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Abstract

Electron beam-generated plasmas (EBPs) have been used to modify the surface properties.
In certain applications, EBPs are transversely confined and their properties are of value to the
treatment. In this paper, the characteristics of an electron beam-generated argon plasma,
confined within a narrow gap, are investigated using a two-dimensional particle-in-cell
simulation. The employed particle-in-cell/Monte Carlo collision model accounts for the
electron and ion kinetics, as well as collisions between electrons and the background gas
including the elastic scattering, excitation and impact ionization. Our simulations reveal a
strong correlation between the plasma density and the beam density within the plasma bulk.
The excitation of obliquely growing waves is observed, which is found to have a significant
impact on the transport of beam electrons, thereby leading to the non-uniformities of plasma
density and electron temperature. Specifically, the obliquely growing waves increase the local

plasma density while reducing the electron temperature. These contrasting effects compensate
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for each other, and therefore, to some extent, smooth out the distributions of ion flux and energy
flux. We further examine the variations of plasma parameters with respect to the beam current
density, beam energy, and gas pressure. Increasing the beam current density or decreasing the
beam energy result in higher plasma density and electron temperature, while increasing
pressure leads to a higher plasma density but electron temperature scarcely changes. Based on
the simulation results, we propose an approach to achieve independent control of the ion flux

and energy flux by adjusting beam current density, beam energy, and pressure.

Keywords: Electron beam-generated plasma, plasma discharge, particle-in-cell simulation



. Introduction

Electron beam-generated plasmas (EBPs) exhibit wide parameter windows in plasma
density and temperature, making them suitable for various applications such as material
processing [1-3], coating [4, 5] and outer space investigations [6, 7]. In certain applications,
such as treating inner surfaces of tubular apparatuses or vessel-like cavities, EBPs are
transversely confined within narrow gaps comparable to the electron beam radius [8]. Under
these conditions, the characteristic length of the system may become smaller than the beam
energy relaxation scale, resulting in changes in beam transport comparing to traditional electron
beam-plasma interaction scenario [9]. Consequently, plasma properties in bounded EBPs may
deviate from those in unbounded EBPs due to different beam behaviors [10-12].

Significant efforts have been dedicated to experimental investigations of EBP properties in
narrow gaps [13-15]. For instance, Burdovitsin et al. developed an EBP platform to enhance
the applicability of EBP in ion-plasma surface modification [13,14]. Electron beam is generated
by a forevacuum plasma-cathode electron source and transferred into a biased long metal tube,
producing the EBPs there. Experimental results showed that the current flow to the walls
exhibit a non-monotonic distribution with a minimum in the middle, indicating the large non-
uniformities of generated EBPs. In contrast to experimental investigations, numerical
simulations offer a wealth of diagnostic data, enabling a meticulous examination of the
underlying physics. So far, a large number of numerical studies have been performed to
enhance the understanding of the discharge characteristics of EBPs, primarily by means of fluid
and kinetic approaches [16-21]. Rauf et al. developed a three-dimensional hybrid model to
investigate the magnetized EBPs. The results showed that the non-uniformities in plasmas arise
from the asymmetry of the chamber combined with the ExB drift [19]. Furthermore, they
recently performed 2D particle-in-cell/Monte Carlo collision (PIC/MCC) simulations to
investigate the influence of magnetic fields on electron transport in EBPs [20]. Chelvam et al.
[17] formulated a 2D fluid model that accounts for plasma-wall interactions and particle
reactions. Their simulation results demonstrated the tunability of discharge current, voltage,
and power dissipation by manipulating electron beam parameters. Wang et al. [21] employed

a 1D PIC/MCC model to simulate electron beam driven micro-discharge. Their computational
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study presented comprehensive plasma properties under different operational conditions, and
the strategies for achieving low energy and high ion flux were discussed based on simulation
results.

Despite the success of previous studies in unraveling the properties of EBPs, a gap persists
in this research field. The majority of these studies either do not utilize fully kinetic approaches
for multi-dimensional simulations or solely rely on the simplifying assumptions of one-
dimensional (1D) kinetic approaches. The kinetic effects on EBP characteristics, such as the
interaction between waves and particles, are not fully appreciated in a multi-dimensional sense.
This limitation highlights the need for a multi-dimensional kinetic simulation to
comprehensively explore the characteristics of EBPs. On the other hand, the understanding of
EBPs transversely confined in a long narrow gap is still limited, as a comprehensive numerical
study for this setup is absent, to the best of our knowledge. Therefore, there is a strong
motivation to conduct a comprehensive multiple-dimensional kinetic simulation to characterize
the plasma properties of transversely confined EBPs in real devices.

