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Abstract

During the interaction of the scrape off layer (SOL) plasma with the first wall the evolution of both wall and plasma are
tightly coupled: The erosion of the first wall leads to an impurity concentration in the plasma which affects the particle
and power balance in the plasma. In turn the impurities, when leaving the plasma via transport, can form deposits and
mixed materials, far away from their initial source location. These deposits can be eroded, allowing the impurities to
stepwise migrate through the fusion device until they end up at a location where the plasma at the wall is cold enough
and no further erosion occurs. To describe these processes an integrated model of surface evolution and plasma transport
of impurities is needed. The WallDYN code achieves this required coupling of processes by parameterising the output of
surface evolution- and plasma impurity-migration-codes by analytical models. For a given fixed background plasma it
evolves the surface composition, derives impurity flux into and from the plasma and can from this derive the impurity
densities in the plasma. This paper will show the importance of including this recycling of impurities at the wall in
impurity migration modelling: The *CH, seeding experiment performed in the Wendelstein 7-X Stellerator is modelled
using the recent extension of the WallDYN code to 3D plasma and wall geometries. A comparison with post mortem

analysis of the *C deposition shows both qualitative and quantitative agreement with the WallDYN calculations.

1. Introduction These layers then act as new sources of impurities, which

) . . again undergo migration thus changing both nyz in the
During the interaction of the scrape off layer (SOL)

. . plasma and their '™ at the wall. The changes in '™V re-
plasma with the first wall the evolution of both the plasma

) . sult in variations of nz and of the layer growth rate. The
and the wall are tightly coupled [1]: The wall material

. ) ) . changes in nz also affect the plasma parameters temper-
is eroded by physical or chemical erosion and enters the

. . . . o ature T, and density n. via line radiation and also dilute
plasma as an impurity species leading to a certain im-

. . . ) the plasma. These changes in T, and n. in turn again af-
purity density nz in the plasma. These plasma impu-

o ) . fect TPRO through changes in the incident particle energy
rities migrate and after a number of (re-) erosion/(re-)

o ) . and background main ion plasma flux.
deposition steps they form layers at locations where their
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non-reflected influx I exceeds their re-erosion flux I'*"*.

the processes separately: The SOL plasma with a fixed
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a fixed plasma background is modelled by e.g. DIVIMP
[4] or ERO [5]. The surface evolution due to erosion depo-
sition for a fixed incident particle spectrum is modelled by
dynamic TRIM codes [6, 7] like SDTrim.SP. To describe
the coupling and feedback between these processes one can
parameterise the codes output and setup continuity equa-
tions to derive the time evolution of I'™N, TERO and ny as
is in done in the WallDYN [8, 9] approach. This WallDYN
approach requires simplified models, but allows for a com-
putationally efficient, non-iterative solution of the coupled
problem. The WallDYN approach has been successfully
applied to JET-ILW [10] and ASDEX-Upgrade [11], show-
ing that one of the key process in modelling I'™™ and ny
is to take the multiple re-erosion and re-deposition steps
of the migrating impurity into account. This presenta-
tion will first describe the WallDYN approach of param-
eterisation of surface evolution and impurity migration in
the plasma by analytical models which describe dynamic
TRIM and trace impurity transport code output. Finally
first modelling results of the *CHy seeding experiment in
Wendelstein 7-X (W7-X) with a carbon divertor, obtained
with the recently developed extension of WallDYN to 3D
geometries [12, 13], will be presented and compared to first

post mortem analysis results of 13C deposition.

2. The WallDYN approach

The WallDYN approach to integrated modelling of sur-
face dynamics and impurity influxes from the plasma is
based on parameterisations of plasma trace impurity mi-
gration models (e.g. DIVIMP [4]) and of surface dynamics
models (e.g. SDTrim.SP [6]). It has been extensively de-
scribed in [12, 8, 9, 14] therefore here only the parts per-
taining to impurity recycling will be revisited briefly.
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The reflection and erosion fluxes are determined by
the respective erosion and reflection yields Re; wk,qi and
Yei emwk,gm- They both depend on the composition of the
surface which in WallDYN is described by the areal den-
Sity Oeci,wk (m_z) of elements e on wall wk. It is this de-
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Thus to describe impurity recycling a
surface model for the evolution of d¢; . is needed. This
surface erosion/mixing model is described in detail in [15]
and is basically a flux balance between influxes and ero-

sion/reflection fluxes from the surface plus an exchange

flux with the bulk FB“”fC

e, w

that maintains the total areal
density of all elements in a thin (=~ lnm) surface layer,
the reaction zone (RZ), where all the erosion and mixing
happens homogeneously. The main equation of the surface

