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Abstract.
An analysis of radiative power exhaust for JT-60SA tokamak with tungsten

divertor is performed with the help of self-consistent, core-edge integrated
COREDIV code. Two scenarios of operation (low and high density) were
investigated in the scope of different parameters (electron density at the separatrix
and transport in the scrape-off layer) with impurity seeding (Ne and Kr).

The calculations show that in case of tungsten divertor the power load to
the plate is mitigated and the central plasma dilution is smaller compared to
the carbon divertor. In the most cases the energy flux through the separatrix is
above the L-H transition threshold. For the high density case with neon seeding
operation in full detachment mode is observed. It is demonstrated that transport
in the SOL has a high influence on the result of calculations, for instance by
changing the electron density on the separatrix the influx of heavy impurities (W,
Kr) into the core region can be reduced.
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1. Introduction

The main aim of JT-60SA project is to analyze the near-fusion plasma conditions for
support of ITER experiment [1, 2]. The crucial problem for a future tokamak reactor
is the reduction of the power delivered to divertor plates down to levels acceptable
for existing tungsten-based materials. According to engineering limits for ITER, the
maximum heat dissipated in the divertor plate has to be lower than 10 MW/m2 in steady
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state [3]. This can be achieved by radiative cooling in the pedestal and scrape-off layer
(SOL) areas, which helps to spread the energy over a larger area and to reduce the
energy flux towards the target. Effective radiating cooling can be provided by seeded
or intrinsic impurities through various radiation channels.

The influence of various seeding gases on the improvement of energy confinement
on JT-60U has been extensively investigated experimentally and numerically. For
instance in Ne-seeded discharges neon was found to contribute the dominant part
of radiation during detachment [4]. Moreover, discharges with argon seeding beside
expected increase in radiation, especially in the vicinity of the pedestal, showed
additional increase in confinement during the seeding phase [5, 6]. The explanation of
the behavior is not yet clear, but it is accompanied by density peaking and a rise in
electron temperature in the pedestal region. SOL simulations with Ar seeding were
also performed by SONIC code, which incorporates real geometry and Monte-Carlo
algorithm [7]. However the tungsten concentration used there, which is a crucial value,
is a given parameter, whereas in COREDIV it is calculated self-consistiently. In any
case the results show that high seeding gas puff and fueling levels are necessary to
fulfill the scenario requirements.

The analysis of the influence of different kinds of impurities (divertor material and
seeded impurities) in the future device JT-60SA is performed by using a numerical code
COREDIV [8]. This integrated core-edge fluid code can provide steady-state impurity
concentrations and radiation distributions taking into account basic atomic processes
(radiation, recombination, charge exchange) and plasma-wall interactions. COREDIV
is able to simulate tokamak plasmas with various divertor plate materials as well as
various plasma impurities [9, 10, 11]. In our previous work we analyzed scenarios
for JT-60SA with a carbon divertor [12]. Until recently carbon was considered
as a perspective first wall material, but experiments show that besides numerous
advantages, due to chemical activity (reaction with tritium) it should not be used
in future tokamak reactors [3, 13]. Therefore, according to JT-60SA Research Plan
the carbon wall will be exchanged with tungsten [1]. Tungsten is considered the
most suitable plasma facing material du to several beneficial properties: high melting
point, no chemical erosion, high sputtering threshold energy for deuterium, moderate
activation [3, 13]. In burning plasmas radiating tungsten ions can more effectively
remove the excess energy from the core region than C and do not cause strong plasma
dilution. On the other hand, due to high Z very little concentration of tungsten in
the core are allowed before causing a radiative collapse [14]. Therefore, using seeded
impurities to cool down the SOL and to further limit tungsten sputtering is crucial for
stable operation of ITER and larger fusion devices. As due to high Z tungsten radiates
mostly in the core, where the temperatures are higher, enhancing the radiation in the
the pedestal and SOL region requires the seeding of a single low-Z or a mixture of
low- and medium-Z impurities [15, 16]. Last but not least, to achieve high density
regime with detached divertor a substantial amount of energy needs to be dissipated
in the SOL region, which is facilitated by using externally seeded impurities.