In this paper, we present a numerical study using a 2D3V particle-in-cell/Monte Carlo
collision (PIC/MCC) model to simulate full-size EBP discharges within a long narrow gap. It
is, to our knowledge, the first reported study of this kind. The employed PIC/MCC model
incorporates the electron and ion kinetics as well as the electron-neutral collisions including
the elastic scattering, excitation and impact ionization. The primary focus of this paper is to
characterize the properties of EBPs and explore the influence of various operating conditions
on the plasma behavior. Moreover, the effects of plasma waves on the plasma parameters are
examined and discussed. The paper also explores the variations in plasma properties resulting
from changes in beam current densities, beam electron energies, and gas pressures. Effective
means to tune the ion flux and ion energy flux for EBPs transversely confined in a long narrow
gap are also discussed, which offers practical strategies for optimizing the performance of such
systems.

This paper is organized as follows: In Section II, the employed PIC/MCC model is
described. Simulation results are presented and discussed in Section III, and a summary is

provided in Section I'V.



II. Numerical Model

In this study, a two-dimensional calculation domain is adopted to simulate the EBP
discharges in a long narrow gap, as depicted in Fig. 1. The chosen domain closely resembles
the configuration of the EBP platform's long metal tube in Ref. [14]. To simplify the
computational model, a slab geometry is employed in this paper instead of the actual cylindrical
shape of the system. Furthermore, to optimize computational efficiency, we take advantage of
the symmetry along the y-axis (or x=0) by simulating only half of the configuration. A reflected
boundary condition is imposed at the top boundary (x=0), allowing particles passing through
this boundary to be reflected at the same position with reversed perpendicular velocity. The
transverse and longitudinal lengths of the simulation domain are denoted as Lx=5 mm and
Ly=200 mm, respectively. A grounded injection electrode is located at the left boundary with
the length 3.3 mm. An intense mono-energetic beam is launched along y direction from this
injection electrode. The beam current density, Jb, and beam energy, &, are varied within the
ranges of 300-1000 A/m? and 2-8 keV, respectively. Two metal electrodes are placed at the
bottom and right boundaries (x=Lx and y=Ly, respectively). These electrodes are grounded. A
Neumann boundary condition of electric field is implemented at the left boundary between the
injection electrode and the metal wall electrode. Particles that hit these two metal electrodes
and left boundary are assumed to be fully absorbed. The secondary electron emission is
disabled presently in this paper. This approach is justified by the low sheath voltage drop for
the cases of interest in this work. Similar practices have been adopted in various previous
numerical studies [20-22]. The domain is filled with argon as the background gas and the gas
pressure p is varied within the range of 3~9 Pa. Only the electrons and singly-charged Ar" are

considered in the simulations.
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Fig. 1 Schematic diagram of the simulation domain



All the simulations in this study are performed using the open-source EDIPIC-2D code.
EDIPIC-2D is a parallelized explicit electrostatic PIC code resolving two coordinates and three
velocity components (2D3V). In EDIPIC-2D code, particles are advanced using the Boris
scheme, and the electric field is obtained by solving the Poisson’s equation in Cartesian
geometry [23, 24]. Besides the kinetic PIC model, EDIPIC-2D also includes a Monte-Carlo
Collision (MCC) model for the electron-neutral and ion-neutral collisions. EDIPIC-2D is also
equipped with a range of diagnostics to facilitate in-depth analysis of the simulation results.
For more comprehensive information about the capabilities and methodologies employed in
EDIPIC-2D, we refer readers to Ref. [25, 26]. EDIPIC-2D has undergone benchmarking
against multiple codes [27-29] and successfully applied to EBP simulations as recently reported
in Rauf et al.’s paper [20].

Since we only care about the plasma properties at steady state, it is reasonable that the
simulations start from an initial plasma to reduce the computational time for density buildup
process. The initial plasma parameters are set as follows: the initial uniform plasma density
npo=neo=nio=10'° m=, the initial electron temperature 7¢,0=4.0 ¢V and the initial ion temperature
is 7i0=0.03 eV. Test cases with different initial electron density and electron temperature are
also performed. The modeling results show that the selection of initial plasma parameters
scarcely changes the profiles at steady state. Three types of electron-neutral collisions, i.e.,
elastic scattering, excitation and ionization are included. The cross-section data used in the
simulations are taken from Ref. [30, 31] and depicted in Appendix A. The ion-neutral collisions
are neglected due to the very low bulk ion temperature and ion current density. The cell size
Ax=26.3 um is specified to resolve the Debye length (~54.3 pum, with a maximum plasma
density 1.5X 10" m™ at steady state) and the smallest collision free path (~0.11 m,
corresponding to the electron-impact ionization in this study). The total number of grids is thus
1.43x10° (189x7560 for LxxLy). The time step A=11.1 ps is specified to resolve the electron
plasma frequency (@emaxAf<l with maximum @emax=2.2x10'" s1) as well as the smallest
collision time (~4.3 ns corresponding to the electron-impact ionization). For a typical
simulation time 15 s, a total of 1.35x10° time steps is needed. Initially, 100 macro-particles
per cell are created for each species with a fixed particle weight w=6.9x10* (Same value for

