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A high-energy electron beam generator is used to generate a plasma in atmosphere. Based on a Monte Carlo
toolkit named GEANT4, a model including complete physics processes is established to simulate the passage of the
electron beam in air. Based on the model, the characteristics of the electron beam air plasma are calculated. The
energy distribution of beam electrons (BEs) indicates that high-energy electrons almost reside in the centre region of
the beam, but low-energy electrons always live in the fringe area. The energy deposition is calculated in two cases,
i.e., with and without secondary electrons (SEs). Analysis indicates that the energy deposition of SEs accounts for a
large part of the total energy deposition. The results of the energy spectrum show that the electrons in the inlet layer
of the low-pressure chamber (LPC) are monoenergetic, but the energy spectrum of the electrons in the outlet layer is
not pure. The SEs are largely generated at the outlet of the LPC. Moreover, both the energy distribution of BEs and
the magnitude of the density of SEs are closely related to the pressure of LPC. Thus, a conclusion is drawn that a low
magnitude of LPC pressure is helpful for reducing the energy loss in the LPC and also useful for greatly increasing the
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secondary electron density in dense air.
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1. Introduction

Generating a large volume of air plasmas at atmo-
spheric pressure is an extremely challenging research
field, because it needs a particularly high power to
break down the gas, during which it might cause in-
stability problems. During the past decades, much
work have been devoted to the achievement of atmo-
spheric air plasma by traditional methods, such as DC
discharge,[!! pulse discharge,?! and the dielectric bar-
rier discharge.[®] Nevertheless, the generating device,
using the traditional method, needs special electrode
geometry, which makes the discharge system complex.
Additionally, in these methods, the power budget is

closely related to the gas pressure.!4!

In some applica-
tions, it is required that the discharge power budget
should not be related to the varying pressure, and also
the discharge device should be as simple as possible.
In this regard, a high-energy electron beam generator
is a best choice to fulfil the critical requirements.!”!
By this means, the primary electrons are generated
from a thermal cathode and then are accelerated to a

high-energy level by a multi-anode under vacuum con-
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ditions (about 1.33x1073 Pa). Then the beams of en-
ergetic electrons propagate into the atmospheric dense
air through the multi-level vacuum differential pump-
ing section. Subsequently, the high-energy BEs collide
drastically with the air molecules, resulting in an elec-
tron ionization avalanche. In this process, about 30—
50% of the beam energy is spent directly on the ioniza-
tion of air molecules, which is three orders of magni-
tude higher than that of the traditional method,® be-
having as an efficient ionization source. Therefore, it
is widely adopted in some special applications, such as
controlling supersonic flow by magnetohydrodynamic
(MHD) means,!”! reflection and absorption of electro-
magnetic waves. 8l

Since most of the applications are designed to
work at high pressures, there will be some undesirable
problems, e.g., high recombination rate, which would
greatly reduce the electron density. Moreover, even if
the power budget of the electron beam source hardly
depends on the gas pressure, the sustaining power is
still considerably high. In 2002, Palm et al ) inves-
tigated experimentally the concept of using nonequi-

librium vibrational excitation to enhance the electron
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beam ionization. By this means, the power required to
sustain a stable plasma was reduced; however, the de-
vice becomes more complex to some extent. In 2006,
Li et al ' employed a four species one-dimensional
model to simulate the properties of an electron beam.
The results indicated that the ionization is closely re-
lated to the beam energy, which is responsible for the
density of the beam plasma. Therefore, in order to in-
terpret the physics of the ionization clearly, it is signif-
icant to investigate the energy distribution of BEs. In
Ref.[11], Soloviev et al developed a Monte Carlo model
to simulate the spatial distribution of input power to
air from a single stationary needle-like electron beam.
The results indicated that input power distribution is
extremely non-uniform and at the beam exit the power
deposition is much higher than that at a distance away
around, one half of the electron range. Similar work
was done by Sheikin and Sukhomlinov in 2006.'2 The
spatial distribution of the electron beam energy depo-
sition was researched sufficiently by employing both
analytical and Monte Carlo methods.

In Refs.[11]-[14], the characteristics of beam en-
ergy in some specific applications were studied in de-
tail. However, some assumptions are made in the
model, such as neglecting electron bremsstrahlung,
etc. In the present paper, the analysis of electron
beam air plasma characteristics is performed by a
Monte Carlo model. Unlike the geometry given in the
literature, we use two special chambers, i.e., a vacuum
chamber and LPC, placed between the electron gun
and the atmospheric dense air region (ADAR), acting
as a differential pumping section. The beam energy
and energy deposition are analysed in both LPC and
ADAR. The influence of the pressure of the LPC on
the electron beam plasma is to be investigated.