1.1. Code description

The approach of solving the plasma equations by dividing the tokamak into a
unidimensional core and at least 2 dimensional SOL is a known method [17, 18].
In COREDIV the SOL is described by 2D MHD multi-fluid equations developed
by Braginskii [19]. Transport along the magnetic filed lines is assumed to be
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classical, whereas the perpendicular transport is anomalous with empirical diffusion
coefficients. In the SOL region continuity equation, parallel momentum transport for
each ionization state and equations for electron and ion temperature (common for all
ions) are solved. In the core 1D radial diffusion equations for densities of ions and
electrons and their temperatures are solved. Each ionization state of each impurity
is considered separately in both domains. The coupling between the core and SOL
region is imposed by continuity conditions on the separatrix for values of temperatures
and densities and fluxes of particles and energy. For the ion transport equations
in the core region anomalous transport coefficients for densities and temperatures
are used. In COREDIV the neutrals are described by a simplified analytical model
based on a diffusive behavior with adjustable recycling coefficients to reproduce the
assumed average electron density and its value on the separtrix. This approximation
enables fast computation and retains the most of the important observations while
sacrificing the description of rich details of plasma-wall interaction and behavior of
neutral particles [8, 9, 10].

The electron and ion energy fluxes are defined by the local transport model
as implemented in [20] which reproduces a prescribed energy confinement law. In
particular, the anomalous heat conductivity is given by the expression χe,i =

2Ce,ia
2/τE

[
0.25 + 0.75(r/a)

4
]
F (r), where τE is the energy confinement time defined

by the ELMy H-mode IPB98(y,2) scaling law [21], a is the minor plasma radius and
the energy transport coefficients Ce, Ci, (Ce = Ci) are adjusted to have agreement
between the calculated and experimental confinement times. Transport coefficients
have been modified in the pedestal region by a peak-shaped function F (r) to model
the transport barrier with an extreme positioned at ρpol/a = 0.93, where ρpol is the
poloidal coordinate. The anomalous radial diffusion coefficients for electrons and ions
in the core Dan

e,i = 0.1χe,i, respectively. The impurity concentration is defined as the
ratio of impurity density to the electron density.

In COREDIV the description of the transport in the core region is simplified
as the main aim is to analyze the influence of the impurities on the radiative heat
losses, divertor target load and tungsten concentration. The simplifications allow to
avoid time-consuming sophisticated transport models and Monte-Carlo calculations.
However, one has to take into account the limitations of the model resulting from
the assumptions, for instance no implemented treatment of ELM’s. Therefore, all the
COREDIV results should be interpreted as time-averaged quantities [10].

1.2. Modeled scenarios

In our previous work we analyzed JT-60SA inductive scenarios #2 (low density, high
auxiliary power, referred to as #2) and #3 (high density, low auxiliary power, referred
to as #3) for the configuration with carbon divertor and 4 impurities: nitrogen, neon,
argon and krypton [12]. For scenario details see Table 1.1 [1]. Although for #2 it
was not possible to limit the high power load on the divertor plate despite various
seeding impurities, krypton was suggested for further study as it leads to beneficial
conditions in the divertor. The present work focuses on the calculations for the same
scenarios, but with tungsten divertor. The main focus is to study the stationary state
achieved for different gas seeding levels. Moreover, the influence of model parameters
(radial diffusion coefficient in the SOL and electron density at the separatrix) on
the stationary state are analyzed. In particular, the total impurity concentrations,
radiation losses and corresponding heat loads at the target are calculated. Here neon
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Parameter name Unit Scn#2 Scn#3
Ip [MA] 5.5 5.5
BT [T] 2.25 2.25
RT/a [m] 2.96/1.18 2.96/1.18
κ [-] 1.87 1.86
Paux [MW] 41 30
〈ne〉LIN / 〈ne〉VOL / ne(0) [×1019 m−3] 6.3/5.6/7.7 10/9/12.3
〈Te〉VOL / Te(0) [keV] 6.3/13.5 3.7/7.9
〈Ti〉VOL / Ti(0) [keV] 6.3/13.5 3.7/7.9
H98(y,2) [-] 1.3 1.1

Table 1. Selected parameters of the simulated JT-60SA scenarios. From the
top: plasma current, central magnetic field, totoidal/poloidal radius, elongation,
maximum auxiliary heating power, electron density: linear average/volume
average/central, electron temperature: volume average/central, ion temperature:
volume average/central, H-factor according to IPB98(y,2) scaling law.

and krypton are selected as the examples of low- and high-Z impurities. Due to the
fact that in #3 the density is higher and the auxiliary power much lower than in #2
neon is able to provide enough cooling and simulations with krypton are omitted.

