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Based on the EAST equilibrium, the effects of boron (B) and neon (Ne) injected at different locations on the target
heat load, and the distributions of B and Ne particles were investigated by transport code SOLPS-ITER. It was found that
the B injection was more sensitive to the injection location for heat flux control than impurity Ne. The high electron and ion
densities near the inner target in the discharge with impurity B injected from over X-point (R;) led to plasma detachment
only at the inner target, and the localized B ions in the cases with injection from outer target location (R;) and upstream
location (R3) led to far-SOL detachment at the outer target, but not at the inner target. In contrast, for Ne, the spatial
distributions of Ne ions and electrons were found to be similar in all the cases at the three injection locations, and the
detached plasma was achieved at the inner target and the electron temperature was reduced at the outer target. For locations
R, and R3, impurity B showed a more pronounced effect on the heat flux at the far-SOL of the outer target. Further analysis
indicated that Ne atoms came mainly from the recycling sources, whereas B atoms came mainly from injection, and that
their distinct atomic distributions resulted from the difference in the ionization threshold and ionization mean free path. In
addition, the radiation proportion of B in the divertor region was larger than that of Ne when the total radiation power was
similar, which suggests that B has less influence on the core region.

Keywords: boron, neon, injection location, heat flux
PACS: 52.25.Vy, 52.55.Fa, 52.55.Rk, 52.65.—y

1. Introduction

Active impurity injection is a commonly used method in
tokamaks for controlling plasma, improving plasma perfor-
mance and reducing the divertor heat load.!'=*! The key to ac-
tive impurity injection is to effectively reduce the edge heat
flux while maintaining minimal impact of impurities on the
core plasma. Achieving this requires selection of the appro-
priate working impurity, injection flow rate and injection loca-
tion.

Nitrogen (N,), neon (Ne) and argon (Ar) are commonly
adopted impurities in tokamak devices to reduce the heat load
to the divertor.>®1 N, is not employed in the EAST device
mainly due to Li wall conditioning.””) EAST discharges!'’!
with applying Ne and Ar injection showed that both Ne and
Ar could result in detached plasma as a result of strong
impurity radiation. However, Ar injection usually led to
more severe impurity accumulation and high radiation power
loss compared to the tolerable radiation loss of Ne. Re-
cently, low-Z impurity injection experiments that were car-
ried out in multiple devices!' =17 showed that real-time boron
(B) powder injection can improve wall conditions, enhance

plasma performance and reduce the divertor heat flux. DIII-
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D experiments!!'>! indicated that low-Z impurity injection was
a novel and effective method to reduce the divertor heat flux
while maintaining good energy confinement. Boron injection
experiments in EAST indicated that B can effectively reduce
the divertor heat flux and impurity content in the plasma, and
suppress edge localized modes.!'®! Thus, both impurities B
and Ne show promise for future long-pulse discharges.

Neon is a recycling impurity that can exist in the
plasma for a long time, thereby limiting the long-pulse, high-

181 Compared to B,

parameter operation of tokamak devices.
Ne has a larger negative impact on the core plasma and there-
fore its injection flow rate must be carefully controlled. In
contrast, B is a non-recycling impurity, and its deposition on
the wall has beneficial effects on wall conditions. Nonethe-
less, it may result in fuel retention due to the co-deposition
of tritiated borane.['!1 In addition, for a non-recycler, the spe-
cific injection location may influence the impurity distribution,
whereas for a recycling impurity, the initial injection location
may not matter.!'8] The different properties of these two im-
purities may lead to different effects on the plasma properties.
Thus, it is necessary to conduct in-depth research.

Although previous studies have investigated the effects of
B and Ne injection separately, a comprehensive comparative
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study of their impacts on divertor heat flux and plasma perfor-
mance is lacking. Such a comparison is crucial for optimizing
impurity injection strategies in current and future fusion de-
vices. Moreover, the underlying mechanisms governing the B
and Ne behavior, such as their atomic and radiation properties,
are not yet fully understood.

This study, based on discharge data from EAST experi-
ments, focuses on investigating the influence of B and Ne im-
purities on the divertor target heat flux using the transport code
SOLPS-ITER.!""-2!l By analyzing impurity distribution and
radiation, the physics behind the different impacts on the heat
flux to the divertor between the two impurities is explored.

