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Abstract

In this work, we cross-compare the state-of-the-art edge plasma codes SOLPS-ITER,
SOLEDGE2D, and UEDGE in a reactor-relevant neon-seeded Divertor Tokamak Test scenario
at nominal power, extending the simplified test-bed of Moscheni et al (2022 Nucl. Fusion 62
056009). Converged solutions targeting the same separatrix density and radiated power are
obtained by adjusting the pumping albedo and the neon puffing rate. This higher-power scenario
is generally characterised by substantial disagreement between the three codes, up to
78%—178% in peak heat fluxes. Discrepancies found in Moscheni et al (2022 Nucl. Fusion 62
056009) are indeed exacerbated, and new ones arise. Underlying causes include the
over-penetration of neutrals implied by the unified ion-neutral temperature of UEDGE
(observed in Moscheni et al (2022 Nucl. Fusion 62 056009)), here resulting in a 38%-114%
over-estimation of core plasma densities. The particular set of EIRENE atomic-molecular
reactions adopted is found to stiffly restrict the achievable code solutions, which results in the
predicted effective charge Z.s changing from ~5 to ~8 at the outer mid-plane separatrix. The
strong link between Z.g, main ion density and unified ion temperature emphasises the need of
proper assessments of impurity cross-field transport, with its implications on core contamination
and wall erosion. The advantages of extended plasma meshes are found to come with associated
modelling intricacies, yet to be fully characterised but seemingly impacting on the activity
around the secondary X-point of single-null magnetic topologies. An appreciable impurity
particle imbalance, generated by the neon ion density floor, is noted—speculatively contributing
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to SOLEDGE2D’s different radiation emission distribution, and expected to be even more
deleterious for high-Z impurities in all the codes. Potential drivers of further discrepancies are
the different Braginskii formulations of collision times and momentum sources in presence of
impurities, and the SOLPS-ITER extra terms gaining importance around the detachment front.
Outstanding questions unanswered in this work prompt further investigations.

Keywords: DTT, scrape-off layer, power exhaust, edge modelling, SOLPS-ITER,

SOLEDGE2D, UEDGE

(Some figures may appear in colour only in the online journal)

1. Introduction

One of the outstanding open issues remaining to be resolved
for the realisation of tokamak-based fusion energy is the power
exhaust. The combination of high core plasma energy content
for power generation, high edge confinement leading to nar-
row scrape-off layer heat flux widths [1, 2], and the variety
of plasma-wall interactions occurring at the interface with the
plasma-facing components (PFCs), makes the power exhaust
a complex problem.

The ITER exhaust strategy foresees, on the edge-plasma
side, a conventional single-null magnetic topology, with
extrinsic impurities seeded to ameliorate the otherwise-
prohibitive plasma heat fluxes on the divertor target plates [3].
From the PFC perspective instead, the ITER divertor relies
upon water-cooled tungsten-monoblock technology, with a
capability of exhausting steady-state heat loads in excess of
~10MW - m—2 successfully verified [4].

Nonetheless, whilst such an approach may suffice for ITER,
this is not guaranteed to meet the demands of nuclear fusion
pilot plants like EU-DEMO [5] or ARC [6], due to the sub-
stantially higher power densities and consequent heat fluxes
in such devices, and more stringent PFC lifetime require-
ments. Power exhaust studies are thus increasingly focused
on advanced magnetic configurations [7-9] and liquid-metal
PFCs [10, 11], both potential alternative solutions being exper-
imentally tested. However, such testing still falls short of con-
clusively demonstrating reactor relevancy to date.

The Divertor Tokamak Test (DTT) is currently being
built in Italy and, with its input power P;, = 45 MW, plasma
current [, = 5.5MA, and magnetic field on axis By=6T,
presents a reactor-relevant power exhaust experimental device.
Flexibility to accommodate numerous advanced magnetic
equilibria is included in the design, and later major upgrades
in the life of the machine will feature liquid-metal PFCs [12].

Designing this machine heavily relied upon two-
dimensional edge plasma modelling with fluid codes [13,
14], indeed one of the primary workhorses of the divertor
design phase and edge plasma experimental data interpret-
ation in any tokamak. Three such state-of-the-art modelling
suites that are utilised in this study are SOLPS-ITER [15],
SOLEDGE2D [16], and UEDGE [17]. Though fundamentally
very similar—relying upon 2D Braginskii plasma equations,
diffusive cross-field anomalous transport, neutral/impurity
physics, etc—the exact implementation of the models differs

between the codes. The impact these differences and model
choices impose is unclear and yet important to understand
and interpret the simulation predictions from any of the code
suites.

These three edge codes were previously cross-compared
in a pure-deuterium low-power DTT environment [18], to
assess the code predictions in modelling the same scenarios
in reactor-relevant conditions of heat flux and power decay
length (). Building on the study and lessons learnt in [18],
focus of the present work is extending the investigations to
a high-power, neon-seeded DTT scenario, running each code
with their most usually adopted settings in this context. The
level of discrepancy of predictions and underlying explana-
tions are then evaluated.

Although these DTT-centred predictive works are essen-
tial for providing insights into the model/geometry errors of
the codes, their accuracy cannot be quantified. This will there-
fore be part of a separate publication focused on a comparison
against Alcator C-Mod experimental data [19].

The paper is organised as follows. Section 2 dissects the
features of the different equations solved by the simulation
tools, highlighting the differences with respect to [18]. In
section 3, the meshes, input settings, and boundary conditions
of the simulation setups are presented. Section 4 compares
the outcomes of the simulations, commenting upon regions of
both agreement and disagreement. Underlying reasons behind
the discrepancies observed are then scrutinised and expounded
in section 5. Finally, section 6 outlines the conclusions inferred
by the present work.

2. Simulation codes: SOLPS-ITER, SOLEDGE2D,
UEDGE

Throughout the sections below, labels a and b generally denote
charged species, z and w the neon ionisation stages in par-
ticular. The species existing in the simulations are grouped
as follows: ST = {D} U{Ne*" }:Z|% ST =St U {e}; 8" =
{D; D,; DJ; Ne} for SOLPS-ITER and SOLEDGE2D,
8% = {D; Ne} in UEDGE; S+ =SUS+.

2.1. Plasma and impurity models

The complete set of equations solved by each code can
be found at [15] for SOLPS-ITER (version 3.0.7), [16] for
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SOLEDGE2D (latest version), and [20] for UEDGE (version
7.06).

In the following subsections, the equations presented neg-
lect drifts and electric currents, omit the geometric factors
arising from differentiating in a toroidal geometry, and only
aim at highlighting the differences arising between the set of
equations provided in [18] (with no impurity species) and the
models employed in this work (with impurity species active).
As such, quantities that are not commented upon in this section
are assumed to match their counterparts in [18].

2.1.1. lon continuity equations. With the presence of ten
neon ionisation stages in addition to D% in ST, the three codes
separately solve the coupled particle transport of the Ng+ = 11
species, whose mathematical form matches equation (1) of
[18] (hence not leveraging the so called ‘fixed-fraction’ sim-
plified model [21]).

Atomic rates of electron ionisation (EI) and recombin-
ation (RC) are computed from the ADAS database [22]
in SOLPS-ITER and SOLEDGE2D, from STRAHL [23,
24] in UEDGE—with the consequences being detailed in
section 5.3.5.1. All the three codes neglect particle sources due
to charge exchange (CX) reactions within {Ne** ﬁz}o.

For radial particle transport, the same cross-field anom-
alous particle diffusivity is applied to all species, DAN =
DAN VY,

2.12. Electron continuity equation. Upon computation of
ion densities (section 2.1.1), the electron density follows from
the quasi-neutrality condition: n, = Zu cs+ Zala-

2.1.3. lon momentum equations. In the present work, all
the codes leverage on the trace-impurity approximation (TIA,
section 5.1.2) [25-27]. Its regime of applicability requires:

2

Y4
%« (1)
np+

Tia: "2 <1Vze zp=Y
.nD+ Z 0 — e

to hold or, equivalently, the impurity/impurity collision fre-
quency to be negligible if compared to other collision frequen-
cies (section 6.6.4 of [27]). This allows the Braginskii closure
to be adopted (sections 2.1.5 and 5.1.2).

In SOLPS-ITER and SOLEDGE2D, equations (2) and (3)
of [18] are generalised for impurities by adopting the sub-
script a € ST in place of i, with momentum viscosity 2N =
man,vN. Notable exceptions to this are: (i) the SOLPS-
ITER geometrical term O [nS-9,(h.v/B)/V/B] VBV, non-
zero only for D; (ii) the pressure-gradient force for species a
which, from 0, (n;T; + n.Te) in [18], generalises to O,(n,T;) +
ZanaO0x(neTe) /ne. Tt is worthwhile noting the absence of
viscosity-related terms 7SOV, in SOLEDGE2D formula-
tion of the momentum equations.

The SOLPS-ITER (SI) friction force S 1, (= —Sg;, 1) [28]
exerted from the charged species b € S* on the ion species
a € ST enters the equations through the momentum source

m m 1
Sotr = 2 _pes+ Sparr- This momentum source and the cumu-
lative thermal force ST experienced by ion species a respect-

ively read:

m[, mb
i = i ZaZpnats (Vi) — V)
= > na (Vi) = Vap)) @)
ap 96 T,
gmst_ Ma [ e —2.65n, 20
@i e Zett ax  “ox ¢ Ox

with v € {p=D";e=celectron}, = mamy/(m, +my)
being the reduced mass, Z. = 1 and m, + m, ~ m, for elec-
trons, Zeft = ) ,cs+ n.Z2/n., ¢ representing the electric
potential, f; = 1 and f5, = 4.95Zcs/(1 + 1.54Zcf), and:

(-3 (4= 2 g T

N InA
(-3 (4775())2./%@72/2

¢ 4/ 21 2 InA 3)
S v/ Hab e

ab \/ 2mp nb22 2 P

SI 1

eb—TZ[%'Ce

with units [¢,] =s-m™3 and [r.] =, following the conven-
tion of [28].

In SOLEDGE2D (SE), which employs a single unified ion
temperature (section 2.1.5), instead these terms read as:

mg my, ngny
SMSE — 0.51- 42 P (y, .
a,fr Z 275})1-: m, era :Tt,l,—i_m;, ( bl — H)

beS*E
72 72\ 0T
SPSE= 5" 071 na"“”"nb ( - b) 5
best Fow \Ma My ) OX
(€]
with:
LSE_ la +nmy, 3V 213 2egmamy, Ia + I v %)
Tab NNy, 2272 In A my  my '

According to the TIA, the coefficients 0.51 and 0.71 (= V2 /2)
in SOLEDGE2D are characteristic of the pure plasma limit
(n, =0Vz < Zg = 1) in the Braginskii formulation [28], and
the presence of impurities is included via Z, and Z, in
equation (5).