beam electrons). During the simulation, the total number of macro-particles rises with the
6



increase of the plasma density until the steady state is attained. The steady state is defined as
the condition where the plasma properties over several tens of ion plasma periods hardly
change, namely a balance of ionization-produced ions and lost ions is achieved. All the
simulations are carried out in Sugon high-performance cluster. The CPU time for each case is

about 3~4 days, with the usage of 360 cores. The modeling parameters are summarized in

Table I.
Table 1. Simulation parameters for the cases discussed in Section I1I
Parameter Symbol Value Unit
Configurations
Cell size Ax 26.3 pum
Time step At 1.11x10 1 s
Particle weight w 6.9x10*
Longitudinal length Ly 200 mm
Transversal length Ly 5 mm
Injection electrode length Linj 33 mm

Initial conditions

Plasma density Neo 1x10'6 m
Electron temperature Teo 4.0 eV
Ion temperature Tionp 0.03 eV

Operating conditions

Gas Pressure p 3~9 Pa
Gas temperature Tar 300 K
Beam current density b 300~1000 A/m?

Beam energy & 2~8 keV




l1l. Results and Discussions

To meet the requirements of material processing, it is crucial to have an EBP system that
delivers uniform ion flux and ion energy flux. In some particular applications, it is preferable
to have a high ion flux with a relatively low ion energy flux to mitigate surface damage issues.
Namely, the goal is to independently modulate the plasma density and electron temperature
while keeping relatively good uniformity. Therefore, in this section, our primary focus lies in
discussing these crucial plasma parameters. We begin with the typical 2D profiles for the base
case in Section III(A). Subsequently, in Section I1I(B), case-dependent variations of the plasma

parameters are explored.

A. Profiles of potential and EBP properties for base case

In this sub-section, we provide profiles of various plasma parameters for the base case,
offering insights into the characteristics of the EBP system. The plasma parameters are
examined including the potential ¢, beam electron density 7, bulk electron and ion number
densities ne and ni, electron temperature Tex, electron and ion flux I'e and I'i, and ion energy
flux to the wall I's,w. We note that in this paper, the term “beam electrons” refer to the electron
populations injected from the injection electrode, and the term “bulk electrons” refer to the
electron populations produced by ionization. The operating conditions for the base case are set
as follows: beam current density Jy=700 A/m?, beam energy &=4 keV, and gap pressure p=7
Pa. The presented data correspond to the steady-state conditions of the plasma system. The

profiles at the negative x range are generated by applying inversion symmetry.

1. Potential

Inherently, EBPs are complex systems characterized by the coupling of ionization and
collective effects. The injected electron beam not only induces ionization within the plasma but
also interacts with the produced plasmas, leading to the excitation of various wave phenomena.
As illustrated in Fig. 2, a wave structure is clearly observed in the contours of potential. The
wave structure initially emerges in the vicinity of the injection point due to the intense beam-
plasma interaction. Subsequently, as the plasma evolves longitudinally, the amplitude of the

wave structure grows, indicating a spatially growing mode [32, 33]. The maximum amplitude
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reaches approximately 20 V, which is significant enough to trap the produced cold bulk
electrons within the wave structure. At y < 100 mm, oscillations along the beam propagation
direction (+y) are predominantly observed. However, at the region y > 100 mm, the wave packet
exhibits a crescent shape (See Fig. 2), suggesting that the wave becomes oblique in nature [34,
35]. Namely, the wave vector is no longer aligned with the beam propagation direction. Thus,
such wave structure introduces a perpendicular electric field component, deviating from the
beam propagation direction. This perpendicular electric field interacts with the beam electrons,
causing scattering and altering their transport characteristics. In this paper, we will only present
the impact of these waves on the plasma parameters. and leave a detailed discussion of the

wave behaviors to our companion paper.

o (V)
40
. Obliquely growing wave packets

30

20

10

X (mm)
A T = T L I

0 20 40 60 80 100 120 140 160 180 =200  °
y (mm)
Fig. 2 Potential contours for base case with the operating conditions as ;=700 A/m?, a=4 keV, p=7 Pa.