2. Simulation details

In this study, the density and temperature profiles were re-
constructed from the discharge data of EAST #85043, with up-
per single null configuration and favorable toroidal magnetic
direction (B x V B towards the upper X -point). The simulated
grid, as shown in Fig. 1, includes quadrilateral grids for trac-
ing charged particles and triangular grids for tracing neutral
particles. Three impurity injection locations, Ry = 1.57 m,
Ry = 1.73 m and R3 = 1.95 m, marked by the red arrows
in Fig. 1, were selected for simulations. Location R; corre-
sponds to the location for B impurity injection experiments
in the EAST device!!®!72%] and is located to the left above the
X-point; location R, corresponds to the injection position used
in Ne impurity injection experiments!>3! and is located at the
outer scrape-off layer (SOL), approximately 5 cm away from
the outer strike point; location R3 is employed in the exper-
imental injection of lithium powder,?* specifically through
the upper divertor gap, which can be regarded as an upstream
position.

The following boundary conditions were set according to
the experimental data. At the core boundary, 4.0 cm inside
the separatrix at the outer midplane (OMP), the density of
deuterium ions was fixed at 4.0 x 10’ m=3. The power en-
tering the computational domain from the core boundary was
3.2 MW, and divided equally into ion and electron channels.
Pumps considered in the simulation include the cryopump and
the pumping port-end. The former had a recycling coefficient
of 0.94, indicated by the blue line in Fig. 1; the latter had
a recycling coefficient of 0.99 and is denoted by the orange
line.!*! To simulate the edge transport barrier of the H-mode
discharge, the radial transport coefficients were reduced in this
region. The radial particle and thermal diffusivity coefficients
are shown in Fig. 2, and the thermal diffusivity coefficients
are the same for ions and electrons. Table 1 summarizes the
recycling coefficient for the cases without impurity, and with
B and Ne, except for the pumps. The neutrals in the case with-
out impurity injection include D atoms and D, molecules, and
include impurity atoms in the cases with impurity injection. In

the case without impurity injection, the recycling coefficient
for neutrals and ions was 1, meaning that all particles hitting
the wall return to the plasma in neutrals. The same value ap-
plies to the cases with Ne injection. For impurity B, experi-
mental results indicate that it has some effect on recycling.!!”]
As a result, the recycling coefficient for D ions was taken to
be 0.98 at the inner and outer targets, and for B ions was as-
sumed to be 0.3. In fact, the two impurities, B and Ne, are in-
jected, respectively, by impurity powder dropper and gas puff-
ing. However, this work focuses on comparing the effects of
the two impurities themselves on the background plasma prop-
erties and, therefore, ignores the different injection methods of
the two impurities.
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Fig. 1. The mesh used in simulation. Three injection locations are
marked by red arrows. The quadrilateral meshes include inner (ID)
and outer (OD) divertors, a core region (CORE) and a scrape-off layer
(SOL). The two cryopumps are marked by blue circles and the pumping
port-ends are shown in orange lines.
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Fig. 2. Radial particle (D,) and thermal (). and );) diffusivity coeffi-
cients at the outer midplane.

Radial diffusivity coefficients (m?/s)

Table 1. The recycling coefficients in the cases with no impurity injection,
and with B and Ne injection, except on the pumps. The value, 0.98, in
parenthesis represents the recycling coefficient of D ions at the targets.

Neutrals D ions B ions Ne ions
No impurity 1.0 1.0 - -
B injection 1.0 1.0 (0.98) 0.3
Ne injection 1.0 1.0 - 1.0
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029 atoms/s

The injection flow rate of Ne was set at 1.0x 1
based on experimental parameters!>®! for all three injection lo-
cations. To compare the effects of B with those of Ne, the
total radiation in each case with B impurity injection was sim-
ilar to the corresponding case with Ne injection (as shown in
Table 2). Total radiation includes the line, bremsstrahlung, and
neutral radiation from the main and impurity particles. In this
way, the B powder flow rates were determined to be 7.0x 1020,
2.6x10%! and 2.7x10%!' atoms/s, respectively, at locations R,
R, and R3. Unless otherwise specified, all the simulation re-
sults in the present study are based on these flow rates. In ad-
dition, to reproduce a realistic discharge, the E¥ x B drift was
included in all the simulations. Considering that there is only
a mild effect of diamagnetic drift!>>! on the temperature and

heat flux at the target, the diamagnetic drift was not included
in the present study.