UEDGE solves equation (3) of [18] for Vp+ | in the purely-
diffusive approximation. Instead, a simplified momentum
equation to compute the fluid velocity of the neon impurity
ions is adopted, by leveraging a ‘force balance’ flavour of TIA
which ignores both impurity inertia and viscosity [29]. The
impurity parallel velocity in UEDGE is thus given by:

Teff 1 dp oT,
Vo) = Voo = <—Z+
Y

0 o —|—516 —|—bZeE>

6)
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with:

T = VB i n, (1+2.65Zy)(1+0.285Z)

o e (1+0.24Z) (1+0.93Z)
JUE _ 3 (47r50)2 /iy Ti3/2

4o Z2 (mp +m;) n,In A

B 2.2- 72 (14 0.52Z)
Zett (14 2.65Zcsr) (1 + 0.29Z.tr)
156 22 (1 + ﬂzo) (140.527)

52 =

(1+2.65Zy) (1 +0.292))

—1
1 7 W
|2+ <1+m") 2 1)
2 m,

+0.6- (sza-”w —

)

and Fi™ being a suitable flux limiter, with Z, defined by
equation (1).

More on TIA, collision times and momentum equations is
left to be commented upon in sections 5.1 and 5.2.

2.14. Electron momentum equation. With electric cur-
rents discarded, and velocities known from the ion momentum
equations (section 2.1.3), the parallel (||) and poloidal (x) mac-
roscopic velocity of the electron fluid are retrieved from ambi-
polarity: Vo = > c s+ ZaVa|ta/Ne and Ve, = b,V with b, =
B./|[B].

2.15. lon energy equation. All three codes do not
solve for Ng+ separate ion-species-specific energy equations
Elpa|VaeS +, where p, = n,T,. Instead, a unified equation
for all ion species is solved for, invoking a unified ion
temperature T; such that Epi] =3 s E[pa] where p; =
Y wes+ Nala =Ti) cs+ na = miTi. This thereby: (i) lever-
ages on the additivity of the partial pressures p, and linearity
of the corresponding equations; and (ii) assumes an instant-
aneous intra-ion-species thermal equilibration leading to T, =
T,\VaeS +.

A noteworthy feature exclusive to SOLEDGE2D is its
capability of fully accounting for various ion temperatures
by separately solving £[p,] Va € ST. Though not analysed
in the present work, the comparative assessment would be
valuable—the efficiency of thermal equilibration dropping for
particles of un-like mass (section 5.1.1).

By virtue of the summation E[p;] = >_ . s+ £[pa], summa-
tion of species-specific transport coefficients results in:

]_—hm CL ]_—hm T, Z NaTa fB

aceSTt (8)
S

aeSt

with Fim flux-limiting® &SL, the classical (i.e. Spitzer-

Hiarm) transport coefficient according to Braginskii formula-
tion (implied by the factor /2) [30], and 4N = xM Va e ST
for its anomalous counterpart.

The unified ion energy equation £[p;] for the three codes
is thus retrieved by summing expressions in the fashion of
equations (4)—(6) of [18]. For SOLPS-ITER:

1o} 3 1o} iff orr
81‘("1’[‘1)4’8{]‘ EZS+|:na (bx aH+ Vikﬂ+vfzx ):|

(. oT; iff ) _ AN ot

("iu + Kj ) x }+ ay lzTanS:+ (navley n) Ki 8}2]
1o} bx a

::22{%n (axu)+

(o) (D)’

aeS+t
AN ((OVa ’ E
+1a (Ty +5;
(€))
For SOLEDGE2D:
0 5
oy ”1T+ > ( Malta a|> +@{ 2. [(2"“Ti
aeSt . aeSt

1 2 C
+2manaVa”) bea|:| — Rjy

; 0 5
e =[G
aeSt

1
+5man,V, a Vglvffn:| }
2 ”) y
Te) 0 [1 o (9Va
-3 {5 [ (S

0 |1 A~ 8VZH E
+8y [2m ( By + 3§
(10)

Instead, for UEDGE, E&[pi| =) cs+Elpa] +E[pp] +
EpNe] = D 4es0+ E[pa) reads:

AN3

( T Z l’la>+ T Z nab VaH gL%T]
aeSo+
i oT;
T 1 ?N ‘|
AV \ 2
- Ve V) Y ln;} (8')
aeS0+ aceSt *
AV \*
+77§N( |> ] +SE
Oy
(11)

6 With ]-'i“'“ exclusively including either summations over all ion species or
T;, its value is ion-species independent.
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implicitly assumed in [18], so that the resulting unified 7 has
the neutrals species included as well, with” Tp = Ty. = T; [17,
31, 32].

By employing the relationship V- (n,TiV,) =n,T;V -
V.+V(n,T;)-V,, the factor 3/2 in SOLPS-ITER x-
convection term can be shown to equal UEDGE’s 5/2 for
the ion species. As per the viscous heating, SOLPS-ITER
and UEDGE terms in (0,V,)? and (8,V,)? come from the
double dot (Frobenius) product II, : VV, involving the vis-
cosity tensor I1,.

The different formulations® of the SOLEDGE2D contri-
butions in —b,V, 0k (neT.) and viscous heating stream from
framing the equation in terms of total energy (equation (11)
of [33]) and leveraging the definition of parallel electric field
(equation (9) of [33]), consistently with appendix A of [32].

2.16. Electron energy equation. The temperature 7. is
computed from equations (7)—(9) of [18] for the three codes,
with cross-field anomalous electron heat diffusivity ye.

2.2. Neutral models

Section 2.2 of [18] and table 1 therein detail the treatment,
within EIRENE [34], of the deuterogenic neutral species in S°
for SOLPS-ITER and SOLEDGE2D. The collection of reac-
tions is here enlarged by including, equally in both SOLPS-
ITER and SOLEDGE2D, ADAS-based neon reactions of EI°
(EL: e + Ne — 2e + Ne' ™) and RC'® (RC: e + Ne!* — Ne).

In all three codes (UEDGE included), the CX reactions D +
Ne*t — DT 4+ Ne@ D+ are neglected, with such data how-
ever available in ADAS and employed by other edge codes
[35].

In contrast to [18] and to SOLEDGE2D, SOLPS-ITER is
here accounting for D/D, D/D; and D, /D, collisions (via
the BGK approximation [36]), included by default in SOLPS-
ITER versions from the present 3.0.7 onwards.

With the simplified purely-diffusive neutral momentum
equation commented in [18], neutral conduction is neglected
in UEDGE and therefore does not enter equation (11) herein,
neither in xS nor in x*N (equation (8)). The subtle import-
ance of neutral conduction is here only noted, as in [32], and
instead addressed in [37].

3. Simulation setup

3.1 Scenario characterisation and comparison of code
meshes

The same DTT magnetic equilibrium from [38] is analysed in
the present work as in [18], which features a plasma current

7 As per section 2.2 of [18], neutral temperatures are herein intended as aver-
ages over the broad energy spectrum of neutral particles (section 1.8.2.4 of
[27D).

8 Erroneously reported in [18].

9 From ADAS scd96 (p1t96) for the (energy-weighted) reactivity (o v).

10 From ADAS acd96 (prb96) for the (energy-weighted) reactivity (ov).

I, =5.5MA, with a magnetic field B =6.0T on axis. The
same cross-field anomalous transport parameters (section 2)
of [18] are used: DAN =0.05m?s~ !, »AN = 1.00m?s~!, and
AN = xAN = 0.15m?s~! in regards to particle, momentum,
electron and ion heat diffusivity.

The field-aligned non-orthogonal quadrilateral meshes for
the fluid plasma'' (and fluid neutrals, for UEDGE), and
EIRENE triangular grids of SOLPS-ITER and SOLEDGE2D
for kinetic neutrals, are shown in figure 1.

As per [18], SOLPS-ITER and UEDGE fluid plasma (and
fluid neutrals, for UEDGE) meshes are constituted by 96 pol-
oidal and 36 radial cells. The spatial distribution along the
two directions is non-uniform, with higher spatial resolution
radially across the separatrix (<0.4 mm at outer mid-plane,
OMP), and poloidally in the vicinity of the divertor targets
(£1.0mm). SOLEDGE2D mesh settings are chosen as to
match similar figures.

A noteworthy addition compared to [18] is the neon puffing
slot at the top of the divertor dome (PFR artificial boundary in
UEDGE).

3.2. Boundary conditions and input parameters

With most of the boundary conditions (BCs) matching [18]’s,
the present section highlights any differences in the settings,
unless otherwise specified.

3.2.1. Plasma species. All the three codes implement a
main-ion particle influx of 5- 102 D" . s~ at the core bound-
ary, and a zero-flux boundary condition for all the neon ion-
isation stages.

For each ion species (a € ST), the BCs for the parallel ion
momentum balance consist of zero parallel velocity V, at
the core boundary. Instead, at the sheath (Sh) entrance, the
velocity is (i) exactly equal to the collective sound speed in
SOLPS-ITER: V5 = ¢y = /3, [na(Z.Te + T7)] / 3, (namy)
(divertor targets); (ii) greater or equal to the species-specific
sound speed in SOLEDGE2D: VZﬂ > ey =/ (Z,Te+T,) /my
(entire wall); (iii) exactly equal to the species-specific sound
speed in UEDGE: VZﬁ =y, (divertor targets). Ancillary
investigations show how moving from (i) to (ii) in SOLPS-
ITER does not lead to any appreciable change in the solution.
Moreover, ¢ and ¢, would differ by less than 10% in the near
SOL in UEDGE (at least for DT, whose momentum equation
is solved for—section 2.1.3). The effect of the different formu-
lations is therefore deemed uninfluential in the present case'.

This full-power DTT scenario would have 45 MW of
plasma heating. By assuming 10 MW to be radiated in the
core (i.e. within the non-modelled core volume in figure 1)
and 5 MW to be retained within the pedestal during the inter-
ELM phase [14], Py, =30 MW crossing the core boundary
into the modelled domain is imposed (with a 2:3 ion:electron

I SOLEDGE2D mesh has been built with the non-smoothed equilibrium,
according to appendix A of [18].

12 Conversely, [39] evidences that employing ¢, instead of cy, in presence of
W erosion could lead to a pronounced over-estimation of the self-sputtering.
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Figure 1. Meshes exploited by the three codes. From top to bottom
in the left column: SOLPS-ITER (EIRENE), SOLEDGE2D
(EIRENE), UEDGE. Zoomed-in divertor region in the right column.
The SOLPS-ITER and UEDGE artificial boundaries of the plasma
(and neutral, for UEDGE) domain are shown in red, the outer
mid-plane D, (D in UEDGE) puffing port in amber, and the private
flux region Ne puffing port in purple. The actual DTT divertor pump
locations (light blue) on the vessel wall are considered by
SOLPS-ITER and SOLEDGE2D, while UEDGE relies on artificial
pumping surfaces on the private flux region boundary.

power split). At the wall surfaces, the electron energy balance
settings equal those of [18] (7. =4.5 in all codes). The ion
heat flux flowing in the sheath (with v, = =2.5Va € ST
[18]) follows from I'E = 3" _ o [T + m(,(VSﬂ)z/Z]n,J " for

a al|

SOLEDGE2D total ion energy formulation, and from I'F =

YiTics Y peg+ Ma And T = 4T3 > - 1 naCyq in SOLPS-ITER
and UEDGE internal ion energy equation, respectively.

