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One of the primary concerns associated with ion cyclotron resonance heating (ICRH) is the enhanced impurity sput-
tering resulting from radio frequency (RF) sheath formation near plasma-facing components (PFCs), such as limiters.
Developing a sputtering model integrated with RF sheath simulations allows for a more comprehensive understanding of
the kinetic behavior of incident ions and their interactions with the limiter surface. We accordingly develop an impurity
sputtering model “PMSAD”, which computes the sputtering yield (amount of impurity) on the limiter surface based on
incident ion characteristics and predicts the spatial distribution of impurities. The model provides a robust method for
understanding and analyzing the impurity sputtering process from limiter surfaces, which is crucial for preventing ICRH
surface erosion and reducing edge and core plasma contamination.
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1. Introduction

Nuclear fusion is considered a clean and abundant en-
ergy source in the future. It releases a tremendous amount
of energy in the process of fusing two nuclei into elements
with a smaller total mass.[1] Ion cyclotron resonance heat-
ing (ICRH) is an auxiliary heating technique used in nuclear
fusion device, which efficiently transfers electromagnetic en-
ergy to plasma ions through the resonance of radio frequency
waves in the plasma, enabling them to reach the high tem-
peratures required for fusion.[2–4] The ICRH system is cost-
effective, without a density limit, and suitable for large-scale
fusion devices.[5] The International Thermonuclear Experi-
mental Reactor (ITER) plans to use ICRH as one of the heating
methods.[6]

The ICRH antenna emits radio frequency (RF) waves at
tens of megahertz, transferring electromagnetic energy to the
ions via ion cyclotron resonance. A Faraday screen acts as a
metallic barrier between the antenna and the plasma, isolating
the antenna current from the electric field in the plasma. Ad-
ditionally, there are metallic devices such as limiters near the
Faraday screen. These components in contact with the plasma
are referred to as plasma-facing components (PFCs). During
ICRH operation, a radio frequency plasma sheath forms on
the surfaces of the ICRH antenna, Faraday screen, limiters,

and other PFCs.[5,7] These plasma sheaths are primarily driven
by RF voltages, hence they are referred to as RF sheaths.[8]

Due to the presence of the sheath, a potential drop develops
from the plasma region to PFC surfaces, which creates an elec-
tric field that accelerates the heavy ions within the sheath up
to hundreds of eV, leading to the enhanced bombardment of
the PFC and the impurity sputtering phenomenon. Different
plasma background densities, magnetic fields, magnetic field
directions, and bias voltages can all affect the ion dynamics
within the RF sheath, subsequently influencing the impurity
sputtering on the material surface.[9] Numerous metallic im-
purities near the Faraday screen were observed experimentally,
which resulted from the impurity sputtering phenomenon.[10]

In Alcator C-Mod, Wukitch et al. presented circumstantial ev-
idence that suggests RF-enhanced sheaths are the most likely
erosion mechanism.[11]

Sputtered impurity particles from the PFCs can contami-
nate the plasma, which gives rise to some plasma instabilities
and reduces the performance of ICRH.[10,12] Therefore, the en-
hanced impurity sputtering is a critical challenge for ICRH in
tokamaks. Tungsten is a primary candidate material for PFCs
because of its high melting point, excellent sputtering resis-
tance, and low hydrogen retention, and is being widely ap-
plied in nuclear fusion devices.[13] However, tungsten has a
high atomic number of 74, enabling it to radiate significant
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energy during a discharge. The energy loss through impu-
rity radiation may cool the plasma down, ultimately halting
the fusion reactions.[14] Therefore, several experimental stud-
ies have been conducted on tungsten impurity sputtering in-
duced by ICRH. Urbanczyk et al. proposed that the tung-
sten components magnetically connected to the ICRH antenna
exhibit substantial impurity sputtering, which may contribute
more to the core tungsten content than the sources from the
divertor.[15] Other studies also indicate that the application
of ICRH significantly elevates tungsten impurity levels. For
example, replacing a 3.5 MW neutral beam injection (NBI)
with 300 kW of ICRH power results in a sixfold increase in
tungsten content, while further increasing the ICRH power to
750 kW leads to a tenfold increase.[16]

