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Abstract The influence of the power terms Joule heating

and radiative losses on the pinch radius in plasma focus

devices is studied. Numerical experiments were carried out

using the Lee model on three plasma focus devices span-

ning a large range of storage energy (PF400, INTI PF,

PF1000) with different filling gases (N, O, Ne, Ar, Kr, Xe).

Six possible regimes each characterized by a combination

of significant power terms affecting plasma focus dynamics

are found and discussed. These six possible regimes are

further moderated by thermodynamic effects related to the

specific heat ratio SHR of the plasma. In PF1000, the

thermodynamic compression effects are clearly apparent in

the radius ratio versus pressure curve for nitrogen which

with atomic number Zn = 7 is less radiative than neon with

Zn = 10, the dominant line radiation being proportional to

Zn
4. In neon radiative compression at optimum pressure is

so dominant that it masks thermodynamic compression in

the compression versus pressure graph. Results show that

plasma radiation losses enhance the contraction of the

plasma focus pinch radius within suitable pressure ranges

characteristic of each machine for each gas discussed in

this paper. The radiation enhancement of compression

increases with the atomic number of the gas.

Keywords Lee model � Pinch radius � Radiative powers �
Radiative contraction � Different gases

Introduction

The plasma focus has wide-ranging application potentials

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 [7, 8] includes axial and radial velocities and

dynamics, dimensions and duration of the focus pinch,

gross information of temperatures and densities within the

pinch, soft X-ray emission characteristics and yield.

Radiation-coupled dynamics was included in the gradually

improved five-phase code leading to numerical experi-

ments on radiation cooling. The vital role of a finite small

disturbance speed discussed by Potter in a Z-pinch situa-

tion was incorporated together with real gas thermody-

namics and radiation-yield terms. Plasma self-absorption

was included in 2007 improving soft X-ray yield simula-

tion in neon, argon and xenon among other gases [7, 8].
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The Pease–Braginskii (P–B) current [9–12] is known to

be that current flowing in a hydrogen pinch which is just

large enough for the bremsstrahlung to balance Joule

heating. It is known that in gases emitting strongly in line

radiation, the radiation-cooled threshold current is consid-

erably lowered. Lee et al. [9] showed that the equations of

the Lee model code [8] may be used to compute this

lowering. The code also shows the effect of radiation

cooling when operated in the relevant regimes. It is sug-

gested that the neutron enhancement effect of seeding

could at least in part be due to the enhanced compression

caused by radiation cooling [13]. Ali et al. [14] reported

that the effect of self-absorption becomes significant when

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

is essential to account for the effect of self-absorption in

that case. The effect of self-absorption of line radiation is

investigated in argon plasma by observing the influence of

pressure variation of the gas. On comparison of the results

of numerical experiment considering both aspects, i.e. by

including and excluding the self-absorption term in the Lee

code, an obvious deviation between the trajectories is

observed in the time interval 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 compression. Without self-absorption a much

more severe compression occurred.

Recently, reduced Pease–Braginskii currents are esti-

mated for a linear pinch in a range of gases namely D2, He,

Ne, Ar, Kr and Xe. A characteristic depletion time of the

plasma focus pinch energy by radiation is defined which

could be used as an indicator for expectation of radiative

collapse. The depletion times in various gases are esti-

mated in units of pinch duration. The values indicate that in

D2 and He, the radiation powers are small, resulting in such

long depletion times that no radiative collapse may be

expected in the lifetime of the focus pinch. In Ne, low tens

of percent are radiated and significant cooling and reduc-

tion in the radius ratio may be anticipated. In Ar, Kr and

Xe, the depletion time is only a fraction of the estimated

pinch duration so radiative collapse may be expected.

Numerical experiments are then carried out with a circuit-

coupled code which incorporates radiation-coupled

dynamics with plasma focus pinch-elongation and plasma

self-absorption. The latter eventually limits the radiated

power and stops the radiative collapse. These results show

the detailed dynamics and confirm the expectations arising

from depletion times discussed above [12]. Experimental

studies of discharges in the plasma focus facility with neon

filling and respective numerical simulations employing the

radiative Lee code are also reported. The pinch currents

exceed the Pease–Braginskii current, which indicates

radiative losses start to be larger than Joule heating, and

contraction of formed plasma should occur and was indeed

observed. Crucial for the identification of such an effect

were the parallel numerical simulations [15].

