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Abstract

An investigation into tungsten (W) impurity behaviors with the update of the EAST lower W
divertor for H-mode has been carried out using SOLPS-ITER. This work aims to study the effect
of external neon (Ne) impurity seeding on W impurity sputtering with the bundled charge state
model. As the Ne seeding rate increases, plasma parameters, W concentration (Cy), and eroded
W flux (T'5°) at both targets are compared and analyzed between the highly resolved bundled
model ‘jett’ and the full W charge state model. The results indicate that ‘jett’ can produce
divertor behaviors essentially in agreement with the full W charge state model. The bundled
scheme with high resolution in low W charge states (<W?2"") has no obvious effect on the Ne
impurity distribution and thus little effect on W sputtering by Ne. Meanwhile, parametric scans
of radial particle and thermal transport diffusivities (D, and ;) in the SOL are simulated using
the ‘jett’ bundled model. The results indicate that the transport diffusivity variations have
significant influences on the divertor parameters, especially for W impurity sputtering.

Keywords: tungsten impurity sputtering, bundled charge state model, transport diffusivity,
SOLPS-ITER

(Some figures may appear in colour only in the online journal)

1. Introduction

Tungsten (W) is deemed to be the most promising plasma-
facing material (PFM) in modern tokamak devices due to its
unique physical properties [1], such as having a high melting
point (3683 K), high thermal conductivity, a low fuel retention
rate, and a high energy threshold for sputtering [2]. Exper-
imental Advanced Superconducting Tokamak (EAST), a
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superconducting diverted tokamak, has completed the engi-
neering installation and commissioning phase for the new
lower divertor being changed from graphite tiles to W tiles. W,
as a high Z impurity, is a strong radiator in core plasma. It tends
to accumulate in the core region, while exceeding a certain
concentration (~1075) could affect the core confinement and
plasma performance.

Active impurity seeding is a favorable choice to reduce
the heat load and electron temperature at W targets to an
acceptable level by effective power radiation [3]. External
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impurity seeding with nitrogen (N), neon (Ne) and argon (Ar),
for example, could influence the plasma behaviors and W
impurity transport in tokamaks. The behaviors of W impurity
sputtered from targets play critical roles in plasma perfor-
mance for tokamaks [4, 5].

SOLPS-ITER is considered to be an important tool for
studying the W sputtering and transport with external
impurity seeding at present, however, it needs a relatively
long computational time to reach steady state, especially
when considering W impurity with 74 ionization states and
external seeding impurity. Various W bundling schemes,
including highly resolved and aggressively bundled models,
are compared and analyzed in our previous work for different
divertor conditions of L-mode on EAST [6]. It indicates that
W bundled charge state models provide a marked enhance-
ment in computation speed by a factor of more than five.
Besides, it can describe well divertor plasma parameters at
targets with a discrepancy of less than 15% for various
bundling schemes. It is also found that the discrepancies
between net W erosion and deposition are modest among
bundled charge state models and full W treatment in ASDEX-
Upgrade [7]. However, radiative impurity seeding is not
considered in either of these works. To test the reliability of
the W bundled model with external impurity seeding, simu-
lation results from the bundled model ‘jett’ [7] are compared
to those of the full W model. Further simulation with the
bundled model ‘jett’ is carried out to study the W target
sputtering and W impurity behaviors with transport diffusiv-
ity scans during Ne impurity seeding.

The structure of the paper will be as follows. Section 2
comprises the modeling assumptions and brief descriptions of
the bundling scheme in SOLPS-ITER code. We mainly focus
on the simulation study of W impurity behaviors in section 3
with all W charge state and bundling charge state models
respectively. The detailed comparison of W impurity sput-
tering based on the scan of the Ne puffing rate is also pre-
sented in the section. Analysis of the influence of radial
particle and thermal diffusivities on W impurity sputtering is
included as well. A summary and discussions are presented in
section 4.

