Nuclear Materials and Energy 46 (2026) 102091

Contents lists available at ScienceDirect s

NUCLEAR
MATERIALS &

Nuclear Materials and Energy

journal homepage: www.elsevier.com/locate/nme

Deuterated ammonia formation, transport and dissociation in
Ohmically-heated and nitrogen-seeded JET plasmas with low-recycling
conditions at the divertor targets™

R. Méenpaa *@>*, M. Groth Y| H. Kumpulainen *®, A.G. Meigs ", E. Pawelec ““, D. Reiter 4,
J. Romazanov ¢, S. Brezinsek ¥, A. Shaw ", JET Contributors ', EUROfusion Tokamak
Exploitation Team 2

2 Adlto University, Espoo, Finland

b UKAEA, Abingdon, United Kingdom

¢ University of Opole, Institute of Physics, Opole, Poland

d Institute for Laser and Plasma Physics, Heinrich-Heine-University, Diisseldorf, Germany
¢ Forschungszentrum Jiilich GmbH, Jiilich, Germany

ARTICLE INFO ABSTRACT

Keywords: A new deuterated ammonia (ND,) formation, transport and dissociation model implemented in the ERO2.0
Nitrogen Monte Carlo-code predicts a peak line-integrated deuterated imidogen radical (ND) band emission intensity
Ammonia 50% higher than measured by the vertically-viewing divertor spectrometer in low-recycling, Ohmically-heated
Molec1.11e and nitrogen-seeded Joint European Torus (JET) plasmas. By assuming a greater kinetic energy release (KER)
?;;ydmg of 10eV instead of 1eV upon the dissociation of ND, and its radicals, the model predicts a peak line-integrated
Divertor ND band emission intensity 25% lower than measured. Together these predictions support the assumption of
EDGE2D-EIRENE thermal re-release of incident nitrogen atoms and ions from the divertor targets as nitrogen molecules (N,)
ERO2.0 and ND; in equal fractions.

AMMONX Band emission from the ND radical has previously been measured in nitrogen-seeded divertor plasmas

in the JET and ASDEX Upgrade tokamaks. The proposed model makes use of the AMMONX database for
electron-impact dissociation and ionization rates of ND, molecules and its dissociation products, and recent
computational estimates of the electron-impact excitation rates of the ND radical. The assumption of thermal
re-release of incident nitrogen ions and atoms as N, and ND, in equal fractions is also consistent with the
maximum rates of ammonia production observed in measurements of tokamak divertor plasmas as well as
with measurements performed in laboratory plasma devices with high surface fluxes of reactive hydrogen and
nitrogen species.

1. Introduction

Nitrogen gas injection has been used to mitigate divertor heat
loads and improve confinement in tokamaks with metallic plasma-
facing components such as ASDEX Upgrade [1] and JET [2], but
carries with it the potential for tritiated ammonia (NT;, NDT, or
ND,T) formation in the deuterium-tritium plasma of a reactor [3].
As a polar molecule, (tritiated) ammonia desorption from cryopump
surfaces occurs at higher temperatures than e.g. hydrogenic molecules

and thus tritiated ammonia formation could impact the duty cycle of a
reactor by necessitating more frequent high-temperature regenerations
to avoid exceeding the cryopump tritium inventory limits [3]. In [4],
an ammonia transport and dissociation model was implemented using
the SOLPS-ITER code [5] and used to predict ammonia densities in an
ITER deuterium, helium and nitrogen plasma. The predicted ammonia
densities were found to be sensitive to the surface chemistry, which was
simplified by imposing a fraction of nitrogen (N,) molecules incident
on solid surfaces to be re-released as ammonia or its radicals.
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Validating a model of ammonia formation, transport and disso-
ciation against experiment would be a step towards (1) identifying
techniques for minimizing the formation of ammonia and (2) pre-
dicting the need for high-temperature regenerations of the cryopump
in a potential future reactor operating with nitrogen seeding. In this
contribution, we model the formation, transport and dissociation of
deuterated ammonia (ND,) in low-recycling, Ohmically-heated and
nitrogen-seeded plasmas in JET using the electron-impact dissocia-
tion and ionization rates from [4] and compare the predicted, line-
integrated band emission from the deuterated imidogen radical (ND)
to measurements. The surface chemistry is simplified by assuming
that ND, is formed by nitrogen atoms and ions (not N, molecules)
incident on divertor targets and main chamber walls reacting with
deuterium incident from the plasma phase or already present at the
surface. The formation rate of ND, is based on experimental data
from laboratory plasma devices [6] and tokamak divertors [7]. The
model is implemented in the ERO2.0 code [8], originally chosen for
its capability to account for complex, three-dimensional plasma-facing
structures. These capabilities are, however, not leveraged in this work.

