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Flux dependence of carbon erosion and implication for ITER
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Abstract
In a collaboration of eight experiments the dependence of the chemical erosion yield of carbon on the ion ﬂux, U,
was established to U0.54 at high ion ﬂuxes. With this ﬂux dependence a comprehensive description for chemical erosion
is available as function of energy, temperature and ﬂux. With this description the erosion and re-deposition of carbon in
the ITER divertor can be calculated using the ITER steady-state plasma scenario and the ERO code. The resulting
gross and net erosion rates during steady-state phase of discharges are compared to previous estimates using a constant
erosion yield of 1.5%. The use of the complete parameter dependence results in an order of magnitude lower erosion,
and, accordingly, of the T codeposition inventory.
 2004 Elsevier B.V. All rights reserved.
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1. Introduction
The erosion of plasma-facing materials in magnetically conﬁned fusion devices is a key issue especially
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regarding the tritium inventory [1]. Tritium retention is
dominated by the inventory retained in deposited layers
of eroded material, such that erosion is the starting point
of processes leading to build-up of tritium.
Erosion due to energetic particle bombardment depends on a number of parameters such as particle energy
and ﬂux, as well as surface temperature and has seen a
remarkable degree of clariﬁcation within the last decade
[2–5]. Simultaneously, ion beam experiments at energies
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down to 10 eV [6,7] have improved the understanding of
ion induced hydrocarbon emission as function of energy
and temperature. A recent paper collects data from ion
beams, plasma simulators, and fusion devices, covering
4 orders of magnitude in ﬂux and resulting in a reliable
formulation of the ﬂux dependence [8].
The addition of the ﬂux dependence results in a complete description of chemical erosion as function of
energy, surface temperature and particle ﬂux. This complete description will make more precise erosion and redeposition estimates possible than previous conservative
assumptions using a constant chemical erosion yield of
1.5%.

Chemical Erosion Yield (at/ion)
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Fig. 1. Flux dependence of the chemical erosion yield for Tmax
and 30 eV D+ determined from diﬀerent plasma experiments [8].
The thin lines indicate the conﬁdence interval of the data.

2. Flux dependence of chemical erosion
Y ðE; T ; UÞ ¼
The investigation of chemical erosion has been performed for thermal hydrogen atom or ion ﬂuxes of
the order of 1016–1020/m2s. The model predicts a pronounced shift of the temperature maximum, Tmax, towards higher temperatures with increasing ﬂux. This
temperature shift is well reproduced in experimental data
[9]. However, at ﬂuxes above 1021/m2s as reached under
tokamak conditions, Tmax reaches values where the
annealing of radiation damage results in a reduced
reactivity of the carbon material. This has led to the prediction that at such high ﬂuxes the yield at Tmax
decreases.
Today, measured yield data are available from the
plasma simulators PSI-1 [10] and PSI-2 [11], PISCESB [12], and from plasma edge and divertor measurements in the fusion facilities JET [13], Tore Supra
[14,15], TEXTOR [16], ASDEX Upgrade [17], and JT60 U [18]. With the exception of JT-60U, where the calibration of the spectroscopic parameters for the CDand C2-bands were taken from PISCES [19], in all other
devices the signals were calibrated by in situ hydrocarbon gas puﬀs.
After re-evaluation and normalisation of the data, a
set of high ﬂux data for methane production is available
(Fig. 1) [8]. The data are for D+, normalised to an incident ion energy of 30 eV and selected to be taken at or
near Tmax. Three individual data sets performed in a
narrow ﬂux range could not distinguish a clear ﬂux
dependence (PISCES, JET, JT-60U) as stated by the
authors [12,13,18]. However, the ensemble of data
points and the investigations of PSI-1, TEXTOR and
Tore Supra, spanning ﬂux ranges of more than an order
of magnitude, suggest a decrease of the erosion yield
with ion ﬂux, U, starting at ﬂuxes of about 1021/m2s.
As all investigators have provided error bars for their
yield values, a ﬁt to the data using Bayesian probability
theory was made taking these errors into account [20].
This resulted in a decrease of the yield at high ﬂuxes
according to
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The exponent at high ion ﬂuxes was determined to
0.54 ± 0.04. The same ﬂux dependence, as given for Tmax
seems also to apply at room temperature (see results
from ASDEX Upgrade [17]). Therefore, it can be
assumed that at all temperatures the same factor applies
to the analytical description of chemical erosion,
Ylow(E,T), given previously [5]. A description is now
available which covers the energy, temperature and ﬂux
dependence adequately for extrapolation to wall and
divertor conditions in ITER. There remain still uncertainties concerning the contribution of heavier hydrocarbons to the total erosion yield. In [5] an additional factor
of 1.3 takes account of heavier hydrocarbons, but this
factor needs further investigations, especially at low
ion energies.

