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During edge localized modes (ELMs), the sheath evolution in front of the Experimental Advanced Superconducting
Tokamak (EAST) upper divertor is studied to estimate the sputtered tungsten (W) atoms from the divertor target. A large
potential drop across the sheath is formed during ELMs by compared with inter-ELMs, and the maximum of sheath potential
drop can exceed one thousand of eV in current EAST operation. Due to the enhancement of the sheath potential drop during
ELMs, the W physical sputtering yield from the deuterium (D) ions and the impurity ions on the upper divertor target is
found to be significant. It is established that the sputtered W yield during ELMs is at least higher by an order of magnitude
than inter-ELMs, and D ions and carbon (C) ions are the main ions governing the W production for the current H-mode
with ELMs discharges. With increase in the pedestal electron temperature, the maximum of the D and C ion impact
energy during ELMs shows a nearly linear increase, and the D ions have sufficient impact energy to cause the strong W
physical sputtering. As a consequence, the D ions may dominate the sputtered W flux from the divertor target when the C
concentration is controlled less than one percent for the higher heating power H-mode with ELM discharges in near future.

Keywords: sheath, edge localized modes, impact energy

PACS: 52.40.Kh, 52.25.Vy, 52.40.Hf DOI: 10.1088/1674-1056/ab5279

1. Introduction
The edge localized modes (ELMs) driven by the quasi-

periodic magnetohydrodynamic instabilities are often ob-
served in tokamak plasmas with the high-confinement mode
(H-mode). ELMs will cause the transient energy loss of the
plasma stored energy and expel the impurities from the main-
edge plasma region before they penetrate the core plasma.
Most of the particle and energy fluxes induced by ELM bursts
are transported to the divertor regions and then lead to the ex-
cessive heat load on the divertor plate and strong ion impact
energy on the divertor material. As a consequence, the impu-
rity releases from the divertor plate and the resultant lifetime
of the material decreases. Furthermore, the impurity from the
divertor target can migrate into the core plasma to deteriorate
the plasma confinement. Hence, the ELM event and a series
of problems induced by ELMs may limit the H-mode opera-
tion regime. With low sputtering yield and high melting point,
tungsten (W) material has been used as the divertor target ma-
terial in several tokamaks,[1–3] and it is also suggested as the
divertor target material instead of carbon (C) in next fusion
devices such as ITER and CFETR.[4] In the Experimental Ad-
vanced Superconducting Tokamak (EAST), the upper graphite
divertor was upgraded into a full W one with ITER-like ac-
tively water-cooled monoblock structure in 2014.[3] With up-

per W divertor, the EAST obtained over 60 s in fully nonin-
ductive H-mode plasma operation in 2016.[5] However, under
some conditions, the W from the upper divertor can degrade
the plasma confinement and even cause the termination of the
plasma discharge.[6] Since the core plasma has a very low tol-
erability to the W concentration,[7] the control of W produc-
tion and W radiation are the key issues for long-pulse high
performance operation in the EAST.

The physical sputtering is the main process of W produc-
tion. In this process, the sheath plays a crucial role in deter-
mining the W physical sputtering since it can change the ion
bombardment energy on the W material. For a collisionless
sheath, the ion impact energy on the material is determined
by the ion energy at the sheath edge and the ion acceleration
across the sheath. In L-mode or inter-ELM H-mode deuterium
(D) plasma operation, the potential drop across the sheath Φ

approximates to −e0Φ ≈ 3kBTe,0 with the elementary charge
e0, the Boltzmann’s constant kB and electron temperature near
the divertor Te,0. During the ELMs, Φ depends on the pedestal
electron temperature.[8–10] Based on the sheath evolution ob-
tained from the analytical model during ELMs, it is shown in
the JET that the D ion is the main trigger of the W source
while the contribution of the beryllium ion is lower by an or-
der of magnitude because of the small concentration.[11] In
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the current EAST, H-mode discharges with upper W divertor
configuration have been operated with the mixed wall materi-
als and lithium (Li) coating.[5] The W production caused by
multiple impurity ions must be estimated. For the L-mode dis-
charges, it was found that the W erosion is governed mainly
by C ion bombardment instead of molybdenum (Mo) from
the first wall material.[12,13] For the H-mode with ELMs dis-
charges, the W erosion and transport during the ELMs have
been investigated.[14,15] However, effect of the multiple impu-
rity ions on the W production with the sheath evolution during
ELMs is not taken into account.

