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A B S T R A C T   

Preparation of D-T experiments on JET device raises a question about the mitigation of assumed high power entering the SOL. JET DT scenarios aim to achieve good 
plasma confinement and the heat loads reduction to the divertor at the same time. Therefore, the divertor corner magnetic field geometry, strike point swiping and 
impurity seeding are considered to reduce expected high heat fluxes to the divertor plates. The aim of the paper is to analyse the influence of the neon impurity 
seeding on the plasma transport and its efficiency of the power mitigation in the JET tokamak as well as to perform validation of applied edge plasma model. In this 
contribution numerical simulations have been performed for two high power (34 MW), neon seeded DD JET discharges in the H-mode with different upstream 
densities and the same corner divertor configuration prepared as possible candidate for JET DT scenarios. The edge plasma transport have been described by two- 
dimensional multifluid TECXY code based on Braginskii plasma transport equations with assumed classical parallel transport of the plasma and anomalous 
perpendicular transport defined by ad hoc heat and particle transport coefficients. TECXY results show impact of the neon seeding on the reduction of the power 
flowing to the divertor. Scan with the neon concentration carried out for four different upstream densities allow us to determine optimal plasma conditions with the 
lowest target plate temperature and the lowest effective charge. Performed studies with use of the TECXY code and they comparison to experimental results give the 
opportunity to perform validation of applied TECXY edge plasma model and show the optimal range of plasma parameters like the upstream density and neon 
concentration, for which the radiation power in the SOL is the highest.   

1. Introduction 

Development of tokamaks and future fusion reactors with the high 
power flow to the Scrape-off layer (SOL) and hence to the divertor plates 
entails the problem of the mitigation of a large amount of energy in the 
SOL. The most promising candidate for the power reduction in the edge 
plasma is the neon impurity, which radiates mainly at SOL temperatures 
of about 30–50 eV around X-point [1]. 

Studies of the reduction of the power to the plate due to the effect of 
fuelling over a wide range of plasma conditions for type-I ELMy H-mode 
plasmas with peak radiation at the X-point reported that the minimum 
peak power between ELMs could not be reached [2]. On the other hand, 
the neon impurity seeding leads to increased divertor radiation. Addi
tionally, the pedestal of analysed discharges with neon impurity seeding 
often crosses the type-I to type-III ELM regime boundary leading to 

compound ELMs and unsteady edge conditions [2]. However, simula
tions of the high power DT plasma on the basis of ELMy H-mode JPN 
87412 indicate that the neon seeding controls the heat load. The neon 
seeding is considered to control the heat load in the high performance of 
the JET shots, which efficiently reduce the plate temperatures as well as 
keeps a good plasma performance without degradation of the fusion 
power [3]. 

It has been found that a strong neon seeding have an impact on the 
core, the pedestal and divertor conditions [4]. Investigations of highly 
radiating neon seeded H-mode plasmas in JET-ILW revealed that the 
plasma at both divertor target plates is in complete detachment and the 
pedestal density profile degradation was observed at high neon seeding. 
A correlation between degradation of the pedestal density, the appear
ance of an X-point radiation and the detachment of both targets have 
been found for investigated neon seeded H-mode pulses [4]. Analysis 
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shows that neon impurity might induce dithering between H-mode and 
L-mode for low heating power. It has been found that plasma can stay in 
H-mode for plasma heating higher than 22 MW [1]. 

The aim of this paper is to present the TECXY code edge plasma 
model and its comparison with experimental results of JET discharges 
prepared for DT scenarios as well as to analyse the power mitigation by 
neon and nickel impurities. 

The paper is organized as follows. The characteristics of the JET 
discharges and the numerical model are described in Section 2. Simu
lations results and discussion are presented in Section 3, and concluded 
in Section 4. 

