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Plasma parameters in the vicinity of the ITER upper and equatorial ports have been modeled with B2-EIR-
ENE code (SOLPS4.3). Erosion rates of Mo and W due to charge-exchange neutrals and deposition rates of
C and Be have been estimated. The modelling results can be used for estimating the lifetime of the first
mirrors of optical diagnostics and, to some extent, for evaluating the lifetime of metallic wall. Maximum
calculated sputtering rate of Mo at the outer mid-plane is �0.005 nm/s, maximum calculated net depo-
sition rate of Be is �0.01 nm/s. The modelling shows that gas puff can lead to significant local increase of
erosion and decrease of deposition, ensuring the net erosion conditions for C and Be.

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

This work was initially triggered by the need to estimate ero-
sion and deposition rates at the elements of ITER diagnostic system
located at the upper and equatorial ports [1]. Erosion can limit the
lifetime of the first mirrors of optical diagnostics and deposition of
impurities can lead to degradation of their optical properties. The
mirrors will not experience a direct contact with plasma (they will
be installed in protecting modules), therefore, their erosion and, to
large extent, deposition will be due to neutral particles. Fluxes and
energy spectra of the incident neutrals can be estimated rather
reliably by Monte-Carlo codes.

In this work the B2-EIRENE code has been applied for this task.
B2-EIRENE combines self-consistently a 2D fluid description of
plasma with a Monte-Carlo kinetic model for neutrals. Since the
design of the diagnostics is not yet completely defined, fluxes at
the plasma-facing surfaces have been calculated as a first step
(conservative estimate) and as a guideline for further work. The
following questions have been addressed: (i) how large can be
the sputtering by the fast atoms; (ii) how large can be the incident
fluxes of impurities, especially Beryllium; (iii) what will be domi-
nant: sputtering or deposition of impurities? Only steady-state
plasma is considered (no transient events). To some extent the re-
sults of this work can be applied for estimating the first wall sput-
tering as well.

The paper is organised as follows. Section 2 contains a brief
description of the model and modelling assumptions. Section 3 dis-
cusses the results and their implication for the mirrors. The conclu-
sions are summarised in Section 4.
ll rights reserved.
2. Modelling details

The modelling has been done with ITER version of B2-EIRENE
code package (SOLPS4.3). It is a combination of the 2D multi-
species fluid plasma transport code B2 (‘Braams code’) [2] and a
3D Monte-Carlo neutral transport code EIRENE [3]. Standard ITER
model for neutral transport (from ITER design review modelling)
is used [4–6], including neutral-neutral collisions and transport
of line radiation. The model geometry and computational grid are
shown in Fig. 1. Second separatrix is not taken into account: this
simplification is commonly used in ITER modelling because it
was found previously that including it does not increase signifi-
cantly the wall loading at the top of the machine [7]. Due to tech-
nical limitations of the code the B2 grid on which plasma
parameters are calculated is not extended up to the real wall
location.

The model plasma consists of all charged species of D (repre-
senting both D and T), He, C and Be. Constant coefficients for
cross-field transport are used: diffusivity 0.3 m2/s for all species,
thermal diffusivities 1 m2/s for both electrons and ions. On the
far-SOL boundary (outer edge boundary, flux surface closest to
the wall) a decay length of 3 cm for temperatures and densities
is prescribed. This simplified model for radial transport is applied
in practically all studies made by ITER Team (see e.g. [4,8]). For
continuity equation this combination of diffusivity and decay
length corresponds to the fixed outflow velocity 10 m/s. Input
power to the SOL is set to 100 MW. A full carbon divertor was as-
sumed and a constant chemical sputtering yield of 1%.

Modelling cases and their salient parameters are listed in Table
1. Two types of the first wall have been considered: full carbon and
full beryllium wall. For incident carbon particles full sticking is as-
sumed on C surfaces but reflection on Be surfaces: to account for
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Fig. 1. B2 grid and positions of the diagnostic surfaces. Thick lines point out the
locations of diagnostic surfaces on the grid edge (for ions) and first wall (for atoms).

Table 1
Modelling cases.

