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Numerical scan at constant /3 shows that core and SOL radiations do not depend on the plasma current ().
Whereas the SOL radiation increases with seeding, the core radiation however, does not continue to increase
with seeding but rolls over at higher seeding rates in the simulations. The core plasma contamination by W
ions is low ¢y < 107*. When the seeding starts, an increase in radiation power leading to a reduction in
Pioss = (Pauz — Praa) is observed influencing the plasma confinement. The power scan at the constant
I, indicates that core radiation, Ppiate, Psor (and even SOL radiation) saturates with seeding. In addition
strong dilution with increasing seeding (Z.rs > 3) and large W concentrations with increasing power are
found. Comparing neon with nitrogen seeding, it was seen that neon leads to slightly larger total radiation than
nitrogen. However, that is achieved with much higher plasma contamination Z.y; ~ 4 — 5 and dilution in
case of Ne, and simultaneously the power crossing the separatrix is lower for Ne than for N, indicating better
H-mode performance in N2 seeded discharges.
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1 Introduction

A series of high power discharges( Py, ~ 21 —26 MW) using DT mixtures in ELM-free H mode was performed
in 1997 during the JET DTE1 experimental campaign with carbon walls and divertor. A fusion power of 16.1
MW was achieved at 4.0 MA/3.6 T corresponding to the record fusion yield of Q=0.64 [1]. It is planned to
perform again the DT experiments at JET with the ITER -like wall (ILW) configuration (beryllium walls and
tungsten divertor) during the DTE2 experimental campaign in 2018/2019 [2].The highest performance DTE1
plasmas were dynamic in terms of energy confinement, whereas plasma scenarios are being developed for DTE2
with the aim of maintaining high fusion performance in steady conditions with respect to the energy confinement
and fast ion slowing down times. The energy confinement of JET plasmas has also been affected by the change
in first wall materials [3] and the constraints for divertor compatibility with metal plasma facing components
are more challenging. Consequently, the benefits of direct extrapolation from the highest performance DTE1
experiments to the conditions expected in DTE2 are limited. Therefore, the high performance plasma scenarios
which are foreseen for DTE2 operation are based on either a conventional ELMy H-mode at high plasma current
and magnetic field or on the so-called improved H-mode or hybrid regime of operation with higher normalized
energy confinement. In order to assess the plasma parameters in the DTE2 experiments COREDIV code [4]
has been used to perform self-consistent core-edge simulations of JET DT plasmas. The code has been already
successfully benchmarked with a number of JET discharges for both carbon and ILW configurations [5-8]. The
preliminary COREDIV extrapolation of the reference ELMy H-mode shot #87412 to high power (P,,, = 41
MW) DT operation shows good core plasma performance with fusion power of ~ 6.5 MW [9]. Although for
hybrid plasmas, it might be possible to sustain 40MW of heating power for ~ 5-6s within the ILW divertor
temperature limits [10], it would be advantageous to be able to use impurity seeding (e.g. Ne) to increase the
margin with respect to the engineering limits. COREDIV preliminary simulations [9] showed that neon seeding
leads to rather beneficial effect on the plasma performance allowing for relatively wide operational window in
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2 R. Zagérski and et. al.: Modelling of the JET DT experiments

terms of the amount of the allowed neon influx. That prediction however, should be confronted with the fact
that impurity seeding dilutes fuel and, in most instances, reduces the fusion performance of JET plasmas in the
plasma domain relevant for high performance in DTE2 [11].

In order to further investigate the possible range of operating scenarios COREDIV modeling is used to inves-
tigate effects of impurity seeding (Ne, N) in extrapolation to high power/current/field scenarios for the DT opera-
tion. In particular numerical scans have been performed in terms of different input powers (P, = 15—40 MW),
confinement factors (Hgg = 0.8 — 1.2), plasma currents (/,, = 2.5 — 4.5 MA), magnetic fields (B = 2.1 — 4.0
T) and plasma densities (n, = 0.6 — 1.1 x 102 m~3). As a first step (section 3), we have simulated plasma
performance by increasing the input power and simultaneously some other parameters, keeping constant the Sy
value. Next, the power scan at constant current ([, = 2.5 MA) is presented in section 4 for two seeding gasses
(neon and nitrogen). Final remarks and conclusion are given in section 5.

