J. Plasma Fusion Res. SERIES, Vol. 8 (2009)

Modeling of Erosion and Deposition of ITER Limiters During Ramp Phases
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Erosion and deposition of the beryllium limiter during the ramp phases in ITER has been analyzed with the

impurity transport code ERO. Physical sputtering of the beryllium limiters during the limiter phase of ramping

leads to a net-erosion rate in the maximum of about 30 nm per ramping. Thus, lifetime issues seem to be uncritical

from the view point of sputtering only (no material loss due to melting and other effects considered). The amount of

beryllium atoms escaping into the plasma, i.e. sputtered particles, which are not redeposited, is estimated to about

3.2:10*' per ramping, which is about 2% of the incoming deuterium ions during this time period.
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1. Introduction

The interaction of the plasma with the wall in the
limiter phase during ramp-up and —down phases of ITER
has to be controlled. An acceptable lifetime of the affected
wall elements as well as a low contamination of the plasma
due to eroded wall material has to be ensured. One option
is the use of two start-up beryllium limiters at the low
field side (toroidal distance of 180°) to handle power and
particle fluxes during the ramp phases.

This the
redeposition of such beryllium limiters during the ramp
phases to estimate the lifetime and also the possible
influx of eroded beryllium into the plasma. The
erosion/deposition modeling is carried out by applying
the 3D Monte-Carlo impurity transport code ERO [1]
taking into account various time points of the ramp phase.

contribution  studies erosion and

2. Modeling approach

For the ERO modeling a simplified geometry of the
start-up limiters is used. Instead of the shaped limiter
surface a plane limiter is assumed with a height of 2200
mm and a length in toroidal direction of 1600 mm. The
magnetic field structure and plasma parameter, which is a
necessary input of ERO, is provided by the ITER IT.
Figure 1. shows a poloidal cross section of ITER
including the shape of the last closed flux surface (LCFS)
for various time points of the ramp-phase according to the
temporal evolution of the plasma current Ip. The location
of one of the Be limiters at the low field side of the
machine is indicated in figure 1. The flux surfaces, shown
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in figure 1., correspond to simulations of the ITER
start-up sequence of the so-called scenario 2 (inductive
operation II: 400 MW, Q = 10) [2].
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Fig. 1. Time evolution of the plasma boundary in ITER during
current ramp-up (by Gribov).

The plasma for the ERO simulations is defined by
the electron, ion temperature and electron density at the
LCFS, i.e. T(LCFS), T(LCFS) and n.(LCFS). These
plasma parameters are assumed to decay exponentially
perpendicular to the LCFS with decay lengths Ag., Ar,
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and A,. In toroidal direction no variation of the plasma
parameters is considered. The surface of the beryllium
limiter is divided into cells of 5 mm in Z-direction and
1600 mm in toroidal direction (i.e. 440 cells in Z- and
only 1 cell in toroidal direction). To study the spatial
distribution of redeposited beryllium on the limiter in
toroidal direction, simulations with 5 cells of 200 mm
width have been carried out in addition. In general, the
possible deposition of eroded beryllium outside the
limiter surface is taken into account. The ERO simulation
volume is taken as 2200 mm (Z) x 40000 mm (y,
toroidal) x 300 mm (R). The toroidal length of the
simulation is chosen to be large enough to avoid
significant particle losses in this direction.

The incoming deuterium flux is calculated according
to I'y, = vj'n, with n. the electron density along the limiter.
The parallel (relative to the magnetic field) flow velocity
v) is assumed to be constant inside the scrape-off-layer
(SOL) and set to sound speed cs. The effective flux along
the limiter is then reduced corresponding to the incident
angle o of the magnetic field. The magnetic field tends
to be more and more shallow when approaching the
middle part of the limiter where the LCFS touches the
limiter surface. However, the flux reduction due to
shallow impact (factor sin(o;z)) becomes questionable at
shallow magnetic field lines with o smaller than several
degrees [3]. It is well known, that even the extreme case
of parallel magnetic field lines to the surface with
sin(og) = 0 does not lead to zero particle flux to the
surface. This is due to a combination of gyration effects,
cross-field transport and sheath effects. Therefore, two
different assumptions are analyzed in this work: a
constant angle of ap along the whole target according to
the largest B-field angle and thus representing an upper
limit for the particle flux along the limiter surface and a
reduction factor according to geometrical impact angle,
which results in reduced fluxes representing a lower limit.

