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Numerical Experiments in Plasma Focus
Operated in Various Gases

1

2

Mohamad Akel, Sing Lee, and S. H. Saw3

Abstract—We adapted the Lee Model code as a branch version4
RADPF5.15K to gases of special interest to us, namely, nitrogen5
and oxygen and applied numerical experiments specifically to our6
AECS PF-1 and AECS PF-2. We also generalized the numerical7
experiments to other machines and other gases to look at scaling8
laws and to explore recently uncovered insights and concepts.9
The required thermodynamic data of nitrogen, oxygen, neon, and10
argon gases (ion fraction, the effective ionic charge number, the11
effective specific heat ratio) were calculated, the X-ray emission12
properties of plasmas were studied, and suitable temperature13
range (window) for generating H- and He-like ions (therefore soft14
X-ray emissions) of different species of plasmas were found. The15
code is applied to characterize the AECS-PF-1 and AECS-PF-2,16
and for optimizing the nitrogen, oxygen, neon, and argon SXR17
yields. In numerical experiments we show that it is useful to reduce18
static inductance L0 to a range of 15–25 nH; but not any smaller.19
These yields at diverse wavelength ranges are large enough to be of20
interest for applications. Scaling laws for argon and nitrogen SXR21
were found. Model parameters are determined by fitting computed22
with measured current waveforms in neon for INTI PF and in23
argon for the AECS PF-2. Radiative cooling effects are studied24
indicating that radiative collapse may be observed for heavy noble25
gases (Ar, Kr, Xe) for pinch currents even below 100 kA. The26
creation of the consequential extreme conditions of density and27
pulsed power is of interest for research and applications.28

Index Terms—Lee Model, plasmas focus (PF), radiative col-29
lapse, scaling law, soft X-ray.30

I. INTRODUCTION31

SOFT X-ray sources of high intensity are required in diverse32

areas like X-ray spectroscopy [1], micro- lithography [2],33

X-ray microscopy [3], X-ray laser pumping [4], and X-ray34

crystallography [5]. Work is underway to develop such sources35

by employing geometries like Z-pinch [6], X-pinch [7], vacuum36

spark [8], and plasma focus (PF) [9]–[11]. The latter is the37

simplest in construction and yet provides the highest X-ray38

emission compared to other devices of equivalent energy [12],39

[13]. Efforts have been made for enhancing the X-ray yield40

by changing various experimental parameters such as bank41

energy [14], discharge current, electrode configuration (shape42

and material) [15], [16], insulator material and dimensions [15],43
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gas composition, and filling gas pressure [17] owing to possible 44

