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ABSTRACT

The effect of the non-Maxwellian plasma with enhanced electron tails on the properties of the radio frequency (RF) sheath is studied with a
one-dimensional collisionless model, which consists of the sheath model and the equivalent circuit model. In the sheath model, electrons are
assumed to obey the Cairns–Tsallis distribution. For various entropic indices q characterizing the degree of electron nonextensivity and
parameter a measuring the electron nonthermality state, the electron nonextensivity and nonthermality are found to modify the potential
drop across the sheath and the sheath thickness, as well as the spatiotemporal variations of the potential, the ion and electron densities inside
the sheath. With the decrease in q and the increase in a, the potential drop across the sheath and the thickness increase at any time in a RF
cycle as a result of the increase in superthermal electrons in the non-Maxwellian tail. The dependence of the potential drop across the sheath
on q and a is deeply related to the frequency and amplitude of the disturbance current. When the electron nonextensivity and nonthermality
are strengthened, the enhancement of the sheath potential drop can cause a significant increase in the ion bombardment energy on the wall,
sheath power dissipation, and plasma energy flux to the wall.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0015346

I. INTRODUCTION

Radio frequency (RF) sheaths play an important role in edge
plasma properties and plasma–wall interactions in a wide variety of
plasma fields. In fusion experiments, RF sheaths driven by ion cyclo-
tron range of frequency (ICRF) waves on the antenna and other
boundary surfaces can sometimes cause strong RF-enhanced impurity
sputtering and self-sputtering, parasitic power dissipation, hot spots,
and reduced heating efficiency of the core plasma.1 In the microelec-
tronics industry, the RF biased sheath of the electrode where the wafer
is placed determines the magnitude of ion bombardment energy on
the wafer in etching and deposition during material processing.2

Accordingly, the formation of the RF sheath has been studied by using
numerical, analytical, and semi-analytical models.1–10 In most of these
works, the fully fluid approximation3,4 or the simple Boltzmann distri-
bution1,2,5–10 was used to describe the electron profile in the sheath
based on the electrons in the state of local thermal equilibrium.

In the fusion plasma, astrophysics plasma and laboratory plasma,
it is the common phenomenon that the presence of energetic electrons
makes the electron distribution non-equilibrium and some deviation
from the Maxwellian. To investigate the effect of the energetic
electrons on the sheath structure and the resultant plasma–wall

interaction, different sheath models have been proposed for the elec-
trostatic or RF sheath.11–22 The typical method is approximated by the
sum of two electron distributions:11–18 the thermal Maxwellian back-
ground and a small suprathermal population. In Ref. 11, with the
assumption of small energetic electrons via the phenomenological
modification to the Maxwellian background electron distribution, the
structure of the RF sheath in the presence of a monoenergetic electron
beam has been examined. It is found that even small beam flux can
lead to the enhancement of the sheath potential drop at any time in an
RF cycle. Another common method is that the electrons in non-
equilibrium are described by only one non-Maxwellian electron veloc-
ity distribution function.19–22 Based on a generalization of the
Boltzmann–Gibbs–Shannon (BGS) system,23 Tsallis proposed a model
in which a parameter q characterizes the degree of nonextensivity of
the velocity distribution.�1 < q < 1 denotes the long-tailed distribu-
tion function with an excess of energetic particles, and q > 1 repre-
sents the distribution function exhibiting a thermal cutoff on the
maximum value allowing for the particle velocity. The Tsallis model,
connected to the well known j distribution with a formal transforma-
tion j ¼ 1=ð1� qÞ,24 has been used to investigate the formation of
the non-Maxwellian electron plasma sheath.16,20 In order to model the
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superthermal particles, Cairns et al. introduced a model with a param-
eter a set to characterize the deviation from the Maxwellian distribu-
tion caused by the enhanced high-energy tails.25 Tribeche et al.26 have
proposed a hybrid Cairns–Tsallis distribution function, which
purports to offer enhanced parametric flexibility in modeling
non-thermal plasmas with two parameters q and a. Cairns–Tsallis dis-
tribution is a physically meaningful model since it can adjust two
parameters to fit the wider range of observed plasmas. By employing
Cairns–Tsallis velocity distribution, there have been many theoretical
investigations of the basic plasma property,21,28–33 including the effect
of the interaction of nonthermality and nonextensivity on the Debye
shielding in an electrostatic sheath.21

