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ARTICLE INFO ABSTRACT

Keywords: A numerical study is presented, using the SOLPS-ITER plasma boundary code with full drifts and currents
SOLPS-ITER activated, of impurity seeded JET discharges in support of high power H-mode experimental campaigns designed
JET modelling

to compare two ITER candidate seeding species, nitrogen (N) and neon (Ne). Fluid-kinetic edge plasma simu-
lations are first performed at lower levels of power into the scrape-off layer (SOL) and benchmarked against
existing JET experimental data. Calculations are then performed for higher levels of SOL power to examine the
impact of this key parameter on the efficiency of both radiators. From the code point of view, for the chosen JET
parameters, Ne can be as efficient a divertor radiator as N at the same level of upstream separatrix Zes < 1.5 for
moderate seeding, decreasing the peak power at outer target by factor ~ 3. Full detachment (state with the
temperature below 5 eV along all the target) at the outer target can be obtained with both impurities at higher
seeding, but in the case of Ne this leads to a higher Z.¢ and significant radiation in the main SOL/pedestal. The
indications from this JET code modelling, in comparison with previous similar simulations for ITER and ASDEX
Upgrade with drifts turned on, are that there is a beneficial impact of machine size in improving impurity
retention, substantiating the claim that both N and Ne will perform well as seed impurities for divertor power
dissipation in ITER.

Ne and N-seeding modeling

than in the absence of drifts. Here and further on in the paper the
partially detached conditions are conditions when SOL flux tubes at

Introduction

One of the key issues of importance in the ITER Research Plan is the
choice of extrinsic seed impurity for management of divertor power
deposition [1]. Such seeding is mandatory on ITER during burning
plasma (DT) operation. Of the two main candidate species, nitrogen (N)
and neon (Ne), the latter is preferred on ITER from the point of view of
avoiding plasma chemistry (principally the formation of tritiated
ammonia during DT experiments [1]).

Plasma boundary modelling of ITER burning plasmas using the
SOLPS-4.3 code (B2-EIRENE) without fluid drifts activated shows that
both Ne and N should be equally effective as divertor radiators [1], due
notably to the large scale size of the device. More recent simulations
with the SOLPS-ITER (B2.5-EIRENE) code [2], for the moment consid-
ering only Ne, but including all drifts, also confirm efficient divertor
power dissipation under partially detached conditions albeit with higher
out-in target power flux asymmetries at lower degrees of detachment
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scales comparable to energy flow width have temperature below 5 eV at
the divertor target, and most part of energy flow coming through these
tubes is dissipated.

Experimental H-mode seeding studies in JET and ASDEX Upgrade
(AUG) with all-metal plasma-facing components (PFC) in the range of
18-26 MW of additional heating power have shown that, in general N,
performs better than Ne, without strong degradation of confinement
even with relatively strong degrees of detachment, associated with the
majority of the radiative power dissipation occurring in the X-point re-
gion [3,4]. In the case of Ne, impurity transport and radiation in the
pedestal tend to drive instabilities and stable H-modes are either not
sustainable (AUG) [4] or confinement is strongly reduced (JET) [3]. In
the latter case, the input power levels were insufficient in the experi-
ments to maintain sufficient distance above the H-L back transition
power for good confinement. It is for this reason that new experiments at
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JET, with higher input power than was available for the study in [3] are
important in the sense of allowing comparative studies between AUG
and JET (differing by a factor of 2 in scale size) to be performed for the
two ITER candidate divertor seeding species. Experiments and SOLPS-
ITER modeling investigations of N/Ne seeded discharges have been
also performed at DIII-D, a device with similar size of AUG but with
carbon PFC. DIII-D results are in agreement with the findings at AUG
that N is better retained in the divertor compared to Ne and that the
inclusion of drifts and currents is necessary to interpret the experimental
findings [5]. Numerical study of N-seeded JET H-modes was performed
with code EDGE2D [6]. This modeling showed that at moderate power N
is applicable radiator. Still it was done without drifts, which are shown
to be significant contributors to divertor transport experimentally [7]
and in modeling presented in this paper.