2. Results

In the beginning some preliminary calculations were performed to adjust the transport
barrier parameters (position, height and decay length) and main plasma ion inward
pinch velocity to better match the density and temperature profiles for the unseeded
discharges resulting from JETTO calculations (for scn#2) [22]. Also the ratio of
auxiliary heating power delivered to ions and electrons was adjusted and set to 50/50.
Then the scans of seeding gas puff rate were performed for different values of 2
adjustable parameters: radial diffusion coefficient for ions in SOL (main plasma and
impurities) D⊥ and the ratio of the electron density on the separatrix to the average
electron density nsepe /〈ne〉. As presented in Table 2, the reference values of D⊥ and
nsepe /〈ne〉 were chosen to 0.5 m2/s and 40%, respectively. Two more values of D⊥
(0.25 m2/s and 1 m2/s) while keeping nsepe /〈ne〉 = 40% and two more nsepe /〈ne〉 values
(50% and 60%) while keeping D⊥ = 0.5 m2/s were analyzed.

nsepe /〈ne〉 ↓ D⊥ / m2/s
0.25 0.5 1

40% X X X
50% X
60% X

Table 2. Parameter space analyzed for each investigated scenario.

2.1. General seeding dynamics observations

The key to understanding further results is to recognize the influence of D⊥ and
nsepe /〈ne〉 on the dynamics of the impurity transport. The sources of impurities, both
intrinsic and seeded, are localized in the SOL. The seeded impurity (neon and krypton)
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is puffed at a localized spot situated at 90% of the distance along the inner wall between
the stagnation point and the target. Tungsten production on the plate is determined
by the sputtering coefficient, which is strongly coupled to the electron temperature at
the plate T PLATE

e and the ion influx. The influx of impurities into the central plasma
is calculated according to multi-fluid transport equations valid in the SOL. Therefore,
changingD⊥ and nsepe /〈ne〉 (boundary condition) effectively changes the balance of the
core-SOL system, introduces new temperature profiles and distributes all ionization
states of the impurities in a different way. These changes inherently entail a change
of radiation profiles, energy exhaust and conditions on the divertor target, which is of
our central interest.
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Figure 1. Concentrations of intrinsic (W, filled symbols) and seeded (Ne, Kr,
open symbols) impurities as a function of seeding for different values of D⊥ (a)
and n

sep
e /〈ne〉 (b) for #2. The data for the reference values of D⊥ = 0.5 m2/s

and n
sep
e /〈ne〉 = 40% is shown in every graph.

In Figure 1 the core concentration of impurities (cCORE
W , cCORE

Ne , cCORE
Kr ) as a function

of gas puff level of the seeded impurity (seeding rate of neon and krypton recalculated
to the amount of electrons per second, Γel) for different values of D⊥ (a) and nsepe /〈ne〉
(b) are presented. Impurity concentrations achieved with neon seeding are larger by
an order of magnitude than for krypton. Seeding of Kr is lower than for Ne as Kr
has higher radiation efficiency in the core region. In the terms of discharge control
and limiting the tungsten concentration it is beneficial to have higher D⊥ and higher
nsepe /〈ne〉.

A general observation is that the heavier impurity (Kr) suppresses cCORE
W by

replacing tungsten in the core, whereas the lighter one (neon) does not. While
increasing D⊥ the growth of cCORE

Ne and cCORE
Kr with increasing gas puff is slower in

both cases and the maximum achieved cCORE
W is suppressed. This observation can be

explained by screening effect caused by increased radial transport of tungsten ions in
the SOL.

