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A B S T R A C T

Carbon impurity sputtering and transport in the HL-3 tokamak are investigated using the time-dependent JOREK 
kinetic-fluid coupled framework with an updated sputtering model. Physical sputtering, chemical sputtering, and 
self-sputtering are treated simultaneously, with their yields evaluated dynamically from the evolving local 
plasma conditions. In the axisymmetric simulations, physical sputtering is localized near the strike point, 
whereas chemical sputtering extends over a broader target region. The sputtered carbon is subsequently trans
ported along the divertor and scrape-off-layer flux tubes and exhibits a pronounced high-field-side/low-field-side 
asymmetry. During the simulated edge-localized-mode burst, the rapid increases in target temperature and 
deuterium ion flux strongly enhance and broaden physical sputtering, while chemical sputtering is suppressed 
near the strike point. Self-sputtering remains a secondary contribution under the conditions considered. These 
results demonstrate that the different sputtering channels respond differently to transient divertor conditions and 
should be treated self-consistently when modeling carbon source formation and transport in HL-3.

1. Introduction

Plasma-wall interaction (PWI) is a critical issue in magnetic 
confinement fusion devices because it affects both plasma performance 
and the lifetime of plasma facing components (PFCs) [1–3]. In the 
presence of edge localized modes (ELMs) [4], the sharply increased heat 
and particle fluxes onto PFCs can strongly enhance material sputtering 
and intrinsic impurity release [5]. In the divertor region, impurities can 
play a beneficial role by enhancing radiative power dissipation and 
mitigating target heat loads [6,7], whereas excessive impurity accu
mulation in the core plasma may lead to degradation of core energy 
confinement [8]. A detailed understanding of intrinsic impurity pro
duction and transport is therefore essential for assessing impurity effects 
on plasma behavior and optimizing divertor performance in present and 
future tokamaks.

Carbon-based plasma-facing components remain in use in present- 
day tokamaks [9–15], including HL-3. In these devices, sputtered car
bon constitutes an intrinsic impurity source that can influence edge 
radiation, plasma-wall interaction, and divertor plasma conditions. A 
quantitative and self-consistent description of carbon sputtering and 
subsequent transport is therefore required to interpret experiments in 
devices with carbon-based plasma-facing components.

In this work, carbon impurity sputtering and its transport behavior in 
the HL-3 tokamak are investigated using the time-dependent JOREK 
[16–18] kinetic-fluid coupled framework [19,21]. The sputtering model 
is updated to simultaneously account for carbon impurities from phys
ical sputtering, chemical sputtering, and self-sputtering. Note that the 
sputtering yields are dynamically evaluated during the simulation in 
response to the evolving local plasma parameters. The characteristics of 
physical and chemical sputtering are first examined under HL-3 plasma 
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conditions, followed by an investigation of carbon impurity transport. 
Furthermore, the evolution of carbon sputtering during an ELM burst is 
studied. Physical sputtering and chemical sputtering exhibit different 
transient behaviors during an ELM burst, highlighting the importance of 
including both mechanisms in simulations of carbon impurity produc
tion and transport.

The remainder of this paper is organized as follows: Section 2 in
troduces the JOREK kinetic-fluid coupled framework and the updated 
sputtering model. Section 3 reports the simulation setups. Section 4
presents the simulation results for carbon sputtering and impurity 
transport in non-ELM conditions and discusses the evolution of sput
tering yields during an ELM burst. Finally, a summary is presented in 
Section 5.

2. Models

2.1. JOREK kinetic-fluid coupled framework

JOREK is a three-dimensional MHD code for the simulation of 
magnetically confined plasmas in realistic geometries. It has been 
extensively applied to the study of plasma behavior in both tokamaks 
[18] and stellarators [22,23]. Depending on the issue of interest, JOREK 
can solve either reduced or full MHD system, while incorporating non- 
ideal effects such as resistivity and viscosity. More detailed de
scriptions of the JOREK code and its applications can be found in the 
review paper [16].

The kinetic-fluid coupled framework has been developed to address 
physical problems involving non-fluid particles, such as neutrals, im
purities, runaway electrons, and energetic particles. In this framework, 
the background plasma evolution is governed by the MHD equations, 
while the non-fluid particles are simulated using a Monte Carlo (MC) 
particle method. The time-dependent electromagnetic fields and local 
plasma parameters obtained from the fluid simulation are used to evolve 
MC particles self-consistently. The resulting particle information is fed 
back into the MHD equations, enabling a two-way coupling between the 
kinetic and fluid descriptions. In addition, sputtered impurity sources 
can be introduced dynamically according to the local plasma conditions 
at the plasma facing surfaces. This hybrid framework provides a prac
tical approach for investigating impurity production and transport 

under evolving plasma conditions.