applications including in materials [18]–[31]. 45

Moreover, numerical experiments are gaining much interest. 46

For example, the Institute of Plasma Focus Studies (IPFS) [32] 47

conducted an International Internet Workshop on Plasma Focus 48

Numerical Experiments [33], at which it was demonstrated that 49

the Lee Model code [34] computes not only realistic focus 50

pinch parameters, but also absolute values of SXR yield Ysxr 51

consistent with experimental measurements [13], [33]–[35]. 52

Numerical experiments are also carried out systematically by 53

Lee et al. [14], [36] to determine the neon Ysxr for optimized 54

conditions with storage energy E0 from 1 kJ to 1 MJ. It is 55

pointed out that the distinction of Ipinch from Ipeak is of basic 56

importance [37]–[39]. 57

The Pease–Braginskii (P–B) current [40] is that current 58

flowing in a hydrogen pinch which is just large enough for 59

Bremsstrahlung to balance Joule heating. In gases emitting 60

strongly in line radiation, the radiation-cooled threshold current 61

is considerably lowered. Lee et al. showed that Lee Model code 62

[34] may be used to compute this lowering [41], [42]. Ali et al. 63

[43] reported that self absorption becomes significant when 64

plasma is dense enough to be optically thick. 65

In this paper, we discuss the different states of X-ray radiative 66

nitrogen, oxygen, neon and argon plasmas and their suitable 67

working conditions in plasma focus. We discuss the laboratory 68

measurements to determine model parameters. We discuss the 69

comprehensive range of numerical experiments conducted to 70

derive scaling laws on nitrogen and argon soft X-ray yield 71

leading up the study of radiative collapse effect in the plasma 72

focus. 73

II. CALCULATIONS OF PLASMA PARAMETERS 74

USING CORONA MODEL 75

The X-ray radiation properties of plasmas are dependent on 76

the plasma temperature, ionization states, and density. Plasma 77

equilibrium model can be used to calculate the ion fraction α, 78

the effective ionic charge number Zeff , the effective specific 79

heat ratio γ and X-ray emission of the plasma at different 80

temperatures. The ion fraction is defined as the fraction of the 81

plasma which is ionized to the zth ionized: αz = Nz/Ni where: 82

Nz is the zth ionized ion number density; Ni is the total ion 83

number density. The effective ionic charge number Zeff is the 84

average charge of one ion [34], [44], [47]. Based on the corona 85

model, we obtained for nitrogen, that the suitable temperature 86

range for generating H-like 1s-2p, N2: 24.784 A◦ (500 eV), 87

1s-3p, N2: 21 A◦ (592.92 eV) and He-like 1s2-1s2p, N2: 88

29 A◦ (426 eV), 1s2-1s3p, N2: 24.96 A◦ (496 eV) ions in 89

0093-3813/$31.00 © 2012 IEEE
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Fig. 1. Nitrogen ionization fractions as a function of temperature, where VIII
indicates the ion N+7[46].

nitrogen plasma (therefore, generating soft X-ray emission) is90

74–173 eV (0.86 × 106 − 2 × 106 K)[46], [48]. It is also91

noticed that the nitrogen atoms become fully ionized around92

800 eV to 1000 eV.93

The suitable temperature range for generating H-like 1s-2p,94

O2: 18.97 A◦ (653.68 eV), 1s-3p, O2: 16 A◦ (774.634 eV)95

and He-like 1s2-1s2p, O2: 21.6 A◦ (573.947 eV), 1s2-1s3p,96

O2: 18.62 A◦ (665.615) ions in oxygen plasma (therefore, soft97

X-ray emissions) has been calculated to be between 119 and98

260 eV (1.38× 106 − 3× 106 K) with full ionization at around99

2000 eV to 3000 eV [47].100

For neon, a temperature window of 200eV to 500 eV (2.3×101

106 − 5× 106 K) is suitable for generating H-like 1s-2p, Ne:102

12.132 A◦ (1022 eV), 1s-3p, Ne: 10.240 A◦ (1211 eV) and103

He-like 1s2-1s2p, Ne: 13.447 A◦ (922 eV), 1s2-1s3p, Ne:104

11.544 A◦ (1074 eV) ions in neon plasma (therefore neon soft105

X-ray emissions) [45], [49]–[51].106

From the reported experimental results [44], [52], [53], the107

X-ray emissions from argon plasma are mainly He-like alpha108

line (Heα (1s2-1s2p, Ar: 3.9488 A◦ (3140 eV)), 1s2-1s3p, Ar:109

3.365 A◦ (3684 eV)) and H-like alpha line (Lyα (1s-2p, Ar:110

3.731 A◦ (3323 eV)), (1s-3p, Ar: 3.150 A◦ (3936 eV)) lines.111

So, the most intense characteristic emissions of argon plasma112

are Lyα and Heα lines. The corresponding X-ray emitters113

in the argon plasmas are mainly H- and He-like ions. For114

argon, a focus pinch compression temperature of 1.4 keV to115

5 keV (16.3 × 106 − 58.14× 106 K) is suitable for generating116

H- and He-like ions. An example of these calculations is shown117

in Figs. 1 and 2.118

Based on the above work we take the soft X-ray yield119

(H- and He-like ions) from nitrogen, oxygen, neon and argon120

to be equivalent to line radiation yield i.e., Ysxr = QL at a121

suitable different temperature ranges (T windows) for each122

gas as follows: 74–173 eV for nitrogen [46], 119–260 eV for123

oxygen [47], 200 to 500 eV for neon [49], [51], and for argon124

is 1.4 keV to 5 keV [44], [52], [54].125

III. NUMERICAL EXPERIMENTS USING LEE MODEL126

A. Soft X-Ray Yield Versus Pressure127

The dynamics of plasma focus discharges is complicated;128

for this purpose, to investigate the plasma focus phenomena,129

Fig. 2. Effective charge number Zeff of N2 calculated from Fig 1.