In this paper, we use the Cairns–Tsallis distribution function to
describe electrons with enhanced high-energy tails in a RF sheath of
fusion plasma and then investigate the effect of the electron nonther-
mality and nonextensivity on the sheath structure and the related ion
bombardment energy on the wall, sheath power dissipation, and total
plasma energy flux to the wall. The rest of this paper is organized as
follows. The model description is presented in Sec. II. Section III
shows the numerical results and discussion. The conclusion is given
in Sec. IV.

II. MODEL DESCRIPTION

During simultaneous ICRF wave heating and lower hybrid wave
heating operation in tokamak, the energetic electrons caused by the
lower hybrid wave heating make the electrons deviate from the
Maxwellian distribution and then can affect the RF sheath driven by
the ICRF wave. Here, Cairns–Tsallis distribution is used to describe
the non-Maxwellian electrons with enhanced tails, while the ions are
described by the fluid equations. As shown in Fig. 1, the RF sheath is
driven by a current disturbance with ICRF x at the wall, and a one-

dimensional collisionless and unmagnetized sheath is considered. At
any time t, x ¼ 0 is the wall position and plasma-sheath edge is at
x ¼ dsðtÞ, where ds denotes the time-dependent sheath thickness. For
the sheath consisting of singly charged ions and electrons, the spatio-
temporal variation of the sheath potential /ðx; tÞ is described by the
Poisson equation,

@2/
@x2
¼ � e

e0
ðni � neÞ; (1)

where e, e0, niðx; tÞ, and neðx; tÞ are the elementary charge, the per-
mittivity of free space, and the spatiotemporal variation of the ion
and electron densities, respectively. At x ¼ dsðtÞ, /ðds; tÞ is assumed
to be approximately zero, i.e., /ðds; tÞ ¼ 0, and the plasma satisfies
the quasi-neutral condition ni;0 ¼ ne;0 ¼ n0. For the electrons, the
one-dimensional hybrid Cairns–Tsallis velocity distribution function
is written as26

fq;aðvÞ ¼ Cq;a 1þ a
v4

v4te

 !
1� ðq� 1Þ v

2

2v2te

" #1=ðq�1Þ
; (2)

where vte ¼ ðkBTe=meÞ1=2 is the electron thermal velocity with kB
being the Boltzmann constant, Te the electron temperature for
Maxwellian distribution, and me the electron mass. q and a are the
parameters associated with the electron nonextensivity and nonther-
mality, respectively. It was pointed out by Verheest and Pillay that the
pure Cairns distribution function develops wings and may become
unstable for a > 0:25.34 Williams et al. restricted the domain of allow-
able nonextensive parameters to the range of 0:6 < q < 1, involving
high-energy non-Maxwellian tails.27 For 0:6 < q < 1, the constant
parameter26
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where C stands for the standard gamma function.
In tokamaks such as EAST, the applied ICRF x is in the

20–70MHz range. For the typical edge plasma density n0 in the range of
1017–1018 m�3, the electron plasma frequency xpe ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ne;0e2=mee0

p
is

about 103–104 MHz. Since x� xpe, the electrons can respond to the

instantaneous sheath potential. Integrating the electron distribution func-
tion in the sheath over the velocity spaces gives the profile of the electron
density in the sheath,26,27

neðx; tÞ ¼ ne0 1þ ðq� 1Þ e/ðx; tÞ
kBTe

� �1=ðq�1Þþ1=2

� 1þ A
e/ðx; tÞ
kBTe

þ B

�
e/ðx; tÞ
kBTe

�2
" #

; (4)

where A ¼ �16qa=ð3� 14qþ 15q2 þ 12aÞ and B ¼ 16ð2q� 1Þqa=
ð3� 14qþ 15q2 þ 12aÞ.

