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ARTICLE INFO ABSTRACT

Keywords: SOLPS-ITER simulations of nitrogen-seeded, low-confinement mode plasmas in the Joint European Torus (JET)
Nitrogen predict that the electron temperature in the low-field side (LFS) divertor leg is reduced locally by up to an order
Moleclule of magnitude when nitrogen is assumed to recycle as molecules (N,) instead of atoms using a fixed nitrogen
Recycling

injection rate. The LFS divertor temperature reduction under the assumption of molecular recycling occurs due
to a three-step mechanism: (1) the plasma penetration of nitrogen atoms is increased due to the strong triple
bond of the N, molecule and the kinetic energy release in the dissociation event, both mechanisms contributing
equally, (2) the abundance of (particularly multiply-charged) nitrogen ions in the divertor is increased and
(3) the electron temperature is reduced due to the increase in radiation (by up to a factor of 4) from nitrogen
ions.

Setting the volume-integrated nitrogen radiated power to a constant value (0.6 MW) instead of the nitrogen
injection rate, SOLPS-ITER predicts under the molecular nitrogen recycling assumption that the peak line-
integrated N II, N III and N IV intensities in the LFS divertor are approximately within 15%, 35% and
5%, respectively, of the reference atomic nitrogen recycling case. The predicted peak N II, N III and N
IV intensities under either assumption are within 30%, 65% and 5%, respectively, of measurements using
the vertically viewing mirror-link divertor spectrometer (Meigs et al., 2010) in nitrogen-seeded JET L-mode
plasmas (Lomanowski et al., 2019). ERO2.0 simulations using a constant nitrogen seeding rate on static
background plasma solutions from EDGE2D-EIRENE (previously presented in Méenpai et al., (2022), revised
here to include fast reflections) predict that N II to N IV line emission is increased by 20% to 30% when
nitrogen is assumed to recycle as molecules, demonstrating the importance of considering the effect of
molecular dissociation reactions on the divertor plasma in a self-consistent manner.

JET
Divertor
SOLPS-ITER
L-mode

1. Introduction (H-mode) operation [1,2], demonstrating the potential of nitrogen
gas injection to protect divertor targets from excessive heat loads. In

Injection of nitrogen gas has been used in the ASDEX Upgrade this contribution, we employ SOLPS-ITER [3] simulations of nitrogen-
and JET tokamaks to achieve simultaneous divertor detachment with seeded, partially detached low-confinement mode (L-mode) JET plas-
suppressed edge-localised modes (ELMs) in high-confinement mode mas to study the impact of nitrogen molecular (N,) recycling on the
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divertor plasma conditions.

Previously, ERO2.0 [4] simulations on static background plasma so-
lutions from EDGE2D-EIRENE [5,6] predicted that assuming molecular
recycling of nitrogen increases the peak line-integrated N IIl and N IV
intensities (spectroscopic notation for N>t and N®*, respectively) by up
to a factor of two across the low-field side (LFS) divertor, and increases
the time-averaged, volume-integrated number of N°' to N”* ions in
the plasma by approximately a factor of two [7]. Using SOLPS-ITER,
which allows nitrogen molecules to be included, we are able to self-
consistently take in to account the impact of the increased radiation
from and abundance of multiply-charged nitrogen ions on the divertor
plasma solution. Additionally, we revise ERO2.0 simulations from [7]
to include the fast reflection of nitrogen ions.

2. Nitrogen divertor spectroscopy in partially detached JET L-
mode plasmas

Measurements by the vertically-viewing mirror-link divertor spec-
trometer [8] (JET diagnostic KT3A/B) in partially detached JET L-mode
discharges (JET pulse numbers 90416-90423) are used for the code-
experiment comparison in this work. In these discharges, the toroidal
field was 2.5T, the plasma current 2.5MA and the ion B x VB-drift
pointed into the divertor. Neutral beam heating (1.8 MW) was employed
in addition to Ohmic heating (1.6 MW). The low-field side strike point
was situated on the nearly horizontal target plate (JET divertor tile 5,
stack C), enabling the vertically-viewing divertor spectrometers to infer
the approximate radial and poloidal position of the nitrogen radiation
front across the low-field side divertor leg (Fig. 1 in [9]).