the Lee Model couples the electrical circuit with plasma focus 130

dynamics, thermodynamics and radiation, enabling realistic 131

simulation of all gross focus properties [34]–[36]. In the radial 132

phases, axial acceleration and ejection of mass are caused by 133

necking curvatures of the pinching current sheath result in time- 134

dependent strongly center-peaked density distributions. More- 135

over, laboratory measurements show that rapid plasma/current 136

disruptions result in localized regions of high densities and 137

temperatures particularly in the heavy gases like xenon. We 138

point out that these center-peaking density effects and localized 139

regions are not modeled in the code, which computes only an 140

average uniform density and an average uniform temperature 141

which are considerably lower than measured peak density and 142

temperature. However, because the four-model parameters are 143

obtained by fitting the computed total current waveform to 144

the measured total current waveform, the model incorporates 145

the energy and mass balances equivalent, at least in the gross 146

sense, to all the processes which are not even specifically 147

modeled. Hence, the computed gross features such as speeds 148

and trajectories and integrated soft X-ray yields have been ex- 149

tensively tested in numerical experiments for several machines 150

and are found to be comparable with measured values. Thus 151

the code provides a useful tool to conduct scoping studies, as 152

it is not purely a theoretical code, but offers means to conduct 153

phenomenological scaling studies for any plasma focus device 154

from low energy to high energy machines. 155

The Lee Model code has been successfully used to perform 156

numerical experiments to compute neon soft X-ray yield for 157

the NX2 as a function of pressure with reasonable degree of 158

agreement in (1) the Ysxr versus pressure curve trends, (2) the 159

absolute maximum yield, and (3) the optimum pressure value. 160

The only input required is a measured total current waveform. 161

This reasonably good agreement, against the background of 162

an extremely complicated situation to model, moreover the 163

difficulties in measuring Ysxr, gives confidence that the model 164

is sufficiently realistic in describing the plasma focus dynamics 165

and soft X-ray emission for NX2 operating in Neon. 166

In the code, line radiation QL is calculated as follows: 167

dQL

dt
= −4.6× 10−31N2

i ZeffZ
4
n(πa

2
min)Zmax/T

where for the temperatures of interest in our experiments we 168

take Ysxr = QL. 169
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Fig. 3. Comparison of the computed current trace (smooth line) with the
experimental one (solid line) of the AECS-PF-2 at 15 kV, 0.57 torr neon.

Hence, the SXR energy generated within the plasma pinch170

depends on the following properties: number density Ni, ef-171

fective charge number Zeff , atomic number of gas Zn, pinch172

radius amin, pinch length Zmax, plasma temperature T and the173

pinch duration. This generated energy is then reduced by the174

plasma self-absorption which depends primarily on density and175

temperature; the reduced quantity of energy is then emitted as176

the soft X-ray yield.177

As an example, in the modified Lee Model code version,178

we take the nitrogen soft X-ray yield to be equivalent to179

line radiation yield i.e., Ysxr = QL at the following tem-180

perature range 74–173 keV. In any shot, for the duration181

of the focus pinch, whenever the focus pinch temperature182

is within this range, the line radiation is counted as nitro-183

gen soft X-rays. Whenever the pinch temperature is outside184

this range, the line radiation is not included as nitrogen soft185

X-rays.186

For the plasma column, using Spitzer form for resistivity, and187

the Bennett distribution we obtain a relationship between T and188

I as follows:189

T = b
I2

(
nir2p

)
(1 + Zeff )

where b =
μ

8π2k
.