The ion continuity and momentum equations are employed for
the ion fluid to obtain the ion density

@ni
@t
þ @ðniviÞ

@x
¼ 0; (5)

FIG. 1. RF sheath model geometry and the equivalent circuit model.
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; (6)

where mi and vi are the ion mass and velocity, respectively. The pres-
sure term pi ¼ nikBTi with the ion temperature Ti. Even for a RF
sheath, ion velocity satisfies the Bohm criterion at the plasma-sheath
edge,35,36 and it can be written as vi0 � Cs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðTscr þ cTiÞ=mi

p
,37

where c is the ion polytropic coefficient. Tscr ¼ 2Te=ð1þ qþ 2AÞ is
the electron screening temperature, obtained from Tscr ¼ eneð/Þ

dne=d/
j/¼0.

We can see that the ion velocity entering the sheath is related not only
to the temperature but also to the electron distribution. Cs increases
with the decrease in q and the increase in a, as discussed in Refs. 21
and 27. In the following discussion, we only consider vi0 ¼ Cs, i.e.,
Bohm criterion in a marginal form.

The system equations can be solved if the sheath potential at the
wall /ð0; tÞ is known. However, even if a sinusoidal RF current source
is applied on the wall, the sheath potential near the wall is not exactly
sinusoidal due to the effect of sheath loading.6 In fact, both the forms
and amplitudes of the sheath potential at the wall should be deter-
mined self-consistently by the current balance condition on the wall.38

To obtain /ð0; tÞ, an equivalent circuit model is introduced to deter-
mine self-consistently the instantaneous relationship between dsðtÞ
and /ð0; tÞ.6,8–11 As shown in Fig. 1, the sheath is modeled as a paral-
lel combination of a diode, a capacitor, and a current source. The ion
current incident onto the wall is expressed by

IiðtÞ ¼ eAsJið0; tÞ; (7)

where As is the wall area and Jið0; tÞ ¼ við0; tÞnið0; tÞ is the ion flux
to the wall.

The current through the diode represents the variation of the
electron current can be written as

IeðtÞ ¼ eAsJeð0; tÞ; (8)

where Jeð0; tÞ is the electron flux for the Cairns–Tsallis distribution at
the wall.32

Jeð0; tÞ ¼ A1
1
q

1þ ðq� 1Þ e/ð0; tÞ
kBTe

� �q=ðq�1Þ

� 1þ B1
e/ð0; tÞ
kBTe

�
e/ð0; tÞ
kBTe

þ 2q
2q� 1

�" #
; (9)

where A1 ¼ Cq;a
kBTe
me

8aþð3q�2Þð2q�1Þ
ð3q�2Þð2q�1Þ and B1 ¼ 4aqð2q�1Þ

8aþð3q�2Þð2q�1Þ.

The displacement current caused by the time variation of the
charge Q at the wall is

IdðtÞ ¼
dQ
dt
¼ Ccap

d/ð0; tÞ
dt

þ /ð0; tÞ
dCcap

dt
; (10)

where Ccap ¼ e0As=dsðtÞ is the time-dependent sheath capacitance.
With the assumption that disturbance current in ICRF applied at the
wall is sinusoidal, the current balance equation can be written as

IiðtÞ � IeðtÞ � IdðtÞ ¼ Imax sin ðxtÞ; (11)

where Imax is the amplitude of the disturbance current.
For convenience, the following dimensionless quantities are intro-

duced: Ni ¼ ni=n0, Ne ¼ ne=n0, u ¼ e/=kBTe, ui ¼ vi=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBTe=mi

p
,

f b ¼ x=xpi with ion plasma frequency xpi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ni;0e2=mie0

p
, and the

RF cycle s ¼ t=t0 with t0 ¼ 2p=xpi. In our calculation, Eqs. (1) and
[(5) and (6)] are solved through a second order finite difference scheme
in space and an explicit scheme in time, and the iteration method is
used to solve numerically a set of closed nonlinear equations with the
boundary conditions. The algorithm is as follows: the initial dsðtÞ,
uið0; tÞ, and Nið0; tÞ are guessed and the constant sheath capacitance is
assumed, then Eq. (10) are solved after Eq. (11) is substituted ion to Eq.
(10) to obtain the uð0; tÞ for a given Imax by using the fourth-order
Runge–Kutta method. With the obtained uð0; tÞ and sheath potential
waveform, Eqs. (1) and (4)–(6) are solved to obtain the new dsðtÞ,
uið0; tÞ, and Nið0; tÞ. The iteration is repeated until the solutions con-
verge to a self-consistent periodic steady state.6–8

