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Abstract Numerical experiments have been systemati-

cally carried out using the modified Lee model code on

various plasma focus devices operated with nitrogen gas.

The ion beam properties (ion beam energy, ion beam flux,

ion beam fluence, beam ion number, ion beam current,

power flow density, and damage factor) of the plasma focus

have been studied versus gas pressure for each plasma

focus device. The results show that, for these studied

plasma focus devices, the mean ion energies decrease with

increasing gas pressure, while the beam ion number

increases with higher pressure. The fluence, flux, ion cur-

rent, power flow density and damage factor have maximum

values at the optimum pressure. It is shown that, the

maximum power flow densities range from 1012 to 1014

W m-2 and the damage factor values reach almost 109–

1011 W m-2 s0.5. The obtained results provide much nee-

ded benchmark reference values and scaling trends for ion

beams of a plasma focus operated in nitrogen gas. These

results could be used as an indicator for ion properties

emitted from nitrogen plasma focus for various applica-

tions including material processing.

Keywords Ion beam properties � Plasma focus �
Lee model � Nitrogen gas

Introduction

Plasma focus is a simple and cost effective device. It has

attracted much attention as an intense and pulsed source of

X-rays [1, 2], neutrons [3] and beams of energetic ions and

relativistic electrons [4, 5]. Due to its simplicity, it is being

used for diverse applications like X-rays and electron

beams lithography [1, 6], X-rays backlighting [7], radiog-

raphy of biological specimens [8] and deposition of com-

posite films and nitriding of silicon [9–14]. Results show

that different properties of the deposited films are attributed

to ion energy flux. Thus, ion energy flux plays a key role to

deposit smooth and uniform films of diverse properties.

Plasma focus operated with nitrogen filling gas has been

used widely as a rich ion source for various material sci-

ence applications [15–24]. Faraday cup is used to estimate

the ion energy flux with various working nitrogen gas

pressures in the chamber of plasma focus device. The

estimated ion energies for various pressures are found to be

3.23, 3.5 and 12 keV, respectively using the time of flight

method. Ion flux varies from 4.34 9 1016 to 1.86 9 1017

ions/sterad for energy range (3.23–12 keV). Results show

that maximum ion flux is obtained for ions of lower

energies while minimum ion flux is obtained for ions of

higher energies. The focusing efficiency of plasma focus

device depends on working gas pressures and it is found

that good focus is achieved for higher (1.25 mbar) pres-

sure, comparatively resulting in the emission of higher

energetic ions. Thus ion energy flux is associated with the

focusing efficiency of plasma focus device as well as

working gas pressures [25]. The ion beam energy was
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estimated by measuring the flight time of the ion beam. The

calculations showed that the ionic kinetic energy approxi-

mately equals to 155 keV for nitrogen plasma focus at the

optimum gas pressure (*1.1 Torr) and at charging voltage

of 12 kV [26]. Comparative study was carried out on the

ion emission characteristics such as flux and energy, and

their variation in angular positions and operating gas

pressures in nitrogen filling plasma focus device. Three

different designs of cylindrical anode (central electrode)