A similar SOLPS-ITER code study as that for ITER has been per-
formed for AUG [8] (a device one third the ITER scale size), with focus
on N seeding. Drifts are found to have a much stronger impact than in
the case of the ITER simulations. In support of new experiments with
increased input power, the same exercise has now been performed for
JET, adding a third device, intermediate in size between AUG and ITER,
to the modelling database. The results are reported here. Importantly, all
three of these machines feature all-metal PFCs and vertical divertor
target configurations, the latter largely eliminating differences in
detachment thresholds due to geometry.

The JET simulations use the same approach as for the AUG and ITER
modelling: profiles of cross-field transport coefficients are chosen to
produce an H-mode transport barrier inside the separatrix, and, in the
case of AUG and JET, to reproduce experimental Thomson scattering
profiles at the outer midplane and Langmuir probe measurements at the
outer target. This “numerical experiment” is designed as a predictive
modelling exercise, in which the behavior at high values of power into
the scrape-off layer (SOL), Pgoy, is examined on the basis of simulations
guided by previously published experimental data from N and Ne
seeding experiments in JET at lower Pgoy.

Section “Simulation results”, Section ‘““Calibration” exercise at
moderate input power and trace impurity” describes general modeling
setup and simulation for existing moderate power discharge with com-
parison to experimenal results, analysis of drift effects, and trace im-
purity distribution. Section “Simulation results”, Section “Modelling
results for high input power” describes the predictive modeling at bigger
power input with N and Ne seeding ramp-up up to transition to full
detachment of outer target. Conclusions are given in Section
“Conclusions”.
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Simulation results
“Calibration” exercise at moderate input power and trace impurity

Experimental JET data from the study published in [3,9] are used to
provide a “low Pgoy”” benchmark for the SOLPS-ITER modelling at a fixed
single D and low impurity concentration. The high triangularity (ITER-
like) pulse number #85278 has input power of ~ 21 MW with power
crossing the separatrix ~ 11 MW in inter ELM period, plasma current I,
= 2.5 MA and toroidal field Bt = 2.7 T [9] (cf. 0.8 MA/2.5 T for the AUG
case studied in [8] and 15 MA/5.3 T on ITER). The power loss in the core
was calculated using the bolometric reconstruction of radiated power
outside the region modelled by SOLPS-ITER. It is a non-seeded
discharge, but with low residual nitrogen concentration resulting from
previous N-seeding discharges executed in the same experimental ses-
sion. Section “Modelling results for high input power” will describe the
results of predictive simulations at higher Pggp, in which scans of im-
purity seeding rate are made.

The full EIRENE model was used, accounting for neutral-neutral
collisions. Two choices of sub-divertor modelling geometries were
applied (see Fig. 1). The first is a full description (Fig. 1(a), left) of the
(complex) sub-divertor volume filled with neutral gas previously used in
JET SOLPS-ITER modelling to allow simulations of the neutral pressure
at the pressure gauges located far below the sub-divertor [10]. The
second (Fig. 1(a), right) is a simplified model in which some structures
situated far from the designated pumping surfaces are eliminated and
the complex structures between divertor and sub-divertor volume are
replaced by semi-transparent surfaces. Although the more complex (and
thus more realistic) geometry could be used for the simulations at
moderate Pgop, at higher power and higher deuterium puffing, the
resulting higher neutral pressures in the sub-divertor require signifi-
cantly more computational resources to calculate the Monte-Carlo
neutral trajectories. As a consequence, the higher fidelity geometry
was used only for the low (Psor, = 11 MW) power study, with the
simplified geometry being adopted for all the higher power (PsoL, = 16
MW) runs described in Section “Modelling results for high input power”.
At moderate power, tests showed that the simplified model gave results
within 10% in terms of divertor target profiles of ion flux and electron
temperature as obtained with the more complex geometry.

