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Abstract. The characteristics of plasma sheaths in different background
gases are of great importance for understanding plasma-surface
interactions. In this work, a comparative investigation is performed on
argon and hydrogen thermal electropositive plasmas containing primary
electrons and singly charged ions near an electron-emitting surface. By
taking into account the wall potential condition and the modified Bohm
criterion, the plasma sheath characteristics such as the spatial profiles of
secondary electron density and electrostatic potential are numerically
investigated for argon and hydrogen plasmas with non-Maxwellian and
Maxwellian primary electron distributions. This study provides valuable
insights into plasma-surface interactions and may be useful in applications
such as plasma processing and fusion technologies.
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1 Introduction

The contact between plasma and a material wall lead to the formation of a thin non neutral
layer, known as the sheath. Because of the higher mobility of electrons compared with ions,
the electrons reach the wall more rapidly, leaving a region enriched with ions. This charge
imbalance generates an electric field that drives ions toward the wall while electrons are
repelled. The sheath plays an essential role in numerous applications, including plasma
processing [1], electric propulsion [2], and interactions between plasma and reactors in
fusion devices [3]. For example, in material processing, plasma sheaths are exploited to
control ion bombardment and tailor surface properties in technologies relevant to renewable
energy devices, including the fabrication of bulk and thin film silicon photovoltaic cells [4].
A particularly important mechanism in sheath physics is secondary electron emission
(SEE), in which energetic ions or primary electrons impacting the surface release additional
electrons. Numerous investigations have reported that these secondary electrons can
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significantly modify the sheath potential drop and overall sheath structure [5-7], making
SEE widely studied due to its importance a broad range of plasma systems, from Hall
thrusters [8] to magnetic confinement fusion devices [9].

Most classical sheath studies consider plasma electrons to obey a Maxwell-Boltzmann
distribution [10-14]. However, a large number of experimental and theoretical results [15-
17] have demonstrated that the Boltzmann Gibbs statistics fail to accurately describe
systems in which long range Coulomb forces and nonequilibrium effects are present. The q-
nonextensive formalism introduced by Tsallis [18] provides a generalized statistical
description for systems with long range interactions through the nonextensive parameter q.
This parameter characterizes the deviation from the Maxwellian behaviour, where g < 1
corresponds to superextensive electron populations, whereas q > 1 corresponds to
subextensive distributions. The nonadditive Tsallis entropy reduces to the classical
Boltzmann-Gibbs entropy in the limit ¢ - 1. Many studies have examined how the
nonextensive parameter affects sheath properties such as potential profiles and charged
particles densities, under different plasma conditions [19-21].

Superextensive electron populations (g < 1) contain in particular a larger number of
energetic electrons and therefore exhibit a greater ability to generate secondary electron
emission (SEE). For this reason, particular attention is given to the case q < 1in the
present work, while comparing it to the Maxwellian distribution.

In our previous study [20], we investigated the impact of the non-extensive parameter and
secondary electron emission on the sheath properties in argon plasma. In the present work,
we extend the analysis by comparing plasmas composed of heavy ions and light ions under
both superextensive and Maxwellian primary electron distributions, while examining the
effect of positive ion temperature and SEE generated by positive ions and primary
electrons. This comparative approach allows us to clarify how ion mass affects the sheath
properties, which is an aspect that has not been examined previously in the presence of
SEE.

This paper is structured into four sections, with the Introduction presented in Sec.1. In Sec.
2, we present the basic equations describing our plasma model. In Sec. 3, we discuss the
numerical results obtained. A summary of the main conclusions is given in Sec.4.

2 Theoretical model

In this work, we investigate a collisionless, unmagnetized plasma sheath composed of
primary electrons, thermal positive ions, and secondary electrons emitted from the wall due
to the impact of both ions and primary electrons. The region of interest extends from the
quasineutral plasma (x < 0) to the nonneutral sheath, where the sheath edge is taken
at (x = 0). At this position, the quasineutrality condition is satisfied, n,, + ng, = n;,
where 1., ngg, and n;, denote the primary electron, secondary electron, and positive ion
densities at the sheath edge (x = 0), respectively.

The primary electrons obey a nonextensive distribution [21], and their density is expressed
as

q+1
ne =ney [14 (g = Die q#1 (1)
where q represents the degree of nonextensivity and T, denotes the electron temperature.

