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ABSTRACT

The edge transport code EDGE2D-EIRENE has been used to model the inter-ELM phase of H-mode
plasmas on JET. A wide parameter space was covered to find the best match to control experiments
from recent nitrogen seeded plasmas [Maddison ef al., O-23, this conference]. From this match, a
deuterium scan was performed and predicted well the experimentally observed changes in the outer
target plasma for the same deuterium scan. Due to an underestimate of the inner target’s degree
of detachment, however, a simultaneous match to the inner target bolometric and spectroscopic
data could not be achieved. Nitrogen was seeded into the best match deuterium/carbon case, and

preliminary findings are discussed and compared to experiment.

INTRODUCTION

The EDGE2D-EIRENE code couples the 2D plasma multifluid solver EDGE2D [1] with the Monte
Carlo neutral solver EIRENE [2] to interpret and predict tokamak edge plasmas. The similar SOLPS
(B2-EIRENE) code has been used to model the inter-ELM phase of H-mode plasmas on ASDEX
upgrade [3] and JET [4], but a rigorous assessment of EDGE2DEIRENE’s ability to model such
plasmas is lacking. Here, we quantify EDGE2D-EIRENE's capacity to simulate the control plasmas
(lowest deuterium puff, no nitrogen) of recent nitrogen seeding experiments on JET (wadzl ,By=2.7
T, Ip =25MA, q45=3.5,P, =ISMW, d"=041) [5]. Comparisons are made to the new high resolution
bolometric [6] and infra-red camera [7] data now available. A deuterium scan was carried out from
the best matched reference case and found to fit well to the same experimental scan. Our ultimate
goal is to simulate these experiments over their entire range of nitrogen and deuterium content and

preliminary results are shown for nitrogen seeded simulations.

CODE SETTINGS

Figures 1a and 1b show the simulation grid used for all simulations presented and two typical inter-
ELM periods for the shots being modelled. In all simulations, the wall surfaces had a recycling
coefficient of 1 for deuterium ions and zero for carbon ions. Pumping was modelled via surfaces
covering the simulated cryopump inlets which remove passing neutrals with a prescribed probability.
The Haasz-Davis (flux dependent) model for chemical sputtering [8] was used throughout, with a

multiplicative fitting factor A Deuterium puffs were simulated from the inner target (IT) with

chem*
values set to match modelled pumped fluxes from the subdivertor neutral pressure (see [9]). The
input power to the grid accounted for experimentally observed radiative power losses from inside
the simulation region (calculated from bolometric reconstructions) and for the rate of change of
diamagetic energy between ELMs. Guiding centre drifts were turned off. Perpendicular electron
and ion conductivities yLe and yL,i were set equal, as were perpendicular deuterium and impurity
ion diffusivities D . Poloidally, perpendicular transport coefficients varied from the values set at
the Outer Mid-Plane (OMP) in proportion to FX(®) X Where FX is the flux expansion and kpy

€{0,1,2}. The perpendicular viscosity was given by M, =k,n;m,D, (r) where k., is a prescribed factor.



FITTING TO THE CONTROL PLASMAS

With regard to the ultimate goal of modelling impurity seeded plasmas, it is of primary importance
that experiment be matched in the divertor region. Input parameters were therefore adjusted to
match both Outer Target (OT) and upstream profiles, with precedence given to the target match.
The input parameters for the selected best match ‘reference case’ are given in table 1 and the
perpendicular transport coefficients are shown in figure 1c. This reference case solution is shown
in figure 2 (black lines and dots) with the experimental observations in grey. The match to the OT
Jsat

but the OMP separatrix density n

and T, (from Langmuir probes) and to the heat load Q,,,, (from the infra-red camera) is good,
=3.8E19m” is higher than reported by Thomson scattering

e,u,sep

mapped with EFIT’s reconstruction. Over the parameter space explored from this reference (listed
in table 1) the OT J

sat

and 7, could not be matched without an N, , ., at least this high.

The similar line integrated radiation measured in vertical bolometry channels 6 and 7 combined
with a factor 10 higher D , spectrometer signal at the Inner Target (IT) than the OT, suggest a strongly
detached IT. To maximise the degree of I'T detachment in the code whilst maintaining an OT match,
Achem
at the OT and 0.16 (0.00 physical, 0.16 chemical) at the IT. The resulting f,,, and core Z,;, were