3. Modeling results

3.1. Ramp-up at plasma current I, = 4.5 MA

At plasma current of Ip = 4.5 MA, corresponding to
time point t = 15.25 s in the ramping phase, the plasma
boundary has the configuration (e) as shown in figure 1.
Within scenario 2 this corresponds to plasma temperature
and density at the LCFS of T(LCFS) = T{(LCFS) = 50
eV and n(LCFS) = 1.71-10" ¢cm™. The decay for
temperature and density is assumed to be exponential,
perpendicular to the LCFS with decay lengths of Ar. = 7.5
cm, A =15 cm and A, = 5 cm.

3.1.1 Constant magnetic field along limiter surface
Outside the LCFS (inside the SOL) a parallel flow
velocity of v = cg is assumed. Inside the LCFS v is set to
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0.5:cs. The influence of zero flow velocity inside the
LCFS is analyzed later. Sticking of sputtered Be particles
returning to the limiter surface is calculated using TRIM
[4] reflection coefficients. For comparison a sticking
factor of unity is assumed. The cross-field diffusion
coefficient for impurities is assumed to be 0.2 m?/s.
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Fig. 2. Modeled density of beryllium atoms and ions above
limiter surface. a) Integrated in toroidal direction y;

b) Integrated in R-direction. The numbers in red represent the
integrated particle densities of the different charge states,
normalized to the maximum.

Figure 2a. shows the modeled distributions of Be
atom and ion densities in the plasma above the limiter
integrated over the toroidal direction and figure 2b. shows
the same data but integrated over the R direction. The
transport of beryllium ions along the magnetic field lines
is clearly seen, which leads to a loss of eroded Be
particles into the minus Z direction.

The fraction of lost particles in the various directions
relative to the number of sputtered atoms is summarized
in table 1. As already concluded from figures 2a. and 2b.,
main loss (more than 40%) takes place in minus Z
direction. However, also

Pz.irticle losses a significant number of

(relative to sputtered) particles (about 20%)

Z i 43;%) leave the simulation

Zinax O'Og;) volume in R direction.

| Ymin 02(; This also can be seen

—%"‘ 22‘; from figure 2a at
(1]

negative Z positions.

Table 1. Modeled particle losses.
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The amount of particles lost in the other directions
can be neglected. All particles, which are not lost out of
the simulation volume, are redeposited. The amount of
Be redeposition on the limiter itself can be accounted to
about 16% relative to the number of sputtered particles.

Figure 3. shows profiles of gross-erosion,
redeposition and net-erosion along the limiter surface.
Redeposition occurs naturally outside the Be limiter
surface in toroidal direction (compare bottom part of
figure 3.). Here, the amount of redeposition is about 18%.
On the limiter, the Be net-erosion in the maximum is
about 1.2:10%°/m’s corresponding to a net-erosion rate of
about 1.2 nm/s, with an atomic density of 0.123 atoms/A*
for Be. As can be seen from figure 3., beryllium
net-erosion does not differ significantly from the
gross-erosion. This results from the relatively low amount
of redeposition. The self-sputtering due to eroded Be
particles returning to the limiter surface is not included in
the calculations shown in figure 3., but has been
calculated and leads to an increase of the erosion by
about 5% only.
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Fig. 3. Profiles of gross-erosion, redeposition and net-erosion
along the limiter surface, integrated in y-direction (top). Two
dimensional distribution of the redeposition (bottom).

3.1.2 Varying magnetic field impact angle at the
limiter surface

So far a constant magnetic field angle of o = 2.2°
along the limiter surface has been used to calculate the
impinging deuterium flux to the surface. Using instead
the geometrical impact angle, the deuterium flux along
the surface and accordingly the erosion decreases as
shown in figure 4. On the limiter surface the amount of
Be redeposition relative to the amount of sputtered
particles is unchanged (~20%). The overall redeposition
including the area outside the limiter increases from 34%
to about 41%. The absolute amount of erosion is reduced
especially in the middle part of the limiter where the
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magnetic field is nearly parallel to the limiter surface.
This is also the region near to the LCFS, where the loss of
eroded particles is maximal: magnetic field lines inside
the LCFS are closed and do not strike the surface again —
eroded particles penetrating deeply into this region have a
low probability to return to the surface. Thus, the
maximum net-erosion at the limiter decreases by a factor
of about 4 compared to the case of a constant field angle
of 2.2°.

4.E+19

—— gross-erosion
—— redeposition
P

oy
.