2. Divertor spectroscopy of nitrogen ions and ND radicals in an
Ohmic JET low-recycling plasma

Measurements by vertically-viewing fibre-optic [9] and mirror-
link [10] divertor spectrometer systems (JET diagnostics KS30/KSRA
and KT3A, respectively) in a low-recycling, Ohmically-heated and
nitrogen-seeded plasma in JET [11] (JET pulse number 81429, t = 60's)
are used in this work. Because the ammonia molecule itself does not
have strong emission bands in the visible part of the electromagnetic
spectrum, the mirror-link divertor spectrometer was set to observe the
spectral region around 336 nm, where the ND radical, a dissociation
product of ND,, has its strongest emission band. The ND emission band
around 336 nm due to the A*IT — X>X~ electronic transition is fitted
using the procedure described in [12] (see Fig. B.7 for example spectra
and fits). Line emission at 500 nm from N II (spectroscopic notation for
N*) was measured by the survey spectrometer (KSRA) of the fibre-optic
divertor spectroscopy system (KS30).

During the pulse, nitrogen gas (N,) was injected into the low-field
side (LFS) scrape-off layer (SOL) from a gas injection module (GIM9)
toroidally distributed across 24 locations at a rate of approximately
4.9 x 10%° nitrogen atom equivalents per second. The low-field side
strikepoint was located on the nearly-horizontal bulk tungsten tar-
get (JET tile 5, Fig. 1). The toroidal magnetic field was 2.2T, the
plasma current 2.0 MA and the line-integrated edge density measured
by far-infrared interferometry [13] (JET diagnostic KG1V/LID4) was
approximately 1.2 x 10" m~3 at t = 60s. The Ohmic heating power was
approximately 1.3 MW during the flat-top phase of the pulse. Ionizing
plasma conditions were measured by Langmuir probes near the low-
field side strike point (electron temperature 7, = 20eV to 25eV,
electron density 1, = 0.6x10'° m™ to 1.0x10'” m~3, Fig. 2). The temper-
ature at the strike point was approximately 375 °C at t = 60 s, measured
by a divertor-viewing infrared camera (JET diagnostic KL9B) [14].
Pulse 81429 was preceded by eight nitrogen-seeded pulses with varying
densities and N, injection rates (nitrogen saturation has been shown to
be a necessary condition for ammonia production on tungsten surfaces
in laboratory plasma devices [15] - in an ASDEX Upgrade experiment,
three consequent nitrogen-seeded discharges were sufficient to achieve
saturation [16]).

3. Setup of EDGE2D-EIRENE simulations

EDGE2D-EIRENE [17,18] simulations (Table A.2) are used in this
work to create a background plasma solution (of electron density
n,, electron temperature T,, ion temperature T;, parallel electric field
E) and parallel flow velocity v)) for ERO2.0. A grid based on the
magnetic geometry of JET pulse number (JPN) 80295 [19] is used in
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Fig. 1. Divertor geometry and magnetic configuration of JPN 81429 and
80295 at r = 60s based on the pressure-constrained EFIT [20] equilibrium
reconstruction. The scrape-off layer flux surfaces are separated by 1cm at
the low-field side midplane. The three radially innermost and outermost
lines of sight of the KT3A system, and the radially innermost and outermost
lines of sight of the KS30/KSRA system (including their widths indicated by
dashed lines) are shown. The poloidal location of the toroidally distributed gas
injection module (GIM9) is marked with an arrow.

the EDGE2D-EIRENE simulations of this work, as a grid based on JPN
81429 was not readily available. In JPN 80295, the toroidal field was
2.0T and the plasma current 2.0 MA, and thus the connection length
was approximately 9% smaller than in JPN 81429. The X-point and
strike-point locations in JPN 80295 were approximately the same as
those in JPN 81429 (Fig. 1).

