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Electron Beam Properties Emitted From Deuterium

Plasma Focus:

Scaling Laws

M. Akel, S. H. Saw, and S. Lee

Abstract— The Lee model is extended to study and characterize
the electron beams emitted from plasma-focus devices. It is then
first applied to characterize the electron beams emitted from low
and high-energy plasma focus operated with deuterium gas. The
numerical experiments on NX2 device at 15 torr of deuterium
give the following results: electron fluence = 5.7 x 1022 m_z,
electron flux = 16 x 102 m=2 s~ , the relativistic Kinetic
mean energy of the electron = 56 keV, electron number =
2 x 1010, electron current = 91 kA, and damage factor =
2.7 x 1012 W . m—20-5, Then, the effect of pressure on the beam
characteristics is studied. The energy of the beam at pinch exit
changes from around 57 J (1.9% of the stored energy Ej)
to 176 J (6% E() with maximum value of 180 J (6.1% E() at
15 torr, and these results are compared with the measured
values 3.2% E( on NX2. Scaling trends are suggested for electron
beam characteristics. The energy fluence and the power flow
density (energy flux) have a variation 4.3 — 265 x 107 J-m™2
and 2.2 — 19 x 1015 W.m™2, respectively. The electron beam
current ranges from 12 to 700 kA being 9%-35% of Ipeak. The
energy beam Ygp scales on average as Ygg = 6.55 x E(}"‘S
at energies in the 1 to 500 kJ regions (Ygg in J and E

in kJ), and Ygp = 1 x 10701353 =2 x 107613

(Ipeakand Ipinch in kA and Ygp in J). These results provide
much needed benchmark reference values and scaling trends for
electron beams of a plasma focus operated in deuterium gas.

and Ygp

Index Terms—Deuterium gas, electron beam, Lee model,
plasma focus, scaling law.

I. INTRODUCTION

HE dense plasma-focus devices have been extensively
used as a source of multiradiation such as neutron
yield [1], soft [2] and hard [3] X-rays, ion beams [4], [5], and
high-energy relativistic electrons [6], [7]. Different methods
have been used to analyze the emissions of energetic relativis-
tic electron beams from the dense plasma focus such as hard
X-ray emission from a target (or the anode tip), Faraday cups,
and magnetic spectrometers [8]—[13].
NX2 plasma-focus device operated with various gases is
used for deposition of thin films using high-energy electron
beams. It is measured that the efficiency of electron beam
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emission from NX2 is about 3.2% Ey (Eo—the storage
energy) [9]. Electron beam features have been investigated on
a 2.2-kJ PF by using a charge collector for different conditions.
The average electron beam current has an optimum value
of 13.5 kA at 0.3 torr of nitrogen and the electron energy
ranges from ~10 to 200 keV with a most probable distribution
within 80 to 110 keV [13]. Tartari et al. [14] measured the
X-rays (30-45 keV) emitted from a 7-kJ plasma-focus device
due to the interaction of the relativistic electron beam with
the electrode material. Electrons, ions, and X-rays emission
from a 45-kJ plasma-focus facility are also simultaneously
studied and discussed [15]. The relativistic electron beam
was observed by employing a fast response Rogowskii coil
in a 2-kJ plasma focus and correlated with the hard X-ray
emission. The detected beam pulsewidth was around 10 ns and
the energy is in the hard X-ray range [16]. Several electron
emission features are also identified and correlated with the
X-ray emission in different energy ranges on a 3-kJ Mather-
type plasma-focus device operated in neon. The electron beam
properties presents very strong correlation with the plasma
focus and it is found that most of electron energies concentrat-
ing below 200 keV [17]. According to published works, it is
evidence that measurements of electron beams from plasma
focus have produced a wide variety of results and not giving
any scaling laws. In earlier works, the Lee model [18], [19]
has been modified based on the virtual plasma diode mech-
anism proposed by Gribkov et al. [20], [21] for studying of
ion beams from plasma focus [22]-[24]. In this work, we
further modify the Lee code to study and characterize the
electrons beams emitted from deuterium plasma focus at vari-
ous conditions. We discuss in some detail the results of many
numerical experiments carried out using this modified code
on different energy plasma-focus devices. So, the correlation
between the plasma-focus parameters and produced electron
beam properties could assist to understand the plasma surface
interactions and to find the optimum conditions for hard X-ray
generation.

