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Abstract

Hydrocarbon redeposition in the gap between divertor tiles is calculated by a Monte Carlo simulation. Using the
energy- and species-dependent reflection coefficient on the tile, hydrocarbons repeatedly reflected from the side surfaces
redeposit deep in the gap. The calculated results reproduce both the short and long decay lengths of tritium profiles
observed on the gap sides of the TFTR bumper limiter [T. Tanabe et al., Fus. Sci. Technol. A 48 (2005) 577]. Redeposition
profiles are influenced by the gap width and whether the plasma penetrates the gap or not. At high plasma temperature, the
hydrogen concentration of the depositing species in the gap is low due to dissociation of hydrocarbons during long range
transport in the plasma. At low plasma temperature, it is high due to deposition of low-energy neutral hydrocarbons,
which have a low dissociation probability if the plasma does not penetrate the gap.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Recent surface analyses [1,2] have shown that a
significant amount of tritium was retained in gap
sides between carbon plasma facing components
by redeposition of hydrocarbons eroded chemically
and transported in edge plasmas. Tritium retention
in the tile gaps is a crucial issue because of the diffi-
culty of removal from gaps. Therefore we focus our
attention on the influence of plasma condition and
redeposition process, e.g. plasma temperature and
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reflection or sticking coefficient on the top surface
of the tile and the gap sides. In this study, the rede-
position distribution is calculated and the dominant
mechanism for the redeposition in the gap is
discussed.

2. Simulation models

Fig. 1 shows a schematic view of the tile and gap
configuration used for the calculation. A homoge-
neous plasma with constant electron and ion tem-
perature, Te and Ti (Te = Ti), and constant
electron density, ne = 1019 m�3, contacts the top
surface of the tile. The angle a of the magnetic field
.
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Fig. 1. Schematic view of the assumed tile geometry with toroidal
and poloidal gaps (d = 30 mm, w = 3 mm).
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lines with the toroidal direction is 5� and the lines
are inclined by b = 30� with respect to the poloidal
direction; the field strength is 5 T. The rectangular
volume above a part of the tile with the surface area
of 10 · 10 cm is the simulation volume, where the
thickness of the plasma is 10 cm. A methane mole-
cule (CH4) is released at a random point of the tile
surface with a Maxwellian velocity distribution cor-
responding to a temperature of 0.1 eV (1160 K). As
a result of the collisions with plasma electrons and
ions, many neutral and ionized fragments are pro-
duced through successive reaction chains. The rate
coefficients for possible electron-impact ionization,
dissociation, dissociative recombination, proton-
impact ionization and charge exchange processes
of CH4 and fragments are calculated using the new
complete set of fitting formulae taken from Janev
and Reiter [3]. Details of the hydrocarbon transport
simulation are given elsewhere [4]. In this study, if a
particle produced by a reaction is charged, it is con-
fined by the magnetic field, and experiences the fric-
tion and the thermal gradient forces [5] parallel to
the magnetic field lines, cross-field diffusion [6],
sheath and presheath accelerations [7], and elastic
collisions with the residual neutral hydrogen atoms
[8]. In the simulation volume, constant electron
and ion temperature is assumed. However, the ther-
mal gradient force is important to balance the fric-
tion force. Therefore, we assumed the temperature
gradient dTe,i/ds is dependent on the plasma tem-
perature linearly, e.g. dTe,i/ds equals 1 eV/m for
the plasma temperature 1 eV and dTe,i/ds equals
30 eV/m for the plasma temperature 30 eV, for sim-
plicity. Although the parallel force balance strongly
depends on the limiter or divertor characteristics [9].
The ambient hydrogen atom density is taken as
1019 m�3. Recently, the reflection (or sticking) coef-
ficients of CHy (y 5 4) and C2Hy (y 5 5) on a hydro-
genated graphite surface for a range of incident
energies and angles have been calculated by Alman
and Ruzic using molecular dynamics modeling [10].
The energy- and species-dependent reflection coeffi-
cients for hydrogenated and amorphized graphite,
i.e. ‘hard’ carbon, are applied for our simulation.
According to Alman and Ruzic, the methane
family (CH4,CH3,CH2, CH) has rather higher
chance of reflection on ‘hard’ carbon surface, but
as the energy is increased, the reflection coefficient
of the original hydrocarbon decreases. Further-
more, the dissociation probability at the surface is
increased so that the incident hydrocarbon is
reflected as part of smaller dissociative fragments.
Nevertheless, for C2H and C2H3 Ref. [10] gives
reflection coefficients on redeposited hydrocarbon
films, i.e. ‘soft’ surfaces, lower than 70% and 80%,
respectively, and in cavity experiments values of
reflection coefficient of approximately 10% and
65% were found [11]. When a hydrocarbon is
reflected, we assumed that its energy is not changed
and the reflection is specular. Since hydrocarbons
redeposited on the top surface of the tile are subse-
quently bombarded with plasma ions, no sticking is
assumed, and they are released again in the form of
CH4. On the other hand, around the gaps the distri-
bution of sheath potential (or electric field) is com-
plex, depending on the plasma condition and the
gap geometry. Therefore, we assumed the gaps
between the tiles are not in direct contact with the
plasma, where the sheath acceleration for the ion
species does not occur on the gaps, as long as it is
not mentioned. Furthermore, if the gaps between
the tiles are in direct contact with the plasma, the
sheath acceleration occurs toward the gap sides or
bottom. Although the whole tiles should have the
same value of potential actually. In the simulation,
the toroidal and poloidal gaps with width of
w = 3 mm, and depth of d = 30 mm are assumed.
CH4 molecules (106) are generated randomly on
the top surface.