In the simulations, the electron density at the low-field side mid-
plane separatrix (e, sep, Lrs-mp) 1S adjusted using feedback injection of
D, from the top of the plasma to match the EDGE2D-EIRENE-predicted
plasma conditions to Langmuir probe measurements (JET diagnostic
KY4D) at the low-field side divertor target (Fig. 2). When ne_ gep, 15s-mp
is set to 7.5x 10'® m=3, the predicted peak values of n, and T, are within
approximately 20% of the measured peak values, but the predicted n,
and T, peaks are distanced from the measured peaks by approximately
1 cm towards the LFS and HFS, respectively. Simultaneously matching
the EDGE2D-EIRENE-predicted peak locations of n, and 7, to less than
Icm of the measured peak locations has proven difficult [21]). The
predicted n, and 7, are within approximately 20% of the measured
values in the far scrape-off layer (3cm < R — Ry, < 1lcm) when
Me, sep, LFS-mp 1S S€t t0 7.5 X 10" m=3. All EDGE2D-EIRENE simulations
in this work include drifts, non-ambipolar electric fields and currents.
The divertor targets and main chamber walls are assumed to consist of
pure tungsten and beryllium, respectively. Sputtering and transport of
beryllium are taken into account in the simulations, whereas tungsten
sputtering and nitrogen injection are not included.

The power entering the EDGE2D-EIRENE computational domain
across the core boundary (at py = 0.8) is set to 1.0MW (assuming
that 300k W is radiated from inside the core boundary) and distributed
equally between the electron and ion channels. The electron and ion
heat diffusivities are set to spatially constant values of 1.0m?>s~!. The
main ion diffusivity is set to 1.0m?s~! in the private flux region, to
0.25m?s~! in an area around the separatrix extending 1 cm radially in
either direction (the transport barrier), to 0.5m?s~! radially inward of
the transport barrier and to 1.5m?s™! radially outward of the transport
barrier. The diffusivity of beryllium ions is set to 1.0m?s~! throughout
the computational domain. The pinch velocities of all ions are set to
zero.
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Table 1

Reaction identifiers from AMJUEL (2.7.5 to 2.7.12) and AMMONX (07 to ZC),
reaction equations and kinetic energy release (KER) values for the electron-
impact reactions of N,, NH,, NH,, NH and their singly-charged molecular ions
included in the ERO2.0 simulations. KER values separated by forward slashes
indicate different values used in the sensitivity analysis. The impacting electron
has been subtracted from the reaction equations for brevity (except in the case
of the dissociative recombination reactions 24, 25 and 28).
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Fig. 2. Langmuir probe measurements of ion saturation current and in-
ferred electron temperatures and electron densities from JPN 81429 at ¢t =
59.5s to 60.0s (grey markers) versus EDGE2D-EIRENE predictions using differ-
ent values of low-field side midplane separatrix electron density n. ep, 1rs.mp
(solid lines, value of n, g, 1ps.mp iNside parentheses in units of m™). To
account for the uncertainty of the separatrix location in the EFIT equilibrium
reconstruction, the Langmuir probe data have been shifted towards the low-
field side by l1.4cm in R-space so that the maximum of electron density
coincides with the strike point.

4. Setup of ERO2.0 simulations

The 3D Monte Carlo trace-impurity code ERO2.0 [8] is used in
this work to model N, injection, transport and dissociation, leading to
ND, formation, transport and dissociation. The ERO2.0 simulations in
this work (Table A.2) use an axisymmetric model of the JET plasma-
facing components and an axisymmetric background plasma solution
from EDGE2D-EIRENE (with ng g, 15s.mp St to 7.5x 108 m=3, see Sec-
tion 7 for a discussion on sensitivity). The EDGE2D-EIRENE background
plasma solution contains axisymmetric distributions of the electron and
main ion (DV) densities, the electron and ion temperatures, the main
ion parallel flow velocity and the parallel electric field. The diffusivity
of all nitrogens ions is set to 1.0m?s~! as in [22], and the pinch velocity
to zero. The ERO2.0 transport calculation is linear (impurity molecules,
atoms and ions do not interact with each other) and the background
plasma remains static.