As visible in Figure 1 (b), increasing nsepe /〈ne〉 has a little effect on cCORE
Ne , but the

growth of cCORE
Kr is suppressed. Also with increasing nsepe /〈ne〉 the maximum tungsten

concentration is limited. Higher nsepe /〈ne〉 increases the friction between impurity ions
and main plasma leading to the reduction of the influx of impurity ions into the core
plasma. In both cases increase of nsepe /〈ne〉 above 50% brings almost no change in
transport dynamics. This saturation behavior is visible in several other parameters,
as demonstrated in the section 2.4.
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From the technical point of view it should be easier to control the concentration
of seeded impurity in the case of neon as the gas puff range is wider than in the
case of krypton and the slope of cCORE

Ne (Γel) dependence is less steep. The results of
calculations for #3 are similar to the ones presented above albeit with cCORE

W about a
factor of 10 lower, therefore are not shown.

2.2. Electron density and temparature profiles

Figure 2 presents the electron density ne (a) and electron temperature Te (b) profiles
for the reference values of D⊥ and nsepe /〈ne〉. In fact, the density depends very
weakly on the kind of impurity and the seeding rate, mostly due to fixed conditions
for nsepe /〈ne〉 and <ne>, so the profiles presented in Figure 2 (a) refer to the
whole investigated concentration range for a given scenario. But the temperature
profiles show an increased peaking when the impurity concentration is increased. In
Figure 2 (b) Te exemplary profiles for 〈Zeff〉 = 3 for each seeding case are shown.
For comparison the unseeded cases are also presented as the dashed lines. It can be
noticed that in #2 with krypton seeding the central temperature is slightly lower than
with neon for the same 〈Zeff〉 value due to lower dilution of the main plasma. In
general, the Te profiles are lower compared to our previous results for carbon divertor
[12], mainly due to the mentioned adjustment of barrier parameters: inward pinch
velocity and transport barrier height, which were afterwards kept constant during the
simulations. As-adjusted profiles have central ne(0) and Te(0) values are in very good
agreement with the designed ones (see Table 1.1).
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Figure 2. Poloidal profiles of electron density (a) and temperature (b) in #2 for
D⊥ = 0.5 m2/s and n

sep
e /〈ne〉 = 40%. For details see text.

2.3. The influence of different D⊥

This section describes the influence of radial diffusion in the SOL D⊥ on the
plasma properties. Figure 3 presents the radiation power PTOT

RAD (a) and P SOL
RAD (a-

c), concentration of tungsten in the core cCORE
W (c) and average effective charge 〈Zeff〉

(d) as a function of seeded impurity concentration in the core.
The average effective charge is linearly dependent on the seeded impurity

concentration with the slope determined by the kind of the seeded impurity and the
intercept set by initial tungsten concentration when no seeding is applied. It can be
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Figure 3. Radiation powers, tungsten concentration and average effective
charge as a function of seeded impurity concentration for #2 (left and middle)
and #3 (right) for different values of D⊥. Total radiation power PTOT

RAD , SOL
radiation power P SOL

RAD (filled symbols) and radiation fraction fRAD (right scale)
(a), radiation power of the seeded impurity in the SOL (b), radation power of the
seeded impurity and tungsten in the core PCORE

RAD,Ne/Kr, P
CORE
RAD,W, respectively, and

tungsten cocnentration in the core cCORE
W (right scale, overlaps with PCORE

RAD, W) (c),
average effective charge 〈Zeff〉 (d). The blue star symbol in #3 with Ne denotes
the last point for the D⊥ = 1 m2/s series, a detached state.

observed that varying D⊥ has a negligible influence on 〈Zeff〉. It should be pointed
out that for the purpose of fusion reactor it is beneficial to keep the 〈Zeff〉 as low as
possible to avoid nuclear fuel dilution. However, for the purpose of studying radiative
exhaust by different impurities we present simulations with 〈Zeff〉 up to about 5,
what corresponds to plasmas with 0.5% of Kr or 4% of Ne. This approach allows for
observing more general trends and features of seeding with different impurities.

In the model the impurity line radiation of each specie proportional to n2e ·
LNe/Kr· cCORE

Ne/Kr/W where LNe/Kr/W(T ) is the respective cooling factor. In the case of
seeded impurities it exhibits a linear dependence on cCORE

Ne/Kr (see Figure 4 (c)). It is clear
that as for a given scenario the electron density profile does not change with seeding,
the variation of PCORE

RAD,Ne/Kr with D⊥ is due to changes in the electron temperature
profile. On the other hand for the intrinsic impurity the dominant factor ruling its
PCORE

RAD,W is W core concentration. The shape of PCORE
RAD,W almost directly overlaps with

cCORE
W (note the right scale in Figure 4 (c)). It can be noted that increasing D⊥
enhances the screening effect in the SOL which results in lower high-Z impurities
radiation in the core.