Elias further presented a 1D fluid plasma sheath model
with a magnetic field at a specific angle, which effectively
captures the sputtering yield from the Faraday screen through
the momentum transport of ions.[17] He also presented a hy-
brid particle-in-cell (hPIC) model to capture the kinetic be-
havior of the ions and analyze the kinetic ion energy-angle
distributions (IEADs) impacting the RF antenna.[18] A mod-
ified test involving two-strap ion cyclotron range of fre-
quency (ICRF) antennas in ASDEX Upgrade, featuring nar-
row straps, demonstrated a reduction of up to 40% in the tung-
sten concentration.[19] Li et al. also studied the sputtering of
tungsten on the divertors in the scrape-off layer (SOL) of the
WEST tokamak.[20] According to our knowledge, current re-
search primarily focuses on the sputtering processes on Fara-
day screens, antennas, and divertors, with little investigation
into the sputtering of ICRF limiters. These limiters are mag-
netically connected to the ICRF antenna and play a signifi-
cant role in the distribution of tungsten impurity content during
ICRH. Minimizing impurity sputtering of ICRF-limiters is es-
sential to avoid erosion and contamination of ICRH systems.
Moreover, the experimental diagnostic methods for studying
impurities in ICRF heating are somewhat limited. For in-
stance, the visible spectroscopy data from the WEST exper-
iment were not fully calibrated, which restricted the analyses
to qualitative studies only.[16,21,22] A self-consistent model that
can simultaneously simulate both ion dynamics in the vicinity
of antennas and the sputtering process on the limiter surface is
urgently required.

Due to the sensitivity of sputtering process to impact ions
densities, velocities and angles, the kinetic descriptions of the
ion energy-angle distribution information at the surface are re-
quired when modeling the impurity sputtering of PFC.[17,23]

Therefore, in this work, we present a simulation technique
composed of the RF sheath and sputtering models. The RF
sheath simulation is based on a two-dimensional particle-in-
cell (PIC) model to simulate the plasma kinetic behavior at
the boundary of the antenna and limiter.[24,25] The sputtering

model takes into account the energy and angle dependence of
the incident ions, simulating the impurity sputtering process.
The tungsten impurity sputtering yield at various locations on
the limiter can be quantitatively calculated, which may sub-
sequently be used to examine the influence of impurities on
heating within the core plasma region of a fusion reactor.

This paper focuses on a modeling technique that simulta-
neously calculates the sputtering yield and predicts the spatial
distribution of sputtered atoms, an area that has been inade-
quately addressed in previous research. Section 2 provides a
detailed description of the PIC based RF sheath model and the
impurity sputtering one. Section 3 presents the simulation re-
sults, which include the sputtering yield of the tungsten limiter,
the density distribution of the sputtered atoms, and the critical
factors influencing the sputtering process.

2. Implementation of the simulation method
Figure 1 displays the flowchart of the impurity sputtering

simulation for ICRF plasma–surface interactions, composed
of the RF sheath and sputtering models. In the RF sheath
model, the magnetic field, RF source, and plasma source are
established to simulate the kinetic behavior of plasma bound-
ary between the antenna and limiter. The velocities and po-
sitions of ions impacting the limiter surface are subsequently
recorded and utilized as input parameters for the sputtering
model. By specifying tungsten as the surface material in the
sputtering model, we calculate the impurity sputtering yield
at various locations and assess the spatial distribution of sput-
tered atoms.

RF sheath model

Velocity and position of ions  

on the limiter surface 

Sputtering model Surface materials

Sputtering yield

Impurities

spatial distribution

Track

Magnetic field

RF power source

Plasma source

Fig. 1. Flowchart of impurity sputtering simulation for ICRF plasma–
surface interactions.

2.1. RF sheath model

The RF sheath model used for this work is a 2D3V
PIC model with both kinetic ions and electrons in Cartesian
coordinates.[26–28] The PIC method is a very powerful numer-
ical tool that is widely used in plasma simulations, allowing
for a self-consistent description of particles and fields. A di-
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agram of the general flow of the PIC algorithm is shown in
Fig. 2.[29]

Weighting the 
particles to grid

Integration of 

Newton's equation 

and particle motion

Calculation of particle 

forces under 

electromagnetic fields

Field solving

(Poisson's equation)

Particle loss/gain 

at the boundaries
Dt

Fig. 2. Logic flow diagram of the PIC algorithm.

