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Abstract Numerical experiments were carried out using

5-phase Lee model on different plasma focus devices with

different filling gases. The relation of radiation power gain/

loss terms as a function of temperature has been demon-

strated. Variation of radial trajectories versus pressure with

0.1 Torr step has been investigated. Radiative collapse

phenomena in plasma focus devices have been observed

for heavy noble gases (Ar, Kr, Xe). Obtained results

showed that the line radiation emission and tube voltage

have huge values near the radiative collapse regime.
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Introduction

The Plasma Focus has wide-ranging application potential

due to its intense radiation of soft X-ray, hard X-ray,

electron and ion beams and fusion neutrons [1] when

operated in Deuterium. The use of gases such as Ne, Ar, Kr

and Xe for generation of specific SXR or EUV lines for

micro-lithography applications [2–4] has been widely dis-

cussed in the literature as has the use of nitrogen and

oxygen to generate the lines suitable for water-window

microscopy [5]. Recently argon has been considered for

micro-machining due to the harder characteristic line

radiation [6]. Various gases including Kr have been dis-

cussed and used for fusion neutron yield enhancement due

arguably to mechanisms such as thermodynamically

enhanced pinch compressions. Information obtained from

the Lee model includes axial and radial velocities and

dynamics [7], dimensions and duration of the focus pinch,

gross information of temperatures and densities within the

pinch, soft X-ray emission characteristics and yield [8–10].

The Lee model in its two-phase form was developed in

1984. Radiation-coupled dynamics was included in the

gradually improved five-phase code leading to numerical

experiments on radiation cooling [11]. The vital role of a

finite small disturbance speed discussed by Potter in a

Z-pinch situation [12] was incorporated together with real

gas thermodynamics and radiation-yield terms. Plasma

self-absorption was included in 2007 [7] improving soft

X-ray yield simulation in neon, argon and xenon among

other gases [7]. The Pease–Braginskii (P–B) current [13] is

known to be that current flowing in a hydrogen pinch

which is just large enough for the Bremsstrahlung to bal-

ance Joule heating. It is known that in gases emitting

strongly in line radiation, the radiation-cooled threshold

current is considerably lowered. Lee et al. [14] showed that

the equations of the Lee model code [7] may be used to

compute this lowering. The code also shows the effect of

radiation cooling when operated in the relevant regimes. It

is suggested that the neutron enhancement effect of seeding

could at least in part be due to the enhanced compression

caused by radiation cooling [15]. Ali et al. [16], reported

that the effect of self absorption becomes significant when

plasma is dense enough to behave as optically thick. It is

essential to account for the effect of self-absorption in that
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case. The effect of self absorption of line radiation is

investigated in argon plasma by observing the influence of

pressure variation of gas. On comparison of the results of

numerical experiment considering both aspects i.e. by

including and excluding the self absorption term in Lee

code an obvious deviation between the trajectories is

observed in the 200–300 ns of the slow compression phase

in a 3 kJ plasma focus. Results with self absorption showed

that the pinch undergoes slow and very gradual compres-

sion. Without self absorption a much more severe com-

pression was observed.

In this paper, the 5-phase Lee Model is used in

numerical experiments for different plasma focus devices

with different gases to investigate the effect of pressure

variations on radial trajectories including the self absorp-

tion of line radiation and to study the radiative collapse

effect in the plasma focus.

Theoretical Background

The Pease–Braginskii current [13, 15] is the value of cur-

rent (1.6 MA) at which the Bremsstrahlung radiation

(considered as a loss from the plasma) equals the Joule

heating of the plasma pinch column in hydrogen assuming

Spitzer resistivity. When pinch current exceeds this value,

the Bremsstrahlung losses exceed Joule heating and the

plasma pinch begins to experience radiative cooling effects

at progressively higher currents, until in severe cases,

radiative collapse may be observed. The P–B current only

considers Bremsstrahlung, since at the high temperatures

experienced in the hydrogen or deuterium pinch, the gases

are fully ionized and there is no line radiation. For gases

such as neon, argon, krypton and xenon, there may still be

line radiation even at the high pinch temperatures. This line

radiation may considerably exceed the effect of Brems-

strahlung in terms of radiation cooling. In that case, the

effect of radiation cooling, and eventually radiative col-

lapse may be exacerbated; and may occur at much lower

currents. In other words the ‘Pease–Braginskii’ or thresh-

old current, for these heavier gases may be much lower

than the threshold (or P–B) current applied to hydrogen

[14].