II. CALCULATIONS OF ELECTRON BEAM PROPERTIES
PRODUCED BY PLASMA FocCUS

For studying the electron beam characteristics generated in
the pinch using Lee model, the corresponding equations are
first deduced and it is then incorporated into the code.

We start from the electron beam flux formula: Jep = nepep
(electrons per m_zs_l), where ne,—number of beam electron
Nep divided by volume of pinch plasma; and vep—electron
speed (all quantities are expressed in SI units, except where
otherwise stated).

0093-3813 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Then based on the kinetic energy of the beam electrons
and pinch inductive energy concepts, the ne, and vep, are
derived. The beam kinetic energy is (1/2) Nebmevgb, where
me—the mass of the electron. And the pinch inductive energy
equals (1/2) LPIpzinch’ where L, = (u/27w) (In[b/rp])zp is
the inductance of the focus pinch; 4 = 47 x 1077 Hm™;
b—cathode radius; r,—pinch radius; z,—Ilength of the pinch,
and Ipinch is the pinch current. As the kinetic energy is
imparted by a fraction f. the pinch inductive energy, thus we
write

(1/2) Newmevdy = fe(1/2)(u/2) (nlb/rpD)zpL3neh-
This gives
neb = Neo/(wr3zp) = (/122 m))(f){(nlb/rpD)/(r7)}
X (Iinen/v%)- (1)
Next, we proceed to derive ve, from the accelerating voltage
provided by the diode voltage U to an electron. Each elec-
tron is given kinetic energy of E. = (1 /2)mel)§b by diode

voltage U.
Thus

(1/2)mev’ = eU (2)

where e is the electronic charge.

Now, we take (1) and combine with (2); and noting
that (u/[2.8372 (em¢)'/?]) = 1.2 x 10'7, we have the flux
equation as follows:

Jep(electrons m2s7') = 1.2 x 1017(fe){(ln[b/rp])/(r§)}

x (I20en) /U2 (3)

The fluence is the flux multiplied by pulse duration 7, where
fe ~ 0.14 is equivalent to electron beam energy of 3%—4%
Ey for cases when the pinch inductive energy holds 20%—-40%
of Eq as observed for low inductance plasma focus [9], [23].
From the above mentioned equations, it is noticed that the
electron flux and fluence is (2mp/me)1/ 2 ~60.6 of deuteron
beam flux and fluence, where my, is the mass of the proton.
However, our experimental observations over the years show
that the electron beam leaves a very fine footprint on a per
shot basis with a diameter of the order of 0.1 mm when the
ion beam is of the order of a mm for a plasma focus with
radius of the order of 1 cm. These experimental observations
seem consistent with a necessary assumption that the electron
beam current be set to be approximately equal to the ion beam
current. To implement this assumption in the code we take
the radius of the electron beam as (1/60.6)% times the radius
of the ion beam, which at the exit of the pinch is taken as
the radius of the pinch. The kinetic energy of the relativistic
electrons is estimated by E = mecz(y — 1), where y is
the relativity factor [(1/(1 — v3 /c?)!/?)], ¢ is the light speed
(c = 3 x 108 m/s), and mec? is the rest mass energy of an
electron ~511 keV. The diode voltage U is U = 3 Vpax
taken from data fitting in extensive earlier numerical experi-
ments [22], where Vpax is the maximum voltage induced by
the current sheet collapsing radially toward the axis.

Once the flux is determined, the following quantities are
also computed: energy flux or power density flow (W - m~2),
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power flow (W), current density (A - m’z), current (A),
fluence (electrons m’z), energy fluence (J - m’z), number
of electrons in beam (electrons), energy in beam (J), damage
Factor (W - m~2s%3), magnetic Field (kG) (B = 0.2/pinch /rg),
larmor radii of electrons (um) (3.37(Ew)?/B [20]), and
electron beam charge (mC).

III. NUMERICAL EXPERIMENTS: RESULTS
AND DISCUSSION

A. Electron Beam Properties of NX2 Operated
With Deuterium Gas

The modified Lee code (RADPFV5.15REB) is utilized
to get some features of the electron beams emitted from
NX2 plasma-focus device [25], [26]. The NX2 has the fol-
lowing bank and tube parameters.