model is given in eq. 2
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These two core equations of WallDYN amount to a pa-
rameterisation of complex trace impurity transport codes
(eq. 1) and surface dynamics codes (eq. 2). They form a
differential algebraic equation (DAE) system that is solved
in a time dependent manner yielding the coupled time evo-
lution of the impurity fluxes from the plasma onto the
wall and the evolution of the surface composition. Equa-
tion 1 shows the importance of surface processes compared
to plasma processes when interpreting impurity migration
experiments: The resulting impurity influx is a product
of plasma transport (described by me; ik, wjqi) and sur-
face processes (described by erosion/reflection/seeding in
Ffﬂfﬁfe) This means that both surface and plasma pro-
cesses are of equal importance, one cannot interpret depo-

Spurce)

sition patterns or measured plasma densities (o |

without correctly describing both surface evolution and
impurity transport in the plasma.

Approximating the trace impurity migration by a simple
matrix/vector product in the context of WallDYN is pos-
sible if one assumes that the plasma transport times are
much faster (=~ ms) than the time scale the surface evolves
on (= s). Beyond that the matrix description of transport
is an accurate representation of the output of an impurity
migration code if trace approximation is assumed. The
approximations that go into the surface model eq. 2 are
more severe when compared to a code like SDTrim.SP [6].
In particular using only a single layer where all erosion and
mixing takes place cannot describe any ion range profile
driven effects. However at the low energies O(100eV) of
impurities from the edge plasma, the ion range is short
and thus range profile effects can be neglected. Still a di-
rect comparison of eq. 2 with a comparable SDTrim.SP
calculation needs to be done to test the applicability of the

surface model for a particular application.

2.1. WallDYN surface model vs. SDTrim.SP

For modelling the '3CHy seeding experiment the sur-

face model needs to describe the deposition of C isotopes

on the C divertor plates and their (re-)erosion by H- and
C-self-ions. To test the surface model, SDTrim.SP pa-
rameter scans were performed that simulate the impact
of a mixture of H and 13C on a 2C surface. In these
parameter scans the 13C flux fraction (0 to 10%), the H-
ion energy (50 to 150 (eV)) and the 3C energy (100 to
300 (eV)) were varied. The SDTrim.SP calculations were
performed in ”dynamic” mode such that SDTrim.SP dy-
namically updates the composition of the target according
to erosion, implantation and beam mixing effects. This
dynamic mode is described in [7] and has been used be-
fore to interpret ion-beam deposition experiments [16].
From each calculation in the parameter scan the evolu-
tion of the surface composition averaged over a depth of 1
(nm), which matches the thickness of the RZ in WallDYN,
was determined. The same parameter scan was also per-
formed using the WallDYN surface model eq. 2. The re-
quired composition and energy dependent sputter- (C by
H and C) and reflection- (C from C surfaces) yields were
taken from static (fixed, non evolving surface composi-
tion) SDTrim.SP calculations. In the parameter scans only
physical sputtering of C by C and C by H was included,
later in the WallDYN calculations for W7-X, chemical ero-
sion is also included. Also in contrast to the experiment
only 13C was included as incident species whereas in the
W7X the incident flux contains both ¥C and '2C. This
simplification was introduced since the C-sputter yields
by and reflection yields from '3C and '2C are essentially
the same. Thus while an additional influx of 2C would
change the composition of a growing layer it would add no
new physical processes to the code comparison.

In both kinds of calculations the evolution of the surface
composition during exposure of an initially pure '2C to
a total (3*C + H) of flux 102°(m~2s~1) for 500 seconds
was simulated. As an example, Fig. 1 shows the final
concentration of 13C as function of the H impact energy
and 13C influx fraction, for a '3C impact energy of 100eV.

This particular dataset with a '3C impact energy of 100eV



was chosen since it contains the transition from net ero-
sion (no 13C accumulation at all) to net deposition (growth
of a 13C layer). Despite its simplicity, the WallDYN sur-
face model reproduces the erosion/deposition transition
well. The contour plots in Fig. 1 are meant to show the
qualitative agreement for a particular subset of the pa-
rameter scan. A more quantitative comparison at each
combination of parameters in the parameter scan yields a
mean deviation of 11% +/- 1% for the C concentration
in equilibrium. This quantitative discrepancy is well be-
low the uncertainties in the sputter and reflection yields

themselves due to surface roughness effects (see e.g. [17]).
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Figure 1: Comparison of the 3C surface concentration calculated
by the WallDYN surface model (top-figure) and by SDTrim.SP in
dynamic mode (bottom-figure). The white areas are where the con-
centration of '3C= 1 i.e. where continuous growth of a 3C layer