Nitrogen was injected as molecules into the low-field side scrape-off
layer from a toroidally distributed gas injection module, situated radi-
ally approximately 10cm outboard from the low-field side strike point
(Fig. 1 in [9]). The line-integrated core plasma density was held fixed to
produce high-recycling conditions at the onset of divertor detachment,
and the nitrogen seeding rate was increased from pulse to pulse. The
highest non-disrupting nitrogen injection rate (approximately 1.6 X
102! N atomic equivalents per second) was achieved in pulses 90422
and 90423. For an in-depth characterisation of the spectroscopic setup
in JET pulses 90422 and 90423, as well as time series of line-integrated
density, nitrogen injection rate, heating power and radiated power, see
Section 4.1 and Fig. 7, respectively, in [10].

3. Setup of SOLPS-ITER simulations

SOLPS-ITER simulations (see Table A.3 for a catalogue) are set up
using the EDGE2D-EIRENE simulations in [7,9] as a reference. In [7],
it was found that the location and shape of the nitrogen emission
front predicted by EDGE2D-EIRENE in the low-field side divertor is
highly sensitive to n s, rs_mp» the electron density at the low-field side
midplane separatrix. In the simulations of this contribution, ¢ s 1 Fs—mp
is fixed to 1.8 x 10 m™ (held constant by feedback injection of D,
from the private-flux region), yielding the best agreement between
SOLPS-ITER and EDGE2D-EIRENE predictions and divertor spectrom-
eter measurements of line-integrated N II, N III and N IV intensity,
when the other input parameters of the simulations are fixed to those
we describe below. In the experiment, 7 s, rs_mp Was estimated to
be higher (2.0 x 10" m=3 to 2.2 x 10" m=3, Fig. 2 in [9]) than the
optimal value of 1.8 x 10" m™3 found in this contribution, possibly
due to the lack of cross-field drifts in the SOLPS-ITER and EDGE2D-
EIRENE simulations and/or the uncertainty of the separatrix location in
the EFIT [11] equilibrium reconstruction. The reduction of n s, 1 Fs—mp
from 2.0 x 10" m™3 to 1.8 x 10" m~3 increases the predicted electron
temperature in the divertor locally by up to a factor of five and reduces
the electron density locally by up to a factor of four.

The cross-field particle diffusivities of D (D ) and N* to N7*
(D, ) are set to D; = D,y = 1.0m?s7!, with the exception of
D, =0.5m?s7! in the area extending 1 cm radially to either direction
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from the separatrix, including in the divertor volume. The particle
pinch velocities for DY and N* to N7 are set to zero. The electron
and ion heat diffusivities are set to y, = y; = 1.0m?>s~! inside the
separatrix, and to y, = y; = 0.5m?s”! outside the separatrix. The
power crossing the core boundary of the simulation domain (p, = 0.8)
is set to 3.2MW, assuming that 200kW is radiated inside the core
boundary. The predicted electron temperature at the low-field side
midplane separatrix is 62eV, within the measured range of 60eV to
70eV (Fig. 2 in [9]). The main chamber wall is assumed to consist of
pure beryllium, and the divertor targets to consist of pure tungsten.
Neither beryllium nor tungsten is included as a plasma species in the
simulations.

Nitrogen is injected as atoms in to the low-field side scrape-off layer
from the same poloidal location as in the experiment (Fig. 1 in [9]).
The injection of molecular nitrogen is not studied in this contribution,
as its effect on the emission from and abundance of multiply-charged
nitrogen ions in comparison to molecular recycling was previously
shown to be negligible [7] due to the recycling source dominating over
the injection source. The option to use feedback injection of impurities
to fix the impurity radiated power was not available in SOLPS-ITER
at the time of this study. Therefore, a nitrogen injection scan was
conducted.

Nitrogen is assumed to be a fully recycling species, i.e., the fraction
of nitrogen ions and atoms incident on a target that does not undergo
fast reflection is assumed to thermally recycle. The kinetic energy of the
thermally recycled nitrogen atoms (or nitrogen molecules, if molecular
recycling is assumed) is set to a constant 0.074 eV, corresponding to an
assumed wall temperature of 300°C. Nitrogen molecules and molec-
ular ions do not undergo fast reflection, and are instead assumed to
thermally recycle. The fraction of fast reflections and the energy of the
reflected nitrogen atoms is calculated using the TRIM-database [12].
Carbon-on-tungsten TRIM-data is substituted for nitrogen-on-tungsten
data (as in EDGE2D-EIRENE due to limited input options), leading to
an underestimation of the nitrogen radiated power by up to 5%.