Bank parameters: Lo = 20 nH (fitted), Co = 28 uF, ro =
2.7 mQ (fitted), tube parameters: a = 1.55 cm, b = 3.8 cm,
z0 = 4.5 cm, operating parameters: Vo = 14.5 kV, pg =
15 torr, deuterium gas, together with the following fitted model
parameters: f; = 0.11, fo = 0.7, fmr = 0.38, and for = 0.7.
Here L is the static inductance, C is the storage capacitance,
ro is the short circuited resistance, a is the anode radius, b is
the cathode radius, z¢ is the anode length, po is the operating
initial pressure, while V{ is the bank charging voltage (Vinax
is computed by Lee model code and of course it is depend
on Vy and other operational parameters as well).

The calculated properties of the electron beam are: fluence
=5.67 x102 m~2, flux = 1.6x 10 m™2 57!, E;) = 56 keV,
electron number = 2 x 1010, electron current = 90.63 kA,
and damage factor = 2.7 x 1012 W . m=2 $%5, Then, for
studying the effect of pressure on the beam characteristics,
more numerical experiments were carried out with the above
model parameters, but varying deuterium gas pressure from
1 to 19 torr (see Table I).

From Table I, it is noticed that the electron flux initially
increases with the increase in gas pressure and reaches a
maximum (1.6 x 1030 electrons m™2 s~!) at a pressure
of 14 torr. The electron number is proportionate with gas
pressure and varies from 0.27 x 106 (at 1 torr) to 2.4 x 10'°
(at 19 torr) for NX2 device. The energy of the beam at pinch
exit also changes from around 57 J (1.9%E) to 176 J (6% Ey)
with maximum value of 180 J (6.1%Ey) at 15 torr and these
results are consistent with the measured values 3.2% E( on
NX2 [9]. The calculations reveal also the peak values of the
power flow density of 1.98 x 10'® W . m™2at 5 torr, and the
highest damage factor of almost 3.1 x 102 W . m2s%3 at
a deuterium pressure of 8 torr. Table I also shows that for
operation with high electron flux regime, pressures higher
than 10 torr are needed, while for the maximum power flow
and damage factor regimes around 5 and 8 torr are required,
respectively.

B. Electron Beam Features of Deuterium Plasma
Focus With a Range of Energies

In the same manner as described for the NX2, numerical
experiments are investigated on each studied plasma-focus
device operated with deuterium for various conditions using
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TABLE I
VARIATION OF THE PROPERTIES OF ELECTRON BEAM EMITTED FROM NX2 PLASMA FOCUS OPERATING WITH DEUTERIUM GAS

Electron Electron Beam Electron Electron Power flow Damage
Po fluence flux E. energy number current density factor
(Torr)  (x102m?)  (x10°m?s")  (keV) 0) (x10'% (kA) (x10"° wm?)  (x10" Wm™*s"?)
1 0.88 0.69 134.34 57.16 0.27 33.00 1.48 1.67
2 1.47 0.92 119.92 85.78 0.45 44.84 1.77 2.23
3 1.97 1.08 109.81 106.47 0.61 53.21 1.90 2.57
4 242 1.20 101.79 122.29 0.75 59.75 1.96 2.78
5 2.82 1.30 95.12 134.80 0.88 65.09 1.98 2.92
6 3.21 1.37 89.33 145.42 1.0 69.58 1.97 3.01
7 3.56 1.44 84.22 153.58 1.1 73.43 1.94 3.05
8 3.89 1.49 79.64 160.47 1.3 76.75 1.89 3.07
9 4.21 1.53 75.41 166.00 1.4 79.66 1.84 3.06
10 4.50 1.55 71.57 170.46 1.5 82.18 1.78 3.03
11 4.77 1.58 68.00 173.57 1.6 84.41 1.72 2.99
12 5.02 1.59 64.74 176.31 1.7 86.33 1.65 2.93
13 5.26 1.602 61.61 178.21 1.8 87.99 1.58 2.87
14 5.47 1.604 58.72 179.11 1.9 89.41 1.51 2.79
15 5.67 1.603 55.97 179.60 2.0 90.63 1.44 2.70
16 5.84 1.59 53.34 179.30 2.1 91.70 1.36 2.61
17 6.00 1.58 50.90 178.76 22 92.47 1.29 2.51
18 6.15 1.57 48.56 178.10 23 93.25 1.22 2.42
19 6.26 1.55 46.39 176.39 24 93.76 1.15 2.31

— 100000
Yig = 6.55E," *
10000 R =0.9
_
S
5]
g
=
)
=]
=
[
1
0 1 10 100 1000
Ey (kJ)
Fig. 1. Energy of the electron beam from deuterium plasma focus
versus E.

the modified Lee code (RADPFVS5.15REB). For comparison,
the electron beamproperties at optimum pressures for the
maximum electron flux values are shown in Table II.