In #2 krypton radiates in the core more effectively than neon due to higher Z.
Moreover, it can be observed that krypton radiation replaces tungsten radiation in
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the core. This is also true for neon in #3, due to different conditions than in #2 (see
Figure 2 (b)). Here at sufficiently high cCORE

Ne tungsten could be entirely replaced by
Ne. The impurity concentration at which maximum cCORE

W occurs is 0.06% of Kr in
#2 and 0.2-0.5% of Ne in #3 (lower end for higher D⊥ value). Exceeding these values
experimentally while sustaining stable H-mode plasma would open a way to removal
of tungsten impurity and to detachment. On the other hand, it must be emphasized
that high impurity concentrations correspond to high 〈Zeff〉 values and might be not
applicable for a reactor scenario.

Concerning the SOL radiation in the case of #2 the seeded impurity radiation
plays a dominant role, as visible when comparing Figures 3 (a) and (b). In scenarios
with Ne seeding an increase in D⊥ causes P SOL

RAD,Ne to grow, especially in #3. As Kr
radiates in SOL less than Ne the influence of D⊥ is less pronounced in #2. On the
other hand, total radiation power losses PTOT

RAD (and radiation fraction fRAD) diminish
while increasing D⊥, especially in #2. This tendency is caused by the behavior of
tungsten (Figure 4 (c)) and can be explained by the shielding effect described in
Section 2.1. Tungsten transport is crucial for determining the core radiation in #2.
For the case with 〈Zeff〉 = 3 and D⊥ = 0.5 m2/s the highest achieved radiation fraction
is about 0.85 in #2 for both impurities and about 0.75 for #3. It should be noted
that in the case of #3 the detachment regime is easily accessible and for the case with
D⊥ = 1 m2/s for cCORE

Ne ≈ 1.25%. Achieved fRAD = 0.7 is already rather high and about
75% of the total radiation power is radiated out in the SOL (see Figure 3 (a)).

Figure 4 (a) presents the input power to the SOL P SOL
input, TOT as a function of

seeded impurity concentration. The dashed area denotes the L-mode regime, where
the threshold value has been calculated from the condition elaborated by Martin et
al. [23]. Only in the case of the lowest D⊥ value in #2 staying in H-mode at high
seeding rate might be an issue.

In Figure 4 (b) the total power delivered to the divertor plate P PLATE
TOT is presented.

The limit marked by the black line corresponds to maximum average heat flux on the
plate of q‖,MAX = 10 MW/m2 [1]. It is hard to set a definite power limit in calculations
with simplified geometry. In our approach the limit is calculated from P PLATE

TOT,MAX

= q‖,MAX · A, where total wetted area A is estimated from A = 2πRT ·λint ·fx/ sin(α).
Here the toroidal radius RT is an estimate of the divertor radius, λint is the integral
power fall-off length of the heat flux profile defined as in [24], fx is the effective flux
expansion coefficient and α is the angle formed between magnetic field lines and the
divertor tiles in the poloidal cross-section (α = 45°, see [1]). The integral power fall-
off length is approximated by λint ≈ λq + 1.64s, where the λq is upstream power
fall-off length at the midplane and s is the power spreading parameter dependent
on local divertor plasma parameters and geometry, characterizing the diffusion into
the private region [24]. In former calculations performed for #2 with argon at
< ne >V OL= 9 · 1019m−3 the value fx = 7.9 was found and the fitting of the heat
profile resulted in λq = 10 mm and s = 3 mm [7]. Our calculations result in λq = 3 mm
or larger for #2 and at least λq = 6.5 mm for #3 (private region is not included in our
model). Eich’s scaling law gives much smaller λq ∈ {1.3, 1.6} mm for all cases. If the
empirical finding for JET and ASDEX-Upgrade s/λq = 0.42 is assumed for JT-60SA
the power spreading parameter s can be estimated as at least s = 1.25 mm for #2 and
at least s = 2.7 mm for #2. The wetted area resulting from these approximations is
0.8 m2 up to few m2. The maximum total divertor power limits shown in Figure 4 (b)
are caluclated assuming the same fx = 7.9 as in case of Ar. It must be emphasized
that in real geometry there are two divertors, inner and outer and the plotted P PLATE