occurs

3. 13CHy4 seeding experiment in W7-X

The Wendelstein 7-X (W7-X) experiment [18] is a super-

conducting stellerator with a magnetic field of 2.5T and 30
m? plasma volume that can be heated with up to 10.5MW
(7.5MeV ECRH and 3MW NBI). During the second oper-
ational phase (OP1.2) the plasma loaded components con-
sisted of adiabatically loaded test divertor units (TDUs)
with fine grain graphite panels. The rest of the wall is
made of stainless steel. W7-X has a five fold toroidal sym-
metry and the TDUs are thus numbered 1 to 5 each with a
lower (numbered 0) and an upper half module(numbered
1).
During the last 30 shots during OP1.2 a *CH,; puff-
ing experiment was performed in a H-plasma to investi-
gate the transport of C in and all C device. After the
end of OP1.2 the TDU panels were removed to replace
them with actively cooled components for long pulse op-
eration. Analysing the *C deposits on the entire TDU
offers a unique possibility to measure the global deposi-
tion patterns of C migrating through W7-X. During the
30 Shots numbered 20181018.11 to 20181018.40 a total of
4 x 10*213C was injected in the form of ¥ CH, at a rate
of 10%° (s71) through two valves from the He-beam diag-
nostic in the lower horizontal target of TDU module 30.
The plasma was in attached state and thus the >CH, were
seeded directly into the scrape-off layer. All the shots were
nominally identical with a core temperature and density of
2.8t03.2 (keV) and 5.6 to 6.0 101 (m~3) respectively. The
plasmas were heated by 3.4 to 3.9MW ECRH only (NBI
blips where applied for charge exchange spectroscopy only)
and had radiated power fractions of 0.25 to 0.6, rising dur-
ing the discharge due to seeding. The standard magnetic
divertor configuration with 5 magnetic islands (edge trans-
formation iota 5/5) was used. A summary plot of the time
evolution of these discharge parameters is shown in Fig.
2 for shot 20181018.20 from the middle of the 30 seeding
discharges.

For plasma wall interaction the edge conditions are of
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Figure 2: Overview plot of the global plasma parameters of a typical

shot during the seeding experiment

more importance than the overview parameters in Fig. 2.
The plasma edge was diagnosed by Langmuir Probes and
partially also by Thomson scattering and the results are
presented in section 4.2 During the seeding experiment
spectroscopy was used to monitor the C and O impurities
in the plasma. After removing the TDU components they
were analysed using various techniques. Here we will fo-
cus the ion beam analysis of '2C deposits from selected

samples from TDU 30 [19].

4. Modelling the 3CH,; seeding experiment in
WT7-X

The goal in modelling the *CHy seeding experiment is
to understand the mechanisms leading to the '*C depo-
sition patterns that were measured by post mortem anal-
ysis and to thus benchmark the applied modelling tools
(EMC3-Eirene & WallDYN) such that predictions for fu-
ture long pulse operation can be made. An overview of
the modelling geometry can be seen in Fig. 3. It shows
the upper and lower TDU halfs. In the lower half the hori-

zontal and vertical target are separated by a pumping gap

which is used as reference for poloidal distance measures

in some of the plots.

TS-Viewline
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Figure 3: Overview of the modelling geometry: The Thomson Spec-
troscopy (TS) viewline together with the part of the computational
grid that it intersects. Location of the 13CH, seeding valve and of

the Langmuirprobes.

4.1. Modelling assumptions and limitations

The kinetic trace impurity transport module that was
recently implemented in EMC3-Eirene [12, 13] can only
treat atomic species i.e. no molecules like '3CH,. There-
for the 13CHy seeding is modelled as injection of neutral
13C thus neglecting the breakup chain of the molecule prior
to ionisation of the 3C atom. This amounts to assuming
that the distance to ionisation O(cm) is small compared
to the length O(m) traveled through the plasma as an ion
prior to deposition on the wall. Computing the cumulative
distribution of the lengths of the trajectories recorded dur-
ing the migration simulations yields: 16% travel less than
~ 0.1 (m) or more than ~ 10 (m) and the median lies
at &~ 1 (m). This suggests that the above approximation
is justified when investigating global migration patterns
where 84% of the particles travel more than ~ 0.1 (m).
Spectroscopic measurements show that apart from C also
O is present in the plasma. Since C is eroded very ef-
ficiently by O ions (see also section 4.3), O is added as
background species that erodes C but does not deposit



on the surface. In the surface model only 3C and 2C
make up the composition of the reaction zone and they
are eroded by H-ions, H charge exchange neutrals (H-CX),
O-ions and C-self-ions. For erosion by H and O chemical
erosion is taken into account in addition to physical sput-
tering. However similar to the seeded CH, the chemi-
cal erosion products (CHy, CO and COz) are treated a C
atoms during re-distribution by the me; wk,wj,qi Matrix.