In the ERO2.0 simulations, nitrogen is injected axisymmetrically as
N, molecules (although injection as N, molecules has an insignificant
effect on predicted nitrogen ion densities when compared to injection
as atoms as shown in [22]) into the low-field side scrape-off layer at
the poloidal location of gas injection module 9 (GIM9, Fig. 1). The N,
injection rate is treated in the ERO2.0 simulations as a free parameter,
and is adjusted to approximately match the predicted line-integrated N
II peak intensity to the measurements by the vertically-viewing fibre-
optic divertor spectrometer (KS30/KSRA). Electron-impact ionization
rates of nitrogen atoms and ions are taken from the OPEN-ADAS
database [23] (these data were identical to the ionization rates avail-
able from the ADAS package on the JET Data Center cluster at the time
of this study).

Ident. Reaction KER (eV)
2.7.5 N,— 2N 0.95

2.7.9 N,— e+N," 0.0

2.7.10 N,— e+N+N* 8.0

2.7.11 N,"— e+2N* 11.8

2.7.12 N,"— N+N* 1.0

07 NH— NH' +e 0.0

08 NH— N" +H+e 0.1/1.0/10.0
09 NH,— NH,* +e 0.0

10 NH,— NH" +H+e 0.1/1.0/10.0
11 NH,— NH," +e 0.0

12 NH,— NH," +H+e 0.1/1.0/10.0
15 NH— N+H 0.1/1.0/10.0
16 NH,— N +H, 0.1/1.0/10.0
17 NH,— NH + H 0.1/1.0/10.0
18 NH,— NH, + H 0.1/1.0/10.0
19 NH,— NH+H, 0.1/1.0/10.0
24 e+NH"— N+H 0.1/1.0/10.0
25 e+NH,"— NH+H 0.1/1.0/10.0
28 e+NH,"— NH, +H 0.1/1.0/10.0
ZC NH,— H' +NH, +e 0.1/1.0/10.0

Nitrogen ions and atoms incident on the divertor targets or main
chamber walls in the ERO2.0 simulations either undergo fast reflec-
tion, or are re-released as either N, or ND, with a thermal energy
corresponding to the temperature of the plasma-facing component
(i.e., recycled). The particle and energy reflection coefficients have
been calculated using the SDTrimSP-code [24]. In this work, we have
assumed a spatially uniform plasma-facing component temperature of
300°C (cf. the strike point temperature 375°C at ¢t = 60s), i.e. the en-
ergy of the recycled (monoenergetic) molecules is %k Twan = 0.074eV.
Nitrogen ions and atoms incident on plasma-facing components that do
not undergo fast reflection are assumed to recycle as either N, or ND,
in equal fractions (see Section 7 for discussion). A pump with a species-
independent albedo of 0.94 is included in the low-field side divertor
corner as in [25] (see Section 7 for a discussion on the sensitivity of
the predictions on the assumed pump albedo).

Five electron-impact dissociation and ionization reactions [26] for
N, and singly-charged molecular ions (N2+) are included in ERO2.0
(Table 1). In this work, the kinetic energy release (KER) values, i.e. the
total translational energy imparted onto the dissociation fragments, are
taken from the AMJUEL database [27] for the N, and N2+ reactions.
Additionally, 15 electron-impact dissociation and ionization reactions
for ammonia, its radicals and their singly-charged molecular ions from
the AMMONX database [4] are included (see Section 7 for discussion).
The AMMONX database does not contain KER values, and thus a
sensitivity study is conducted by using 0.1, 1.0 or 10.0 eV as the kinetic
energy release value for the dissociative reactions (cf. [28], where
KER values of 1.8eV to 10.6eV were measured for the electron-impact
dissociation of NH,).

Photon emissivity coefficients from the OPEN-ADAS database (iden-
tical to the photon emissivity coefficients available from the ADAS
package at the JET Data Center cluster) are used to relate the ERO2.0-
predicted N* density to the photon emission rates (in ph m= sr=! s=!) of
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Fig. 3. Density of ND, predicted by ERO2.0, assuming that 1.0eV of transla-
tional energy is imparted onto the dissociation fragments in reactions 07 to ZC
in Table 1. An average over the toroidal direction and over four time steps is
shown. The separatrix (solid red line) corresponds to the magnetic geometry
used in the EDGE2D-EIRENE simulations. The locations of the N, injection and
the pump surface are marked with a purple arrow and blue line, respectively.

the 500 nm N II line. To relate the predicted density of the ND radical to
the 336 nm band emission rate, we assume that the excitation of the ND
radical occurs due to electron-impact only, that the electronically ex-
cited ND state (A IT) decays instantaneously via photon emission to the
electronic ground state (X3=-), and that no absorption of the emitted
photon takes place in the plasma (i.e. we assume coronal conditions).
A theoretical estimate of the X> >~ — A’IT electron-impact excitation
cross-section from [29] is convolved with a Maxwellian electron energy
distribution function to obtain a rate coefficient. The predicted photon
emission rates of the N II 500nm line and the ND 336nm band are
integrated along the lines of sight of the vertically-viewing divertor
spectroscopy systems (KS30/KSRA and KT3A, respectively).