3.2.2. Neutral species. ~ With the aim of matching a core-
compatible upstream density, alongside a PFC-friendly radi-
ative mitigation, a common OMP separatrix density nSEF =
6-10"”m~3 and total radiated power P,,q = 20 MW are sim-
ultaneously targeted, by manually tuning the control actuators
of pumping albedo and neon puffing rate in feed-forward.

Two separate puffing slots for deuterogenic species and
neon are accounted for. From the OMP wall (amber in
figure 1), neutral deuterium is puffed at a fixed equivalent'?
atomic rate of 1-10*2D-s~! in all the codes.

The pump albedo (<1) common to all the neutral species
is independently tuned in the three codes, to reach nStF =
6- 10" m~3. During such tuning, the strength of neon puffing
from the divertor dome in SOLPS-ITER and SOLEDGE2D,
and from the PFR artificial boundary in UEDGE (purple in
figure 1), is separately adjusted in the three codes to match
Prag = 20 MW the closest.

The temperature of the puffed gases is 0.03 eV (room tem-
perature) in SOLPS-ITER and SOLEDGE2D, and local uni-
fied ion-neutral temperature in UEDGE (equation (11))—a
crucial difference already assessed in [18] and re-considered
in section 5.3.1.1 herein.

A unitary albedo is assumed on the remaining wall sur-
faces and any ion/neutral species is recycled as neutral (section
3.1 of [27]). TRIM-based fast and thermal reflection regu-
late the processes within EIRENE'# occurring on actual wall
boundaries (i.e. divertor targets in SOLPS-ITER, entire wall
in SOLEDGE2D). Instead, with its default settings being in
place, ions crossing the artificial radial boundaries in SOLPS-
ITER (red in figure 1) are recycled as atoms (not molecules) at
the local ion temperature, hence implicitly forcing fast reflec-
tion events fully retaining the incoming particle energy. Along
the fore-mentioned artificial boundaries, the neutrals are thus
treated by SOLPS-ITER as in UEDGE, though the latter lever-
ages upon this approximation at the divertor targets also.

Last, SOLPS-ITER and SOLEDGE2D re-inject any kin-
etic neutrals reaching the core boundary as fully-stripped ions,
while a zero neutral flux is imposed by UEDGE at the core
boundary—such settings were equally employed in [18] with
no noticeable effect.

4. Results

Using the edge plasma scenario and code setups of section 3,
the three codes are run to convergence, assessed with the cri-
teria defined in [18].

13 The rate is actually 5 - 10>! D, - s~! in EIRENE.

14 Among other parameters, EIRENE reflection is a function of the ERMIN
parameter, threshold below which the reflection is forced to be thermal [34].
However, while ERMIN = 1 eV in SOLPS-ITER by default, ERMIN = 2 eV in
SOLEDGED2D, a difference not analysed in the present work but potentially
non-negligible in low-temperature detached regimes.
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Table 1. Highlights of the baseline results of the three codes. Scrape-off layer (SOL) data within 1 mm of the separatrix (SEP) are
considered to compute each decay length (\) via an exponential fit at outer mid-plane (OMP).

Region Quantity (units) SOLPS-ITER SOLEDGE2D UEDGE A

OMP ne 3.0 cm inside SEP (m~?) 9.17-10" 9.67-10" 14.23- 10" 5%—43%
np+ 3.0cm inside SEP (m~%) 5.60-10" 3.82-10" 13.93-10" 38%-114%
T, 3.0cm inside SEP (keV) 5.04 5.25 3.62 4%-37%
T; 3.0cm inside SEP (keV) 5.31 9.97 2.82 61%—112%
pe 3.0cm inside SEP (kPa) 73.9 81.2 824 2%-11%
pp+ 3.0cm inside SEP (kPa) 47.6 61.0 62.9 3%—28%
Zegr 3.0 cm inside SEP (—) 4.50 7.23 1.17 47%—144%
ne at SEP (m™?) 5.90-10" 5.94.10" 5.99.10" 0%-1%
np+ at SEP (m~?) 2.95-10" 0.91-10" 4.96-10" 51%—-138%
T, at SEP (eV) 312.1 299.9 240.0 4%-26%
T; at SEP (eV) 1059.2 1490.6 631.3 34%-81%
pe at SEP (kPa) 291 3.14 2.71 7%-15%
Po+ at SEP (kPa) 4.98 2.34 5.26 6%—-71%
Zes at SEP (—) 5.25 7.28 221 33%-107%
SOL n. decay length (mm) 11.1 12.7 8.6 13%-38%
SOL np+ decay length (mm) 10.4 4.5 8.3 22%-79%
SOL T decay length (mm) 2.0 1.6 1.7 6%-22%
SOL T; decay length (mm) 7.6 2.1 8.1 6%—-118%
SOL p. decay length (mm) 1.7 1.4 1.4 0%—-19%
SOL pp+ decay length (mm) 44 1.5 4.1 7%-98%

Inner Peak ne (m~3) 9.38 - 10*! 4.48 - 10* 6.34 - 10% 34%—71%
Peak T (eV) 70.9 59.8 79.0 11%-28%
Peak T; (eV) 386.8 180.5 171.2 5%-T17%
Peak g, (MW -m~?) 8.8 5.2 53 23%-78%
T. 3.5 cmin PER (eV) 0.09 1.60 0.60 91%-179%
T; 3.5 cm in PFR (eV) 0.09 1.71 0.84 69%—181%

Outer Peak ne (m ™) 13.20- 10*! 3.25-10* 19.00 - 10*! 36%-142%
Peak Tt (eV) 110.3 93.9 111.3 1%-17%
Peak T; (eV) 422.8 2745 265.9 3%—46%
Peak ¢, (MW -m~?) 29.2 11.1 76.6 88%-178%
T. (eV) 3.5cm in PFR 0.18 2.08 0.66 104%—168%
T; (eV) 3.5cm in PFR 0.18 3.06 0.78 119%—178%

All the codes achieve the targeted nSEP within 1%. 4.1 Outer mid-plane: 1D profies

Nevertheless, the target P, = 20 MW could not be unan-
imously reached, with resulting combinations of: Py =
14 7MW and 4-10"Ne-s~! puff in SOLPS-ITER; Pq =
20.5MW and 1-10**Ne-s~! puff in SOLEDGE2D; P,q =
18.5MW and 6 - 10!°Ne - s~! puff in UEDGE.

The inability to achieve a closer match for nSEP and Ppaq
follows from pronounced non-linearities observed in these
strongly-seeded scenarios: some codes yield more deeply
detached states than others—an exemplifying instance being
illustrated in section 5.3.5.2, where SOLPS-ITER reaches
Prq ~20MW with SOLEDGE2D-like settings.

Other key quantities of the simulations results are summar-
ised in table 1, with the relative difference of the outcomes A
being defined by equation (18) in [18]. More in-depth descrip-
tions for the OMP, divertor targets and divertor volume are
given in sections 4.1-4.3, respectively.

One-dimensional plasma profiles taken at OMP are shown in
figure 2. Electron density n. and temperature 7. show an excel-
lent match (within 5% throughout the core) in SOLPS-ITER
and SOLEDGE2D, whereas the UEDGE profile deviates from
the other two—a trend previously observed in [18]. In this
work, this discrepancy is significantly more pronounced: the
UEDGE electron density (temperature) lies up to 43% (37%)
above (below) SOLPS-ITER’s and SOLEDGE2D’s in the core
region, conversely in the SOL. As in [18], the same observa-
tion holds for the UEDGE main ion density np+ (unified ion
temperature 77;), but to an even greater extent of being a factor
2.5 higher (1.9 lower) in the core compared to SOLPS-ITER’s.

The agreement in the electron channel between SOLPS-
ITER and SOLEDGE?2D is lost for the ions, for which the
two code’s predictions differ up to 38% and 61% in the
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Figure 2. Plasma and neutral profiles at outer mid-plane (separatrix at y — ysgp = 0). The insets show the profiles in logarithmic scale.

core main ion density and unified ion temperature, respect-
ively. Moreover, a strong qualitative mismatch arises in the
edge main ion density, featuring disparate non-monotonic
behaviours (inset of figure 2(e)), and in the ion temperat-
ure in the core, where SOLEDGE2D shows variable gradi-
ents despite the constant radial transport coefficients employed
(section 3.1).

Given the interactions between St and S°, an accompany-
ing disagreement in the total deuterium neutral density n, =
np + 2 np, follows. SOLEDGE?2D prediction in the far SOL
lies one order of magnitude above SOLPS-ITER’s, which,
in turn, is one order of magnitude larger than UEDGE’s.
Conversely, at the core boundary in UEDGE, n, is an order
of magnitude larger than that of the other two codes.

In spite of the differences in plasma densities and temper-
atures, the electron pressure p, is verified to show the expec-
ted agreement among the three codes all throughout the OMP.
Nevertheless, the same does not apply for the main ion pres-
sure pp+ = np+ 1, owing to the substantial differences in np+
and T;: while the values in the core plasma agree within 1%—
27%, SOLEDGE2D predicts a main ion pressure strongly dif-
ferent from the separatrix onwards, an order of magnitude
lower than that of the other two codes.

Notably, the relationships of 1/X, =1/Az, +1/), and
1/Np, . =1/Ar,+1/)\, , (equation (4.18) of [27]) are pre-
cisely satisfied in the present case, likely because of the con-
stant transport coefficients assumed. The only exception is
Apy = 1.5 mm in SOLEDGE2D, with 4.4 mm predicted by
[27] and accurately matched by SOLPS-ITER and UEDGE.

Of central interest in edge and core-edge plasma stud-
ies to assess the plasma pollution and fuel dilution is Z.g =
> acs+ NaZa/ne. Profiles of Ze at OMP (figure 2(h)) show

large discrepancies among the three codes, SOLEDGE2D
predicting a Z.s up to six times larger than UEDGE’s in
the core plasma, and SOLPS-ITER prediction sitting half-
way through, this overall not correlating with the neon puff-
ing strength in the three codes. A better agreement, at least
between SOLPS-ITER and UEDGE, is recovered in the far
SOL.

4.2. Divertor region: 1D profiles

Profiles of key plasma quantities along the divertor targets are
shown in figure 3. For the attached SOL regions (7, > 5eV),
most of the differences at the divertor targets are related to
the upstream behaviour: e.g. the ion temperature predicted by
SOLPS-ITER in the near SOL and UEDGE electron temper-
ature in the far SOL are higher than those of the other two
codes.

Similarly to [18], substantial disagreement emerges in the
electron density at the inner target (a difference of a factor
2.1) and at the outer target (SOLEDGE2D outcome lower
by a factor 4.1 and 5.8 with respect to SOLPS-ITER’s and
UEDGE’s, respectively). The main ion density profile matches
the electron’s by virtue of Z.i = 1 all throughout the near SOL
at the target plates (figure 5)—hence not shown.