Notation Cinp PPFR qpk Zeff Wall

8e22,C 8e22 5.8 7.7 1.64 C
8e22,Be 8e22 5.9 7.8 1.59 Be
17e22,C 17e22 11.3 4.6 1.71 C
17e22,Be 17e22 10.7 5.6 1.70 Be
3e22,Be,CF 3e22 4.8 8.7 1.85 Be

Cinp (s�1): DT-particle throughput (flux of nuclei); PPFR (Pa): average neutral pres-
sure in PFR; Zeff: average effective charge at separatrix; qpk (M W/m2): peak target
heat flux density; CF stands for core fueling.

V. Kotov et al. / Journal of Nuclear Materials 390–391 (2009) 528–531 529
re-erosion. For each wall type the regimes with low and high gas
puffing rate (consequently, low and high divertor density) have
been investigated. The gas puff is located at the upper port, pump-
ing is prescribed from beneath the dome (modelled by specifying
an absorption coefficient on the pumping surfaces). In this 2D
modelling toroidal uniformity of the gas puff is assumed. One cal-
culation has been made without gas puff but with increased parti-
cle flux from the core to simulate the core fueling by pellet
injection.

Since the radial extension of the grid to the core region was rel-
atively small (only 5 cm at the outer mid-plane) and an H-mode
type transport barrier was not applied, the energy of neutral parti-
cles reflected from the core regions could be significantly underes-
timated. To roughly account for that in the diagnostic runs the
neutrals which reached the core boundary were reflected back
with a Maxwellian distribution with temperature 5 keV (expected
temperature at the top of pedestal in ITER). Sensitivity of the result
with respect to this assumption will be discussed in the next
section.

The modelling was done in the following way. First, a coupled
B2-EIRENE run is converged to get a self consistent (between plas-
ma and neutral gas) solution. After that, a stand-alone diagnostic
run of EIRENE is made. In this diagnostic run, the sputtering rates
are calculated directly by the Monte-Carlo sampling: when a test
particle hits the surface, its incident energy and angle are used to
calculate the sputtering yield for different materials. Integral
(sum) over all test particles yields the total sputtering rates. Eck-
stein–Roth–Bohdansky model for the rate of physical sputtering
is used [9]. Angular dependence is taken into account by Yamam-
ura fit, which yields a factor of 2 increase for oblique angles of inci-
dence. No material mixing effects and enhanced sputtering of the
deposited layers are taken into account. Sputtering due to atoms
is calculated on the first wall surfaces, sputtering due to ions on
the edge of B2 grid, see Fig. 1. No radial extrapolation is made for
ion fluxes and plasma parameters. Ion depositing fluxes are calcu-
lated on the grid edge as well.
3. Results and discussion

The plasma parameters at the divertor targets are almost the
same in the cases with carbon and beryllium wall (for the same
divertor density), see e.g. qpk in Table 1. Total radiated power
(50–65 MW) does not change when switching from C to Be wall,
since it mainly comes from carbon sputtered in the divertor. In
the case with core fueling the divertor is hotter, because the total
throughput and divertor neutral pressure are smaller than in the
’gas puffing’ cases. In order to achieve realistic divertor heat loads
with core fueling the pumping albedo was reduced from 0.7% to
0.3% (this corresponds to decreased pumping speed), therefore,
the impurity removal worsened as well, see Zeff in Table 1.

Radial plasma profiles at the equatorial (outer mid-plane) and
upper ports (in front of the gas puff) are shown in Fig. 2. Despite
the assumption of fully diffusive transport, the density profile in
the far-SOL is relatively flat and the density reaches �1019 m�3,
Fig. 2(d), sustained by recycling. In the upper port the particle flux
density due to (toroidally uniform) puffing can exceed that due to
recycling by more than an order of magnitude. Therefore, the local
effect of gas puff is significant. The density profile has a well pro-
nounced maximum, Fig. 2(a). The temperature at the grid edge
can drop down to 2 eV, Fig. 2(b,c). With Be wall the density in
the far-SOL is higher because of the increased electron source
due to sputtered Be and re-eroded (in the model – reflected) C. De-
spite much lower particle throughput, the separatrix density in the
case with core fueling is the same as with gas puff, but the radial
density gradient is somewhat larger.