-100 100 300 500 700

Z along limiter [mm]

particles [1/m’s]

-2.E+19

-4.E+19
-1100 -900 -700 -500 -300

900 1100

Fig. 4. Profiles of gross-erosion, redeposition and net-erosion
along the limiter surface using varying magnetic field angle
along the limiter surface.

3.1.3 Influence of parallel flow velocity inside the last
closed flux surface

If the parallel flow velocity inside the LCFS is
assumed to be zero, the overall amount of redeposition
(including the area outside the limiter surface) increases
to about 55%. Using instead a directed flow in this region,
the ionized particles are thermalized and move parallel to
the B field. With the given B field direction this
assumption leads to an increased loss of particles along
the B field in the minus Z direction. In the case of zero
flow velocity inside the LCFS the direction of the particle
movement is randomly — about one half of the particles
gyrates along the B-field backwards to the limiter and the
other half away from the limiter. Therefore significantly
more particles can return to the surface, which increases
the redeposition probability.

3.1.4 Influence of sticking assumption for Be atoms

The extreme assumption of a sticking factor of unity
for the Be atoms returning to the surfaces does not
significantly increase the deposition efficiency compared
with the case using TRIM reflection. Using the
TRIM-like reflection, the redeposition pattern is more
expanded in toroidal direction. However, the simulation
volume in this direction has been chosen to be large
enough such that no significant losses appear in this
direction. Therefore, the absolute amount of redeposition
does not significantly depend on the sticking
assumptions.
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3.2 Additional ramp-up time points

In addition to the simulations at t = 15.25 s (4.5 MA)
two further time points of the ramping phase have been
used: t = 7.82 s (2.5 MA) and t = 24.17 s (6.5 MA)
corresponding to plasma boundaries marked as “c” and
“g” in figure 1. The electron and ion temperature at the
LCFS are assumed to be unchanged compared to the 4.5
MA case (i.e. 50 eV and 150 eV, respectively) and also
the same decay lengths have been used. The electron
density at the LCFS is set to 1.12:10'2 cm™ and 2.15-10"
cm” for the 2.5 MA and 6.5 MA case. Again, the same
decay lengths as for the 4.5 MA case have been assumed.
Other simulation parameters (in particular parallel flow
velocity, cross field diffusion coefficient, reflection
coefficient of returning beryllium particles) are set to
values as discussed in 3.1.1. The magnetic field angle
along the surface (defining the incoming deuterium ion
flux) is kept constant choosing the largest value for both
cases — 1.8° for 2.5 MA and 2.5° for 6.5 MA - this
represents an upper limit of the incoming flux and thus
the gross-erosion, as discussed above.

The modeled profiles of gross-erosion, redeposition
and net-erosion are shown in figure 5., for the cases of
2.5 and 6.5 MA. The maximum gross-erosion is about a
factor of 2 larger for the 6.5 MA case than for 2.5 MA.
This is due to the higher electron density but also due to
the less shallow magnetic field angle along the surface.
The erosion profile is spatially more extended in the 6.5
MA case, which is a result of a larger “curvature radius”
of the plasma boundary (see figure 1.).
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Fig. 5. Profiles of gross-erosion, redeposition and net-erosion
along the limiter surface for plasma current of 2.5MA (top)
and 6.5MA (bottom).

324

Table 2. summarizes the integrated gross-erosion on
the limiter surface, the maximum gross- and net-erosion
and the (integrated over the surface) amounts of
redeposition on the limiter itself and outside the limiter
surface. The corresponding values for the 4.5 MA case
are also included.

2.5MA 45MA | 6.5MA
Integrated gross- 8.6:10" | 1.8:10% | 2.8-10%
erosion on limiter
[particles/s]

Maximum gross- 83-10" | 1.5:10° | 2.0-10%
erosion [particles/mzs]

Maximum net-erosion | 6.9-10” | 1.2:10° | 1.6-107

[particles/mzs]
Redeposition on limiter 13% 16% 19%
Redeposition outside 17% 18% 15%
limiter

Table 2. Integrated gross-erosion, gross- and net-erosion in
the maximum and amounts of redeposition (relative to gross-
erosion, integrated over the surface) for different time points
(or plasma currents) of the ramp phase.