2 Physical Model

Simulations were performed by using COREDIV code which is based on an integrated approach coupling the
radial transport in the core and the 2D multifluid description of the SOL. The interaction between seeded and
intrinsic impurities as well as the effect of the impurities on the fusion power might significantly affect the
particles and energy flows in the plasma and therefore the self-consistent approach is essential for a correct
evaluation of the average power to the divertor plates. As this work forms a follow-up of our previous calculations,
the detailed description and parameters used can be found in Refs. [4, 6,7, 12] and only the main points of
the model are reported here. In the core, the 1D radial transport equations for bulk ions, for each ionization
state of impurity ions and for the electron and ion temperatures are solved. For auxiliary heating parabolic-like
deposition profile is assumed and heating due to alpha power is calculated self-consistently taking into account
the dilution effect due to helium and impurity transport. The energy losses are determined by Bremsstrahlung
and synchrotron radiation together with ionization and line radiation losses. The energy and particle transport
are defined by the local transport model with prescribed profile of transport coefficients taking into account the
barrier formation in the edge region and which reproduces a prescribed energy confinement law [13]. In the
SOL, the 2D fluid Braginskii like equations are solved in the simplified slab geometry but taking into account
plasma recycling in the divertor region and sputtering processes due to all ions: D, (T, He), Be, Ne, and N (or
W) at the target plate. The model provides from a number of inputs like: the heating power, the average density
and the confinement enhancement factor Hyg, all the plasma parameters of interest: the core temperature and
density profiles, the effective ion charge Z. ¢, the radiated and fusion powers, the W flux and concentration
and the plasma parameters in the divertor/SOL region. The code was run in a steady-state mode neglecting fast
phenomena like e.g. ELMs. This corresponds to the experimental results averaged over energy confinement time.
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Fig. 1 Plasma parameters versus plasma current: a) power to the target plates (Ppqtc) , b) radiation fraction (frqq), c) W
concentration (cyy)
3 Simulations of the JET DT experiment - 5, scan

One of the main objectives of the coming deuterium and deuterium - tritium JET campaigns is to extend the
performance of the ILW at higher plasma current (> 2.5 MA) by fully exploiting the JET machine capability
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at high additional powers in the range of 40 MW. To reach these objectives, two main approaches are being
pursued: (i) the ITER baseline scenario by simultaneously increasing the current, toroidal field and applied
powers at go5 ~ 3 and Sy ~ 1.82, (ii) the ITER hybrid scenario at slightly reduced plasma current and higher
qos ~ 3 — 4 but at B > 2 where confinement is increased at high beta through the interplay between the core
and edge confinement optimisation [14].

In our study, first the expected level of radiation and heat loads at high current scenarios without impurity
seeding is assessed, considering that the strike point sweeping might be sufficient to control the heat loads to
the divertor targets. The following assumptions have been made: ggs = 3 =const, By = I, x 3.8/4.5 (B in
T. I, in MA), n./ng= const =0.62, Sy=const (=1.6 at Hog = 0.8) (~ Wy /I2), Hog=const, Pyyy ~ 139,
n:? = 0.4 X n.. Numerical scans have been performed for few values of plasma current (Table 1) and Hyg
(=0.8, 1.0, 1.2) with corresponding 8y values Bny=1.6, 2.0, 2.4, respectively.

Table 1 The main scan parameters

T, [MA] 25 3 35 4 45
Pauz IMW] 152 205 264 329 40
Br [T] 211 253 296 338 3.80

ne [102° m™3] 062 074 086 099 1.11
nsP (102 m™3] 0.24 029 034 039 043

It should be noted, that in order to keep S constant, the power increases strongly with the current.