2.2. Kinetic-fluid coupled sputtering model

In the present model, the total sputtered carbon source is assumed to 
consist of physical sputtering, chemical sputtering, and self-sputtering. 
The corresponding sputtered carbon flux can be written as 

Γsput
C = Γphys

C +Γchem
C +Γself

C 

where each contribution is determined from the incident particle flux 
and the corresponding sputtering yield.

For physical and self-sputtering, the yield is evaluated with Eckstein's 
fitting formula [24], which describes the dependence of the yield on the 
incident particle energy (Ein) and angle (θ). For the physical sputtering 
yield, Ein denotes the energy of deuterium ions impinging on the target 
and is determined from the local plasma temperature with the sheath 
effect taken into account. For the self-sputtering yield, Ein is taken as the 
energy of returning carbon ions impinging on the target. The initial 
energy of carbon particles produced by physical sputtering and self- 
sputtering is assumed to follow a Thompson energy distribution 
depending on Ein.

The chemical sputtering yield is evaluated according to Roth's for
mula [25] with the dependence on ion flux taken into account. A fixed 
target-surface temperature of 500 K is imposed in both the chemical- 
sputtering yield model and the thermal initialization of chemically 
sputtered carbon particles; the wall temperature is not evolved 
dynamically in the present calculation.

Each sputtered carbon particle is then followed in six-dimensional 
phase space with a full-orbit scheme. The Lorentz equation is 
advanced in cylindrical geometry using the second-order Boris particle 
mover implemented in JOREK [21,27]. The electric and magnetic fields 
are interpolated from the evolving MHD solution, and the particle 
advance is subcycled relative to the MHD time step. Charge-state evo
lution is evaluated probabilistically from the local electron density and 
temperature using the OpenADAS SCD effective ionization and ACD 
effective recombination coefficients. Radiative losses include line radi
ation, bremsstrahlung, and recombination-related contributions, while 
Coulomb interactions with the background plasma are represented by a 

Fig. 1. Computational mesh used for the HL-3 JOREK simulations. (a) Poloidal computational domain including the core plasma, scrape-off layer (SOL), and divertor 
region. (b) Zoomed-in view of the divertor region, showing the refined mesh near the X-point and divertor targets.
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binary-collision operator. The binary-collision operator samples a 
distorted-Maxwellian background distribution [20].

3. Simulation setups

This work uses the JOREK kinetic-fluid coupled framework. The 
background plasma is evolved with the resistive-viscous reduced-MHD 
model, which employs a single bulk-fluid momentum equation and a 
single-temperature closure, Ti = Te. Among the two-fluid contributions, 
the ion-diamagnetic term is retained in the present setup. The sputtering 
process and the produced carbon impurities are treated kinetically as 
described in Section 2.2. The single-temperature approximation is 
revisited in the limitations discussion because ion and electron tem
peratures can differ in the scrape-off layer.

Fig. 1 shows the computational mesh used in this work. The simu
lated domain covers the core plasma, the scrape-off layer (SOL), and the 
divertor region. The computational grid is composed of 90 × 181 Bézier 
elements, with increased mesh density in the vicinity of the separatrix, 
the X-point, and the divertor targets in order to better resolve the 
pedestal dynamics and plasma-wall interaction processes. The plasma 

equilibrium is constructed based on HL-3 discharge shot 12,845 [26], 
with a central electron density ne = 3.65 × 1019 m− 3 and a central 
electron temperature Te = 2.5 keV. The initial density and temperature 
profiles are presented in Fig. 2.

Cross-field particle and heat transport are prescribed through flux- 
surface-dependent double-tanh profiles in normalized poloidal flux. In 
the pedestal region, the particle diffusivity and perpendicular thermal 
diffusivity are approximately 0.39 m2 s− 1 and 0.31 m2 s− 1, respectively. 
These prescribed profiles were selected to maintain near-stationary edge 
profiles close to the experimentally reconstructed initial state. The 
principal aim of the present work is to implement and assess the 
upgraded coupled sputtering-transport capability. The resulting target 
profiles are therefore presented as model results rather than direct 
experimental fits. Quantitative fitting to coordinated, shot-specific HL-3 
edge and divertor measurements will be pursued in future work.

Fig. 2. Initial equilibrium profiles used in the simulations: (a) electron density and (b) electron temperature. The equilibrium is constructed from HL-3 
discharge 12845.