Crescent-shape wave structures occur at y > 100 mm

2. Number densities of beam electrons, bulk electrons and ions

Fig. 3 shows the contours of the beam electron density nv. In the region y<100 mm, the
beam predominantly propagates along the y-direction, despite a slight bunching caused by the
positive floating plasma potential. At y=90 mm, near the location where the wave transits to an
oblique state, the beam electrons experience scattering and concentration, which leads to a
significant non-uniformity in n,. The value of nb increases from 1.2x10'® m™ to a local
maximum value of 2.8x10'® m™, more than twice higher. As the beam propagates further, the
amplitude of the density perturbation continues to increase. At the downstream region (y>100
mm), a fishbone-like density distribution emerges, with the majority of beam electrons

concentrated at the skeleton. This formation of a fishbone density distribution signifies a strong
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modification of the beam's behavior induced by the obliquely growing wave.
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Fig. 3 Contours of beam density for base case with the operating conditions as J,=700 A/m?, &,=4 keV, p=7
Pa.

To further examine the impact of the excited wave on the plasma, we plotted the contours
of the electron density n. (a) and ion density #zi (b) in Fig. 4, and the distributions along
transverse lines y=25 mm (c), =100 mm (d) and y=175 mm (e). As shown in Figs. 4(a) and
4(b), the maximum plasma density reaches approximately 10'7 m=. Visible boundaries can be
observed, indicating three distinct regions:

(1) Bulk region: This region corresponds to the path of the electron beam and is
characterized by relatively high plasma density (deeper red in Figs. 4(a) and 4(b)). In this
region, plasmas are directly produced by the beam electron-impact ionization, resulting in a
strong correlation between the distributions of e and ni with that of nb. A fishbone-like structure
is evident, reflecting the influence of the obliquely growing waves on the beam transport. As
shown in Figs. 4(c)~4(e), the values of ne and ni decrease transversely, creating a large density
gradient that spreads out the ions. The non-uniformities in plasma density within this region
are primarily attributed to the abnormal beam transport caused by the excitation of the
obliquely growing waves;

(i1) Diffusion region: In this region, parabolic-like distributions of ne and ni are observed in
Figs. 4(c) to 4(e), indicating the dominant role of diffusion. The ion flux increases as ions
traverse through this region, as evidenced by Fig. 6 (see therein in this paper).

(ii1) Sheath region. In this region, the quasi-neutrality condition is destroyed. The width of
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the sheath remains almost constant along the y-axis, approximately 0.7 mm (equivalent to
around 9 Debye lengths). The sheath voltage drop is ~12 V, in agreement with the predicted
value for an argon floating sheath as Us=4.7Tex/e =11.8 V (Tex=2.5 €V, see Fig. 5 therein) [36].
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Fig. 4 Profiles of electron number density and ion number density. The contours of electron number
density and ion number density are presented in (a) and (b), and the corresponding transverse distributions
along y=25 mm, =50 mm and y=175 mm are presented in (c)~(e) with solid line for electron and dashed

line for ion. The operating conditions are ;=700 A/m?, &=4 keV, p=7 Pa.
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Fig. 5 Profiles of x component of bulk electron temperature 7cx. Contour of 7¢x are presented in (a),
and the corresponding transverse distributions along y=25 mm, y=50 mm and y=175 mm are presented in

(b)~(d). The operating conditions are J,=700 A/m?, a=4 keV, p=7 Pa.

3. Electron temperature

Fig. 5 shows: (a) contours of the x-component of bulk electron temperature 7ex (hereinafter
referred to as electron temperature); (b)~(d) distributions of 7ex along the transverse lines at
y=25 mm, 100 mm and 175 mm. Note that the y-component of the bulk electron temperature
Tey is not presented in this paper because it contributes negligibly to the transverse ion fluxes.

Throughout the simulations, 7ex is computed at each grid node using the formula [37]

Too=m ()~ () ). (1)

where meis the electron mass, vex is electron velocity in x direction, and (---) denotes the average
over the macroparticles of bulk electrons in each grid node. Beam electrons are not included in
the calculation of 7ex. As illustrated in Fig. 5(a), Tex decreases longitudinally from 2.5 eV to
1.9 eV within the bulk region, manifesting that the excitation of obliquely growing waves may
result in a lowering of 7ex. The underlying mechanism behind this phenomenon is not yet fully
understood. However, a qualitative explanation could be that the wave excitation enhances the
population of tail electrons, leading to modifications in the rate coefficients for ionization, as
discussed in Ref [38]. The typical electron velocity distribution functions and the contour of
ionization rate are illustrated in Appendix B. It is worth noting that the simulated value of 7ex
is slightly higher than the experimental measurement [14], which is attributed to the higher
beam current density used in the simulation, being 2.5 times larger. In the transverse direction,
Tex exhibits a relatively uniform distribution, except for a peak occurring near the boundaries
of the sheath and diffusion regions, as shown in Figs. 5(b) to 7(d). This phenomenon is
attributed to the reflection of slow electrons by the sheath voltage drop and has also been

observed in the literature [21].