Calculated incident fluxes, sputtering and deposition rates are
shown in Table 2. In the text below, if the opposite is not stated,
only sputtering due to incident atoms is considered. Calculated
incident ion flux density CDTþ at the mid-plane is (4–8) �
1019 m�2/s with gas puff and 2.4 � 1019 m�2/s with core fueling.
Incident flux of atoms takes approximately 50% of the ion flux.
Maximum sputtering rate is 5 � 10�3 nm/s for Mo and
3 � 10�3 nm/s for W. This value could be underestimated because
of the assumption on radial transport used in the present work.
Experimental data indicate that the transport in the far-SOL is
likely to be dominated by intermittent events (blobs), and the
time-averaged velocity of radial convection (deduced from the
measured radial profiles) can reach 30–100 m/s [10,11], which is
far above the outflow velocity 10 m/s assumed here. As a first
approximation one can make use of the fact that the ratio of sput-
tering rate to CDTþ is rather insensitive (varies only within a factor



−0.1 −0.05 0 0.05 0.1 0.150

1

2

3

4

x 1019 Upper Port

distance from separatrix, m

El
ec

tro
n 

D
en

si
ty

, m
−3

8e22,C
8e22,Be
17e22,C
17e22,Be
3e22,Be,CF

−0.1 −0.05 0 0.05 0.1 0.15100

101

102

103

Upper Port

distance from separatrix, m

El
ec

tro
n 

Te
m

pe
ra

tu
re

, e
V

8e22,C
8e22,Be
17e22,C
17e22,Be
3e22,Be,CF

−0.1 −0.05 0 0.05 0.1 0.15100

101

102

103

Upper Port

distance from separatrix, m

Io
n 

Te
m

pe
ra

tu
re

, e
V

8e22,C
8e22,Be
17e22,C
17e22,Be
3e22,Be,CF

−0.04 −0.02 0 0.02 0.04
0

1

2

3

4

x 1019 Equatorial Port

distance from separatrix, m

El
ec

tro
n 

D
en

si
ty

, m
−3

8e22,C
8e22,Be
17e22,C
17e22,Be
3e22,Be,CF

−0.04 −0.02 0 0.02 0.04
101

102

103

Equatorial Port

distance from separatrix, m

El
ec

tro
n 

Te
m

pe
ra

tu
re

, e
V

8e22,C
8e22,Be
17e22,C
17e22,Be
3e22,Be,CF

−0.04 −0.02 0 0.02 0.04
101

102

103

Equatorial Port

distance from separatrix, m

Io
n 

Te
m

pe
ra

tu
re

, e
V

8e22,C
8e22,Be
17e22,C
17e22,Be
3e22,Be,CF

a b c

d e f

Fig. 2. Radial plasma profiles in front of the upper and equatorial (outer mid-plane) ports: electron density, electron and ion temperature (the model did not contain edge
transport barrier).

Table 2
Calculated incident fluxes (C, m�2/s), sputteringa (S) and depositionb (D) rates (nm/s).

Case CDTþ CDT SC SBe SMo SW DC DBe

Equatorial port (mid-plane)
8e22, C 4.1e19 2.4e19 4.9e�3 4.5e�3 4.5e�3 2.5e�3 2.6e�2 0e0
8e22, Be 5.1e19 2.8e19 5.5e�3 4.9e�3 4.6e�3 2.5e�3 2.6e�2 1.1e�2
17e22, C 4.6e19 2.8e19 5.3e�3 4.9e�3 4.4e�3 2.4e�3 3.0e�2 0e0
17e22, Be 7.8e19 4.1e19 7.6e�3 6.9e�3 5.4e�3 2.8e�3 2.2e�2 1.4e�2
3e22, Be, CF 2.4e19 1.1e19 2.3e�3 2.0e�3 2.3e�3 1.2e�3 3.1e�2 5.3e�3
Upper port (gas puff)
8e22,C 1.1e20 6.7e20 8.2e�2 7.5e�2 1.5e�2 5.0e�3 1.2e�2 0e0
8e22,Be 1.8e20 7.7e20 8.5e�2 4.3e�2 1.1e�2 3.8e�3 7.8e�5 7.6e�3
17e22,C 1.7e20 1.6e21 1.7e�1 1.6e�1 2.1e�2 7.0e�3 2.4e�2 0e0
17e22,Be 3.3e20 1.7e21 1.6e�1 3.4e�2 6.3e�3 2.3e�3 2.7e�4 6.6e�3
3e22,Be,CF 1.1e19 5.6e18 1.0e�3 9.1e�4 5.5e�4 1.8e�4 1.6e�2 3.0e�3