In the Fig.1, we show total heat load to the divertor (Pp;q4¢¢), radiation fractions (f,.q) and tungsten concentra-
tion cyy versus plasma current for different Hgg values. It appears, that most of the global parameters (radiation
levels, particle and energy fluxes) are very week function of Hys. However, the core and pedestal temperatures
increase with Hgg as can be seen from Fig.2 where radial temperature profiles are shown together with the core
radiation profiles, which are also affected by changes to Hgg. With higher core electron temperature, the maxi-
mum of the radiation profile shifts from more central radial position a/r = 0.8 to the pedestal region a/r = 0.93
and might influence the pedestal parameters.

Without seeding, the radiation level is rather low (~ 35 — 40 %) (Fig.1b) and the corresponding heat load to
divertor target plates might not be sustained in the steady state high current operation [10]. That indicates that
strike point sweeping might not be sufficient to control the heat loads to target plates at peak plasma performance
and additional impurity seeding might be necessary.

In order to check the effect of seeding on the plasma performance, simulations have been done assuming
different levels of the Neon puff, while 5y was kept constant. Only cases with Hgg = 1 and I, > 3 MA are
considered and the results are presented in Fig.3.
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Fig. 2 Radial profiles of electron temperature and plasma radiation for the highest plasma current (I, = 4.5 MA)

The influence of neon seeding on the plasma performance is quite positive. Already small amount of neon
puff (cye > 0.2 %) leads to significant plasma radiation (Fig.3a) and reduction of the power to the divertor plates
(Fig.3b) [11]. It should be noted, that the radiation fraction is independent on the plasma current and approaches
~70% of the input power. That however is enough to reduce the heat load to the target plates to sufficiently
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low levels (~ 5 MW). The plasma radiation, is always dominated by the core tungsten radiation, which saturates
already at relatively small neon concentrations (cy. > 0.2 %) (note that our transport model does not consider
strong W accumulation). We note also, that the tungsten concentrations are always low and stay below < 1074
level, in agreement with experimental findings. The SOL radiation increases almost linearly with seeding and at
high seeding levels contributes significantly to the energy losses. Simultaneously, Z, s, stays at reasonable level
(< 2.5) showing that the plasma dilution due to seeding should not be problem at the highest performance thanks
to the plasma density increase with the power (in line with our constant 3y assumption). The confinement factor,
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Fig. 3 Plasma parameters versus neon concentration for Hog=1 : a) radiation fraction ( f,4q4), b) power to the target plates, c)
core radiation, d) SOL radiation, e) Z. s, f) transport multiplication factor.

Hog is kept constant in our simulations, which is achieved by feedback control of the transport coefficients. The
corresponding control parameter (C'g) is plotted in the Fig.3f. It can be seen that when the seeding starts the
plasma transport (proportional to C'g) has to be reduced to keep constant Hgg, which indicates that seeding might
lead to some degradation of transport. Note, that the radiation from the plasma core increases while the H-factor
is fixed, so the net energy confinement time (~ Wiy, /(P;y, — Prqq)) increases and the local transport is reduced.
However, at higher seeding ( cy. > 0.25%) confinement starts to improve with seeding, due to lower W radiation
caused mostly by reduction of the W source (due to neon cooling of the divertor region).

4 Power scan at [,=2.5 MA

In the constant Sy scan, the main discharge parameters were simultaneously changed, so the effect of specific
parameter is somehow hidden in the results. In particular, the influence of the heating power might be of ex-
treme importance and therefore simulation have been done changing only the input power keeping all the other
parameters as for the 1,=2.5 MA case (Hgg = 1.2) from the presented above Sy scan.