In this work, we perform the evolution of sheath poten-
tial in front of the upper divertor in the EAST during an ELM
pulse, and then discuss the following questions: What is the
main element to determine the sheath potential? How much
is the sputtered W yield by the multiple ion bombardment in
current discharges? How do the contribution of the D ions and
C ions to the W source vary with the input power? All these
questions are related to the impurity control and plasma con-
finement. The rest of this paper is organized as follows: The
models for the ELM and the sheath are described in Section 2.
Section 3 shows the multiple ion impact energies on the W
material and the corresponding W production during ELMs.
Finally, a summary is shown in Section 4.

2. Model description
The ELMs transport in scrape-off-layer (SOL) can be de-

scribed by the analytical model,[8,16] the Vlasov model,[16,17]

particle-in-cell (PIC)[9,10] and fluid models. The ‘free-
streaming’ kinetic model (FSM) describes ELMs as a quasi-
neutral plasma bunch expanding along the magnetic field lines
into the SOL without collisions.[8] It is shown that the results
of the particles and energy fluxes on the divertor target ob-
tained by the FSM agree well with the collisionless Vlasov
model[17] and the ion impact energy of the peak power den-
sity at the strike point predicted by the FSM matches the JET
experimental result.[11]

In the FSM, the parallel temperature is constant in space
and given by[8]

Tα,ELM(t) =
T ped

α

1+(tCped
s /σ0)2

, (1)

and the density is

nα,ELM(t)=
nped

α√
1+(tCped

s /σ0)2
exp
[
−

L2
‖

2σ2
0 (1+(tCped

s /σ0)2)

]
,

(2)
where the label α denotes the ion, electron, or impurity, re-
spectively. The parallel connection length L‖ is defined as the
typical distance between the outer midplane and the outer di-

vertor target. Cped
s =

√
kB(T

ped
i +T ped

e )/mi is sound velocity

with pedestal temperature T ped
α and the ion mass mi; σ0 is the

parallel extent of the source, and σ0 = 0.1L‖ is used.[17] Here
the effect of the impurities on the FSM is not taken into ac-
count since impurity concentration is less than a few percent
in the EAST, and then plasma density at the pedestal region
nped

e ≈ nped
i = nped and T ped

α = Tped are assumed in the follow-
ing discussion.

In the EAST, the timescale of the ELM usually is ωELM ≈
105–107 s−1. Near the divertor region, the typical plasma
density at sheath edge during inter-ELMs, i.e., background
density, n0

e,0 = 1019 m−3, the electron frequency is ωpe =√
n0

e,0e2
0/(ε0me)≈ 1011 s−1, and the D ion frequency is ωpi =√

n0
e,0e2

0/(ε0mi) ≈ 2.8× 109 s−1, where ε0 is permittivity of
free space. Because the timescale of the ELM is much smaller
than the electron and ion frequencies, here a steady-state col-
lisionless sheath model is introduced. Moreover, we assume
that the impurity density is much lower than the main ion and
thus the impurity does not disturb the plasma sheath.[18] At the
sheath edge, the one-dimensional electron distribution func-
tion is assumed as

fe, j(v) =
Ie, jn0

e, j√
2πvte, j

exp
(
−

(v− v̄e, j)
2

2v2
te, j

)
, for vce < v, (3)

where the label j = 0 and ELM denoting the background
electron and the electron carried by ELMs (hot electrons),
respectively; n0

e, j represents the density at sheath edge, the
electron drifting velocity v̄e, j represents the amount of the
velocity shift of the electron distribution. Specifically, we
assume that v̄e,0 = 0 for the electrons; vte, j =

√
Te, j/me is

the thermal velocity. The electron cut-off velocity is deter-
mined by the wall potential Φ as vce = −

√
−2e0Φ/me. This

cut-off velocity yields the electron normalization coefficient
Ie = 2/[1+ erf(

√
−e0Φ/kBTe, j)]. Then, the electron fluxes to

the target surface can be expressed as

Γe, j =
Ie, jn0

e, jvte, j√
2π

exp
[ e0Φ

kBTe, j

]
. (4)