a Only due to incident atoms.
b Sum over all charged states and neutrals.
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Fig. 3. Energy spectra of the incident atoms (integral over all angles of incidence).
Modelling case ‘8e22, C’, two locations. The plotted function F(E) shows the fraction
of atoms which have energy larger than E. ‘Tcore = 0’ stands for the case with
absorbing core boundary.
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of 2 for different cases). Therefore, to account for the possibly
underestimated CDTþ a safety factor 10 (factor of ignorance) have
to be introduced, and the calculated sputtering rates can be scaled
with this factor.

At the upper port the incident fluxes can be higher due to local
influence of gas puff. For the largest gas puffing rate the calculated
CDTþ reaches 3.3 � 1020 m�2/s for Be wall and 1.7 � 1020 m�2/s for
C wall. Maximum incident neutral flux density is 1.7 � 1021 m�2/s,
but the energies are lower than at the mid-plane, see Fig. 3. As a
result, the sputtering rates are only several times higher: the max-
imum is �2 � 10�2 nm/s for Mo and �7 � 10�3 nm/s for W. The ef-
fect of radial transport at this location could be less important than
at the mid-plane. However, in reality the gas puff will not be com-
pletely toroidally uniform and the incident fluxes could be affected
by the position of the diagnostic port with respect to the gas puff.
Without gas puff conditions at the upper port are close to those at
the mid-plane.

To check sensitivity of the results to the boundary condition at
the core boundary, the diagnostic runs were repeated assuming
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full absorption of neutrals at this surface. The sputtering rates of Be
and C did not change (as expected). The maximum decrease of the
sputtering rate at the upper port is a factor of 2.1 for Mo and a fac-
tor of 2.8 for W. At the equatorial port: a factor of 3 for Mo and a
factor of 5.4 for W. The effect is much smaller for the cases with
Be wall than for the C wall because of higher density and more effi-
cient screening of neutrals: only a factor of 2.1 difference for W at
the mid-plane. An example of the energy spectra of incident atoms
at the upper and equatorial ports is shown in Fig. 3. At the mid-
plane the amount of particles with energies >1 keV can change
by a factor 2–3 when different boundary conditions are applied
(sputtering rates of Mo and W have maximums about 1 keV and
then slowly decrease for higher energies). At the end, the sputter-
ing rate of W, maximal over all cases, is only a factor of 2 smaller
when absorbing of neutrals at the core boundary is assumed.

The results of the present paper can be compared to work [8]. In
this latter the issue of the ITER first wall lifetime was addressed. B2-
EIRENE with old model for neutral transport was used. It had, in par-
ticular, more primitive description of the hydrogen molecular
chemistry which did not take into account electronic and vibra-
tional excitations and elastic collisions of molecules with ions. This
old model also did not include neutral-neutral collisions and radia-
tion opacity, but this can have only indirect influence on the first
wall sputtering via modification of the plasma parameters in diver-
tor and radial profiles. The geometry and SOL power were the same
as in the current work, but the grid was extended further to the core.
Full carbon wall was assumed, no Be in plasma. Besides that, a dif-
ferent way of calculating the incident spectrum of neutral particles
was used: integration along diagnostic chords [12], replaced in the
present work by a direct sampling. Chords integration allows better
numerical accuracy, but physically less accurate (uses extra model
assumptions). Sputtering rates on the outer mid-plane obtained in
[8] were: �2 � 10�2 nm/s for Mo and �8 � 10�3 nm/s for W (the
poloidal variation is weak). In the present paper, the calculated total
sputtering rates (due to both atoms and ions) at the outer mid-plane
are 10�2 nm/s for Mo and (4–5) � 10�3 nm/s for W. Therefore, the
agreement between two works is withing a factor of 2.