3. Simulation results
3.1. Heat fluxes to targets

The heat flux to the divertor can be reduced via impurity
radiation by injecting either B or Ne. Consequently, plasma-
wall interaction can be mitigated and the sputtering of wall
materials can therefore be alleviated. Figures 3 and 4 present
the temperature and heat flux profiles at the inner and outer
targets, respectively. In the case of pure D discharge, the tem-
perature and heat flux at the inner target are lower than those
at the outer target, which is consistent with experimental and

other simulation results. 26281
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Fig. 3. Temperature profiles at the inner (IT) and outer (OT) targets for three injection locations. The three injection locations (R}, R and R3)
refer to Fig. 1. Black lines are for no impurity injection; red lines are for B injection; blue lines are for Ne injection. The injection rate of Ne
is set at 1.0x 1029 atoms/s for all the locations, and the B flow rates at locations Ry, R, and R3 are 7.0 1020, 2.6 x 102! and 2.7x10%! atoms/s,
respectively. Star symbols in the middle panels are the experimental target 7. measured by Langmuir probes in pure D discharge. These

injection parameters are the same for all the following figures.
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Fig. 4. Heat flux profiles at the inner (IT) and outer (OT) targets for pure D discharge, B and Ne impurity injection discharges at the three

injection locations.

As shown in Figs. 3 and 4, at injection location R;, both
B and Ne reduce the heat flux significantly at the inner target

with similar profiles. At the same time, both peak tempera-

tures fall below 5 eV, indicating that plasma detachment has
been achieved at the inner target. At the outer target, with B

(Ne) injection, the temperatures drop from 55 eV to 41 eV

115201-3



Chin. Phys. B 33, 115201 (2024)

(31 eV) and the heat fluxes decrease by 9.8% (22%). At injec-
tion location R», the temperature at the inner target drops from
55 eV to around 4 eV with Ne injection, and plasma detach-
ment is achieved. The decrease in temperature or heat flux
at the inner target in the case of Ne injection is much larger
than in the B injection. For the outer target, the temperature
and heat flux peaks with B and Ne injections are close. How-
ever, a significant difference between B and Ne injection is the
temperature and heat flux in the far-SOL region at the outer
target. In the case with B injection, the temperature and heat
flux in the outer far-SOL region reduce significantly, and far-
SOL detachment is achieved at the outer target. In contrast,
far-SOL detachment is not observed anywhere near the outer
target in the case with Ne injection. At location R3, the effects
of B and Ne injection on the temperature and heat flux profiles
are similar to those injected at location R, but the reduction
in both heat flux and temperature are more pronounced at this
injection location.

From Figs. 3 and 4, no significant difference in both tem-
perature and heat flux profiles at the inner and outer targets
is observed for Ne injection cases, except that injection at R3
leads to the lowest temperature and heat flux peaks at the outer
target. For the B injection cases, the peaks and profile shapes
of the temperature and heat flux at the outer and inner targets
are significantly different. Plasma detachment at the inner tar-
getis only achieved at location R1, and a noticeable local effect
on the profiles at the outer target is observed for the cases at
locations R, and R3. Therefore, the influence of impurity B
on the background plasma is more susceptible to the injection
location, whereas the injection location has little effect on im-
purity Ne. In a previous Ne seeding study,!?®! it was found
that the seeding location has a minimal effect on divertor per-

formance.

3.2. Radiation

The reduction in either temperature or heat flux is
achieved through impurity radiation. To explore the reasons
for the different temperature and heat flux profiles in the cases
with B and Ne injected at different locations, the distribution
of impurity radiation is therefore analyzed. Figure 5 shows
the two-dimensional distribution of radiation power density by
impurities B and Ne. It is observed from the figure that with
injection location Ry, the B radiation is concentrated mainly in
the inner divertor, which explains the significant reduction in
both heat flux and temperature at the inner target (Figs. 3 and
4). In contrast, radiation in the outer divertor is relatively weak
and is concentrated mostly in the private flux region (PFR).
Correspondingly, small changes are observed in the tempera-

ture and heat flux profiles at the outer target shown in Figs. 3

and 4. At injection location R;, the B radiation is distributed
mainly near the injection location in the outer divertor, leading
to a significant decrease in temperature in the far-SOL region,
and far-SOL detachment (as shown in Fig. 3). Although the
radiation also increases near the outer strike point, it is not
enough to achieve detachment there and the electron temper-
ature is reduced to ~ 35 eV compared to the pure D case. At
location Rz, the B radiation region extends from the injection
location along the neighboring magnetic flux tube towards the
outer target, leading to a significant decrease in temperature
in the far-SOL region. Compared to location R;, the lower
temperature at the outer target for B injection at location Rj3 is
attributed to the enhanced radiation in the SOL.