4. lon flux and ion energy flux
The paper presents the vector plot of the ion flux, I'i, over the entire simulation domain, as

well as the distribution of the ion flux to the wall, I'iw, are presented in Figs. 6(a) and 6(b),
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respectively. T'i is computed at each grid node using the formula T ;=N <\7|> Fig. 6(a)

illustrates that ions diffuse from the boundary of the bulk and diffusion regions, resulting in a
noticeable increase in I'i. Apart from the longitudinal sheaths, the vectors of I'i are
predominantly perpendicular to the wall surface, indicating negligible diffusion in the y-
direction. Fig. 6(b) demonstrates a slight longitudinal increase in Iiw from 5.5x10"” m?.s! at
y=10 mm to 7.0x10' m2.s™! at =190 mm, despite some oscillations due to the non-uniformity

of plasma density.
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Fig. 6 Vector plot of ion flux I'; (a) and distributions of ion flux to the wall I’ (b). The operating

conditions are J,=700 A/m?*, &,=4 keV, p=7 Pa.

The paper presents the vector plot of the ion energy flux, I':, over the entire simulation
domain, as well as the distribution of the ion energy flux to the wall, I'cw, as shown in Figs.

7(a) and 7(b) respectively. The ion energy flux, I'¢, is computed at each grid node using the

formula

rs =mn; <Vi?x +Vi?y +Vi?z><\7i > > (2)

where vixxyz represents the ion velocity in x, y, and z directions. In the bulk, ion energy flux is
low due to the low ion energy there. lons gain energy primarily in the sheath region, thereby
forming a large energy flux impacting the walls. As shown in Fig. 7(b), the oscillations of I'c.w
are seen, which is because the waves can modify the plasma potential, and thus, affect the ion
energy flux. The average I'.w is approximately 8x10%° eV-m?:s!. Given I'iw= 6x10'" m2.s!,
the average energy that each ion carries is calculated as 13.3 eV, in agreement with the predicted

energy of argon ions bombarding the wall as &=5.2 Tex~ 13.0 eV for an argon floating sheath

[36].
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Fig. 7 Vector plot of ion energy flux I'; (a) and distributions of ion energy flux to the wall I'¢y (b). The

operating conditions are ;=700 A/m?, 8=4 keV, p=7 Pa.

It is worth highlighting that in Ref. [20], EBP discharges were also studied based by means
of the PIC/MCC simulation. Notably, there are significant distinctions between the behavior of
our EBP system and theirs:

(1) The modeling results of Ref. [20] demonstrated a diffusion-like profile for the steady-
state plasma density across almost the whole discharge chamber, which differs from the
observations in our simulations. This is because the transverse length of the chamber was much
larger than the beam radius in their cases, resulting in plasma production primarily occurring
in a very narrow region near the chamber center, followed by the spreading out of ions through
diffusion. Consequently, a large diffusion region was formed.

(i1) Notably, the excitation of waves was not observed in their simulations. This observation
may be attributed to the lower plasma density. Besides that, the diffusion process also has the

potential to smooth out density perturbations.

B. EBP characterization for different cases and relevant discussions

In this subsection, a parametric study of the EBP properties is performed to study the
impacts of different operating conditions (i.e. Jb, &, and P) on the distributions of critical
plasma parameters, i.e. ne, Te, iw and Ic,w. The base case used for comparison is /=700 A/m?,
a=4 keV, p=7 Pa, which is described in Sec III(A). All the data are collected from steady state
and averaged over 100 snapshots within a 10 ns time interval to eliminate the numerical noises

and fluctuations.

1. Plasma density profiles with varying Jb, &b, and p
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Profiles of the electron number density along the y-axis x=0 mm under different conditions
are shown in Fig. 8, organized according to the cases with varied (a) beam current density Jb,
(b) beam energy &, and (c) pressure p. Note that ion density profiles are not shown here as
quasi-neutrality is maintained throughout most of the domain, except for the sheath region.