Strike-points are detached at both inner and outer targets,
but the position where the onset of plasma re-attachment
occurs varies: for an agreement within 6 mm at the outer
target (onset placed at (y — ysp) ~ 10 mm, as evidenced by
the rise in electron and ion temperatures), plasma temperat-
ures at the inner target are predicted by SOLPS-ITER to rise
23 mm closer to the strike point than the other codes. Overall,
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Figure 3. Plasma profiles at the inner and outer divertor targets (strike point at y — ysp = 0). Perpendicular heat fluxes are pictured with
different vertical axis to improve readability. The insets show the profiles in logarithmic scale.

this behaviour is consistent with a significant in-out sym-
metry of the plasma profiles in SOLPS-ITER, instead absent
in SOLEDGE2D and UEDGE.

The perpendicular plasma'> heat flux g, and the corres-
ponding integral power at the outer target feature a dramatic
quantitative disparity (up to a factor 7 for the peak flux and 2
for the power). This discrepancy in the profile is progressively
reduced as the radial distance increases. At the inner target, the
results of SOLEDGE2D and UEDGE are in excellent quant-
itative agreement (peak heat flux within 1%) and in predict-
ing a doubly-peaking profile, in stark opposition to SOLPS-
ITER bell-shaped Eich-ian behaviour [1], integrating to twice
as much power as SOLEDGE2D.

4.3. Divertor region: 2D maps

Two dimensional views of the divertor volume are pic-
tured in figure 4. The deuterogenic total density n, closely
resembles its counterpart in [18]: the maximum density in
SOLPS-ITER inner target agrees with UEDGE’s within 11%,
while SOLEDGE2D prediction is one order of magnitude
lower than SOLPS-ITER’s. Disagreement at the outer tar-
get is found: SOLPS-ITER’s density is a factor 3 higher
compared to UEDGE’s, and two orders of magnitude lar-
ger than in SOLEDGE2D. Although the in-out asymmet-
ries of the distributions in the PFR are here milder, UEDGE
still shows the highest in-out balance (7.0 - 10*'m~—3 in, and
1.5-102m~3 out), with SOLPS-ITER (once more develop-
ing spurious gradient along the PFR artificial radial boundary)
and SOLEDGE2D marginally peaking in the inboard.

15 Hence neglecting contributions from neutrals and radiation.

Stronger asymmetries are observed in the neon density dis-
tribution nye, with higher values in the inboard in SOLPS-
ITER and SOLEDGE2D; UEDGE presents a wider high-
density region around the inner strike point and, crucially, at
the pump ducts. Quantitatively, UEDGE features the highest
nye, followed by SOLEDGE2D (a factor 1.8 lower), and by
SOLPS-ITER (a factor 4.4 lower, with no spurious gradients),
which does not correlate with the different neon puffing rates.

An important disagreement is observed for Z.g, not only
at the OMP (figure 2(h)), but throughout the entire divertor
volume (figure 5), once again not correlating with neon injec-
tion rates. Although Z ~ 1 in the near SOL in all the three
codes, the radial extent of this region in SOLEDGE2D far
outstretches SOLPS-ITER’s and UEDGE’s. SOLPS-ITER and
UEDGE do show an analogous Z.g inboard peaking, though
jeopardised by poor quantitative agreement (only within a
factor 1.5). SOLEDGE2D does not feature any such peaking,
nor the intuitive drop of Z.g in the far, cold SOL where RC of
high-ionisation stages should be primed.

The spatial distribution of the total radiation source S/
(both deuterogenic and impurity-driven) of figure 6 is satis-
factorily matched by the codes, in the regions of high emis-
sion. A characteristic peaking along the divertor legs [10,
40] is noted, in SOLPS-ITER protruding up to the X-point.
Quantitatively, the maximum values of the three radiation
distributions are found at 0.37 - 101°W .-m=3, 0.43-101°W .
m—3, and 1.11-10'°W -m3, respectively, and they overall
integrate to 14.7 MW, 20.5 MW, and 18.5 MW.

5. Discussion

Throughout the following, unless specified otherwise, we shall
denote by (£,) the value of an ion-species-specific variable &,



Nucl. Fusion 65 (2025) 026025 M. Moscheni et al

SOLPS-ITER n, (m~3) SOLEDGE2D n, (%) UEDGE n, (m™3
1E+22 1E+22 —1.17 1E422
e Ny 12
1E+21 1E4+21 1E4+21
13
. 1E+20 1B+20 1E+20
£ A —14
N 1E+19 1E+19 N 1E+19
~15
1E+18 1E+18 _16 1E+18
1E+17 s s 0 1E+17 —1.7 1E+17
R (m)
(b) (C)
SOLPS-ITER nye (m™2 SOLEDGE2D ny,e (m™3 UEDGE nye (m™
- Ne () 1E+20 —11 Ne () 1E+20 —117 Ne () 1E+20
~12 12 —-12
1E+19 1E+19 1E+19
-1.3 13 -1.3
E 14 1IE+18 £ —14 IE+18 £ —14 1E+18
N N N
~15 15 15
1E+17 1E+17 1E+17
~16 —1.6 ~1.6
1.7 1E+16 1.7 1E+16 —-1.7 1E+16
G 18 2.0 + 1.6 18 2.0 + 1.6 18 2.0 +
R (m) R (m) R (m)
(d) (e) (f)
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(a € 8T) averaged over all the ion species with weights w,
Zyng/ne, such that (§,) = > wa&a.

5.1 Validity of impurity model assumptions

5.1.1. Unified ion temperature. The appropriateness of
assuming an instantaneous thermal equilibration between dif-
ferent ion species (T, = T; Va, section 2.1.5) is assessed by
verifying whether the average collision time of ion species
a (7eq = (t5}) from equation (3), averaged over b € S*) is
shorter than the cell-specific residence time 7;,, according to

the here proposed definitions:
L }} 1B
7 |Va|\‘ By
Tm = max y; min 5 Lay . W
ay,n
Tryu}

In equation (12): Ax and Ay are the cell poloidal x and radial y
lengths, respectively (i.e. the smallest possible spatial scale in
the present meshes, hence max{-}); the characteristic length
scale of ion temperature variation'® along x and y are repres-
ented by Ti/|0:Ti| (Ti/|0yTi|); Lax and L,y are the distances
from a give cell to, respectively, a divertor target and radial
boundary (i.e. the longest possible space scale, hence min{-}),
with the direction of integration determined by sign{V,,} and
sign{Vii" }; finally, ||B||/B, identifies the projector from the
poloidal (x) to parallel (||) direction.

In support of the analysis, the normalised metric AT,
(Tea = Tra)/(Tea + Tra) 18 introduced, such that Ar, >0<
Teq = Trq implies that the assumption of a unified ion tem-
perature is ill-posed, and well-posed where A7, < 0 & 7, <
Tra- According to its weighted-average over all ion species,
AT = (A7,), the unified ion temperature is appropriate (blue
in figure 7) for SOLPS-ITER and UEDGE throughout the
core, for the deuterium-dominated collisional plasma of the
detached near-SOL and of the PFR. It is instead invalid (white-
red in figure 7) in the far SOL where, crucially, Z.g increases
and impurity presence is noticeable (figure 5), affecting the
entire SOL poloidal extent in UEDGE, only the near-target
regions in SOLPS-ITER (as suggested by [27]).

It should be noted that equation (12) implicitly neglects
non-local effects, for V7T being computed between neighbour-
ing cells, instead of leveraging on integral averages along the
x and y directions. Accounting for non-locality goes beyond
the purpose of the present section, as does the quantification
of the model error due to the adoption of the unified ion tem-
perature approximation, uniquely possible in SOLEDGE2D
by separately solving ion-species-specific energy equations
(section 2.1.5).

T;
Trla:max{Ax; min{ B 1T|
X+1

T;
|ay Ti|

12)

= Ty = Min {Trl[‘l ;

16 Metric coefficients [41] are neglected in the differentiation process for the
sake of simplicity.
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5.1.2. Trace impurity approximation. ~ Strongly-seeded edge
plasma scenarios can violate the applicability of the trace
impurity approximation—the present case providing one such
instance. This is exemplified by figure 8, where 2D plots
of Zy show that the TIA condition Zy < 1 (equation (1)) is
largely violated in SOLEDGE2D (almost exclusively due to
Ne®*, Ne’* and Ne!'%"). Similar observations hold, albeit up
to a lower extent, in SOLPS-ITER and UEDGE, in the lat-
ter case even despite the significantly lower values of Z.g
(section 5.3.4.2).

However, while SOLPS-ITER and SOLEDGE2D can
employ the Zhdanov formulation [42], compatible with any
impurity content (i.e. VZj, non TIA-based), UEDGE does
not offer such option. The Zhdanov closure was disabled in
SOLPS-ITER and SOLEDGE2D in favour of Braginskii’s for
the sake of consistency (section 2.1.3).

The Zj)-dependent terms in equations (5) and (6) are
impacted in UEDGE upon violation of TIA: this suggests the
possibility to obtain improved code performance by imple-
menting further options in the code.

Also worthwhile pursuing would be a cross-code compar-
ison between SOLPS-ITER and SOLEDGE2D with extrinsic
impurities and with their own implementations of the
Zhdanov formulation ([33, 43], respectively). Nonetheless, the
complications arising from the necessary inclusion of currents
(at least in SOLPS-ITER) might force a preliminary study
in the fashion of the un-seeded [18], before proceeding any
further.
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Figure 8. Applicability of the trace impurity approximation (TTA) for SOLPS-ITER (a), SOLEDGE2D (b), and UEDGE (c), verified only
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Figure 9. Relative importance of SOLPS-ITER extra terms (averaged over ion species, details in section 5.2.1) of diffusive velocity (a),
Rhie-Chow correction velocity (b), and geometry-related term in the momentum equation (c)—non-zero for D™ only. The presence of (a)

and (b) is also particularly noticeable at outer mid-plane.

5.2. Intrinsic differences in plasma equations

5.2.1. Extra terms in SOLPS-ITER plasma equations.
The additional poloidal terms present in the SOLPS-ITER
equations, not included neither in SOLEDGE2D nor in
UEDGE, deserve a dedicated assessment, as accomplished
in [18]. Their relative importance is computed according to
section 5.1 of [18] (£! norm), averaged over the ion species
() where required.

The SOLPS-ITER equations contain the convective terms'
in ngcffn and Rhie-Chow Vi3 (to avoid checkerboard instabil-
ity), plus a geometry-related term 7Sh Vi+ | Ox(Inh,) (exclus-
ively in the main ion momentum equation [15]). Figure 9
shows plots for the relative importance of these quantities (nor-
malised to [(Var® )|+ [(Veo™)| 4 [(Vax)]). The results evince
spatial-average figures of 3.8%, 2.5%, and 15% throughout
the domain, respectively, indicating generally low importance,
just as in [18]. Nonetheless, peaks of 50%—-100% in the role
played by (Vi) and (Vi) are attained in the regions of
the OMP (not shown), at the X-point, and in the near-SOL
region along the divertor legs for (ngcff,) Instead, in spite of its
noticeable presence all throughout the far SOL, the relevance
of US&xVDH\ Oy(Inh;) is negligible along the divertor legs.