A net plasma flow of 1.5 x 10%! ions/s is imposed across the inner
core boundary of the simulation, mimicking source from neutral beam
injection (NBI), the main additional heating. The Pgo;, = 11 MW input
power to the grid is equally distributed between ions and electrons (note
that although the input powers are referred to here as Pggp, in the
simulations it is actually the power injected into the inner core boundary
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Fig. 1. (a) Modeling geometry including plasma fluid and neutral numerical grids. Pumping surface is marked yellow. (b) Anomalous transport coefficients at

the omp.
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of the numerical grid, which includes the pedestal region). Deuterium
puffing at the rate of 1.7x10%2 atoms/s is introduced in the private flux
region (PFR) along with trace impurity (N or Ne) at 107 atoms/s. An
average plasma toroidal, co-current rotation velocity of 20 km/s is
imposed at the inner core boundary to reproduce the spin-up induced by
neutral beam injection, the principal heating method used in the JET
experiments. In the usual way, pumping was simulated by imposing an
albedo coefficient < 1 at the pumping surface, Fig. 1(a).

The profiles of transport coefficients at the outer midplane (omp) are
shown in Fig. 1(b). They are chosen to try and approximately match the
experimentally measured profiles in Fig. 2 of plasma electron density
(ng), electron temperature (T) and ion temperature (T;) for the chosen
JET pulse. In the usual way, the extent to which the code reproduces the
downstream (divertor target) profiles is then used as a benchmark of the
physics model in the simulation. The profiles at both inner and outer
targets (experiment and model) for the plate ion saturation current, Jgat
(a direct measure of the incident charged particle flux) and T are given
in Fig. 3. Measurements are made with arrays of Langmuir probes. Note
that the saturation current to the plate is calculated as “parallel to the
magnetic field”. This means that the probe current is divided by the
perpendicular cross-section of the flux tubes terminating on the probes.
Moreover, it is also well known that the T, measured by such probes in
detached divertor conditions is often unreliable, with the probe tem-
peratures recording much higher values than modelling indicates,
possibly due to a preferential measurement of the electron tail by the
Langmuir probes [11]. This can also explain the inconsistency of mea-
surement and modelling for the PFR region of the outer target, where
modelling shows low Te.

Experimentally the importance of drift flows in JET was shown using
discharges with reversed magnetic field [7]. Changing toroidal field
direction changes direction of all drift flows. In experiment, changing
the magnetic field leads to ceasing of poloidal flows through the SOL and
to more symmetric distribution of energy flows to divertor plates. In
present modeling the role of drifts in the formation of the divertor pa-
rameters was investigated by comparison of full drift runs with calcu-
lations without drifts. Turning off drifts whilst conserving all other
modelling parameters has little impact on the upstream profiles (Fig. 2)
but strongly affects the target profiles (Fig. 3). Both outer and inner
target ion currents increase in the absence of drifts, taking the simulated
profiles generally far from experiment. Drift induced plasma transport
from the ionization zone in the outer divertor through PFR disappears
when drifts are deactivated, leading to an increase of plasma flow to-
wards the outer target and a decrease in target T.. Without this plasma
influx from the PFR, the inner target detachment degree decreases and
Jsat increases.

The relative importance of drift flows can be analyzed using integral
parameters, as performed in [2] for ITER and in [12] for AUG. When
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drifts are activated, the total ionization in the outer and inner divertor
plasma regions are 3.8 x 1023 s7! and 4.8 x 10?2 s™! respectively, to be
compared with 6.3 x 1023 s7! and 5.4 x 10%% s7! with drifts switched
off. The flow of ions through the PFR is provided mainly by drifts and
reaches a value of 1.5 x 10?3 s™1. Parallel flow from the outer to the
inner target without drifts is an order of magnitude smaller. The total
recombination in the inner divertor with drifts is 3.4 x 102 s, an order
of magnitude higher than with drifts switched off, and is comparable to
the total ionization. This simple analysis demonstrates that drift flows
are not dominant in the divertor region, but can nevertheless strongly
impact the solution. In AUG, drift flows are comparable to ionization in
the inner divertor [12], whilst in ITER they are an order of magnitude
smaller than ionization [2]. The JET case modelled here is thus situated
in between.

The marked influence of drifts in the JET case is associated with a
nonlinear response of plasma to the particle redistribution between the
divertors. The additional flow into the inner divertor from the PFR
triggers the onset of volume recombination and subsequent full inner
target detachment. The formation of a high field side high density region
(HFSHD) [13] follows, as seen clearly in the 2D maps of divertor ioni-
zation source, ne and T, in Fig. 4. The role of drifts in the formation of
this HFSHD feature has been discussed for AUG in [12,14]. The differ-
ence seen in the modeling between AUG and JET with regard to this
HFSHD is a hot plasma layer separating the X-point region from the cold
front. This region is actually even more pronounced in ITER modeling
[15].