WallDYN requires a charge state resolved incident flux

In
et,wj,qi

to compute erosion. For C isotopes this is cal-
culated self consistently from the surface (re-)erosion &
reflection rates in Fg?;’,;ce and the re-distribution matrix
MC,wkwj,qi- For the background O fluxes a different ap-
proach is used since O is not assumed to accumulate in
the surface thus a I‘g‘ﬁfe cannot be derived from erosion
& reflection. Therefore to obtain a reasonable estimate
of the background O influx at each charge state it is as-
sumed that O, in equilibrium, recycles at 100% so all im-

pacting O is re-emitted into the plasma (i.e. I'/™ becomes

[ouree) o find the equilibrium '

Ouwj,qi for O an itera-
wj,

tive approach is used: Initially a certain O flux (m=2s71)

is homogeneously emitted from all wall elements and is
re-distributed by mo wk,wj,qi yielding the influx of O onto

each wall element after iteration 1 (= Fgf;ij’qi). Then, as-

In,1

suming 100% recycling, this influx L0 qi 1S re-emitted

from the wall elements and is then again re-distributed

In,2

O.wj.qi’ the influx at iteration 2.

by Mo, wk,wj,qg yielding T’

In,equil

This processes is continued until in equilibrium I'p 7 =
w3,

In,equil .

is reached which takes ~ 10 iterations. This Fo,wj, gi 18

then used as constant flux spectrum for O (similar to H-
ions from the background plasma). The total O influx
integrated over the surface area of 10'® O s~! was cho-
sen such that the Z.;; resulting from O and C in the
plasma matches the experimental value of &~ 1.3 along the
Thomson-Spectroscopy view-line (see section 4.2). In the
scrape off layer this corresponds to an average O plasma

concentration of 0.1 to 0.5%.

The W7-X stellerator has a five fold symmetry i.e. each of

the 5 TDU sectors are assumed to have the same plasma
parameters. In addition inside each of the 5 sectors the
plasma is up/down symmetric, meaning the second half of
the sector is a copy of the first half mirrored across a plane
normal to the Z-axis. Exploiting both the five fold- and
the up/down- symmetry reduces the EMC3-Eirene simu-
lation volume to 1/5 x 1/2 = 1/10th of the toroidal cir-
cumference. This reduction reduces the computational ef-
fort required both for the background plasma solution but
also for the WallDYN calculation since 1/10th of the cir-
cumference also means only 1/10 of the wall surface areas
Nwau need to be treated. Due to its DAE nature, solving
the equations requires inverting the system jacobi matrix
whose size scales Nyyqu2. Therefore currently the max-
imum number of wall elements that can be handled by
WallDYN is limited to ~ 1000 and the W7-X simulations
presented here use 880 wall elements which is close to this
maximum. In general, exploiting this symmetry does not
affect the level of approximation of the experiment, since
the erosion/deposition/migration processes are the same
in all of the 10 simulation volumes. However the single
13CH, seeding source, located in only one of the five sec-
tors, breaks this symmetry and how well the current simu-
lation symmetry assumptions approximate this, needs fur-
ther thought: Simulating only volume number 1 of the 10
volumes of the circumference, overestimates the amount of
13C that ends up on the walls, since some of the seeded
13C could cross the boundaries of volume number 1 and
end up in any of the other 9 volumes. Also some of the 13C
thus deposited away from volume number 1 might make
it back into volume number 1 during the re-erosion/re-
deposition chain. While this latter process of transport
back to volume number 1 cannot be handled without a
full 360° simulation, at least the loss from volume num-
ber 1 into the other volumes can be estimated: During the
calculation of me; wk,wj,qi @ single trace impurity transport
calculation is performed for each wall element where ele-

ment ei is launched from source wall element wk and the



deposition at each destination wall element wj at charge
state qi is recorded. During these calculations also the tra-
jectories in R, Z, ® coordinates are recorded for a random
sub-set of the traced particles. During the transport cal-
culations these particle trajectories are projected back into
simulation volume number 1 every time a particle crosses
the boundaries. After the calculation these boundary pro-
jections can be easily detected since they involve a sign
change in the Z-coordinate due to the up/down nature of
symmetry. This allows to undo the boundary jumps and
reconstruct the full 360° trajectories. In particular the ac-
tual toroidal angle ® at the end of the trajectory can be
computed which allows to determine in which of the 10
simulation volumes the particle would have ended up in a
full 360° simulation. Fig. 4 shows a histogram of the final
simulation volume from all particle trajectories that were
recording during the computation of mc wkwj,qi- Roughly
50% of re-distributed C launched in simulation volume 1
end up in there. This means that by scaling misc wk wj,qi
by a factor of 0.5 should mimic the losses of '3C to other
simulation volumes. However as stated above this is a
lower limit for the total seeded amount that ends up in
simulation volume 1 since re-erosion of 3C in any of the

other simulation volumes might bring some more '3C back.