having hollow, solid and hemispherical tip have been tested

for this study. The ion emission characteristics were

investigated by employing three Faraday cups at various

angular positions. The ion flux depends on the operating

gas pressure irrespective of the anode designs and the

maximum ion flux was found to be in the pressure range

0.3–0.5 Torr for all the anode designs. The hemispherical

anode yields highest ion flux while the hollow anode emits

lowest ion flux. The angular variation of ion flux was seen

to be anisotropic irrespective of the anode designs with an

ion dip at 0� (axis of the device) and maximal at 50 angular

positions. The anisotropic character of ion emission was

less in the case of the hemispherical anode than the hollow

anode. The ion energy, measured by the time of flight

method, shows its dependence on the anode designs. The

maximum ion energy was found to be around 830 keV at

an angular position 5� in the case of the hemispherical

anode design. The most probable ions were found to be

with energy \100 keV irrespective of the anode designs

and the angular positions. This study indicates that the

plasma focus device could be optimized to a great extent

for optimal ions yield by using an appropriate anode design

[19]. Ahmad et al. [27] have investigated the characteristics

of ion beams of hydrogen and nitrogen with different filling

pressures emitted from the plasma focus device of 2.3 kJ

energy using CR-39 SSNTDs. The ion flux was estimated

to be of the order of 106 tracks/cm2. Takao et al. [28] have

investigated the dependence of the characteristics of the

nitrogen ion beams on the shape of the two types of anodes,

i.e. rod type (type A) and hollow type (type B). These were

used with a PF in nitrogen gas. Thomson parabola spec-

trometer measurements showed the existence of a large

amount of impurity ions, and the percentage of nitrogen

ions was only 25 % in type A. In contrast, in type B the

impurity was extremely reduced and the percentage of

nitrogen ions was enhanced to 91 %. The maximum

energies and power brightness of the nitrogen beams were

evaluated to be 0.5 MeV and 0.23 GW cm-2 sr in type A

and 1 MeV and 1.6 GW cm-2 sr in type B; hence, energy

and brightness were also enhanced in type B. Hassan et al.

[29], reported the synthesis of titanium nitride coating on a

titanium substrate by utilizing energetic nitrogen ions

emitted from a 2.3 kJ dense plasma focus device for 30

focus shots. The number of nitrogen ions transferred to the

sample by a single ion pulse of about 140 ns duration in the

energy interval (40–600 keV) was about 109–1012 with a

mean energy per ion of 58 keV. The corresponding energy

flux delivered to the titanium surface was estimated to be

6.17 9 1014 keV cm-3 ns-1 leading to a transient tem-

perature rise of the top layer of about 5,400 K which helps

layer growth. Mohanty et al. [30] investigated the pulsed

nitrogen ion beams of a 2.2 kJ Mather type plasma focus

device with time of flight measurements and revealed that

the energy of the ion beams ranged between *5 and

*700 keV, with the most probable energy of *25 keV.

The ion flux was found strongly dependent on the filling

gas pressure. Pulsed ion implantation of nitrogen into pure

titanium was studied by Feugeas et al. [31] by employing

high current, short length (300 and 400 ns) ion beam pul-

ses. They found that total accumulated ion fluences of

7 9 1014 and 7 9 1016 cm-2 showed a heating effect with

significant compositional and physical changes in the near

surface region of the titanium samples. Sanchez et al. [32]

investigated the thermal effect of ion implantation into pure

titanium, stainless steel and copper with ultra-short dura-

tion ion beams by employing a coaxial plasma gun. The

temperature profiles and their evolution during and after

nitrogen ion implantation were investigated by finite dif-

ference method. Nitrogen ion implantation (fluence of 1013

cm-2 and pulse time of 400 nsec) in pure titanium showed

a melting layer of 20 nm after the first 200 ns of implan-

tation, followed by a fast cooling rate. Kelly et al. [33]. in

PF II (4.75 kJ, 30 kV) used Faraday cup and Thomson

spectra to measure nitrogen ions (50–1,000 keV) recording

3.2 9 1013 ions/sterad with energy content of 0.74 J/

sterad. Gribkov et al. [34] reported that Austenitic steel

10Cr12Mn14Ni4AlMo and Ti-4Al-3V alloy were irradi-

ated with nanosecond pulsed nitrogen ion and plasma

streams in plasma focus devices. Two different modes of

the treatment were applied: high power density

(C1012 W m-2) irradiation with melting of the surface

layer and irradiation with power density *1011 W m-2

below the melting threshold. It can be said that measure-

ments of ion beams from plasma focus devices operated

with nitrogen gas have produced a wide variety of results

using different units, often less correlated than expected,

and not giving any discernible pattern or benchmark. This

paper is part of an effort to provide reference numbers and

trends to the research on ion beams. The Lee model has

been modified based on the virtual plasma diode mecha-

nism proposed by Gribkov et al. [35, 36] for studying of

ion beams from plasma focus [37, 38]. Lee and Saw [37]

proposed that since the ion beam exits the focus pinch as a

narrow beam with little divergence, the exit beam is best

characterized by the yield of ion number m-2 per shot

which the paper termed the fluence per shot. Defining the

fluence as the basic plasma focus property for ion yield led
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naturally to defining other properties including the flux

(fluence s-1), the energy fluence and the energy flux,

number of ions per shot and beam ion current. In order to

compute the fluence, the paper noted that D–D neutron

yield and scaling were already successfully computed by

means of a beam-gas target neutron generating mechanism

in the Lee Model code. This suggested that the deuteron

fluence was already implicit in the neutron yield equation.