In this paper, the Lee Model is used in numerical

experiments for different energy plasma focus devices with

different gases to investigate the effects of pressure varia-

tions and the radiative powers on the pinch radius.

Theoretical Background

The Pease–Braginskii current is the value of current

(1.6 MA) at which bremsstrahlung radiation (considered as

a loss from the plasma) equals Joule heating of the plasma

pinch column in hydrogen assuming Spitzer resistivity.

When the pinch current exceeds this value, 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 bremsstrahlung which thus radiation

cooling is enhanced and radiative collapse may occur at

much lower currents. In other words for these heavier gases

the ‘Pease–Braginskii’ or threshold current is much lower

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

However, the critical current is only one condition for the

occurrence of radiative collapse. Another condition would

be the magnitude of the excess radiative power dQ/dt

acting to reduce the energy in the pinch [12].

We consider the following powers (all quantities are in

SI units unless otherwise stated) respectively brems-

strahlung, recombination, line radiation and Joule heating,

generated in a plasma column of radius rp, length zf at

temperature T:

Pbrem ¼ dQbrem

dt
¼ �1:6� 10�40N2

i Z
3
eff pr2p

� �
zfT

0:5 ð1Þ

Prec ¼ dQrec

dt
¼ �5:92� 10�35N2

i Z
5
eff pr2p

� �
zf=T

0:5 ð2Þ

Pline ¼ dQline

dt
¼ �4:6� 10�31N2

i ZeffZ
4
n pr2p

� �
zf=T ð3Þ

PJ ¼ dQJ

dt
¼ 1300�Zeff �zf

pr2p
�I2�T�3

2 ð4Þ

where number density Ni, effective charge number Zeff,

atomic number of gas Zn, pinch radius rp, pinch length zf,

plasma temperature T and circuit current I. The radiation
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power may not completely leave the plasma depending on

the plasma self-absorption which depends primarily on

temperature and integrated density of the plasma column.

Any plasma self-absorption of the radiation reduces the

amount of radiation loss calculated from Eqs. 1–3.

The code uses the following equation for the radiation-

coupled piston position rp [7, 8] derived from the first law

of thermodynamics:

drp

dt
¼

� rp
cI

dI
dt
� 1

cþ1

rp
zf

dzf
dt
þ 4pðc�1Þ

lczf

rp

f2c I
2

dQ
dt

c�1
c

ð5Þ

where I is the total discharge current in the circuit, fc is the

fraction of current flowing into the pinch, zf is the length of

the pinch, and c is the specific heat ratio SHR of the

plasma. dQ/dt (or Qdot) is the total power term, which

includes Joule heating PJ (which is a power gain term) and

radiative loss PRAD (PRAD = Pbrem ? Prec ? Pline)

after modified by plasma self-absorption. When the total

power is negative, energy is lost from the plasma adding a

negative component to drp/dt which tends to reduce the

radius rp. This causes radiatively enhanced compression

which escalates to radiative collapse when the effect is

severe.

We carry out numerical experiments with the Lee code

into which a plasma self-absorption effect is incorporated

following Khattak [16] with a smoothened transition from

opacity-corrected volume emission to surface emission

when opacity effects exceed a set limit.

Four Scenarios of Power Terms

The code models all these effects and properties in a

coupled fashion. In this work, for studying the effect of the

radiative powers on the pinch plasma radius, we carried out

numerical experiments using the Lee model with the fol-

lowing four scenarios for the total power Qdot:

S1: With the total power Qdot = PJ ? PRAD.

S2: Without Joule heating and radiative losses

Qdot = 0.

S3: With the Joule heating effect only Qdot = PJ.

S4: With radiative losses only Qdot = PRAD.

Of the four scenarios S1 is the one including all the

terms of Qdot and it is the scenario modelled in the code.

The other three scenarios S2–S4 hypothetically omit one or

the other of Joule heating and radiative loss terms, or both.

For each device operated with different gas filling the

radius ratio (rp/a) is plotted versus the operating pressure

for each scenario S1 to S4.

Six Regimes Defined by the Order of Values

Calculated with the Four Scenarios

These four graphs are placed on the same chart and there

are six possible combinations (regimes) distinguishable by

the order of the magnitude of values calculated with the

four scenarios.

