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Castellated armor tiles are anticipated to withstand intense heat fluxes on the plasma-facing divertors
and limiters. We performed a simulation of the transport and the redeposition of carbon and hydrocar-
bons on the castellated structure in order to study the mechanisms of redeposition in the gaps using real-
istic plasma penetration in the gap and their energy- and species-dependent reflection on the surface. The
calculated profile for the chemical sputtering, but not the physical sputtering, reproduces the experimen-
tal deposition profile within an ITER-like castellation geometry in TEXTOR. From the simulation, we pro-
posed a new castellation geometry. The optimization of the shape of the castellated unit cell is very likely
to work to minimize the redeposition rate in the gaps.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Castellated armor tiles on the first wall and the divertor are
anticipated to ensure thermo-mechanical durability. Experiments
with an ITER-like castellation geometry in TEXTOR [1], are study-
ing the fuel retention and impurity transport in gaps. To investi-
gate the mechanisms of redeposition in the gaps and discuss the
effectiveness of deposition mitigation techniques, we performed
a simulation study of transport and redeposition of carbon and
hydrocarbons where realistic plasma penetration in the gap and
their energy- and species-dependent reflection on the surface are
taken into account.

2. Simulation of carbon/hydrocarbon redeposition in the gaps

Schematic views of the tile and gap configuration used for our
calculation are presented in the insets of Fig. 1. The gaps orient
toward the toroidal and poloidal directions, which are named as
toroidal and poloidal gaps, respectively. A homogeneous plasma
with constant electron and ion temperature (Te = Ti) and the elec-
tron density, which is assumed to fulfill the Boltzmann relation,
contacts the top surface of the tile. The thickness of the plasma is
10 cm. The sides of the simulation cell have a periodic boundary.
CH4 molecules with a Maxwellian velocity distribution corre-
sponding to a temperature of 0.1 eV (1160 K) are generated
ll rights reserved.
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randomly from whole area of the top surface. The released mole-
cules experience complex collision reactions in the plasma. The
rate coefficients for electron-impact ionization, dissociation, disso-
ciative recombination, proton-impact ionization and charge
exchange processes of CH4 and fragments are calculated using fit-
ting formulae taken from Janev and Reiter [2]. The elastic scatter-
ing of the resultant atoms or ions by ambient hydrogen atoms is
considered via the hard sphere collision model. Details of our sim-
ulation model are provided in [3].

Reflection/sticking coefficients at the tile surface are considered
by using classical molecular dynamics (MD) simulation [4]. We
used the interaction potential based on analytic bond-order
scheme, which was developed by Juslin et al. [5] for the ternary
system W–C–H. In our MD simulation the hydrogenated and amor-
phized graphite was prepared as a starting surface by bombard-
ment with carbon (E = 0.025 eV) and hydrogen (E = 1 eV). Since
the direct coupling of the transport/redeposition code with the
MD is very time-consuming, the database of the energy- and spe-
cies-dependent reflection coefficients which are prepared using
the MD are employed in the transport/redeposition code. The
hydrocarbons are incident on the surface at the angle of 45� against
the surface normal.

If a particle produced by a reaction is charged in the plasma, it
gyrates receiving various forces, such as friction and thermal gradi-
ent forces [6], cross-field diffusion [7], and sheath acceleration.
However, there is no thermal gradient force due to the constant
plasma. To simplify complex sheath structure in the gap, we use
the Brooks model [8] with following modification:
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Fig. 1. The amount of redeposition on the side surface of (a) toroidal and (b)
poloidal gaps as a function of the distance from the top surface. Two side deposition
profiles are summed. Schematic view of the tile and gap configuration for toroidal
and poloidal gaps between the tiles (WT = 20 mm, WG = 1 mm, D = 15 mm) and the
electric potential distribution calculated by using PIC simulation for (c) toroidal and
(d) poloidal gaps (ne = 1018 m�3, Te = 10 eV, B = 5 T, kDe ¼ 23:5 lm) are shown.
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/ð~rÞ ¼ /0 exp½�lð~rÞ=k�;
k ¼ d1 sin bkLi þ d2ð1� sin bÞkDe;

where /0 � �3kTe, b is the angle of the magnetic field line from the
surface normal, kLi is gyro-radius of the plasma ion, kDe is the Debye
length and d1; d2 are the arbitrary constants (d1; d2 ¼ 1). The dis-
tance from a point in the sheath to the surface, l, is taken to be
the distance along the curved electric field lines toward the sides
and bottom of the gap. The decay of the plasma density in the
gap is assumed to be dependent on the sheath potential according
to the Boltzmann relation.