Comparatively, the distributions of Ne radiation are sim-
ilar at the three injection locations. However, at location R3,
the radiation near the separatrix in the divertor region, espe-
cially in the inner divertor, is significantly higher than at other
locations. In addition, the Ne radiation in the core region is
significantly higher than the B radiation, indicating that the ef-
fect of Ne on the core region is greater than that of impurity
B. Further analysis of the radiation distribution validates that
the contributions of impurity B are influenced more strongly
by the injection location.

Table 2 summarizes the radiation powers in specific re-
gions for the three injection locations Ry, Ry and R3. The re-
gions, as shown in Fig. 1, include the core region, SOL, outer
divertor (OD), inner divertor (ID) and the whole domain (to-
tal). Radiation powers consist of the line, bremsstrahlung and
neutral radiation. The radiation in the divertor region in the
cases with Ne injected at locations Ry, R> and R3 accounts for
61.5%, 62.3% and 54.4% of the whole domain, respectively,
while the corresponding percentages for the cases with B in-
jection are 94.8%, 95.1% and 32.2%, respectively. The pro-
portions of radiation in the divertor regions with injection lo-
cations R; and R, are similar, while the proportions of divertor
radiation decrease at location R3, especially for the case with
B injection. From this table, we learn that impurity injected in
the divertor region either at Ry or R, is more beneficial for in-
creasing the divertor radiation in the divertor region, whereas
injection in upstream plasma, e.g., location R3, leads to more
radiation in the core region and SOL.

Comparing the two impurities injected at locations R and
R», radiation in the cases with B injection is well concentrated
in the divertor region, whereas the Ne injection cases have a
larger proportion of radiation in the core and SOL regions.
This means that impurity Ne reduces the heat flux flowing into
the divertor region by dissipating energy upstream. At loca-
tion R3, the proportion of radiation in the divertor region for
the B injection case decreases significantly, compared with at
locations R; and R,, while for the Ne case, it decreases only
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slightly. This also indicates that the injection location has a
significant impact on B distribution. For impurity Ne, large
radiation power is always present in the inner divertor regard-
less of the injection location, and this is responsible for the

detached plasma near the inner target. Furthermore, the ra-
diation of the B injection cases in the core region is at least
2.4 times smaller than that of the Ne cases when the radiation
powers of B and Ne cases are similar.

Radiation power density (W/m?)

1.2 ] 5%X107
1x107
0.8 1H 5x106
H 1x106
H 5X10°
/E\ 0.4 ] I 1x10°
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Fig. 5. Radiation power density by B and Ne at injection locations R, R, and R3. The top row is for B, and the bottom row is for Ne. The flow
rates of Ne are all 1.0x 1020 atoms/s, and the flow rates of B at locations R;, R» and R3 are 7.0x10%°, 2.6 x 102! and 2.7x 102! atoms/s, respectively.

Table 2. Radiation powers in the core region, SOL, outer divertor (OD), inner
divertor (ID) and the whole domain. The unit of radiation power is kW.

Impurity Core SOL OD ID Total

R=157 Ne 84 139 124 232 579
17 14 125 438 594

R—173 Ne 76 122 133 194 525
13 13 452 57 535

R—1095 Ne 172 306 259 312 1049
B 71 643 252 87 1053

The impurity radiation power in plasma can be evalu-
ated by the formula Pyg = neY znzY 7 (§7L2(T2)), in which
ne and nyz represent the electron and impurity densities, re-
spectively, {7 represents the relative density of different impu-
rity charge states, and Lz(T;) is the cooling factor, describing
the temperature-dependent radiation capacity of impurity. 3]
First, the distribution of electron density in cases with either
impurity B or Ne impurity injection is shown in Fig. 6. For Ne
injection, the distributions of electron density at different lo-
cations are similar, with a significantly higher electron density
observed near the inner target in the near-SOL region. There-
fore, at different injection locations, neon radiation is deter-
mined mainly by its extensive distribution of Ne ions. For B
impurity, the electron density near the target, especially the in-

ner target, is significantly higher in all three cases. In addition,
the broadened high-density region (1.0x 10%°-2.0 x 10?° m—3)
next to the inner target in the case at injection location R; is
more noticeable than the other two cases. In both the Ne and
B injection cases, the high electron density near the inner tar-
get is associated with the E x B drift. For the case with B
injected at location R, the injection location is beneficial for
enhancing the electron density near the inner target, compared
with injection locations R, and Rs3.