Table II shows that the electron energy ranges over
17207 keV, and the electron fluence has no correlation with
E( and varies by a factor of 8 through the whole range of Eg
from 10x 102! (for PF 400J) to 80x 10%! electrons m~2 (for PF
115 kJ). Such a small variation of fluence over two and a half
orders of magnitude of storage energy is likely related to the
constancy of energy density that is one of the key scaling para-
meters of the plasma focus throughout its E range of sub-kJ to
sub-MJ [31]. The flux has a peak value of 19.8 x 10%° electrons
m~2 s~ for (3.4 kJ) INTI PF device, while the minimum
value is about 1.6 x 10%° electrons m~2 s~! for the (486 kJ)

Yip = 110" L™ A
J 0000 R? =0.987
s
g 1000
b
£ "
s Yis = 2510 Tpeu
2100 2
= R™=0.976
10
1
100 1000 10000
lpiru:h ’ lpeak (kA)
Fig. 2. Energy of the electron beam from deuterium plasma focus versus

Ipinch and Ipeak -

PF1000 device. It is noticed that the higher fluxes are for
the small low-energy plasma-focus devices, and this is due to
the dependence of pinch duration on the anode radius. The
energy fluence and the power flow density (energy flux) have
variations 4.3—265x 10 J-m =% and 2.2 — 19 x 10> W - m™2,
respectively. The electron number is 3.8 x 10'* for the PF
400 J and becomes 5000 times greater than that for the
PF1000 device, with a strong correlation to Eg, modified by a
dependence on Ipeax (or Lo). The energies of the beam modify
from 0.2% (for PF 2.2 kJ) to 11.5% (for PF 115 kJ) of Ep.
The electron beam currents change between 12 kA (9% Ipeax)
for the lowest energy PF 400 J and 700 kA (35% Ipeax) for
highest energy PF1000 device. The damage factor has a range
2.9-67 x 1011 W . m=2s%3. The Larmor radius of electron
is also estimated to vary from 3.7 to 2318 um. The charge
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TABLE 1I
ELECTRON BEAM PROPERTIES OF A RANGE OF LOW AND HIGH STORAGE ENERGY PLASMA FOCUS OPERATED WITH DEUTERIUM GAS

Device PF  ICTP  PF PF  NX2 INTI  PF NX3 PF PF1000
400J PF  22kJ 27k [25] [22] 10kJ [22] 115KJ [22]
[22]  [27]  [10] [28] [29] [30]
E, (kJ) 037 216 222 2.7 29 34 10.6 20 115.2 486
L, (nH) 40 121 330 70 20 110 120 47 120 33
Vo (kV) 28 12 25 14 145 15 15 20 40 27
po (Torr) 6.6 10 5 14 8 12 18 9 10
Lpeax (KA) 126 140 90 182 405 190 333 711 1094 2059
Lpinen (KA) 81 98 61 106 234 115 204 418 672 843
z, (cm) 0.8 1.4 1.53 1.7 2.5 14 292 4.7 10.4 18.7
r, (cm) 009 014 0.5 0.16 026 013 029 048 0.94 232
T (ns) 52 16 21.6 12 34 122 37 68 157 441
E - fluence (x10*' m?) 10 28.4 15.6 122 547 24 41.17 71 79.7 70
E - flux (x10¥ m?s™) 19 1765 72 10.5 16 198 113 11 5.1 1.6
E (keV) 58.8 262 17 52 59 47 63 106 207 87
En fluence (x107 J m™) 94 1192 43 102 514 18 41.4 126 265 98.3
En flux (x10"° Wm?) 18 7.4 1.98 8.7 15 148 113 19 17 22
E- number (x10'%) 3.8 27 18 169 190  21.8 176 881 3987 19633
EB energy (J) 3.6 113 483 14 179 163 177 1500 13197 27437
EB energy (%E,) 1 0.5 0.2 0.5 6 0.5 1.7 7.5 11.5 5.7
EB current (kA) 117 268 13 232 894 29 772 207 407 713
EB current (%l eq) 9.3 19 14.5 127 221 15 232 29 37 35
EB curr. den. (x10" Am?) 306 282 1156 168 257 316 18 17 8.2 2.6
Dam Fr (x10" Wm™ s*?) 13 9.4 2.9 944 279 163 22 49 67 14.8
Magnetic Field (Tesla) 2204 1075 558 798 695 132.1 494 362 14.0 3.13
Larmor radius (um) 3.7 5 7.9 9.6 11.7 5.5 17 30.44 110 318
EB charge (mC ) 0.06 0.4 0.3 0.3 3 035 28 1412 64 315