For benchmarking, we also developed a particle-in-cell (PIC)
simulation code, which is 3-dimensional in velocity space and 2-
dimensional in real space. The velocity distribution of plasma ions
is a shifted Maxwellian with velocity cut-off that satisfies the gen-
eralized Bohm criterion at the electrostatic sheath entrance,
whereas the injected plasma electrons are assumed to be Maxwell-
ian. The electric potential distribution in the vicinity of the gaps is
shown in Fig. 1.
3. Result and discussion

3.1. General study for the redeposition in the toroidal and poloidal
gaps

Fig. 1 shows the amount of redeposition on the side surface of
(a) toroidal and (b) poloidal gaps as a function of the distance from
the top surface. The plasma density and the sheath potential pro-
files are calculated by the PIC simulation and using the modified
Brooks model. Since carbon and hydrocarbon ions are drawn into
the gap along the electric field lines they are mostly redeposited
in the vicinity of the gap entrance. According to the modified
Brooks model, the differences of the inclination angles of the mag-
netic field between the poloidal and the toroidal gaps cause strong
asymmetry of the sheath potentials between them. Since the
reflection coefficients for ions and neutrals are different [9], the
redeposition profile in the gap sides is influenced by the plasma
penetration due to the sheath acceleration of ion species. In the
toroidal gap, there is a deep penetration of the plasma into the
gap, which causes the local increase in the amount of redeposition
in the vicinity of the top surface (<2 mm). On the other hand, there
is the shallow penetration in the poloidal gap. Since the plasma
cannot decay enough for our modified Brooks model, the Boltz-
mann relation also should be modified in the gap.

3.2. Modeling for castellated test limiter in TEXTOR

For a castellated test limiter experiment in TEXTOR [1] we per-
formed the simulation of transport and redeposition of hydrocar-
bons and carbons sputtered physically. Plasma deuterium ions
with Maxwellian velocity distribution are generated at the top area
of simulation volume, move along the magnetic field lines with
gyration and bombard the castellated limiter. From the bombarded
point of the limiter surface, a Carbon atom with a Thompson distri-
bution or a CH4 molecule with Maxellian distribution is released.
Carbon atoms and ions, which return to the surface after the
migration in the background plasma, are deposited or reflected
with an emission angle according to the EDDY code calculation
[10], whereas the hydrocarbon reflection is calculated using the
database prepared by the MD calculation. From PIC simulation,
there is the shallow penetration in the poloidal gap. Therefore,
we assumed the CH4 and fragments do not collide with plasma
electrons and ions at the plasma-shadowed area. Furthermore,
sheath acceleration occurs toward the gap entrance and tile sur-
face; however, it does not occur in the gap.