For q = 1, the distribution simplifies to the classical Maxwell-Boltzmann distribution, and
the primary electron density becomes

ne = neo exp (Z2) @

KpTe
The thermal positive ions and secondary electrons are considered as fluids in the steady
state and are governed by the following equations.
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Continuity equations:
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where m,, v; and ng represent the mass, velocity, and density of secondary electrons, while
n;, v; , m; , and T; correspond to the ion density, velocity, mass, and temperature. e denotes
the elementary charge, and ¢ is the electrostatic potential.
The electrostatic potential satisfies Poisson’s equation:
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where g is the electric permittivity of free space.
To normalize the governing equations, we define the following dimensionless variables:
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The normalized governing equations are
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Using the normalized continuity and momentum equations (Egs. 9 and 10) and the zero net
current condition i.e., the fluxes of ions and primary electrons reaching the wall are
balanced by the flux of secondary electrons from the wall (I = ye [ow + Vi iw ), We
obtain

_ Yetvi _ Upo
Ns = 1-Ye Juby— 2u(¥-¥y) (15

where ug,, is the normalized secondary electrons velocity at the wall, u;, is the positive ion
velocity at the sheath edge, ¥, is the normalized floating potential at the wall. The
coefficients y, and y; quantify the secondary electron emission from primary electrons and
ions, respectively. The fluxes of positive ions and primary electrons reaching the wall are
denoted by [}, and [ey.

3 Numerical results and discussions

To examine the combined effects of positive ions and secondary electron emission on the
sheath properties, we numerically solved equations (10)-(15) using the fourth-order Runge-
Kutta method for superextensive (q < 1) and Maxwellian (q = 1) primary electrons in
argon and hydrogen plasmas. Following our previous work [20], the ion entrance
velocity u;y and the potential at the wall W, were determined numerically using the
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Newton-Raphson method. Their analytical expressions are therefore not repeated here and
can be found in Egs. (21)-(22) and (27)-(28) of Ref.[20]. The boundary conditions at the
sheath edge (£ =0) are Ny + Ngg = Njp, ¥o =0, and ¥, = 0.001. The secondary
electron velocity at the wall and the ion to electron mass ratios were taken as ug,, = 40,
u(Art) = 7.333 x 10* and pu(H') = 1.851 x 103 , respectively. The sheath region
extends from § =0 to the wall § = §,, where the potential attains W¥,,. Therefore, the
thickness of the sheath is &,,.

We compare argon and hydrogen plasmas for both superextensive (q = 0.6) and
Maxwellian (q = 1) primary electron distributions. For each plasma type, two secondary
electron emission (SEE) cases are considered: (1) SEE due to primary electrons only (y; =
0,ve =0.7), and (2) SEE generated by both ions and primary electrons (y; = 0.4,y. =
0.7). In all cases, the secondary electron density and the electrostatic potential are analyzed
for three ion temperatures (T = 0, 0.2, 0.4).

3.1 Normalized secondary electron density

Considering secondary electron emission (SEE) from primary electrons only (y; = 0), Fig.
1 depicts the normalized secondary electron density N versus the normalized distance §
from the sheath edge for both superextensive and Maxwellian primary electron distributions
in argon (Ar) and hydrogen (H) plasmas. As shown in this Figure, an increase in the
positive ion temperature T results in a higher secondary electron density. This means that
in warm plasmas, the electrons emitted from the wall become more significant than in cold
plasmas (T = 0), which is consistent with the enhanced ion flux reaching the wall. As T
increases, positive ions acquire higher thermal energy, enabling a greater number to reach
the sheath edge. This produces a larger ion flux toward the wall and consequently a higher
secondary electron yield. Comparing Figs. la with 1a’ and 1b with 1b’, it is evident that the
ion temperature has a stronger effect on N across the sheath in hydrogen plasma. In
contrast, in argon plasma, the influence of ion temperature on N is mainly noticeable near
the wall. Moreover, in hydrogen plasma (Figs. 1a’ and 1b’), the effect of ion temperature on
Ng is more pronounced for the Maxwellian primary electron distribution than for the
superextensive case (q = 0.6). However, in argon plasma (Figs. la and 1b) the difference
between Maxwellian and superextensive electrons remains very small. Regardless of the
ion temperature and mass, the secondary electron density at the wall Ng,, = Ng(§ = &) is
slightly higher in the superextensive case compared to the Maxwellian one, while within
the sheath region, the trend is inversed : Ns(Maxwellian)> Ns(superextensive). For a fixed
ion temperature (T = 0.4) in superextensive distribution, the secondary electron density at
the wall in argon plasma is Ng, (Ar) = 0.06, while in hydrogen plasma Ny, (H) > 0.06.
The same behavior is observed for the Maxwellian distribution. This can be explained by
the fact that lighter ions have higher mobility, allowing them to be more effectively
accelerated through the sheath and to reach the wall with a higher flux compared to heavier
ions, which enhances secondary electron emission. Furthermore, as the ion temperature
decreases, the sheath region expands for both argon and hydrogen plasmas, irrespective of
the primary electron distribution. This behavior is in agreement with the result obtained in
Ref.[19] for a nonextensive plasma sheath with thermal ions and without SEE (y; =y, =
0). In addition, the sheath width in both argon and hydrogen plasmas is larger in the
superextensive electron distribution, where electrons are more energetic, compared to the
Maxwellian case. This result is consistent with those obtained in Ref.[19]. Moreover, when
the positive ion mass decreases the sheath thickness decreases. Similar behaviors are also
observed when positive ions contribute to SEE (y; # 0), as shown in Fig. 1. Comparing
Figs. la and 1b with 2a and 2b, and also Figs. 1a’ and 1b’ with 2a’ and 2b’, it is seen that
regardless of the background gas, primary electron distribution, and ion temperature, Ng
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becomes larger when both ions and primary electrons contribute to SEE compared to SEE
from primary electrons only. Moreover, including SEE from positive ions does not
noticeably modify the sheath width, but the influence of ion temperature becomes more
pronounced.
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Fig. 1. Normalized secondary electron density versus ¢ in superextensive and Maxwellian plasmas at