Fig. 3. Initial target plasma conditions at t = 0 ms as functions of the distance from the separatrix on the divertor target: (a) electron temperature, (b) electron 
density, and (c) deuterium ion flux density.
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4. Simulation results

4.1. Axisymmetric simulation results without ELM

This section presents the axisymmetric simulation results in the 
absence of ELMs. The simulation starts from the established plasma 
equilibrium shown in Fig. 2, and Fig. 3 presents the plasma profiles 
along the divertor targets at the initial time (t = 0 ms) as a function of 
distance from the separatrix on the target surface. The electron tem
perature profiles exhibit a single peak near the strike point and then 
decrease gradually away from it. The peak electron temperature is about 
25 eV at the outboard target and about 20 eV at the inboard target. The 
electron density profiles are similar at the two targets, with peak values 
of about 1.15 × 1019 m− 3 and 1.0 × 1019 m− 3 at the outboard and 

inboard targets, respectively. The deuterium ion flux shows a compa
rable trend, with peak values of approximately 7.4 × 1022 m− 2 s− 1 at the 
outboard target and 5.2 × 1022 m− 2 s− 1 at the inboard target. These 
target plasma profiles suggest that the outboard target is characterized 
by more intense particle and heat fluxes, and these differences are ex
pected to directly affect the sputtering yield of carbon impurities.

Fig. 4 shows the spatial distributions of the physical and chemical 
sputtering yields at t = 0 ms for the outboard and inboard targets. A clear 
contrast is observed between the two sputtering channels: physical 
sputtering is sharply peaked near the strike point, whereas chemical 
sputtering shows a lower and more spatially extended distribution. The 
strong localization of physical sputtering near the strike point is mainly 
attributed to the higher local plasma temperature in this region. The 
peak physical sputtering yield reaches about 5.9 % at the outboard 

Fig. 4. Physical and chemical sputtering yields at t = 0 ms on the outboard and inboard divertor targets.

Fig. 5. Time evolution of the poloidal carbon impurity density distribution in the non-ELM simulation at t = 0.10 ms, 0.20 ms, and 2.00 ms, illustrating the transport 
of sputtered carbon from the divertor targets into the divertor region and SOL.
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target, compared with about 4.4 % at the inboard target. By contrast, the 
chemical sputtering yield varies within a range from approximately 0.2 
% to 1.1 % at the outboard target and from 0.4 % to 1.2 % at the inboard 
target. A noticeable reduction in chemical sputtering is observed near 
the strike point, which is mainly due to the suppression effect of the 
elevated ion flux.

As shown in Fig. 5, the evolution of the total carbon density reveals 
the transport of carbon impurities in the divertor region and the SOL. At 
t = 0.10 ms, carbon impurity remains strongly localized near the 
divertor targets. By t = 0.20 ms, the impurity distribution extends up
ward along the divertor legs and SOL flux tubes, forming clear field- 
aligned structures in the divertor region. At t = 2.0 ms, carbon 

impurity spreads over most of the divertor region and penetrates a sig
nificant portion of the SOL.

A pronounced asymmetry between the high-field side (HFS) and the 
low-field side (LFS) is observed in the carbon density distribution. This 
asymmetry cannot be explained solely by differences in the local sput
tering source strength or the target plasma parameters. To further 
investigate this behavior, an additional case with reversed toroidal 
magnetic field was considered. Under that condition, carbon impurities 
accumulate more strongly on the LFS, as shown in Fig. 6, providing 
evidence that the observed HFS-LFS asymmetry is primarily caused by 
transport effects rather than by source localization.

Fig. 7 further compares the carbon density associated with different 

Fig. 6. (Left) The carbon impurity density at t = 2.00 ms in the normal case. (Right) The carbon impurity density at t = 2.00 ms in the case with reversed toroidal 
magnetic field.

Fig. 7. Distributions of carbon impurity density associated with physical sputtering, chemical sputtering, and self-sputtering at t = 2.0 ms.
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sputtering channels at t = 2.0 ms. The physical and chemical sputtering 
components exhibit similar overall spatial structures, both being mainly 
distributed in the divertor region and along the SOL flux tubes. Never
theless, the chemical sputtering component shows a more pronounced 
extension into the HFS SOL, whereas the physical sputtering component 
remains more localized near the divertor target region. The self- 
sputtering component is much weaker, with a peak density more than 

one order of magnitude lower than those of the physical and chemical 
sputtering components. Therefore, under the present conditions, the 
total carbon density is dominated by the physical and chemical sput
tering channels, while self-sputtering provides only a minor 
contribution.