A pump is included in the low-field side divertor corner with an
albedo of 0.8 as determined for hydrogenic species in [13]. We assume
the pump albedo to be 0.8 also for nitrogenic species (see Section 9 for
discussion). The simulations in this work have reached a steady-state,
where the nitrogen injection rate equals the pumping rate (with each
pumped N, molecule counting as two atoms). The subdivertor volume
is not included in these simulations due to the expected negligible
impact on the low-field side divertor plasma conditions [14] (although
the inclusion of the subdivertor volume may impact the pumping
rate, see Section 9). In the simulations where the thermally-released
fraction of nitrogen is assumed to recycle as molecules, a minimal set
of electron impact reactions for molecular nitrogen from the AMJUEL
database [15] is included (Table 1). The ray tracing code Cherab [16]
is used for calculating line-integrated nitrogen ion emission intensities
based on the predictions from SOLPS-ITER, taking into account the
reflections from the metallic JET ITER-like wall.

4. Setup of EDGE2D-EIRENE and ERO2.0 simulations

EDGE2D-EIRENE simulations of nitrogen-seeded JET L-mode plas-
mas first setup in [9], and used for sensitivity studies and as background
plasmas for ERO2.0 simulations in [7], are compared in this work
to the SOLPS-ITER simulations and used as background plasmas for
revised ERO2.0 simulations (with minor modifications to the input
options). The settings in the SOLPS-ITER simulations of this work
described in Section 3 are also used in the EDGE2D-EIRENE simulations
with two exceptions. First, feedback injection of nitrogen is used in
EDGE2D-EIRENE to set the nitrogen radiated power to 0.6 MW (based
on bolometric estimates in [9]). The steady-state injection rate needed
to reach P, 4y = 0.6 MW in EDGE2D-EIRENE is 6.1 X 10'° N atoms per
second. Second, nitrogen molecules are not included in the EDGE2D-
EIRENE simulations, as they were not available at the time of this study
as an input option.
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Table 1

AMJUEL reaction identifiers, reaction equations, electron energy loss and kinetic energy
release values for the minimal set of nitrogen molecular electron impact reactions
from [15]. The impacting electron has been omitted from the reaction equations
for brevity. The rate coefficients of these reactions are of the single-parameter type,
i.e. they depend only on the electron temperature and not on the electron density.
*Reaction 2.7.14 (included only in the SOLPS-ITER simulations) has no threshold and
its associated electron energy loss value is calculated from the electron energy weighted
rate coefficient.

AMJUEL Reaction AE, (eV) KER (eV)
2.7.5 N,— 2N 9.75 0.95
2.7.9 N,— e+N," 15.6 0.0
2.7.10 N,— e+N+N* 24.3 8.0
2.7.11 N,"— e+2N* 31.2 11.8
2.7.12 N,"— N+N* 8.4 1.0
2.7.14 N,"— 2N * 35

ERO02.0 simulations used in [7] to model nitrogen molecular recy-
cling on static background plasmas from EDGE2D-EIRENE simulations
are revised in this contribution to include the fast reflection of nitrogen
ions and atoms (missing due to a software issue in the previous contri-
bution). The nitrogen transport and surface interaction settings in the
SOLPS-ITER simulations of this work described in Section 3 are also
used in the ERO2.0 simulations. The nitrogen injection rate, however,
is fixed to the steady-state rate in the EDGE2D-EIRENE simulations,
i.e. 6.1 x 10! N atoms per second. ERO2.0 includes the same set of
nitrogen molecular dissociation reactions as the SOLPS-ITER simula-
tions in this work (Table 1), with the exception that reaction 2.7.14
is only included in the SOLPS-ITER simulations. The EDGE2D-EIRENE
and ERO2.0 simulations are both post-processed using Cherab to obtain
line-integrated nitrogen ion intensities.

5. Impact of molecular recycling on divertor plasma conditions in
SOLPS-ITER simulations

When nitrogen is assumed to recycle as N, molecules instead of
N atoms, and the nitrogen injection rate is fixed to 3 x 10! N atoms
per second, SOLPS-ITER predicts that the electron temperature in the
low-field side divertor leg is reduced locally by up to an order of mag-
nitude (Fig. 1). Concomitantly, SOLPS-ITER predicts electron density
to increase by up to a factor five when molecular recycling is assumed
(figure omitted). The electron temperature reduction due to nitrogen
recycling as N, occurs in a volume approximately coincident with the
peak emission from N II to N IV (figure omitted). At the low-field
side strike point the difference in electron temperature between the
simulations is less than a factor of two due to detached conditions
(electron temperature < 1eV) already prevailing at the strike point in
the molecular recycling simulation.