different ion temperatures T, assuming SEE due to primary electrons only: (a) Argon plasma with
superextensive electrons, (a") Hydrogen plasma with superextensive electrons, (b) Argon plasma
with Maxwellian electrons, (b") Hydrogen plasma with Maxwellian electrons.
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Fig. 2. Normalized secondary electron density versus ¢ in superextensive and Maxwellian plasmas at
different ion temperatures T with SEE: (a) Argon plasma with superextensive electrons, (a")
Hydrogen plasma with superextensive electrons, (b) Argon plasma with Maxwellian electrons, (b")
Hydrogen plasma with Maxwellian electrons.

3.2 Normalized electrostatic potential profile

Using the same boundary conditions and parameters described in Sec. 3.1, Figs. 3 and 4
present the normalized electrostatic potential across the sheath region for different values of
the positive ion temperature T in argon (Ar) and hydrogen (H) plasmas, considering both
the superextensive (q = 0.6) and the Maxwellian (q = 1) electron distributions. Two
types of SEE are examined: SEE induced by primary electrons only (y; = 0) and SEE
produced by primary electrons and positive ions (y; # 0). In the case of SEE from primary
electrons only (Fig. 3), increasing the ion temperature raises the electrostatic potential
throughout the sheath, whereas the sheath width contracts and the wall potential drop
Y, decreases. Warm ions have greater thermal velocities, which increases their flux toward
the wall. This enhanced ion flux reduces the accumulation of positive charge in the sheath
region, resulting in a reduction of ¥,,. This behavior is in agreement with the findings of
Ref. [22] for magnetized Maxwellian plasmas. For a fixed ion temperature, the potential is
always larger for the superextensive distribution than for the Maxwellian one. Increasing
the ion mass also leads to a higher potential across the sheath and at the wall. This effect is
more pronounced in the superextensive case. A comparison between Figs.3 and 4 shows
that including SEE from positive ions lowers the electrostatic potential at the wall in both
gases, regardless of the ion temperature or the primary electron distribution. Ion impact at
the wall generates additional emitted electrons, which partially compensates the positive
space charge and therefore leads to a smaller potential drop at the wall. The ion induced
SEE does not significantly affect the sheath thickness. This observation is consistent with
the density profiles presented in Figs.1 and 2, where ion induced SEE increased the number
of secondary electrons but had minimal impact on the spatial extent of the sheath.
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Fig. 3. Normalized potential versus ¢ in superextensive and Maxwellian plasmas at different ion
temperatures T, assuming SEE due to primary electrons only: (a) Argon plasma with superextensive
electrons, (a") Hydrogen plasma with superextensive electrons, (b) Argon plasma with Maxwellian
electrons, (b") Hydrogen plasma with Maxwellian electrons.
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Fig. 4. Normalized potential versus ¢ in superextensive and Maxwellian plasmas at different ion
temperatures T with SEE: (a) Argon plasma with superextensive electrons, (a’) Hydrogen plasma
with superextensive electrons, (b) Argon plasma with Maxwellian electrons, (b") Hydrogen plasma
with Maxwellian electrons.

4 Conclusion

The characteristics of thermal electropositive plasma sheath have been numerically
analyzed in the presence of secondary electron emission produced by both positive ions and
primary electrons. The numerical results obtained for the Maxwell-Boltzmann distribution
(q=1) were compared with those of the superextensive distribution (q < 1). On one hand, it
was shown that in both argon and hydrogen plasmas, increasing q leads to a faster decrease
of the electrostatic potential, a higher density of secondary electrons within the sheath, and
a slightly lower value at the sheath edge. On the other hand, it was observed that
independent of the primary electron distribution, the effect of positive ion temperature is
more pronounced in lighter plasmas such as hydrogen compared to argon, especially when
ion-induced SEE is taken into consideration. It was also shown that the influence of SEE
due to ion bombardment on the sheath width is negligible. However, the sheath becomes
wider for heavier ions and narrower when the positive ion temperature increases. This work
may be relevant to fusion devices, including tokamaks and plasma processing applications
where plasmas containing energetic electrons interact with emitting surfaces.
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