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ITER expects to produce fusion power of about 0.5GW when operating with tungsten (W) divertor and 
beryllium (Be) wall. The influx of W from divertor can have significant influence on the discharge performance. 
This work describes predictive integrated numerical modeling of ITER discharges using the COREDIV code, 
which self-consistently solves the 1D radial energy and particle transport in the core region and 2D multi-fluid 
transport in the SOL. Calculations are performed for inductive ITER scenarios with intrinsic (W, Be and He) 
impurities and with seeded impurities (Ne and Ar) for different particle and heat transport in the core and different 
radial transport in the SOL. Simulations show, that only for sufficiently high radial diffusion (both in the core and 
in the SOL regions), it is possible to achieve H-mode mode plasma operation (power to SOL > L-H threshold 
power) with acceptable low level of power reaching the divertor plates. For argon seeding, the operational window 
is much smaller than for neon case due to enhanced core radiation (in comparison to Ne). Particle transport in the 
core characterized by the ratio of particle diffusion to thermal conductivity) has strong influence on the predicted 
ITER performance. 
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1. Introduction 

The reduction of the power load to the ITER divertor 
plates to an acceptable level is an important and critical 
issue, in particular for full tungsten ITER divertor. In 
present day experiments, stable discharges with different 
seeding species (N, Ne, Ar), radiative divertor cooling 
and strong reduction of the power to the W targets have 
been achieved so far on JET and AUG [1, 2]. 
Corresponding simulation results [3, 4] as well as 
modeling studies of ITER auxiliary heated (RF, NBI) 
hybrid scenarios [5] (with neon seeding) show that the 
core-SOL-divertor coupling in tokamak plasmas is very 
strong in presence of W impurity and it might reduce the 
operational domain for considered scenarios, as 
compared to the unseeded cases. 

This work describes integrated numerical modeling 
applied to ITER scenarios with tungsten (W) divertor 
plate and beryllium (Be) wall using the COREDIV code, 
which self-consistently solves the 1D radial energy and 
particle transport in the core region and 2D multi-fluid 
transport in the SOL in the slab geometry. The model is 
fully self-consistent with respect to the influence of 
impurities on the α-power level (dilution, radiation) with 
simplified anomalous impurity transport and not taking 
into account the effect of ELM flushing from the 
confined region into plasma edge and impurity 
accumulation in the core. The code has been successfully 
benchmarked with a number of JET discharges, 
including the nitrogen seeded type I and type III ELMy 
H-mode discharges [6, 7, 8] and recently, JET ILW 
configuration [9]. COREDIV has also been applied to 
ASDEX discharges in the full W environment [3]. An 
impact of two important constraints - operation above 
the LH power threshold, radiating divertor and with low 

power arriving in the divertor - on the operational 
domain with high fusion gain is analyzed here for ITER 
baseline inductive scenario taking into account strong 
core-SOL-divertor coupling caused by W impurity. The 
impact of the different impurity seeding species (Ne, Ar) 
are compared. 

2. Modeling results-sensitivity analysis  
The physics model used in the COREDIV code has 

been already presented elsewhere [10, 11)]. 

It should be noted that anomalous transport in the 
core is based on an energy confinement scaling law. The 
ion and electron conductivities are defined by the 
formula: ( )rFaC Ee

an
ie ×= )/( 2

, τχ , where r is radial 
coordinate, a is the minor plasma radius, τE is energy 
confinement time calculated from the IPB98(y,2) scaling 
law. It should be noted that this scaling law was obtained 
for type I ELMy H-modes in carbon wall tokamaks and 
might not be valid for ITER with W divertor. The 
parabolic-like function F(r) describes the profile of 
transport coefficients and takes into account also the 
conductivity drop near the separatrix due to H-mode 
barrier formation. The constant Ce is adjusted to keep the 
calculated confinement time obtained in simulations 
equal to the value defined by the scaling law. The source 
term in the background ion transport equation takes into 
account the attenuation of the neutral density due to 
ionization processes and its intensity is determined by 
the internal iteration procedure in such a way that the 
average electron density (ne) obtained from neutrality 
condition is kept constant (input parameter). For all ions, 
background plasma and impurities (including tungsten), 
we have used the same anomalous transport coefficient 
defined by: Di =ζχe,i; Vi

pinch~ CpDi , where Di is 



 

anomalous particle diffusion, χe,i
 is anomalous heat 

conductivity and the coefficient ζ is an input parameter. 
Cp is the density peaking coefficient for the main plasma 
ions. For impurities, an optimistic assumption is used 
with Cp

IMP = 0 (no impurity pinch) in our simulations. 
We note, that this assumption is consistent with the 
experiments on the ASDEX-U, where the ECRH control 
of the central electron temperature leads to the mitigation 
of W accumulation in the core [12] as well as to 
experiments with central RF heating in JET [13]. 
Moreover, the effect of impurity pinch on the ITER 
performance has been already analyzed in the ref. [5, 
11].  