It was hence a natural step to deduce the deuteron fluence

equation, incorporate it in the Lee Model code and hence

compute the fluence and other ion beam properties. This

was done for a number of machines. The main results were

that: deuteron number fluence (ions m-2) and energy flu-

ence (J m-2) computed as 2.4–7.8 9 1020 and

2.2–33 9 106 respectively were independent of E0 from

0.4 to 486 kJ. Typical PF devices with inductance in the

range 33–55 nH produce 1.2–2 9 1015 ions/kJ carrying

1.3–4 % E0 at mean ion energy 50–200 keV. Thus that

paper defined appropriate ion properties and established

reference numbers for these properties for the case of

deuterons. Additionally information on ion beam damage

factor and the post-focus pinch fast plasma stream (FPS)

was also obtained. Lee and Saw [38] derived the flux

equation of the ion beam of any gas; linked to the Lee

Model code and hence computed the ion beam properties

of the plasma focus. The results show that, for a given PF,

the fluence, flux, ion number and ion current decrease from

the lightest to the heaviest gas except for trend-breaking

higher values for Ar fluence and flux. The energy fluence,

energy flux, power flow and damage factors are relatively

constant from H2 to N2 but increase for Ne, Ar, Kr and Xe

due to radiative cooling and collapse effects. These

numerical experiments are not only of basic importance to

provide reference numbers for measurements but may also

help in the selection of gases for materials application such

as damage studies where gases with high ion beam damage

factor and power flow may be important or in materials

fabrication where uniformity may require a gas having a

lower damage factor whilst having higher values of FPS

energy with a bigger radial distribution.

In this paper, we would like to present and discuss in

some detail the results of many numerical experiments

carried out using modified Lee model code on different

plasma focus devices operated with nitrogen gas for

studying of ion beam properties.

The Lee Model Code Used in the Numerical

Experiments

The code [39] couples the electrical circuit with PF

dynamics, thermodynamics and radiation. It is energy-,

charge- and mass-consistent. It was described in 1983 [40]

and used in the design and interpretation of experiments

[41–43]. An improved five-phase code [39] incorporating

finite small disturbance speed [44], radiation and radiation-

coupled dynamics was used [45–47], and was web-pub-

lished [48] in 2000. Plasma self-absorption was included

[48] in 2007. It has been used extensively as a comple-

mentary facility in several machines, for example: UNU/

ICTP PFF [41, 43, 45–47], NX2 [47, 49], NX1 [47], DENA

[50]. It has also been used in other machines for design and

interpretation including sub-kJ PF machines [51], FNII

[52] and the UBA hard X-ray source [53]. Information

computed includes axial and radial dynamics [41, 42, 45,

47, 54], SXR emission characteristics and yield [46, 47, 49,

55–60], design of machines [40, 41, 45–47], optimization

of machines [39, 41, 48, 55] and adaptation to Filippov-

type DENA [50]. Speed-enhanced PF [45] was facilitated.

Plasma focus neutron yield calculations [61, 62], current

and neutron yield limitations [55, 63], deterioration of

neutron scaling (neutron saturation) [64, 65], radiative

collapse [66], current-stepped PF [67] and extraction of

diagnostic data [68–70] and anomalous resistance data [71,

72] from current signals have been studied using the code

[39]. Pinch scaling properties have been deduced [73]. The

model code has been modified and used to study ion beams

emitted from plasma focus devices [37, 38].