2. Simulation setup

The simulation in this paper is based on a
Monte Carlo toolkit named GEANT4 (GEometry
ANd Tracking), which was developed by an inter-
national collaboration.'>16] GEANT4 is a free soft-
ware package written in CT which can be used to
accurately simulate the passage of particles through
matter. Now it is widely adopted in high energy
physics, space science, and medical fields. When the
user comes to his specific application, he needs to con-
struct the detector-geometry, specify the physics-list,
and generate a primary-event. Moreover, in order to

extract the information of interest, the user is asked
to construct other GEANT4 user-action modules.

As mentioned above, the detector geometry in
this work is a cylindrical tube divided into two seg-
ments (see Fig.1): one is a vacuum chamber posi-
tioned at the exit of electron gun; the other is an
Consid-
ering the complexity of the interactions between the

LPC placed next to the vacuum chamber.

energetic BEs and air molecules, a so-called standard
electro-magnetic physics model is built, which con-
tains all the possible processes, such as electron ion-
ization, bremsstrahlung, multiple-scattering, and the
photo-electric effect, etc.
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Fig.1. Schematic of the detector geometry. AB: the vac-
uum chamber; BC: the low pressure chamber; ADAR de-
notes the atmospheric dense air region. The unit of length

is mm.

A more detailed description of the model is listed
in Table 1.
into the ADAR, according to their energy range, some

When the high-energy BEs propagate

proper processes are activated. If the electron energy
exceeds the ionization threshold, amounts of SEs are
generated, then each of them is tracked by GEANT4
automatically. In GEANT4, the ionization process
is described by the G4elonisation module. Although
radiative intensity is not obviously observed in a few
hundred keV, the electron bremsstrahlung process, de-
scribed by G4eBremsstrahlung, is still considered in
the present work, because x-ray radiation is signifi-
cant in some special applications.

After the establishment of the GEANT4 physics-
list module, the primary-event module also needs to
be constructed. So in this C*t7 class, a virtual elec-
tron gun is established, and the initial beam energy is
set at 100 keV. For the 4 mm diameter beam we are
interested in, the initial positions of primary BEs are
sampled within a 4 mm diameter circle and the direc-
tion of momentum is set to be the positive z direction.

Additionally, as addressed above, some optional
GEANT4 user-action modules, e.g., stepping-action,
event-action, and run-action, described by the corre-
sponding CT* classes, are instanced to extract the
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necessary information. By manipulating these user-
action classes, any information can be obtained dur-
ing the Monte Carlo simulation. Moreover, electro-

magnetic model options and the step limit are selected
to optimize the simulation.

Table 1. The physics processes described by the standard electro-magnetic model.

particle physics process GEANT4 module
photoelectric effect G4PhotoElectricEffect
Gamma Compton scattering G4ComptonScattering
pair production G4GammaConversion
multiple scattering G4MultipleScattering
_ ionization G4elonisation
¢ Moller-Bhabha scattering G4MollerBhabhaModel
bremsstrahlung G4eBremsstrahlung
multiple scattering G4MultipleScattering
ionization G4elonisation
et Moller-Bhabha scattering G4MollerBhabhaModel
bremsstrahlung G4eBremsstrahlung
positron annihilation G4eplusAnnihilation
) multiple scattering G4MultipleScattering
on ionization G4hlonisation
3. Results and discussion z ¢ - - - -
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mary BEs are generated. By tracking the propaga-
tions of these BEs in the graphite, the energy depo-
sition of each electron is recorded in every simulation
step. In Fig.2, the simulation results of energy deposi-
tion in unit penetration depth are compared with the
available numerical and experimental results given in
the literature. The comparison indicates that a good
agreement is achieved between our results and those of
Tabata et al,['”) and also shows that our results agree

with those of Leger et al '8! in general.

Both of the comparisons mean that the Monte
Carlo model used in the present work is reasonable
and can be applied to the calculation of the transport

properties of high-energy BEs in atmospheric air.

Fig.2. Energy deposition of a 1 MeV electron beam pen-
etrating into graphite.

3.2. Beam plasma characteristics

In this section, by using the Monte Carlo model,
the characteristics of the electron beam air plasma are
calculated in detail. In order to analyse the results,
the discharge domain is divided into regular grids. In
this situation, according to the positions of electrons,
the calculated data is accumulated in the correspond-
ing grid, and then is averaged at the end of a RUN (the
biggest GEANT4 simulation cycle). In the present
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work, the total number of events is set at 5x 109, i.e.,
5x10¢ primary BEs are tracked.