In the SOL, the 2D multifluid equations are solved 
for the DT plasma and equations for each ionization state 
of each impurity species in the simplified slab geometry 
(poloidal and radial directions) with classical parallel 
transport and anomalous radial transport (DSOL

perp 
=0.5χe=χi). An analytical description of the neutrals is 
implemented in COREDIV which allows for the 
inclusion of plasma recycling as well as the sputtering 
processes at the target plates. This model is applicable 
for highly recycling and semi-detached plasma 
conditions in divertor, however full divertor detachment 
cannot be properly accounted for. The hydrogen 
recycling coefficient is iterated to obtain the prescribed 
plasma density at the separatrix and the particle source in 
the core is adjusted to achieve assumed electron plasma 
density which is the input parameter for the code. 

We are mostly interested in the global behavior - in 
terms of fusion power and of the power load to the 
divertor target plates - of ITER seeded plasmas and we 
have focused our work to evaluate the effects induced on 

the discharge by tungsten. It should be noted however, 
that due to simplifications of our model (slab divertor 
geometry) we are not able to resolve the real ITER-
divertor structure with W baffles/dome and W target 
plates. The beryllium wall is simulated in our model 
assuming uniform influx of beryllium atoms from the 
side walls (ΓBe = 1021 s-1) in agreement with estimations 
given in Ref.[14] which leads to beryllium 
concentrations below 0.1%. It should be noted, however, 
that even 10 times larger Be influx has only small 
influence on the simulation results. We note that only 
direct influence of Be on the plasma parameters (due to 
radiation and dilution) is considered in the present paper 
and all the effects related to Be deposition and material 
mixing are neglected. 

We have considered the standard ITER inductive 
reference scenario [15] with Ip = 15 MA, (BT = 5.3 T), 
line average density <ne>line = 0.85nGW=1.01 x 1020m-3, 
auxiliary heating Paux=52 MW and we have modeled the 
effect of neon and argon seeding. Slightly reduced 
enhancement factor with respect to the ITER H-98P(y,2) 
confinement scaling H98P(y;2) = 0.95 has been chosen, 
to be consistent with the temperature profiles as obtained 
in the recent ITER simulations with transport codes [16]. 

For these conditions, the electron temperature (Te) and 
density (ne) on the pedestal is 4.6keV, and 9.2x1019m-3, 
respectively.  

2.1 Influence of the particle transport in the core 
In our model, the ratio between particle diffusion and 

heat conductivity in the core plasma is a free parameter 
for the transport simulations. In Ref. [16] ζ = 0.1 (ζ = 
D/χe) was used whereas in our old simulations for ITER 
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Fig. 1. Plasma parameters in ITER inductive scenarios versus neon gas puff for three different transport coefficient: ζ=0.1; 
0.225 and 0.35: (a) total, core and SOL radiative power; b) power to plate, L-H power threshold and power through the 
separatrix; (c) W and He concentrations (d), ZEFF and fusion gain Q; (d) temperature and density at the divertor plate and (e) 
radiation fraction. Reference DSOL

perp = 0.25 m2/s is used. 



 

[5, 17], ζ =0.35 was assumed. The particular value of the 
ζ parameter has relatively small influence on the 
simulations of present day experiments, however it 
might affect strongly the fusion reactor performance 
where the effect of helium ash accumulation could be 
important. Therefore, we have analyzed, how the 
assumption about particle transport in the core influences 
the simulation results assuming three different values of 
the ratio of particle diffusion coefficient to thermal 
electron conductivity: ζ = 0.100, 0.225 and 0.350, 
respectively.  
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Fig. 2. Plasma parameters for ITER inductive scenario versus 
neon gas puff for ζ =0.1 and for two values of DSOL

RAD = 0.25 
and 0.5m2/s: (a) power to plate and power through the 
separatrix; (b) W and He concentrations (c), ZEFF and fusion 
gain Q; (d) radiation fraction.  

The main plasma parameters: total (PTOTAL), core 
(PCORE), and SOL (PSOL) radiations, power to the plate 
(PPLATE), L-H power threshold (PL-H) and power through 
the separatrix (PLOS), W and He concentrations, effective 
charge state (ZEFF) and fusion gain (Q), temperature 
(Te

PLATE) and density (ne
PLATE) at the divertor plate and 

radiation fraction are shown in the Fig. 1 for the 
reference value of the plasma transport in the SOL 
DSOL

perp = 0.25 m2/s and neon seeding.  