TOT is
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Figure 4. Physical parameters of the SOL region and divertor plate as a function
of seeded impurity concentration for #2 (left and middle) and #3 (right) for
different values of D⊥: input power to the SOL P SOL

input, TOT (a) (L-mode regime
is marked with dashed lines), total power delivered to the divertor plate PPLATE

TOT
(b), tungsten flux from the divertor plate FDIV

W (c), electron temperature at the
divertor plate TPLATE

e (d). The blue star symbol in #3 with neon denotes the
last point for the D⊥ = 1 m2/s series, a detached state. The black line in (b)
corresponds to maximum heat flux of q‖,MAX = 10 MW/m2.

actually delivered to a larger surface. Since in our calculations a symmetrical situation
is assumed we cannot predict the precise balance of the power load of each of the
targets.

All simulations start with P PLATE
TOT high above the accepted upper heat flux limit.

Seeding allows for reduction of the power delivered to the plate. In the case of #3
already about 0.04% of neon is enough to suppress P PLATE

TOT below the limit and there is
almost no influence of D⊥ on P PLATE

TOT . In the case of #2 there is a significant influence
of D⊥ on the impurity concentration at which P PLATE

TOT is below the upper accepted
value: lower the D⊥ the lower is the impurity concentration necessary for getting
sufficiently low heat flux. For instance if D⊥ =1 m2/s the cCORE

Ne = 3.2% or cCORE
Kr

= 0.30%, both corresponding to 〈Zeff〉 above 4. In any case, using a seeding gas is
compulsory for #2 to prevent damaging the target plate.

The resulting electron temperature on the divertor plate T PLATE
e values reach

about 10 eV in #2 regardless of the seeded impurity species and falls below 5 eV in
#3. As mentioned before, this determines the sputtering regime in the divertor and
directly results in higher tungsten fluxes FDIV

W in #2 than in #3 (Figure 4 (c). As a
consequence tungsten concentrations observed in #2 are an order of magnitude larger
than in #3. It can be noted that variation of the diffusion coefficient has almost no
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influence on T PLATE
e in #2, whereas in #3 the T PLATE

e (and FDIV
W ) is suppressed when

D⊥ is increased. On the contrary, in #2 the target temperature is not low enough
and increased D⊥ leads to even higher tungsten fluxes from the divertor.

Low T PLATE
e in #3 makes it more favorable for utilization in experiment as

achieving the regime seems very plausible - the last point in the calculated data series
for D⊥ = 1 m2/s is in full detachment.
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Figure 5. Radiation powers, tungsten concentration and average effective
charge as a function of seeded impurity concentration for #2 (left and middle)
and #3 (right) for different values of D⊥. Total radiation power PTOT

RAD , SOL
radiation power P SOL

RAD (filled symbols) and radiation fraction fRAD (right scale)
(a), radiation power of the seeded impurity in the SOL (b), radiation power of the
seeded impurity and tungsten in the core PCORE

RAD,Ne/Kr, P
CORE
RAD,W, respectively, and

tungsten concentration in the core cCORE
W (right scale, overlaps with PCORE

RAD, W) (c),
average effective charge 〈Zeff〉 (d). The blue star symbol in #3 with Ne denotes
the last point for the D⊥ = 1 m2/s series, a detached state. The green square
symbols are repeated from Figure 3.

2.4. The influence of different nsep
e /〈ne〉

In this part the influence of different nsepe /〈ne〉 values is analyzed while keeping
constant D⊥ = 0.5 m2/s. Similarily as in Section 2.3, 〈Zeff〉 presented in Figure 5 (d)
and impurity core radiation (Figure 5 (c) exhibit a linear dependence on cCORE

Ne/Kr. As in
previous case, different nsepe /〈ne〉 values do not affect 〈Zeff〉 shape, which is determined
only by seeding gas impurity concentration.