0.31 and 1.67, respectively (compared to 0.21+0.08 and 1.61+0.06 in experiment). Figure 4 gives

was set to 4 for the reference, causing a total carbon yield of 0.21 (0.01 physical, 0.2 chemical)

the power balance for the reference. Volumetric losses from the IT region were 1.5 times less than
from the OT region relative to the input power to the grid, but 1.4 times more relative to power
received from the main SOL (MS, defined as the SOL region above the X-point). To further enhance
IT detachment, the fraction of power to the IT region compared to the OT region was minimised
by choosing ipy=1. This fraction increased from 0.49 to 0.67 to 1.01 as iy increased from O to 1
to 2, due to increasing power crossing the flux expanded X-point region (figure 4 shows the in/out
asymmetry for the reference). Even with these settings, figure 2 shows that although the agreement
of the reference to the line integrated OT 9 signal is excellent, the IT value is a factor 12 lower than
experiment. Similarly, the reference coincides with the measured OT bolometry (vertical channel
3), but is a factor 6 lower than the observed inner X-point radiation (vertical channel 6). This is
consistent with a simulated IT that is less detached than in experiment (from upstream to IT there is
no total pressure drop despite a peak 7, there of only 3.8eV). The poor IT D, match was unaffected
by removal of the inner pump surface, since 93% of the pumped flux was removed by the outer
pump (where the neutral density is highest). The failure to match the degree of detachment at the IT
may be linked to the incorrectly simulated C,; lines seen in figure 2 (higher at the IT than the OT in
experiment, opposite in the simulation). The impact on IT detachment of different models for the
chemical yield requires further investigation, as does the effect of varying carbon ion diffusivities
relative to the deuterium ions, and applying an impurity pinch. It is expected that the inclusion of
drifts would also reduce the power to the IT, but this may come at the expense of the OT match
[10].



DEUTERIUM SCAN

In experiment, the effective deuterium puff (determined from the derived pumped flux) was icreased
from the control rate I, in separate discharges by factors of 2.5 and 3. The same fuelling scan was
simulated from the reference case without altering any other input parameters. The comparison to
experiment is shown with the reference case in figure 2. The agreement with the upstream pedestal

density and the target J

e and Q. 1s striking ( T, is not trusted for the high density experiments so

is not plotted). The OT J,, for the 2.5T", , case is just at the point of rollover and the total pressure
at the IT is 1.9 times lower than upstream. This coincides with a 3.5 times increase in modelled
radiation through vertical bolometry channel 6, but is still a factor two lower than experiment, for
which radiation at the inner X-point did not change throughout the scan. Even for the 3T, case,
the IT D, signal is still 5 times lower than experiment, suggesting a significant underestimate of

the IT neutral pressure.

SEEDING WITH NITROGEN
Figure 3 shows the effect of seeding the reference plasma from the OT at rates of I“N=3E21s_1 and
5E21s” (rates in atoms per second), compared to actual experimental rates from the OT of 0.6E21s
"and 3 4E21s™". I'ys were chosen such that the impact on the OT Q,,,, was similar to experiment.
Lower experimental rates were probably due to a prescribed nitrogen recycling coefficient of zero
in the simulations (whereas in reality nitrogen is not perfectly sticky) and the positioning of the
nitrogen seeding surface (60% of which was in the private region, see the end of this section). In
experiment and simulation, J,,, was relatively unchanged while the peak T, and Q,,,, decreased
as I'y increased. As in experiment, the pedestal temperature and density were unaffected. From
lowest to highest I'y, the simulated core Z, increased by more than experiment (from 1.67 to 1.97
compared to 1.61 to 1.71), possibly owing to increased neutral penetration through a less dense
X-point. In experiment, only a small increase in f,,, (within the simulated region) from 0.21 t0 0.26
was required for this approximate halving of the outer target heat load, compared to an increase from
0.31 (reference) to 0.50 in simulation. Errors in the experimental value are large, however, due to
uncertainties in the bolometric reconstructions and in the rate of change of the diamagnetic energy.

Figure 4 shows the power balance for the MS,IT and OT regions for the reference (1), I'y=3E21 s
(2) and I‘AFSEZIS'1 (3) cases (see caption for full description). Nitrogen seeding had relatively little
effect on the power balance in the MS, where carbon radiation remained dominant over nitrogen
radiation. In the OT region, both the total radiative power loss and the contribution of nitrogen
radiation to that loss increased as I'y increased. This caused a reduction in the OT power load such
that the total power was conserved. A similar trend was observed at the IT, although the increase
in volumetric losses was smaller relative to the power received from the MS.

We define a radiation weighted average of some simulated plasma parameter A as (A)
Srad=2AG g rad 2 g rag (Where g ., is the radiated power density (Wm’) for species § and the sum

runs over all grid points of interest) and a radiation volume V,,,=28v (where 6v is the volume



of a cell and the sum runs over all cells of interest in which ¢, ., > ( s rad ) ). The radiative power
loss from species S is then approximately P, ,,, ~ imdz Ve rad ) S 1aa M) S raaPs 10ss (T,) Where n is
the total ion density and E,5611 is the radiative loss function [11]. The approximation is perfect in
the limit of a homogeneous plasma in coronal equilibrium, and offers insight into the interplay of
nitrogen and carbon radiation for the non-homogeneous plasmas simulated. For carbon and nitrogen,
P toss (T)=Py o5 (1.4Te) and P

Table 2 shows the seeded nitrogen and sputtered carbon (I'c) rates into the MS, IT and OT