Dynamics of Plasma Streams and Fast Ion Beams

in the Plasma Focus

The plasma focus dynamics may be divided into two major

phases the axial and the radial. In the axial phase a current

sheath is driven down the coaxial channel between the

anode and the concentric cylindrical cathode in the direc-

tion from left to right in Fig. 1a [36]. At the end of the axial

phase the radial phase begins in which a cylindrical current

sheath is driven radially inwards proceeded by a shock

wave [39]. When the shock wave goes on-axis a stagnated

pinch column is formed with the boundary of the stagnated

region moving outwards. This boundary may be charac-

terised as a reflected shock wave moving radially outwards,

separating a stagnated column of doubly shocked gas of

higher density and temperature from the outer region of

inward streaming plasma which is driven by the radially

inward moving radial current sheath (piston). When the

outwardly moving reflected shock meets the incoming

piston the focus pinch phase begins, in which the pinch

boundary moves slowly either inwards or outwards

depending on the relative strengths of the magnetic pres-

sure exerted by the piston and the increased hydrostatic

pressure of the stagnated pinch. The dynamics of the cur-

rent sheath causes large temporal changes of inductance

dL/dt and consequential rate of change of currents dI/dt.
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Large electric fields are induced. These and the extreme

conditions of the pinch lead to observed plasma

disruptions.

Besides electromagnetic radiations from the focus, par-

ticles are also emitted. Generally, ion beams are emitted in

the axial direction away from the anode and relativistic

electrons (REB) towards the anode. After plasma pinching

near the Z axis of the DPF chamber on the top of the anode

of the device, a shock wave (SW) is formed by an axial

cumulative plasma jet in the residual gas above the pinch.

This SW propagates as a hemispherical structure above the

pinch in the direction of Z axis from the anode. Some

period of time later a plasma diode is formed in the pinch

plasma, which produces at first a powerful beam of fast

electrons directed along Z axis to the anode and later a

powerful beam of fast ions propagated into the opposite

direction (see Fig. 1b). The central (most energetic) part of

the fast ion beam (‘‘core’’) propagates in a very narrow

angle (a few degree *3�) within the space between the

pinch and the SW front whereas its part which holds the

lower amount of energy has a divergence about 30� (like in

Fig. 1a). This ion beam is scattered noticeably into a full

solid angle after its penetration through the SW front

because of inductance inherent to it and due to the absence

of its charge and back-current compensation in this low-

density neutral gas region [36]. During the radial com-

pression phase, energy is imparted to the plasma and stored

in the increasing inductance of the pinch column. Some of

this accumulating energy is emitted as radiation, primarily

line radiation in the case of high Z gases, and also provided

to the ion and REB. The remnant energy may be consid-

ered to manifest in the FPS [38].

Properties of Ion Beams Emitted from Plasma Focus

The ion beam exits the plasma focus pinch along its axis. It

is a narrow beam (having the same cross-section as the

pinch) with little divergence; at least until it overtakes the

post-pinch axial shock wave. Hence, the exit beam is best

characterized by the ion number per unit cross-section

which we term the fluence. Following Lee and Saw [38] we

use the following equations:

Flux ðions m�2 s�1Þ ¼ Jb ¼ 2:75� 1015 fe= M Zeff½ �1=2
� �

ln b=rp

� �
= r2

p

���
� �n o

I2
pinch

� �
=U1=2 ð1Þ

Fluence ðions m�2Þ ¼ 2:75� 1015s fe= M Zeff½ �1=2
� �

ln½b=rp�= r2
p

���
� �n o

I2
pinch

� �
=U1=2 ð2Þ

where M = 14 for nitrogen, cathode radius b and

fe = 0.14 (the fraction of energy converted from pinch

inductive energy PIE into beam kinetic energy BKE) is

equivalent to ion beam energy of 3–6 % E0 for cases when

the PIE holds 20–40 % of E0 as observed for low induc-

tance PF. The diode voltage U is U = 3Vmax taken from

data fitting in extensive earlier numerical experiments [38,

39], where Vmax is the maximum induced voltage of the

pre-pinch radial phase.

The value of the ion flux is deduced in each situation for

specific machine using specific gas by computing the values

of effective charge Zeff, pinch radius rp, pinch duration s,

pinch current Ipinch and U by configuring the Lee Model code

with the parameters of the specific machine and specific gas.