The PIC model treats the particles (e.g., ions and elec-
trons) in the plasma as macroparticles (having the same
charge-to-mass ratio). Starting from the initial conditions, par-
ticles and field values are advanced sequentially in time. The
cloud-in-cell (CIC) method[30] is used to weight the macropar-
ticles onto grid points in order to compute the spatial charge
density. The spatial potential distribution is obtained by solv-
ing the Poisson equation based on the charge density,

∇
2
Φ =− ρ

ε0
. (1)

For a two-dimensional model in Cartesian coordinates, the
Poisson equation can be discretized as

Φi−1, j−2Φi, j +Φi+1, j

∆x2

+
Φi, j−1−2Φi, j +Φi, j+1

∆y2 =−
ρi, j

ε0
. (2)

Then it is solved by using the successive over-relaxation
(SOR) method to accelerate the convergence as

Φ
(k+1)
i, j = ωΦ

(k+1)
i, j +(1−ω)Φ

(k)
i, j , (3)

where the results at steps k and k+ 1 are weighted and aver-
aged to provide the new iteration potential result. ω is the
relaxation factor, typically chosen within the range of 0 to
2.[31,32] Here, ρ represents the net charge density, ε0 is the
vacuum permittivity, and Φ denotes the spatial potential. The
subscripts i and j correspond to the grid indices in the x and y
directions, while the superscript k indicates the iterative time
steps. ∆x and ∆y are the sizes of grids in two directions.

After obtaining the spatial potential, the spatial electric
field Ex and Ey can be calculated. Since the electric field, po-
tential, and charge density are all defined at the grid points,
a central difference scheme can be employed to compute the
electric field in 2D space as follows:

Ex =
Φi−1, j−Φi+1, j

2∆x
,

Ey =
Φi, j−1−Φi, j+1

2∆y
.

(4)

The motion of charged particles is tracked by solving
Newton’s equations of motion in the given spatial electromag-
netic fields. To accurately account for the Lorentz force un-
der the influence of a magnetic field, the Boris method[30]

is employed in the simulation to advance the motion of
charged particles. The PIC loops are iteratively repeated to
self-consistently describe the plasma behavior, including the
solution of the sheath on the RF antenna limiter surface.

The geometry region near the ICRF antenna is shown in
Fig. 3(a).[33] The background area represents the plasma bulk
region. The gray structure connected to the antenna is the lim-
iter, where RF sheaths form on its surface, as shown in the
orange areas. The RF sheath accelerates heavy ions from the
plasma bulk region to energies of several hundred eV towards
the limiter, resulting in the phenomenon of impurity sputter-
ing. Consequently, simulating the RF sheath region at the lim-
iter and plasma boundary, as indicated by the red rectangle in
Fig. 3(a), will provide sufficient accuracy.

RF sheaths Limiter

Antenna

Plasma
region

(a) (b)

Faraday screen
L
im

it
e
r

1 cm

0.5 cm

Plasma 
diffusion 
regionX

Y

Outer wall boundary

0.25 cm

B↪E

B↪E

Fig. 3. (a) Schematic of the geometry near the ICRF antenna and
(b) schematic of the RF sheath model simulation area.

Figure 3(b) provides a more specific and detailed view
of the red rectangle in Fig. 3(a), with annotations indicating
the relevant settings for the simulation region. The simula-
tion is organized within a two-dimensional space with the x
and y axes designated such that the limiter is positioned along
the y-axis, measuring 1 cm in length, and the Faraday screen
along the x axis. Additionally, an extending plasma region
of 0.25 cm is simulated in the y direction above the limiter,
while the simulation region in the x direction is 0.5 cm. Both
the limiter and Faraday screen are grounded, the sheath will
self-consistently evolve on the limiter surface after a period of
calculation. The simulation length chosen in x-axis is large
enough to include the whole sheath. As the ICRF antenna pro-
duces E‖ component along magnetic field lines,[34,35] which
develops an RF voltage drop near the limiters at the same fre-
quency f of the ICRF, an RF voltage source is assumed to exist
at the right boundary of the simulation area. The RF voltage
amplitude varies with ICRF-antenna phasing and other condi-
tions, and it typically ranges from several hundred Volts to one
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kilo-Volts.[36] Additionally, a DC self-bias voltage VDC devel-
ops at the right boundary of the simulation region,[37,38] which
is based on the balance of the ion and electron fluxes incident
on the limiter. Specifically, at x = 0.5 cm, the maximum volt-
age amplitude VRF remains consistent between y = 1.25 cm
and y= 1 cm; whereas between y= 1 cm and y= 0 cm, the am-
plitude of the RF source decreases exponentially to zero (i.e.,
the voltage transition from VRFcos(2π f t)+VDC to 0). The re-
maining boundaries are set with Dirichlet boundary conditions
(i.e., ∇Φ = 0). The magnetic field 𝐵 of 2 T is parallel to the
electric field.