The ion particle flux is a constant in a collisionless sheath

Γi, j = n0
i, jvi,0 j, (5)

where vi0, j is the ion velocity at the sheath edge. For the
multi-ion-component plasma collisionless sheath, it is sug-
gested from both analytical and numerical results that each
ion species at the sheath edge should satisfy its own Bohm
criterion,[19,20] i.e., vi0, j = Cs, j. For a sheath of more than
one population of negatively charged particles, by follow-
ing Riemann,[21] the Bohm velocity can be written as Cs, j =√

(Ti, j +Zi, jTe,eff)/mi with the ions charge states Zi, j and
the effective electron temperature Te,eff defined as n0

kBTe,eff
=

n0
e,0

kBTe,0
+

n0
ELM

kBTELM
. Here, for the background ions, Ti,0 = Te,0 is

assumed.
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The Φ is obtained based on the zero current to the target
surface,

Γi, j = Γe, j. (6)

For the ions from the bulk plasma across the sheath, the aver-
age bombardment energy on the material is given by

Ei, j = 2kBTi, j +
1
2

mi, jv2
i0, j−Zi, je0Φ . (7)

For the impurity ions, the bombardment energy depends on
the Zi, j. Usually, Zi, j is determined by the electron density and
electron temperature,[22] and different Zi, j of a few impuri-
ties can be observed in the EAST by the fast-time response
EUV spectrometer.[23] However, it is hard to give impurity
concentrations of each charge state in current diagnostic sys-
tem. Here, based on Ref. [22], average charge states 〈Zi〉 j are
used to calculate the bombardment energy of the impurity ion
in order to assess the sputtered W yield by multiple impurities
for simplicity.

When the plasma hits the W target, W is mainly produced
by physical sputtering process. Here the empirical formu-
las proposed by Yamamura is used to calculate the physical
sputtering yield for the normal incidence of a projectile on a
target[24]

Y (Ei) = 0.42
Q(Z2)α(M2/M1)

Us

Sn(Ei)

1+Γfkeε0.3 (1−
√

Eth/Ei)
SZ2 ,

(8)
where Z1 and Z2 are the atomic numbers of incident and target
atoms, M1M2 are their mass numbers, respectively. QZ2 and
sZ2 are the parameters which depend only on the target mate-
rial, the factors Γf =

w(z2)
1+(M1/7)3 and α(M2

M1
) = 0.249(M2

M1
)0.56 +

0.0035(M2
M1

)1.5. The Lindhard electronic stopping coefficient

ke = 0.079
(M1 +M2)

3/2

M3/2
1 M1/2

2

Z2/3
1 Z1/2

2

(Z2/3
1 +Z2/3

2 )3/4
,

Us is the sublimation energy, Eth is the threshold energy, ε is
the reduced energy

ε =
0.03255M2

Z1Z2(M1 +M2)(Z
2/3
1 +Z2/3

1 )1/2
Ei,

and the nuclear stopping cross section

Sn(Ei) =
8.478Z1Z2

(Z2/3
1 +Z2/3

2 )1/2

M1

M1 +M2
sn(ε)

with the reduced nuclear stopping power sn(ε).[24] For the W
target, QZ2 = 0.72, sZ2 = 2.8, w(z2) = 2.14 and Us = 8.90.
Figure 1(a) shows the dependence of the W physical sputter-
ing yield on the bombardment energy at normal incidence with
D ions and some common impurity ions during EAST dis-
charges.

For the angular dependence of the physical sputtering, the
calculated yield values at a given incident energy are calcu-
lated by another Yamamura formula[25]

Y (Ei,θ) = Y (Ei)(cosθ)− f exp
[

f (1−1/cosθ)cosθopt
]
,

(9)

where f and θopt are the adjustable parameters which can be
obtained by fitting the experimental data for the given target
material, θ is the incident angle. Figure 1(b) plots the angular
dependence of the W physical sputtering caused by some ions
with bombardment energy Ei = 1000 eV. However, in the cur-
rent EAST discharges, the magnetic field strength is not very
strong (B∼ 2 T), and it is shown from the particle-in-cell sim-
ulation that the incident angle of W physical sputtering yield
by impurity bombardment in the absence of the magnetic field
can be approximately expressed as[18]

cosθ ≈
√

E⊥i, j/
√

Ei, j, (10)

where E⊥i, j = kBTi, j − Zi, jeΦ is the impurity average energy
in the vertical divertor target direction. For the D ion with
small mass, the incident angle depends on the magnetic field
direction with respect to the divertor target and magnetic field
strength. According to Ref. [15], θ = 64◦ is used to calculate
the D ions in this work.
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Fig. 1. (a) Energy dependence of the sputtered W yields for bombardment
at normal incident with D, Li, C, Cu, Mo and self-sputter ions. (b) The W
physical sputtering yield as a function of incident angle for bombardment
energy Ei = 1000 eV due to D, Li, C, Cu, Mo and self-sputter ions.

