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Abstract

Material erosion, transport and deposition in the divertor of ITER are modelled with the Monte-Carlo impurity
transport code ERO taking into account chemical erosion, physical sputtering, enhanced chemical erosion of redeposited
carbon and a beryllium influx from main chamber erosion. The continuous deposition of beryllium leads to reduced
carbon erosion along the divertor plates with increasing exposure time. With 1% beryllium in the edge plasma an upper
value of the long-term tritium retention rate can be estimated to about 15.9 mg T/s. For 0.1% beryllium this number
decreases to about 6.4 mg T/s. These numbers do not change significantly with the sticking assumption for hydrocar-
bons. The erosion of the divertor plates is less critical. Maximal erosion rates of 0.4 nm/s with 1% beryllium and
1.8 nm/s with 0.1% beryllium occur at the outer target. Erosion due to transient heat loads is not yet included in the
modelling.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the design of ITER [1], carbon fibre compos-
ites (CFC) are foreseen for the divertor target plates
where the highest heat loads are expected. The
advantage of non-melting of graphite materials
opposes their strong erosion due to chemical forma-
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tion of hydrocarbon molecules even at low plasma
temperatures. Extrapolations from current experi-
ments to ITER indicate a critical amount of tritium
retention due to co-deposition. However, experi-
mental data are based on full-carbon-clad devices,
whereas in ITER beryllium is foreseen for the main
wall and tungsten for the baffles and the dome.
Especially the effect of a beryllium influx to the
divertor targets has to be analysed.

This contribution presents ERO [2] modelling of
erosion and deposition along the divertor targets
.
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taking into account a constant background beryl-
lium Be2+ influx (0.1% or 1%) relative to the
incoming deuterium ion flux along the targets.
Eroded particles are followed in the modelling
through the divertor plasma until they are redepos-
ited at the divertor plates or escape from the plasma
volume considered (10 cm distance from the target
plates). Particles not locally redeposited are assumed
to form layers at remote areas. The chemical erosion
yield for graphite by deuterium impact (ions and
atoms) is calculated using the latest update of the
semi-empirical formula depending on the incoming
deuterium flux density, surface temperature and deu-
terium impact energy [3]. It is assumed that CD4

molecules are generated in the process of chemical
erosion and released into the plasma. Ionisation
and dissociation of the CD4 molecules in the plasma
is taken into account. Chemical erosion of redepos-
ited carbon species is assumed to be enhanced by a
factor of ten compared to the chemical erosion of
graphite [4]. Physical sputtering is caused by back-
ground deuterium and beryllium ions and also by
eroded impurities returning to the surface.

2. Basis for the ERO modelling

The plasma background for the ERO calcula-
tions is taken from B2-EIRENE calculations [5]
for the reference ITER option of a carbon target
with 100 MW entering the scrape-off-layer (SOL).
Fig. 1 shows profiles along the divertor plates of
the deuterium ion and atom flux density, electron
density and temperature as function of the distance
d from the separatrix, where d < 0 corresponds to
the private flux region (PFR) and d > 0 to the
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Fig. 1. Deuterium ion and atom flux, electron density and temperatu
B2-EIRENE).
SOL. Using these plasma parameters, chemical
and physical erosion yields for pure graphite are
calculated as shown in Fig. 2. For simplicity, the
figures show only the erosion by deuterium ions.
In the modelling also chemical and physical ero-
sion caused by deuterium atoms and physical
sputtering caused by beryllium and carbon ions is
included. The figure shows also the parameters
determining the chemical erosion and physical
sputtering yield, i.e. the incoming deuterium ion
flux, the surface temperature and the deuterium
ion impact energy. The surface temperature is cal-
culated for a CFC target of 10 mm thickness with
a thermal conductivity representing average opera-
tion conditions [6]. Moving along the target from
the PFR (d < 0) to the SOL (d > 0), the chemical
erosion yield decreases reaching a minimum of
about 0.04% for the inner and outer divertor at
the location of the highest flux density. In the inner
divertor, the yield increases continuously along the
target moving into the SOL reaching a value of
about 0.8%. In the outer divertor, a local maxi-
mum is reached at the position where the surface
temperature reaches about 600 �C, but the yield
decreases then due to the decrease of the surface
temperature before it increases again further into
the SOL up to a value of about 0.4%. Physical
sputtering only occurs in the SOL whereas in the
PFR the deuterium impact energy is too low (yield
smaller than �0.001% in inner and outer PFR). It
is more important in the outer divertor SOL where
the yield reaches about 1% for distances d > 20 cm
from the separatrix whereas a comparable yield in
the inner divertor is reached at larger distances
d > 60 cm.
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Fig. 2. Profiles of deuterium ion flux (D+), surface temperature (T_surf), impact energy (E_in), chemical erosion (Y_chem) and physical
sputtering yield (Y_phys) for graphite along inner (left) and outer (right) divertor plate.
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3. ERO modelling results

3.1. Dynamic erosion and deposition behaviour

First, an effective sticking of zero for all hydro-
carbons CDx returning to the divertor plates is
assumed (Seff = 0) [3]. The beryllium concentration
in the divertor plasma is assumed to be 0.1% of
the deuterium ion flux. The influence of both
parameters will be discussed in Section 3.3.