A volumetric plasma source is set at the right boundary
(x = 0.5 cm) of the simulation region shown in Fig. 3(b). Un-
der the influence of electric and magnetic fields, electrons and
ions move and gradually evolve into the sheaths on the limiter
and Faraday screen. The plasma source density is set accord-
ing to the density distribution of the scrape-off layer (SOL)
plasma along the y-axis derived from Ref. [39]. Specifically,
between y = 1.25 cm and y = 1 cm, the plasma source has
a fixed density of 1× 1018 m−3. From y = 1 cm down to
y = 0 cm, the plasma source density decreases exponentially
from 1×1018 m−3 to 1×1016 m−3. At the surfaces of the lim-
iter and Faraday screen, particle boundary conditions are set
to absorption. On the limiter surface, the 3D velocity and po-
sition of ions are recorded, serving as input parameters for the
sputtering model. Charged particles adsorbed on solid sur-
faces can recombine, forming weakly bound neutral particles
that desorb back into the plasma — a process known as par-
ticle recycling.[40] The other boundaries are set as particle re-
flection boundary conditions.

The discharge is studied by applying a voltage waveform
of VRF cos(2π f t). The parameters chosen are f = 37 MHz
and VRF = 200 V, 600 V, and 1000 V, which are referenced in
Ref. [36]. The grid sizes ∆x and ∆y are set at 8.33×10−5 m
uniformly, with the numbers of cells being 60 in x-direction
and 150 in y-direction. The time step ∆t is taken to be
2×10−11 s. The grid size and time step are chosen to resolve
the fastest temporal and finest spatial behavior of the parti-
cles, specifically ∆x≤λDe and the Courant limit, vt ·∆t < ∆x,
where λDe is the Debye length and vt is the electron thermal
velocity.[41] All the presented plasma parameters in this work
are calculated after the simulations reach equilibrium by re-
peating around 500 RF cycles.

2.2. Sputtering model

The basic mechanism of physical sputtering is the trans-
fer of kinetic energy from bombarding ions to target atoms in
the solid. If the energy transferred to the target atom is larger
than the surface binding energy, then the atom can be ejected
from the solid material.[42–44] The developed physical sput-
tering model is coupled with the sheath model, using the ion

energy and angle at the limiter surface as input. The model
primarily includes two critical components: the calculation of
sputtering yield and the emission of sputtered atoms.

2.2.1. Sputtering yield

The sputtering yield EY is defined as the number of atoms
sputtered per incident ion. Numerous factors determine the
sputtering yield, with the primary influences being the ions in-
cident energy E0 and the incident angle α .[45–47] Considering
both the energy dependency and the angle one, the sputtering
yield EY (E0,α) derived from Ref. [48] can be written as

EY (E0,α) = EY (E0,0)
{

cos
[(

α

α0

π

2

)c]}− f

× exp

b

1− 1

cos
[(

α

α0

π

2

)c]

 . (5)

In this equation, EY (E0,0) represents the sputtering yield
when ions are incident perpendicularly to the surface, captur-
ing the energy dependence of the yield. The subsequent term
serves as an angular correction factor accounting for the an-
gular dependence. EY (E0,0) adopts a relatively new fitting
formula proposed in previous research[45] as follows:

EY (E0)

= 0.5Q

(
E0

Eth
−1
)µ

ln(1+1.2288ε)

λ +

(
E0

Eth
−1
)µ [

ε +0.1728
√

ε +0.008ε0.1504
] (6)

with

ε =
aL

Z1Z2e2
M2

M1 +M2
E0, (7)

aL =

(
9π2

128

)1/3

aB

(
Z2/3

1 +Z2/3
2

)−1/2
. (8)