Numerical experiments have been investigated systemati-190

cally using Lee Model to characterize various low energy191

plasma focus devices operated with different gases (nitrogen,192

oxygen, neon, argon) and plasma focus parameters.193

For each studied plasma focus device, fitted values of the194

model parameters were found using the following procedures:195

The computed total discharge current waveform is fitted to the196

measured by varying model parameters fm, fc, fmr and fcr one197

by one until the computed waveform agrees with the measured198

waveform [55].199

For example, experiments have been investigated on the200

AECS-PF-2 with Ne at wide range of pressures to get exper-201

imental current traces with good focus effect [63] from 0.25 to202

1.25 torr. To start the numerical experiments we select a dis-203

charge current trace of the AECS-PF-2 taken with a Rogowski204

coil at 0.57 torr (Fig. 3).205

We configure the Lee Model code (version RADPF5.15K) to 206

operate as the AECS-PF-2 plasma focus. To obtain a reasonably 207

good fit the following parameters are used: 208

Bank parameters: static inductance L0 = 280 nH, capacitance 209

C0 = 25 μF, stray resistance r0 = 25 mΩ, 210

Tube parameters: cathode radius b = 3.2 cm, anode radius a = 211

0.95 cm, anode length z0 = 16 cm, 212

Operating parameters: voltage V0 = 15 kV, pressure p0 = 213

0.57 torr, Ne gas, together with the following fitted model 214

parameters: 215

fm = 0.1, fc = 0.7, fmr = 0.2 and fcr = 0.7.

With these parameters, the computed total current trace 216

agrees reasonably well with the experimental trace (Fig. 3). 217

These fitted values of the model parameters are then used for 218

the computation of all the discharges at pressures from 0.1 to 219

2.1 torr [63]. The results (Table I) show that the Ysxr attains an 220

optimum value of 0.42 J at 1.12 torr (efficiency 0.015%, end 221

axial speed Va = 4.2 cm/μs, speed factor (SF) is 113.4 kA/cm 222

per [torr of Ne]1/2) [11]. 223

It is evident from Table I that the peak value of total dis- 224

charge current Ipeak decreases with decreasing pressure. This 225

is due to increasing dynamic resistance (rate of change of tube 226

inductance, dL/dt gives rise to a dynamic resistance equal to 227

0.5 dL/dt [36]) due to increasing current sheath speed as pres- 228

sure is decreased. On the contrary, the current Ipinch that flows 229

through the pinched plasma column increases with decreasing 230

pressure until it reaches the maximum. This is due to the 231

shifting of the pinch time towards the time of peak current as 232

the current sheet moves faster and faster. As the pressure is 233

decreased, the increase in Ipinch may be expected to favor Ysxr; 234

however there is a competing effect that decreasing pressure 235

reduces the number density. The interaction of these competing 236

effects will decide on the actual yield versus pressure [49], 237

[51]. The Lee Model code was also applied to characterize the 238

UNU/ICTP PFF Plasma Focus, finding a maximium argon soft 239

X-ray yield (Ysxr) of 0.039 J [63]. 240

B. Soft X-Ray Yield Versus Electrode Geometry 241

We next optimize Ysxr from various plasma focus devices 242

with different gases. More numerical experiments were carried 243

out; varying p0, z0 and “a” keeping c = b/a constant. The 244

pressure p0 was slightly varied. The following procedure was 245

used [46], [47], [49], [51], [52], [55]. At each p0, the anode 246

length z0 was fixed at a certain value; then the anode radius “a” 247

was varied, till the maximum Ysxr was obtained for this z0. This 248

was repeated for other values of z0, until we found the optimum 249

combination of z0 and “a” at the fixed p0. Then we changed p0 250

and repeated the above procedure; until finally we obtained the 251

optimum combination of p0, z0 and “a”. 252

The optimized results for each value of p0 showed that 253

as p0 is increased, “a” has to be decreased to maintain the 254

required speeds so that the argon pinch remains within the 255

required temperature window. The Ysxr attains an optimum 256

value of 0.0035 J at p0 = 1.8 torr as shown in Fig. 4 which 257

also shows corresponding optimum end axial speed as with 258
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TABLE I
VARIATION AECS-PF-2 PARAMETERS WITH PRESSURE AT: L0 = 280 nH, C0 = 25 μF, r0 = 25 mΩ, V0 = 15 kV, RATIO OF STRAY RESISTANCE/BANK