The shape of tungsten radiation almost exactly resembles its core concentration
cCORE
W , as before (Figure 5 (c)). By increasing nsepe /〈ne〉 the concentration cCORE

W is
suppressed, especially in #3. A similar effect is visible for #2, however beyond
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nsepe /〈ne〉 = 50% the saturation effect described in Section 2.1 takes over. This
saturation concerns also several other properties, like the P SOL

RAD, Ne/Kr and power losses
in Figure 5 (a) and (b), especially in #2. In each case while nsepe /〈ne〉 is increased
from 40% to 50% the total radiated power presented in Figure 5 slightly diminishes
and the SOL radiation increases. It can be observed that the main source of radiation
losses in the core is tungsten radiation (for details see profiles in Figure 7 (a-c)) and
it rules the mentioned drop in the PTOT

RAD . Only in #2 with krypton and #3 with neon
at high cCORE

Ne/Kr it is replaced by the seeded impurity radiation. However, in #3 core
radiation is much lower than in #2, as a result of one order of magnitude lower cCORE

W .
It should be pointed out again, only solutions with relatively low 〈Zeff〉 are of practical
interest for fusion.
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Figure 6. Physical parameters of the SOL region and divertor plate as a function
of seeded impurity concentration for #2 (left and middle) and #3 (right) for
different values of nsepe /〈ne〉: input power to the SOL P SOL

input, TOT (a) (L-mode
regime is marked with dashed lines), total power delivered to the divertor plate
PPLATE

TOT (b), tungsten flux from the divertor plate FDIV
W (c), electron temperature

at the divertor plate TPLATE
e (d). The green square symbols are repeated from

Figure 4. The black line in (b) corresponds to maximum heat flux of q‖,MAX =
10 MW/m2.

In Figure 6 (a) input power to SOL is presented. It can be seen that for operation
in H-mode it is better to have higher electron density at the separatrix. Increased
nsepe /〈ne〉 does not affect much the power delivered to the plate P PLATE

TOT , only in #2
with neon there is a small change. However, for both impurities in #2 it is difficult to
keep P PLATE

TOT below the displayed limit of 10 MW/m2 for 〈Zeff〉 values below 3–3.5. The
tungsten influx is almost not affected for #2, but is suppressed in #3 for higher values
of nsepe /〈ne〉 due to a similar reason: lower T PLATE

e . These observations are similar as
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in the case of increasing D⊥ and the same conclusions follow.

3. Discussion

The results for #3 are very promising. Already for low seeding and cCORE
Ne the achieved

radiation fractions fRAD are above 70%, regardless the D⊥ and nsepe /〈ne〉 values. At
the same time the core tungsten radiation (and concentration) is replaced by neon
radiation. The SOL radiation is relatively large and originates mainly from the neon
impurity, as presented in Figure 7 (c). This results in relatively large λq values giving
large wetted area and P PLATE

TOT falling easily below the limit of 10 MW/m2 and T PLATE
e

below 5 eV. By increasing D⊥ and nsepe /〈ne〉 the suppression of the tungsten core
concentration is stronger. At the same time the possibility of operation in H-mode
is confirmed for all values of studied parameter space, except for D⊥ = 0.25 m2/s,
which leads to higher core radiation bringing the scenario close to the L-H transition
condition (see Figure 4 (a). Summarizing, the calculation results support the wide
operational window concerning the external gas puff for #3. To emphasize this fact
it can be mentioned that the last point in the D⊥ = 1 m2/s scan is in full detatchment
regime (a blue star symbol for #3 in Figures 3 and 4).
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Figure 7. Line radiation from impurities for the reference case (D⊥ = 0.5 m2/s,
n
sep
e /〈ne〉 = 40%) and 〈Zeff〉 values around 3): #3 with Ne seeding (a), #2 with

Ne seeding (b) and #2 with Kr seeding (c), Please note a break in the abscissa
for values between 0.3 and 0.6.