As mentioned in the introduction, the beam
plasma is generated during the collisions of energetic
BEs with the air molecules. First, the BEs go through
the vacuum region with hardly any energy loss, and
then are injected into the LPC. After passing through
the LPC, BEs penetrate into the ADAR. In Fig.3,
the spatial distribution of beam electron energy is de-
picted. The origin of the z axis represents the inlet of
the LPC and z = 110 mm denotes the outlet of the
LPC. The results show that the beam energy is high
at the inlet, where the electrons are hardly scattered,
since the collision cross section is small in the high-
energy range. As the penetration depth increases, the
collision frequency between the BEs and air molecules
becomes much higher, leading to obvious scattering of
BEs. As aresult, the beam electron energy is reduced;
however, as seen in Fig.3, the scattered BEs are almost
in the low-energy range. In contrast, the electrons in
the centre region are of high energy. Therefore, such
an energy distribution guarantees that a large percent-
age of BEs can be injected into ADAR and results in

remarkable ionization.
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Fig.3. Spatial distribution of the beam electron energy in
air. The dot-dashed line denotes the position of the outlet
of the LPC.

In ADAR, due to the suddenly increased air pres-
sure, the number density of air molecules increases
sharply. The suddenly changed environment induces
drastic collisions between BEs and air molecules, so
that the beam radius increases exponentially. In the
meantime, the beam energy decreases in both radial
and longitudinal directions. Note that energy is the
Thus the spatial distribu-

tion of beam electron energy reflects the beam plasma

decisive property of BEs.

shape to some extent. As shown in Fig.3, the beam
gets its maximum radial dimension at z = 160 mm ap-

proximately. Subsequently, the beam tends to shrink

in the radial dimension, but to increase in the z direc-
tion. Eventually, a pear shaped electron beam plasma
is formed in the space.

The results also demonstrate that a low-energy
region exists near the wall of LPC. It means that part
of the BEs arrive at the chamber wall and deposit
their energies, which could lead to extra heating of the
wall of the LPC. This is a potentially uncertain factor
for the safety of the electron beam generator device,
which could result in the disability of the LPC. So a
material of high melting point should be used to make
the wall avoid ablation.

In order to illustrate BE behaviour completely,
the energy deposition versus the penetration depth in
two cases is shown in Fig.4. Since the SEs are gener-
ated as the electron beam propagates in air, and are
also tracked to zero energy range like BEs, the en-
ergy deposition of SEs contributes to the total energy
deposition at a considerably high level. Thus, the en-
with and
In the case without SEs, the deposi-

ergy deposition is analysed for two cases:
without SEs.
tion of energy is caused only by BEs. As is observed
from the profile (dashed line), the magnitude of en-
ergy deposition is small in the LPC, but it increases
sharply in ADAR. The maximum energy deposition
is obtained at about z = 160 mm, which is also the
position where the beam attains its maximum radial
dimension. In the case with SEs (solid line), all elec-
trons in the discharge domain contribute to the total
energy deposition. Thus, a great increase is observed
in the two profiles in ADAR, but they almost overlap
each other in the LPC. This is because the amount of
SEs is large in ADAR, whereas it is small in the LPC.
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Fig.4. Energy deposition vs penetration depth in the
cases with and without secondary electrons.

In the above discussions, the properties of elec-
tron energy and energy deposition are obtained by us-
ing the statistical method, which would neglect the
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energy difference between electrons. In fact, the elec-
trons are distinguished in energy from one another.
Therefore, the energy spectra of BEs are analysed in
two fixed layers, i.e., the inlet layer and the outlet layer
of the LPC. The density is given in the scale of the
maximum number density in the corresponding layer.
Figure 5(a) shows the energy spectrum in the inlet
layer of the LPC. It is observed that a large number
of electrons have high energy, e.g., 100 keV, indicat-
ing that electrons hardly lose their energy under the
vacuum condition. Figure 5(b) gives the result in the
outlet layer of the LPC. The electrons are found in
both high and low energy ranges. This explains the
fact that some of the electrons lose their energy via
collisions in LPC; however, a large part of them still
have high energy, ensuring their ionization ability in
ADAR.
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Fig.5. Energy spectra of beam electrons in (a) the LPC
inlet layer; and (b) the LPC outlet layer. ny, and ng de-
note the number density of beam electrons and number
density of primary beam electrons, respectively.

When the BEs are injected into the dense air, ion-
ization is the most probable physical process to occur.
If the energy of BEs exceeds the ionization threshold,
the SEs are generated during the inelastic collisions
between BEs and air molecules, by which a so-called
electron beam plasma is formed. Figure 6 depicts the
spatial distribution of SEs. The results are obtained
by accumulating the number of SEs in each grid cell
during a RUN. Thus the density of SEs is closely re-
lated to the number of primarily injected BEs in a
simulation. So the results shown in Fig.6 are obtained
in a qualitative analysis rather than a quantitative

one. The results indicate that the spatial distribution
of SEs is extremely non-uniform. In the LPC, the SEs
are mainly generated near the centre region, and the
magnitude of their density in the inlet region is larger
than that in other regions. This is because the pri-
mary BEs have not been scattered yet, which leads to
ionization occurring locally. Due to the low air density
in the LPC, the amount of SEs is small. When BEs
penetrate into ADAR, a considerably large amount of
SEs is generated in the LPC outlet region. Its mag-
nitude is six times that in the LPC, but the spatial

dimension is very limited.
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Fig.6. Spatial distribution of secondary electron density.

