝐶𝐶0 is the total 
capacity of the capacitor bank; 𝑟𝑟0 is the ohmic resistance of the 

device; 𝑏𝑏 is the reduced radius of the cathode; 𝑎𝑎 is the radius of the 
anode; 𝑧𝑧0 is the effective length of the anode inside the 

experimental chamber;  𝑓𝑓𝑚𝑚,  𝑓𝑓𝑐𝑐 ,  𝑓𝑓𝑚𝑚𝑚𝑚  and 𝑓𝑓𝑐𝑐𝑐𝑐  are the Lee model 
parameters; 𝑉𝑉0 is the charging voltage of the battery; 𝑝𝑝0 is the initial 
working gas pressure; and 𝑀𝑀, 𝑍𝑍 and 𝑛𝑛 are parameters describing the 

type of working gas. 
 

Parameters 
DPF devices 

PF-1000 MPEF-12 kJ PF-2.7 kJ 

𝑳𝑳𝟎𝟎 (𝐧𝐧𝐧𝐧) 33.5 65 110 

𝑪𝑪𝟎𝟎 (𝛍𝛍𝛍𝛍) 1332 40 30 

𝒓𝒓𝟎𝟎 (𝐦𝐦𝐦𝐦) 6.3 1 22 

𝒃𝒃 (𝐜𝐜𝐜𝐜) 16 5.5 3.2 

𝒂𝒂 (𝐜𝐜𝐜𝐜) 11.5 3 0.95 

𝒛𝒛𝟎𝟎 (𝐜𝐜𝐜𝐜) 60 11.5 22 

𝒇𝒇𝒎𝒎 0.142 0.09 0.8 

𝒇𝒇𝒄𝒄 0.7 0.7 0.8 

𝒇𝒇𝒎𝒎𝒎𝒎 0.2 0.1 0.5 

𝒇𝒇𝒄𝒄𝒄𝒄 0.6 0.8 0.8 

𝑽𝑽𝟎𝟎 (𝐤𝐤𝐤𝐤) 36 22 13.5 

𝒑𝒑𝟎𝟎 (𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓) 3.5 3 0.15 

𝑴𝑴 4 4 4 

𝒁𝒁 1 1 1 

𝒏𝒏 2 2 2 

 
The MEPF-12 kJ DPF device was chosen to present full 

details of the simulation fitting procedures. First, the Lee 
model spreadsheet code was configured to work as virtual 
DPF devices by inserting the geometric and electrical 
parameters of the devices, as well as the parameters 
describing the used working gases (shown in Table 1). After 
setting up the spreadsheet (input file) of the code, a computed 
waveform current that simulates the DPF device has been 
obtained, but unreliably. Therefore, the computed discharge 
waveform current was fitted to the measured discharge 
waveform current by varying the Lee model parameters values 

until a good agreement (fit) in the important parts of the two 
waveforms is obtained (Figure 1). The Lee model parameters 
are the mass (𝑓𝑓𝑚𝑚, 𝑓𝑓𝑚𝑚𝑚𝑚) and current factors (𝑓𝑓𝑐𝑐 , 𝑓𝑓𝑐𝑐𝑐𝑐) of the axial 
and radial phases, respectively (Akel et al., 2012; Lee, 2014), 
considering all the phenomena in DPF which affect the mass 
and current distribution and attune for possible losses (Lee, 
2014). During the fitting procedure, the change of 𝐿𝐿0 
(inductance of a DPF device) and 𝑟𝑟0 (ohmic resistance of a DPF 
device) parameters may also be required. Figure 1 shows the 
final fit of the measured discharge current waveform with the 
(adjusted) computed discharge current waveform for the 
MEPF-12 kJ device using the parameters shown in Table 1. 

 

 
 

Figure 1. The measured (solid line) and computed (dashed line) 
current waveform of the MEPF-12 kJ DPF device operated with 

3 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 of initial deuterium pressure. 
 

Figure 1 shows a good fitting agreement between the 
computed waveform current (dashed line) to the measured 
waveform current (solid line) for all the important parts of 
these two curves. It should be pointed out here that the fitting 
procedures were done up to the end of the pinch phase (at ≈
2.08 μs). Beyond this point, the divergence is insignificant and 
was not considered in the model (Lee & Saw, 2010). The non-
importance of that phase after the end of the radial phase (end 
of a pinch) is attributed to the expected lack of further 
significant ion beam acceleration. 