When the nitrogen injection rate is varied in the SOLPS-ITER sim-
ulations (Fig. 2), roll-over of the electron density and reduction of
the electron temperature to below 1eV at the low-field side strike
point occur at a lower injection rate (3 x 10! N atoms per second)
when nitrogen is assumed to recycle as molecules than under the
atomic recycling assumption (9 x 10’ N atoms per second). SOLPS-
ITER also predicts that the power radiated by nitrogen ions (P, N)
increases faster as a function of the nitrogen injection rate when N,
recycling of nitrogen is assumed (Fig. 3). The bolometric estimate of
0.6 MW of power radiated by nitrogen is reached at an injection rate
of approximately 6 x 10 and 2.1 x 10 N atoms per second in the
molecular and atomic nitrogen recycling simulations, respectively. The
maximum power radiated by nitrogen at which a steady-state solution
is obtained under the molecular recycling assumption is approximately
1.8 MW, and 0.65 MW when nitrogen is assumed to recycle as N atoms.
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Fig. 1. Electron temperature in the divertor predicted by SOLPS-ITER under the
assumption that (a) nitrogen recycles as N atoms and (b) nitrogen recycles as N,
molecules. The nitrogen injection rate in simulations a and b is fixed to 3 x 10" N
atoms per second and the electron density at the low-field side midplane separatrix
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has been fixed to 1.8 x 10" m™ in both simulations.
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Fig. 3. SOLPS-ITER prediction of the (volume-integrated) power radiated by nitrogen
ions versus the nitrogen injection rate under the assumptions that nitrogen recycles
as N atoms (dashed line) and that nitrogen recycles as N, molecules (solid line). The
horizontal line represents the bolometric estimate of power radiated by nitrogen in
JPN 90423 between 15.5s to 16.5s. The electron density at the low-field side midplane

Separatrix ., rs_mp, has been fixed to 1.8x 10" m= in both simulations.

6. Physical mechanism of temperature reduction in the low-field
side divertor leg under the nitrogen molecular recycling assump-
tion

The increase in nitrogen radiated power (Fig. 3) and the associated
reduction in the nitrogen injection rate at which the low-field side strike
point temperature is reduced below 1eV and at which electron density
roll-over occurs (Fig. 2) under the molecular recycling assumption is
due to an increase in the abundance of nitrogen ions in the plasma.
When nitrogen is assumed to recycle as N, molecules instead of N
atoms, and the nitrogen injection rate fixed to 3 x 10! N atoms
per second, SOLPS-ITER predicts that the volume-integrated number
of singly-charged nitrogen ions is increased by 80%, the number of
doubly-charged nitrogen ions by a factor of 7 and the number of N3*
to N’" ions by a factor of 3 to 4. We hypothesise that the increase
in nitrogen ion abundance is due to enhanced plasma penetration of
nitrogen atoms, which in turn increases the likelihood of N* ions to be
ionised to higher charge states due to the longer mean dwell time in
and better access to high temperature regions of the plasma.

SOLPS-ITER predicts that under the nitrogen molecular recycling
assumption the ionisation source of N* ions is increased in magnitude
to accommodate the increased abundance of multiply-charged nitrogen
ions and moved towards the X-point from the target (Fig. 4), which
is consistent with an increase in the plasma penetration of neutral
nitrogen atoms and a reduction in the divertor temperature due to
the increase in nitrogen radiated power. In a coupled SOLPS-ITER
simulation the reduction in electron temperature (in the B2 plasma
solution) and the increase in plasma penetration of neutral nitrogen
molecules and atoms (as determined by EIRENE) occur in a step-wise
manner over a large number of iterations when N, recycling is enabled.
Thus, the movement of the ionisation front is a cumulative process, the
result of which is shown in Fig. 4 b.

The increase in plasma penetration of nitrogen atoms under the
molecular recycling assumption is attributed to two mechanisms. First,
a nitrogen molecule is only dissociated by sufficiently energetic elec-
trons. The N, dissociation threshold (9.75eV) is high due to the triple
bond of the N, molecule. Secondly, the dissociation fragments (N
or N* depending on the reaction) gain translational energy (KER)
in the dissociation event (Fig. 5). By decreasing the KER values of
the molecular dissociation reactions in Table 1 by a factor of 1000
(chosen arbitrarily) so that the translational energy imparted on to the
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The nitrogen injection rate in simulations a and b is fixed to 3 x 10" N atoms per
second and the electron density at the low-field side midplane separatrix n is
fixed to 1.8 x 10" m~3.
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Table 2