7

i

17 The factor 5/3 rescaling axn
sake of simplicity, providing a mere marginal correction.

in the energy equations is neglected for the

Anomalous transport terms along the x direction are also
added'® on physical grounds in SOLPS-ITER, for the nature
of turbulence being 3D, hence affecting both the poloidal (x)
and the radial (y) directions [32, 44]. The relative import-
ance of the three x-directed anomalous transport coefficients
(neN), kAN and k2N (in equations (2) and (7) of [18] and in
equation (9) herein, respectively) is depicted in figure 10 in
the computational space [45], providing an alternative repres-
entation which avoids the shortcomings of a physical-space-
centred visualisation. The presence of (72N), k2N, and k4N is
mostly negligible, in fact spatially-averaging 5.5%, 0.8%, and
1.1% respectively in the domain. However, values in excess of
40% at the detachment front are present in all the three cases, in
particular at the outer target (East boundary in figure 10) where
the plasma temperature drops; this leads to conjecturing a role
being played by turbulent transport in detached conditions—
an area of ongoing research [46, 47]. Discarding these con-
tributions would be possible in SOLPS-ITER, and should be
accomplished to shed light on their actual role, but this is not
here performed.

5.2.2. Collision times. Under the assumption T, /m, >
T; /my, a direct comparison of the characteristic collision times
in SOLPS-ITER’s (SI) equation (3) and SOLEDGE2D’s (SE)

iff
Vg}t,n‘

18 With DAN entering the equations via



Nucl. Fusion 65 (2025) 026025

M. Moscheni et al

1E+00

() ()

1E-01

1E-02

1E—-03

1E+00

1E-01

1E-02

1E—-03

1E+00

1E-01

1E-02

1E—-03

Figure 10. Relative importance of momentum (top, averaged over
ion species), electron (centre) and ion (bottom) anomalous transport
coefficient along the x direction in SOLPS-ITER computational
mesh. The white vertical dotted line identifies the location of the
outer mid-plane. The reader is referred to figure 18 of [45] for
instructions on the interpretation of the computational mesh.

equation (5) yields:
SE
1
Teb XMy ype st (13)
T 2 ne me

for electron—ion collisions. In SOLEDGE2D, 7, is a factor ~
mp/me (i.e. 3 to 5 orders of magnitude) larger than in SOLPS-
ITER. This would be associated to a proportional mismatch in
energy equipartition, if figuring as such.

Conversely, the ratio between TaSE

lisions reads:

SI

and 7, for ion—ion col-

TSE B Qna—knb (my +mb)2
THSbI 2 Ny mymy, (14)
2
V214N (1+A4)
2N A

where N = min{n,;np}/max{ng;ny} <1Va,b and A=
min{A,;Ap}/max{A,;Ap} < 1 Va,b (A being the atomic mass
number). This ratio is pictured in figure 11(a): we note that
7SE )75V > 2.8Va,b € ST, and 75F /751 ~ N1 This depend-
ency is not of concern per se, for any inter-species interaction
being suppressed at low A/, i.e. when substantial disparity
in densities exists (section 5.2.3.1). But consequences of the
above on the momentum balance are further investigated in
section 5.2.3.1.

Last, comparing SOLPS-ITER (SI) and UEDGE (UE)
characteristic collision times between main and impurity ions

Collision Time Ratio
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A=1/1
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=
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= 10%

10!

10° ;

104 1072 1072 107! 10°
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Figure 11. Ratio between SOLEDGE2D (SE) and SOLPS-ITER
(SI) ion—ion collision time T, (a) and ion—ion friction force SZ;,&
(b) as a function of density ratio A (with values representative of
the entire domain, excluding deep core and far PFR) and for various
mass ratios A (details in section 5.2.2). Lime: neon/neon (1/1,
different ionisation stages and neglecting the electron mass). Green:
deuterium/neon (2/20). Grey: A € [2/184 ;1] spanning
combinations of masses down to deuterium/tungsten (2/184) with
the grey arrow identifying the direction of increasing .A.

in equation (7) yields:

UE
Tpz 2pup;
TPSI = m7p ~ \/E (15)

where the simplification holds under the assumption of m, >
mp+ within the TIA framework [28, 43].

5.2.3. lon momentum equations.

5.2.3.1. Incongruities in the momentum equation of SOLPS-
ITER and SOLEDGE2D.  Taking the ratio of equations (4)
and (2) for SOLEDGE2D and SOLPS-ITER ion-ion friction
force (a,b € S1) yields':

bt 051 m2+mj 1 nany
Srbr;,sf[r o Mg + My, NgMyp + NpNtg Ng + Ny (16)
1 2 1
_os51. AN

1+A A+N1+N

91f b2sigp_style = 2 in SOLPS-ITER, Spa,i gets rescaled by an
impurity-concentration-dependent factor. For concentrations spanning the
range [1073;10°], such factor attains value comprised within (0.3;1.6). The
conclusions of the present discussion would therefore hold irrespective of the
particular b2sigp_style, with only the numerical factor slightly changing.



Nucl. Fusion 65 (2025) 026025

M. Moscheni et al

which suggests the existence of a fundamental discrep-
ancy in the two formulations, related to (though not exclus-
ively explained by) the different ion—ion collision times
(section 5.2.2).

The ratio SZ;SE / ngstlr (figure 11(h) shows how
SOLEDGE2D friction force is always more than 60% smal-
ler than SOLPS-ITER’s. This discrepancy grows with A
increasing towards unity (grey arrow in the plot), thus being
particularly significant for like-particle interactions (here,
Ne“t /Ne* ™ with z # w), and for low V. On the other hand, for
a given n,, the magnitude of the friction force tends to zero for
low enough AV (i.e. substantial disparity in the density of inter-
acting species): in fact, |S, | o< ngny = N - [max{ng;ny}]* <
N -n?Va,b € ST, at least in SOLPS-ITER’s equation (2).

Overall, the ultimate impact on the momentum balance
solution is unclear. The consequences of incongruities in the
friction force formulations should mostly affect the phys-
ics in the proximity of the divertor targets, where both V,
and |0,V,| are large [48]. This is therefore of potential
concern.

The above exemplifying argument has been successfully
condensed in a simple analytical form and pictorially illus-
trated. Unfortunately, the same is instead not possible neither
for the electron—ion friction force (only its collision time can
be assessed, as per equation (13), and suggests how differences
might exist at large), nor for the thermal force (equations (2)
and (4)). These are therefore not further commented on in the
present work, though deserving dedicated investigations.

Similarly, implications of (and reasons behind) the dif-
ferent formulations are not analysed here, but would be
worthwhile addressing, likewise comparing SOLPS-ITER and
SOLEDGE2D Zhdanov formulations, and SOLEDGE2D with
nCL-dependent terms. Figure 12 indeed depicts the relat-
ive importance of nngaxVuH in SOLPS-ITER momentum
equations (normalised to |mang V) (bxVy) + Vel 4 veor)| 4
|(nSE +noN)0cVay | + [nSEVa OuInh)): the absence of these
terms in SOLEDGE2D could be playing a major role in the
present work—and could have in [18] too.

5.2.3.2. Simplified momentum equation in UEDGE. Upon
slight manipulation, the simplified equation (6) can be refor-
mulated as: 9;(m. V) ~mV, /m)" =f(Vp+|), where the
function f(VD+||) evidently encapsulates the contribution of
pressure, friction, and thermal forces.

Omitting impurity inertial effects to retrieve equation (6)
is legitimate whenever parallel velocities are much smaller
than the sonic speed away from the divertor plates [20]. This
assumption is found to be appropriate for UEDGE neon ion-
isation stages only in the near SOL (not shown for reasons of
space), while the impurity flow speeds approach sonic condi-
tions elsewhere in the divertor volume up to the X-point (also
confirmed by SOLPS-ITER).

The impact of this simplification on the solution is unclear,
but would be worthwhile investigating by utilising the full
impurity momentum equations in UEDGE.
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Figure 12. Relative importance of SOLPS-ITER terms involving
the classical parallel viscosity for deuterium (a) and averaged over
neon ionisation stages (), both unaccounted for by SOLEDGE2D.

5.3. Investigating observed differences in code results

In this section, we consider some of the discrepancies in
the code predictions. By dissection of the solution and the
physics/geometry models, an interpretation of some of the
phenomena observed is attempted.

5.3.1. Penetration of puffed neutral deuterium at OMP.

5.3.1.1. Over-penetrationin UEDGE.  Asin[18], the suitabil-
ity of UEDGE solving equation (11) for a unified temperature
between ions ST and the fluid-neutral species S° = {D ; Ne}
(i.e. Tp/Ti = Tne/T; = 1, section 2.1.5) is assessed.

Figures 13(a) and (b) show Tp/T; and Tne/T;, respectively,
in SOLPS-ITER. Spatial-average values? of Tp/T; = 1.10
and Tne/T; = 1.58 are obtained throughout the domain. Both
cases substantially depart from unity: (i) approaching 10 along
the divertor legs, resulting from the high-energy tail of the
atom energy distribution [18], scarcely-populated and there-
fore not of particular concern; (ii) approaching 0.1 in the far
SOL, as also suggested by [31], and at the OMP, as in [18].

At the very OMP, electron and D™ main ion density
in UEDGE are markedly over-estimated in the core, by
up to 2.45 and 3.63, respectively, compared to the other
codes (section 4.1). An enhanced core fuelling was already
observed in section 5.3 of [18], albeit to a lower extent: the

20 With cell-specific weights dictated by the amount of neutral particles
therein, normalised to the total amount of neutrals in the entire domain.
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Figure 13. Temperature ratio between neutral deuterium and ions
(a), and between neutral neon and ions (b) in SOLPS-ITER.

driving cause was identified in the UEDGE assumption of
Tp =T..

Although appropriate in the divertor volume (as here,
figure 13), assuming 7 /T; = 1 results in puffing the D gas in
UEDGE at the unrealistically high temperature of T%L‘ﬁ =T =
201 eV (83 eV in [18]). Conversely, Tp /T; ~ 0.15 (as in [18])
and Tp = 27 eV in the OMP far SOL for SOLPS-ITER. The
consequence of the Tp /T; = 1 assumption should therefore be
more significant here than in [18], implying even longer neut-
ral mean-free-paths and stronger over-penetration of neutrals
into the core region in UEDGE. And this is indeed found to
be the case: neutral deuterium atoms crossing the separatrix
in UEDGE are found to be 8.40- 102! D-s~!, compared to
3.36-10>'D-s~! in SOLPS-ITER, a factor 2.5 greater (only
1.5 in [18]).

Corroborating evidence of the over-penetration is further
found in the UEDGE solution.

With constant DAN, the non-linear shape of the core plasma
density profiles (figures 2(a) and (e)) is symptomatic of the
presence of a significant volumetric particle source of elec-
trons and main ions.