In #2 with neon seeding it is found that neon does not replace tungsten in the
core, as could be seen in Figure 3 (c). Due to cCORE

W one order of magnitude larger
than in #3 the dominant mechanism of radiative energy loss in the core is tungsten
radiation, even at high neon seeding levels. Neon radiation is concentrated in the
outermost part of the plasma core and in the SOL (Figure 7 (a)). Although higher
fRAD are reached and the plasma dilution is lower than in the case with carbon divertor
[12], the power delivered to the plate can arguably stay below 10 MW/m2. It should be
emphasized that the presented P PLATE

TOT values are to be treated as time-averaged and
do not take into account quick transients like ELM’s. Operation in H-mode is possible,
however becomes questionable forD⊥ = 0.25 m2/s, similarly as in #3. Resulting T PLATE

e

reaches ∼ 10 eV and achieving the detachment regime with neon seeding seems to be
impossible. Neon radiation is too low to provide enough plasma cooling.

The situation is improved by replacing low-Z neon in #2 by krypton. As can be
seen in Figure 7 (b), krypton radiation replaces partially tungsten in the core and has
a wide peak around the pedestal region and inside the separatrix. In the case with
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〈Zeff〉 = 3 krypton provides about 15% of the total radiation losses and this number
grows when increasing D⊥ and nsepe /〈ne〉. Interestingly, at sufficiently high krypton
seeding level it is possible to achieve cCORE

W values below 10−4 m−3. Despite these
advantages providing sufficient cooling for the target would require large gas puff and
would cause significant dilution of the main plasma. The requirement of maximum
10 MW/m2 of power delivered to the divertor plate is met for lower gas puff when the
diffusion coefficient int the SOL is lower. Similar T PLATE

e values as in the case of neon
seeding can be reached. The situation might be ameliorated by limiting the input
power, as was proposed in our previous work [12]. On the other hand, the control of
the discharge might be technically more difficult with krypton seeding than with neon
as the allowable concentration range is much smaller (due to Z). Also krypton might
present bigger difficulties to work in H-mode than Ne if D⊥ value is low.

Although D⊥ is a physical parameter that cannot be directly controlled in the
experiment and preparing calculations with different D⊥ values has only informative
character the simulation of the influence of nsepe /〈ne〉 on the scenario parameters gives
some hint on experiment execution. In each case increased nsepe /〈ne〉 has beneficial
influence on conditions in SOL (lower T PLATE

e , increased P SOL
input, TOT) and lowers cCORE

W

presenting a shielding effect. As an improved shielding for increased nsepe /〈ne〉 values
was confirmed, it provides a way to better control the behavior of the discharge, for
example by increased fueling. The effectiveness of increasing nsepe /〈ne〉 saturates at
some point, in current calculations between nsepe /〈ne〉 = 50% and 60%.

4. Conclusions

Two scenarios of operation of JT-60SA superconducting tokamak (#2 with higher
power and low density and #3 with lower power and high density) were analyzed using
different simulation parameters (D⊥ and nsepe /〈ne〉) with seeded impurities neon and
krypton (only #2) with the help of the self-consistent, integrated COREDIV code. The
calculations were based on the designed scenario parameters and resulted in electron
temperature and density profiles, impurity radiation and concentration profiles and
heat load of the target plate.

It was found that in #2 the power delivered to the divertor plate is very high
and with currently assumed auxiliary heating power (41 MW) using a seeding gas
for controlled energy exhaust is unavoidable. Even with seeding the heat load of the
target remains at levels in order of about 10 MW with T PLATE

e values about 5 eV. For a
large range of examined parameters this value is above the limit of 10 MW/m2 and only
high seeding gives possibility to protect the target plate from overheating. Using
krypton as a seeding gas has an advantage that it replaces tungsten in the central
plasma and limits its concentration. However, reducing the thermal load of the plate
in #2 comes at the cost of increased main plasma dilution. This point makes the
operating window in #2 quite narrow, although still open for high 〈Zeff〉 cases.

In #3 the performed simulations confirmed the existence of an operating
window with beneficial conditions in the divertor, similarly to the results obtained
previously for the carbon divertor configuration. It is suggested that in any case
increased nsepe /〈ne〉 leads to improvement of shielding and prevents tungsten and heavy
impurities from entering the plasma central region. As power delivered to the SOL
P SOL

input, TOT increases with increasing D⊥ and radiation fraction fRAD shows an opposite
tendency, sustaining the H-mode operation might mean operating at lower radiation
fraction. In #3 the power delivered to the divertor plate can be reduced with a
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minute amount of seeded impurity allowing for low dilution operation, relevant for
fusion research.
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