Plasma parameters at the low-field side strike point and the volume-integrated nitrogen
radiated power from five SOLPS-ITER simulations: (1) nitrogen recycles as N atoms
(2) nitrogen recycles as N, molecules (3) nitrogen recycles as N, molecules, but the
electron energy loss of dissociation and ionisation reactions in Table 1 is set to zero
(4) nitrogen recycles as N, molecules, but the kinetic energy release values (KER) of
reactions in Table 1 are divided by 10° (5) nitrogen recycles as N, molecules, the KER
values of reactions in Table 1 are divided by 10° and the rate coefficient of AMJUEL
reaction 2.7.5 (e + N, —— e + 2N) is multiplied by 50. In all five simulations, the
nitrogen injection rate is fixed to 2x 10" N atoms per second and the electron density
at the low-field side midplane separatrix n is fixed to 1.8 x 10" m=3.

,sep,LFS—mp

Param. N only N, rec. N, rec., N, rec., N, rec.,
AE, =0eV KER/10° KER/10°,

{o0)375 50

T, 1 rs—sp 1.63 1.2 1.2 1.38 1.62

(V)

el ps—sp 1.62 1.85 1.86 1.76 1.62

(10%° m—3)

PN 58 199 199 127 57

(kW)

dissociation fragments is less than one fifth of the assumed thermal re-
cycling energy (0.074eV), SOLPS-ITER predicts that the power radiated
by nitrogen ions is reduced from approximately 0.2 MW to 0.13 MW
(Table 2). Additionally, increasing the rate coefficient of reaction 2.7.5
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9.75 eV dissociation
threshold of N2

Fig. 5. Physical mechanism of increased plasma penetration of nitrogen atoms under
the molecular recycling assumption: (1) a nitrogen molecule is released from the
divertor target after thermalisation, and dissociates only upon impact by sufficiently
energetic electrons (2) in the dissociation event, the dissociation fragments (here, N
atoms) gain translational energy, travelling further into the plasma on average than
a thermally recycled N atom would. AMJUEL reaction 2.7.5 (e + N, — e + 2N) is
depicted, but other dissociation pathways are also possible Table 1.

(which produces two neutral nitrogen atoms) by a factor of 50 (chosen
arbitrarily) and thus greatly reducing the lifetime of the N, molecules,
SOLPS-ITER predicts that the power radiated by nitrogen ions is further
reduced to the value predicted in the atomic recycling simulation (from
0.13 MW to 0.06 MW). Thus the kinetic energy release in the dissociation
event and the high dissociation threshold of the N, molecule contribute
approximately equally to the increase in the nitrogen radiated power
under the nitrogen molecular recycling assumption.

The effect of electron cooling due to the dissociation and ionisation
costs associated with the reactions of Table 1 is negligible. If the
ionisation and dissociation costs (4E,) associated with reactions in
Table 1 are set to zero, without modifying the reaction rates or kinetic
energy release values, the electron temperature and density predicted
by SOLPS-ITER at the low-field side strikepoint are within 1% of the
reference nitrogen molecular recycling case (Table 2). Although the
dissociation cost of the triple bond of the N, molecule relates to both
the electron cooling and the reaction rate of the dissociation reactions,
it is the increase in plasma penetration of nitrogen neutrals and the
resulting radiation from nitrogen ions that produces the reduction in
electron temperature discussed in Section 5, not the electron cooling
due to the dissociation costs.