Without impurity seeding (Fig.1b), the power load 
density to the W plate is always above 10MW/m2 
(assuming 40 MW power to the divertor and 4m2 of the 
wetted area) and therefore impurity seeding is needed to 
reduce divertor heat load to the acceptable level. The 
coefficient ζ, have strong influence on the ITER 
performance, which is related to helium transport. If the 
particle transport is reduced (lower ζ) then the helium 
concentration (CHe) builds up. 

This is strongly non-linear effect as can be seen in 
Fig.1c. In the case with ζ =0.1, CHe is ~3 (~2) times 
higher than for ζ =0.350 (0.225). Increased helium 
concentration, leads to plasma dilution and strong 
reduction of the alpha power and fusion gain Q (Fig.1d) 
and consequently the power crossing the separatrix is 
reduced, falling below the L-H threshold power 
(72.5MW). The operational window in terms of the 

allowed seeding level is also narrowed, in particular for 
the lowest ζ=0.1.  

2.2 Influence of the radial transport in the SOL 

Predictive COREDIV modeling for hybrid scenario, 
shows that the high perpendicular diffusion in the SOL is 
beneficial for an increase of the ITER operational 
space[5]. Figures 2 and 3 show the influence of the 
radial transport in the SOL on plasma parameters for the 
inductive scenario for two different values of DSOL

perp, 
equal to 0.25 and 0.5 m2/s, respectively and for two 
different assumptions regarding the core transport: ζ 
=0.1 (Fig.2) and ζ =0.35 (Fig. 3).  
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Fig. 3 Plasma parameters in ITER inductive scenarios versus 
neon gas puff for ζ =0.35 for two different transport 
coefficient: DSOL RAD = 0.25 and 0.5m2/s.: (a) power to plate, 
L-H power threshold and power through the separatrix; (b) 
W and He concentrations (c), ZEFF and fusion gain Q; (d) 
radiation fraction. 

With the increased diffusion in the SOL, the 
screening efficiency of the edge region is improved, 
leading to the decrease of W concentration (and 
radiation) in the core and consequently to the increase of 
the power across the separatrix (PLOS), which stays well 
above the PL-H threshold. It can be seen that for ζ =0.1 
and for relatively small seeding (ГNe> 1.75x1021s-1) it is 
possible to achieve H-mode operation (PLOS > PL-H) and 
simultaneously PPLATE<40MW), but the Q-factor is 
below nine. For the case with ζ=0.35, stronger seeding is 
required to reduce the heat load below 40 MW limit due 
to much better fusion performance (Q > 10 for ГN e< 
4x1021s-1).  

2.3 Influence of the different impurity type 
Since the simulations show, that with the reduced 

particle transport (ζ =0.1 and DSOL
RAD = 0.25m2/s) 

achievement of the stable operational window might be 
problematic in the case of neon seeding, we have studied 
also the influence of argon seeding on the ITER 
performance. Simulation results for argon seeding for 
two extreme ζ values (= 0.10 and 0.35) and for the 
optimistic situation with stronger SOL transport (DSOL

RAD 
= 0.5m2/s) are presented in Fig.4. It can be seen that the 



 

fusion performance for both gasses is quite similar (in 
terms of Q-factor and alpha power production) but for 
argon we do not observe reduction of the Q–factor with 
increased seeding as in the Ne case (small dilution effect 

for Ar). There is not a stronger degradation of the 
pedestal in the case of Ar because of the high assumed 
pedestal temperature (~4 keV) which means that Ne and 
Ar are mostly radiating outside of the separatrix. 
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Fig. 4. Plasma parameters in ITER inductive scenarios versus Ar gas puff for DSOL

RAD =0.5m2/s: (a) total, core and SOL radiative 
power; b) power to plate, L-H power threshold and power through the separatrix; (c) W and He concentrations (d), ZEFF and fusion 
gain Q; (d) temperature and density at the divertor plate and (e) radiation fraction. Reference ζ =0.1 are used for different impurity 

seeding: ζ = 0.1 (full symbol) and ζ = 0.1 (open symbol) 

 

However, the power crossing separatrix is significantly 
reduced in the case of Ar due to additional contribution 
from argon to the core radiation (in addition to W 
losses).The H-mode operation is only marginally 
possible for ζ =0.1 close to the maximum allowed 
seeding level (ГAr > 3.5x1021el/s). For the case with 
higher core diffusion (ζ =0.35), the operational window 
in terms of seeding level starts from ГAr > 2.7x1021el/s, 
where the power to plate falls below 40MW. 

3. Summary and Conclusions 
The COREDIV code has been used to analyze ITER 

standard inductive scenario. Since the operational limit 
for the divertor target plates is 10MW/m2, seeding is 
mandatory to reduce the heat load to target plates, 
simulations have been performed comparing neon and 
argon seeding for different assumptions regarding 
particle transport in the core and edge regions.  