The modelling starts with pure graphite target
plates. Eroded carbon species which are redeposited
on the target during exposure are implanted as ‘cr’
into the surface to distinguish them from sub-
strate graphite (‘c’) particles. The surface-integrated
graphite erosion rate first decreases with exposure
time due to co-deposition of beryllium and redepos-
ited carbon and approaches then a constant equilib-
rium value. Due to larger erosion yields and fluxes
(Fig. 2) the graphite erosion is about a factor of
two larger in the outer than in the inner divertor at
the beginning of the exposure. The erosion rate of
redeposited carbon (cr) increases from zero (there
is no redeposited carbon on the surface at the begin-
ning) to a maximum after which it decreases to an
equilibrium value. Because of the assumption of a
ten times enhanced chemical re-erosion of redepos-
ited carbon compared to graphite, the overall
carbon erosion (c plus cr) in equilibrium is larger
than the carbon erosion at the beginning (only c) –
by a factor of 2 for the outer and about 3 for the
inner divertor. Obviously, a beryllium concentration
of 0.1% in the edge plasma is not sufficient to build
up a protective layer which suppresses the carbon
erosion significantly. Fig. 3 shows the surface
concentration profiles in steady state for carbon,
redeposited carbon and also beryllium along the
inner and outer divertor plate. At all locations the
beryllium concentration is below one indicating that
no pure beryllium layer can grow which could
completely suppress the carbon erosion. Around
the separatrix a maximum in the beryllium surface
concentration develops with a value of about 0.9
for inner and outer divertor. Here beryllium can
accumulate because of the low plasma temperature
preventing from physical sputtering. Deeper inside
the SOL a maximum in the concentration of rede-
posited carbon (cr) develops (about 0.5 at the inner
and 0.7 at the outer divertor plate).

In equilibrium, the amount of local redeposition
of eroded carbon on the target is about 97% for the
outer and 93% for the inner divertor. Particles
which are not locally redeposited on the targets
leave the simulation volume in the direction of the
PFR and are supposed to be redeposited at remote
locations. The profiles along the divertor targets
after 30 s plasma exposure of net deposition/
erosion, i.e. redeposited carbon (cr) plus deposited
beryllium minus erosion of graphite (c), redeposited
carbon (cr) and beryllium, are shown in Fig. 4. At
locations inside the SOL with distances to the sepa-
ratrix larger than d � 0.3 m for the inner and larger
than d � 0.2 m for the outer divertor net erosion
occurs. The net erosion rates at the maxima are
about 1.5 · 1020 particles/[m2s] for the inner and
about 2 · 1020 particles/[m2s] for the outer divertor.
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Fig. 3. Surface concentration profiles along inner (left) and outer (right) divertor for graphite, redeposited carbon and beryllium.
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Fig. 4. Profiles of net erosion/deposition after 30 s along inner
and outer divertor target.
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3.2. Estimations of tritium retention and

target lifetime

All particles which are not redeposited locally at
the targets are assumed to form layers at remote
areas. Therefore, the following estimations of tri-
tium retention are upper limits. Furthermore it is
assumed that carbon layers, which are built up at
remote areas have a tritium content of 50%, whereas
carbon layers at plasma facing components (i.e. at
the divertor targets) retain a smaller tritium content
of 5% [7]. For tritium which is retained by co-depo-
sition with beryllium, a tritium to beryllium ratio
T/Be = 0.05 is assumed [8]. Keeping the assump-
tions used in Section 3.1 for the effective sticking
of hydrocarbons (Seff = 0) and the beryllium con-
centration in the edge plasma (0.1%) the tritium
retention in remote carbon layers is estimated to
4.6 mg T/s and in layers on the targets to about
0.3 mg T/s. Inner and outer divertor contribute
similar amounts to the overall tritium retention in
carbon layers. Tritium retention due to beryllium
deposition can be assessed to about 1.5 mg T/s
resulting in an overall retention rate of 6.4 mg T/s.
From this the number of discharges after which
the safety limit of 350 g tritium retention is reached
would be 140 based on a pulse length of 400s.