4.2. W7-X plasma solution

The kinetic trace impurity transport module [12] in
EMC3 needs a background plasma solution (density n.,
temperatures T., T; and flow pattern M) to compute the
forces acting on an impurity from which its parallel mo-
tion along field lines is calculated. This plasma solution
is determined by EMC3-Eirene which solves the reduced
Braginskii fluid equations and uses Eirene to solve the ki-
netic transport equations for neutrals and molecules that
recycle from the wall [3, 20, 21].

The 3CH, seeding experiment was performed in standard
magnetic divertor configuration with 5 magnetic islands.

The plasma was heated by 4AMW ECRH. The upstream
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Figure 4: Fraction of C ending up at different sectors/simulation vol-
umes when the boundary symmetry jumps are omitted in the traced
C-impurity trajectories. The insert shows a reconstructed 3C tra-
jectory, without boundary condition projections back to simulation
volume 1, whose extents are indicated by its upper and low TDU

target elements

density was set to a fixed value of 2 x 10! (m~2) in the
simulation. The parallel heat conductivity of electrons and
ions was assumed to be classical whereas the perpendicular
transport parameters for heat (x i, = 1.0(m?s™')) and
particles (D, = 1.0 (m?s™1)) were assumed to be anoma-
lous and are treated as free model parameters. For the
background plasma solution the standard fluid impurity
transport model and not the new kinetic trace impurity
transport module was used. The reason is that the new
kinetic transport module was specifically designed for use
in WallDYN and terminates particles on first wall impact
as is needed for calculating me; wk,wj,qi instead of recycling
them (impurity recycling is handled later in WallDYN).
In the standard fluid impurity model the impurities are
launched proportionally to the local main ion wall flux
with the proportionality constant set such that a certain
total impurity influx (s7!) is achieved. This total impu-
rity influx is a free model parameter that is used to fit the
experimentally observed radiative fraction.

To test the applicability of the plasma solution for later
trace impurity calculations it was compared to available

experimental data from Langmuir Probes (LP) [22] and



Thomson Scattering (TS) [23]. The LPs in the horizontal
divertor target are used for comparison with EMC3-Eirene
calculations. The n, and T, data from four (20181018.012,
.020, .031, .040) of the 30 discharges of the seeding exper-
iment were used for the comparison. For each discharge
and each of the 10-LPs the cumulative distribution func-
tion (CDF) of n, and T, values in the time window from
4 to 12 sec. (since start of the ECRH) were determined.
During this analysis n. and T, results with excessively
large error bars (> 100%) were omitted since this indi-
cated that the LP model fitting had failed. From these
CDFs the three n. and T, values corresponding to 16%
(= lower), 50 % (= median), 84 % (= upper) of the CDF
were determined to obtain parameter ranges for each LP.
In Fig. 5 a comparison of the LP data with the EMC3-
Eirene data is shown. The T, data from EMC3-Eirene in
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Figure 5: Comparison of Langmuir probe data experimental data
from discharges 20181018.012, .020, .031, .040 with the EMC3-Eirene

background plasma result

Fig. 5 compares reasonably well to the experimental T,
data from the LPs given the large variations in T, dur-
ing the different discharges. The comparison of the n,
data from EMC3-Eirene in Fig. 5 however shows that the
EMC3-Eirene solution slightly overestimates n..

A comparison of the EMC3-Eirene plasma solution to up-

stream data from the TS diagnostic is shown in Fig. 6

for two discharges (20181018.012 and .040) from the seed-

ing experiment. The data is plotted vs. r.;¢ which is
the radius of a circle of the same area as the cross sec-
tion of the flux surface the datapoint resides in. The T,
data from EMC3-Eirene matches the TS data quite well

whereas the n. is slightly too low. While the 30 consecu-
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Figure 6: Comparison of ne and T, values from Thomson Scattering

data with the EMC3-Eirene background plasma result

tive discharges of the '*CHy seeding experiment were all
meant to be identical some scatter (see also variations in
core 1, T, described in section 3) in the plasma parame-
ters was present. Given this scatter the current state of the
EMC3-Eirene background plasma is an acceptable repre-
sentation of the experimental conditions and can be used
for trace impurity transport modelling to interpret the 3C

migration patterns.