The over-penetration also explains (in-part at least)
differences in the OMP temperature profiles in UEDGE
(figures 2(b) and (f)): a factor 1.40 (1.48) lower for T and
1.86 (3.50) for T; compared to SOLPS-ITER (SOLEDGE2D).
Figure 14 illustrates this effect via plots of the different
components of the poloidally-integrated radial power fluxes
computed by SOLPS-ITER and UEDGE. The presence of
an extra particle source in the core requires exhausting an
enhanced radial particle flux, which drives higher radial con-
vective power fluxes in UEDGE compared to SOLPS-ITER

(dash-dotted lines). Owing to the common Pj,, this higher
convective flux brings along a reduction in the radial conduct-
ive flux (dashed lines), and consequently a reduction in the T;
gradients. Lower temperatures in the core region of UEDGE
follow.

UEDGE also predicts a neutral D total heat flux orders of
magnitude larger than SOLPS-ITER’s (dotted line bottoming
the graph) all throughout the OMP, indicating a considerable
neutral flux into the closed field line region.

The above compellingly supports the hypothesis of the
over-penetration due to Tp = Tj, significantly worse at higher
exhaust powers/upstream temperatures, compared to [18].
Repeating the exercise performed in [18] of reducing the
Tp/T; ratio in UEDGE for a direct proof is therefore not
attempted in this work. Additional consequences of the above
are detailed in section 5.3.4.2.

Finally, with the UEDGE over-penetration enhancing core
fuelling (with corresponding decrease in SOL fuelling) and the
radial particle flux, steep density gradients develop across the
separatrix in UEDGE and extend into the SOL, resulting in
lower densities in this region: up to a 6- and 11-fold drop in n,
and np+, and up to a 2.5- and 3-fold increase in 7. and T in
the far SOL, respectively.

5.3.1.2. Mesh-boundary artefact in SOLPS-ITER. Both
SOLPS-ITER and SOLEDGE2D feature a non-monotonic
profile of np+ in the OMP SOL. The underlying cause is
related to the D, puffing in the region, which results in a local-
ised significant ionisation source of S deuterogenic species,
absent in the colder SOL of [18] where the D, puff strength
was also a factor 2 smaller.

Figure 15(top) details the normalised profiles of the dom-
inant reactions®! involving deuterogenic neutral species in
SOLPS-ITER, compared to the normalised np+: D, preferen-
tially undergoes electron-ionisation (EI) in the far SOL to give
D5 which, in turn, dissociates (DS) to D' and D, the former
enhancing np+ in the very far SOL, and the latter further pen-
etrating inwards before electro-ionisation.

In SOLPS-ITER, a continuous rise in np+ in the far SOL is
so produced, which qualitatively differs from SOLEDGE2D’s
(figure 15, bottom), where a local maximum is followed by a
constant decrease up to the wall. The strong peaking of D,-EI
and D;r -DS, with corresponding lower penetration, observed
in SOLPS-ITER is a spurious effect associated to the presence
of the artificial boundary (red line in figure 1 and in figure 15,
similarly to section 5.6 of [18, 49]). Such feature indeed per-
sists even when the SOLEDGE2D reaction set is adopted in
SOLPS-ITER (section 5.3.5.2).

5.3.2. Double-peak feature in the heat flux at the inner
target. Both SOLEDGE2D and UEDGE present peculiar
doubly-peaking heat flux profiles (figure 3(g)) at the inner tar-
get, which neither currents nor drifts are responsible for, being
de-activated in the present work (section 2).

21 AMJUEL H.4 2.2.9, AMJUEL H.4 2.2.12, AMJUEL H.4 2.1.5,
respectively.
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Figure 14. Break-down of outer mid-plane radial power fluxes in SOLPS-ITER (shades of grey) and UEDGE (shades of blue). Positive
values identify fluxes along the +y direction (core to edge), viceversa for negative figures (rendered as positive).
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Figure 15. Break-down of major deuterogenic reaction rates
(shades of green, normalised) at outer mid-plane for SOLPS-ITER
(top) and SOLEDGE2D (bottom). The resulting main-ion density
(black, normalised) and SOLPS-ITER’s artificial radial boundary
(red) are also shown.

5.3.2.1. Double peak in UEDGE.  Figure 16 shows a recon-
struction of the perpendicular heat flux in UEDGE, obtained
by approximately accounting for the additional contribution
ij‘d that would have been provided by the plasma convection/-
conduction, had it not been radiated. In particular, Z]rjd is com-
puted for each radial (y) cell along the target by integrating S/
(figure 6) along the poloidal (x) direction, from the target up
to the X-point:

1 &
D= S () V(X (17)
YJ) 70 (yj) ‘ ot z)’}) ( lyj)

i=i

where i and j are respectively the x and y cell indices, the
sum runs from the target poloidal position it to the X-point
location ix, o is the projected area, and V the cell volume.
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Figure 16. Reconstruction of inner target heat flux for UEDGE.

The term G represents the portion of heat flux the target would

have approximately received, had it not been radiated (details in
section 5.3.2.1).

Equation (17) does not account for cross-field diffusion, and
different flux tubes are independently considered.

The resulting reconstructed heat flux (g +g%) in
figure 16 suggests that the existence of the double peak in
UEDGE could be entirely appointed to the volumetric heat
sink from radiation. This heat sink is indeed predominantly
localised in the flux tubes where high electron density and
proper temperature promote strong radiation emission. In the
current semi-detached scenario, the position of the minimum
g1 correlates with the onset of plasma reattachment in the
far SOL, where T. rises above the sub-eV level (inset of
figure 3(b)).

Worthwhile stressing is the persistence of the double peak
even when further adding the actual radiative heat load to the
perpendicular heat flux, as computed via the UEDGE inner
tool?. This therefore supports the analyses above.

The primary conclusion of this inner target analysis is to
caution on the interpretation of double-peak heat flux profiles,
potentially arising from potent volumetric power losses, hence
unrelated to the known effect of drifts [52] and resonant mag-
netic perturbation (RMP) fields [53, 54].

22 Although a 3D radiative heat load computation [50, 51] would be more
accurate, this would only quantitatively, not qualitatively, impact the conclu-
sions in the present paragraph.
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Figure 17. (a) Approximate reconstruction of inner target heat flux
for SOLEDGE2D (details in section 5.3.2.1). (b) SOLEDGE2D
mesh in grey: representative non-conformal cells (not wall-aligned)
in magenta; cells with more than one vertex outside the chamber
(black) not shown for the sake of clarity—blank regions within the
chamber being a spurious consequence of this illustrative example.

5.3.2.2. Double peak in SOLEDGE2D. The double peak
featured at the inner target by SOLEDGE2D (figure 17(a))
does not entirely disappear when accounting for the radiation
losses via equation (17). This is in-part attributed to the struc-
ture of boundary mesh cells in SOLEDGE2D, which does not
necessarily conform to the wall in the far SOL (magenta in
figure 17(b), also visible in figure 1 of [55]).

Despite still field-aligned, non-conformal boundary cells at
the target are poloidally orthogonal to the magnetic flux sur-
face, hence providing no poloidal-tilting reduction to any per-
pendicular flux—hence the over-estimation of ¢ and second
peak.

In this instance, non-conformal cells appear from (y—
ysgp) ~7 cm onwards along the inner target SOL in
SOLEDGE2D (and similarly for the step-like structures vis-
ible in the inset of ). The heat flux in figure 3(/) and the neut-
ral neon density in figure 4(e) also show reminiscences of this
effect in the far SOL of the outer and inner target, respectively,
with evident step-like patterns.

Considering the present SOLEDGE2D solution in its
entirety, such mesh non-conformity should not give any
noticeable concern. The same conclusion would not necessar-
ily apply if sputtering was considered, with the over-estimation
of particle fluxes where the plasma reattaches in the far SOL
[40].

5.3.3. Degree of detachment at the outer target. The
outer target heat flux of SOLPS-ITER does quantitatively and

Outer Target Perpendicular Heat Flux
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Figure 18. Outer target heat flux for the three codes, precisely
following the varying degree of detachment of which in [56], and
labelled accordingly.

qualitatively resemble its inner counterpart, without featuring
a double peak (figures 3(d) and (h)). SOLEDGE2D and
UEDGE also show an Eich-like heat flux profile at the outer
target, but peaking a factor 2.0 above and 2.5 below SOLPS-
ITER’s, respectively.

Figure 18 pictures the outer target g profiles, remarkably
similar to the behaviour of the heat flux as a function of the
detachment degree shown in [56]. The difference in g mag-
nitude and shape can therefore be attributed to differing degree
of detachment achieved in this location by each code. This
conclusion is also supported by the fact that, at the outer tar-
get, (¢ + §29) from equation (17) is matched by UEDGE and
SOLPS-ITER within a much more satisfactory 35%.

5.3.4. Density flooring and effective charge distribution.

5.3.4.1. Density flooring of impurity species. A notable fea-
ture observed in this study is the non-negligible impact of
the ‘density flooring’: this is a user-defined minimum allowed
density per ion species in the domain, intended to prevent the
density from dropping to near-zero values, potentially causing
numerical instabilities. This floor is maintained by an artifi-
cial source in the affected grid cells, and it is employed by all
the three codes. UEDGE, being the fastest code, was used to
explore this effect.

Particle fluxes across the separatrix (SEP) are analysed for
both D and Ne species. Table 2 shows the break-down of neut-
ral and ion fluxes across both core and SEP in UEDGE. At the
core boundary, the net fluxes of ions and neutrals are consist-
ent with the core boundary conditions specified in this setup
(5-10%s~! for D, zero flux for Ne—section 3). However,
at the separatrix, whilst the net outward flux for D is con-
sistent (5-10%°s~! again), Ne presents a sizeable disparity,
with an outward net flux of ~4-10'7s~! (table 2, red)—in
spite of the core boundary showing zero net Ne flux, and the
only Ne source in the domain being from the PFR puffing
(6-10" Ne-s~! in UEDGE). This is non-negligible in com-
parison to the Ne transport in/out of the core region itself,
suggesting the presence of a significant particle imbalance in
this domain, despite the successful convergence of the code
solution.

The density floor of the impurity ions (10'°m™3, typical in
UEDGE) is determined to be responsible for this imbalance.
Through most cells in the core region, the low charge states
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Table 2. Break-down of UEDGE ion and neutral cumulative radial fluxes across the core and separatrix (SEP), for the baseline case with
density floor of 101°m™2, and the newly explored case (*) with density floor of 108 m™3. Positive values identify fluxes along the +y
direction (core to edge), and viceversa. Neon imbalance being non-negligible (negligible) compared to neon puffing of 6 - 10'* Ne - s ™! in

red (blue).

1

Region

CORE (s71)

SEP (s ')

SEP* (s™')

Species D
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of neon engage the floor value, consistently with a high ion-
isation sink at high temperatures. This results in an artificial
net production rate of 3.84 - 10'”s~! from volumetric sources,
equivalent to the particle imbalance found from fluxes across
the separatrix (table 2, red). Extending the artificial impurity
particle source evaluation to the full mesh domain, the total
additional particle source approaches ~1% of the total Ne
puff magnitude. When the impurity density floor in UEDGE
is reduced to 103 m—3 (*), the particle imbalance decreases in-
kind by two orders of magnitude to 3.76 - 10'3s~! inside the
separatrix (table 2, blue), confirming the density floor as the
root cause. This numerical phenomenon is however not lim-
ited to UEDGE, and affects the other two codes to a certain
extent.