III. RESULTS AND DISCUSSION

In this section, we present and discuss the results obtained from the
model equations for fusion plasma. The deuterium is considered as the
only discharge gas. With the assumption of electrons in near-Maxwellian
state, 0 < a < 0:01 and 0:75 < q < 1 are taken into account for the
Cairns–Tsallis distribution. The following parameters are chosen from
the current typical parameters at EAST-like tokamak during ICRF wave
heating as default parameters: Ti ¼ Te ¼ 10 eV, n0 ¼ 2:5� 1017 m�3,
As ¼ 0:8m2, f b ¼ 0:5, Imax ¼ 1000A, a ¼ 0:001, and q ¼ 0:8.

In an electrostatic sheath, it is shown that the sheath thickness
and sheath potential increase as the electron nonextensivity or non-
thermality strengthens.16,21 Here, we first investigate variations of the
sheath thickness and sheath potential at the wall as a function of time
in two RF cycles for different q and a. As shown in Fig. 2, for a positive
disturbance current at the wall in the first half of the cycle, the wave-
forms of sheath potential and sheath thickness have a large excursion
in some part, the sheath potential drop reaches its maximum, and the
sheath thickness also reaches its maximum. For a negative disturbance
current at the wall in the latter half of the cycle, the waveforms of the
sheath potential and sheath thickness become gentle and the sheath
potential drop and sheath thickness are small in most part. These
results are in good agreement with those of Ref. 11 in which the ener-
getic electron component is taken into account. With the decrease in q

FIG. 2. The sheath thickness normalized by Debye length kD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e0kBTe=n0e2

p
[(a) and (b)] and the sheath potential at the wall normalized by temperature kBTe
[(c) and (d)] in two cycles for different q [(a) and (c)] and for different a [(b) and (d)].
The other parameters are set to their defaults.
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and increase in a, the sheath potential drop and the sheath thickness
increase at any time in a cycle. The dependence of the sheath potential
drop and sheath thickness on q and a is more significant in the first
half of the cycle than in the latter half of the cycle, and the sheath
potential increases the most in the maximum of the sheath potential
drop. This is due to the fact that the sheath potential is always negative
in a capacitive sheath to keep the current balance at the wall.6 For a
positive disturbance current at the wall, the sheath potential drop
becomes so large that almost thermal electrons are reflected before
they reach the wall and most of the energetic electrons can reach the
wall in the first half of the cycle. As a result, even a small increase in
the energetic electron can change the time variation of the charge at
the wall and the resultant sheath potential drop because the sheath
current balance is dominated by the displacement current and the
electron current which is induced by energetic electrons. In the latter
half of the cycle, the disturbance current becomes negative and it can
be balanced by the ion and the electron currents. The sheath potential
is modified by the energetic electrons but the increase is not significant
for the electron in the near-Maxwellian state. The reason is that the
sheath potential drop is sufficient, and then most of the thermal and
the energetic electrons can reach the wall. Under this condition, the
current change caused by energy electrons has a little effect on the
whole. From Fig. 2, it is found that the decrease in q and the increase
in a can enhance the electron high-energy tail and cause the electron
distribution function far from the Maxwellian distribution, which

makes the increase in the sheath thickness and the sheath potential at
any time. By investigation of the evolution of the sheath potential at
the wall and the corresponding sheath thickness in two cycles, it is
demonstrated that the effect of the electron nonextensivity and
nonthermality on the sheath structure is more pronounced for smaller
q and larger a. Our results also show that tendencies of the sheath
thickness and sheath potential drop with electron nonextensivity or
nonthermality in a RF sheath at any time are the same as in an electro-
static sheath shown in Refs. 16 and 21.