4.8. Surface process data

The WallDYN surface model requires numerous input
parameters for each eroding/depositing element ei on each
wall element wk to correctly compute (re-)erosion, reflec-
tion and deposition. The constant background flux of H-
ions (m~2s71) is taken from the post-processing routines
in EMC3-Eirene. The constant background H-CX fluxes
and energies are determined during the EMC3-Eirene neu-
tral iteration (part of the EMC-Eirene solution process)
where for each impact of a H-CX atom its impact loca-
tion, particle monte-carlo weight and energy are recorded.

The particle monte-carlo weight is converted to a H-CX



atom flux (m~2s71!) onto the wall element wk it impacted
on, by scaling it with total recycling flux (s=1) and divid-
ing it by the area of the wall element wk. The also present
constant background O ion fluxes are determined as ex-
plained in section 4.1. For charged impact species (H-ion
and O-ions) the impact energy E for charge state ¢ is de-
rived from the standard sheath model expression (see e.g.

[24]):
E(q) =3qT. +2T; (3)

The T, and T; data at each wall element are also taken
from the post-processing routines in EMC3-Eirene.
The chemical erosion of C by H ions and H-CX atoms de-
pends on the surface temperature which is taken from IR-
measurements performed during the seeding experiments.
IR measurements are available for sectors 1, 2 & 3. The
temperatures from the different sectors vary slightly due
to small differences in the alignment between plasma and
wall geometry. The temperature at the strike lines, where
the highest power and particle fluxes occur, is in the range
from 500 to 700K and there exist some hot-spots where the
temperature even exceeds 800K. Finally for the WallDYN
calculations of the 3C deposition the temperature data
from sector 3 was used from where the seeding took place.
The chemical erosion yield of C by H depends on surface
temperature, H impact energy and H influx. The model
by Roth et al [25] was used to calculate the chemical ero-
sion yield for each wall element. The same chemical yield
was used for 13C and '2C. For the H and H-CX fluxes
present in W7-X the flux dependence of chemical erosion
shifts the maximum of the temperature dependence of the
chemical yield to such high temperatures that the chem-
ical yield in this simulation was essentially temperature
independent and in the range 0.5 to 1.0%. Therefore the
choice of using the wall temperature data from sector 3 has
no significant impact on the simulation result. In addition
to the chemical erosion C is also eroded by H via physical

sputtering. The physical sputtering yield was calculated

as function of energy and angle using SDTrim.SP and is
added to the chemical yield.

The dependence of erosion of C by O ions as function of
temperature and particle energy was extensively studied
in [26, 27]. The erosion yield is essentially independent
of temperature but has a significant energy dependence.
The measurements in [26, 27] were performed at perpen-
dicular angles of incidence. In order to derive yields for the
oblique impact angles from the W7-X-plasma, a model was
derived to describe the angle o and energy E dependence
of C erosion by O. The model assumes that the erosion

yield can be written as in eq. 4

YO7UE, @) = Yonem(E) + Yenys(E,a) (4)
Yonem(E) = Energy dependent chemical yield
Yphys(E,a) = Energy and angle dependent

physical sputtering yield

To derive Yopem (E) the expected physical sputtering yield
Yphys(E,0°) as computed by SDTrim.SP is subtracted
from the experimental data YO~ (E,0) in [27] leaving
Ychem(E) as a remainder. To obtain the erosion yield for
a given impact angle a the physical sputtering contribu-
tion has to be added to Yopem(E) to finally obtain the
required YO7¢(E, a). In Fig. 7 the erosion yields of C by
O is shown with the different contributions. At the oblique
angle of impact (see also below) the yield quickly becomes
> 1 thus even low fluxes of O can have a significant impact
on C erosion even at low fractions of O in the incident flux.

To chose the impact angle of the eroding charged particles
their trajectories along field lines and the ExB motion in
the sheath potential prior to impact on the surface has to
be included. According to [28] for a large range of plasma
parameters and oblique angles between surface and mag-
netic field the impact angle is ~60° with respect to the
surface normal. However this is only true for perfectly flat
surfaces, for rough surfaces the angles become less oblique
and therefore an impact angle of 40° was chosen here. In

Fig. 8 the erosion of C by H-species at each wall ele-
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Figure 7: The different contributions to the C erosion yield by O
model described in the text. Also shown the experimental data from

27]

ment is plotted versus impact energy at the wall location.
At low energies the erosion by H is dominated by chemi-
cal erosion whereas at higher energies physical sputtering
dominates. The distribution of erosion yields on the wall
elements shows that chemical erosion of C by H dominates
since the impact energy on most wall elements is < 100eV.
The spikes in the ”chemical 4+ physical erosion” graphs are
due to increased chemical erosion at hot-spots in the wall
temperature data.