SURGE IMPEDANCE RESF = 0.24, c = b/a = 3.37, fm = 0.1, fc = 0.7, fmr = 0.2, fcr = 0.7, NEON GAS [63]

Fig. 4. Ysxr and end axial speed of AECS-PF-2 in Ar (Ysxr versus p0,
optimized z0 and “a” for each point) [52].

the plasma focus operated at the optimum combination of z0259

and “a” corresponding to each p0. We thus found for the260

AECS-PF-2 the optimum combination of p0, z0 and “a” for261

argon Ysxr as 1.8 torr, 24.3 cm and 0.26 cm, respectively, with262

the outer radius b = 0.9 cm. This combination gives Ysxr =263

0.0035 J with Ipeak = 102 kA, Ipinch = 71 kA, and end axial264

speed is of 11 cm/μs [52].265

Practically, it is technically difficult to change “b”; unless266

the whole electrode and input flange system is completely267

redesigned. So, for practical optimization, we wish to [49], [52],268

[63] keep b = 3.2 cm and compute the optimum combinations269

of (p0, “a”), (p0, z0) and (p0, z0, “a”) for the maximum Ysxr.270

This gives us a practical optimum configuration of b = 3.2 cm,271

a = 1.567 cm, z0 = 9 cm, giving a practical optimum yield of272

0.924 J at 0.58 torr for Ne [63].273

C. Soft X-Ray Yield Versus Inductance274

We investigated the effect of reducing L0 down to 3 nH275

[38], [39], [48], [49], [52], [63], [64] for different plasma276

focus devices operated with various gases. For example, it was277

TABLE II
FOR EACH L0, THE OPTIMIZED COMBINATION OF z0 and “A” WERE

FOUND AND ARE LISTED HERE. L0 = 280 nH, C0 = 25 μF, r0 = 25 mΩ;
c = b/a = 3.37; MODEL PARAMETERS: fm = 0.1, fc = 0.7, fmr = 0.2,

fcr = 0.7; 2.8 torr Ne, V0 = 15 kV

found that reducing L0 increases the total current from Ipeak = 278

115 kA at L0 = 280 nH to Ipeak = 410 kA at L0 = 15 nH for 279

AECS-PF-2 with neon gas [63] (see Table II). 280

As L0 was reduced, Ipeak increased; “a” is necessarily in- 281

creased leading to longer pinch length (zmax), hence a bigger 282

pinch inductance Lp. At the same time because of the reducing 283

current drive time, z0 needed to be reduced. The geometry 284

moved from a long thin Mather-type to a shorter fatter one. 285

Thus while L0 and axial section inductance La reduced, the 286

pinch inductance Lp increased due to increased pinch length 287

[38], [48], [63]. 288

While Ipeak increases with each reduction in L0 with no 289

sign of any limitation, Ipinch reaches a maximum of 214 kA at 290

L0 = 5 nH, then it decreases with each reduction in L0. From 291

Table II it can be seen, that as L0 decreased, Ysxr increases until 292

it reaches a maximum value of 22 J at L0 = 15 nH; beyond 293

which Ysxr does not increase with reducing L0. This confirms 294

the pinch current and Ysxr limitation effect in Ne plasma focus. 295

Based on the results of these numerical experiments on 296

various devices with different gases, to improve Ysxr, L0 should 297
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TABLE III
OPTIMIZED CONFIGURATION FOUND FOR EACH E0; L0 = 10 nH,

V0 = 15 kV, 1 torr ARGON; fm, fc, fmr, fcr ARE FIXED AT 0.05, 0.7, 0.15
and 0.7 RESPECTIVELY, va IS THE PEAK AXIAL SPEED