2. JET discharges and the numerical model 

Two high-performance H-mode JET discharges number 92432 and 

number 92436 have been selected for numerical analysis of the energy 
dissipation in the JET-DD neon seeded plasma. These discharges have 
been chosen for comparison of the plasmas with different values of 
upstream densities in a good confinement (H98 ∼ 1) at high current 
equal to 3 MA and magnetic field equal to 2.8 T. In the JET ITER like 
Wall (ILW) pulse number 92432 (92436), the value of the separatrix 
density is about 2.0× 1019 m− 3 (2.2× 1019 m− 3), the neon seeding via 
divertor valves is at the level of 6.4 el s− 1 ×1022 (6.3 el s− 1 × 1022) and 
the deuterium puff is equal to 2.1× 1022 el s− 1 (0.75× 1022 el s− 1). 
Here, the neon seeding have been intended for the ion temperature 
measurement with the charge exchange recombination spectroscopy 
(CXRS) [5]. In JET pulse number (JPN) 92432, the plasma density was 
maintained only by gas fuelling, while the plasma density in the JPN 
92436 was provided additionally by the pellet injection under low gas 
puff rate. Discussed pulses represent the baseline scenario pulses for 

Fig. 1. The poloidal crossection of magnetic flux surfaces at t = 50 s (a) for JPN 92432 (red lines) and JPN 92436 (blue lines), the TECXY computational grid (b) and 
mesh details of the divertor region (c). The yellow line corresponds to the JET vessel position. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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future DT high power (∼ 34 MW) discharges, which are planned in the 
nearest JET campaigns. Both are heated by the neutral beam injection 
(∼ 28 MW) and the ion cyclotron resonance heating 5 MW (6 MW). A 
magnetic field equilibrium have been taken at t = 50.0 s in the JPN 
92432 and identical equilibrium in the JPN 92436 at t = 50.0 s as well. 
Chosen time for the magnetic equilibrium corresponds to the phase of 
fully developed steady phase of the discharge with constant deuterium 
fuelling, constant line density and the heating (not shown). Comparison 
of the poloidal crossection of magnetic field surfaces is presented on 
Fig. 1, panel a. Magnetic field configuration of selected discharges cor
responds to so called the corner-corner divertor configuration, where 
strike points are located in the divertor corner for better pumping and 
plasma density control [6]. 

The edge plasma transport model is described by set of Braginskii 
equations [7] with classical transport along magnetic field lines [8] and 
anomalous transport across field lines defined by diffusion coefficients 
of the order of Bohm’s diffusion. Here, electrons and ions are treated as 
separate fluids, while plasma ions and impurity ions temperatures are 
assumed to be the same. Transport equations are solved numerically by 
the TECXY code [9–13], which involves atomic processes like ioniza
tion, recombination, excitation and charge exchange, as well as plasma- 
wall interaction models of chemical and physical sputtering and prompt 
re-deposition [14]. TECXY solves equations for few impurity species 
simultaneously and all ionization stages associated with these impu
rities. The tokamak edge plasma region is covered by the 2D, strictly 
orthogonal and non-uniform numerical mesh, generated on the basis of 
the mentioned magnetic field equilibrium (Fig. 1, b). The numerical 
mesh is shown in the R-Z plane of toroidal coordinates on Fig. 1, panel b. 
The mesh is denser near the divertor plates and the core region, and rare 
in the midplane region as well as near the tokamak wall. A typical spatial 
resolution of the numerical mesh close to the strike point is 1.8 mm in 
poloidal direction and 0.7 mm in radial direction. Here, the numerical 
mesh deviates significantly from the divertor plates shapes (Fig. 1, c) due 
to the strict mesh orthogonality assumption, which forces orthogonality 
of grid lines to magnetic field lines for each numerical cell. As a result, 
the actual divertor geometry cannot be considered when constructing 
the computational mesh. In the model, the divertor plate is perpendic
ular to the magnetic field line, and the strike point has the actual posi
tion on the surface of the JET tokamak plate. In Fig. 1c, the divertor 
plates considered in the model are marked with red lines, and the JET 
vessel is marked with a yellow line. The TECXY model of neutrals 
enforce a fixed shape of neutral distribution at the target plate. There
fore, the neutral model wears off potential geometrical effects, which 
could affect the neutral dynamic, and even large shifts of the target plate 
along the magnetic field lines from the original position of the plate have 
a negligible influence on results. 