3. Implications for carbon erosion and re-deposition in
ITER
3.1. ITER conditions
In ITER carbon material will only be used for the
strike-point tiles in the divertor. Previous divertor erosion and re-deposition evaluations use a semi-detached
plasma scenario [21]. The same plasma scenario is now
used for improved erosion and re-deposition estimation
during steady-state phase of discharges. Fig. 2 shows the
plasma electron and ion temperature, and density as well
as power load and surface temperature across the divertor plate of the outer ITER divertor. Note that the plasma scenario represents ELM free conditions and the
additional eﬀect of ELM erosion [22] has to be evaluated
separately.
The surface temperature was estimated for a CFC
material with reduced thermal conductivity due to
n-irradiation [23]. For these extreme conditions the
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Fig. 2. Divertor plasma and tile surface conditions and erosion
yields in the outer ITER diverter [21]. Temperatures were
calculated for standard operation (max@800 C) and for thick,
n-damaged CFC tiles (max@1700 C) [23].

temperature in the outer divertor reaches 1700 C, where
chemical erosion can be neglected. Thermal and radiation enhaced sublimation (RES) of carbon is not yet
of importance even at the peak temperatures [24] under
high ﬂux conditions. In the initial phase of ITER no ndamage eﬀects are expected. Therefore, average operation conditions with higher thermal conductivity and
thinner carbon tiles resulting in maximum temperatures
of 800 C for the outer divertor [25] are included in the
analysis.
Beryllium originating from the main wall will be
transported preferentially into the inner divertor and reduce chemical erosion due to surface coverage [26].
Therefore, estimation of the erosion for the inner divertor is much more uncertain. Erosion simulations will be
presented neglecting the reduction of carbon erosion due
to beryllium coverage and assuming average operation
conditions leading to a maximum surface temperature
of about 300 C.
3.2. Gross erosion estimates
In previous estimates no ﬂux dependence of the erosion yield has been assumed and the yield was taken
independent of ion energy and temperature at a constant
value of 1.5% [27]. The eroded atoms were followed
using the REDEP code until ﬁnal deposition. In the
present evaluation of erosion, transport and re-deposi-

tion the Monte-Carlo code ERO was used in the ITER
divertor geometry [28]. Erosion processes such as physical and chemical sputtering are incorporated in the
code, using for comparison a ﬁxed yield of 1.5% or the
full description as function of energy, surface temperature and particle ﬂux. Eroded atoms and molecules
(CH4 and higher hydrocarbons) are followed through
ionisation, dissociation, excitation until they are redeposited at the divertor plates or leave the user-deﬁned
simulation volume. Local particle transport includes
friction, thermal and Lorentz forces. For dissociation
and ionisation of hydrocarbon molecules the data set
from Janev [29] is used.
Fig. 2 includes the erosion yield for the two temperature conditions. In the case of Tmax = 1700 C chemical
erosion is negligible at the strike point, but reaches values higher than 1.5% in the wings of the temperature distribution, where the ﬂuxes are low and ion energies
increase. For Tmax = 800 C the maximum chemical erosion occurs at the strike point, due to the high particle
ﬂux the value reaches only 0.5%.
Gross erosion values are given in Table 1 for all conditions assumed presently. For cases where chemical
erosion is the dominant erosion process, the gross erosion values are more than an order of magnitude lower
using the full description of chemical erosion compared
to a ﬁxed yield of 1.5%. Chemical erosion is reduced
about to the level of physical sputtering in the outer
divertor. In the inner divertor, the low surface temperatures lead to a drastic reduction of chemical erosion,
while the low ion energies strongly reduce physical
sputtering.
3.3. Re-deposition and net erosion
Carbon atoms returning to the divertor target will reduce gross erosion due to re-deposition. The eﬀect of redeposition depends strongly on the reﬂection coeﬃcient
for carbon atoms or the sticking coeﬃcient S for hydrocarbon radicals. The reﬂection coeﬃcients for carbon
atoms are taken from MolDyn calculations [30], in general around 0.3 for the given plasma conditions. For
hydrocarbon radicals S is varied between 0 and 1 [31],
and assumed to be zero for fully saturated hydrocarbon
molecules. While sticking coeﬃcients of 1 for radicals
are included to indicate the upper limit of re-deposition,
such values are not considered reasonable [32]. On the
contrary, sticking coeﬃcients of zero had to be assumed
in recent evaluations of the deposition pattern after
13
CH4 gas-puﬀ experiments at the TEXTOR test limiter
and of the erosion in the JET divertor [31]. The low
ÔeﬀectiveÕ sticking coeﬃcients include the eﬀect of synergistic re-erosion by hydrogen atoms carried in the molecule and simultaneously incident energetic ions. Such
low sticking coeﬃcients only apply to surfaces with
direct plasma contact.
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Table 1
Gross erosion ﬂuxes per 1 m of toroidal divertor length and re-deposition fractions calculated for two diﬀerent assumptions on
chemical erosion yield and sticking coeﬃcients
Full description
S=1
Outer divertor target
Tmax = 1700 C

Gross erosion (m1s1)
Re-deposition
Gross erosion (m1s1)
Re-deposition
Gross erosion (m1s1)
Re-deposition

Tmax = 800 C
Physical sputt.
Inner divertor target
Tmax = 300 C

Gross erosion (m1s1)
Re-deposition
Gross erosion (m1s1)
Re-deposition

22

2

Deposition (10 at/m s)

Physical sputt.