Here E0 is the energy of the incident ions, Z1 and M1 are the
atomic number and mass of the incident particles, respectively,
while Z2 and M2 are the atomic number and mass of the target
particles, respectively. Here, aL is called the Lindhard screen-
ing length, and aB is the Bohr radius. Eth is the sputtering
threshold of the target. In addition, the parameters Q, λ , µ ,
b, c, f in the formulae are dimensionless empirical constants
dependent on the specific sputter–target material combination,
which can be obtained by fitting with experimental data.[48]

The sputtering yield energy dependence of H+ ions impacting
tungsten target at normal incident angle used in our model is
presented in Fig. 4(a). It is evident that as the energy of the
incident ions exceeds the sputtering threshold, the sputtering
yield initially rises before subsequently declining. This phe-
nomenon occurs because sputtering initiates once the incident
ions reach the threshold energy level, leading to a rapid in-
crease in the number of sputtered particles as the ions transfer
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additional energy to the wall material. However, as the ion en-
ergy continues to rise, the ions begin to penetrate deeper into
the material, resulting in a decrease in the number of surface
atoms due to the collision cascade effect.[49] This leads to a
reduction in the sputtering yield at very high energies.
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Fig. 4. (a) The sputtering yield energy dependence of H+ ions impact-
ing tungsten target at normal incident angle. (b) The sputtering yield
angular dependence at 2000 eV.

In the angular correction factor, α is defined as the an-
gle between the incident ion direction and the surface normal,
expressed in radians. α0 is given by the following formula:

α0 = π− arccos

√√√√√ 1

1+
E0

Esp

, (9)

where the binding energy Esp of the incident ion species must
be provided. For hydrogen isotope ions, Esp is taken as
1 eV.[50] The sputtering yield angular dependence of incident
H+ ions and tungsten target materials combination used in our
model at 2000 eV is presented in Fig. 4(b). Therefore, the
number of impurity atoms sputtered out under specific ion in-
cidence energy and angle can be calculated.

2.2.2. Emission of sputtered atoms

The key parameters of sputtered atoms upon leaving the
target include their ejection position, angle, and energy. In this
work, it is assumed that the ejection position of the sputtered
atoms is simply where the H+ ions bombard the target surface.
And the ejection angle θ and energy E of the sputtered atoms
are independent of each other.

The ejection energy of the sputtered atoms follows the
Thompson distribution[51]

F (E) dE∝

{
1−

√
(Us +E)

γE0

}

E2

(
1+

Us

E

)3 dE, (10)

where E0 is the energy of the incident ions, Us is the surface
binding energy of the target, and γ is the reduced mass. The
probability density function for the energy of sputtered atoms
at a specified incident ion energy can then be derived based on
Eq. (10). The rejection sampling method is used to sample the
energy of the sputtered atoms, ensuring that the total energy of

all sputtered atoms cleared by the ion statistically follows the
Thompson distribution.[51]

Finally, the ejection angle θ of the sputtered atoms is de-
termined, which is the angle between the surface normal and
the particle ejection direction. The number of atoms sputtered
into the solid angle dΩ is proportional to cosn θ dΩ .[52,53]

Typically, n is between 1 and 2. The ejection angle used in
the Monte Carlo calculations is generated by using the inverse
transformation method[54]

θ = cos−1
(

γ
1
n

)
, (11)

where γ is a uniformly distributed random number between 0
and 1.

Therefore, when an ion impacts the limiter surface and
causes impurity sputtering, the number, energy, and angle of
the sputtered impurity atoms can all be determined. By track-
ing the motion of the sputtered atoms, we can then obtain their
density distribution in space after a certain period.

3. Simulation results and discussion
Figures 5(a)–5(c) display the time-averaged distributions

of electric potential and figures 5(d)–5(f) display the H+ ion
density profiles for VRF = 200 V, 600 V, 1000 V, respectively.
The other discharge conditions remain consistent and are in-
troduced in Section 2. Under the influence of the electric and
magnetic fields, the volumetric plasma gradually diffuses from
the boundary toward the entire simulation area, forming a cer-
tain thickness of sheath at the edge of the grounded compo-
nents, as depicted in Figs. 5(a)–5(c). A large potential drop
develops inside the sheath, which induces an electric field di-
rected from the plasma region toward the limiter surface, ac-
celerating the hydrogen ions to bombard the limiter surface.
With increasing VRF, the sheath thickness expands, as shown
in Figs. 5(d)–5(f), along with a larger potential drop.