Fig. 2 shows the observed C redeposition profiles [1] and the
calculated profile in the poloidal gaps. Due to clear comparison be-
tween the calculated and the observed profiles, the observed den-
sity of redeposited carbon atoms is reduced by a constant density
around the bottom of the gap. The calculated amount of redeposi-
tion is quantitatively compared with the observed areal density of
redeposited carbon atoms. The calculated redeposition profile in
the rectangular cell (the inset in Fig. 2(a)) reproduces the high peak
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Fig. 2. The observed C redeposition profiles [1] and the calculated profiles in the
poloidal gaps of (a) the rectangular cell and (b) shaped cell (WT = 10 mm,
ne = 6 � 1018 m�3, Te = 20 eV, B = 5 T). The beginning of abscissa axis corresponds
to the top surface of the plasma-shadowed side. The observed density of
redeposited carbon atoms is reduced by a constant density around the bottom of
the gap.
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values near the plasma-shadowed edge. The reflected particle and
emitted one from the rim are redeposited there. The particles
transported from top surfaces are redeposited on the plasma-open
side. However, the redeposition layer is bombarded with the back-
ground plasma, so that C amount is reduced there. Furthermore the
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Fig. 3. Schematic views of the unit cell and the gap configuration for new
castellation geometry. In order to hide both poloidal and toroidal gaps from direct
access, the gaps are oblique to both the toroidal and the poloidal directions,
whereas the tile surface is tilted with respect to the toroidal direction by angle, h.
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Fig. 4. The amount of redeposition of hydrocarbons/carbon on (a) only the gap
sides, (b) the shadowed area on the top surface and (c) the whole region depending
on the tilt angle of the tile surface and the plasma temperature (ne = 1020 m�3).
profiles for the chemical sputtering decay on a longer range than
them for the physical sputtering. Because carbon ions transported
from top surfaces are easy to redeposit at the plasma-open side
due to their high energy, whereas most of hydrocarbon reflects
at the side surface. The calculated profile for the hydrocarbons
reproduces the experimental profile in TEXTOR [1]. In the shaped
cell, unless the particles are repeatedly reflected from the top sur-
faces of the cell, it cannot redeposit directly in the gaps. Therefore
the redeposition profiles are broader. The shaped cell used for our
simulation has a sharp edge at the plasma-shadowed side, but the
cell edge used in the experiment is cut. Although it is difficult to
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Fig. 5. The amount of redeposition of carbon/hydrocarbon as a function of the
distance from the top edge of the tile, depending on the tilt angle of the tile surface
and the plasma temperature.
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compare between the calculation and the experiment, the particles
emitted from the top surface are locally redeposited at the upper
part of the gap side (<4 mm) for both. Anyway, the gaps between
the shaped cells are not directly bombarded so that the redeposi-
tion in the gap is suppressed.

3.3. Analysis of influence of gap geometry

In a previous paper [3], the castellated structure with the cells
tilted against the toroidal direction was studied in order to mini-
mize the redeposition in poloidal gaps. In this study, in order to
hide both of the poloidal and the toroidal gaps from direct access,
the gaps are oblique to both the toroidal and the poloidal direc-
tions, whereas the tile surface is tilted with respect to the toroidal
direction by angle, h (Fig. 3). As shown in Fig. 4 because of tilt of the
unit cell, the redeposition in the gap is strongly suppressed. With
further increasing the tilt angle h, the tile regions (the shadowed
areas of the top surface) hidden from direct access have a larger
surface area so that the amount of redepostion increases. Further-
more, with decreasing plasma temperatures the amount of redepo-
sition increases due to dominant redeposition of neutral species.
However, at the lowest plasma temperatures (�1 eV), many hydro-
carbons are transported over the simulation volume and the
amount of redeposition decreases. Fig. 5 shows the amount of
redeposition relative to the area as a function of the distance from
the top edge. With increasing tilt angle h, the redeposition of car-
bon/hydrocarbon is enhanced at the upper part of the plasma-
shadowed gap, whereas due to the hidden gaps from direct access
it is suppressed in the deep regions of the gap. At a low plasma
temperature (3 eV) the redeposition of the neutral species with
the high reflection coefficient are dominant, so that the redeposi-
tion profile is broader. The reduction of the areas directly exposed
to plasmas with the optimization of the shape of the castellated
unit cell is very likely to work to minimize the redeposition rate
in the gaps of the castellated structure, ex., at the angle of h = 5�.
The optimized angle is related to the geometry of the tiles.

4. Conclusion

In order to investigate the mechanisms of redeposition and
study the effectiveness of deposition mitigation techniques we
performed a simulation study of transport and redeposition of car-
bon and hydrocarbons on the castellated structure. We applied a
model with a modification to simplify complex sheath and plasma
profiles around the gap and such calculation was compared to a PIC
calculation. The calculated profile for the chemical sputtering, but
not the physical sputtering, reproduces the redeposition profile ob-
served with an ITER-like castellation geometry in TEXTOR. Since
the gaps between the shaped cells with tilted surface are not di-
rectly bombarded with the plasma, the redeposition in the gap is
strongly suppressed. From the simulation, we proposed a new cas-
tellation geometry. The optimization of the shape of the castellated
unit cell is very likely to work to minimize the redeposition rate in
the gaps of the castellated structure due to the reduction of the
areas directly exposed to plasmas.
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