To scrutinize the effect of the electron nonextensivity on the
sheath structure, we display the spatiotemporal variations of the ion
and electron densities in the RF sheath region and sheath potential for
two cases of q ¼ 0:75 and q ¼ 0:95 in Figs. 3 and 4. For the
Maxwellian electron RF sheath, it is shown in Ref. 8 that the plasma
density varies obviously with the spatial variable but gently with the
time, and the sheath potential shows a significant spatial change near
the wall and its temporal profile oscillates periodically with the time.
For the non-Maxwellian electron RF sheath, ion and electron densities
and sheath potential have similar spatiotemporal variations in the pre-
sent work, as shown in Figs. 3 and 4. In a RF capacitive sheath in
ICRF, the negative sheath potential exists all the time due to the cur-
rent balance at the wall.6 Therefore, the ion density decreases from the
plasma-sheath edge to the wall because ions are accelerated across the
sheath and then impact the wall, while the electrons are expelled away
from the wall and leave the sheath to the bulk plasma rapidly. Due to

FIG. 3. The spatiotemporal variations of (a) the normalized ion density, (b) the normalized electron density inside the sheath, and (c) the normalized sheath potential for
q ¼ 0:75 in two cycles. The other parameters are set to their defaults.

FIG. 4. The spatiotemporal variations of (a) the normalized ion density, (b) the normalized electron density inside the sheath, and (c) the normalized sheath potential for
q ¼ 0:95 in two cycles. The other parameters are set to their defaults.
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the large sheath potential drop and the thick sheath in the first half of
the cycle, the accelerated ions reach the wall in a longer distance.
Meanwhile, the reflected electrons increase and electrons reach hardly
the wall. The opposite occurs in the latter half of the cycle, which cor-
responds to the small sheath potential drop and the thin sheath. By
comparing profiles of the sheath potential and sheath thickness in
Figs. 3 and 4, it is found that the potential drop across the sheath is
larger and the sheath thickness is longer at any time in a RF cycle for
small q. The tendency is reasonable because smaller q means a more
number of electrons with high velocities enter the sheath and then
cause the sheath potential drop to rise. Similar results are also obtained
for the increase in the electron nonthermality. In Fig. 5, we only show
the spatiotemporal variations of sheath potential for a ¼ 0:001 and
a ¼ 0:01. The larger potential drop across the sheath and broader
sheath thickness for a ¼ 0:01 than for a ¼ 0:001 can be found due to
the contribution of the more enhanced high-energy electron tails to
the electron current. It is also inferred that the gradients of the spatial
profile of both the ion and the electron are steeper as the electron non-
thermality becomes strong.

Next, we investigate the minimum and maximum of the sheath
potential, the maximum of the sheath potential difference, and the
average sheath potential in a cycle as a function of q and a, respec-
tively. As shown in Fig. 6, for the maximum of the sheath potential
(i.e., the minimum potential drop across the sheath) corresponding to
a very thin sheath thickness, variation of the potential drop across the
sheath falls slowly with the decrease in q or the increase in a. For the
minimum of the sheath potential (i.e., the maximum potential drop
across the sheath) where the sheath thickness is very thick, the poten-
tial drop across the sheath is also found to depend strongly on q and a,
and its increase is far larger than the minimum of the sheath potential
drop with the decrease in q and the increase in a. Furthermore, the
maximum of the sheath potential difference increases. Figure 6 also
shows the average potential drop across the sheath in a cycle. With the
decrease in q and the increase in a, the average potential drop across
the sheath in a cycle increases because the sheath potential drop always
increases at any time in a cycle, as indicated in Fig. 2.

Now, we discuss the dependence of the sheath potential on the dis-
turbance source parameters for different q and a. From Figs. 7 and 8,

FIG. 5. The spatiotemporal variations of the normalized sheath potential in two cycles for (a) a ¼ 0:001 and (b) a ¼ 0:01. The other parameters are set to their defaults.