The target lifetime can be assessed using the
calculated profiles of net erosion and deposition.
Taking the maximum net erosion rate of � 2 ·
1020 particles/[m2s] occurring at the outer divertor
plate and assuming a particle density of 0.1136
atoms/Å3 for graphite an erosion rate of �1.8 nm/s
is estimated. Defining the lifetime as the time after
which 0.5 cm material is eroded leads to about
6900 possible ITER discharges before a replacement
of the divertor plate would be necessary. Compared
to the number of discharges after which the safety
limit of tritium retention is reached, the target life-
time problem is thus much less critical.

3.3. Parameter variations

Keeping the assumption of zero sticking for
hydrocarbons but assuming 1% beryllium in the
divertor edge plasma instead of 0.1% leads to a dras-
tic change in the particle balances. The higher beryl-
lium influx is now sufficient to build up expanded
regions around the separatrix of pure beryllium
layers which cover the underlying graphite. As result
– opposite to the 0.1% beryllium case – the overall
carbon erosion (c plus cr) in steady state is smaller
than the graphite erosion at the beginning although
redeposited carbon suffers in this calculation from a
ten times enhanced chemical erosion compared to
graphite. In the inner divertor the reduction is
about a factor of two and in the outer about three.



Table 1
Estimated tritium retention rates

Effective sticking
Seff = 0

Effective sticking
Seff = 1

0.1%

Be

T in carbon
layers

4.9 mg T/s 3.7 mg T/s

T in beryllium
layers

1.5 mg T/s 1.5 mg T/s

1%

Be

T in carbon
layers

1.1 mg T/s 0.6 mg T/s

T in beryllium
layers

14.8 mg T/s 14.8 mg T/s
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However, the amount of tritium retention increases
by a factor of about 2.5. This is due to the fact that
the tritium retention caused by redeposited carbon is
reduced (factor �5) while at the same time the con-
tribution of retention by deposited beryllium
increases by a factor of 10 and dominates the overall
retention rate. The lifetime increases by a factor of
about five with increased beryllium concentration.
In addition to the larger beryllium deposition, the
carbon concentration in the surface reduces natu-
rally with increasing beryllium plasma concentra-
tion. Both effects reduce the resulting net erosion.
More details of the modelling assuming 1% beryl-
lium in the edge plasma can be found in [9]. Table
1 summarises the estimated values of tritium reten-
tion. It includes for comparison also the results if
the effective sticking of hydrocarbons is changed to
one. As can be seen the tritium retention decreases
with Seff = 1 although the variations are relatively
small because the parameter Seff is only applied for
molecular species whereas for atomic species always
reflection coefficients from molecular dynamic calcu-
lations are used. The local redeposition on the target
in steady state increases to 97% in the inner and
98.8% in the outer divertor. Therefore the lifetime
also increases and is even less critical as already with
Seff = 0.

4. Conclusion

The modelling shows that the long-term tritium
retention is much more critical than target lifetime.
According to simulations of hydrocarbon transport
and redeposition in fusion environments (e.g [3]) the
effective sticking of hydrocarbons at plasma-wetted
areas is assumed to be negligible, Seff = 0. Using this
assumption, the modelling shows upper values of
tritium retention rates of 6.4 mg T/s with 0.1% Be
in the divertor edge plasma and 15.9 mg T/s for
1% Be. Assuming, for comparison, a first wall made
of carbon with a carbon influx into the divertor of
1% relative to the deuterium ion flux, a larger reten-
tion rate of about 32 mg T/s would be obtained.
Former estimations without Be influx [3] led to a
retention rate of about 1 mg T/s assuming Seff = 0.
Therefore, there seems to be no significant reduction
due to the beryllium co-deposition. Main reason for
this is the ten times enhanced chemical re-erosion of
redeposited carbon taken into account for the pres-
ent modelling. Furthermore, in the past a T/C ratio
of 0.2 has been assumed for remotely deposited car-
bon layers instead of 0.5. Also, tritium retention in
locally deposited layers on the targets has not been
taken into account.

For all estimations of tritium retention, one has
to keep in mind that the influence of transient heat
loads such as ELMs or disruptions on the stability
of the formed redeposited and protective layers is
not considered here. The beneficial effect of reduc-
tion of carbon erosion due to the coverage with
beryllium could vanish if the beryllium layers do
not withstand such heat loads. In addition, deposi-
tion of carbon inside gaps between the castellated
divertor plates is not considered in the calcula-
tions presented here. On the other hand, the co-
deposition of beryllium could suppress the erosion
of carbon not only due to dilution of carbon in
the surface. As observed in PISCES-B experiments
[10] the formation of carbides further reduces the
carbon erosion. Taking into account such effects
for the ITER modelling would result in a decrease
of tritium retention. The sticking of carbon species
at shadowed and remote areas was assumed to be
one. This of course is an upper value whereby in
reality part of these species can be pumped out with-
out sticking inside the machine and therefore reduc-
ing the in-vessel tritium inventory.
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