As shown in Fig. 8(a), the average value of n. rises from approximately 2.5x10'® m™ to
around 8x10'® m with J, increasing from 300 A/m* to 1000 A/m?. This trend is expected
because b increases correspondingly with Jo. For the cases with +=300 and 500 A/m?, . has
a relatively flat distribution along the y-axis, despite some perturbations induced by waves. For
the cases with /=700 and 1000 A/m?, n. exhibits a slope longitudinal distribution with higher
value at larger y. This is because, on one hand, high-amplitude waves lead to local
concentration of beam electrons and bulk plasma (see Figs. 3 and 4); on the other hand, beam
electrons undergo energy loss through interactions with waves, resulting in enhanced ionization

at »>100 mm as because the ionization cross-section becomes higher at low electron energies

(see Appendix A).
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Fig. 8 Variations of electron number density profiles along the y-axis with (a) J,=300~1000 A/m?,
(b)a=2~8 keV, and (c) p=3~9 Pa. The operating conditions of the base case are J,=700 A/m?, &,=4 keV,

p=TPa

Fig. 8(b) shows that ne decreases with increasing &. This trend is attributed to the
decreasing of ionization rate with higher & in the keV range. The ionization rate Si can be
evaluated as ~oeinanvv, where oei is the electron-impact ionization cross-section, nb is the
density of argon gas atom, and v denotes the beam electron velocity. For &s>1.0 keV, cei varies
as the inverse first power of &, namely cei~&! [39]. Therefore, Si ~ Geinvvb ~cei~& !, indicating

that the value of ne falls with & for &>1.0 keV.
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This mechanism also offers an explanation for the density hump observed in cases with
a=2 keV and 4 keV. As shown in Fig. 9, for the cases with &=6 keV and 8 keV, the waves are
weak with amplitudes of several Volts. However, for the cases with &=2 keV and 4 keV, the
high-amplitude waves with amplitudes of 20~30 V are clearly seen. A rigorous analysis for this
phenomenon would be complicated due to the nonlinear nature of obliquely growing wave,
which lies beyond the scope of this paper. For simplicity, a qualitative explanation is provided
here. In a finite-size beam-plasma system, the wave number and spatial growth rate can be

approximated based on linear theory [40].

Re(k) ~ &{1.“ L+25cos(L,) )}

vy 11Ln , (3)
o, 2In(L,)-05

Im(k) zv—e ( |_)
b n

where we denotes the electron frequency, and Ln=Lywe/vv denotes the normalized gap length.
For the base case (/o=700 A/m?, &=4 keV, and p=7 Pa), the theoretically predicted wavelength
An=27/Re(k) is 17 mm according to Eq. (3). This value aligns closely with the simulation result
of Asim = 20 mm, thereby affirming the accuracy of Eq. (3). Apparently, with a fixed Ly, we have

-1 12 -1/2 2 12 -1
Re(k) ~w.v, ~n g, “~S g ~¢&,

, 4
Im(k) ~ In(@,v,") ~ In(5,") @

From Eq. (4), it is evident that both Re(k) and Im(k) decrease with increasing &v. This implies
that waves with shorter wavelengths and higher spatial growth rates tend to occur at lower &
values, which is consistent with the simulation results shown in Fig. 9. When interacting with
higher amplitude waves, beam electrons lose more energy. Consequently, in cases with &=2
keV and 4 keV, beam energy decreases significantly near the end of the domain. Therefore, a

higher ionization rate is achieved, leading to the formation of a prominent density hump there.
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Fig. 9 Potential profiles along the y-axis for the cases with &=2 kV, 4 kV, 6 kV and 8 kV. Other operating

conditions are J,=700 A/m?, p=7 Pa

Fig. 8(c) illustrates that the average ncincreases from 2.5x10'° m at p=3 Pa to 6x10'¢ m™
at p=9 Pa. This trend is consistent with that of the ionization rate Si ~ na ~p. Additionally,
similar density humps at the end of the simulation domain are observed across the different
pressure values. The density gradient becomes more pronounced with increasing pressure
because beam electrons experience more collisions with atoms at higher pressures, leading to

a greater energy loss.

2. Electron temperature profiles with varying Jb, eb, and p

Fig. 10 summarizes the profiles of 7ex along the y-axis for the cases with varied J», &, and
p. As depicted in Figs. 10(a) and 10(b), Tex is highly dependent on the beam parameters (i.e.
Jo and &). For the cases with /=300 and 500 A/m? , as well as the cases with &=6 keV and 8
keV, Tex exhibits relatively flat distributions along the y-axis. However, for the cases with
Jo=700 and 1000 A/m?, as well as the cases with &=2 keV, 4 keV, Tex falls longitudinally until
reaching the boundary of the end electrode sheath. This is, as discussed in the second subsection
of Section I1I(A), probably attributed to the modification of the electron energy distribution by
obliquely growing waves. The value of Tex is 1.1 eV for cases with /=300 A/m?, &=4 keV,
and p=7 Pa, agreeing with the measured 7ex of approximately 1 eV under the experimental
condition in Ref. [14] with J4=260 A/m?, &,=4 keV and p=7 Pa. The maximum difference in
Tex, as p varied from 3 Pa to 7 Pa, is only 0.3 eV, indicating that Tex is relatively insensitive to

the changes of gas pressure.
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Fig. 10 Variations of electron temperature profiles along the y-axis with (a) Jy=300~1000 A/m?, (b)&,=2~8

keV, and (c) p=3~9 Pa. The operating conditions of the base case are J,=700 A/m?, &=4 keV, p=7 Pa

3. Profiles of ion flux and ion energy flux with varying Jo, &b, and p

Fig. 11 and Fig. 12 present the profiles of the wall-collected ion flux I'iw and ion energy
flux ['e,w with varying Jb, &, and p. It is observed that, in general, both I'iw and I'sw exhibit an
increasing trend with Jb but a decreasing trend with & within the parameter ranges of interest.