2. SOLPS-ITER parameter setups

2.1. Boundary conditions and modeling assumptions

SOLPS-ITER [8] is applied for edge plasma simulation, which
couples the B2.5 multi-fluid plasma code with EIRENE Monte
Carlo neutral transport solver. W and Ne are treated as impurity
species in the simulation. The electron, deuterium ion DT,
seeded Ne species (Ne' T, Ne2™,---, Ne!®*) and each ioniz-
ation state of W (W!'+, W2+ ..., W74+) are included in the
B2.5 multi-fluid code. EIRENE code handles the transport of
neutral particles and solves a series of sources and sinks of
energy, particle and momentum, based on the plasma back-
ground deduced from B2.5 code. D, D,, Ne, and W are taken
into account for neutral dynamics by EIRENE code [9, 10].
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Figure 1. Physical mesh for SOLPS-ITER simulation.
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Figure 2. Radial particle and electron/ion thermal diffusivity profiles
at OMP.

Drift effects (E x B and diamagnetic) are not included in
the simulation due to the massive computation. We select an
EAST H-mode equilibrium provided by equilibrium fitting
code (EFIT) in this work. Figure 1 shows the physical mesh
for SOLPS-ITER simulation and updated lower divertor. The
particle diffusivity D, and thermal diffusivity x, = x; profiles
along the outer midplane (OMP) are taken as that in figure 2 for
H-mode discharge, following the previous simulations for
H-mode [11]. The input power entering into the core boundary
of the computational region is set to Psor = 2.0 MW. It is
divided by electrons and ions evenly.

In SOLPS-ITER code, W source is produced by the
physical sputtering from D, Ne and W species at targets based
on the standard Roth-Bohdansky model [12]. The particle
fluxes of W for each ionization state are set as zero at the
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Table 1. Bundling scheme of W.

Model MO (All charge states) M1 (jett)
Species 75 24
Partition numbers W'+ w'+
w2+ W2_wH
Wi+ Wi+
W4+ W6+
W5+ w7+
Wo+ Wh+
w7+ WOt
Wo+ WOyt
wWo+ WisH_wi6+
w0+ w7+
Wll+ W18+
w2+ Wi+
w3+ W20+
W4 W22zt
wis+ W23H_W2s+
-\"\/.7” WA AT
W73+ WA+
W74+ WOy T4+

core—edge interface (CEI). We use the SOLPS-ITER version
3.0.7, in which the friction and thermal force terms of
impurity transport [13] are deduced from the general Brag-
inskii version of the momentum balance equation rather than
using the trace impurity assumption in the previous version
[14]. Redeposition [15-17], as an important process for
influencing net erosion and plasma confinement, needs to be
considered when analyzing the erosion of target material. In
our simulation, the redeposition coefficient of W is assumed
to be 90% at both targets. Compared with the redeposition
coefficient of the EAST experiment, the value selected is
more conservative [18].

2.2. Bundled charge state model

The atomic data of the W bundled scheme are from the
ADAS data (model of ‘year 89’) in SOLPS-ITER version
3.0.7. The acceleration of the simulation process after bund-
ling is due to the decrease in the number of conservation
equations to be handled. Table 1 shows the scheme of the W
bundled model. The numbers shown in the third row represent
the partition numbers for the bundled model ‘jett’, which is
considerably reduced. The charge state for the bundled par-
ticle is not constant but based on the plasma parameters that
affect the ionization balance, such as electron density and
temperature. The bundled charge state model can shorten the
computation time and computer memory remarkably, espe-
cially for the simulation including high Z impurity and
external impurity seeding.

MO is the full W treatment considering all W charge
states separately, including 74 W fluids. M1 ‘jett’ is a highly
resolved bundled charge state model with 23 W fluids. M1
bundles W ions partially with the better inclusion of
W!'T—W?** which are typically dominant in edge plasma.

There is no individual charge state above W?°" in the M1
model. A highly resolved bundling scheme with more than
20 W fluids could describe the divertor parameters well to a
considerable degree [6]. The best approximation of net W
erosion is given by the ‘jett’” scheme compared to the full W
treatment [7]. Therefore, we select the relatively optimal
bundling model ‘jett’ in this work.