of electron beam is calculated to be from 0.06 to 315 mC.
The range of machines considered in this work is wide not
just in terms of range of stored energies but also in terms of
some stand-out characteristics. For example, the NX3, NX2,
and PF-400J may be considered to be the more typical plasma-
focus devices with static inductance L¢ in a good performance
range of 20-50 nH, operating voltage between 14 and 30 kV,
and the capacitor banks being lightly damped. The ICTP PF
and INTI PF have a single-capacitor configuration, hence a
rather large Lo of 110 nH. Such large Lo machines (Type 2)
have a significantly different pre- and postfocus energy distrib-
ution characteristics compared with the more “typical” higher
performance (Type 1) Lo range of 20-50 nH. From the data
of Table II, we also first plot the energy of the electron beam
Yep against Eq, Ipeak and Ipinch as shown in Figs. 1 and 2.

From Fig. 1, we find that Ygp scales on average as Ygg =
6.55 % E3'45 at energies in the 1 to 500 kJ regions (Ygp in J
and Eo in kJ), while Fig. 2 shows that Yep = 1 x 1070123
and Ygg = 2 x 10’611336'211121 (Ipeak and Ipinch in kKA and Ygg
in J). The plasma-focus devices considered in this work have
a wide range of stored energies, static inductance, total and
pinch currents. With this method, electron beam parameters
may be computed for any Mather-type plasma focus operating
with deuterium gas.

IV. CONCLUSION

The Lee code is extended to compute the electron beam
features emitted from the plasma-focus pinch. Then it is

utilized to characterize the electron beam of NX2 device
operated with deuterium versus pressure. The electron flux
initially increases with the increase in gas pressure and reaches
a maximum (1.6 x 10°° electrons m™2 s~!) at a pressure
of 14 torr. The energy of the beam at pinch exit has a
maximum value of 180 J (6.1% of the stored energy Ey)
at 15 torr. The peak power flow density is about 2 x 10'6
W -m~2 at 5 torr, and the highest damage factor of almost
3.1 x 102 W . m™2s%3 at a deuterium pressure of § torr.
Many numerical experiments are also carried out for a wide
range of plasma-focus storage energies. The results reveal that
the variation of fluence is dependent on the static inductance
Lo and it is independent of Ey. The electron fluence is
10-80 x 102! electrons m~2 and the electron flux has a
range of 1.6-20 x 10%° electrons m~2 s~! being greater
for the smaller devices. The energy fluence has a variation
4.3 265 x 107 J-m~2. The energy flux varies over the range
2.2-19 x 1015 W - m~2. The number of electrons in the beam
increases with Eq being 3.8 x 10'# for the 0.37 kJ PF-400 J and
5000 times greater than that for the PF1000. The energy of the
beam at pinch exit varies from 0.2% to 11.5% of Ey. The elec-
tron beam current ranges from 12 to 700 kA being 9%-35%
of Ipeak. The damage factor is 2.9-67 x 101 W . m~2g0>
across the whole range of machines. The Larmor radius of
electron ranges from 3.7 to 2318 um. The electron beam
charge ranges from 0.06 to 315 mC. Scaling laws on the
energy of the electron beam, in terms of storage energies Eo,
peak discharge current Ineax and focus pinch current lpinch
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were deduced. Finally, we believe that the Lee model could
be a useful tool for characterization of the electron beams
emitted from plasma focus, leading to selection of the suitable
plasma-focus parameters for desired electron material process-
ing applications and hard X-ray generation suitable for X-ray
radiography.
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