The role of the E x B drift in the formation of the HFSHD region is
not only redistribution of particles between the divertors but also

changing shape of dense and cold region in front of inner target. ExB
drift transports plasma from inner strike point vicinity to far SOL along
the target plate thus forming the far SOL part of HFSHD region. In this

JET case, the radial E x B drift flow integrated poloidally in the inner
divertor increases by a factor of 3 from 10%® s™! at the separatrix to
3-10%3 s7! at the flux surface 6 mm at the omp (or 5 cm from the strike
point along the inner target). This flow exists for 20-25 cm along the
plate, gradually decreasing due to the sink of plasma by both volume and
target recombination. The ratio of electrostatic potential to electron
temperature, Fig. 5(a), in the HFSHD region indicates that the electric
field is determined there by currents under the condition of low electric
conductivity, rather than by T, and pressure gradients [2,12]. The radial
electric field at the omp is close to the neoclassical prediction, Fig. 5(b).

The inclusion of drifts into the modeling is essential if the experiment
is to be reasonably approximated. Modelled divertor target ion fluxes
considerably exceed the measured values (Fig. 3(a,b) if drifts are
switched off. To see if the modelled and measured ion fluxes could be
brought closer together in the absence of drifts, a divertor neutral
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Fig. 2. Plasma profiles at the omp for JET pulse #85278, Psor, = 11 MW. a) ne, b) Te, ¢) T;. Lines are the SOLPS-ITER modelled profiles in each case for drifts switched
on (full lines) and off (dashed lines). In (a), the family of dashed lines corresponds to a series of runs without drifts and different pumping strength (see text). In each

of the plots, the blue and red lines are always for the same (default) pumping.
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and different pumping strength (see text). In each of the plots, the blue and red lines are always for the same (default) pumping. Note that all experimental data are

selected from inter-ELM periods.

pressure scan was performed (drifts switched off) by adjusting the al-
bedo coefficient at the pumping surfaces under the divertor (Fig. 1) to
change the pumping efficiency. Increasing pumping in this way, the
simulated ion fluxes could be reduced by a factor 2 (and are thus still a
factor of 2 higher than the measured values), but at the expense of an
increase in the omp separatrix density and a deviation of the upstream
density profile from the Thomson scattering measurements.

One noticeable consequence of activating drifts in the model is the
double peaked profile found in the outer target particle flux (Fig. 3b).
The feature disappears when drifts are switched off. This structure is

associated with poloidal E x B flow away from the target. The elec-
trostatic potential in the plasma before the target is determined by the
sheath condition ¢ ~ 3T, /e. The steep temperature rise from the strike
point towards the far SOL (Fig. 3(d)) gives rise to a radial electric field in
the range 10-15 kV/m and to a drift velocity ~ 3-5 km/s. This velocity is
of the order of the poloidal sound speed (sound speed multiplied by the
field line pitch angle). The plasma drag from the target by this drift leads
to depletion of the flux tubes where the drift exists and a local decrease
of plasma density and ion flux. From a mathematical point of view, since
the boundary condition of poloidal velocity equal to poloidal sound
speed holds, to compensate the drift, the parallel velocity towards target
should increase. For this to occur, the pressure gradient should increase
and the pressure in front of the target drops. No such pressure minimum

is seen in the experimental saturation current profiles.

One possible explanation for the absence of the structure in experi-
ment could be that increased cross-field transport in the divertor region
(i.e. higher than the prescribed values in the main SOL, assumed
poloidally constant in the code runs) might “fill in” the density minimum
and smear out the temperature front, decreasing the drift velocity. To
simulate this, an additional code run was performed with transport co-
efficients increased by a factor 4 in both divertor regions and in the PFR.
As shown in Fig. 6, this does indeed eliminate the double maximum in
the ion saturation current profile, at the expense of widening the profile
with respect to experiment. Closer agreement with experiment can be
recovered by increasing the pumping efficiency. The disappearance of
the density minimum is associated mainly with the flattening of the
target T, profile and a resulting decrease of the poloidal drift velocity by
factor 2. This exercise proves that further tailoring of the transport co-
efficients (for example, separate treatment of diffusion and heat con-
ductivity in divertors, etc.) can be used to better adjust the modelling to
experiment. However, the baseline agreement between model and
experiment is considered satisfactory in terms of providing the basis for
predictive simulations of impurity seeding scans at higher Pso.