The six regimes are:

R1. Both PJ and PRAD significant (mod PJ[mod

PRAD): order of values: S3 highest, then S1, then S2,

then S4 lowest.

R2. Both PJ and PRAD significant (mod PJ\mod

PRAD): order of values: S3 highest, then S2, then S1,

then S4 lowest.

R3. Both PJ and PRAD significant (mod PJ = mod

PRAD): order of values: S3 highest, then S2 = S1 (or

very close together), then S4 lowest.

R4. PJ significant and PRAD insignificant: order of

values: S3 = S1 (or very close together) these being

higher than S2 = S4 (or S2 slightly greater than S4).

R5. PJ insignificant and PRAD significant: order of

values: S3 = S2 (or S3 slightly greater than S2) these

being higher, then S1 = S4 (or these values being very

close to each other).

R6. Both PJ and PRAD insignificant: order of values:

S1 = S2 = S3 = S4 (all 4 values being the same).

Thusby lookingat the relative positions of the4 radius ratios

(rp/a) versus operating pressure curves plotted from S1 to S4,

not only can we obtain information of the pressures at which

radiative cooling and collapse occur, but we can differentiate

further the six regimes of operation across the pressure range.

Numerical Experiments: Results and Discussion

The configurations (tube and electrical parameters) of the

three devices are collated in Table 1.

To start the numerical experiments we configure the Lee

model code to operate as one of the above plasma focus

devices. We then fit the computed current trace to a mea-

sured current trace of that device [20], obtaining the

appropriate set of model parameters fm, fc, fmr, fcr for the

particular plasma focus (see Table 2). These fitted values

of the model parameters are then used for the particular

device for computation of all the discharges at various

pressures for each of the scenarios S1 to S4.

Results are presented for each gas in Figs. 1, 2, 3, 4, 5

and 6, respectively. Note that the curve S1, which includes

all effects with Qdot = PJ ? PRAD, shows the correct

result of the code. The other three curves illustrate when

J Fusion Energ (2016) 35:807–815 809

123



one or the other or both of the power terms are hypothet-

ically removed.

Nitrogen Plasma Focus

Figure 1 presents our results in nitrogen. The radius ratios

(rp/a) are plotted for each machine at various pressures for

each of the four scenarios S1–S4. Figure 1a is for PF400,

1b for INTI PF and 1c for PF1000.

Figure 1a shows that the PF400 is in regime R6 at low

pressure, then above 0.5 Torr the regime changes and

becomes R4. While for INTI PF (Fig. 1b) at low pressure is

R6, above 0.7 Torr becomes R4, above 1.5 Torr becomes

R1, and then above 3 Torr becomes again R4. In PF1000

(Fig. 1c) the situation is more complicated: it starts at the

lowest pressure regime R6 (both terms insignificant), then

becomes R5 (strongly radiative), then at 0.7 Torr becomes

R2 (radiative but Joule heating also becoming significant),

then at 1.7 Torr becomes R1 (radiative but Joule term

starting to dominate), then at 2.6 Torr becomes R4 (Joule

term dominates) and above 4 Torr becomes R6 (both terms

insignificant).

Effect of Thermodynamics, the Specific Heat Ratio

At this point we note in Fig. 1a that the lowest radius ratio

in the R5 (strongly radiative) regime occurs at around

1 Torr with a value of 0.138 and yet at higher pressures

during the R4 (Joule term dominates) regime the radius

ratio has a minimum value of less than 0.13 at 5 Torr. This

seems contradictory since the strong radiation should

reduce the radius ratio whilst the Joule heating should

increase the radius ratio. There must thus be another

mechanism which we have not accounted for in our anal-

ysis thus far. The explanation is in Eq. (5). So far we have

discussed the effect of dQ/dt in terms of its components,

radiation and Joule heating. The other effect is the specific

heat ratio SHR c. In the plasma focus pinch at low pres-

sures in a gas like nitrogen the plasma is fully ionized and

the value of c moves up towards 5/3, i.e. to that of a perfect

gas. As pressure is increased the plasma moves towards

freely ionizing in which state its value of c goes as low as

1.2. The net effect is that at high pressures the right hand

most term (involving dQ/dt) in the numerator in Eq. 5 is

reduced in magnitude by a factor as much as 3 due to the

change in c, whilst the other two terms (dynamic power) in

the numerator are relatively unchanged. Thus the thermo-

dynamic effect (due to SHR) can reduce the effect of the

dQ/dt terms relative to the dynamic power terms.