7. Divertor spectrometer measurements and SOLPS-ITER predic-
tions of line-integrated N II, N III and N IV intensity

When the nitrogen radiated power is fixed to 0.6 MW, SOLPS-ITER
predicts that the peak line-integrated emission in the low-field side
divertor from N II, N III and N IV in the N, molecular recycling
simulation is less than the peak intensity in the atomic recycling
simulation by approximately 15%, 35% and 5%, respectively (Fig. 6).
The predicted density of N* ions near the low-field side strike point in
the atomic recycling case (Fig. 7) is approximately 3 to 4 times greater
than in the molecular recycling case when P,y is fixed to 0.6 MW,
whereas the predicted densities from the midpoint of the low-field
side divertor leg to the X-point are approximately equal. The predicted
densities of N>* and N3' in the low-field side divertor volume are
approximately within a factor 1.5 in both simulations. The preceding
predictions of nitrogen line intensity and ion densities are consistent
with the hypothesis that due to the enhanced plasma penetration of
neutral nitrogen, nitrogen molecular recycling increases the access of
singly-charged nitrogen ions into high-temperature areas of the divertor
plasma. The higher fraction of N* ions reaching high-temperature areas
of the plasma in the molecular recycling case increases the emitted N
II line radiation per ion and the likelihood of singly-charged nitrogen
ions to ionise further relative to atomic recycling of nitrogen.
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Fig. 6. Line-integrated N II, N III and N IV line intensity in the divertor predicted
by SOLPS-ITER under the atomic and molecular recycling assumptions (blue and red
lines, respectively), predicted by EDGE2D-EIRENE (green) and measured by the KT3
vertically-viewing mirror-link divertor spectrometer (black dots). The thickness of the
solid lines (simulations) indicates the standard deviation associated with repeated post-
processing runs using Cherab and the error bars on the dots (KT3 measurements)
indicate standard deviation over the time interval 7 = 15.5s to 16.5s in the experiment.
The nitrogen radiated power is fixed to 0.6 MW in the simulations and the electron
density at the low-field side midplane separatrix n, ., rs_m, i5 fixed to 1.8 x 10" m=3.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Under the molecular recycling assumption, the SOLPS-ITER pre-
dicted N II, N IIl and N IV peak intensities are within approximately
15%, 65% and 2% of the measured peak intensity, while under the
atomic recycling assumption they are within approximately 30%, 50%
and 5% of the measured values, respectively (Fig. 6). The predicted N II
intensity towards the low-field side in the molecular recycling case is
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Fig. 7. Density of N*, N?* and N*" in the divertor predicted by SOLPS-ITER under the atomic and molecular recycling assumptions (left and right columns, respectively). The
nitrogen injection rate is set to 20 x 10" and 6 x 10" N atoms per second in the atomic and molecular recycling simulations, respectively, yielding a predicted nitrogen radiated
power of approximately 0.6 MW in both simulations. The electron density at the low-field side midplane separatrix n, ;s is fixed to 1.8 x 10" m=.

more consistent with the measurements than in the atomic recycling III intensity predicted by SOLPS-ITER under the atomic recycling case is
case. However, in both cases, an N II intensity peak is predicted more consistent with the measurements than under the molecular recy-
towards the high-field side but is not observed in the experiment. The N cling assumption, whereas the predictions of peak N IV intensity under
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either assumption are within the uncertainty of the measurement. We
therefore contend that neither assumptions yields predictions that are
overall more consistent with the measurements than the other.

8. EDGE2D-EIRENE and ERo02.0 predictions of line-integrated N II,
N III and N 1V intensity

In the EDGE2D-EIRENE simulations which assume nitrogen atomic
recycling and where the nitrogen radiated power is fixed to 0.6 MW
(at a nitrogen injection rate of 6.1 x 10!° N atoms per second), the
predicted peak intensities are within 45%, 45% and 5% of the measured
N II, and N III and N IV peak intensities, respectively (Fig. 6). Assum-
ing nitrogen to recycle as N, molecules instead of N atoms, ERO2.0
predicts that the peak line-integrated intensity of N II, N IIl and N
IV is increased by 25%, 30% and 20%, respectively, when a constant
nitrogen injection rate of 6.1 x 10! N atoms per second is used in
both simulations. ERO2.0 simulations conducted on static background
plasmas are therefore less sensitive to the nitrogen molecular recycling
assumption than the self-consistent SOLPS-ITER simulations where up
to a factor of four increase in P,,qy is predicted under the molecular
recycling assumption (Section 5). Compared to the measurements made
by the vertically-viewing divertor spectrometer system (KT3), ERO2.0
overestimates the peak line-integrated intensity of N II, N IIl and N IV
by a factor 3.4, 1.05 and 1.5, respectively, when nitrogen is assumed to
recycle as atoms, and by a factor 4.1, 1.3 and 1.7, respectively, under
the molecular recycling assumption.

The predicted relative increase in the line-integrated N III and
N IV intensity when assuming nitrogen molecular recycling in the
ERO2.0 simulations of the current work (30% and 20%, respectively)
is smaller than the factor of two increase in peak line-integrated N III
and N IV intensity reported in [7] due to the missing fast reflections
of nitrogen ions and atoms in the previous contribution. The impact
of fast reflections of nitrogen ions and atoms is qualitatively similar
to that of molecular recycling, i.e. the greater kinetic energy of the
reflected atoms compared to thermally recycled atoms increases plasma
penetration. Thus, the lack of fast reflections of nitrogen ions and
atoms in the previous contribution led to an overestimation of the
relative impact of nitrogen molecular recycling on static background
plasmas and the coincidental improvement of the agreement between
the ERO2.0 predictions and measurements of peak line-integrated N III
and N 1V intensity.