For an argon floating sheath,

3/2
T, ~ NVgoum ~ N Tﬂ r,,~T,,-52T, ~52n, Tes (5)

iw e Y Bohm e ’
mi R 'mi

where vBohm=(Tex/mi)"? denotes the Bohm speed with mi being the ion mass. Tiw is on the order
of 10" m™s™! and I'c,w on the order of 10*° eV-m™s™!, consistent with the values predicted by
Eq. (5), given ne~10'm™ and Tex in the range of few electron volts. As shown in Figs. 11(a)~(b)
and Fig. 12(a)~(b), for the cases with J/o=300 and 500 A/m?, as well as the cases with &=6 keV,
8 keV, Tiw and I'gw exhibit relatively uniform distributions, which is consistent with the
relatively flat profiles of ne and Tex (see Figs. 8 and 10). For the cases with Js=700 and 1000
A/m?, as well as the cases with as &=2 keV, 4 keV, although nc and Tex are not uniform, they
exhibit the opposite longitudinal variations (ne increases while Tex decreases). Consequently,
the non-uniformities in ne and Tex compensate for each other according to Eq. (5). As a result,
I'iw and I'ew are more uniform than ne and 7ex. It is worth noting that the variations of I'i.w and
I'e,w with p are primarily dependent on that of #ne since Tex is not sensitive to p,. As shown in
Figs. 11(c) and 12(c), I'i,w and Tew increase from approximately 2.5x10' m?s™! and 5x10%°
eV-m?2s! at p=3 Pa to around 7x10' ms™! to 9x10%° eV-ms! at p=9 Pa, resembling the trend

of ne despite some discrepancy due to the small variations in 7ex.
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Fig. 12 Variations of the ion energy flux to the wall with (a) Jy=300~1000 A/m?, (b)&=2~8 keV, and (c)

p=3~9 Pa. The operating conditions of the base case are J,=700 A/m?, &,=4 keV, p=7 Pa

To sum up, the parametric study reveals that increasing the beam current density (Jb) results
in higher plasma density, but also leads to higher electron temperatures and larger non-
uniformities. Conversely, increasing the beam energy decreases the electron temperature and
smooth out the profiles, yet it also leads to the decreasing of plasm density. These contrasting
trends differ from the observations in micro-discharge EBPs [21], which pose a challenge in
tuning the ion flux and ion energy flux sorely by adjusting the beam current density and beam
energy for transversely confined EBPs, as they have opposing effects that tend to compensate
each other. Fortunately, it i1s observed that adjusting the pressure has a significant impact on
plasma density while having minimal effect on electron temperature. This provides an
opportunity to independently modulate plasma density and electron temperature through
integrated control of beam current density, beam energy and pressure.

For instance, achieving a lower energy flux while keeping the ion flux constant can be
accomplished by, at first, reducing the beam current density (or increasing the beam energy) to

lower the electron temperature. However, this practice also leads to a decrease in plasma
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density. To counteract the decrease in plasma density and maintain a constant ion flux, one can
then precisely increase the pressure to lift up the plasma density. By employing these strategies,
independent control over the ion flux and energy flux can be possibly achieved. Furthermore,
it is noticed that reducing the beam current density (or increasing the beam energy) leads to a
visible enhancement in the uniformity of ion flux to the wall and energy flux, while increasing
the background pressure causes less pronounced disturbance to uniformity. Therefore, it is
reasonable to expect that employing these strategies should not worsen the plasma uniformity

but may even improve it.

V. Summary and conclusions

In this paper, we employ a two-dimensional PIC/MCC model to investigate the
characteristics of argon EBPs transversely confined within a narrow gap. The model simulates
the generation of plasmas through mono-energetic beams emitted from the injection electrode.
Such process resembles the inner surface treatment of tubular apparatuses in practical
applications. Our PIC/MCC model incorporates the electron and Ar" kinetics as well as the
electron-neutral collisions including the elastic scattering, excitation and impact ionization.
The primary conclusions are summarized as follows:

(1) Three regions are distinguished. Plasma production primarily occurs in the bulk region
along the path of the electron beam. The density gradient at the bulk boundaries leads to ion
diffusion into the diffusion region, where the ion flux gradually increases. Near the wall, a
floating sheath is formed, and ions primarily gain energy in this sheath, resulting in a significant
ion energy flux towards the surface.