5.0

2.6 · 1020
99.6%

S=0
3.4 · 1021

93.1%
2.3 · 1020

99.6%

94.3%

99.5%

79.7%

86.6%

99.9%

4.3 · 1021
76.6%

2.6 · 1020
97%
9.7 · 1019
99.4%
8.5 · 1018
90%

3.4. T inventory in carbon layers
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Fig. 3. Gross and net carbon erosion at the outer ITER
divertor plate for ﬁxed yield of 1.5% and with full yield
dependence on energy, temperature and ﬂux (multiplied by a
factor of 5 for clarity).

In Fig. 3 an example is given for the gross and net
erosion at the outer ITER divertor plate. Conditions
are chosen for the extreme case of Tmax = 1700 C and
all hydrocarbons returning to the surface have sticking
coeﬃcient S = 0. For a constant erosion yield of 1.5%
the re-deposition on the target plate reduces the net erosion to 20% of the gross erosion. Taking the full energy,
temperature and ﬂux dependence into account the gross
erosion amounts to only 7.6% of the erosion at ﬁxed
yield, the re-deposition on the target reaches 93% of
the gross erosion. Similar reduction factors are found
for other conditions, i.e. reduced temperatures at the
outer divertor plate, and for the inner divertor at
300 C. Using the full description of chemical erosion reduces the gross erosion by a factor of about 30 compared to a ﬁxed yield of 1.5%. The results for outer
and inner divertor plate also including the eﬀect of physical sputtering are summarised in Table 1, values for erosion and re-deposition rates are given for a toroidal
divertor length of 1 m.

For the analysis of the tritium inventory from codeposition only the fraction of eroded atoms is taken
into account which is not locally re-deposited on the
divertor tiles. This fraction is transported to surfaces
without plasma contact and builds up layers there. On
surfaces without plasma contact, sticking coeﬃcients
of hydrocarbon radicals are found to be large [33] and
will determine whether deposition occurs in direct lineof-sight to the divertor plates or in remote areas [34].
In previous estimations these re-deposited layers were
assumed to contain a (D + T)/C ratio of 0.4. This led
to the conclusion that the in-vessel limit of 350 g tritium
was reached after 70 to 180 ITER discharges within the
error bars of the estimate [27,35].
For the present evaluation the same tritium concentration in the layers is assumed, although depending
on surface temperature values between T/C = 0.5 (room
temperature) or T/C = 102 (high temperature) are
found in present tokamak devices [33,36]. Fig. 4 gives

Fig. 4. T inventory vs ITER pulses evaluated using the full
description of chemical erosion compared to previous estimates
using a ﬁxed erosion yield of 1.5%. Maximum surface temperature 800 C, no ELM erosion included.
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the results of the expected T inventory as function of the
number of full, 400 s ITER discharges for the standard
case of Tmax = 800 C compared to previous estimates
[27,35]. Chemical and physical sputtering are considered, both from the outer and inner divertor targets.
The use of the full description of the chemical sputtering
yield extends the in-vessel limit to more than 600 steadystate discharges.

4. Conclusion
Important improvements in the consistency of data
for the ﬂux dependence of chemical erosion have been
achieved by co-ordinated evaluation of data from ion
beams, plasma simulators and fusion devices. This led
to a clear ﬂux dependence and a reduction of expected
erosion yield at 1024/m2s from 3 · 102 to 65 · 103.
The use of an erosion yield dependent on energy, temperature and ﬂux has improved the predictive capability
compared to a constant erosion yield.
Using the full description of chemical erosion rather
than a ﬁxed yield independent of energy, temperature
and ﬂux reduces the gross erosion at the outer divertor
by more than one order of magnitude and in the inner
divertor by a factor of 30. The assessment of the fraction
redeposited onto the divertor plates depends critically on
the sticking coeﬃcients for ions and hydrocarbon radicals. Assuming the minimum value of zero for all radicals, thus including synergistic re-erosion processes,
still leads to a factor of about 5 less net erosion and T
inventory per ITER discharge.
The present evaluations do not solve the problem of
T inventory. Even for steady state plasmas, there still remains the task of regular removal of deposited carbon
layers and recovery of the T content, although not at
the previously predicted short intervals. In addition, erosion due to ELM sublimation will have to be investigated and taken into account.
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