FIG. 6. The maximum and minimum of the sheath potential drop umaxð0; tÞ and uminð0; tÞ, the maximum of sheath potential difference Duw ¼ umaxð0; tÞ � uminð0; tÞ, and
the average sheath potential at the wall in a cycle �uw ¼ 1

s

Ð s
0 uð0; tÞdt as a function of (a) q with a ¼ 0:001 and (b) a with q ¼ 0:8. The other parameters are set to their

defaults.
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we can see that the amplitude and waveform of sheath potential are
mainly determined by the disturbance source and modified by the
non-Maxwellian electron distribution in ranges of our simulation
parameters. The amplitude of the sheath potential decreases with
the increase in the frequency, as reflected in the decrease in the max-
imum of the sheath potential drop. This result shown in Fig. 7 is in
good agreement with that of Ref. 8 for the Maxwellian electron
sheath. When taken into account electron nonextensivity, the varia-
tion of the sheath potential at the wall with frequency of disturbance
current decreases with q and it tends to be almost independent of
the frequency for the large q. When the electron nonthermality
increases, the potential drop across the sheath increases. The
increase in the sheath potential is found to be significant at the
position where the sheath potential drop reaches its maximum.
Figure 8 displays the effect the amplitude of the disturbance current
on the sheath potential for different q and a. With an increase in the
amplitude of the disturbance current, the sheath potential drop
increases at the first half of the cycle, while it decreases at the latter
half of the cycle. Although variation of sheath potential with the
amplitude of the disturbance source is opposite at the first and the
latter of the half cycles, the sheath potential drop shows a significant
change in general with the decrease in q and the increase in a. The
most significant change can be found at about the time when the
sheath potential drop reaches its maximum. For the normalized
time by the cycle, the time corresponding to the maximum of the
sheath potential drop is almost the same for different q and a.

As an application of the model described in Sec. II, we discuss
the effect of electron nonextensivity and nonthermality in tokamak

plasma on impurity sputtering, heating efficiency, and hot spots
via the ion bombardment energy on the wall, ion sheath power dis-
sipation, and plasma energy flux to the wall. The RF sheath driven
by the ICRF wave is of technological importance in tokamaks, and
electron non-Maxwellian distribution with enhanced high-energy
tails has been confirmed in the edge region during simultaneous
ICRF wave heating and lower hybrid wave heating operation.40,41

The ion bombardment energy on the wall Ei, ion sheath power dis-
sipation PRF ,

39 and plasma energy flux to the wall Qtotal can be
expressed as

Ei ¼ 2kBTi þ
1
2
miv

2
0 � e/ð0; tÞ; (12)

PRF ¼ AsJið0; tÞ/ð0; tÞ; (13)

Qtotal ¼ Jið0; tÞ kBTi þ
1
2
miC

2
s � e/ð0; tÞÞ

� �
þ Jeð0; tÞTscr : (14)

With the decrease in q and the increase in a, the superthermal elec-
trons in the non-Maxwellian tail are enhanced. Therefore, the ion
velocity entering the sheath increases according to Tscr ¼ 2Te=
ð1þ qþ 2AÞ21,27 and the resultant ion flux increases, and what’s
more, the sheath potential drop increases, as shown in Figs. 2–5. From
Fig. 9, we can see that the decrease in q and the increase in a can cause
the increase in Ei, PRF , and Qtotal . Corresponding to the waveform of
the sheath potential shown in Fig. 2, it is found that the variation of Ei,
PRF , and Qtotal with q and a is mainly dominated by the potential drop
across the RF sheath instead of the increase in the ion energy entering
the sheath.