Figure 7 shows the cooling factors of species B and Ne
in the coronal equilibrium, taken from the ADAS database. 3!}
It is found that the cooling factor of species B is significantly
higher than that of Ne when the temperature is below 10 eV,
while the cooling factor of species Ne is higher in the range
of ~ 10-100 eV, with a peak at ~ 30 eV. This indicates that
impurity B is conducive to cooling the plasma in the low-
temperature regions, while impurity Ne plays a larger role in
cooling the plasma in high-temperature regions, which is the
reason for the larger fraction of B radiation in the divertor re-
gion (as shown in Table 2). In what follows, we will discuss
the features of their distributions.
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Electron density (m~3)
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Fig. 6. Electron density in the cases with B and Ne injected at R, R, and R3 locations. The top row is for B and the bottom row is for Ne. The flow
rates of Ne are all 1.0x 1020 atoms/s and the flow rates of B at locations Ri, R, and R3 are 7.0x 1020, 2.6 x 102! and 2.7x 10%! atoms/s, respectively.
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Fig. 7. The cooling factors of impurities B and Ne versus electron tem-
perature.

3.3. Impurity distribution

The two-dimensional distributions of all B and Ne ions
are shown in Fig. 8. In the case of injection location R|, B
ions are distributed mainly near the separatrix in the inner di-
vertor. In the case of injection location R», they are distributed
primarily near the injection location, with localized diffusion
along the poloidal and radial directions. In the case of injec-
tion location R3, they move along magnetic field lines towards
the outer target and diffuse in the radial direction from the in-
jection location; some of the B ions are transported to the inner
divertor, driven mainly by E x B drift. The distribution of B
ions is strongly related to the injection location. For Ne, its
ions are distributed mainly in the divertor region, and the Ne
density in the inner divertor is slightly higher than that in the

outer divertor due to E x B drift. Although the distribution
of Ne ions is also influenced by the injection location, the in-
fluence is not as significant as that on B ions. In addition,
the density of Ne ions in the divertor region and upstream at
location Rj3 is significantly higher than that at the other two
injection locations.

After comprehensively considering the electron density,
cooling factor and impurity ions, we can explain the distribu-
tion of radiation. For B impurities, at location R, both the
high electron density and impurity ion density near the inner
target result in enhanced radiation. The low temperature at
the inner target (see Fig. 3) implies that the temperature drops
easily to the low-temperature region, leading to an increase in
the cooling factor and further enhancement of radiation un-
til plasma detachment is achieved. At locations R, and R3,
impurity ions are concentrated in the outer divertor and the
vicinity of the injection location, with only a small number of
impurities entering the inner divertor region. As a result, the
small impurity radiation in the inner divertor is not sufficient
to facilitate plasma detachment. At the outer target, the high
impurity density in the far-SOL region leads to high radiation
in a localized zone, as shown in Fig. 5. In addition, the elec-
tron temperature at the outer target is higher than the inner
target, especially at the outer strike point, and thus only far-
SOL detachment is achieved. For impurity Ne, regardless of
the injection location, both the electron density and impurity
density near the inner target plate are relatively high, facilitat-
ing plasma detachment.
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Fig. 8. Densities of all B and Ne ions at Ry, R and R3 injection locations. Top row is for B and the bottom row is for Ne. The flow rates of Ne
are all 1.0x102° atoms/s and the flow rates of B at locations R}, R, and R3 are 7.0x 1020, 2.6x 102! and 2.7x 102! atoms/s, respectively.
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Fig. 9. Density of B and Ne atoms at Ry, R, and R3 injection locations. Top row is for impurity B and the bottom row is for impurity Ne. The
flow rates of Ne are always 1.0x 1029 atoms/s and the flow rates of B are 7.0x 1029, 2.6x 10%! and 2.7x10%! atoms/s, respectively, for the cases

at locations R, R, and Rj3.