9. Discussion

In the SOLPS-ITER simulations in which nitrogen recycles as N
atoms, the steady-state nitrogen injection (and pumping) rate at which
the bolometric estimate of 0.6 MW of power radiated by nitrogen is
reached is lower than the experimental injection rate by approximately
a factor of 7-8. When nitrogen is assumed to recycle as molecules in the
SOLPS-ITER simulations, the steady-state injection and pumping rate
at which P4y = 0.6MW is reached is lower than the experimental
injection rate by approximately a factor of 25-30. Consistently, when
nitrogen molecular recycling is assumed, the density of N, predicted
by SOLPS-ITER in the divertor, including in the volume next to the
low-field side pumping plenum, is approximately one fifth of the N
density when atomic recycling is assumed (in the case of molecular
recycling, the nitrogen neutral density is dominated by N,). Thus, in the
SOLPS-ITER molecular recycling simulation, less nitrogen is injected,
the density of neutral nitrogen species is lower and less nitrogen is be-
ing pumped than in the atomic recycling simulation. EDGE2D-EIRENE
simulations (where nitrogen recycles as atoms) predict a steady-state
injection and pumping rate at which P4 = 0.6 MW that is approxi-
mately a factor of three lower than in the SOLPS-ITER nitrogen atomic
recycling simulations, possibly due to the remaining differences in the
boundary conditions or a yet unidentified numerical issue present in
one code but not the other.
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The discrepancy between the nitrogen injection in the experiment
and in the codes may stem from (1) missing physics in the simulations,
such as non-resonant charge-exchange reactions between main ions
and the nitrogen impurities, (2) numerical issues such as insufficient
spatial resolution of the grids near the X-point, (3) the quadrangular,
magnetically-aligned grids of the plasma fluid codes not extending all
the way to the vertical surface of the low-field side divertor, (4) an
overestimation of the albedo of the low-field side pumping surface
(here, 0.8) for nitrogenic species, (5) the omission of the subdivertor
volume and the cryopump therein, (6) a plasma solution that is not rep-
resentative of the experimental divertor conditions, (7) direct pumping
of injected nitrogen gas, (8) incomplete saturation of the JET plasma-
facing components in the experiment or (9) the formation of ammonia
molecules and their subsequent sticking to plasma-shadowed areas.
To address items 1, 2, 3, 4 and 5, the missing ion-neutral reactions
should be included in the model, the grid resolution increased, the
wide-grid version [17] of the SOLPS-ITER code employed, the effective
albedo of the low-field side pumping surface determined for nitrogenic
species as in [13] for hydrogenic species and the impact of including
the subdivertor volume investigated, respectively. Items 6, 7, 8 and 9
are discussed below.

SOLPS-ITER and EDGE2D-EIRENE underestimate the line-integrated
electron temperature and peak electron density towards the low-field
side from the strike point by approximately a factor of two when the
power radiated by nitrogen is set to 0.6 MW, independent of whether
nitrogen is assumed to recycle as atoms or molecules in the SOLPS-
ITER simulations (Fig. 8). The difficulty in matching the predicted and
measured plasma conditions in high-density, low-confinement mode
JET divertor plasmas using SOLPS-ITER and EDGE2D-EIRENE is not
limited to nitrogen-seeded discharges, see e.g. [18]. Line emission due
to electron impact excitation is linearly proportional to the electron
density and the photon emissivity coefficient, which itself is sensitive
to electron temperature and density. Furthermore, electron density
and temperature affect nitrogen transport and hence nitrogen emission
by modifying, for instance, the ionisation rate and the temperature
gradient force acting on nitrogen ions, respectively.

In nitrogen-seeded ASDEX Upgrade discharges, up to 90% of the
seeded N, gas was found to “bypass” the plasma, i.e. not dissociate or
ionise, but instead enter the pumping ducts directly [22]. The simula-
tions in this work are unlikely to capture such a bypass effect, since
the injected neutral nitrogen atoms move along straight trajectories
until they impact a wall, become ionised or are pumped, with pumping
being less likely than ionisation due to geometric reasons and the non-
zero albedo of the pumping surface. The lack of a bypass mechanism
in the simulations allowing up to 90% of the injected nitrogen to be
pumped directly is thus a possible cause of the discrepancy between
the steady-state injection and pumping rates in the simulations and the
experiment.