5. Spatial distribution of deuterated ammonia and its dissociation
products in the divertor

ERO2.0 predicts that ND, is concentrated in the low-field side
divertor corner (Fig. 3), irrespective of the assumed kinetic energy
release value of the dissociation reactions of ammonia and its radicals
(reactions 07 to ZC in Table 1). The predicted density of ND, in
the high-field side divertor corner is increased severalfold if a kinetic
energy release value of 10.0eV instead of 0.1 eV is assumed for reactions
07 to ZC. Irrespective of the assumed kinetic energy release value,
predicted ND, densities are higher above the high-field side divertor
entrance than above the low-field side divertor entrance due to the
vertical target configuration and the subsequently higher nitrogen ion
flux directed at the first wall above the high-field divertor entrance.

ERO2.0 predicts that the (neutral) dissociation products of ND,,
i.e. ND, (figure omitted) and ND (Fig. 4), are concentrated in the
low-field side divertor, and that ND,, and ND are also present in the
high-field side corner and above the high-field side divertor entrance.
The predicted density of ND, in the low-field side divertor corner is
approximately twice as high as the density of ND. Assuming a kinetic
energy release value of 10.0eV for reactions 07 to ZC leads ERO2.0
to predict ND and ND, densities approximately an order of magni-
tude lower in the low-field side divertor corner compared to when
0.1eV is assumed. The decrease in predicted density associated with
higher kinetic energy release values is due to the higher velocities and
correspondingly shorter lifetimes of the dissociation fragments before
ionization or further dissociation. Higher assumed kinetic energy re-
lease values also increase the penetration of the dissociation fragments
into the plasma.
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Fig. 4. Density of ND predicted by ERO2.0, assuming that 1.0eV of transla-
tional energy is imparted onto the dissociation fragments in reactions 07 to ZC
in Table 1. An average over the toroidal direction and over four time steps is
shown. The separatrix (solid red line) corresponds to the magnetic geometry
used in the EDGE2D-EIRENE simulations. The locations of the N, injection and
the pump surface are marked with a purple arrow and blue line, respectively.

6. Line-integrated emission from N II and ND

The peak N II 500 nm line-integrated intensity predicted by ERO2.0
is within the uncertainty of the peak intensity measured by the fibre-
optic divertor spectroscopy system (Fig. 5) when N, is injected (and
pumped) at a rate of 1 x 10!° N atom equivalents per second, assuming
that either 0.1eV or 1.0eV of kinetic energy is imparted onto the
dissociation fragments in reactions 07 to ZC of Table 1. Assuming
that 10.0eV is imparted onto the dissociation fragments instead, the
predicted N II 500 nm peak intensity is approximately 20% higher than
the measured intensity when the same injection rate is used. In all three
cases, the predicted profiles of line-integrated intensity are narrower
than the measured profile, and the predicted peaks are distanced from
the measured peak by approximately 5cm towards the low-field side
(see Section 7 for discussion). The N,, injection rate in the simulations
(1x10'° N atom equivalents per second) is lower than in the experiment
(4.9x 102 N atom equivalents per second) by approximately a factor of
50, possibly due to an overestimation of the pump albedo or the lack
of physics models describing the increase in transport of the injected
N, from the injection site into the pump in the low-field side divertor
corner (see also Section 7 for discussion).

The peak line-integrated intensity of the ND emission band around
336nm predicted by ERO2.0 (Fig. 6), as well as the spatial distri-
bution of the line-integrated intensity, is more sensitive to the as-
sumed kinetic energy release value of reactions 07 to ZC than the N II
500nm line-integrated intensity. By assuming a kinetic energy release
of 1.0eV, ERO2.0 predicts a peak line-integrated intensity 50% higher
than measured in the low-field side scrape-off layer, whereas if 10.0eV
is assumed to be released, ERO2.0 predicts a peak line-integrated
intensity 25% lower than measured in the low-field side scrape-off
layer. The measured ND peak emission in the low-field side scrape-
off layer is thus bracketed from above and below by the predicted
peak ND emission (assuming a 1.0eV or 10.0eV kinetic energy release,
respectively), which we interpret as tentative support for the present
model of ammonia formation, transport and dissociation, including the
hypothesis of nitrogen recycling as N, and ND, in equal fractions (with
the caveat that the N, injection rate is treated as a free parameter in
the ERO2.0 simulations).