3. Calculation results and discussion

Fig. 2 shows the number of the redeposited car-
bon atoms on the side surfaces of both toroidal
and poloidal gaps as a function of distance from
the rim. Assuming full sticking of hydrocarbons
on the side surface (Sgap = 1), the number of the
redeposited carbon atoms decay steeply. Using the
energy- and species-dependent reflection coefficient,
low-energy hydrocarbons, which are repeatedly
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Fig. 2. The number of the redeposited carbon atoms on the side surfaces of both the toroidal and poloidal gaps as a function of distance
from the rim for the plasma density of 1019 m�3 and the plasma temperature of 30 eV. The calculations were done with: (a) sticking
coefficient Sgap = 1, (b) the energy- and species-dependent Sgap, (c) the energy- and species-dependent Sgap and no thermal gradient force
and (d) shows the tritium profiles measured on side surface of the bumper limiter tile from TFTR [1].
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reflected from the side surfaces, are able to penetrate
deep in the gap, so that the number of the redepo-
sited carbon atoms on the side surface has a longer
decay length as shown in Fig. 2(b). The redeposition
profile in the toroidal gap with no thermal gradient
force on the ion species and using the energy- and
species-dependent reflection coefficients (Fig. 2(c))
shows a hump at a distance <5 mm and a gradual
decrease at a distance >5 mm, whereas for the pro-
file in the poloidal gap, there is a large peak near the
surface and no hump. From analysis of the redepos-
ited species (Fig. 3), the large near-surface peak for
the poloidal gap is dominated by highly ionized car-
bon ions. Carbon ions are redeposited on the side
surface of the toroidal gap after a long travel along
the magnetic field lines in the gap, producing the
hump in the toroidal gap. The parallel force balance
strongly depends on the limiter or divertor charac-
teristics. Since the thermal gradient force pushes
the ions back into the plasma and thus suppress
their redeposition, the hump in the toroidal gap is
enhanced without thermal gradient force and, there-
fore, the difference of the distribution between the
toroidal and poloidal gaps is enhanced. The redepo-
sition profiles (Fig. 2(c)) are similar to the tritium
profiles of bottom and right side, respectively, of
the TFTR bumper limiter tile measured by Tanabe
et al. [1] (Fig. 2(d)). There will be a difference
between the deposition profiles on the two side
surfaces of a gap, due to the magnetic field direc-
tion. Nevertheless, two side deposition profiles are
summed in these calculations.