1.2

The distribution of impurity ions is closely related to the =~ Ne atoms escape from the plasma. When Ne is injected from

distribution of atoms, which is shown in Fig. 9. B atoms are  location R3, the atomic density is significantly larger than at
distributed mainly near the injection location, while most Ne  locations R; and R,. The distribution of B atoms is more con-
atoms are concentrated in the divertor region, and numerous  centrated at the injection location, while in contrast, Ne atoms
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are present mainly in the divertor region, which is less affected
by the injection location. The distributions of ions in Fig. 8
can be easily understood from the atomic distributions, and
the reason for such a significant difference in the distribution
of B and Ne atoms will be explored further in the discussion
section.

Table 3. Atomic sources from injection (impurity flow rate) and recycling
at the plasma facing wall (including the inner (IT) and outer (OT) targets,

the first wall (FW), the dome wall (DW) and the whole wall surface (total)).
The unit of atomic sources is 1.0x 10'° atoms/s.

1T oT FW DW Total Injection
R|-B 54.2 2.7 5.5 2.5 64.9 70
R>-B 1.1 148.7 8.1 1.7 159.6 260
R3-B 16.0 165.0 39.1 14.8 234.9 270
R;-Ne 47.8 30.4 4.8 2.1 85.1 10
R>-Ne 31.0 53.1 4.0 1.9 90.0 10
R3-Ne 101.3 88.3 12.5 39 206.0 10

Table 3 summarizes the atomic sources at plasma-facing
walls from recycling and the injected atomic source to under-
stand the reasons for the difference in the distribution of B and
Ne atoms. The recycled atomic sources are calculated from
all impurity ions and atoms hitting the wall. From this table, it
can be observed that for Ne atomic sources, the injected atomic
source is at least eight times smaller than the recycling atomic
source. Therefore, Ne atoms in the plasma come mainly from
the recycled atomic sources in the divertor. This is the rea-
son the distribution of Ne is not significantly affected by the
injection location. The previous Ne seeding experiments con-
ducted on EAST!*! indicated that Ne radiation was induced
dominantly by recycling impurities from the divertor targets,
rather than the injected impurities, which is consistent with our
simulation results. In addition, impurity Ne injected from lo-
cation R3 is more likely to enter the core region, and the high
temperature facilitates impurity ionization, leading to higher
Ne ion density upstream. The high Ne ion flux transported to
the wall produces a larger density of recycled Ne atoms (as
shown in Fig. 9(f)), which results in a higher Ne ion density
in the divertor region (as shown in Fig. 8(f)). For B atoms,
the source from injection exceeds that from recycling, and the
recycled source is influenced significantly by the injection lo-
cation. Therefore, the distribution of B atoms is determined
mainly by the injection location. Hence, there is a consider-
able difference in the reduction of heat flux at different injec-
tion locations for impurity B. This also explains the difference
between the sensitivities of B and Ne to the injection location.

4. Discussion

From the simulation results, we know that the electron
temperature at the targets and the heat flux to the divertor tar-
gets are strongly influenced by the distribution of impurities.
As is well known, the ion distribution is closely correlated

with the atomic distribution, and the distribution of the lat-
ter is strongly related to its ionization threshold and plasma
conditions.

The neutral impurity particles come mainly from the re-
cycling and the injected impurity. Impurity atoms and ions
that hit the wall return to the plasma in the form of neutral
atoms, known as recycled atoms. These recycled atoms move
back and forth between the plasma and the wall until they are
ionized. The trajectory of a neutral atom strongly depends on

a characteristic parameter, the ionization mean free path: [33-34]
mf
A’ion?a = Va/(n6<o-v>ion,a)7 (1)

in which v, represents the average velocity of atom a, which
we can roughly take as a constant, 7. is the electron density
and (OV)ion 4 denotes the ionization rate coefficient of atom a.
The ionization rate coefficient strongly depends on the local-
ized plasma temperature. As a result, the ionization mean free
path is significantly influenced by the temperature and density
of electrons. The ionization rate coefficients of atoms B and
Ne versus temperature at electron density of 1.0x10" m—3
are shown in Fig. 10. The ionization rate coefficient of Ne is
always less than that of B, especially in the low-temperature
range, e.g., under 10 eV, where the Ne ionization rate coeffi-
cient is at least 1 order of magnitude smaller than that of B
atoms.