This is the situation where the enhanced thermodynamic

compression at high pressures dominates (masks) the effect

of dQ/dt in the case of nitrogen (Zn = 7). The situation of a

much more strongly radiating gas like neon (Zn = 10) is

somewhat different and will be discussed in the appropriate

section.

Oxygen Plasma Focus

The radius ratio were plotted at various oxygen pressures

for each of four Qdot cases.

The following Fig. 2a–c show variations of radius ratio

versus pressures on PF400, INTI PF and PF1000 operated

with oxygen, respectively, for Qdot cases.

Figure 2a shows that the PF400 operated at low pressure

has regime 6, then above 0.7 Torr becomes regime 4, then

with higher pressures above 2.3 Torr becomes regime 1,

and finally above 3.5 Torr becomes regime 4. The INTI PF

(Fig. 2b) at low pressure has regime 6, above 0.7 Torr

becomes regime 4, above 1.3 Torr becomes regime 1,

above 2.5 Torr becomes regime 4. While for PF1000

(Fig. 2c) starts at lowest pressure regime 6 (both terms

insignificant) then becomes regime 5 (strongly radiative),

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)

PF400 [17] 0.4 0.6 1.55 2.8 38 0.88 130 28

INTI PF [18] 3.4 0.95 3.2 16 110 30 195 15

PF1000 [19] 353 11.55 16 60 33 1332 2500 23

Table 2 Parameters of

interested plasma focus devices
Device (Ref.) L0 (nH) C0 (lF) R0 (mX) V0 (kV) fm fc fmr fcr

PF400 [17] 40 0.95 10 28 0.08 0.7 0.11 0.7

INTI PF [18] 110 30 12 15 0.06 0.7 0.16 0.7

PF1000 [19] 33 1332 3 23 0.1 0.7 0.25 0.7

L0, C0, r0, 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
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then at 0.8 Torr becomes regime 2 (radiative but joule

heating also becoming significant), then at 1.6 Torr

becomes regime 1 (radiative but joule term starting to

dominate), then at 2 Torr becomes regime 4 (joule term

dominates) and above 3 Torr becomes regime 6 (both

terms insignificant).

Neon Plasma Focus

The radius ratio were plotted at various neon pressures for

each of four Qdot cases.
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Fig. 1 Radius ratio (rp/a) versus operating pressure for PF400 (a),
INTI PF (b) and PF1000 (c) for nitrogen operation
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Fig. 2 Variations of radius ratio versus pressures on PF400 (a), INTI
PF (b) and PF1000 (c) for oxygen plasma focus
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The following Fig. 3a–c show variations of radius ratio

versus pressures on PF400, INTI PF and PF1000 operated

with neon, respectively, for Qdot cases.

Figure 3a shows that the PF400 at low pressure is in the

regime 6, then above 1 Torr becomes in the regime 4, and

above 2.5 Torr becomes regime 1. But INTI PF (Fig. 3b)

has regime 6 at low pressure, above 0.7 Torr becomes

regime 4, above 1.5 Torr becomes regime 3, above

2.5 Torr becomes regime 2, above 3.5 Torr becomes

regime 1, above 4 Torr becomes regime 4. While the

PF1000 (Fig. 3c) starts at lowest pressure with regime 5
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Fig. 3 Variations of radius ratio versus pressures on PF400 (a), INTI
PF (b) and PF1000 (c) for neon plasma focus
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Fig. 4 Variations of radius ratio versus pressures on PF400 (a), INTI
PF (b) and PF1000 (c) for argon plasma focus

812 J Fusion Energ (2016) 35:807–815

123



(strongly radiative), then at 1.2 Torr becomes regime 2

(radiative but joule heating also becoming significant), and

above 3.5 Torr becomes regime 6 (both terms insignifi-

cant). We note in Fig. 3c that the thermodynamic masking

effect discussed earlier for the case of PF1000 in nitrogen

is not apparent in the case of neon because neon is much

more strongly radiating than nitrogen (refer Eq. 3 which

shows that the line radiation is proportional to atomic

number to power 4). The radiative compression in R5

regime is so great that in comparison the thermodynamic

compression is much less apparent.
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Fig. 5 Variations of radius ratio versus pressures on PF400 (a), INTI
PF (b) and PF1000 (c) for krypton plasma focus
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Fig. 6 Variations of radius ratio versus pressures on PF400 (a), INTI
PF (b) and PF1000 (c) for xenon plasma focus
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Argon Plasma Focus

The radius ratios were plotted at various argon pressures

for each of four Qdot cases.