The SOLEDGE2D solution hits its density floor of
10 m=3 in the red areas of figure 19(a) with Ne**, rep-
resentative of all stages up to Ne®" in the core. The arti-
ficial production of low-medium neon ionisation stages in
the SOLEDGE2D core could be sizeable, given the already
noticeable effect the UEDGE floor, three orders of magnitude
lower than SOLEDGE2D’s, had.

This same argument equally holds for high charge states in
the far SOL which, in SOLEDGE2D, engage the density floor
in the close proximity of the wall in the extended plasma mesh
(red in figure 19(b) for Ne!*, representative of all the stages
down to Ne7+). Hence, the Z. ~ 7.0 there localised (yellow
in figure 19(d) and around the pump ducts in figure 5(b)) is
ascribed to this numerical artefact of SOLEDGE2D.

In SOLPS-ITER simulations, the neon density floor is set
to 103 m—3. Although the artificial particle generation is neg-
ligible in UEDGE at this level, a small imbalance is observed
in SOLPS-ITER neon fluxes across the separatrix.

Deleterious per se, the particle imbalance and additional
impurity throughput, generated by the artificial density floor,
could have further significant consequences (section 5.3.6).
Crucially, this effect would be worse for higher-Z impurit-
ies, with additional charge states providing extra potential for
artificial particle generation. Therefore, the impurity dens-
ity floor is to be set appropriately low to avoid malicious
consequences.

5.3.4.2. Z.4 in UEDGE. The predicted Z.¢ prominently
varies from code to code, as evidenced by the rendering
of figure 20 in computational space. In SOLPS-ITER and
SOLEDGE2D, Z. takes relatively high values through the

Ne’™ floor

Ne** floor

—-1.2

= —1.4
N
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Figure 19. SOLEDGE2D logical maps of Ne** (a) and Ne'®* (b),
with the artificial density floor (10"3 m~3) active where red, inactive
where grey.

far SOL and core regions, often at Z. >4 and peaking
at Zegg~ 7 and ~ 9 for SOLPS-ITER and SOLEDGE2D,
respectively.

The D, puffing at 0.03 eV in EIRENE at OMP con-
tributes to a strong volumetric DT source in the OMP
far SOL (section 5.3.1.2), forcing Z.s to decrease towards
unity in this deuterium-dominated zone. This effect is
illustrated in figure 20(a) (top) for SOLPS-ITER, at
the upper end of the white vertical dotted line, and in
figure 20(b) for SOLEDGE2D—this feature goes missing
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Figure 20. (a) Effective charge distribution Zgr in the
computational domain of SOLPS-ITER (top), SOLEDGE2D
interpolated onto SOLPS-ITER grid (centre), UEDGE (bottom),
with ad hoc colourbar limits. (b)) SOLEDGE2D (SE) Zs¢
distribution in real space around the OMP, featuring a drop towards
unity missed when interpolated onto SOLPS-ITER radially-limited
computational grid (figure 20(a), centre).

when the SOLEDGE2D solution is interpolated onto the
radially-limited SOLPS-ITER computational grid to produce
figure 20(a) (centre).

On the other hand, UEDGE features a much smaller Z.¢ <
5 (figure 20(a), bottom). This results from the over-penetration
of puffed deuterium in UEDGE (section 5.3.1.1): the deu-
terium volumetric source and the corresponding deuterium-
dominated zone (Z.¢ ~ 1) shift more deeply in the core plasma
(around the lower end of the white vertical dotted line of the
OMP), impairing the production of high neon ionisation stages
by leading to higher main ion densities and lower temperatures
in the core.
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Figure 21. SOLEDGE2D overall Z.¢ (a) and standalone
contribution to Zeg of Ne!%t (z=10) (b).

5.3.4.3. Zgy in SOLEDGE2D. SOLEDGE2D produces a
distinctive feature, as pictured by figure 21(a): Z.g > 8 all
throughout the top of the chamber, included by the extended
plasma mesh. Responsible of this feature are Ne®™, Ne’* and
Ne!F (figure 21(b) for the latter), respectively accounting for
~1,~1, and ~ 6 in such region. This is likely unrelated to the
density floor (section 5.3.4.1), as suggested by figure 19(b),
representative of all the three species.

Despite the potential for electronic RC in this relatively
cold plasma (5eV < T, < 75eV), and an insignificant ionisa-
tion source (ionisation energies 239 eV, 1196 eV and 1362 ¢V,
respectively), a surplus of Ne®™, Ne’* and Ne!°* could be
supplied by potent radial transport outward the core plasma
(Oyn; < 0). This could be the case in the present scenario,
where not any neoclassical inward-pointing impurity pinch
velocity [25, 57] is modelled. Ancillary SOLPS-ITER invest-
igations (not shown) tentatively indicate that the Z.g spatial
distribution could be significantly altered by suppressing DAY
for the only neon high ionisation stages, simplistically mim-
icking the effect of an inward pinch. Additionally, sections
16.2 and 16.4.7 of [27] report how low friction experienced
by the fluid flow, e.g in low plasma density regions, would
not allow for enough time for volumetric recombination to
occur in the first place. This might be particularly the case
in SOLEDGE2D, with a smaller friction force than SOLPS-
ITER (section 5.2.3.1).

Overall, how physically genuine such impurity pres-
ence at the top of the chamber is remains dubious. Non-
trivial activity around the secondary X-point in single null
magnetic topologies is in fact expected [15, 58], at least
in terms of plasma heat load. The impurity accumulation
observed in our SOLEDGE2D solution, and corresponding
concern for wall erosion, might be one additional item to be
accounted for.

5.3.4.4. Zs in SOLPS-ITER. As pictured in figure 2,
throughout the core region SOLPS-ITER simultaneously fea-
tures a lower Z., higher np+, and lower T; relative to
SOLEDGE?2D. Even without here delving in its primary cause
(section 5.3.5.2), the present heuristically shows how a lower
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Figure 22. Plasma and neutral profiles at outer mid-plane (separatrix at y — ysgp = 0). The insets show the profiles in logarithmic scale.
Black solid line = baseline SOLPS-ITER simulation (section 4), with default set of reactions and puff rate of 4 - 10 Ne - s~!. Dark grey
dash-dotted line (SOLPS-ITER*) = SOLPS-ITER simulation without neutral-neutral collisions and 1 - 10**Ne - s~'. Light grey dashed line
(SOLPS-ITER**) = SOLPS-ITER* simulation with SOLEDGE2D set of reactions.

Z.t alone is sufficient to subsequently produce higher np+ and
lower T; (viceversa for a higher Z).

SOLPS-ITER and SOLEDGE2D show an excellent agree-
ment for the electron profile at OMP (figure 2(a)). To main-
tain quasi-neutrality to a common n., lower Z. implies
higher np+. Therefore, SOLPS-ITER’s smaller Z. leads to
an enhanced np+, which is expected.

However, despite the high Z of the scenario, the concen-
tration of the main ion (exceeding 80% in the two codes) dom-
inates the overall ion pressure, and n; T; ~ np+ 7;. Hence, given
the same input power in the two codes (section 3.2.1) , the
enhanced np+ implies a lower T; in SOLPS-ITER from ion
energy balance.

This argument could also justify the varying y-gradient in
T; of SOLEDGEZ2D despite the constant transport coefficients
(section 4): the T; profile is affected by Z.y and np+ which
vary along y.

These results should be sufficient evidence for the reader
to be cautious on the vicious chain of effects a mismatch
in Z could lead to. This issue would be exacerbated by
the uncertainty affecting the impurity anomalous transport
(section 5.3.4.3). Solving for different species-specific ion
temperatures should ameliorate matters, at least in this respect,
by breaking the link between np+ and T;.

5.3.5. Atomic and molecular reactions.

5.3.5.1. STRAHL rates in UEDGE. Coherently with [59], a
5% increase in total radiated power and 16% decrease in nStF

result from running SOLPS-ITER with the STRAHL-based
rate coefficients used in UEDGE, instead of the ADAS default

(section 2.1.1). Not accompanied by any further noteworthy
differences, this is discarded as a leading source of disparities
in UEDGE compared to SOLPS-ITER and SOLEDGE2D.

5.3.5.2. EIRENE  reactions in SOLPS-ITER  and
SOLEDGE2D.  Figure 22 compares the baseline results of
the three codes to: a SOLPS-ITER simulation without neutral-
neutral collisions (SOLPS-ITER*); the SOLPS-ITER* sim-
ulation also with SOLEDGE2D reduced set of reactions of
table 1 in [18] (SOLPS-ITER**). In these two new cases
the neon puffing can be increased to 1-10?°Ne-s~! without
failing convergence, hence matching SOLEDGE2D. This
allows P4 to reach 20.2 MW and 22.2 MW in SOLPS-ITER*
and SOLPS-ITER**, respectively, thus within 2% and 8% of
SOLEDGE2D’s 20.5 MW.

A dramatic qualitative and quantitative reconciliation with
SOLEDGE?2D is apparent in the OMP core for Zs, np+ and
T;, consistently with section 5.3.4.4. However, no improve-
ment is observed neither for np+ (far SOL) nor for 7; (near
and far SOL). For the former, this is ascribed to effects related
to the SOLPS-ITER limited mesh extension (section 5.3.1.2),
while, for the latter, it remains unclear (but potentially related
to SOLEDGE2D’s high Zg in the far SOL—section 5.3.4.3).

The remaining quantities, in addition to those of figure 23,
similarly suggest that not all the discrepancies are ameliorated,
with some actually being exacerbated instead.