When 10.0eV of kinetic energy is assumed to be released in reactions
07 to ZC, the spatial distribution of the predicted line-integrated inten-
sity is broader and more consistent with measurements than if 1.0eV or
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Fig. 5. Line-integrated intensity of the N II 500nm transitions measured
by the outer divertor fibre-optic spectroscopy system (KS30) survey spec-
trometer (KSRA) in JET pulse number 81429 averaged over the interval
t = 59.5s to 60.0s and the line-integrated intensities predicted by ERO2.0
assuming that either 0.1eV, 1.0eV or 10.0eV of kinetic energy is imparted
onto the dissociation fragments in reactions 07 to ZC in Table 1. Error
bars represent standard deviations over the time interval (measurement) or
standard deviations over iterations/time steps (ERO2.0 predictions). The radial
locations of the low-field side strikepoint and the N, injection are marked with
a dashed grey line and a purple arrow, respectively.

0.1eV is assumed to be released. Irrespective of the assumed kinetic en-
ergy release value, ERO2.0 underpredicts the line-integrated ND band
intensity from the peak towards the low-field side. Consistently, above
the low-field side divertor shoulder, where the four radially outermost
lines of sight of the KT3A mirror-link divertor spectrometer terminate
(Fig. 1), the predicted ND densities are orders of magnitude lower
compared to densities in e.g. the low-field side divertor corner (Fig. 4).
The underprediction of ND emission at R > 2.85m is attributed to the
axisymmetric, fully-enclosed 3D model of the divertor structure, which
does not allow neutral N,, or ND, to travel from the LFS divertor corner
to the divertor shoulder through the toroidal tile gaps and divertor
support structures. The apparent peak of the line-integrated ND band
emission intensity in the experimental data towards the high-field side
is considered an artefact arising from the fitting procedure.

7. Discussion

In this work, nitrogen ions and atoms incident on divertor targets
or main chamber walls that do not undergo fast reflection are recycled
as N, or ND; molecules in equal fractions, an assumption which is
predicated on two experimental studies. First, van Helden et al. [6]
found that up to 48% of nitrogen gas, first dissociated in a plasma
arc and then allowed to expand onto stainless steel surfaces was con-
verted into ammonia, when the ratio of incident hydrogen atoms to
nitrogen atoms was large (Fig. 14 in [6]). In [6], the possibility of
plasma-phase reactions contributing to ammonia formation was ex-
cluded due to the low gas pressure in the experiment. We posit that in a
low-recycling, Ohmically-heated and nitrogen-seeded divertor plasma,
low-gas-pressure conditions also prevail, and the ratio of hydrogenic
ions and atoms to nitrogen ions and atoms incident on the divertor
targets and main chamber walls is also large. Additionally, van Helden
et al. found that the ammonia formation efficiency was independent
of the whether the reaction took place on a stainless steel surface or
a layer of silicon nitride due to the high flux of reactive nitrogen and
hydrogen atoms creating a passivated surface on which the formation
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Line-integrated band intensity (ph/s/sr/m2)

Fig. 6. Line-integrated intensity of ND band emission around 336 nm measured
by the vertically-viewing mirror-link divertor spectrometer system (KT3A) in
JET pulse number 81429 at ¢ ~ 60s, and line-integrated intensities predicted
by ERO2.0, assuming that either 0.1eV, 1.0eV or 10.0eV of kinetic energy is
imparted onto the dissociation fragments in reactions 07 to ZC in Table 1.
Error bars are derived from the fitting procedure (measurement) or represent
standard deviations over iterations/time steps (ERO2.0 predictions). Data
points likely affected by artefacts from the fitting procedure have been greyed
out. The radial locations of the low-field side strikepoint and the N, injection
are marked with a dashed grey line and a purple arrow, respectively.

of ammonia took place, making their results potentially applicable to
the modelling of ammonia formation on the tungsten divertor surfaces
of JET.