FIG. 7. The variation of the normalized sheath potential at the wall in two cycles for different normalized ICRFs of disturbance current with [(a)–(c)] different q and a ¼ 0:001
and [(d)–(f)] different a and q ¼ 0:8. The other parameters are set to their defaults.
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IV. SUMMARY AND CONCLUSION

The one-dimensional collisionless hybrid model, consisting of
the sheath model in the ion cyclotron range of frequencies and the
equivalent circuit model, is used to study the properties of the radio
frequency sheath of fusion plasma with enhanced non-Maxwellian
electron tails. In the sheath model, ions are described by all the time-
dependent terms in the fluid equations and non-Maxwellian electrons
are assumed to obey the Cairns–Tsallis distribution. In the equivalent
circuit model, the sheath is looked at as a parallel combination of a
diode, a capacitor, and a current source. For various entropic index q
characterizing the degree of electron nonextensivity and the parameter
a measuring the electron nonthermality state, a set of equations
describing the model are solved numerically to obtain the potential
drop across the RF sheath and the sheath thickness, as well as the spa-
tiotemporal variations of the potential, the ion and electron densities
inside the sheath. Also, impacts of the variation of q and a on the ion
bombardment energy on the wall, sheath power dissipation, and
plasma energy flux to the wall are investigated.

It is shown that the potential drop across the sheath and the
thickness increase at any time in a RF cycle with the decrease in q and
the increase in a. In a cycle with sinusoidal current disturbance at the
wall, the dependence of the sheath potential and sheath thickness on q
and a is more pronounced during the positive disturbance current
than during the negative disturbance current. The change of the sheath
potential with q and a is found to be significant in the position where
the sheath potential drop reaches its maximum. As shown from spa-
tiotemporal variations of the plasma density and sheath potential, the
ion and electron densities change obviously with spatial variable but

FIG. 8. The variation of the normalized sheath potential at the wall with time for different amplitudes of disturbance current with [(a)–(c)] different q and a ¼ 0:001 and [(d)–(f)]
different a and q ¼ 0:8. The other parameters are set to their defaults.

FIG. 9. The ion bombardment energy on the wall [(a) and (b)], the ion sheath power
dissipation [(c) and (d)], and the total energy flux to the wall (e, f) in two cycles with
different q and a ¼ 0:001 [(a), (c), and (e)] and with different a and q ¼ 0:8 [(b),
(d), and (f)]. The other parameters are set to their defaults. In [(c) and (d)], constant
coefficient k0 ¼ 1:5� 10�15 (Ref. 39).
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gently with the time. The sheath potential shows a significant spatial
change near the wall and its temporal profile oscillates periodically
with time. As q is decreased or a is increased, the gradients of the spa-
tial profile of both plasma density and sheath potential become steeper
near the wall. For the decrease in q and the increase in a, both the
maximum and minimum of the sheath potential drop increase, but
the increase in the former is larger than that in the latter. As a result,
the maximum of the sheath potential difference becomes larger.
Moreover, the average sheath potential in the cycle also increases
because the sheath potential drop always increases at any time in a
cycle. The frequencies and amplitudes of the disturbance current can
affect the variation of the potential drop across the sheath with q and
a. As the disturbance current parameters are changed, the waveform
of the sheath potential depends on q and a in a cycle, and the most sig-
nificant change occurs at about the time when sheath potential drop
reaches its maximum. For the normalized time by the cycle, the time
corresponding to the maximum of the sheath potential drop is almost
the same for different q and a.

The results should be of wide relevance to explain and interpret
RF sheaths in the non-equilibrium fusion plasma related process. As
an example, in EAST tokamak, it is found that the impurity source,
lower heating efficiency, and heat load are modified by the RF sheath
during simultaneous ICRF wave heating and lower hybrid wave heat-
ing operation.40,41 The possible reason is that the superthermal elec-
trons from the lower hybrid wave heating cause the enhancement of
the RF sheath potential drop. The results presented in this work con-
firm that when the non-Maxwellian plasma with enhanced electron
tails is presented, the ion bombardment energy on the wall, ion sheath
power dissipation, and plasma energy flux to the wall always increase,
which can affect the impurity sputtering, heating efficiency of the
ICRF wave, and hot spot production on the material surface. Finally, it
must be pointed out that the one-dimensional model is used to investi-
gate the RF sheath structure in our present work. To further study the
RF sheath of non-Maxwellian plasma with anisotropic velocity distri-
bution, the particle-in-cell simulation framework such as Vsim soft-
ware42 should be carried out to include the three dimensional effect.
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