(2) Obliquely growing waves with crescent-shaped potential structures are found to be
excited and significantly modify the beam transport, thereby leading to a fishbone-like
distribution of beam density. In the bulk region, electron and ion number densities are tightly
correlated with the beam density and are strongly influenced by the waves. Electron
temperature is also found to be reduced by the presence of obliquely growing waves in this
region. However, the properties of the plasma in the diffusion and sheath regions remain
unaffected by the waves.

(3) The plasma density exhibits a slope longitudinal distribution with a hump near the end,
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resulting from the energy loss of beam electrons due to their interactions with the waves. On
the other hand, the electron temperature shows an inverse distribution with the value decreasing
longitudinally. These opposite trends of plasma density and electron temperature compensate
for each other to some extent, smoothing the longitudinal flux distributions.

(4) Variations of the plasma parameters with respect to the beam current density Jb, beam
energy & and gas pressure p are examined. It is found that increasing Jb or decreasing & leads
to higher plasma density and electron temperature, as well as larger non-uniformities; while
increasing p results in a higher plasma density but scarcely changes the electron temperature.
It means that, for the EBPs transversely confined in a narrow gap, increasing J» and decreasing
& play the inverse roles in modulating ne and 7ex, which make it challenging to independently
tune the ion flux and ion energy flux sorely by adjusting J» and &. Therefore, we suggest an
approach involving the integrated adjustment of beam current density, beam energy, and
pressure.

It should be noted that this study does not account for the effects of secondary electron
emission and chemical reactions and collisions between ions and neutrals. These factors may
become significant when applied to EBPs in the presence of an extraction electric field or in
the presence of a molecular gas (e.g., nitrogen). These effects will be investigated in our future
work. Moreover, the present work does not incorporate cylindrical effect. That requires the

implementation of a cylindrical model and will be investigated in our future work.
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Appendix A: Cross-section data

This appendix summarizes the cross-section data used in the simulations. As depicted in

Fig. 13, the ionization cross-section (blue curve) decreases with projectile energy ¢in the range

&1 keV.
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Fig. 13 Cross section as a function of projectile energy used in the simulations

Appendix B: Electron velocity distribution functions

and contours of ionization rate

This appendix summarizes the typical electron velocity distribution functions (EVxDF) and
the contours of ionization rate for base case with the operating conditions as Js=700 A/m?, &=4
keV, p=7 Pa, which are plotted in Figs. 14 and 15, respectively.

Fig. 14 shows the main body and tail of EVxDFs at steady state for base case (Jo=700 A/m?,
a=4 keV, p=7 Pa). The red and blue curves represent the EVxDFs at the upstream region
(0<x<1.67 mm, 0<y<50 mm) and the downstream region (0<x<1.67 mm, 150<y<200 mm),
respectively. Note that the EVxDFs are normalized using the total number of electrons

contained within the respective regions. Note that the EVxDFs are calculated by accounting for
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all the bulk electrons contained within the respective regions and normalized using the total
number of bulk electrons.

As shown in Fig. 14(a), the main body of EVxDF at the upstream region exhibits a slightly
broader distribution compared to its downstream counterpart, agreeing with the observation
where the electron temperature drops from the upstream to downstream region. Conversely,
the population of high-energy electrons, referred to as the tail of the EVxDF, is more
pronounced in the downstream region than in the upstream region (see Fig. 14(b)), suggesting
an enhancement in the tail of the EVxDF in the downstream region. These behaviors of EVxDF
are consistent with the predictions presented in Ref. [38], which demonstrate that the
enhancement of tail electrons modifies the ionization rate coefficient, resulting in the decrease
of electron temperature.

In Fig. 15, the ionization rate demonstrates a strong correlation with wave behaviors,

indicating a significant modification of the ionization rate by the waves.
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Fig. 14 Main body (a) and tail (b) electron velocity distribution function at steady case for base case
(/=700 A/m?, &,=4 keV, p=7 Pa). The red and blue curves show the electron velocity distribution
functions at the upstream region (0<x<1.67 mm, 0<y<50 mm) and the downstream region (0<x<1.67 mm,
150<y<200 mm), respectively. The EVDFs are calculated by accounting for all the bulk electrons

contained within the respective regions and normalized using the total number of bulk electrons.
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Fig. 15 Contours of ionization rate for base case with the operating conditions as J,=700 A/m?, &=4 keV,

p=T Pa.
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