Correspondingly, the energy density distributions of the
incident ions (IEDF) on the limiter surface (from y = 0 cm
down to y = 1 cm) over ten radio frequency periods after
the discharge stabilization are illustrated in Figs. 6(a)–6(c) for
VRF = 200 V, 600 V, 1000 V, respectively. At a very low
VRF = 200 V, the ion energy is primarily concentrated around
200 eV, with the maximum ion energy not exceeding 600 eV.
As VRF increases, the overall ion energy is enhanced, as shown
in Figs. 6(b) and 6(c), where the energies are concentrated at
approximately 500 eV and 900 eV, respectively. It can also
be seen that the incident ion flux decreases from the upper
edge (y = 1 cm) to the lower edge (y = 0 cm) of the lim-
iter, which corresponds to the density distribution in the SOL
plasma. This suggests that the area near the upper edge of the
RF-antenna limiter may be the primary source of tungsten im-
purities. Therefore, it is advisable to suppress impurity sput-
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tering — either by applying a coating or utilizing low-Z ma-
terials — within 0.2 cm of the upper edge of the RF-antenna
limiter. Such measures could significantly mitigate the im-
pact of tungsten impurities. In the lower region of the limiter
(Y < 0.2 cm), a significant decline in the number of incident
ions is observed, as illustrated in Fig. 6. This decrease is at-
tributed to the formation of an RF sheath on the surface of the
Faraday screen at the lower boundary of the simulation area,
as depicted in Fig. 5, which further reduces the plasma density
in this region. Consequently, the generation of tungsten impu-

rities at the lower edge of the RF-antenna limiter is relatively

minimal.

Based on the above incident ion angle and energy infor-

mation on the limiter surface, the ejection flux of impurities

sputtered from different position on the limiter surface was

calculated by using the sputtering model, which is displayed

in Fig. 7. The sputtered atom ejection flux increases gradually

from the lower edge to the upper edge of the limiter, which cor-

responds to the incident ion flux distribution shown in Fig. 6.

0.2 0.5

0.2

0.3

0.5

0.7

0.8

1.0

1.2

X (cm)

0

119.4

238.8

358.1

477.5

596.9

716.3

835.6

955.0

Potential (V)

0.2 0.5

0.2

0.3

0.5

0.7

0.8

1.0

1.2

X (cm)

0

72.00

144.0

216.0

288.0

360.0

432.0

504.0

576.0

Potential (V)

0.2 0.5

0.2

0.3

0.5

0.7

0.8

1.0

1.2

X (cm)

0

24.25

48.50

72.75

97.00

121.3

145.5

169.8

194.0

Potential (V)(a) (b) (c)

0.2 0.5

0.2

0.3

0.5

0.7

0.8

1.0

1.2

X (cm)

0

2.4T1017

4.8T1017

7.2T1017

9.6T1017

1.2T1018

1.4T1018

1.7T1018

1.9T1018

0.2 0.5

0.2

0.3

0.5

0.7

0.8

1.0

1.2

X (cm)

Y
 (

c
m

)
Y
 (

c
m

)

Y
 (

c
m

)

Y
 (

c
m

)

Y
 (

c
m

)

Y
 (

c
m

)

0

2.4T1017

4.8T1017

7.2T1017

9.6T1017

1.2T1018

1.4T1018

1.7T1018

1.9T1018

Ions density (m-3)

0.2 0.5

0.2

0.3

0.5

0.7

0.8

1.0

1.2

X (cm)

0

2.4T1017

4.8T1017

7.2T1017

9.6T1017

1.2T1018

1.4T1018

1.7T1018

1.9T1018

Ions density (m-3) Ions density (m-3)(d) (e) (f)