Furthermore, the SEs of high-energy are able to
ionize the air molecules, which results in electron
avalanches. The energy distribution of SEs is shown in
Fig.7. By comparing with the results shown in Fig.6,
it is found that the magnitude of secondary electron
energy in the low density region is on the order of a few
hundred eV. In contrast, the SEs in the high density
region also have high mean energy. This means that
on the most part the SEs can ionize the air molecules
continually. Therefore, a much higher plasma density
can be attained in this case.
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Fig.7. Spatial distribution of secondary electron energy.
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3.3. Influence of LPC pressure

As stated above, an LPC is placed between the
vacuum and ADAR. Thus, in this section, the influ-
ences of LPC pressure on the characteristics of beam
plasma are investigated for three LPC pressure val-
ues, i.e., case 1: 1.33x10? Pa, case 2: 1.33x10° Pa,
and case 3: 1.33x10* Pa. Note that the plasma char-
acteristics have been examined already in detail for
case 2 in subsection 3.2. Thus, the simulation here is
Figures 8(a)
and 8(b) plot the spatial distributions of beam elec-

only carried out for another two cases.

tron energy for case 1 and case 3, respectively. For
case 1, the magnitude of energy loss of BEs is little
in the LPC, therefore, a great number of high-energy
electrons are injected into the dense air. In contrast,
the collisions become more drastic in LPC in case 3,
which leads to a considerable loss of energy. More-
over, with increasing pressure of LPC, the scattering
of BEs becomes serious and hence the radial dimen-
sion of the beam is enlarged. By comparing with the
results shown in Fig.3, due to the large energy loss
under high pressures, an obvious reduction of longitu-
dinal range is observed with increasing LPC pressure.
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Fig.8. Spatial distribution of beam electron energy
for different LPC pressures: (a) 1.33x10% Pa; and (b)
1.33%x10% Pa. The dot-dashed lines denote the positions
of the outlet of the LPC.

The density of SEs is also studied for three LPC
pressures and the results are shown in Fig.9. As seen,

in the case of 1.33x10% Pa, the density of SEs in LPC
is much higher than that in another two cases; how-
ever, it is reduced sharply in ADAR. In contrast, in
the case of 1.33x10? Pa, the amount of generated SEs
is small in the LPC, but a sharp increase is observed
in ADAR. This is because the production of SEs is
determined by two factors, i.e., the number density of
air molecules and the energy of BEs. In fact, the effect
of the number density of air molecules is attributed to
the difference of air pressures. When the LPC pressure
is low, e.g., 1.33x10? Pa, the corresponding number
density of air molecules is also small, which leads to
little ionization in the LPC. Hence the density of SEs
produced is low, but the energy loss of BEs is reduced,
which means that considerable ionization would occur
in ADAR, so the amount of SEs is large in ADAR as
observed in Fig.9. By analysis, we find that to obtain
a high density of plasma in ADAR and to avoid too
much energy deposition at the wall of the LPC, a low
pressure in the LPC is preferred.
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Fig.9. Secondary electron density in the axis region vs
penetration depth at three different LPC pressures, i.e.,
1.33x102 Pa, 1.33x103 Pa, and 1.33x10* Pa, respectively.

4. Conclusion

A Monte Carlo model including complete physi-
cal processes is established to simulate the passage of a
high-energy electron beam in air. Based on the model,
the characteristics of an electron beam air plasma are
calculated. The energy distribution of BEs indicates
that the high-energy electrons almost gather in the
centre region of the beam, but low-energy electrons
always live in the fringe area. The energy deposition
is calculated for two cases, i.e., with and without SEs.
The results show that the energy deposition of SEs ac-
counts for a large part of the total energy deposition.
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In order to analyse the BE energy characteristics, the
energy spectrum is analysed in two layers. It can be
concluded that the electrons in the inlet layer of the
LPC are almost monoenergetic, but the energy spec-
trum of electrons in the outlet layer is not pure.

The spatial distribution of SEs shows that they

are largely generated at the outlet of the LPC. The
effects of LPC pressure on the properties of the beam
plasma are examined. The results indicate that a low
LPC pressure is helpful for reducing the energy loss in
the LPC and also useful for greatly increasing the SE
density in the dense air.
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