In general, the results of many previous studies suggested 
that the current trace of a plasma focus discharge is one of the 
best indicators of gross performance. The axial and radial 
phase dynamics and the crucial energy transfer into the 
plasma pinch are vital information in the current trace. The 
bank parameters, focus tube geometry and operational 
parameters govern the exact profile of the total current trace. 
It also depends on the fraction of mass swept up and the 
fraction of sheath current and should also be sensitive to 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 that affect 
the profile and magnitudes of the discharge current. The 
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detailed profile of the discharge current also reflects the Joule 
heating and radiative yields during the pinch phase. 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 (plasma expansion). Thus, the 
discharge current powers all dynamic, electrodynamics, 
thermodynamic and radiation processes in the various phases 
of the plasma focus. Also, all the dynamics, electrodynamics, 
thermodynamic and radiation processes in the various phases 
of the plasma focus, conversely, affect the discharge current. 
Then, it is no exaggeration to say that the discharge current 
waveform contains information on all the dynamics, 
electrodynamics, thermodynamic and radiation processes 
that occur in the various phases of the plasma focus. This 
explains the importance of matching the computed current 
trace to the measured current trace in the procedure adopted 
by the Lee model code. Once the waveform currents are fitted, 
the code should be able to output the following data 
realistically (approximately): Dynamics and energy content of 
the phases, plasma column geometry, temperatures and 
densities, line radiation, neutron yields, ion beam properties, 
fast plasma stream dynamics and energies.  

Employing the same methodology, the presented 
procedure for matching (fitting) the total discharge waveform 
currents (and their importance) has been applied in the same 
manner to all the plasma focus devices considered in this work. 

 
4. Results and discussions 
 
4.1. Comparison with experimental data 
In much previous research, the Lee model code has been 
evaluated as a simulator code for DPF devices. For instance, 
the measured power flow density of deuteron beams emitted 
from the PF-400 J DPF device was compared to the Lee model 
computations with good agreement (Akel et al., 2016). 
Moreover, the behavior of the simulated ion beam current 
density versus the initial pressure of the nitrogen gas was 
discussed and well compared with the observed 
measurements (Akel et al., 2017). Besides, the ion beam flux 
and fluence computed by the Lee model were found to be in 
coincidence with the measured values (Damideh et al., 2017). 
These reasonable agreements between the computations of 
the Lee model code and some of the measured ion beam 
features provided the authors with more confidence to 
continue conducting numerical experiments. Then, 
comparing available measured deuteron beam properties 
with those computations, reliably, i.e., with the measured 
deuteron fluence emitted from the PF-1000, MEPF-12 kJ and 
PF-2.7 kJ DPF devices. It is worth mentioning that the obtained 
data of the Lee model for the ion beam is computed at the 
pinch exit (𝑅𝑅 =  0). Table 2 shows the computed deuteron 
fluence at the pinch exit using the Lee model code for the 

PF1000, MPEF-12 kJ and PF-2.7 kJ devices. One can notice that 
the deuteron fluence increases with higher initial D2 pressure 
and can reach a value of an order of 1020 ions. m−2 for all the 
studied devices. 
 
Table 2. The computed fluence of deuterons emitted from PF-1000, 

MEPF-12 kJ and PF2.7 kJ DPF using the Lee model code  
at the pinch exit 𝑅𝑅 =  0. 

 

PF-1000 

p0 (Torr) Fluence (𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢.𝐦𝐦−𝟐𝟐) × 1019 

0.2 4.7 

0.3 6.4 

0.4 7.9 

0.5 9.3 

0.6 10.7 

0.7 12.0 

MPEF-12 kJ 

p0 (Torr) Fluence (𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢.𝐦𝐦−𝟐𝟐) × 1019 

0.76 5.9 

1.49 9.7 

2.24 13.0 

3 16.1 

4.5 21.6 

6 26.4 

7.5 30.8 

PF-2.7 kJ 

p0 (Torr) Fluence (𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢.𝐦𝐦−𝟐𝟐) × 1019 

0.075 3.0 

0.15 4.8 

0.225 6.7 

0.375 9.8 

0.6 14.1 
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In the DPF devices, the emitted beam will move with a 
conic-like form and at a distance from the pinch after leaving 
the pinch area. The interaction with the medium traversed and 
beam and stream  divergence will  attenuate  the propagating  
ion beam. Therefore; to study the deuteron beam fluence at 
different distances from the pinch exit, the following 
additional computations are carried out using the formula 
(Sanchez & Feugeas, 1997):  𝑓𝑓𝑖𝑖 = 𝑁𝑁𝑖𝑖