Fig. 5. (a)–(c) The time-averaged distributions of electric potential and (d)–(f) the time-averaged H+ ion density profiles for VRF = 200 V,
600 V, 1000 V, respectively.
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It can also be observed that at VRF = 200 V, the sputtered
tungsten atom flux is significantly weak (the black line), indi-
cating that the impurity sputtering is extremely low. This is
because the incident ion energy is generally distributed below
400 eV, which has not yet reached the sputtering threshold of

the tungsten target material. The energy transferred from the
H+ ions to the tungsten atoms in the target is insufficient to al-
low the tungsten atoms to overcome the surface binding energy
and be ejected, thus preventing sputtering removal. However,
at VRF = 600 V, a significant sputtering process occurs on the
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surface (the red line). At this point, a large number of ions
have energies exceeding the sputtering threshold, as shown in
Fig. 4(a), thereby leading to the sputtering removal. The num-
ber of sputtered particles rapidly increases as the ions transfer
more energy to the wall material. That is why when increas-
ing VRF to 1000 V, the sputtered atom flux increases signifi-
cantly (the blue line), corresponding to the rapid increase in
sputtering yield shown in Fig. 4(a). We can conclude that, for
target materials such as tungsten, which possess a high sput-
tering threshold, reducing the incident ion energy potentially
even below the sputtering threshold proves to be an effective
strategy for minimizing impurity sputtering.

Y (cm)

VRF=200 V

VRF=600 V

VRF=1000 V

0 0.5 1.0
0

2.0k

4.0k

6.0k

8.0k

S
p
u
tt

er
ed

 a
to

m
s 

fl
u
x
 (

a
rb

. 
u
n
it
s)

Fig. 7. The ejection flux of impurities sputtered from different positions
on the limiter surface for VRF = 200 V, 600 V, 1000 V, respectively.

The sputtering model additionally tracks the trajectory of
each ejected atom by sampling the three-dimensional veloc-
ity of each sputtered atom, which facilitates its motion anal-
ysis near the limiter surface, generating the spatial distribu-
tions of sputtered tungsten atoms depicted in Figs. 8(a)–8(c)
for VRF = 200 V, 600 V, 1000 V. The spatial distributions of
sputtered tungsten atoms are simulated in a larger area (2 cm
along the y-axis and 3 cm along the x-axis) than the plasma
simulation geometry (1.25 cm along the y-axis and 0.5 cm
along the x-axis). This expanded simulation domain enables
a more comprehensive analysis of the impact of the sputtered
tungsten atoms. As illustrated in Fig. 7, the density of sput-
tered atoms is significantly lower at VRF = 200 V due to the
high sputtering threshold of the tungsten target material. It
is therefore suggested that reducing the RF voltage across the
limiters may be an effective strategy for suppressing the sput-
tering process. This reduction can be achieved by optimizing
antenna configurations, including parameters such as antenna
geometry, phase angle, and coupling impedance. At larger
VRF, sputtered particles may either migrate toward the Faraday
screen material, potentially resulting in additional sputtering,
or they may travel toward the reactor center, thereby affecting
heating efficiency. Given that ions induce sputtering across
the majority of the limiter and that the limiter is situated very
close to the Faraday screen, the subsequent sputtering and the
reflection of impurities are non-negligible factors, which will

be explored in our future work. Furthermore, sputtered tung-
sten atoms typically move toward the reactor center within
45◦ relative to the magnetic field lines, as ions predominantly
bombard the limiter along the direction of the magnetic field
lines. This orientation makes it difficult for tungsten atoms to
be ejected from the limiter at angles close to 90◦.
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Fig. 8. (a)–(c) The spatial distributions of sputtered tungsten atoms for
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By integrating the spatial distribution of impurity atoms
with other models, researchers can further investigate the ef-
fects of impurity sputtering on plasma stability and relevant
physical phenomena.

4. Conclusion
We present a robust simulation method for calculating im-

purity sputtering near the ICRF antenna, which has significant
implications for improving the performance of ICRH systems.
This method effectively integrates an RF sheath model with a
physical sputtering one, enabling to calculate sputtering yields
and predict impurity distributions under various conditions.
The RF sheath simulation employs a PIC model to accurately
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assess ion dynamics within the sheath, yielding precise multi-
dimensional ion data that impact the limiter. The sputtering
model fully incorporates energy and angular dependencies,
thereby enhancing its accuracy and broad applicability. We
further examined the effectiveness of this model through sim-
ulations of hydrogen ion sputtering on a tungsten limiter. By
comparing sputtering yields across different parameters, we
conclude that controlling the RF sheath to reduce the energy
of ions incident on the limiter below the sputtering threshold
can effectively decrease sputtering yields. Future applications
of this method may be pivotal in guiding the design and opera-
tional strategies of fusion reactors, particularly in minimizing
impurity sputtering, thereby ensuring prolonged integrity of
PFCs and enhancing plasma stability.
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