Numerical studies have been performed for JPN 92432 (JPN 92436) 
with the total heat power equal to 33.7 MW (34.7 MW). For numerical 
studies a value of the heat flux across the separatrix PSOL = 23 MW have 
been assumed to be common for both JET pluses. PSOL estimated as a 
difference of the total heat power and the plasma radiation in the core, is 
equal to 23.1 MW and 23.9 MW for JPN 92432 and JPN 92436, 
respectively. The recycling coefficients of deuterium is set constant and 
equal to 0.9985 at the inner and the outer target plates for main plasma, 
while the recycling coefficient for a high-recycling neon impurity and 
low-recycling nickel impurity is set to 0.925 and 0.200, respectively. As 
nickel is no recycling plasma impurity, the value of nickel recycling 
coefficient could be set zero or arbitrary low value. Here, we set the 
nickel recycling coefficient equal 0.2, to avoid numerical problems with 
value equal zero. In the TECXY model a pumping rate of the plasma is 
included in the recycling coefficient, which is defined as the total plasma 
flux to the divertor, Ψdiv, reduced by the pump-out flux and the plasma 
flux to the core, divided by Ψdiv. 

The particle diffusion coefficient D⊥ = 1 m2s− 1 and the energy 
diffusion coefficient χ = 0.3 m2s− 1 defines the anomalous transport of 
plasma across magnetic field lines. Values of D⊥ and χ have been set to 

reproduce the experimental midplane profiles. 
Neutrals are described by a semi-analytical model, in which a dis

tribution of the neutral atom concentration is calculated on the basis of 
the diffusive model [15]. A value of the neutral density at the plate is 
calculated taking into account plasma fluxes to the target. In the case of 
recycled deuterium at the divertor plate two groups of neutrals are 
considered: fast and slow neutrals. The shape of neutral density distri
bution, nN, is defined by the product of exponential functions and the 
neutral density at the divertor plate, nplate

N , which depends on the recy
cling coefficient: 

nN = nplate
N exp

(

−
xplate − x

λx

)

exp

(

−
(ysep(x) − y)2

λ2
y

)

(1) 

Here, the x (y) describes the coordinates on the numeric grid and 
corresponds to the poloidal (radial) direction in the tokamak geometry. 
For deuterium, the ionisation length λx,y is defined for fast and slow 
neutrals separately and it is expressed by the ionization rate coefficient, 
αi, and the rate factor for charge exchange processes, αcx, as follows 

λfast
x,y =

vx,y

ne
̅̅̅̅̅̅̅̅̅̅αiαcx

√ λslow
x,y =

vx,y

neαi
(2)  

Assumed neutral distribution has its maximum at the strike point, 
ysep(xplate), and it drops exponentially along the plate to negligible values 
in the far SOL (second term of Eq. (1)). On the other hand, a distribution 
of neutrals along field lines decline exponentially with distance from the 
divertor plates, xplate, (third term of Eq. (1)) and it is modulated by 
ionisation, recombination and charge exchange sources. In the case of 
impurities, the neutral density distribution is determined by transport 
processes in SOL and its shape is defined in the same way as for deute
rium neutral (Eq. (1)). The ionization length of the pollutant atoms is 
defined as follows 

λZ
x,y =

vZ
x,y

neαZ
i

(3)  

where αZ
i is the impurity atoms ionization rate coefficient. 