Second, Reichbauer et al. [7] found that up to 50% of nitrogen re-
leased from the divertor target and main chamber walls in an unseeded
ASDEX Upgrade discharge formed ammonia. In discharges in which N,
was seeded, it was found that a significant fraction of seeded N,, was not
dissociated in the plasma and thus could not form ammonia, resulting
in lower ratios of ammonia to N, molecules measured by the residual
gas analysers. Reichbauer et al. did not propose a mechanism for the N,
molecules to bypass the plasma and enter the pumping plena directly
in the ASDEX Upgrade experiment. In a JET experiment, approximately
one third of the injected, isotopically-labelled methane (13CH4) was
observed to be directly pumped [30], possibly due to the gas injection
ports (GIM 9) being located underneath the divertor tiles (tile 6, Fig.
1). In the simulations conducted in this work, the N, molecules are
injected into the plasma above the divertor tiles and then travel in
straight trajectories until they are ionized, dissociated or impact a wall,
and thus due to geometric reasons it is improbable for the injected N,
to bypass the plasma and be pumped directly.

The lack of a bypass mechanism in the ERO2.0 simulations and an
overestimation of the albedo of the pump (set to 0.94) are possible
reasons to the discrepancy between the injection rate in the simula-
tions (1 x 10" N atom equivalents per second) and in the experiment
(approximately 4.9 x 102 N atom equivalents per second). The results,
however, are insensitive to the assumed albedo of the pump, provided
that the N, injection rate is treated as a free parameter: by decreasing
the pump albedo to 0.4, and increasing the N, injection rate to 4.5x]1 01
N atom equivalents per second, the peak N II 500nm and ND 336 nm
intensities predicted by ERO2.0 are within 20% of the predicted peak
intensities when an albedo of 0.94 and injection rate of 1.0x10'° N atom
equivalents per second are used. Assessing the sensitivity of the results
to a potential geometric bypass mechanism would require a detailed
CAD model of the divertor structure from the gas injection ports to the
cryopump, which was not available at the time of this study.
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If the assumed electron density at the low-field side midplane sep-
aratrix (me gep ps.mp) in the EDGE2D-EIRENE simulations is increased
from 7.5% 108 m~3 to 8.0x10'® m~3, ER02.0 predicts that the peak line-
integrated N II and ND intensities are increased by approximately 30%
and 20%, respectively, when an N, injection rate of 1.0 x 10' N atom
equivalents per second and a pump albedo of 0.94 are used. Similarly,
decreasing the assumed e gep ps.mp from 7.5x 10" m= to 7.0x 10" m=
reduces the peak line-integrated N II and ND intensities predicted
by ERO2.0 by approximately 5% and 20%, respectively. The radial
location of the N II emission peak predicted by ERO2.0 is insensitive
to the assumed g gepps.mp in the EDGE2D-EIRENE simulations (in
contrast to earlier modelling of partially-detached, low-confinement
mode JET plasmas [22]). The discrepancy between the measured and
predicted radial location of the N II emission peak is attributed to
the EDGE2D-EIRENE predicted electron density peaking approximately
3cm towards the low-field side compared to the (unshifted) electron
density measured by Langmuir probes.

A subset of 15 reactions (Table 1) from the AMMONX database
is included in the simulations of this work (rate coefficients for 183
reactions are listed in the database). Any reaction fulfilling one or more
of the following criteria is not included in the ERO2.0 simulations in
this work: (1) a rate coefficient for the reaction is already included
in the ERO2.0 simulation, (2) the reaction involves a metastable N,
molecule as a reactant or a product, (3) the reaction is not due to
an electron impact, (4) the reaction involves N,H, N,H" or NH,",
either as a reactant or a product, or (5) the reaction has three or
more heavy (non-electron) products. The inclusion of metastable N,
molecules was shown in [4] to have negligible impact on the predicted
ND, density, and hence metastable N, molecules are omitted in this
work. In [31], electron-impact reactions were found to be the dominant
loss mechanism of ammonia in a zero-dimensional model of H,-N,, plas-
mas with T, ~ 3eV to 5eV, and thus ion-neutral and neutral-neutral
reactions are excluded in the ERO2.0 simulations of 7, ~ 10eV to 25eV
plasmas studied in this work. Furthermore, including ion-neutral or
neutral-neutral chemistry between nitrogen-containing species would
make the ERO2.0 simulation non-linear and potentially much more
computationally demanding. Reactions involving NH 4+ are omitted, as
NH4Jr is formed only in plasma-phase reactions between heavy (non-
electron) reactants. Due to the lack of spectroscopic measurements
and estimates of surface formation rates, N,H and its molecular ion
N,H* are not included in the simulations. Finally, ERO2.0 does not
currently support molecular dissociation reactions with three or more
heavy products, and hence such reactions are not included.