Once the flux is determined, the following quantities are also

computed: power density flow (W m-2), current density

(A m-2), current (A), ions per sec (ions s-1), fluence

(ions m-2), number of ions in beam (ions), energy in beam

(J), damage factor (W m-2 s0.5), energy of FPS (J). Exper-

imentally it is found that as the focus pinch starts to break up a

Fig. 1 a Schematic of the post-pinch FIB (fast ion beam) and FPS

(fast plasma stream) represented here by a shock wave [36]. b Scheme

illustrating particle acceleration mechanisms inside plasma focus

device
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fast shock wave exits the plasma focus pinch in the axial

direction preceding the ion beams which rapidly catches up

and overtakes it [35, 38, 74]. Associated with this fast post-

pinch axial shock wave is a FPS. We estimate the energy of

the FPS by computing the work done by the magnetic piston

through the whole radial phase from which is subtracted

twice the ion beam energy (the second count being for the

oppositely directed relativistic electron beam) and from

which is further subtracted the radiation yield of the plasma

pinch [38]. We also need to emphasize that the calculations

of this work pertain to the ion beam at the exit of the pinch. At

a distance from the pinch, the propagating ion beam will be

attenuated by interaction with the medium traversed and also

by beam and stream divergence. The practical importance of

these attenuation effects demands further study.

Procedure Used in the Numerical Experiments

Numerical experiments were investigated systematically to

characterize various plasma focus devices operated with

nitrogen (see Table 1). For each studied plasma focus

device, fitted values of the model parameters were found

and then used for the computation at various pressures. For

each shot the dynamics is computed and displayed by the

Lee model code which also calculates the ion beam prop-

erties for nitrogen plasma focus.

Results and Discussion

The ion beam properties (ion beam energy, ion beam flux,

ion beam fluence, beam ion number, ion beam current,

power flow density, and damage factor) of the plasma focus

have been found versus gas pressure for each plasma focus

device. In this paragraph, we present and discuss the results

of numerical experiments on selected plasma focus devices

operated with nitrogen gas.

Radius Ratios

Radius ratios for above mentioned plasma focus devices

(see Table 1) were determined from 0.1 to 6 Torr nitrogen.

Figure 2 illustrates the different compression of the plasma

focus pinch. It can be seen that, for nitrogen plasma focus

the radius ratios drop with increasing operating pressure.

This is due to thermodynamic specific heat ratio SHR

effects. At low pressures the shock waves are faster and the

temperature high enough so that the pinch is fully ionised

with a SHR of practically 5/3. At higher pressures the N2

pinch is no longer fully ionised and its SHR drops signif-

icantly below 5/3 increasing its compressibility. Another

interesting observation is that the higher inductance

machines have significantly smaller radius ratios.

Table 1 In the first column are displayed the plasma focus under consideration

Device (refs.) E0 (kJ) a (cm) b (cm) z0 (cm) L0 (nH) C0 (lF) r0 (mX) V0 (kV) fm fc fmr fcr

PF 400 J [51] 0.37 0.6 1.55 1.7 40 0.95 10 28 0.07 0.7 0.13 0.7

PF 1 kJ [75] 0.43 1.75 4.9 6.75 69 3.86 20 14.9 0.004 0.7 0.02 0.45

ICTP PFF [26] 2.2 0.95 3.2 16 102 30 24 12 0.06 0.7 0.15 0.7

PF 2.2 kJ [30] 2.2 1.05 4 12.5 330 7.1 62 25 0.01 0.7 0.15 0.7

APF [76] 2.6 1 2.235 14.8 145 36 8 12 0.02 0.7 0.15 0.7

NX2 PF [55] 2.7 1.9 4.1 5 20 28 2.3 14 0.06 0.7 0.16 0.7

AECS PF1 [77] 2.8 0.95 3.2 16 1,600 25 80 15 0.1 0.7 0.15 0.7

AECS PF2 [78] 2.8 0.95 3.2 16 280 25 25 15 0.1 0.7 0.2 0.7

INTI PF [39] 3.4 0.95 3.2 16 110 30 12 15 0.06 0.7 0.16 0.7

NX3 PF [37] 20 3 5.6 14 47 100 2.3 20 0.1 0.7 0.26 0.7

PF1000 [35] 486 11.55 16 60 33 1,332 6.3 27 0.14 0.7 0.35 0.7

The remaining columns are the energy of the bank E0, the anode and cathode radius a and b, the anode length z0, static inductance L0, capacitance