We consider the following power respectively Brems-

strahlung, Recombination, Line radiation and Joule heat-

ing, generated in a plasma column of radius amin, length

Zmax at temperature T:

dQB

dt
¼ �1:6� 10�40N2

i Z3
eff pa2

min

� �
ZmaxT0:5 ð1Þ

dQrec

dt
¼ �5:92� 10�35N2

i Z5
eff pa2

min

� �
Zmax=T0:5 ð2Þ

dQL

dt
¼ �4:6� 10�31N2

i ZeffZ
4
n pa2

min

� �
Zmax=T ð3Þ

dQJ

dt
¼ 1300 � Zeff � Zmax

pa2
min

� I2 � T�3
2 ð4Þ

where, number density Ni, effective charge number Zeff,

atomic number of gas Zn, pinch radius amin, pinch length

Zmax, plasma temperature T and circuit current I. This

generated energy is then reduced by the plasma self-

absorption which depends primarily on density and tem-

perature; the reduced quantity of energy is then emitted as

the soft X-ray yield.

Several numerical experiments have been carried out

using the 5-phase Lee Model code which includes the

effect of plasma self absorption; for various plasma focus

devices with different filling gases (see Table 1).

To start the numerical experiments, a measured dis-

charge current trace of each device is selected, then the

computed total discharge current waveform is fitted to the

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

one by one until the computed waveform agrees with the

measured waveform. First, the axial model factors fm, fc
are adjusted (fitted) until the computed rising slope of the

total current trace and the rounding off of the peak current

as well as the peak current itself are in reasonable (typ-

ically good) fit with the measured total current trace.

Then we proceed to adjust (fit) the radial phase model

factors fmr and fcr until the computed slope and depth of

the dip agree with the measured. These fitted values of

the model parameters are then used for the computation

of all the discharges at various pressures, where the

pressure is smoothly varied, with observation of radial

trajectories variation versus pressures till radiative col-

lapse were obtained.

Table 1 Tube and electrical parameters for various plasma focus devices

Device (ref.) E (kJ) a (cm) b (cm) Z0 (cm) L0 (nH) C0 (lF) Ipeak (kA) V0 (kV)

AECS PF-1 [17] 2.8 0.95 3.2 16 1,430 25 47 15

AECS PF-2 [18] 2.8 0.95 3.2 16 200 25 115 15

UNU/ICTP PF [19] 2.94 0.95 3.2 16 110 30 180 14

NX2 [20] 1.7 1.9 4.1 4–8 15 28 370 11

PF-1000 [21] 1,064 11.55 16 60 33.5 1,332 2,300 40
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Numerical Experiments: Results and Discussions

Influence of Line Radiation on the Threshold Current

To see the relative magnitudes of these power terms as a

function of temperature T, we plot the magnitudes of these

terms in Fig. 1. We note from Fig. 1 that in the range of

plasma focus operation (typically left of 1 keV) recombi-

nation radiation power is much less than line radiation

power. Hence in the following analysis we will not con-

sider recombination power. For the radiation power terms

[15] we take Bremsstrahlung as the reference so that we

compare line radiation power with Bremsstrahlung power.

By using the Bennett distribution a relationship between

plasma temperature T and circuit current I can be obtained

[15]. By omitting line radiation term, Lee et al. using Lee

model, checked a value of Pease–Braginskii current IP–B

and showed that for hydrogen Zeff = 1; The Pease–Bra-

ginskii current IP–B computes correctly to a value of 1.6

MA. Considering the general case with all three power

terms (Line, Bremsstrahlung and Joule heating), then the

line radiation greatly reduces the threshold current IP–B

[15].

We note from Fig. 1 that in plasma focus operation in a

heavy noble gas, typically say in the range 100–1,000 eV

the ratio of line power to Bremsstrahlung power has the

range 15,000 times to 100 times for krypton plasma, and

range 1,000 times to 10 times for xenon plasma [15]; so the

threshold current is reduced from IP–B by a factor of *30

at 100 eV to *3 times at 1,000 eV; i. e. to *53 kA at

100 eV to *533 kA at 1,000 eV. In other words at the

lower temperature end of plasma focus operation in a gas

like Ar, Kr or Xe a current of 50 kA may be enough to

reach the threshold at which line radiation begins to exceed

joule heating. We also note that the above consideration

has not taken into account the effect of plasma self-

absorption. Taking that into consideration the emission

power will be reduced. In other words, plasma self

absorption will raise the threshold current. We have

included radiation-coupled dynamics as well as plasma

self-absorption into the Lee Model code. Results with self

absorption showed that the compression is slow; while

without self absorption radiative collapse was observed due

to radiative cooling. Due to self absorption the absorbed

radiation kept the plasma from radiative collapse turning

the results to be more realistic [16]. Thus the code is able to

within its modeling compute the amount of radiation

emitted, inclusive of plasma self absorption effects,

incorporating these effects into the plasma dynamics.