Drifts influence also the energy distribution at the divertor entrance.
This is illustrated in Fig. 7(a), where only the electron heat conductivity
flow can be fitted by an exponential. The characteristic width from the
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11 MW.

fit (Ay) is 2.6 mm, agreeing well with characteristic scale length of 9 mm
for the omp near-SOL T, obtained in the modeling 2.6 x 7/2 = 9 mm.
The full energy flow, including the contributions due to ion and electron
convective energy flows is strongly affected by drifts. They are associ-
ated with the negative energy flow in the separatrix vicinity, directed
here away from the outer target. Moreover the transport of energy
through the separatrix from SOL to PFR is affected by radial drifts. The
drift contribution here is of the same order as diffusive and radial heat
conductivity contributions.

The value of Aq obtained from the fit to the electron heat flow is a
factor ~ 2 higher than would be expected from the empirical Eich
scaling [16], itself based partly on data from JET. Since no IR target heat
flux data is available for these (vertical target) JET discharges, the only
possible comparison between modelled and measured heat flux profiles
is to use the target Langmuir probes (q|| = yJsatTe, with y the sheath heat
transmission factor). Fig. 7(b) compares the code and experimental

outer target profiles for Js;Te, showing quite good agreement between
widths of these profiles. The experimental profile maximum is shifted in
respect to modeled one due to minimum of modeled Jg, profile at the
separatrix. Thus, at least for this particular JET discharge, it does appear
that the simulated SOL width for electron energy flow is twice as high as
expected from the scaling prediction. Note, however, that in the code, A4
is defined as the characteristic length of the exponential fit to the energy
flow at the X-point level recalculated to omp coordinates. In the
empirical scaling, Aq is defined on the basis of a specific simplified
expression for the parallel heat flux distribution which cannot be fully
justified, so exact coincidence is not necessarily expected.

In this lower power plasma, both Ne and N impurities have been
considered, but with low seeding levels such that the impurity does not
influence the solution for main plasma component. This trace impurity
approach allows the behaviour of the different impurity species to be
analyzed on a common background. The absolute values of radiation or
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concentrations are irrelevant since all the impurity features scale line-
arly with seeding, while the impurity still does not influence the overall
solution. Therefore, normalized values are further compared for impu-
rities. As shown in Figs. 8 and 9, N radiation is localized closer to

divertor targets due both to better retention of nitrogen in divertor than
that of Ne (first ionization potential effect [8]), see Fig. 9, and the
dependence of radiation on temperature, see Fig. 8. Nitrogen is fully
ionized at lower temperatures so that the maximum of its radiation is
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situated at lower temperatures[17,18,19]. The band of high radiation
per N nucleus in inner divertor rising towards inner midplane is asso-
ciated with boundary of cold zone, produced by HFSHD, Fig. 4b. In
hotter outer divertor there is no such band. For Ne the zones of high
radiation rising towards upstream are present in both divertors. Even
though the N radiation is more localized in the divertor than that of Ne,
the temperature of the JET pedestal is sufficient to keep the radiation
mainly in the SOL and divertor for Ne as well. The radiation per Ne
nucleus in the pedestal is <1% of that in the divertor, Fig. 8. The radi-
ation at higher temperature of Ne compared with N makes Ne more
suitable for dissipation of energy in the outer divertor before detach-
ment onset.