3. Power mitigation with neon and nickel impurities 

Numerical studies have been performed for the deuterium plasma 
with the neon and nickel impurity. Sputtering of the tungsten impurity 
from the divertor plates has been neglected due to the low tungsten 
radiation in the considered SOL region. Simulations have been per
formed for few chosen values of the deuterium particle flux defined at 
the core boundary, ΓD, within the range of 5 × 1020 s− 1 to 9.0 × 1020 

s− 1. In order to find the neon impurity concentrations corresponding to 
the plasma radiation in the experiment, scans with different values of 
neon gas puff to the SOL have been done for each ΓD value. Thereafter, 
based on the results of the experiments and the performed scans, a 
comparative analysis of the radiation of the edge plasma in the JET 
device and the impurity concentration will be carried out. The nickel 
impurity presence in the SOL plasma have been included in the addi
tional calculations for selected cases with neon seeding. 

The strike point sweeping and the divertor corner configuration 
applied in the considered pulses, results in the lack of the probe mea
surements on the outer divertor plate and missing spectral line mea
surements in the divertor region. Therefore, plasma conditions of the 
selected pulses have been reconstructed on the basis of globally calcu
lated plasma parameters and the midplane diagnostics. On Fig. 2, there 
are presented radial profiles of the plasma electron density, ne (left) and 
the electron temperature, Te (right) at the outer midplane for ΓD = 7.5×

1020 s− 1. Radial distance expressed in cm is normalized to zero at sep
aratrix. ne and Te radial profiles have been compared with experimental 
data obtained with use of the high resolution Thompson scattering 
(HRTS) measurements [16,17] and with additional lithium beam 
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emission spectroscopy measurements (Li-BES) for the electron density 
[18,19]. The density profile obtained with Li-BES have been recon
structed for the 400 ms time range (49.8 s – 50.2 s) with use of the 
conditional averaging technique in pre-ELM phase. The Li-BES and the 
HRTS diagnostics complement each other since the HRTS is a core and 
pedestal measurements, and loses its sensitivity outwards in the low 
plasma density regions, while the Li-BES is more sensitive in the SOL and 
loses its sensitivity invards at the high density regions. However, TECXY 
radial profiles of ne and Te are within the range of the experimental 
values in the SOL, whereas a discrepancy between numerical results and 
experimental measurements is observed in the core region for the 
electron density (left panel), which is a result of constant values of D⊥

and χ across separatrix in the core and SOL assumed in the TECXY code. 
Therefore, the numerical simulations underestimate the pedestal top 
density, which is about 4.6× 1019 m− 3 for both: the HRTS and Li-BES 
diagnostics. Profiles of ne and Te slightly vary with the increase of ΓD. 
The electron density at separatrix rises up to 2.2× 1019 m− 3 for ΓD =

9.0× 1020 s− 1, while the electron temperature drops to about 600 eV. 
Thereby, both profiles remain within the range of experimental 
measurements. 

In the JPN 92432 and JPN 92436, the power to the SOL (23 MW) is 
reduced by the deuterium radiation as well as by the neon impurity 
radiation puffed from the valve localised in the divertor. On the left 
panel of Fig. 3, a drop of the total power to both plates have been shown 
vs. the neon impurity concentration, CNe, which is averaged along the 
separatrix. Here, the deuterium plasma radiation reduces the power to 
the divertor to about 20.5 MW, while puffed neon impurity enhances the 
power dissipation further. Mitigation of the power by neon impurity gas 
puff strongly depends on deuterium flux through core-SOL boundary, 
which is correlated with plasma density at separatrix. It has been 
observed that for a given neon concentration the power mitigation in
creases with the increase of the deuterium puff value, which corresponds 

to the increase of the separatrix density. On the other hand, the power 
mitigation improves with rise of the neon concentration for small ΓD as 
well, but the value of CNe significantly exceeds experimental findings. 
Expected experimental power to the plate, estimated as a difference 
between the total input power and the total radiated power [20], is 
about 19 MW and have been denoted on Fig. 3 by horizontal black 
dashed line. This value of the power to the plate determines the neon 
concentration in range from 2% to 4% depending on the value of ΓD. 
Value of the effective charge, Zeff , averaged along the separatrix in
creases with the neon concentration for given ΓD and is in the range of 
3.2 and 3.6. For further analysis case of ΓD = 7.5× 1020 s− 1 for CNe =

3% have been selected. Notice that the highest neon impurity radiation 
equal to 1.6 MW (Fig. 3, right) for neon concentration about 4% has 
been observed for ΓD = 9.0× 1020 s− 1. 