3. Modeling results and discussion

3.1. Divertor behaviors during Ne impurity seeding

In order to check the discrepancy of plasma behaviors
between bundled model ‘jett’ and the all charge states model
to the greatest extent, we introduce external impurity seeding.
The simulation results are discussed, which emphasize elec-
tron temperature, electron density, particle flux, heat flux,
radiation and W sputtering at both divertor targets. For the
simulation setups, the deuterium ion density at the CEI is set
as np+cpr = 2.0 x 10" m™3. The atom rate of seeded Ne
impurity is fixed at Iy, = 1.0 x 10" atoms/s. The low
density and seeding rate cause the divertor to operate in the
low recycling regime and with high W sputtering, enabling us
to better check the accuracy of the ‘jett’ bundling model. The
simulated profiles of electron density (™) and electron
temperature (T°MP) along the OMP are shown in figure 3.
The n°MP given by ‘jett’ is virtually consistent with that of
the full W treatment shown in figure 3(a). Considering the
underestimation of radiation power loss inside the separatrix
[6], TOMP for “jett’ is a little higher than that of the full W
treatment in the core region, but almost the same outside the
separatrix.

Figure 4 shows the simulated plasma parameters at both
targets, including electron temperature (Z¢), heat flux (q4,,)
and particle flux (Iyp). Parametric values around the strike
point (SP) are higher for ‘jett’ than for the all W charge states
model, which could be explained by the underestimation of
radiated power loss, as illustrated in table 2. Compared with
the all W charge states model, the peak discrepancies of g,
and T; in ‘jett’ are less than 18.5% at the targets. Iy, differs
slightly in figures 4(c) and (f). This indicates that the bundled
model ‘jett’ can describe the divertor parameters well, even
for the plasmas under a low recycling regime, when con-
sidering the Ne impurity seeding. The discrepancy could be
expected to be even smaller in the high recycling regime,
according to our previous results [6].

The impurity radiations by both seeded Ne and sputtered
W in various subregions, as well as W concentration at the
separatrix, are estimated and shown in table 2. The radiation
power loss is dominant in the core region, with only a small
proportion in the divertor and the SOL region. For radiation
power loss by Ne, there is no significant difference between
full W treatment and the ‘jett’ model, elucidating that the
bundling scheme ‘jett’ has little influence on the ionization
balance and transport of Ne impurity. It mainly depends on
the ionization mean free path and the screening effect from
background plasma, which are determined by the parameters
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Figure 3. Profiles of n2MP (a) and T°™P (b) along the OMP in ‘jett’ and all charge states models, respectively.
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Figure 4. Profiles of 7; ((a) and (d)), Gaep ((b) and (e)) and I, ((c) and (f)) along inner target and outer target, respectively.

Table 2. Radiation and W con

centration for different models.

Radiation power loss (kW)

Model Core  SOL  Inner divertor ~ Outer divertor Total = Cyp,w 107%

All charge states Ne 20.1 7.0 1.2 4.0 32.3 1.24
w1779 11.1 124 13.1 214.5

jett Ne 20.0 7.1 1.1 3.9 32.1 1.54
w1117 6.1 7.3 7.8 132.9

in the divertor and the SOL region. For radiation power loss
of W, there is an obvious discrepancy between the radiation
of the ‘jett’ model and that of the all charge states model. It is
affected by the bundling scheme especially for the relatively
high charge states. The W concentration of the OMP at the
separatrix (Cyp w) is as high as 1072 Cyep,w of ett’ is higher
than full W treatment, which is no more than 24.5%.

Figure 5 shows W ion density of different charge states
for ‘jett’ and all charge states models at OMP. The density of
low charge states W' ™—W?°" is lower in the ‘jett’ model than
in the all charge states model. The estimation of radiation
power loss in the ‘jett” model is lower than that in the full W
treatment illustrated in table 2. Considering the higher T°MP
inside the separatrix of ‘jett’, the density of the high charge
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Figure 5. Profiles of W ion density for W' T—W2°T (a), W' T-w74+
(b) and W' —W"*" (c) along the OMP.

state W2'"—W’*" is higher than that of the full W treatment,
which also results in larger Cyp, w, as shown in table 2.