It has been found that in order to achieve wide 
operational window with the power crossing separatrix 
above the H-L threshold and simultaneously with 
tolerable heat load to target plates (< 40 MW) relatively 
strong impurity transport in the core and SOL regions is 

necessary. In particular, the particle (impurity) diffusion 
has very strong effect on the fusion gain due to plasma 
dilution by helium [18]. It has been found that with low 
diffusion in the core (ζ = 0.1) and SOL (DSOL

RAD =0.25 
m2/s) no operation space for ITER for Q=10 is possible 
under the assumptions made in the COREDIV 
simulations. An increase of the perpendicular diffusion 
in the SOL or core region helps to achieve the H-mode 
operation with tolerable power to the target plates. In 
particular, for ζ = 0.35 and DSOL

RAD =0.5 m2/s wide 
operational window can be achieved for neon and argon 
seeding, but it should be noted that for Ar the operational 
range is stronger limited than for neon seeding. 

Acknowledgments 

The authors would like to thank Dr R. Neu and Dr T. 
Pütterich from IPP Garching for providing them with 
atomic data for tungsten.  

This work has been carried out within the framework of 
the EUROfusion Consortium and has received funding 
from the Euratom research and training programme 
2014-2018 under grant agreement No 633053. The views 
and opinions expressed herein do not necessarily reflect 
those of the European Commission. 



 

This scientific work was financed within the Polish 
framework of the scientific financial resources in 2015 
allocated for realization of the international co-financed 
project.  

References 
[1] G.J. van Rooij, etal., Tungsten divertor erosion in all 

metal devices: Lessons from the ITER like wall of JET, J. 
Nucl. Materials, 438 (2013) S42-S47 

[2] A. Kallenbach et al., Impurity seeding for tokamak power 
exhaust: from present devices via ITER to DEMO, 
Plasma Phys. Control. Fusion 55 (2013) 124041(10pp) 

[3] R. Zagórski et al., Integrated Modelling of ASDEX 
Upgrade Nitrogen Seeded Discharges, Contrib. to Plasma 
Phys.,52(5-6), (2012) 379-383 

[4] R. Zagórski et al., Influence of seeding and SOL 
transport on plasma parameters in JET ITER-like wall H-
mode discharges, J. Nucl. Mater.,463 (2015) 649-653 

[5] R. Zagórski et al., Integrated core – SOL – divertor 
modelling for ITER including impurity: effect of tungsten 
on fusion performance in H-mode and hybrid scenario, 
Nucl. Fusion 55 (2015) 053032 (9pp). 

[6] J.Rapp,et al., Strongly radiating type-III ELMy H-mode 
in JET – an integrated scenario for ITER, J. Nuclear 
Materials, 337-339 (2005) 826-830 

[7] R.Zagórski et al., Self-consistent modeling of impurity 
seeded JET advanced tokamak scenario, J. Nucl. 
Materials, 390-391 (2009) 404-407 

[8] G. Telesca, et al., Simulation with the COREDIV code of 
nitrogen-seeded H-mode discharges at JET, Plasma Phys. 
Control. Fusion 53, (2011) 115002  

[9] G. Telesca et al., Simulation with the COREDIV code of 
JET discharges with the ITER-like wall, Journal of Nuclear 
Materials 438 (2013) S567-S571 

[10] R. Zagórski., Numerical modeling of the edge plasma in 
tokamaks, J.Tech.Phys, 37,1 (1996) 053032 7-37. 

[11] R. Zagorski et al., Integrated modeling of ITER scenarious 
with carbon and tungsten walls, Journal of Nuclear 
Materials 415 (2011) S483-S487. 

[12] R. Neu et al.,Tungsten: an option for divertor and main 
chamber plasma facing components in future fusion 
devices, Nucl. Fusion45 (2005) 209-218 

[13] M.Goniche, et al., Optimization of ICRH for tungsten 
control in JET H-mode plasmas, Proceedings of 41st EPS 
Conference on Plasma Physics, Berlin, 2014 (O4.129) 

[14] K.Schmid, Beryllium flux distribution and layer 
deposition in the ITER divertor, Nucl. Fusion 48 (2008) 
105004 (10pp) 

[15] V. Mukhovatov et al., Overview of physics basis for ITER, 
Plasma Phys. Control. Fusion 45 (2203) A235-A252 

[16] T. Casper et al., Development of the ITER baseline 
inductive scenario, Nucl. Fusion 54 (2014) 013005 (9pp). 

[17] I. Ivanova-Stanik et al., Integrated Core-SOL Simulations 
of ITER H-Mode Scenarios with Different Pedestal 
Density, Contrib. Plasma Phys. 54, (4-6) (2014) 341 – 346.  

[18] R.V. Budny et al., Predictions of H-mode performance in 
ITER, Nucl. Fusion 48 (2008) 075005 (21pp) 