C0, short circuited resistance r0, charging voltage V0 and model parameters fm, fmr and fc, fcr
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Mean Ion Beam Energy

The application of dense plasma focus device for various

material processing utilizes the high energy ions of nitrogen

gas. The characterization of these ions is very important not

only in understanding the mechanism of the production of

high-energy ions but also for their applications in different

fields including plasma processing (ion implantation, surface

modification, thermal surface treatment, ion assisted coating,

device fabrication, thin film deposition, etc.).

Figure 3 shows the mean beam ion energy versus

pressure for the various plasma focus. The ion energy

decreases with increasing gas pressure. The physical phe-

nomenon behind the variation of ion energy with pressure

may be explained as follows. It is known that the maximum

induced voltage of the pre-pinch radial phase is responsible

for the acceleration of the ions. As the induced voltage

decreases with higher pressures, then the ion energy of

plasma focus will follow the same trend. As example, the

computed mean ion energy for ICTP PFF decreases from

471 keV at 0.4 Torr to 20 keV at 2.2 Torr. It is also worth

mentioning, that the computed ion beam energy for ICTP

PFF is 153 keV at pressure of 1.3 Torr, which is compa-

rable to the measured value (155 keV) at 1.1 Torr [26].

Numerical experiments show that the maximum beam ion

energies range from 156 keV for AECS PF1 (low energy of

2.8 kJ) at 0.1 Torr to 1,700 keV for PF1000 (high energy

of 500 kJ) at 0.1 Torr.

Ion Beam Flux

To have a better understanding of physical and chemical

processes behind the ion interaction with surface, one

needs to obtain reliable information on the ion flux for

different plasma focus devices versus pressures. The vari-

ation of ion flux with filling gas pressure is shown in Fig. 4.

We note that the ion flux initially increases with the

increase in gas pressure and reaches a maximum at a cer-

tain pressure at which the time of pinch occurs near the

maximum of discharge current, thereby transferring max-

imum energy into the plasma. Below the optimum pres-

sure, the beam intensity decreases because there are less

gas particles. Thus, the ion flux strongly depends on the

filling nitrogen gas pressure. The nitrogen ion flux variation

of ICTP PFF with gas pressure was investigated using

Faraday cup positioned at the 7 cm from the anode tip [26].

The measurements showed that the ion flux initially

increases with the increase in gas pressure and reaches a

maximum at a pressure of about 1.1 Torr for nitrogen then

subsequently decreases. While, our numerical experiments

on ICTP PFF clarified that the maximum value of ion beam

flux (45 9 1026 ions m-2 s-1) is at a gas pressure near

1 Torr. Furthermore, the maximum values of ion beam flux

for different plasma focus devices are between 3.2 9 1026

and 78 9 1026 ions m-2 s-1.

Ion Beam Fluence

The fluence being the flux multiplied by the estimated

duration of the ion beam pulse duration. The shape of the
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curves and the trend for studied plasma focus operated with

nitrogen gas are very similar to the flux. Figure 5 shows the

fluence in ions m-2 for the various plasma focus. The peak

values of the fluence (ions m-2) range from 6.7 9 1018 to

3 9 1020 for nitrogen plasma focus.

Beam Ion Number Per kJ

The variation of beam ion number per kJ is shown in

Fig. 6. The beam ion number increases with the increase in

gas pressure until the plasma pinch becomes very weak.

The beam ion number per kJ range from about 2 9 1013 for

the AECS PF1 device to 9.5 9 1014 for NX2 with a cor-

relation inverse to L0.