Radiative Collapse Phenomena

Numerical experiments have been investigated on plasma

focus device parameters to study radiative collapse phe-

nomena. For this purpose, several numerical experiments

have been carried out with different gases.

To start the numerical experiments we configure the Lee

model code (version RADPF5.15 K) to operate as the

plasma focus device and then the fitting procedures of

the experimental and numerical current traces reported in

the recent publication [22] have been used. To obtain a

reasonably good fit for different gases the tabulated

parameters are used (see Table 2). With these parameters,

the computed total current trace agrees reasonably well

with the experimental trace for studied devices. These fit-

ted values of the model parameters are then used for the

computation of all the discharges at various pressures.
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Fig. 1 Showing the relative importance of power gain/loss terms as a

function of temperature. Plasma focus operation is at temperatures

lower than 107 K or left of log (10) T = 3.00 in the above graph. The

example here is computed for krypton for 1 Torr with an anode radius

‘a’ of 1 cm

Table 2 Parameters of interested plasma focus devices: L0, C0, r0 are

inductance, capacitance, and resistance of the capacitor bank,

respectively; V0—tube voltage, Axial phase: fm (mass swept up

factor), fc(plasma current factor); Radial phase: fmr (mass swept up

factor), fcr (plasma current factor)

Device (ref.) L0 (nH) C0 (lF) r0 (mX) V0 (kV) Gas fm fc fmr fcr

ICTP PFF [23] 110 30 12 13.5 Argon 0.044 0.7 0.1 0.85

AECS PF-2 [24] 270 25 35 15 Argon 0.05 0.7 0.15 0.7

AECS PF-2 [25] 280 25 25 15 Neon 0.1 0.7 0.2 0.7

AECS PF-1 [26] 1,600 25 80 15 Nitrogen 0.1 0.7 0.15 0.7
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Radial trajectories variations were observed to find the

radiative collapse with varying pressures. We start with

argon plasma focus, so the code was executed after con-

figuring the required device. The radial trajectories were

plotted against time at various pressures ranging from 0.1

to 1.9 Torr with a step of 0.1 Torr. Figure 2 acts as a ref-

erence situation and shows the radial dynamics at

0.4125 Torr for AECS PF-2 device. The following Figs. 3,

4 show variations of radial trajectories versus pressures on

AECS PF-2 and UNU/ICTP PFF devices. It is clear from

these Figures that radiative cooling reduces the pinch

radius as pressure is increased, above 0.8 Torr, where

strong radiative collapse is evident in the range

0.85–1.5 Torr for AECS PF-2 (Fig. 3), while for UNU/

ICTP PFF the strong radiative collapse is evident in the

range above 2 Torr (Fig. 4). For AECS PF-2, the radial

inward shock wave starts at 9.49 mm and is driven to the

axis after 70 ns with the driving magnetic piston trailing it

by some 1.1 mm as the shock front hits reaches the axis. A

reflected shock (RS) goes outwards and after some 8 ns hits

the incoming piston. At this time the pinch starts and the

column compresses inwards a little, as is typical Computed

data indicates that even in this shot the radiation power

emitted (mostly line) already exceeds the Joule heating

power with the pinch temperature in this shot reaching

300 keV. This means that there is already net power loss

(or radiation cooling) but the radiation cooling is insuffi-

cient to perceptibly affect the dynamics at the pinching

power provided by the available pinch current at that time.

At 0.85 Torr and a pinch temperature of 190 eV with a

pinch current of just under 66 kA, radiative collapse is

obvious with the radius collapsing in a few ns to the cut-off

radius of 0.1 mm set in the model. At 1 Torr with a pinch

temperature of 154 eV, the collapse does not reach the cut-

off radius. In this case the model maintains a small radius

(0.2 mm) pinch for about 5 ns. These are the conditions

(high density, relatively long pinch duration 12.2 ns) which

produce huge line yields of more than 22.5 J. At 1.2 Torr

and pinch temperature of 130 eV with a pinch current of

just 57 kA, the speeds are much slower now and the pinch

occurs late so the current has dropped considerably

reducing the pinching force; the radiative collapsed radius

is now bigger (0.3 mm). Finally at 1.7–2 Torr, the column

blows out instead of pinching in as the RS hits the piston.

