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Abstract

Poloidal distributions of erosion depth and deposition thickness on components in the inner and outer regions of the W-
shaped divertor in JT-60U are modeled using EDDY. Hydrocarbons released from the outer divertor plate are immedi-
ately ionized when entering the plasma and are redeposited near the release position. But they are subjected to re-erosion
by the successive bombardment of plasma ions, resulting in small effective sticking. On the whole, most area of the outer
divetor plate are eroded agreeing with observed distributions of erosion depth. In contrast, the inner divertor plate is dom-
inated by deposition and the observed poloidal distribution of the thickness of the redeposited carbon layers agrees with
incoming carbon flux from the plasma without re-erosion owing to lower-temperature. Due to much lower-temperature
(�1 eV) of the private plasma in the outer region, the neutral carbon/hydrocarbon species are locally redeposited at the
bottom edge of the outer dome wing adjacent to the bottom of the outer divertor plate.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Tritium retention is a critical problem for next-
step fusion reactors with carbon plasma-facing com-
ponents. In present large tokamaks, most of the
hydrogen isotopes are retained in the carbon depo-
sition layers on the components in the divertor.
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Recently, the deposition profile and hydrogen reten-
tion in large tokamaks [1–4] were found to be
dependent on the structure of the divertor, including
the asymmetry between inner and outer regions.
Erosion was dominant on the outer divertor plate,
whereas deposition was dominant on the inner
plate. Furthermore, modeling studies using impurity
transport codes, such as WBC code [5] and ERO
code [6] were done for the erosion and redeposition
on the divertors of the present tokamaks and ITER
[7–9]. Localized heavy deposition has also recently
.
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been observed in the private flux region of the W-
shaped divertor in JT-60U [10], in which the outer
dome wing plate was mostly covered by deposition.
The heaviest deposition was observed on the under-
side of the wing that did not directly face the
plasma. In the present study, we modeled hydrocar-
bon transport in the inner and outer regions of the
W-shaped divertor in JT-60U with a simulation
code, EDDY, and investigated the redeposition
mechanism of carbon and hydrocarbons in divertor
area and the origin of the in–out asymmetry in ero-
sion and deposition patterns.

2. Divertor model and experimental condition used

for calculation

For the simulation, we used true-size divertor
plates and dome wings from the inner and outer
regions of the W-shaped divertor. Fig. 1 shows a
schematic view of the divertor, along with the vari-
ation of plasma parameters with the poloidal dis-
tance. The plasma parameters above the diverter
plates were calculated using the 2D fluid divertor
code UEDGE with an ion density of 1019 m�3 and
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Fig. 1. Schematic view of the W-shaped divertor geometry i
a power flow of 8 MW at the core boundary [11].
The plasma ion and electron temperatures in the
divertor were lower for the detached inner region
than for the attached outer region. Each point on
the divertor plates was bombarded by the plasma
hydrogen ions that contain carbon impurities of
�2% and 0.7% at the strike points for the inner
and outer regions, respectively, these values also
depend on the positions on the plates. The magnetic
field strength was 3 T and 2.7 T in the inner and
outer divertor plates, respectively, while for both
plates the angle of the magnetic field line to the
toroidal direction was 2�.

The erosion and redeposition patterns on the
plates were calculated using EDDY [12], which
treats transport of impurities released from the
plates in the plasma. The code also simulates
dynamic material mixing processes, which is a main
difference from other impurity transport codes [5,6].
Furthermore, energy-dependent reflection and
dissociation of hydrocarbons on the surface was
employed in addition to a well-used constant stick-
ing coefficient, Sdiv, of each hydrocarbon on the
plate. For the chemical erosion of the carbon
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divertor plates, only a methane molecule (CH4) was
assumed to be released according to the chemical
sputtering yield; the formation of higher hydrocar-
bons was not taken into account. For physical
sputtering, only carbon atoms were released. The
released carbon atoms and hydrocarbons were ion-
ized or dissociated via collisions with plasma elec-
trons and ions. The CH4 molecules were subjected
to complex dissociation reactions than simple ioni-
zation of carbons. According to a new set of fitting
formulae taken from Janev and Reiter [13] for the
rate coefficients of the collisional (dissociation
and/or ionization) reactions, which was used in
the ERO code [6], various neutral and ionized frag-
ments are produced via successive reaction chains.
The collisional transport processes were followed
by combining kinetic equation analysis and
Monte-Carlo simulation, which are basically similar
to other transport codes [5,6]. In this study, when a
particle produced by the reaction is charged, it
gyrates in the plane perpendicular to the magnetic
field line. The equation of motion with the velocity,
vjj, parallel to the field line is