3. Results
For the typical H-mode discharge with ELMs in the cur-

rent EAST, L‖ = 20 m, B ∼ 2 T and the angle between mag-
netic field lines and divertor target plate is 5◦. In the divertor
region, n0

e,0 = 1019 m−3 and Te,0 = 10 eV.
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Firstly, we investigate how the sheath potential is changed
by the ELM. Figure 2 shows the evolution of the plasma den-
sity at the sheath edge due to the ELM, particle fluxes at the
target and the sheath potential during an ELM pulse. As the
ELM propagates to the divertor target region, the hot plasma
density and the corresponding hot particle fluxes increase and
then decrease after peak. Once the hot plasma carried by the
ELM hits the divertor target, a new balance of the ion and
electron currents is needed to keep the zero current at the wall.
Figure 2(b) shows the evolution of particle fluxes at the tar-
get in an ELM. The total ion flux including background and
hot ion fluxes is mainly balanced by the hot electron flux
during the ELM, and the ion flux is dominated by the back-
ground ion flux. In this process, the sheath potential has a
large drop, as shown in Fig. 2(c), and the maximum sheath
potential −e0Φmax is far beyond 3kBTe,0. If the sheath poten-
tial is normalized to the pedestal temperature, the maximum of
the normalized sheath potential −e0Φmax/kBTped ≈ 1.8. The
greater sheath potential can be found even after the peak of
the ELM. At the end of the ELM pulse, the sheath potential
resumes since the main balance of the particle flux is domi-
nated by Γe,0 = Γi,0. It is indicated from Fig. 2 that the large
potential drop across the sheath is formed during ELMs by
compared with inter-ELMs, and the sheath potential during
ELMs is mainly determined by the hot electron flux carried by
ELMs and background ion flux at the target.

Effect of the pedestal temperature on the evolution of the
sheath potential is shown in Fig. 3(a). The drop of the sheath
potential is larger in the whole ELM pulse process when the
pedestal temperature is increased. This due to the fact that
the sheath needs the larger potential drop to reduce the hot
electron flux carried by ELMs at the divertor target since the
total ion flux is mainly balanced by the hot electron flux, as
demonstrated in Fig. 2(b). Figure 3(b) gives the variation of
the maximum of the sheath potential with the pedestal plasma
density and temperature in current EAST discharges based on
the pedestal structure in type-I ELMy H-mode plasmas.[26] It
is found that the maximum of sheath potential increases when
the density and temperature are increased, and it can exceed
1 keV for the typical pedestal plasma parameters. From Fig. 3,
it is shown that −e0Φmax/kBTped > 2 with the high pedestal
density and temperature in current EAST discharges. Accord-
ing to Eq. (7), the bombardment energy of hot D ions carried
by ELMs on the divertor target Ei/kBTped ≈ 5, and the result
is consistent with the prediction of the FSM shown in Ref. [8].
Moreover, the enhancement of the ion bombardment energy
indicates that the W physical sputtering by the D ion impact is
not negligible because the D ion has the higher bombardment
energy compared to its threshold energy, and by the impurity

ion impact increases, as shown in Fig. 1(a).
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The ion impact energy on the divertor target can be in-
creased during ELMs as a result of the enhancement of the
sheath potential drop. It is the decisive parameter for the phys-
ical sputtering to cause W production. In the EAST, besides
the main ions of D, the impurity ions from the mixed wall
materials and Li ions due to wall coating also impact on the
divertor target and are the potential contributors causing the