To compute the actual erosion flux of C from a wall ele-
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Figure 8: The total (Chem. 4+ Phys.) and physical erosion yield for
H on C for all wall elements in the WallDYN simulation sorted by

impact energy.

ment given the total erosion yield by a projectile element
ej the composition dependence of the erosion has to be

taken into account. For the mixtures of C isotopes in W7-
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X no significant preferential sputtering of either isotope is
to be expected, therefore a linear dependence on the sur-

face concentration Cl; 4 in the RZ is assumed as in eq.

5.

Proj. Chrg.
FeEiT'SJk = Z Z (ngn,wk,qj Y<E(q])7a) Cei,wk) (5)
ej  qj
5. Results

In Fig. 9 an overview plot of the the total deposited
amount of *C in units of (1029m~2) after seeding for 400
seconds at 1020 13C (s71) is shown. For this calculation the
redistribution matrix was not scaled by 50% and this result
is an upper limit for the deposited amount as discussed in

section 4.1. The '3C deposition in Fig. 9 shows strong

C13 Tot-Depo
1.00e+04

4.64e+03
2.15e+03
1.00e+03

Strike line

Lower TDU

Figure 9: The total deposited amount of 3C (102°m~=2) during
the seeding experiment as calculated by WallDYN. Three deposi-
tion regions are numbered and the location of post mortem analysis

is marked

toroidal and poloidal variations. Qualitatively, three main
deposition regions are numbered in Fig. 9. The color scale
is logarithmic and the total deposited values range mainly
from 102 to 104(10%*m~2). The '3C is seeded directly into
one of the magnetic islands from where the background
plasma streams in both directions towards the front and
rear of the simulation volume. Therefore depending on
how the magnetic island overlaps with the '3C seeding
plume, material is transported to deposition regions #1

or #2. In the simulation #1 receives more *C influx &

deposition. There is also a deposition region (#3) on the



vertical target but only very little deposition is found on
the upper TDU half. There is also very little deposition
along the strike line due to strong re-erosion by the plasma
due to high T, in particular towards the rear of the simu-
lation volume.

Computing the line averaged Z.;; along the TS-viewline
(see Fig. 3) yields Z.;y = 1.264 which compares well to the
experimental values which were in the range from 1.2 to
1.3 with '3C being the dominant contributor. To achieve
this value of Z.; the O influx into the plasma was varied
(finally a value of 10*°(s~1) was used, see also section 4.1)
which affects both the O density but also the C density in

the plasma since more O means more C (re-)erosion.

5.1. Comparison to post mortem analysis

After the 13CHy seeding experiment the TDUs were re-
moved and the plasma exposed graphite tiles were anal-
ysed by various techniques. In [19] the 13C deposition was
measured in each of the 5 TDUs on at the same toroidal
location within the TDU on the horizontal target plate in
sub-module 2 on finger 6 (TM2h6 see also Figs. 3 and
9). The amount of 13C deposited was measured by elastic
backscattering of 2.5 MeV incident protons which yields
the areal density of **C (m~2). In Fig. 10 the 3C deposi-
tion along TM2h6 (located in TDU module 30 where 13C
was seeded into the plasma) as calculated by WallDYN is
compared to the post mortem result. The position values
on the x-axis are measured from the edge of the horizontal
target that is located at the pumping gap indicated in Fig.
3. Two WallDYN calculations are shown (see also section
section 4.1): One with 50% assumed losses to other sim-
ulation volumes (WallDYN 50%) and one with no losses
(WallDYN 100%). The two results, which can be consid-
ered lower and upper bounds for the expected amount of
deposited '3C, nicely bound the measured values. It is in-
teresting to note that the reduction in deposition for the
50% WallDYN calculation is different around the strike
line (0 to 0.2 (m)) and at the peak deposition region (0.3
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Figure 10: The total deposited amount 102° (m~3) of 13C computed
by WallDYN with different assumptions on the loss of 13C to other
simulation volumes, compared to the post mortem amount measured

along TM2h6.

to 0.4 (m)) in Fig. 10: At the peak deposition region the
deposition is dominated by the influx of '3C directly from
the seeding valve which results in a drop in deposition of
~50% as expected from scaling the redistribution matrix
by 50%. In contrast the deposition along the strike line is
dominated by deposition from re-erosion sources. These
sources are affected by loss of impurities (12C and '3C)
from the simulation volume in a non-linear way since they
depend on self-sputtering by C-species and multi-step mi-
gration.