As for the 4.5 MA case the main particle loss occurs
in minus Z direction also for 2.5 and 6.5 MA. To estimate
the overall particle loss (i.e. the amount of beryllium
particles escaping into the main plasma) and maximum
net-erosion of the beryllium limiter (determining its life
time) during the ramp phases, the data of the three
ramp-up cases are integrated over the following time
intervals:

at 2.5 MA: 4.61 s to 11.54 s (duration: 6.93 s)
at4.5 MA: 11.54 s to 19.71 s (duration: 8.17 s)
at 6.5 MA: 19.71 s 29.37 s (duration: 9.66 s)

The configuration at 2.5 MA is extended to the time
point of the 1.5 MA configuration according to figure 1.,
and the 6.5 MA configuration is extended to the end of
the limiter phase. With a limiter size of 2.2 x 1.6 = 3.5 m*
and using the values from table 2., a total Be net-erosion
results as:

(8.6:10" - 30%) - 6.93 s + (1.8:10% - 34%) - 8.17 s +
(2.8:10%° - 34%) - 9.66 s = 3.2-10°' beryllium particles,

which escape into the plasma during ramping. In this
calculation about 56% of these particles originate from
the 6.5 MA, 31% from the 4.5 MA and 13% from the 2.5
MA configuration. The number of escaping beryllium
particles can be compared with the number of 1.5-10%
deuterium ions impinging the limiter surface during
ramping (using the same weighting over the time).
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To estimate the lifetime of the beryllium limiters the
maximum net-erosion rates from table 2. are taken with
the same weighting over the time. The maximum net-
erosion of the different cases (2.5 MA, 4.5 MA and 6.5
MA) does not occur at the same location on the limiter
wherefore the following estimation represents an upper
limit. The calculation leads to an erosion rate of 3-10%'
beryllium atoms per m* and ramp phase. With an atomic
beryllium density of 0.123 atoms/A°, a net-erosion rate of
30 nm per ramping is obtained. Assuming a thickness of
the beryllium armor layer of 4 mm this would result in a
lifetime of about 130.000 rampings or 65.000 discharges
with two rampings (up and down) per discharge.

4. Conclusions

Physical sputtering of the beryllium limiters during
the limiter phases of ramping in ITER leads to a modeled
net-erosion rate in the maximum of about 30 nm per
ramping. Thus, lifetime issues seem to be uncritical from
the view point of sputtering only (no material loss due to
melting and other effects are considered here). The
amount of beryllium atoms escaping into the plasma, i.e.
sputtered particles, which are not redeposited is estimated
to about 3.2-10°' per ramping, which is about 2% of the
incoming deuterium ions during this time period.

The presented simulations do not take into account
sputtering due to impurities. However, there could be a
certain influx of e.g. oxygen and beryllium and
depending on the ITER wall material choice also carbon
and tungsten. With an electron temperature of 50 eV the
beryllium sputter yield due to these impurities is up to a
factor of about 10 larger than the sputtering due to D or T.
A rough estimation of the effective sputtering assuming
10% impurities in the edge plasma with a 10 times larger
sputter yield compared to D on Be leads to two times
larger gross erosion of beryllium. This still would result
in a lifetime of about 32.000 discharges.

Within the parameter variations presented in this
work the amount of redeposited beryllium on the limiter
was not larger than 20% relative to the amount of gross
erosion. Depending on the assumptions for the parallel
flow velocity inside the scrape-off-layer this number even
could be smaller. However, in any case the amount of
redeposition already is relatively small and thus the
overall simulation results just can be affected in the
extreme case (without any redeposition) by about 20%.

It might be worth to note that experiments at the
linear plasma simulator PISCES have shown an enhanced
erosion of Be at elevated surface temperatures [5]. It is
seen that at surface temperatures above about 900K the
Be erosion is larger than expected from physical
sputtering. This is presently explained in terms of adatom
evaporation with the condition that adatom sublimation
dominates over adatom recombination. However, the
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plasma conditions discussed for the ITER ramp phase
here lead to estimated surface temperatures clearly below
900K even at the location of maximum power load.

The study of the influence of the heat load deposited
on the beryllium limiters is out of the scope of this paper.
In [6] a detailed assessment of the power load on the
start-up limiters is presented. It is concluded that at high
plasma current the power load is close to the engineering
limit and it is suggested that the limiter shape has to be
optimized.

The present ITER design is changing, which may
lead to abandon the concept of dedicated Be movable
start up limiters as implied in this work. Instead, the main
chamber wall may act as start up area but with a “shaped”
structure to avoid leading edges. In a continuation of this
work the erosion and redeposition behavior of such a wall
design can be analyzed similar as described here.
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