The eroded fluxes of W species at the targets are con-
tributed by D, Ne and W species due to their higher incident
energy than the sputtering energy threshold of W material.
The formula of eroded W flux, T'5, is expressed as follows.
W physical sputtering yield Yy pny is calculated by using
semi-empirical formula [19-24], which is influenced by
incident energy and incident particle species.

FEro = Lion YW,phy (D

L Ea)
Ey

x(cos O/ exp{f[1 — (cos 0)"']cos Dopi} ()

2
Yoy (E0) = 0Sa(0)| 1 — (%)3

0

where E| is the incident energy, Ey, is the energy threshold, O
is the yield factor, S, represents the nuclear stopping cross
section, and 0 is the incident angle which is assumed to be an
average of 45° in the work [25]. Besides, f and Oopy are fitting
parameters. [, is the corresponding particle flux.

To evaluate the level of W sputtering, the eroded W
fluxes (I'5°) by different ions are plotted and compared in
figure 6. The total T'5° of ‘jett’ is higher than that of the all
charge states model due to higher incident energy, which is
within 24.5% at the targets. Deuterium ions also make con-
tributions to 'S owing to high deuterium particle flux and
incident energy. ' from W species is more than one order
of magnitude higher than those from D and Ne species.
Discrepancies of T'R° for different models are mainly from D
and W species at both targets, which are no more than 24.5%
and 22.0%, respectively, at peak values. I's° by Ne ions
concentrates mainly at the far SOL region due to high Ne
particle flux near the puffing location. The bundled model
‘jett” shows good consistency with the all charge states model
by comparing I'5° from Ne ions in figures 6(b) and (e). In
general, the bundling model ‘jett” would not greatly influence
the distribution of the Ne impurity.

3.2. W sputtering with varied Ne seeding rate

We also scan the Ne puffing rate by varying the values of
Ine = 5.0 x 108, 1.0 x 10", 2.0 x 10", 3.0 x 10" and
4.0 x 10" atoms/s with deuterium density np+cg =
3.0 x 10" m—3. As the atom rate of seeding increases from
5.0 x 10'® to 4.0 x 10'° atoms/s, the SP values of T, aep
and Igep, at both targets are shown in figure 7. Iy, increases,
while 7; decreases, as the Ne puffing rate increases. The value
of g4, depends not only on Iy, and T, but also on the power
entering into the divertor region and divertor radiation [26].
I4ep and T; play important roles since the net power in the
divertor region is very similar. When the impurity seeding
rate is small, 7; is still high, and increased I, plays the main
role. g, at inner SP increases as the seeding rate increases
from 5.0 x 10" to 1.0 x 10'° atoms/s. When the seeding
rate increases further, the reduction of 7. becomes the
important role, thus, g,., gradually reduces when the seeding
rate is higher than 1.0 x 10' atoms/s, as shown in
figure 7(b). But g, at the outer SP shows a different trend,
which declines gradually, as shown in figure 7(e) for the
entire range of Ne seeding rates. The divertor operational
regime ranges from high recycling regime to detachment as
the Ne puffing rate increases. When the plasma temperature is
very low (<5 eV) at the divertor targets, the divertor is defined
as a detachment. It can be observed that the particle flux rolls
over near the SP. When the seeding rate exceeds
3.0 x 10" atoms/s, the detachment of the outer SP is
achieved, firstly with T; lower than 5 eV, due to more closed
geometry for the outer divertor. The peak error of SP values is
less than 11.0% at both targets between the two models,
which reduces greatly with the increase in Ne seeding rate.