The following Fig. 4a–c show variations of radius ratio

versus pressures on PF400, INTI PF and PF1000 operated

with argon, respectively, for Qdot cases.

Figure 4a shows that the PF400 at low pressure is in the

regime 6, then above 1 Torr it moves into in the regime 3,

and above 1.8 Torr finally becomes regime 2. INTI PF

(Fig. 4b) has regime 6 at low pressure, above 0.6 Torr

becomes regime 2, above 1.2 Torr becomes regime 5

(strongly radiative), and above 2.3 Torr becomes regime 3.

While the PF1000 (Fig. 4c) starts at lowest pressure with

regime 5 (strongly radiative), then at 0.4 Torr becomes

regime 2 (radiative but joule heating also becoming sig-

nificant), and above 2.8 Torr becomes regime 6 (both terms

insignificant).

Krypton Plasma Focus

The radius ratios were plotted at various krypton pressures

for each of the four Qdot cases.

Figure 5a–c show the variations versus pressure on

PF400, INTI PF and PF1000 operated with krypton,

respectively, for Qdot cases.

Figure 5a shows that the PF400 device at low pressure is

in the regime 6, then above 0.5 Torr becomes in the regime

2, and above 1 Torr becomes regime 5 (strongly radiative).

INTI PF (Fig. 5b) has regime 6 at low pressure, above

0.2 Torr becomes regime 2, above 0.3 Torr becomes

regime 5 (strongly radiative), above 1 Torr becomes

regime 2. While the PF1000 (Fig. 5c) starts at lowest

pressure in regime 6 (both terms insignificant) then

becomes regime 5 (strongly radiative), then at 0.4 Torr

becomes regime 2 (radiative but joule heating also

becoming significant), and above 2 Torr becomes regime 6

(both terms insignificant).

Xenon Plasma Focus

The radius ratios were plotted at various xenon pressures

for each of the four Qdot cases.

Figure 6a–c show the variations of the radius ratio

versus pressures on PF400, INTI PF and PF1000 operated

with xenon, respectively, for Qdot cases.

Figure 6a shows that the PF400 at low pressure is in the

regime 6, then above 0.1 Torr changes into regime 2, and

above 0.5 Torr it becomes regime 5 (strongly radiative).

INTI PF (Fig. 6b) has regime 6 at low pressure, above

0.1 Torr becomes regime 2, above 0.2 Torr becomes

regime 5 (strongly radiative), and above 0.6 Torr becomes

regime 2. While the PF1000 (Fig. 6c) starts at lowest

pressure with regime 5 (strongly radiative), which remains

dominant.

Radiative collapse phenomena have been also observed

at higher pressure with heavy noble gases. From numerical

experiments with nitrogen, oxygen, and neon plasma focus,

it can be said that the radiative collapse phenomenon has

been noticed but not as strong as for heavier gases. Finally,

based on obtained results by five phase Lee model, we can

say that the tube and electrical parameters, gas type and

pressure of the plasma focus play an important role in

radiative contraction/collapse creation. This phenomenon

produces an extreme increase in tube voltage and generates

huge line radiations in the plasma focus.

Conclusions

The Lee model code was run for different plasma focus

devices (PF400, INTI PF, PF1000) with various gases like

N, O, Ne, Ar, Kr and Xe and demonstrates radiative

cooling leading to radiative contraction. Six possible

regimes each characterized by a combination of significant

power terms affecting plasma focus dynamics are found

and discussed. These six possible regimes are further

modified by thermodynamic effects related to the specific

heat ratio SHR of the plasma. For gases with atomic

number of 10 and above, intense line radiation from plasma

foci has been found in a range of pressures, leading to a

minimal value of the pinch radius. Comparing the radius

ratio versus pressure curves in each gas of the three devi-

ces, it is noticed that the operational, geometrical and

electrical parameters of the setup have an important role in

determining the degree of radiative contraction and the

operational regimes. The creation of the consequential

extreme conditions of density and pulsed power is of

interest for research and applications.
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