In Fig. 11 the total 13C erosion erosion rate (1/s) by each
projectile species is shown for the final system state after
400 sec of seeded plasma operation (WallDYN 100% case).
The total '3C erosion erosion rate is calculated from the
erosion flux by each projectile species by multiplying it
with the wall element surface area and summing over all
wk. The dominant erosion is due to H-ions and H-CX
species and self-sputtering (by 2C & *C) makes up ap-
proximately 1/4 of the total erosion rate of 13C. Modelling
the self-sputtering of C requires an integrated model of C
impurity sources at the wall and re-distribution of C by
plasma transport. The erosion rate by O is relatively small
due to its very low flux fraction, averaged over the surface
of the upper and lower TDU in the simulation: O 0.04%
(H + H-CX 98.6%, 12C+13C 1.36%)
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Figure 11: The total 13C erosion erosion rate (1/s) by each projec-
tile species for the final system state after 400 sec of seeded plasma

operation

5.2. Importance of impurity recycling in 3>C migration

modelling

The deposition pattern in Fig. 10 is the result of del-
icate erosion deposition balance according to eq. 2. In

. . . a9
Fig. 12 the contributions to —2c:k

Sai - are plotted in equi-

6613C,wk

Sai - 1s constant over time and takes on

librium where
positive values in net deposition- and negative values in

net-erosion regions. The total deposited amount shown

13c,wk

- . . .98 .
in Fig. 10 is calculated by integrating —;7** over time.

Since 3C is seeded into the system no net-erosion of 13C
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Figure 12: The contributions to flux balance in eq. 2 leading to
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Chg.) along target element. The flux balance for the 100%WallDYN

the local time dependent deposition rate

case is shown. (see also Fig. 10)

99136k

is possible therefore —;7

> 0 everywhere. The region
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at positions 0.3 to 0.4 (m) from the pumping gap is a clear
deposition region where the influx clearly dominates over
the erosion and reflection fluxes. However in the deposi-
tion region around the strike line (positions 0 to 0.2 (m))
the influx and the erosion flux are very close and the in-
flux wins by a small margin. Clearly small errors in the
surface process data (reflection and sputter yields) could
tip the balance. For instance just beyond 0.4 m the influx
is almost balanced by the re-erosion flux, leading to too
low deposition in the calculation compared to the experi-
ment. This shows how important proper modelling of the
surface processes is to interpret the experimentally found
deposition patterns.

Equally important to the flux balance is the influx of 3C
that is computed according to equation 1 based on impu-
rity sources due to seeding, erosion and reflection. While
the seeding source is taken directly from the experimen-
tal conditions the sources due to erosion and reflection
need be calculated self-consistently from solving egs. 1
and 2 simultaneously. In Fig. 13 the contributions of
the three sources: seeding, erosion and reflection to the
influx F{:?C’w ;.qi at each wall element are shown. Accord-
ing to Fig. 13 the main sources that define incident flux
are due to seeding and erosion whereas the relative im-
portance varies. In deposition region 1 & 2 (see Fig. 9)
the main contribution is from seeding whereas deposition
around the strikeline is dominated by (re-)erosion. For the
deposition region 3 on the vertical target the contribution
of seeding and (re-)erosion is similar. Since for C on C the
reflected flux is quite low, even at 40° impact angle, the
contribution of the reflected source is low. This however is
different when the mass ratio of incident species to surface
species (e.g. Be on W in ITER) is < 1, then the reflection
yield is high and so is its contribution to the incident flux.
The importance of the re-erosion flux again shows the im-
portance if integrated modelling of surface processes and

plasma transport.
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Figure 13: Comparison of the contribution of different sources to the
influx of 13C onto each wall element: a.) Seeding, b.) (re-)erosion

c.) reflection d.) Sum of all contributions i.e. the total 13C influx.
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6. Conclusions

The newly developed [12, 13] 3D version of WallDYN
was used to model the '*CHy seeding experiment in W7-
X. Using a background plasma solution that reasonably
matches the plasma conditions during the 30 seeded dis-
charges, the redistribution matrix for C isotopes was com-
puted. Using this redistribution matrix together with ero-
sion yield data from literature and SDTrim.SP the coupled
evolution of surface composition and impurity influx from
the plasma was calculated using the WallDYN approach.
A comparison with first available post mortem data shows
good agreement with the modelling results. Investigat-
ing the different contributions to layer deposition and in-
cident fluxes shows the importance of impurity recycling
and the need for integrated modelling of surface dynamics

and plasma transport.
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