The change in the neon concentration is reflected in the plasma pa
rameters on divertor plates. On Fig. 4, the total heat flux have been 
presented at divertor plates in the case of ΓD = 7.5× 1020 s− 1. Increase 
of the neon concentration results in growth of the energy dissipation and 
the total heat flux decrease at divertor plates. Thus, a drop of the elec
tron temperature and growth of the electron density have been observed 
on both plates (Fig. 5). Notice, that changes of the electron density and 
the electron temperature values at the divertor plates corresponding to 
different neon concentrations are small, due to the small neon impurity 
radiation in the SOL. On the other hand, there is observed distorted 
shape of the q profile on the inner plate. Here, reduction of the heat flux 
near the strike point is caused by strong plasma radiation in the inner 
divertor region and it results in a drop of the electron temperature at 
strike point. The radial profiles at divertor plates reveal as well much 
higher heat load on the outer divertor in comparison to the inner plate. 

The bolometry reconstruction of the plasma radiation for JPN 92432 
and JPN 92436 is presented in Fig. 6, where a dashed violet line cor
responds to separatrix position. The total power emitted by the plasma 

Fig. 2. Radial profiles of the electron density (left) 
and the electron temperature (right) at the midplane 
for ΓD = 7.5× 1020 s− 1. The red squares and blue 
reversed triangles correspond to data obtained in the 
JET experiment with use of Thompson scattering for 
JPN 92432 and JPN 92436, respectively. The empty 
reversed triangles and squares correspond to the 
density measured by the Li-BES diagnostic, while the 
full black stars represents data obtained in numerical 
simulations. (For interpretation of the references to 
color in this figure legend, the reader is referred to the 
web version of this article.)   

Fig. 3. Total power to divertor plates (left) and the neon line radiation (right) vs. the neon impurity concentration for various deuterium influx to the SOL. Horizontal 
dashed line corresponds to estimated from experimental value of the power to the plate. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 
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in the JET discharge number 92432 (92436) obtained from bolometry 
measurements has been calculated to be equal 13.4 MW (12.8 MW), 
while the plasma radiation in the SOL to be equal to 2.8 MW (2.0 MW). 
Most of the plasma radiation in the SOL is localised in the inner divertor 
and X-point region. Higher upstream electron density in JPN 92432 in 
comparison to the JPN 92436, results in the higher plasma radiation and 

a drop of the plasma temperature in the inner divertor region. Therefore, 
a comparison of the bolometry reconstruction for JPN 92432 and JPN 
92436 reveals the impact of a growth of the separatrix electron density 
observed on Fig. 3. Notice that in the case of the discharge with pellet 
injection, the plasma radiation in the low field side of the core, is larger 
by 0.1 Wm− 3 in comparison to the discharge with only neon seeding. 

Fig. 4. Radial profiles of the total heat flux at the inner target (left) and at the outer target (right) for different neon impurity concentration under ΓD = 7.5× 1020 

s− 1. Distance along the plate, d, have been set zero at the strike point. 

Fig. 5. Changes of the electron density (left) and the electron temperature (right) at the strike point for the inner target (circles) and the outer target (squares) vs. the 
neon impurity concentration under ΓD = 7.5× 1020 s− 1. 