W production. To investigate the W production from upper di-
vertor during ELM, we show the evolutions of the W physical
sputtering yields caused by background D ions and common
impurity ions including Li, C, Cu, Mo W, and the correspond-
ing ion bombardment energies in Figs. 4 and 5. Before the
arrival of hot plasma carried by the ELM at the divertor target,
the sputtered W yield caused by D ions can be neglected be-
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cause the impact energy is below the threshold energy, while
the yield caused by C ions is about 0.02. With the assump-
tion that the C concentration is a few percent in the EAST
upper divertor region,[12,13] the sputtered W flux Γw from the
divertor target is about 10−4Γi,0, which is consistent with the
experimental results.[12] Although the heavy metal ions such
as Cu, Mo and W can cause sputtered W yield to exceed 0.1,
their concentration is usually 10−5.[6,27] Our results also sug-
gest that C impurity is the main impurity governing W source
without the effect of ELMs, which is in agreement with the
results shown in Ref. [12]. Following the evolution of the
sheath potential shown in Fig. 3(a), the impact energies of the
D ions and impurity ions increase rapidly and then decrease
after peak during ELM. According to Eq. (7), the variation
of the ion impact energies is mainly determined by the sheath
potential during the ELM. With the enhancement of the sheath
potential drop, the D ions become the contributor to the W
source because the impact energy is higher than the thresh-
old energy, although the maximum of the sputtering yield is
less than 0.02 for Tped < 500 eV. With increase in the pedestal
temperature, the sputtered W yield from D ions on the diver-
tor target increases rapidly, and the maximum increases about
3 times when pedestal temperature from 300 eV to 500 eV, as
indicated in Fig. 4(d). With high averaged charge state, the im-
purity ions such as Li, C, Cu, Mo and W obtain more energy
when across the sheath, and the resultant bombardment ener-
gies are larger than D ions. The maximum of the sputtered
W yield from multiple impurity ions on the divertor target in-

creases by one order of magnitude. However, the yield only
increases about 50% for Tped = 500 eV compared to the yield
for Tped = 300 eV.

To estimate the W production in a whole ELM pulse, we
assume that the effect of the ELM on the divertor target from
30 µs to 3000 µs based on Fig. 2. The averaged sputtered W
yield Ȳ0 caused by background multiple ions are listed in Ta-
ble 1. If the concentrations of multiple ions are the same as the
inter-ELMs, i.e., C concentration is a few percent and heavy
metal ions is 10−5, the sputtered W flux caused by C impact
can reach 10−3Γi,0 and it is the same order of magnitude caused
by D ion impact. The sputtered W flux caused by heavy im-
purity ions is only about 10−5Γi,0. Therefore, in comparison to
the inter-ELM W flux, the W flux caused by bombardment of
multiple ions increases by one order of magnitude, and C and
D ions are suggested as the two main contributors causing the
W production for the current EAST discharges during ELMs.
However, with increase in the pedestal temperature, the aver-
aged sputtered W flux due to D ions increases rapidly, which
indicates that D ions may become the potential main trigger
of W source for the higher input power H-mode with ELM
discharges when the concentration of C ions is controlled to
be less than one percent. In fact, for the guard limiters of the
4.6 GHz lower hybrid wave heating system, the W material
has been in place of the C material,[28] and the lower divertor
target covering graphite tiles will be upgraded by using the W
material in near future.[3]

Table 1. The averaged sputtered W yield caused by background multiple ions.

Tped/eV D Li C Cu Mo W
Inter-ELMs < 10−5 0.0250 0.200 0.410 0.218

300 1.578×10−3 0.0314 0.185 1.064 1.223 1.174
400 2.780×10−3 0.0416 0.223 1.261 1.460 1.442
500 3.920×10−3 0.0502 0.254 1.427 1.667 1.680

Table 2. Averaged sputtered W yield ȲELM caused by hot multiple ions.

Tped/eV D Li C
300 1.097×10−2 0.092 0.327
400 1.542×10−2 0.109 0.373
500 1.896×10−2 0.122 0.409

During ELMs, D ions and impurity ions in the pedestal
region can be expelled by ELMs to the SOL and then im-
pact on the divertor target. Due to the high ion energy at
sheath edge, these hot ions have more higher impact energy
than background ions. Since the concentration of the heavy
metal impurity is very small in the core region, here we only
investigate W sputtering yield from the D, Li and C ions car-
ried by ELMs on the divertor target. Figure 6 shows the impact
energies of the hot D ions, Li and C ions, and they cause W
physical sputtering yield in an ELM pulse. By compared with
the results shown in Figs. 4(d)–4(f), the sputtered W yields

become larger than those caused by background ions, and the
maximum of the sputtered W yield caused by D ions can ex-
ceed 0.01 while the yield caused by C ions does not increase
notably.