𝜎𝜎𝑅𝑅
. In this formula, 𝑁𝑁𝑖𝑖  is the 

ion beam (deuterons) number per shot taken from the Lee 
model code computations at the pinch exit, while 𝜎𝜎𝑅𝑅 =
𝜋𝜋(𝑅𝑅. 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)2 is the cross-section of the ion beam solid angle at 
a distance 𝑅𝑅 from the pinch exit, and 𝜃𝜃 is the half angle. For 
these estimations, energy loss due to interaction with 
background gas is considered negligible. In Table 3, the 
computed results of deuteron fluence at a distance from the 
pinch are compared with the reported measured values for 
the PF-1000, MPEF-12 kJ and PF-2.7 kJ versus gas pressure 
(experimental results were already published and discussed in 
(Lim et al., 2018; Mateus et al., 2023; Niranjan et al., 2018). To 
understand the physical and chemical processes of the ion 
interaction with the surface, reliable information on ion 
fluence and flux for different plasma focus devices versus 
pressures must be obtained. Table 3 shows the evaluation of 
the measured fluence of deuterons emitted from the PF-1000, 
MPEF-12 kJ and PF-2.7 kJ, and computed fluences at different 
distances from the plasma pinch. 

In Table 3, one can notice that the deuteron fluence 
decreases from an order of 1020 ions. m−2 at the pinch exit to 
1019 (for PF-1000 at 14 cm), 1018 (for MPEF-12 kJ at 14 cm) 
and 1015 (for PF-2.7 kJ at 40 cm). The computed and 
measured beam fluences are in good agreement for the three 
studied devices. From Table 3 one can also find out that 
fluence increases with higher pressures for PF-1000 and MPEF-
12 kJ, while for PF-2.7 kJ the fluence peaks at the pressure of 
0.15 Torr. The fluence behavior is attributed to the plasma 
focus efficiency which requires optimum initial gas pressure at 
which the maximum pinch current intensity and highest 
transferred energy into the plasma are obtained. 

 
4.2.  Numerical simulations for different energy DPF 
devices 

In this section, since the Lee model code computations of 
the previous section are validated. Simulations for nine 
different energy DPF devices: PF-143 (20.2 kJ) (Yousefi et al., 
2006), PF-24 (16.8 kJ) (Marciniak et al., 2018), BARC (11.5 kJ) 
(Niranjan,  2017), Hanyang (4.1 kJ) (Woo et al.,  2004), PF-12 (2.6  
 
 
 
 
 

kJ) (Laas et al. 2020), DPF-2.2 (2.2 kJ) (Wang et al., 1999), 
Montecucolino (2.3 kJ) (Frignani, 2007), ISPF (200 J) (Niranjan 
et al., 2011), Nanofocus (100 J) (Milanese et al., 2003) were 
conducted to provide the experts with benchmark values of 
the most important ion beam properties, where all 
computations and fitting procedures were repeated and 
followed systemically the same methodologies for the studied 
DPF devices. The deuteron fluences at the pinch exit 𝑅𝑅 =  0 
were computed and summarized in Table 4. Presented data in 
Table 4 show that the fluences at the pinch exit are of an order 
of 1020 ions. m−2 for all devices. The deuteron fluence at 14 
cm from the pinch exit for all devices was also computed and 
summarized in Table 5. Tables 4 and 5 indicate that the 
fluence values also have the same order of 1020 ions. m−2 at 
𝑅𝑅 =  0 and 1019 ions. m−2 at 𝑅𝑅 =  14 cm for different energy 
devices. The computed results could be useful for material 
science applications using a small DPF machine instead of 
employing expensive facilities. Since the fluence is computed, 
the other properties for materials science application could be 
obtained. For instance, the deuteron flux was included in the 
range of 1025  −  1027 ions. m−2. s−1 for all the DPF devices. 
The energy of flux ranges from 1010 W. m−2 for the Nanofocus 
device to 1014 W. m−2 for the PF-143 device, whereas the 
damage factor values range from 107 W. m−2. s0.5 to 
109 W. m−2. s0.5. It is worth mentioning that there  are  three  
typical  modes of influence of ion beam upon a target material 
placed downstream of the pinch (Akel et al., 2017; Gribkov et 
al., 2007):  (1) ‘‘implantation mode’’ of irradiation when the 
power flow density of the streams is (109– 1011 W. m−2), (2) 
‘‘detachment mode’’ where screening of the surface by a 
secondary plasma cloud takes place (1011– 1012 W. m−2), 
and (3) ‘‘explosive destruction mode’’ where strong damage 
takes place with the absence of implantation 
(1012– 1014 W. m−2). So, based on the computed energy flux 
for all DPF devices, it can be said that the small low-energy 
plasma focus devices are more suitable for ion implantation, 
while the higher energy is for detachment and explosive 
modes. 