Calculations have been performed for different levels of neon puff and three values of the auxiliary heating
power: Pg,,=15.2,27,40 MW (with Sy = 2.4,2.9, 3.3, respectively) and are presented in the Fig.4. First, it can
be seen that the radiation fraction (Fig.4a) saturates with seeding (~ 80%) and weakly depends on the heating
power level. It is interesting to note, that at the constant heating power level, the core radiation (P, ), power to
the plate (Ppq¢c), power to SOL (not shown) and even the SOL radiation (Psor,) saturate with seeding. Seeding
however leads to strong plasma dilution (Z.;; > 3), at least for the considered relatively low density scenario
(ne = 6.2 x 10! m™3). The degradation of the transport (Fig.4e) is larger for higher heating powers but it
saturates with seeding, after initial strong change. Strong heating leads also to significant tungsten production
and consequently high plasma contamination by W ions (cyr ~ 3 x 107%).

Up to now, only neon seeding was considered, since nitrogen seeding is not currently compatible with the JET
tritium handling facility. However, in view of the successful JET experiments with Ny puffing, it is interesting
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Fig. 4 Plasma parameters versus neon concentration for Hgg=1.2 : a) radiation fraction (f4q), b) power to the target plates,
c) core radiation, d) tungsten concentration, €) Z.y s, f) transport multiplication factor.

to compare both gases. That has been done for two heating levels P,,,=15.2, 40 MW and the results are shown
in the Fig.5. It can be seen that neon leads to slightly higher total radiation than nitrogen, which leads to lower
divertor heat fluxes in case of Ne. However, that is achieved with much higher plasma contamination Z.f; ~
4 — 5 in case of Ne leading to strong plasma dilution, the fuel density n;(0) = 4.8 x 10'° m~2 compares with
n;(0) = 5.8 x 10 m =3 in case of nitrogen (at P,,,=40 MW). The power crossing the separatrix is lower for
Ne than for N, indicating better H-mode performance in Ny seeded discharges. Also transport degradation with
N> seeding is weaker than for Ne (see Fig.5d), in particular for strongly heated plasmas. The simulations at fixed
Hyg show that N9 seeding is favorable for energy confinement and core transport.
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Fig. 5 Plasma parameters versus impurity concentrations (Ne-squares (black symbols), Na-circles (red symbols) for
Pouz=15.2 MW (open symbols) and P,,,=40 MW (full symbols) : a) radiation fraction (frqq), b) power to SOL, ¢) Z ¢y,
d) transport multiplication factor.
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5 Conclusions

In order to investigate the possible range of operating scenarios COREDIV modeling was used to investigate
effects of impurity seeding (Ne, N) in extrapolation to high power/current/field scenarios for the DT operation.

First, constant 3y scan has been performed for so called hybrid scenario. The results of simulations show that
without seeding, the radiation level is rather low (~ 35 — 40 %) and the corresponding heat load to divertor target
plates might not be sustained in the steady state high current operation. That indicates that strike point sweeping
might not be sufficient to control the heat loads to target plates at peak plasma performance and additional
impurity seeding might be necessary [10]. The effect of neon seeding on the plasma performance is quite positive
and already small amount of neon puff (cy. > 0.2 %) leads to significant plasma radiation and reduction of the
power to the divertor plates [11].

We have analyzed also the influence of the heating power on impurity seeded discharges. It has been found
that the radiation fraction saturates with seeding (~ 80%) and weakly depends on the heating power level. Tt
is interesting to note, that at the constant heating power level, the core radiation, power to the plate, power to
SOL and even the SOL radiation saturate with seeding. Comparing neon with nitrogen seeding, it was seen that
neon leads to slightly higher total radiation than nitrogen, However, that is achieved with much higher plasma
contamination Z.¢s ~ 4 — 5 in case of Ne, and simultaneously the power crossing the separatrix is lower for Ne
than for N, indicating better H-mode performance in N» seeded discharges. Also transport degradation with Ny
seeding is weaker than for Ne in particular for strongly heated plasmas.
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