m
dvjj
dt
¼ m

vjj � vp

ss

þ a
dT e

ds
þ b

dT i

ds
: ð1Þ

The first term in the right hand side is the friction
force, whereas the second and third terms are the
thermal gradient force as described in Ref. [14]. Fur-
thermore, we take into account the anomalous diffu-
sion across the field lines, which was taken from
Shimizu et al. [15], the sheath and presheath acceler-
ation towards the plates with the so-called Brooks
parameter [16] and the elastic collisions with the
residual neutral hydrogen by the hard sphere colli-
sion model [17]. Before the charging, particles move
along straight lines, but they are suffered by elastic
collisions. Although carbon impurities originating
from the outer region are not directly taken into ac-
count as deposition source at the inner divertor
plate, the effect is taken into account as higher car-
bon concentration in the inner divertor plasma
(�2% at the strike point) than that for the outer
divertor plasma (0.7%). In the simulation, therefore,
carbon is eroded by physical and chemical sputter-
ing of hydrogen plasma ions and physical sputtering
of carbon impurity ions, while it is deposited as
impinging of plasma carbon impurities and local
redeposition (or prompt redeposition) of sputtered
carbons and hydrocarbons. Areas on the divertor
plates and dome wings are divided into numerous
segments in the poloidal direction; a symmetry is
assumed in the toroidal direction to enable the
carbon/hydrocarbon release and erosion and
deposition patterns to be calculated in each
segment. Some particles redeposit promptly on the
same segment from which they were released, or
redeposit on another segment after migration in
the plasma.

The calculated results are compared with the
erosion and redeposition patterns on the divertor
plates, which were exposed to �4300 discharges in
the 1997–1998 experimental campaigns [4]. Since,
in JT-60U, various kind of discharges with different
plasma parameters and different discharge times
were performed, the erosion and redeposition pat-
terns on the surface of the divertor plates obtained
by the postmortem analysis were superposition of
the patterns given by each discharge. Therefore, ero-
sion and redeposition patterns calculated for a sin-
gle discharge with a fixed discharge time (10 s) and
a typical plasma distribution (Fig. 1) were convo-
luted with strike point distributions (upper figures
in Fig. 2) according to the real distribution [4] on
the divertor plates in the poloidal direction, result-
ing in the erosion depth and deposition thickness
given in Fig. 2.

3. Results and discussion

The bombardment of carbon materials with a
hydrogen plasma that contains carbon impurities
causes simultaneously erosion and deposition,
which are, respectively, caused by chemical and
physical sputtering and by deposition of hydrocar-
bons produced by chemical sputtering and imping-
ing of impurity carbon. Multiply ionized carbon
atoms in the background plasma were accelerated
by the sheath toward the surface resulting in higher
sticking. On the other hand, most of eroded carbon
atoms and hydrocarbons are immediately ionized
and returned near the eroded location without
appreciable acceleration by the sheath, and hence
their impinging energies are low and significant
amount carbon atoms are reflected. The sticking
coefficient, Sdiv, for hydrocarbons on the surface
varies from Sdiv = 1, i.e. all hydrocarbons being
stuck and deposited on the plate without reflection
to Sdiv = 0, i.e. no sticking or full reflection, depend-
ing on impinging particle species and energies, and
the surface conditions such as temperature and
roughness. For Sdiv = 0, only plasma carbon impu-
rities remains as deposition source. Unfortunately,
qualitative dependence of the sticking coefficient
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Fig. 2. Poloidal distribution of deposition layer thickness and erosion depth on the inner and outer divertor plates as a function of the
chemical sputtering yield (Ychem) and the sticking coefficient (Sdiv). Solid symbols correspond to the observed deposition layer thicknesses
and erosion depths published by Gotoh et al. [4]. Upper figures correspond to strike point distributions modeled on the divertor plates for
the 1997–1998 experimental campaigns.
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on these parameters are available until now. Here,
therefore, the erosion and deposition patterns on
the divertor plates in the inner and outer regions
were calculated as a function of the sticking coeffi-
cient and chemical sputtering yield as shown in
Fig. 2. The patterns with no chemical erosion
(Ychem = 0) correspond to the distribution of the
background carbon deposition, except for the poloi-
dal distances greater than 25 cm on the outer diver-
tor target; in this case, the deposited carbon is
eroded only by physical sputtering. Although phys-
ical sputtering causes the erosion near the strike
point on the outer divertor plate, the prompt re-
deposition related to the high density of plasma in
front of the plate substantially decreases the erosion
depth. For zero sticking (Sdiv = 0), the increase of
the chemical sputtering yield results in dominating
the erosion at both the inner and outer divertor
plates. For full sticking (Sdiv = 1), due to higher
temperature of the plasma over most of the area
of the outer plate, many hydrocarbons eroded from
the outer plate are promptly redeposited, so that the
deposition still dominates the distribution. Reason-
able agreement with the observed erosion distribu-
tion [4] in the poloidal direction is achieved only
via the assumption of negligible effective sticking
of hydrocarbons and an effective chemical sputter-
ing yield of 0.01–0.02 on the outer divertor plate.
The discharge analyzed in the present study is not
representative of all the discharges during the exper-
imental campaign of JT-60U. Although this low
sticking coefficient on the outer divertor plate must
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be checked via comparisons with future experi-
ments, one possible explanation for the low sticking
is the repeated erosion and redeposition associated
with successive bombardments of the redeposited
surface with high-fluence plasma hydrogen ions.