Fig. 5. Ysxr versus E0. The parameters kept constants are: RESF = 0.337,
c = 3.37, L0 = 10 nH, p0 = 1 torr Argon and V0 = 15 kV and model
parameters fm, fc, fmr, fcr at 0.05, 0.7, 0.15 and 0.7, respectively [53].

be reduced to a value around 15–25 nH, which is an achievable298

range incorporating low inductance technology, below which299

Ipinch and Ysxr would not be improved.300

D. Scaling Laws for Soft X-Ray Yield of Argon301

and Nitrogen Plasma Focus302

Following above stated procedures numerical experiments303

were investigated on AECS-PF-2 like argon plasma focus at304

different operational gas pressures (0.41, 0.75, 1, 1.5, 2.5, and305

3 torr) for two different static inductance values L0 (270 and306

10 nH) and then after systematically carrying out more than307

3000 numerical runs, the optimized conditions are obtained.308

Table III shows optimized configuration found for each E0 for309

10 nH at gas pressure of 1 torr. From this data, we also plot Ysxr310

against E0 as shown in Fig. 5 to obtain scaling law: Ysxr =311

0.05E0.94
0 in the 1 to 100 kJ regions. The scaling deteriorates312

as E0 is increased to Ysxr = 0.32E0.52
0 , and then to Ysxr =313

1.01E0.33
0 at high energies towards 1 MJ. The requirement of a314

temperature window for the pinch fixes the axial speed within a315

narrow range of values. This fixes the axial dynamic resistance316

to a value around 7 mΩ for a plasma focus of any size. However,317

as E0 is increased by increasing C0, the bank surge impedance318

Fig. 6. Ysxr versus Ipinch, Ipeak. The parameters kept constants are:
RESF = 0.337, c = 3.37, L0 = 10 nH, p0 = 1 torr Ar and V0 = 15 kV and
model parameters fm, fc, fmr, fcr at 0.05, 0.7, 0.15 and 0.7 [53]

Z0 = (L0/C0)
0.5 ranges from 30 mΩ (for 1 kJ) to 1 mΩ (for 319

1 MJ). Thus at 1 kJ the plasma focus current is dominated by 320

the bank impedance while at 1 MJ the bank impedance hardly 321

affects the discharge current. At 1 kJ quadrupling C0 (hence E0) 322

would double Ipeak; but at 1 MJ quadrupling C0 would increase 323

Ipeak by only some 7%. This is what causes the deterioration 324

of current scaling with respect to E0. 325

This is consistent with the deterioration of scaling with 326

increasing E0 in the case of neutron yield attributed to reduction 327

of current rise due to the increasingly dominant effect of the 328

dynamic resistance [65], [66]. Our results indicate that such 329

yield deterioration with increasing E0 is a general effect appli- 330

cable to not just neutrons but also to SXR yields. We then plot 331

Ysxr against Ipeak and Ipinch and obtain Fig. 6 which shows 332

Ysxr = 7× 10−13I.94pinch4 and Ysxr = 2× 10−15I5.47peak[53]. 333

Scaling laws for N2[67] and Ne soft X-ray yields [14], [36], 334

in terms of storage energies E0, were found to be best averaged 335

as YsxrN = 1.93E1.21
0 and YsxrNe = 11E1.2

0 (yield in J, E0 in 336

kJ), respectively at energies in the 2 to 400 kJ regions. By 337

comparing our recent results for N2 plasma focus with Ar and 338

Ne soft X-ray yields over this studied storage energy ranges, it 339

is seen that the Ne soft X-ray yield of plasma focus is the most 340

intense one (Fig. 7). The plasma focus is a powerful source of 341

X-rays with wavelengths which may be suitably selected for 342

microlithography, micromachining and microscopy simply by 343

selecting the working gas (Ne or Ar or N2 correspondingly) and 344

choosing corresponding design and operating parameters of the 345

device. 346

E. Model Parameters Versus Gas Pressure in Two Different 347

Plasma Focus Devices Operated in Argon and Neon 348

Using the Lee Model, the computed and measured current 349

are fitted varying the pressure, with the purpose to find the 350

proper model parameters versus pressure for AECS-PF-2 and 351

INTI PF devices operated with Ar and Ne, respectively. The 352

results show a value of fm = 0.05± 0.01 over the whole range 353

of pressure 0.2–1.2 torr in Ar; and fm = 0.04± 0.01 over 354

0.7–4.1 torr in Ne. The value of fc = 0.7 was fitted for all 355

cases. Combining these results with those published for several 356

other small machines, where measured current waveforms are 357
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Fig. 7. Soft X-ray yields versus storage energy for Ne, N2 and Ar plasma
focus [67].