The distribution of Ne and N density is shown in Fig. 9. Although N is
considerably better retained in the HFSHD region at the inner target
than Ne, this provides no beneficial effect since the HFSHD region is
already highly radiating and well cooled. The main issue is the retention
of impurities in the outer divertor, and here N and Ne behave approxi-
mately similarly. Comparing the ratio of impurity concentration in the
outer divertor SOL (volume averaged; outer divertor region is marked in
Fig. 9) to that at the separatrix (surface averaged) gives for 0.8 for Ne
and and 1.0 for N. From this starting point it can be foreseen that at least
at the beginning of outer strike point detachment (when its temperature
drops below 5 eV), Ne should be a more effective radiator than N. For
partially-detached regimes, however, Ne can be less well retained than
N, as is the case at the inner target.

Modelling results for high input power

Building on the lower input power, trace impurity test simulations

described in Section ““Calibration” exercise at moderate input power
and trace impurity”, predictive modeling of seeding scans with N and Ne
at higher power has been performed with Pgor, = 16 MW imposed at the
core boundary of the computational domain, equally distributed be-
tween ions and electrons. A fixed deuterium puffing rate of 3.4
10%2atoms/s was chosen as representative of the values expected in these
higher power discharges. The geometry of the discharge, the pumping
efficiency (albedo) at the sub-divertor structures and the radial transport
coefficients were maintained as in the lower power modeling.

The simulated profiles of main parameters at the outer midplane are
shown in Fig. 10. Both impurities lead to similar behavior of the omp
profiles. As the impurity density increases (increase in impurity
throughput), the pedestal density first rises then decreases, with the
temperature doing the opposite (as might be expected). The explanation
of this behavior is given further. The maximum density in the pedestal in
these series is very close to the Greenwald limit. In this predictive
modeling the transport coefficients in the pedestal remain unchanged
with input power, which may not be the case in experiment. A further
reason for the very high pedestal density can be the small separation
between the boundary of the plasma mesh and the separatrix at the omp
in the modeling. Recombination of plasma at this artificial boundary
gives rise to a flow of neutrals. The contribution of this flow to the so-
lution in the SOL is negligible if the SOL density decay length is less than
the omp plasma mesh width. However, for regimes with high SOL
opacity for neutrals originating from the divertor, this artificial recycling
source can significantly affect ionization inside separatrix and can
therefore increase the density profile gradient inside the transport
barrier.

The companion plots to those in Fig. 10 for the outer divertor target
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are shown in Fig. 11. In Fig. 12, some of the key simulation parameters
related to the target detachment and upstream density behaviour are
graphed against the upstream separatrix impurity concentration for the
two seeded species. The initial upstream density rise at the omp corre-
sponds to the outer strike point cooling below 5 eV, outer strike point
detachment onset and increase of the modelled saturation current to the
outer target, Fig. 12(a). The cooling of the separatrix due to impurity
radiation at this initial stage of seeding ramp-up leads to better pene-
tration of deuterium neutrals from the PFR to the SOL. This leads to an
increase of ionization in near SOL, an increase of saturation current and
therefore to an increase in the upstream pressure. At the same time, the
upstream temperature slightly decreases. Finally, the upstream separa-
trix density increases considerably (see also Fig. 12(b)). Further increase
of seeding has the opposite effect. The opacity of the PFR to neutrals
stays low, but higher impurity concentrations increase the radiation
losses and decrease ionization losses. As a result, the target ion flux and
the upstream density decrease.

For both N and Ne, increasing the seeding rate shifts the high tem-
perature front at the outer target towards the far SOL and leads to an ion
flux roll-over, Fig. 11(a-d). The outer target strike point detachment,

Fig. 11(e-f) occurs at upstream separatrix impurity concentrations
higher then 0.4% for Ne and 0.7% for N (Fig. 12b), corresponding to
approximately the same Z at the separatrix and in the pedestal. At this
stage, the heat load decreases from 15 MW/m? to <5 MW/m? and the
target is already protected from excessive localized plasma energy flow.
Roll-over demands considerably higher concentrations, approximately
the same for Ne and N, leading to higher Z in the pedestal for Ne. As
illustrated in Fig. 13, a decrease in the particle content of the HFSHD
region during the seeding ramp-up is observed in this JET modeling, as
seen earlier in AUG modeling and experiment [12,13,14]. Both the
spatial dimension and the peak density of the HFSHD region decrease.
The process evolves slowly, together with roll over at the outer target
with the same upstream separatrix concentrations of Ne and N. The
particle content in outer divertor remains almost unchanged during
increase of impurity concentration.