The poloidal distribution of the observed thick-
ness of the carbon deposition layer on the inner
divertor plate is explained by both the deposition
of carbon impurities in the background plasma
and the redeposition of hydrocarbons released from
the surface. The preferential deposition of carbon
impurities on the inner divertor plate is due to
higher carbon concentration (�2% at the strike
point) for the inner divertor region than for the
outer region (�0.7%), which itself is a consequence
of the SOL flow or drift flow from the outer divertor
region to the inner region via the private flux region
[18]. The effective chemical sputtering yield (or the
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for the inner and outer divertor plates, respectively, and full and zero st
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effective sticking coefficient) for the inner plate is
expected to be rather small (or high) compared to
that of the outer plate. A much higher neutral frac-
tion is redeposited on the inner divertor plate due to
reaction chains associated with the charge exchange
with plasma hydrogen ions and the electron-impact
dissociative recombination of the resultant ions;
these are the dominant reactions at low plasma tem-
peratures (�1 eV).

As the dome wings do not face the plasma, depo-
sition results from hydrocarbons eroded at the
divertor plates through the divertor plasma as
charge exchange neutrals and/or without being ion-
ized. Fig. 3 shows asymmetric poloidal deposition
of carbon/hydrocarbons between the inner and
outer dome wings. The calculated distributions
show the local deposition observed at the outer wing
edge and the broad deposition on the entire inner
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dome wing. Assuming zero sticking on the diverter
plates, 20% and 10% of hydrocarbons eroded from
the divertor plates are deposited on the inner and
outer dome wings, respectively. As shown in
Fig. 4, the deposition species are mostly neutral car-
bon and hydrocarbons, which are dominant at low
plasma temperatures (�1 eV). The neutral species
liberated from the magnetic constraint are redepos-
ited not only on the inner divertor plate but are also
widely deposited on the inner dome wing. Accord-
ingly, the thickness of the deposition layers on the
inner dome wing decreases gradually toward the
top of the dome. On the outer divertor plate,
the ‘‘neutral species are redeposited only at the bot-
tom facing the low-temperature (< several eV) pri-
vate plasma; heavy deposition appears at the
bottom edge of the outer dome wing adjacent to
the bottom of the outer divertor plate, while no
deposition is recorded in the dome top. This pro-
vides a reasonable explanation of the local deposi-
tion observed on the outer dome wing (Fig. 3(b)),
although the erosion observed on the inner dome
wing is not explained by our calculations.

In general, although electron-impact ionization is
the dominant process at high plasma temperatures,
charge exchange with hydrogen ions and subsequent
recombination with electrons is dominant at low
plasma temperatures [19]. These reactions also
dissociate the products and produce many different
fragments. As shown in Fig. 5, the comparison of
redeposition spectra between the inner and outer
divertor plates is complex because of the plasma
temperature distributions in front of the plates.
Various neutral hydrocarbons and ions are depos-
ited on the outer divertor plate, whereas fewer ion
species are deposited on the inner plate. According
to molecular dynamics simulation of the interactions
between hydrocarbon molecules and the carbon
surface [20], thermal-energy methane families have
large reflection coefficient (small sticking); however,
as the energy is increased, their reflection coefficient
decreases and the incident hydrocarbon is frag-
mented into smaller molecules and atoms on the
reflection. Therefore, the employment of the
energy-dependent reflection coefficients for hydro-
carbons and carbons enhances the deposition of car-
bon but suppress that of hydrocarbons.

4. Conclusions

The reasonable agreement obtained between the
calculated and observed erosion distributions on
the outer divertor plates was attained only on the
assumption of negligible effective sticking of hydro-
carbons on the outer divertor plate. Hydrocarbons
released from the outer divertor plate were immedi-
ately ionized when entering the plasma and subse-
quently redeposited near the released positions;
however, their small degree of effective sticking,
i.e. re-erosion due to successive bombardments with
plasma ions, results in long-range carbon transport.
The observed thickness distribution of the carbon
deposition layer on the inner divertor plate was
dominated by the deposition of plasma carbon
impurities with higher concentrations in the inner
region than the outer region. Low plasma tempera-
tures (�1 eV) in the inner divertor region result in
the neutral hydrocarbon species liberated from the
magnetic constraint being redeposited not only on
the inner divertor plate but also on the inner dome
wing. On the outer divertor plate, the neutral species
are redeposited only on the bottom side facing the
low-temperature private plasma; consequently,
heavy deposition occurs at the bottom edge of the
outer dome wing adjacent to the bottom of the
outer divertor plate. This reproduces the observed
local deposition on the outer dome wing that does
not face the plasma; however, the observed erosion
distribution on the inner dome wing is not explained
by our calculations.
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