For krypton plasma focus, to start the numerical

experiments, we select the following model parameters

fm = 0.04, fc = 0.7, fmr = 0.1, fcr = 0.7. Then many

numerical experiments using Lee model have been inves-

tigated for wide pressure range with step 0.1 Torr for

L0 = 270 nH, C0 = 25 lF, r0 = 32 mX and V0 = 15 kV.

These experiments have shown that, the radiative collapse

starts at 0.44 Torr, with the pinch temperature of 453 eV

and with a pinch current of just 75 kA. With pressure

increasing the pinch temperature and the pinch current

decreases and the radiative collapse becomes stronger and
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continues for a very small period about 1 ns after a slow

compression phase. At 1 Torr with a pinch temperature of

154 eV, with a pinch current of just under 62 kA the col-

lapse does not reach the cut-off radius directly after starting

of compression phase. In this case the model maintains a

small radius (0.15 mm) pinch for about 12 ns. These are

the conditions (high density 61 9 1023 m-3, relatively

long pinch duration 16 ns) which produce huge line yields

of more than 110 J. At 1.22 Torr and pinch temperature of

77 eV with a pinch current of just 40 kA, the radiative

collapse occurs with pinch radius 0.3 mm for few of

nanoseconds. Finally at 1.7–2 Torr, the column blows out

instead of pinching in as the RS hits the piston. It is noticed

that with increasing pressures a focused effect will be

delayed (see Fig. 5).

For xenon plasma focus, to start the numerical experi-

ments, we select the following model parameters

fm = 0.05, fc = 0.7, fmr = 0.1, fcr = 0.7. Then many

numerical experiments using Lee model have been also

investigated for wide pressure range with step 0.1 Torr for

L0 = 270 nH, C0 = 25 lF, r0 = 32 mX and V0 = 15 kV.

These experiments have shown that, the radiative collapse

starts at 0.2 Torr, with the pinch temperature of 770 eV

and with a pinch current of just 76 kA. With pressure

increasing until 0.6 Torr the pinch temperature and the

pinch current decreasing and the radiative collapse

becomes stronger and continues for a very small period

about 1 ns after a slow compression phase. At 0.63 Torr

with a pinch temperature of 68 eV, with a pinch current of

just under 40 kA the collapse does reach the cut-off radius

directly after starting of compression phase. In this case the

model maintains a small radius (0.15 mm) pinch for about

12 ns. These are the conditions (high density

61 9 1023 m-3, relatively long pinch duration 20 ns)

which produce huge line yields of more than 140 J (Fig. 4).

This pressure is the upper limit for Lee model operating

(Fig. 6). From these numerical experiments, it is noticed

that tube voltage has a high maximum value of 100 kV,

corresponding to a maximum value of ion density about

61 9 1023 m-3 at 0.85 Torr for plasma focus operated

with Argon gas. And even higher tube voltage values of

1,800 and 5,600 kV at lower pressures down to 0.7 and

0.4 Torr for Krypton and Xenon plasma focus, respec-

tively, (see Fig. 7). In addition to that, many sets of

numerical experiments using Lee model on parameters of

different plasma focus devices (NX2, PF1000) were carried

out. Radiative collapse phenomena have been also

observed at higher pressure with heavy noble gases. From

numerical experiments with neon, oxygen and nitrogen

plasma focus, it can be said that no radiative collapse

phenomena has been noticed under a wide pressure range.

Finally, based on obtained results by five phase Lee model,

we can say that type and pressure of the plasma focus play

an important role in radiative collapse creation. This phe-

nomenon produces an extreme increase in tube voltage and

generates huge line radiations in the plasma focus.

Conclusions

Numerical experiments showed that at the lower tempera-

ture end of plasma focus operation in a gas like Argon,
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Krypton or Xenon a current of 50 kA may be enough to

reach the threshold at which line radiation begins to exceed

joule heating. The five phase Lee model code was run for

different plasma focus devices with various gases like Ar,

Kr and Xe and demonstrates radiative cooling leading to

radiative collapse at a pinch current ranging from 50 TO

100 kA. A huge line radiation from plasma focus has been

found at suitable high pressures. The creation of the con-

sequential extreme conditions of density and pulsed power

is of interest for research and applications.
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