From Table 2, the averaged sputtered W yield caused by
hot D ions is about an order of magnitude higher than that
caused by background D ions shown in Table 1. It is indicated
that the sputtered W flux caused by hot D ions is larger than
that caused by hot C ions if concentration of C ions is 1% in
the pedestal region. However, according to Fig. 2(a), since
Γw = ȲELMn̄e,ELMCs,ELM with the averaged n̄e,ELM ≈ 0.03nped

in an ELM pulse, the sputtered W flux caused by hot ions car-
ried by ELM is at least one order of magnitude less than that
caused by background ions. Therefore, the W production is
mainly dominated by background ions instead of hot ions car-
ried by ELMs.
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line is for Tped = 300 eV, the red dashed line is for Tped = 400 eV, and the blue dot-dashed line is for Tped = 500 eV.

Finally, we discuss the variation of the ion impact energy
and the corresponding W sputtering yield with the pedestal
temperature. In the JET, the experimental results have shown
that the main ion impact energy depends linearly on the
pedestal temperature.[11] In the current EAST, the sputtered W
yield from C ions on the divertor target should not be ignored
since C impurity is the main contributor for the W source.
Here we investigate the dependence of maximum impact en-
ergy of the D ions and C ions on the pedestal temperature.
For both background ions and hot ions carried by ELMs, it
is shown in Fig. 7 that their maximum of the impact energy
almost increases linearly because the maximum of sheath po-
tential drop is close to linear increase with pedestal temper-
ature, as shown in Fig. 3(b). The maximum of the sputtered
W yield caused by D and C depends on the pedestal tempera-
ture is also shown in Fig. 7. For the high pedestal temperature
and density, the background D ion impact energy can exceed
1 keV and the sputtered W yield is close to 2%. The hot D ion
impact energy is above 1 keV when Tped > 300 eV and the cor-
responding sputtered W yield exceeds 1%. The sputtered W
yield from both the background and hot C ions on the divertor
target is not more than 0.7 even for the case of Tped = 800 eV.
According to Fig. 1, the sputtered W yield caused by C ions
is always less than 1. Therefore, for the high input power in-
jection discharges in the EAST, the D ions during ELMs can
become the main potential trigger of the W source due to the
large sheath potential drop for high pedestal temperature if the
impurity concentration is well controlled in near future.
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4. Conclusions
During ELMs in EAST H-mode discharges, the transient

enhanced energy deposition on the upper divertor target can
cause the strong W physical sputtering. To estimate the sput-
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tered W atoms from the divertor target, the evolution of the
sheath potential in an ELM pulse is investigated with the ‘free-
streaming’ kinetic model which describes ELMs. The large
potential drop across the sheath can be formed in front of the
divertor target during ELMs by compared with inter-ELMs.
It is found that the maximum of sheath potential drop depends
on the arrival of the pedestal bulk plasma temperature and den-
sity, and it can exceed one thousand of eV in the current EAST
operation.

For the current operation in the EAST, with the enhance-
ment of the sheath potential drop during ELMs, the back-
ground D ions can obtain the impact energy beyond threshold
energy and then become one of the contributors causing the
W production. For the background impurity ions such as Li,
C, Cu, Mo and W, the maximum of sputtered W yield caused
by their bombardment increases by one order of magnitude
compared to the inter-ELMs. The results also show that the
averaged sputtered W flux caused by D ions during ELMs
is comparable to that caused by C ions since the C ion con-
centration is more than one percent in the current EAST up-
per dvertor region. It is suggested that C and D ions are the
main ions governing the sputtered W flux from the upper di-
vertor target during the ELMs burst. However, with increase
in the heating power in near future, the W physical sputtering
yield from background D ions on the divertor target surface
increases rapidly due to the increase in the pedestal temper-
ature. The averaged sputtered W flux caused by D ions may
be larger than that caused by the C ions if concentration of C
ions is less than one percent, and then the D ion becomes the
potential main trigger of the W source for high heating power
discharges in near future. Finally, it should be noted that in the
present work, we focus on the W production while neglect the
energy reflections and W re-deposition processes. In the fur-
ther works, the effect of the magnetized sheath on the energy
reflection and W re-deposition will be included.
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