Beam Ion Current

Beam ion currents range from 3.5 kA for AECS PF1 at

0.4 Torr (about 10 % of the circuit Ipeak) to 490 kA (25 %

of Ipeak) for PF1000 at 1 Torr (see Fig. 7). We note that the

beam ion current initially increases with the increase in gas

pressure and reaches a maximum at a certain pressure and

subsequently decreases. Thus, the beam ion current

strongly depends on the filling nitrogen gas pressure.

Ion Beam Energy

Results of the numerical experiments show that the beam

energy is the lowest for the AECS PF1 ranging from

0.03 % of bank energy for AECS PF1 at 0.4 Torr to 5.3 %

for NX3 at 3 Torr (Fig. 8).

Power Flow Density and Damage Factor

Plasma focus devices have three typical regimes of influ-

ence of ion and plasma beams upon a target material placed

downstream of the pinch [36, 79, 80]: (1) ‘‘implantation

mode’’ of irradiation when power flow density of the

streams is (109–1011 W m-2), (2) screening of the surface

by a secondary plasma cloud in the so-called ‘‘detachment

mode’’ (&1011–1012 W m-2), (3) strong damage with the

absence of implantation in the ‘‘explosive destruction

mode’’ (&1012–1014 W m-2). Gribkov et al. [34] pre-

sented the macroscopic photo, typical of optical micros-

copy and scanning electron microscopy images of the

specimen’s surface layer of austenitic steel

10Cr12Mn14Ni4AlMo irradiated in ‘‘Bora’’ (4.8 kJ) and

PF-6 (5 kJ) devices placed at a distance of 5 cm from the

anode (with power flux densities C1012 W m-2). Damage

is characterized in these cases by pores, bubbles and cracks

of the size of several tens of lm. It is also found that in the

dense plasma focus operational regimes (at power flux

densities of about 1011–1012 W m-2) nitrogen ions

implanted into alloys on the basis of iron and titanium have

different behavior. Numerical experiments using Lee

model on plasma focus devices of different energies

showed that the maximum power flow density reaches

almost 9 9 1012 W m-2 for PF 1 kJ and 7.2 9 1014
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W m-2 for NX3 (Fig. 9) and decreases with higher pres-

sures. So, based on the obtained power flow densities for

nitrogen plasma focus, it can be said that the explosive

destruction mode is dominant at lower pressures up to an

optimum pressure beyond which the detachment mode

dominates.

The damage factor is defined as power flow density

multiplied by (pulse duration)0.5. It is shown that, the

damage factor reaches almost 109 W m-2 s0.5 for PF 1 kJ

and 1.5 9 1011 W m-2 s0.5 for NX3 (Fig. 10).

Energy of Fast Plasma Stream

The FPS energy versus pressure curves have a peak for all

plasma focus operated with N2 gas. The FPS energy ranges

from 0.7 % for AECS PF1 at 0.4 Torr to about 15 % for

NX2 at 4 Torr (see Fig. 11).

Conclusion

The modified Lee model code has been used to study ion

beam properties of plasma focus with nitrogen filling gas.

Many numerical experiments were carried out in different

plasma focus devices. The variation of ion beams versus

pressure for different plasma focus parameters have been

studied. Results show that, the ion beam energy emitted

from nitrogen plasma focus has a wide range from mini-

mum value of 20 keV for ICTP PFF at 2.2 Torr to maxi-

mum value of 1,700 keV for PF1000 at 0.1 Torr.

The peak values of the fluence range from 1018 to 1020

ions m-2, the beam ion number per kJ range from about 1013

to 1014. Beam ion currents have been found to range from 3.5

kA to 490 kA. The beam energy ranges from 0.03 to 5.3 % of

bank energy. It is shown that, the maximum power flow

density is in the range 1012–1014 W m-2; the damage factor

109–1011 W m-2 s0.5. The FPS energy ranges from 0.7 to

15 % of bank energy. Our results show that the ion beam

properties (energy, flux, fluence, ion number, current, power

flow density, damage factor etc.) emitted from plasma focus

operated with nitrogen have a wide ranges based on opera-

tional plasma focus parameters. So, these results may be used

for selection of the suitable plasma focus parameters for

desired material processing applications using plasma focus

devices with nitrogen filling gas.
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