Fig. 6. Reconstruction of the radiation sources in the poloidal crossection for JPN 92432 (left) and JPN 92436 (right). Dashed violet line denotes the separatrix 
position. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Analysis of distribution of the neon impurity radiation obtained in 
the TECXY simulations also show the neon impurity radiation concen
tration around X-point position, in particular in the inner divertor 
(Fig. 7, right). Here, the spatial profile of the Ne7+ line radiation in the 
divertor region has been obtained in the numerical simulations for ΓD =

7.5× 1020 s− 1 with 3% of neon concentration. The line radiation of 
Ne7+ is the highest of all neon ionization stages and it accounts for 27% 
of total neon line radiation. The region of neon line radiation for lower 
ionisation stages is localised between X-point and divertor, while for 
higher ionisation stages neon radiates mostly above X-point and along 
the separatrix (not shown). However, other neon ionization stages 
radiate less energy individually in comparison to neon seven times 
ionized. A large part of the neon radiation, both in the experiment and in 
the simulations, is localised in the inner part of JET divertor as in the 
discussed and former JET experiments [21]. Position of the plasma ra
diation is directly associated with lower temperatures in the inner 
divertor in which plasma is semi-detached in comparison to the outer 
divertor and to a lesser extent in location of the neon divertor gas puffing 
valve. 

Numerical simulations reveal also a disproportion in the power load 
distribution between divertor plates as the plasma first detaches at the 
inner divertor plate. The ratio of the power load to the inner and to the 
outer divertor plates is about 0.3 and slightly drops with increase of the 
upstream density. Such disproportion is a result of the reduction of the 
power flux to the inner divertor and remaining power flux to the outer 
plate. 

Analysis of the impurity radiation in the JET plasma has been 
extended on the nickel impurity, which is a common element in the JET 
plasma. However, plasma cooling rate in the SOL at temperatures below 
100 eV for nickel is equal to 10− 30 Jm3s− 1 and it is two order of 
magnitude higher than for the neon (10− 32 Jm3s− 1) [22,23]. Concen
tration of the nickel in the JET discharges have been estimated on 0.5%. 
For this reason, there have been performed simulations with the addi
tional nickel gas puff for constant ΓD and neon gas puff. Numerical 

findings reveal that the increase of the nickel concentration even up to 
1% has no significant impact on the total plasma radiation in the SOL. 
However, the nickel cooling rate is higher than the neon cooling rate, the 
nickel impurity concentration in much lower than the neon concentra
tion, and a total nickel impurity radiation reach barely 0.2 MW in the 
SOL. Notice that the TECXY model of the SOL plasma does not include 
pedestal region, in which the nickel radiation has a significant contri
bution to the power mitigation. 

4. Conclusions 

Analysis of the impact of the neon impurity on the plasma transport 
and its efficiency of the divertor power mitigation in the JET tokamak 
have been performed. Numerical simulations based on JET-DT relevant 
discharges have been done with the use of the TECXY code and 
compared with experimental results of JET discharges prepared for DT 
scenarios in order to carry out a verification of the TECXY code edge 
plasma models. However, it has been observed that for a given neon 
concentration the power mitigation increases with increasing the level 
of the deuterium puff, the highest neon impurity radiation is equal to 
1.6 MW for the neon concentration about 4% have been observed for 
ΓD = 9.0× 1020 s− 1. Numerical simulations show that the neon impurity 
radiation is not sufficient to mitigate a power in the SOL. Only with high 
neon seeding the radiation fraction could reach a value of 0.25, but the 
high neon seeding rate involves too high value of the effective charge. 

Comparison of the TECXY results and experimental findings reveals 
few discrepancies between numerical calculations and experiment, such 
as low values of upstream density in simulation results for core region. 
Despite of mentioned discrepancies, applied model of the edge plasma 
allows us to describe qualitatively the plasma transport in the SOL of the 
JET device. 

Fig. 7. Contour plot of the line radiation loses of the neon seven times ionized in the divertor region for ΓD = 7.5× 1020 s− 1 with 4% of neon concentration.  
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[13] R. Zagórski, et al., Phys. Scr. 70 (2004) 173. 
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