Taking the case with injection location R; as an example,
the ionization mean free path is further analyzed for impuri-
ties Ne and B. The velocities of neutral atoms are similar in
the divertor region and the electron density is also similar, as
shown in Fig. 6. Thus, the difference between their ionization
mean free paths can be estimated by their ionization rate coef-
ficients, as shown in Fig. 10. From Eq. (1), we know that the
ionization mean free path of Ne is much larger than that of B
in the low-temperature range. For instance, at the inner and
outer strike points, A™P of Ne is ~ 40 and ~ 6 times larger
than that of B atoms. This implies that Ne atoms diffuse over
a much wider region than B atoms.
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Fig. 10. Ionization rate coefficients of atoms B (from “year 89” ADAS
database) and Ne, with electron density of 1.0x 10" m=3.

Now, we attempt to understand the distribution of impu-
rity atoms. Neon atoms are ionized after injection from loca-
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tion R, and the ions are transported along the magnetic field
lines to the divertor targets (especially the inner target), and
simultaneously the radiation induced by the impurity results
in a decrease in temperature. The long ionization mean free
path of the recycled Ne atoms leads to the extensive presence
of Ne atoms. In the private flux region and in the vicinity
of the inner target, the electron temperature is low (as shown
in Fig. 11), mostly below 20 eV, and Ne atoms (mainly from
recycled sources), whose ionization threshold is as high as
21.6 eV, are therefore present extensively in the private flux
region and near the inner target, as shown in Fig. 9. In addi-
tion, from the same figure, we can see that numerous Ne atoms
enter the vacuum chamber due to the long ionization mean free
path of Ne atoms and the pumping effect of the pumps.
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Fig. 11. Electron temperature in the cases with impurities B (a) and Ne
(b) injection at location R;.

For B atoms, the ionization mean free path is relatively
short. After the ionization of B atoms near the injection lo-
cation, the B ions exist locally. Recycled B atoms from the
ions transported along the magnetic field lines to the targets
are also distributed locally. The recycled B atoms ionize eas-
ily due to the low ionization threshold of 8.3 eV, resulting in
a low atomic density near the targets. Consequently, most B
atoms are concentrated near the injection location, and are sig-
nificantly influenced by the injection location. This suggests
that selecting an appropriate injection location for B is critical
for modulating the localized plasma effectively.

5. Conclusion

Based on the equilibrium of EAST discharge #85043, the
impact of B and Ne impurities on the divertor heat flux in the
favorable toroidal magnetic field direction was studied using
the edge plasma code SOLPS-ITER. The simulation results
indicate that when impurity B is injected from the X-point lo-
cation (R1), it is easy to achieve detachment for the inner target
at a low flow rate, and that from the outer target (R;) and up-
stream (R3) locations leads to far-SOL detachment at the outer
target. For Ne impurity, injection from different locations con-
sistently results in plasma detachment at the inner target.

The analysis of radiation revealed that B radiation is in-
fluenced significantly by the injection location, whereas Ne ra-
diation distribution depends weakly on the injection location.
When impurity B was injected at location R, plasma detach-
ment was achieved at the inner target, primarily due to the high
electron density and impurity density near the inner target, as
well as the low background temperature. At locations R, and
R3, the far-SOL detachment at the outer target is mainly re-
lated to the localized B ions. For Ne impurity, a similar distri-
bution of impurity radiation is observed at different injection
locations due to the electron and impurity densities being less
affected by the injection location. The larger cooling factor
of B impurity in low-temperature results in the greater propor-
tion of radiation from impurity B in the divertor region than
that from impurity Ne. This suggests that impurity B may re-
duce the heat flux effectively while having a smaller impact on
the core plasma.

The distribution of impurity ions is closely related to their
atoms. Analysis of the atomic sources indicates that the B
atoms come mainly from the injection source, while the Ne
atoms come mainly from recycling. The reduction in heat flux
by impurity B is therefore more easily influenced by the injec-
tion location, whereas that by impurity Ne is less sensitive to
the injection location. The extensive distribution of Ne atoms
in the divertor region is related to their recycling property, high
ionization threshold and long ionization mean free path, while
the localized distribution of B ions near the injection location
is due to their low ionization threshold and short ionization
mean free path.
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