The retention of Ne in the divertor is worse than that of N, which is
consistent with modeling of both AUG and ITER [15]. This is illustrated
in Fig. 14(a). A robust integral measure of impurity retention/leakage
can be expressed by the ratio of impurity concentration in the pedestal,
or at the upstream separatrix, to impurity seeding relative to deuterium
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puffing. The latter gives an integral measure of the partial impurity
pressure in the sub-divertor structures in front of the pump, while the
former is a measure of impurity penetration to the upstream plasma.
This is valid if there is no significant difference in loss channel for im-
purity pumping, which, in experiment, could be different for different
impurity species. In the modeling, the deuterium puffing is maintained
constant during the seeding scan and impurity is removed only by
pumping, so the relative retention can be estimated through the
dependence of impurity concentration on the seeding.

From Fig. 14(a), the retention of both impurity species at low seeding
(before the outer strike point detachment) is very similar. As the im-
purity injection increases and target ion flux roll-over begins, N is
retained in the divertor about a factor 4 more efficiently than Ne. This
may also be seen in Fig. 14(b), where the average concentration of im-
purity in the outer divertor (the region marked in Fig. 9) is plotted as
function of the average concentration at the separatrix. Before the outer
strike point detachment, for impurity concentrations below 0.7%, N and
Ne behave similarly. For higher concentrations retention of N in outer
divertor is considerably better.

In Fig. 15, the normalized N and Ne densities are compared for two
pairs of the simulations with approximately the same distributions of
outer target ion flux and temperature. For these high power seeded JET
runs, the outer divertor retention is comparable for both species before
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the onset of partial detachment, Fig. 15(a), and then becomes signifi-
cantly better for N once partial detachment is achieved, Fig. 15(b). It can
therefore be expected that N and Ne perform similarly for the attainment
of strike point detachment, but that N is better for well developed
detachment states.

The distribution of impurity radiation in the divertor for the same
pair of runs is shown in Fig. 16. For moderate seeding, the radiation is
localized in the divertor for both radiating species, while for higher
seeding it remains in the divertor region for N and begins to move up-
stream for Ne. This behavior is associated with both worse Ne retention
and with the tendency for Ne to radiate at higher temperatures than N.

The dependence of retention on degree of detachment can be
explained by the first ionization potential (FIP) effect proposed in [8] for
AUG and in [15] for ITER. A more pronounced FIP effect for partially-
detached plasmas than that in attached regimes at low seeding levels
is associated with the specific temperature profile in the partially-
detached regime. In each detached flux tube in this regime there is a
cold region with temperature well below 5 eV, with almost no ioniza-
tion, and similar poloidal velocity directed towards the divertor target
for both fuel and impurity ions. The boundary of this cold zone is a re-
gion with very steep temperature gradient, with temperature rising up to
~100 eV over a poloidal scale length of 10 cm. The ionization front for
the main ions is situated in this narrow zone, from where parallel flow
towards the plates originates and at the same time here the thermal force
begins to act, deviating the impurity velocity from that of main ion
component, giving rise to an impurity velocity directed upstream. As a
consequence, the impurity ionization potential dramatically influences
the retention, determining the exact position of the impurity ionization
front within the steep temperature gradient and in the presence of a
stagnation point of impurity flow all in the same small region.

In less detached regimes, the FIP effect is still present but less pro-
nounced. The ionization rates dependence on temperature is very steep
at temperatures smaller than first ionization potential of atom [20].
When T, is comparable or bigger than first ionization potentials of all
species, the position of ionization depends more on the electron density
profile than on temperature distribution. Therefore for attached condi-
tions when T, is big almost everywhere in the divertor, the impurity
ionization position is less sensitive to the first ionization potential and
less separated spatially for different species of impurities and main ions.
The retention of different sorts of impurities in these regimes is com-
parable. Also the temperature gradient is less steep in the ionization
region and the position of the stagnation point for poloidal impurity flow
is determined by several factors, including drifts. This is supported by
modeling. For the trace impurity case, Fig. 9, the peak impurity density
in the detached inner divertor is much more pronounced for N than for
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Fig. 14. (a) Surface averaged ionized impurity separatrix concentration as a function of seeding injection rate. (b) Impurity (sum of ions and neutrals) average
concentration in the outer divertor plasma volume as a function of upstream impurity separatrix concentration.
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Ne, while the retention of both species in the attached outer divertor is
comparable.