To study the effect of distances R from the pinch exit on the 
deuterons fluence, many numerical experiments have been 
conducted on the PF-24 kJ device. Figure 2 illustrates the 
deuteron fluence of the PF-24 kJ device in terms of distances 
R from the pinch exit (where the fluence is 3.87 ×
1020 ions. m−2) at a gas pressure of 11 Torr. It shows that the 
beam fluence reduces with distance from the pinch due to the 
divergence of the ion beam up to 1.16 ×
1019 ions. m−2 (at 26 cm). 
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Table 3. Comparisons of the experimental deuteron fluence, emitted from PF-1000, MEPF-12 kJ and PF-2.7 kJ DPF devices to the 
computed fluence using the Lee model code at a distance 𝑅𝑅 =  14 𝑐𝑐𝑐𝑐, 14 cm and 40 cm, respectively, from the pinch exit as they were 

measured, (both current waveforms for each device were fitted at 𝑝𝑝0  =  3.5 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇, 3 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 and 0.15 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇, respectively).  
The (−) symbol indicates that there are no experimental results to compare with. 

 

PF-1000 at 𝑹𝑹 =  𝟏𝟏𝟏𝟏 𝐜𝐜𝐜𝐜 

p0 

(Torr) 
Fluence (Sim.) 

(ions.m-2) × 1019 
Fluence (Exp.) 

 (ions.m-2) × 1019 
0.2 3.7 - 

0.3 5.0 - 

0.4 6.2 - 

0.5 7.3 ~ 7.5 

0.6 8.4 - 

0.7 9.4 - 

MPEF-12 kJ at 𝑹𝑹 =  𝟏𝟏𝟏𝟏 𝐜𝐜𝐜𝐜 

p0 

(Torr) 
Fluence (Sim.) 

(ions.m-2) × 1018 
Fluence (Exp.) 

 (ions.m-2) × 1018 
0.76 5.5 5.57 ± 0.84 
1.49 5.9 5.79 ± 0.81 

2.24 6.5 6.53 ± 0.78 

3 7.5 7.05 ± 0.7 

4.5 6.8 6.68 ± 0.82 

6 5.6 5.75 ± 0.81 

7.5 6.0 6.15 ± 0.94 

PF-2.7 kJ at 𝑹𝑹 =  𝟒𝟒𝟒𝟒 𝐜𝐜𝐜𝐜 

p0 

(Torr) 
Fluence (Sim.) 

(ions.m-2) × 1015 
Fluence (Exp.) 

(ions.m-2) × 1015 

0.075 3.99 3.89 ± 0.48 
0.15 4.94 4.95 ± 0.25 

0.225 4.14 4.06 ± 0.21 

0.375 3.68 3.77 ± 0.16 
0.6 1.77 1.86 ± 0.11 

 
Table 4. The Lee model code computations for the deuteron fluence initial D2 pressure for the studied devices  

at the pinch exit 𝑅𝑅 =  0. The (−) symbol indicates that computations were stopped due to the Lee code limits. 
 