As a side result of the present work, the total effective sputter-
ing yield of metallic first wall can be estimated: the ratio of the
total sputtered flux and CDTþ . At the outer mid-plane it is equal
to (0.8–3.3) � 10�2 for Mo and (0.5–1.3) � 10�2 for W. Charge-ex-
change neutrals contribute roughly half to the total sputtering, the
rest is (in the model) due to impurities accelerating in the sheath
potential. Near the gas puff almost entire calculated sputtering is
due to incident neutrals.

The total deposition rates of C and Be have been estimated
assuming full sticking. Elastic collisions of C and Be atoms with
ions are not included in the model, therefore, the total calculated
flux (sum over all charged states) is taken as an upper estimate.
The maximum calculated deposition rate of C is 3 � 10�2 nm/s at
both locations. For Be this rate is �8 � 10�3 nm/s near the gas puff,
and �1.4 � 10�2 nm/s at the mid-plane. The deposition rate is re-
duced near the gas puff due to thermal force which pushes impu-
rities away from the low temperature region.

It is important to find out, if net erosion or deposition is to be ex-
pected at the mirror. It has been found, that with gas puff the sput-
tering rates of Be and C due to charge-exchange neutrals exceed the
deposition rates by at least a factor�4. Therefore, the deposited lay-
ers can probably be re-eroded. At the equatorial port the sputtering
due to neutrals is always more than a factor of 2 smaller than depo-
sition. Therefore, net-erosion of Be and C is not guaranteed.

Uncertainties in CDTþ and C chemical sputtering yield should
not significantly affect this conclusion, because both deposited
and sputtered fluxes change simultaneously. In the paper [13]
the results of UEDGE modelling (2D plasma fluid code with fluid
model for neutrals) were used to calculate incident fluxes at the
ITER outer mid-plane. In this modelling [14,15] a radial convective
velocity 70 m/s in the far-SOL was specified on the low field side.
The resulting incident flux CDTþ is 4 � 1020 m�2/s, thus, by an order
of magnitude higher than in the present paper. However, the calcu-
lated total flux of Be ðC

Be0::4þ ¼ 1:4� 1019 m�2=sÞ was an order of
magnitude higher as well. The concentration cBe ¼ C

Be0::4þ =CDTþ ¼
0:035 is in a good agreement with the results of the present paper
(cBe = 0.022–0.028), giving some confidence in the normalized
impurity fluxes.

4. Conclusions

In this work sputtering and deposition rates at the ITER upper
and equatorial ports have been estimated using B2-EIRENE model-
ling. Only steady-state conditions have been considered (no ELMs
and disruptions). The focus has been made on the implications
for the first mirrors of optical diagnostics. A conservative upper
estimate has been taken by considering fluxes at the plasma-facing
surface. The maximum calculated erosion rate of Molybdenum at
the mid-plane is 2 lm/year (1 year = 1000 shots � 400 s), for Tung-
sten this value is only �2 times smaller. Experimental data from
modern tokamaks indicate, that the incident plasma flux resulting
from the transport model used in this work could be underesti-
mated and the calculated sputtering rates should be multiplied
by a safety factor (engineering margin) 10. In the upper port the
calculated erosion rate can become several times larger due to lo-
cal influence of the gas puff. The calculated maximum deposition
rate of Beryllium is 0.014 nm/s at the mid-plane and a factor of 2
smaller near the gas puff. To get ‘the most pessimistic estimate’
it should be multiplied by the factor of 10 as well. Deposition rates
of Carbon have the same order of magnitude. It has been shown
that at the upper port with gas puff the erosion due to charge-ex-
change neutrals could be sufficient to achieve net erosion of Beryl-
lium and Carbon at the mirror.

The calculations made in this work did not take into account
toroidal non-uniformity of the gas puff and real geometry of the
diagnostic duct. 3D modelling is required to get more reliable
estimates of the erosion and deposition at the mirror itself and
to optimise the design. Such a modelling can be performed with
the kinetic Monte-Carlo neutral transport code EIRENE.
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