In this contribution, we have assumed all of the plasma-facing
components of the JET ITER-like wall to be saturated with nitrogen
in the experiment (and consistently assumed nitrogen to be a fully-
recycling species in the simulations) as the JET pulses 90422 and
90423 were preceded by five nitrogen-seeded discharges. In ASDEX
Upgrade, three subsequent nitrogen-seeded discharges were sufficient
to saturate the all-tungsten plasma-facing components via nitrogen ion
implantation [23], whereas in JET a larger number of discharges may
be needed due to the possibility of co-deposition of nitrogen with
beryllium [24]. Deuterated ammonia has been detected in the exhaust
gases of ASDEX Upgrade and JET [24]. Its formation and retention
in the plasma-shadowed areas of the vessel, which is not accounted
for in the simulations, is another mechanism which may contribute to
the higher steady-state injection and pumping rates in the experiment
compared to the simulations.

Building a computational ammonia formation, transport and disso-
ciation model is the subject of a future publication. Nitrogen recycling
in part as ammonia molecules is expected to increase the plasma
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Fig. 8. Line-integrated electron temperature and electron density (blue lines)
inferred from Balmer photo-recombination continuum emission [19] and D; Stark-
broadening [20], respectively, and the corresponding predictions from EDGE2D-EIRENE
(red) and SOLPS-ITER under the nitrogen atomic and molecular recycling assumptions
(yellow and orange) post-processed using the PESDT code (formerly, pyproc) [21].
The blue shaded area indicates the standard deviation over the time interval ¢ =
15.5s to 16.5s in the experiment. The nitrogen radiated power is fixed to 0.6 MW in the
simulations and the electron density at the low-field side midplane separatrix n, ., rs—mp
is fixed to 1.8 x 10! m~3. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

penetration of neutral nitrogen species similar to recycling as N,, as
kinetic energy release values of the same order as in Table 1 have
been measured in e.g. the dissociative excitation of NH* [25]. How-
ever, due to the disparity in mass between nitrogen and deuterium,
a smaller fraction of the released kinetic energy is imparted onto the
nitrogen-containing dissociation fragment in the dissociation reactions
of e.g. ND;, ND, and ND than in the dissociation of N,,.

10. Conclusions

Assuming nitrogen to recycle as N, molecules instead of N atoms
in SOLPS-ITER simulations of nitrogen-seeded, partially detached JET
L-mode plasmas increases the power radiated by nitrogen ions by up
to a factor of four and reduces the electron temperature locally in the
low-field side divertor leg by up to an order of magnitude when a fixed
nitrogen injection rate is used. The increase in nitrogen radiated power
occurs due to an increase in the abundance of nitrogen ions by 80% (for
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N1) to 600% (for N2t). Enhanced plasma penetration of nitrogen atoms
due to the high dissociation threshold of triply-bonded N, molecules
and the kinetic energy release in the dissociation event is shown to
explain the increase in the nitrogen ion abundance.

When the power radiated by nitrogen ions is matched to the
bolometric estimate from experiment by adjusting the nitrogen in-
jection rate, the SOLPS-ITER N, recycling simulations predict peak
line-integrated N Il to N IV intensities within 5% to 35% of the atomic
recycling case, and both simulations predict peak line-integrated N II
to N 1V intensities within 5% to 65% of the values measured by the
vertically-viewing divertor spectrometer. Neither recycling assumption
yields predictions that are overall more consistent with the measure-
ments of line-integrated N II to N IV intensity than the other when the
nitrogen injection rate is treated as a free parameter. If a fixed nitrogen
injection rate is used in e.g. predictive modelling, a sensitivity analysis
testing both atomic and molecular nitrogen recycling is recommended.
However, the discrepancy between the steady-state nitrogen injection
rates in the simulations and experiments described in Section 9 must
be resolved before predictive modelling with fixed nitrogen injection
rates is possible.
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Table A.3

SOLPS-ITER simulations are stored on the MPCDF TOK cluster under
“/toks/work/rmaenpaa/solps-iter/runs/jet/81472/”, the ERO2.0 simula-
tions are stored on the Aalto Triton cluster under “/scratch/phys/fu-
sion/ero/runs/rmaenpaa/jet/” and the EDGE2D-EIRENE simulations are
stored on the JET Data Centre cluster under “/home/rmaenpaa/cmg/cat-
alog/edge2d/jet/81472/”.

Code Directory Description
SOLPS-ITER case89 N only
case90 N, rec.
case92 N, rec.,
KER/10°
case93 N, rec.,
KER/10%,
(o0)275 50
casel24 N, rec.,
AE, =0eV
ERO2.0 run183/seq01 N only
run186/seq01 N, rec.
EDGE2D-EIRENE mar2123/seq#1 N only
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