Fig. 8. Variations of radial piston trajectories on AECS-PF-2 for different Ar
pressure [66] showing a regime of radiative collapse.

not available, a good compromise would be to take a guideline358

value of fm = 0.05 and fc = 0.7 for both Ar and Ne [55].359

F. Radiative Collapse in Plasma Focus Operated With360

Heavy Noble gases361

Numerical experiments have been investigated on plasma362

focus device to study radiative collapse phenomena.363

Fig. 8 shows variations of radial trajectories versus pressures364

on AECS-PF-2 device. At 0.85 torr and a pinch temperature365

of 190 eV with a pinch current of just under 66 kA, radiative366

collapse is obvious with the radius collapsing in a few ns to the367

cutoff radius of 0.1 mm set in the model. At lower pressures368

such as 0.41 torr and higher pressures such as 1.6 torr clearly369

the pinch compression is far less. The range of 0.85 to 1.2 torr370

is when the radiation is maximum due to both factors of high371

pinch density as well as sufficiently large pinch current. Above372

1.2 torr the pinch is coming too late in the discharge cycle and373

although the density is higher the current is already too low to374

cause sufficient radiation to lead to radiative collapse.375

Finally, based on obtained results by five phase Lee Model,376

we can say that gas type and pressure of the plasma focus377

play an important role in radiative collapse creation. This378

phenomenon produces an extreme increase in tube voltage and379

generates huge line radiations in the plasma focus [68].380

IV. CONCLUSION 381

The Lee Model code has been adapted to N2 and O2. We 382

applied the numerical experiments specifically to our AECS- 383

PF-1 and AECS-PF-2. Numerical experiments have been gen- 384

eralized to other machines and other gases to look at scaling 385

and scaling laws and to explore recently uncovered insights 386

and concepts. The required thermodynamic data of N2, O2, 387

Ne and Ar gases at different temperatures were calculated, the 388

X-ray emission properties of plasmas were studied and suitable 389

temperature range (window) for generating H- and He-like ions 390

in the various gases. 391

The Lee Model code version RADPF5.15K is used to char- 392

acterize the AECS-PF-1 and AECS-PF-2, and for optimizing 393

the N2, O2, Ne, and Ar SXR yields. 394

Numerical experiments show the big influence of L0 for 395

improving the soft X-ray yield; that it is useful to reduce L0 396

to a range of 15–25 nH; but not any smaller since further 397

reduction produces no yield benefit and would be a futile 398

expensive exercise. For our machines, reduction of L0 would 399

give the optimum soft X-ray yields from N2, O2, Ne and Ar 400

of 6 J, 10 J, 22 J, and 0.1 J, respectively. These yields at 401

diverse wavelength ranges are large enough to be of interest 402

for applications ranging from microelectronics lithography to 403

micro-machining and microscopy of biological specimens. 404

Scaling laws for SXR of Ar and N2 plasma focus, in terms of 405

energy, peak and focus pinch current were found. 406

Numerical experiments were carried out on different plasma 407

focus devices with different filling gases to show that radiation 408

cooling and radiative collapse may be observed for heavy noble 409

gases (Ar, Kr, Xe) for pinch currents even below 100 kA. 410

The results show that the line radiation emission and tube 411

voltages have huge values near the radiative collapse regime. 412

The creation of the consequential extreme conditions of density 413

and pulsed power is of interest for research and applications. 414

Current waveforms and SXR measurements in krypton [41] are 415

being evaluated to study such radiative conditions. 416
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