Fig. 4(a) and (b) shows the effect of increasing the
width of the gap. The distribution of redeposited
carbon atoms on the side surface has a longer decay
length due to the long range transport of many low-
energy ions with larger gyroradii in the gap and also
an increased line-of-sight area for neutral hydrocar-
bons coming from the plasma. Furthermore, in
Fig. 4(c), the decay length is influenced by whether
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Fig. 3. The number of the redeposited carbon atoms on the side
surfaces of both the ion and neutral species as a function of
distance from the rim for the plasma density of 1019 m�3, the
plasma temperature of 30 eV, using the energy- and species-
dependent Sgap and no thermal gradient force. (a) Toroidal gap,
and (b) poloidal gap.
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Fig. 4. The number of the redeposited carbon atoms on the side
surfaces of the toroidal and the poloidal gaps as a function of
distance from the rim for the plasma density of 1019 m�3, the
plasma temperature 30 eV and the energy- and species-dependent
Sgap. (a) Gap width = 3 mm, (b) gap width = 5 mm, and (c) gap
width = 3 mm and the plasma penetrates the gap.
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the plasma penetrates the gap or not. With the
plasma filling the gap, the redeposition distribution
decay on a short range. This is because ionization
and the other mentioned processes take place also
inside the gap. At high plasma temperature, many
ionized fragments which are accelerated to the side
surfaces by the sheath voltage tend to stick the side
surface without experiencing any reflection.

The hydrogen concentration of the depositing spe-
cies, FH = H/(C + H), is calculated: e.g., FH = 0.8
and FH = 0 for the redeposition in the form of initial
CH4 and fully dissociated carbon, respectively. At
high plasma temperature, FH for the gap sides is
low due to dissociation of hydrocarbons during their
long range transport in the plasma before redeposi-
tion in the gap. When redeposition distribution for
the top surface of the tile is calculated in the same
condition, FH is high due to prompt redeposition of
CH4 which is ionized and gyrates back to the surface,
as shown in Fig. 5. Using the energy- and species-
dependent reflection (or sticking) coefficients, low-
energy hydrocarbons are reflected by the top surface
of the tile. Furthermore, they are subsequently disso-
ciated in the plasma, and as a result, the FH is lower
than that for full sticking (Ssurface = 1). Hydrocar-
bons reflected from the side surfaces redeposit on
the neighboring side of the gap without transport in
the plasma. Therefore, FH does not change much.
Nevertheless, FH is overly simplified quantity for dis-
cussing the realistic hydrogen concentration because
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Fig. 5. The hydrogen concentration of the depositing species,
FH = H/(H + C), as a function of plasma temperature at the
plasma density of 1019 m�3 on the top surface of the tile and the
side surface in the gap.
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of the neglecting processes such as incorporation of
H and implantation of H+, hydrogen depletion due
to ion bombardment, and abstraction of surface-
bonded hydrogen due to H and hydrocarbon radi-
cals. In addition, the realistic hydrogen concentration
stays below a saturation value of roughly 0.4, as
found for plasma-deposited a-C:H. Therefore, the
realistic hydrogen concentration on the top surfaces
will be rather low due to hydrogen depletion as a
rather high ion flux. But the redeposits on the gap
sides, with a lot of hydrogen, remain in the gap as
they are not exposed to the plasma. As a result, at
low plasma temperature, the realistic hydrogen con-
centration is significant in gap sides.

4. Conclusion

Using the energy- and species-dependent reflec-
tion coefficient, hydrocarbons are repeatedly
reflected from tile side surfaces and they redeposit
deep in tile gaps. The calculated results show distri-
butions similar to the observed tritium profiles on
a TFTR bumper limiter tile with short and long
decay lengths [1]. Redeposition profiles are influ-
enced by the gap width and whether the plasma
penetrates the gap or not. At high plasma temper-
ature, the hydrogen concentration of the depositing
species, FH = H/(H + C), in the gaps is low due to
dissociation during transport in the plasma. On the
tile surface, FH is high due to the prompt redepo-
sition of CH4 which is ionized and gyrates back to
the surface. However, the realistic hydrogen con-
centration will be rather low due to hydrogen
depletion as a rather high ion flux. At low plasma
temperature, FH in the gap is higher due to depo-
sition of low-energy neutral hydrocarbons with low
dissociation probability if the plasma does not pen-
etrate the gap.
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