F%&O for the seeding rates Iy. = 5.0 x 10'® and
4.0 x 10' atoms/s at both targets are presented in figures 8
and 9, respectively. Impurity seeding could affect the sput-
tering and distribution of W impurity. Total W impurity
sputtering around SP reduces gradually due to the lower 7, at
the targets as the Ne puffing rate increases. W sputtering from
deuterium ions is much less in the high recycling regime,
therefore, 'S induced by deuterium ions is not shown here.
When the Ne seeding rate is not sufficient to suppress W
erosion, W self-sputtering plays an important role for total
'S, as indicated in figures 6 and 8. W sputtering is gradually
dominated by Ne species, with the increase in Ne seeding rate
(Tve = 2.0 x 10" atoms/s) shown in figure 9. The dis-
crepancy in 'S distributions, with different puffing rates
shown in figures 8 and 9 between full W charge state mode
and ‘jett’ bundled model, is negligible around SP.

Figure 10 demonstrates the distribution of W density
from different divided ranges, and Cyw for high seeding rate
Ine = 4.0 x 10" atoms/s. Low-lying states mainly con-
centrate in the plasma edge. Good consistency is obtained for
the distribution of W density between the bundled model ‘jett’
and full W treatment in the high seeding rate, especially for W
ions with low charge states dominantly concentrated in the
divertor and the SOL region, as shown in figures 10(a) and
(b). The main differences in the ions above W2%F are found in
the core region due to the low resolution for high charge
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states of the bundled model, which would not result in a  3.3. Influence of transport diffusivity on W sputtering

significant influence on the divertor plasma behaviors. ] ) o
Besides, it can be seen that Gy is generally as low as 107 Generally, radial particle and thermal transport diffusivities

inside the separatrix shown in figures 10(g) and (h). The are inverted by the plasma profiles, mostly because it is dif-
sputtered W impurity at the far SOL region of targets is ficult to measure the transport diffusivities in many present
dominant, while it is relatively lower around SP in the high tokamak experiments. BOUT-++ transport code is widely
seeding rate due to low T.. used to predict the impact of radial transport diffusivities on
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SOL particle and heat flux widths under different mechanisms
[27, 28]. The magnitude of decay width of plasma char-
acteristic parameters at targets mainly depends on the radial
anomalous transport diffusivities in SOLPS-ITER [29], which
could affect the divertor plasma behaviors to a large extent.
Therefore, we evaluate the influence of transport diffusivities
varied within a certain range on divertor parameters and W
impurity sputtering behaviors in this subsection.

We assume diffusivities to be the same inside the
separatrix and conduct a scan of diffusivities in the SOL with
np+cer = 3.0 x 10°m™3 and a Ne seeding rate of
1.0 x 10'° atoms/s. Particle and thermal diffusivities in the
SOL vary over the range 1.0 to 5.0, which is shown in
figure 11. Ion thermal diffusivity ‘y; is set to be the same value
as electron thermal diffusivity x,.. When ; , remains fixed at
1.0 in the SOL, D is scanned from 1.0 to 5.0. Then y; , takes
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and ‘jett” models, respectively, for Iy, = 4.0 x 10'° atoms/s.
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Figure 11. Radial particle and thermal diffusivity setting and scan
in SOL.

the same scanning when D, keeps fixed to 1.0 in the SOL. We
keep other input parameters the same. The simulations are
only conducted by the ‘jett’ model in this subsection, based
on the reasonable agreement results achieved by the model as
described above.

Plasma parameters T¢, g4, and Ly, at divertor targets by
scanning D, are shown in figure 12. For simulation with fixed
density and particle transport diffusivity at the inner bound-
ary, the number of particles in the simulation domain is fixed
at a certain level, and more particles and energy loss at the
outer boundary mean less particles and energy to the divertor

region. The radial particle transport is enhanced with the
increase of D in the SOL, resulting in an enhanced particle
loss at the SOL boundary. One can see that as D, increases in
the SOL, [, decreases significantly at the divertor targets,
and thus the reduction of g,,,. Meanwhile, 7; increases which
results in the increase in incident energy.