4.2. Simulation results under ELM conditions

To model the plasma evolution under ELM conditions, a perturbation 
with toroidal mode number n = 10 is introduced. The n = 10 harmonic 
was selected as a representative intermediate-n peeling–ballooning case. 
Retaining only this harmonic avoids multimode-coupling complexity, 
clarifies the interaction between the MHD instability and the sputtering 
response, and reduces the computational resources required for the 
coupled calculation. Fig. 8 shows the temporal evolution of the n = 10 
magnetic energy together with the total carbon content under ELM 
conditions. According to the characteristic features of the magnetic 
perturbation, four representative moments are denoted as t1–t4. Here, t1 
corresponds to the pre-ELM phase with very low perturbation ampli
tude, t2 marks the strongest peak of the magnetic energy, t3 is located in 
the decay stage, and t4 represents the later relaxation phase after the 
burst. During this burst phase, the total carbon content increases rapidly, 
with a much higher growth rate than in the pre-ELM and post-ELM 
stages, indicating that the burst event strongly enhances carbon 
sputtering.

Fig. 9 shows the evolution of the pedestal electron temperature and 
density, as well as the corresponding divertor target electron tempera
ture and deuterium ion flux, with the outboard target taken as an 
example. At t1, clear pedestal structures are present in both Te and ne 
profiles. At the onset of the ELM, the pedestal is substantially degraded: 

Fig. 8. Temporal evolution of the n = 10 perturbed magnetic energy (red 
curve, left axis) and the total carbon impurity content (blue curve, right axis) 
during the ELM simulation. The labeled times t1-t4 denote the representative 
pre-burst, peak-burst, decay, and relaxation phases used for the profile com
parisons. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

Fig. 9. The edge profiles of (a) electron temperature and (b) electron density and the distributions of (c) electron temperature and (d) deuterium ion flux density 
along the outboard divertor target during an ELM burst.
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the Te profile becomes strongly flattened, while the ne profile also 
broadens with a reduced edge gradient. This reflects enhanced radial 
transport during the burst phase. Consistently, a response is observed at 
the divertor target, where both the electron temperature and deuterium 
ion flux rise rapidly and peak at t2. During the decay phase t3, the 
divertor target electron temperature and deuterium ion flux decrease 
but remain above the pre-ELM level, and they further relax at t4.

The physical and chemical sputtering yields of carbon at the divertor 
target also exhibit clear temporal evolution as shown in Fig. 10. As the 
ELM develops, the physical sputtering yield rises sharply and broadens 
substantially along the target, reaching a maximum at t2. By contrast, 
the chemical sputtering yield becomes strongly suppressed during the 
ELM burst, especially near the strike point. This indicates that the 
enhanced carbon release during the ELM is primarily caused by physical 
sputtering. The different responses of physical and chemical sputtering 
to the ELM burst further underline the necessity of self-consistently ac
counting for both mechanisms in modeling carbon impurity sputtering 
and transport.

5. Summary

The present results show that intrinsic carbon sputtering in HL-3 is 
governed by a combination of physical and chemical sputtering, and 
that their relative importance varies strongly with the local divertor 
plasma conditions. The physical sputtering is highly localized near the 
strike point, where the electron temperature is highest, while chemical 
sputtering is distributed over a broader region and becomes weaker in 
the strike point vicinity due to the suppression associated with the 
increased incident ion flux. As a result, the two channels produce 
distinctly different source patterns along divertor targets.

The ELM simulations further demonstrate that carbon production is 
highly sensitive to transient edge plasma evolution. During the burst, 
pedestal degradation leads to a rapid increase in divertor target tem
perature and deuterium ion flux, which strongly enhances physical 
sputtering and broadens its distribution along the target. In contrast, 
chemical sputtering is significantly reduced during the same phase, 
especially near the strike point. Therefore, a self-consistent treatment of 
both physical and chemical sputtering is essential for reliable modeling 
of carbon impurity behavior and plasma-wall interaction in HL-3.

The present study focuses on establishing and assessing the upgraded 
coupled sputtering-transport framework and on characterizing the 
simulated carbon-source response under ELM conditions. The results 
should be interpreted in light of two aspects that motivate further 
development. First, the single-temperature closure Ti = Te may under
estimate ion-driven sputtering in regions where Ti exceeds Te or has a 
broader radial profile, particularly in the far SOL. Second, quantitative 
comparison with coordinated, shot-specific HL-3 measurements remains 

to be performed. Developing a two-temperature background model and 
carrying out this quantitative comparison will therefore be important 
directions for future work.
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