As shown in Fig. 17, the fraction of energy radiated in the divertor
(inner and outer regions marked in Fig. 9) also supports the statement of
similar behavior of both N and Ne at low seeding and considerably better

radiation localization in the divertor for N at high radiated power
fractions. It is interesting to compare the present modeling results for
JET with the SOLPS-ITER simulations in Ref.[15] for AUG and ITER with
N and Ne and with modeling results with drifts for wide range of Ne
seeding described in Ref.[2]. The simulation points in Table 2 of [15]
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and points for runs with drifts described in [2] have been added to the
JET cases in Fig. 17, showing how both the Ne and N radiation is
localized in the divertor in ITER, even for very high radiated power
fractions (see also [1]). For AUG, Ne radiates poorly in the divertor in
comparison with N and JET lies somewhere in between the two ex-
tremes. Thus, the larger the device, the larger the divertor radiated
fraction for Ne, whilst N seeded discharges radiate efficiently in the
divertor even for medium sized devices. Note that in all three cases
(AUG, JET and ITER), the simulation data in Fig. 17 are for vertical
target configurations, allowing for a meaningful comparison.

Conclusions

A comprehensive plasma boundary modelling exercise for JET has
been conducted with the SOLPS-ITER code, with fluid drifts activated, to
compare the behavior of two ITER candidate medium Z impurity spe-
cies, nitrogen and neon, foreseen for divertor power dissipation during
burning plasma operation. Neon is currently favored for ITER to avoid
problems of plasma chemistry (production of tritiated ammonia), but H-
mode experiments on AUG have found operation with Ne to be prob-
lematic. On JET, N also performs better than Ne, at least for power into
the SOL typically accessible until recently. One important contributor to
the degraded performance with Ne is thought to be machine scale size,
and its impact on divertor retention of impurity. The simulations re-
ported here are an attempt to predict what might be observed at JET
when SOL power is increased. Such power levels have in fact recently
been obtained and new seeding experiments have been performed. They
are not yet, however, fully available for comparison with modelling and
so this paper remains as a predictive simulation exercise. Work is un-
derway to compare simulations with the new JET data and the results
will be reported in a future publication.

Beginning with a “calibration exercise” in which code runs were
performed guided by real experimental data from moderate power, low
seeding JET H-mode plasmas, a series of predictive simulations have
been made at higher power and with scans of impurity seeding rate for
both Ne and N at fixed fuel throughput. For the lower power target
discharge, the code satisfactorily reproduces key experimental results
both upstream at the outer midplane and at the divertor targets,
including the formation of a high field side, high density region seen in
experiment. The modeling clearly reveals the importance of drift flows,
redistributing plasma between the divertor plates through the private
flux region.

For the higher power, seeding rate scans, both impurities are found
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to produce strike point detachment of the outer target for the same
moderate Zesr < 1.5 in the pedestal, corresponding respectively to N and
Ne concentrations higher than 0.7% and 0.4% at the main chamber
separatrix. Significant reductions of the target heat flux are observed
already when the ion flux to the outer target is at its peak. Further in-
crease of seeding leads to ion flux roll-over, and to a slow further
decrease of the peak target heat load. At this stage, the Ne radiation
gradually shifts upstream and finally the fraction of radiation above X-
point can reach 50%. In contrast, N radiation is localized mainly below
the X-point, until full detachment of outer target.

Comparison of present JET modeling with equivalent SOLPS-ITER
simulations of ITER and ASDEX-Upgrade indicates that the localiza-
tion of radiation in the divertor region depends on machine size. Larger
scale size is more favorable for localization of Ne radiation in the
divertor, presumably due to higher temperatures at the divertor
entrance and higher opacity to impurity neutrals. A more detailed multi-
machine simulation exercise for the AUG-JET-ITER triplet is ongoing to
further quantify this scale size effect [21].
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