1s maximum around 8eV [12].

regions for the reference (1) and I'y=5E21 s (3) cases alongside the components of P‘Y’md and P, .,
itself. For the seeded case in the MS, (n,), ., Was 3 times greater than (ny)y ., (probably owing to
the adjacent carbon wall source) and (7)., was 21 eV lower than (T,)y ., (such that P, . (T,
crad) 1 APy 1oss KT,)n raa))- Volumetric losses from the MS were therefore dominated by carbon
radiation in both cases. In the OT region, and (n,)y s and {ny)c ., Were both larger than (n,)c .
and (1) raq- Al80, P s (TN rad =0-2Py 1ss ({T.)n raq) N this region. Thus, in the OT region into
which nitrogen was puffed, nitrogen radiation dominated. In the IT region, where deviations from
the radiation weighted averages were large, Py ,.a# Pg 4 and nitrogen radiation dominated despite
the higher (n,)¢ ., and {ny)¢ ,.4- The significant nitrogen ion concentration in the IT region seems
to be due to OT seeding into the private region (60% of the seeding surface was on the private side
of the separatrix). Nitrogen ions, driven primarily by the lower pressure at the IT private plasma,
were transported via the private plasma towards the IT allowing radiation from nitrogen to dominate
over carbon in the IT region.
Overall, a nitrogen seeding rate of I“N=5E213'1 caused the total sputtered I'- to decrease by

1.54E21s™" . T, + I therefore increased, as did the total f,,, (0.50 for the [y=5E21s™ case).

SUMMARY
EDGE2D-EIRENE has been shown to achieve a good OT match to inter-ELM H-mode plasmas
on JET. Furthermore, the code predicted very well the trend seen in experiment at the OT when an
experimental deuterium scan was simulated. Over the wide parameter space explored, however,
it was not possible to match the IT bolometric or spectroscopic measurements simultaneously.
Possible explanations include: errors in the chemical sputtering model, the carbon transport and
the cross sections used for neutral-plasma interactions (e.g. charge exchange); the exclusion of
drifts; toroidal asymmetries in fuelling; averaging of turbulent fluctuations implied by the assumed
diffusive perpendicular transport.

Any interpretations from the simulation of nitrogen seeding into the reference case should be
made with the proviso that the IT region is not matched. Preliminary simulations found the seeding
rate to be greater than the consequential reduction in carbon sputtering rate, so that the total f

rad

increased with I',.
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Table 1. Input parameters scanned from the reference case Table 2. Components of IN)SM qinthe MS, IT and OT regions

to check that it is the best match, and the reference values of reference (1) and I'y=5E21 s (3) cases (labelled as in

used. Important parameters are discussed in the text. figure 4). P, and carbon and nitrogen sources in each
region are also given.
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Figure 1. (a) The simulation grid used throughout.
The separatrix is highlighted in green, puff and pump
surfaces in red. (b) A typical ELM cycle for control shot
76666 showing input power, power to the outer target,
radiated power, IT and OT D, signal and the selected
inter-ELM phase highlighted in red. (c) Perpendicular
transport coefficients used for the referencecase as a
function of distance past the OMP separatrix. Neoclassical
diffusivities were always higher than the minimum D, .

Figure 2. Comparison of reference case simulation
and deuterium scan with inter-ELM experimental data.
Throughout, black is used for the reference simulation and
grey for the control plasmas (3 experimental shots). Blue
(red) is used for the 2.5I',,; (3I',,¢) cases and faded blue
(faded red) for the same increase in effective experimental
puff (2 experimental shots for both cases). (a) Thomson
scattering n, and T, along the OMP as a function of
distance past the EFIT reconstructed separatrix. (b) OT
Langmuir probe data showing J,,, for all 3 fuelling rates
and T, for the control rate. Experimental data is plotted as
a function of distance past the maximum measured Q,,,,
plotted in the lower panel. (c) D, and Gy lines for IT and
OT (line of sight widths cover the entire target) compared
to forward modelled simulation results. Bars are averages
over the shots at particular fuelling rates, error bars are
inter-ELM standard deviations. (d) Total radiation
measured and simulated through the bolometric lines of
sight shown in the panel to the right.
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Figure 3. Comparison of a simulated nitrogen seeding scan at rates of zero (black), 3E21 s
(red) and 5E21 s (blue) with an experimental scan at rates of zero (grey), 0.6E21s" (faded
red) and 34E21s" (faded blue).
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Figure 4. Power balance for the Main SOL, IT and OT regions (including the private plasma)
for the 3 nitrogen seeded simulations shown in figure 3. In each region, column (1) is the
unseeded reference case, column 2 is the I'y=3E21 s case and column 3 is the I’ N=0E21 s’
case. Leftmost bars in each column are inputs to the region, subsequent bars are the losses and
sum to the input (power gains are negative bars). The various transport and volumetric loss
mechanisms are labelled.
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