Figure 13 shows the profiles of total I'y,° at divertor
targets. F]‘EV“’ is determined by I, and Yy phy, as indicated in
equation (1). As D, increases, Yy phy increases due to the
increment in incident energy but I, decreases, as shown in
figure 12. Therefore, the competition between Iy, and Y pny
determines the final value of total T'%°. It can be seen that total
' increases with the increase in D . Besides, the erosion of
the outer target is more severe than that of the inner target due
to the relatively high incident particle flux. The divertor
regime for diffusivity D, = 1 is in the high recycling regime,
which is different from other scans in the low recycling
regime. It shows relatively small I'5° compared with other
scans shown in figure 13. The peak erosion rate increases to
0.161 nms ™' with D, = 5.0 at the outer target, which means
particle diffusivity has a large impact on the W impurity
sputtering at the targets.

Figure 14 shows the profiles of T¢, g4, and T, at the
divertor targets for which only . ; is varied from 1.0 to 5.0 in
the SOL. As y, ; increases in the SOL, the thermal transport is
increased, resulting in an enhanced energy loss at the SOL
boundary. As x, ; increases, 7 decreases gradually, resulting
in the decrease in incident energy. When y ; exceeds 4.0, the
detachment occurs with T, < 5eV at the SP of the outer
target. The slight influence on Iy, by varied y, ; can be seen
in figures 14(c) and (f). Thereby Gaep also decreases.

Ero
w
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The distribution of total I'5° at the targets is illustrated in
figure 15. As x,; increases, I'E° decreases at the divertor
targets, mainly due to the reduction in incident energy. The
trend of simulation results by scanning particle and thermal
transport diffusivities is consistent with previous works in
SOLPS-ITER [30] and BOUT++ code [31], respectively,
although the emphasis on detailed comparison is different.
The incident energy of deuterium ions is lower than the
sputtering energy threshold. Hence, the erosion of atomic W
species at targets is mainly contributed by incident Ne and W
species. Thermal diffusivity has significant effects on the
temperature but a slight influence on particle flux at targets. In
general, both radial particle and thermal diffusivities could
affect the W impurity sputtering by changing the distributions
of temperature and particle flux at the divertor surface.

4. Summary

In this work, the behaviors of W impurity are performed for
an H-mode discharge with the EAST updated lower W
divertor using SOLPS-ITER code with the bundled charge
state model. The highly resolved bundled model ‘jett’ is
selected and evaluated in terms of divertor behaviors and W
impurity sputtering with external Ne seeding. The results
indicate that the bundled model with high resolution can
describe divertor plasma parameters and W impurity beha-
viors well to a reasonable degree for different divertor
operation regimes. It suggests that the W bundling scheme
with high resolution in low W charge states (<W?°") has
little influence on the ionization balance and transport of Ne
impurity. There is no significant discrepancy in radiation
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Figure 15. Profiles of T'5°

power loss and T'° produced by Ne species between the
bundled model ‘jett’ and the all charge states model. Com-
pared to the full W treatment, the peak differences in plasma
parameters at targets are less than 18.5%, estimated by the
‘jett’ model at both divertor targets. There is no obvious
difference in total T at either target, between ‘jett’ and the
all charge states model, during Ne impurity seeding.

In addition, simulation of particle and thermal transport
diffusivities, D and x, ; scanning from 1.0 to 5.0 only in the
SOL, with fixed density at the inner boundary, is conducted
by the model ‘jett’. As D, increases, [y, decreases due to
more particle loss from the wall and induces the increase in T
at the divertor targets, which leads to the increase in T'%°.
However, T; at the targets decreases gradually with increasing
Xe; in the SOL due to more heat flowing to wall, which

results in the decrease of I'5°. The change in transport dif-
fusivity has a significant influence on the divertor parameters.

10

along (a) inner target and (b) outer target.

Particle diffusivity tends to have a more pronounced effect on
the target sputtering than thermal diffusivity.

Drift terms are not taken into consideration because of
the numerical difficulty and computational limitation. Atten-
tion should be paid to understand the underlying mechanisms
of drifts based on the bundled charge state model. The
influence of drift terms on the distribution of plasma flow and
W impurity transport [32, 33] will be investigated in our
future work.
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