8. Conclusions

A deuterated ammonia (ND,) formation, transport and dissoci-
ation model implemented in ERO2.0 and applied to low-recycling,
Ohmically-heated and nitrogen-seeded plasmas in JET predicts that
ND, is concentrated in the low-field side divertor corner, and to a
lesser degree in the high-field side divertor corner and above the
high-field side divertor shoulder. Nitrogen atoms and ions incident
on divertor targets and main chamber walls that do not undergo fast
reflection are recycled as ND, or nitrogen molecules (N,) in equal
fractions, an assumption based on experimental findings in laboratory
plasma devices [6] and tokamak divertor plasmas with a significant
wall inventory of nitrogen but no active N, seeding [7]. Only electron-
impact reactions (with two or fewer non-electron products) from the
AMMONX database are included in the model due to the ionizing
character of the low-recycling divertor plasma.

The predicted densities of ND, and ND in the low-field side di-
vertor are found to be sensitive to the assumed kinetic energy release
associated with the dissociation reactions of ND;, ND, and ND due to
the higher velocities and shorter lifetimes of the dissociation fragments
leading to lower predicted densities. Band emission from the ND radical
is predicted using cross-section data from theoretical estimates [29]
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and assuming that electron-impact excitation and spontaneous emission
are the only mechanisms of excitation and de-excitation, respectively.
Assuming that 1.0eV of translational energy is imparted onto the
dissociation fragments, ERO2.0 predicts a peak line-integrated ND band
emission intensity approximately 50% higher than measured in the low-
field side divertor volume. Assuming 10.0eV to be imparted instead,
ERO2.0 predicts a peak intensity 25% lower than measured with the
spatial distribution of line-integrated intensity being broader and more
consistent with the measurements.

ND band emission spectra have been measured in JET [12] and
ASDEX Upgrade [32] high-confinement mode plasmas. Comparing the
ND, dissociation and ND band emission models against these mea-
surements would allow testing the hypothesis of nitrogen recycling
as N, and ND, in equal fractions with higher plasma-facing compo-
nent surface temperatures (W surface temperatures above 830K have
been shown to reduce ammonia production in N,-H, radio frequency
plasmas due to thermal decomposition [33]). Direct comparison of
the model against residual gas analysis measurements in discharges
with active N, seeding (as opposed to a legacy nitrogen inventory
only) would necessitate the resolution of the discrepancy in the steady-
state injection and pumping rates between the simulation and the
experiment, possibly by introducing an accurate three-dimensional de-
scription of the divertor structure from the gas injection ports to the

cryopump.
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Appendix A. Catalogue of simulations
See Table A.2.
Appendix B. Example spectra and fits

See Fig. B.7.
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Table A.2

The ERO2.0 simulations are stored on the Aalto Triton cluster un-
der “/scratch/phys/fusion/ero/runs/rmaenpaa/jet/” and the EDGE2D-EIRENE
simulations are stored on the JET Data Centre cluster under “/home/rmaen-
paa/cmg/catalog/edge2d/jet/80295/”.

Code Directory Description
ERO2.0 run212/seq01 KER = 1.0eV (07 to ZC)
run213/seq01 KER =0.1eV (07 to ZC)
run214/seq01 KER = 10.0eV (07 to ZC)
E2D-EIR aug0823/seq#1 N seprs-mp = 7:0 X 10'8 m=3
jul3124/seq#1 N sep,1ps-mp = 7-5 X 10'8 m=
jul3124/seq#2 N septrs-mp = 8:0 X 10'8 m=
1el9 KT3A att = 60 s (JPN 81429)
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Fig. B.7. Spectral intensity at major radii R =2.56m and 2.83 m measured by
the vertically-viewing mirror-link divertor spectrometer system (KT3A) in JET
pulse number 81429 at ¢ = 60s, and the corresponding fits from the procedure
described in [12]. The spectral region between 335 nm and 338 nm is shown on
a different scale on the lower axes.
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