Fluence (𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢.𝐦𝐦−𝟐𝟐) ×  𝟏𝟏𝟏𝟏𝟐𝟐𝟐𝟐 

p0 

(Torr) 
PF-143 PF-24 BARC Hanyang PF-12 DPF-2.2 

Monte 
Cucolino 

ISPF Nanofocus 

1.0 1.5 0.7 1.4 1.0 1.1 0.7 0.7 0.4 0.5 
3.0 3.3 1.5 3.0 2.3 2.4 1.6 1.4 0.9 0.9 
5.0 4.7 2.2 4.3 3.4 3.6 2.3 1.6 1.3 0.8 
7.0 5.7 2.9 5.3 4.3 4.5 3.0 - 1.6 - 
9.0 6.3 3.4 6.0 5.7 5.5 3.6 - 1.9 - 

11.0 5.9 3.9 6.5 6.3 6.3 4.2 - 2.2 - 

13.0 4.1 4.3 6.6 6.4 7.0 4.7 - 2.4 - 

15.0 - - 6.2 5.8 7.7 5.2 - 2.5 - 
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Figure 2. The fluence variation over distances R  
from the pinch exit at a gas pressure of 11 Torr where  

the calculated flux is the highes. 

 
Figure 2 (for the PF-24 device) shows computations for 

other computed ion beam properties such as flux, energy flux 
and damage factor. The flux ranges from 8.7 ×
1027 ions. m−2. s−1 at the pinch exit to 2.61 ×
1026 ions. m−2. s−1 at 26 cm distance; while the energy of flux 
is reduced from 1.37 × 1014 W. m−2 at the pinch exit to 
4.09 × 1012 W. m−2 at 26 cm distance. The deuteron 
damage factor is decreased over the same distance from 
2.88 × 1010 W. m−2. s0.5 to 8.63 × 108 W. m−2. s0.5. 
 
5. Summary and conclusion 
 
Investigation of the fluence of deuterons emitted from the PF-
1000, MPEF-12 kJ and PF-2.7 kJ DPF devices in terms of initial 
D2 pressure was conducted using the Lee model code, 
including, a comparison of the measured and computed valu- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

es of fluence for these devices was conducted. The 
comparison of measured and computations of the MPEF-12 kJ 
and PF-2.7 kJ DPF devices showed the same behavior of the 
investigated quantities with good agreement including the 
range of errors, where the deuteron fluence increases as the 
pressure increases until it reaches the maximum, then it 
reduces when the pressure goes further. For the PF-1000, only 
one deuteron fluence value was detected and registered at 
(0.5 Torr), where the computed deuteron fluence using the 
Lee model code was 7.3 × 1019 ions. m−2 which is close to 
the measured fluence that equals to about ~ 7.5 ×
1019 ions. m−2. 

Moreover, a deuteron fluence simulation using the Lee 
model code of the nine different energy DPF devices versus 
initial D2 pressure has been conducted. The obtained 
computed values were investigated at a constant distance 
𝑅𝑅 =  14 cm from the pinch exit and compared with the 
calculated fluence values at the pinch exit 𝑅𝑅 =  0. In addition, 
the deuteron fluence as a function of distance 𝑅𝑅 for the PF-24 
DPF device was chosen, computed, and studied at a fixed 
initial D2 pressure (11 Torr) at which the deuteron flux is the 
highest. The carried partial study shows that the fluence 
decreases with increasing distance far from the pinch exit 
point. The presented noteworthy results from this article could 
be used as benchmark references in different applications and 
fields including plasma processing such as ion implantation, 
surface modification, thermal surface treatment, ion-assisted 
coating, device fabrication, and thin film deposition. 

 
 
 
 
 
 

Table 5. Computed fluence versus initial D2 pressure using the Lee model code for all studied devices at a distance 𝑅𝑅 =  14 cm  
from the pinch exit. The (−) symbol indicates that computations were stopped due to the Lee code limits. 

 

Fluence (𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢.𝐦𝐦−𝟐𝟐) ×  𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 

p0 

(Torr) 
PF-143 PF-24 BARC Hanyang PF-12 DPF-2.2 

Monte 
Cucolino 

ISPF Nanofocus 

1.0 1.20 1.01 1.46 2.88 2.08 1.06 0.97 0.15 0.34 
3.0 2.03 1.89 2.72 5.42 4.81 2.39 1.89 0.26 0.48 
5.0 2.90 2.67 3.81 6.77 6.33 2.91 1.46 2.27 0.30 
7.0 3.67 3.31 4.73 7.71 8.11 4.55 - 8.84 - 
9.0 3.83 3.85 4.75 6.12 6.98 3.54 - 7.45 - 

11.0 3.00 4.00 3.44 2.68 6.04 3.07 - 4.89 - 

13.0 1.33 1.16 2.38 1.60 3.44 1.75 - 4.43 - 

15.0 - - 1.00 1.00 1.74 1.26 - 3.64 - 
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