The degree of agreement in the plasma volume at large also
varies on a case-to-case basis. Employing SOLEDGE2D reac-
tions in SOLPS-ITER in [18] saw a considerable qualitative
and quantitative improvement in neutral density distributions

20
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Figure 23. Plasma profiles at the inner and outer divertor targets (strike point at y — ysp = 0). Perpendicular heat fluxes with different
vertical axis to improve readability. The insets show the profiles in logarithmic scale.
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Figure 24. Effective charge Z.g distribution in the divertor for: (@) SOLPS-ITER baseline simulation (section 4), with default set of

reactions and puff rate of 4 - 10°Ne-s™'; (b) SOLPS-ITER simulation without neutral-neutral collisions and 1 - IOZO,Ne !
(SOLPS-ITER*); (¢) SOLPS-ITER* simulation with SOLEDGE2D set of reactions (SOLPS-ITER**); (¢) SOLEDGE2D.

in the PFR, however absent in the present case (not shown as also supported by the integral radiated power per plasma
for reasons of space). Nonetheless, SOLPS-ITER’s spurious region (figure 26).

gradients atop of the artificial PFR boundary vanish, as per Coherently with its reduced heat flux at the outer target
[18]. A notably better match of Z is observed in figure 24 all  (figure 3(h)), SOLEDGE2D presents a marked re-allotting of
throughout the SOL and core volumes. radiated power from the downstream outer divertor (OUT-

To draw conclusions from this, some differences existing DIV) towards the upstream SOL and core. According to
among SOLPS-ITER and SOLEDGE2D follow from SOLPS- figure 26, the different SOLEDGE2D reactions cannot be held
ITER failing to reach the same neon puffing rate and total radi-  responsible, for not even SOLPS-ITER** (section 5.3.5.2)
ated power of SOLEDGE2D. On the one hand, the present can reproduce this feature. Instead, the density-floored neon
paragraph highlights the reduced atomic-molecular reaction low-medium ionisation stages in the core of SOLEDGE2D
set of SOLEDGE2D to be the driver behind this factor. On (section 5.3.4.1) do offer a spurious surplus of radiating
the other hand, the improved agreement follows from the sim-  species. Although this helps explaining part of the discrep-
plification of the physics models in SOLPS-ITER, therefore ancy, unfortunately, the lack of a species-wise break-down of
unsatisfactory overall. Also worthwhile noting is the impact the radiation/particle sources and fluxes impairs any further
neutral-neutral collisions alone have had in this context. insights.

On a different note, an additional observation from

figure 25 provides additional evidence for the puffed gas over-

5.3.6. Radiation emission distribution. = SOLEDGE2D radi- penetration in UEDGE (section 5.3.1.1), with a deuterium-
ation emission distribution in figure 25(computational space) driven emission peak in the OMP core plasma (lower end of
is seen to wildly differ from SOLPS-ITER’s and UEDGE’s, the white vertical dotted line in figure 25, bottom), instead
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Figure 25. Radiation emission distribution in the computational
domains of SOLPS-ITER (top), SOLEDGE2D re-interpolated on
SOLPS-ITER grid (centre), and UEDGE (bottom).
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Figure 26. Radiation fraction per region of plasma. Radiation
fraction = proportion of radiation emitted in a certain region,
normalised to the total. Regions: CORE = core plasma; SOL =
edge plasma above the X-point; IN-DIV (OUT-DIV) = inner (outer)
divertor comprising inner (outer) SOL and inner (outer) PFR below
the X-point.

apparent in the far SOL in SOLPS-ITER (upper end of the
white vertical dotted line in figure 25, top), and consistent with
section 5.3.4.2.

5.3.7 Neutral neon.  An unusual feature affects the neigh-
bourhood of the PFR boundary in SOLPS-ITER’s figure 13,
where Tne/T; > 1, despite neon being puffed at 0.03 eV and
T; ~0.1eV in that region. This is currently unexplained,
although tentatively posited to be due to one among (or a
combination of): (i) the artificial nature of such boundary in
SOLPS-ITER; (ii) any residual energy retained by the neon
when recombining from Ne!* (section 2.2); (iii) the invalidity
of the ADAS-based reaction rate for temperature below 0.2 eV
[22].

22

In UEDGE’s result, with neon being puffed in the cold sub-
eV PFR, no over-penetration issue such as in section 5.3.1.1
is observed. UEDGE’s neutral neon density distribution
(figure 4(f)) is however striking compared to SOLPS-ITER’s
and SOLEDGE2D’s—with very high density present in the
immediate proximity of the pumping surfaces. Whether this
is a geometrical effect of compression in the tilted target plate
regions, or a particle-balance effect related to the pumping sur-
faces and the flux required to be removed there, is unclear.
This may nonetheless have a significant impact on the solu-
tion, and could be related to (or be) the cause of the higher
level of detachment on the inner leg in UEDGE.

6. Conclusions

Building on the cross-code comparison of Moscheni et al
(2022) [18] for a low-power pure-deuterium scenario, the
present work performs a similar assessment for the DTT
edge plasma, comparing the state-of-the-art edge plasma codes
SOLPS-ITER, SOLEDGE2D and UEDGE, but at nominal
power and with neon as an extrinsic impurity. Although a
quantitative change is expected for different impurity species,
the conclusions drawn here would still apply. Currents and
drifts are disabled to avoid further complications.

In contrast to [18] where observed differences between
code predictions were in many instances mild, significantly
greater discrepancies are observed for this higher-power
impurity-seeded scenario.

In addition to a common OMP separatrix electron dens-
ity of 6-10"m~2 accurately reached by the codes, a tar-
geted total radiated power of 20 MW is instead achieved with
varying degree of success, by freely tuning the neon puff-
ing. Significantly different injection rates of 4-10'° Ne s™!,
1-10®Nes™! and 6-10"Nes™" result in SOLPS-ITER,
SOLEDGE2D and UEDGE.

The electron density and temperature at the OMP are very
closely matched between SOLPS-ITER and SOLEDGE?2D, as
well as electron pressures among all three codes. But major
discrepancies exist in main ion density (38%—138%), unified
ion temperature (34%—112%) and Z.g (33%—-144%) at OMP,
but also throughout much of the domain, in all the codes.

At the divertor targets, in the attached far-SOL, features
related to the electron density/temperature profiles are inher-
ited from the upstream, as in [18]. But, compared to [18], new
discrepancies arise elsewhere, quantitatively in heat fluxes at
the outer target (88%—178%) and qualitatively at the inner
(single- vs. double-peak profiles), in the degree of detachment
and in the location of reattachment onset.

In investigating possible underlying causes of the disagree-
ment, inherent differences in the code equations are noted:

o Extra terms. Regions where SOLPS-ITER extra terms in the
plasma equations attain some relative importance are identi-
fied, as in [18]. This notably occurs for the x-directed anom-
alous transport terms in the detached plasma regions.

o Collision times and momentum sources. Within the ITA here
adopted, the difference in the collision times and friction
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force of SOLPS-ITER and SOLEDGE2D, a function of the
species mass and concentration, is always significant. The
assessment of the corresponding changes in the solution is
however non-trivial, even more so for the other momentum
sources, also differing among the two codes. This find-
ing hence urges on the adoption of the full Zhdanov clos-
ure in all the codes, as accomplished in [33, 43], which
would also avoid the potential shortcomings of the simpli-
fied force-balance momentum equations for impurities util-
ised in UEDGE in this study.

None of the discrepancies observed in the outcomes can how-
ever be entirely traced back to any of the above, but still worth-
while investigating.

Conversely, understood instances and lessons learnt from
our studies can be summarised as follows:

o Over-penetration of neutrals. The over-penetration of the
puffed neutral deuterium in UEDGE, previously discovered
in [18] and following from T = Tj, re-appears in this scen-
ario, with a significantly enhanced effect at these higher
power levels. UEDGE electron density is over-estimated by
38%—-114% in the OMP core, and under-estimated in the
SOL. The additional radial particle flux this extra penetra-
tion creates in the core results, for a fixed input power, in a
redistribution of radial power flux between conductive and
convective channels, driving differences in the electron and
ion temperature profiles in UEDGE. The electron pressure is
verified to still be in close agreement to that of SOLPS-ITER
and SOLEDGE2D.

The over-penetration also leads to a deuterium-dominated
core plasma, hence correspondingly lowering Z. in
UEDGE—the source of high ionisation stages being sup-
pressed in the hot core plasma.

Although [18] showed how this can be locally ameliorated
by ad hoc neutral flux limiters, such a solution is scenario-
specific and not appropriate for the entire plasma. Advanced
neutral models in the like of [31] potentially offer a solution
to these issues—but these must be demonstrated to agree
well with kinetic neutral models in both the divertor regions
and the upstream main chamber plasmas simultaneously, in
order to have confidence.

e Density flooring. The artificial particle source supporting

the minimum impurity ion densities (‘density floor’, simil-
arly applied in all three codes) is found to spuriously gener-
ate an appreciable impurity particle imbalance, in fact cre-
ating high-charge species in low-temperature regions, and
low-charge species in high-temperature regions. Though the
imbalance is ~1% in UEDGE, the density floor is a factor
10° higher in SOLEDGE2D, meaning the extra particle
source is likely more significant.
Unresolved disagreement is also the distribution of the radi-
ation emission, in SOLEDGE2D resulting in a significantly
higher radiation in the core and main-chamber SOL regions.
The effect of the artificial density floor of low/medium neon
charge states in the core is potentially a noteworthy factor—
a concern for application to study power exhaust handling
for divertor designs.

These effects are anticipated to be worse for higher-Z impur-
ities (e.g. argon, tungsten), given the greater number of
charge states the minimum density floor is required to sup-
port. Care should be taken in impurity modelling in all three
codes to ensure the density floor is set low enough to prevent
this particle imbalance and its consequences, while avoiding
numerical instabilities.

o Activity around the secondary X-point. In SOLEDGE2D,

high ionisation stages existing in the cold edge plasma
regions unaffected by the density floor remain unexplained.
This is thus ascribed to the absence of an inward-pointing
pinch for high neon ionisation stages, in conjunction with
SOLEDGE2D extended mesh and lower friction forces in
action—physically dubious as a whole, but potentially fall-
ing under the umbrella of non-negligible activity around the
secondary X-point of a single null topology. With the sput-
tering of the main chamber wall being increasingly emphas-
ised in the community [60, 61], and the dominant contribut-
ors being impurities, the importance of proper assessments
of Zg in the far SOL grows, and hence does the quantifica-
tion of impurity cross-field transport.

o Atomic-molecular reactions. In SOLPS-ITER, discarding

neutral-neutral collisions and reducing the set of atomic-
molecular reactions to SOLEDGE2D’s is found to be even
more impactful than in [18], and allows SOLPS-ITER to
reach similar Pq ~ 20MW and 1-10*°Ne-s~! puffing
rate as in SOLEDGE2D. In turn, this drastically reduces
the disparity among the two codes—not entirely erasing all
the observed differences nonetheless, nor being satisfactory
overall, being able to reach such conditions in SOLPS-ITER
only by simplifying the physical models.

Intricacies of an extended plasma mesh. In opposition to
the radiation-driven doubly-peaking heat flux profile at the
inner target in UEDGE, the same feature in SOLEDGE2D
is an artefact of the mesh construction. It results from
the penalisation technique applied to the non-conformal
cells misaligned to the wall in the far SOL, included by
SOLEDGE2D’s extended mesh. Guaranteeing ubiquitous
cell conformity can be accomplished, e.g. at the expense of
an enhanced complexity in the cell structure [62, 63].

Also, ensuring an appropriate density floor would be par-
ticularly relevant for high-charge-state flooring in the cold
plasma accounted for by an extended mesh, where the local
plasma conditions could even threaten the applicability of
the plasma equations in the first place.

Last, low-density and/or low-temperature regions can viol-
ate the validity of both the reaction rates [18, 55] and the
unified ion temperature equation. This is relevant for deeply-
detached scenarios in the like of [64]’s, and in the far SOL
of any scenario, respectively.

The present study therefore clarifies how the benefits of
extended plasma meshes (e.g. avoiding the artefacts related
to the finite radial extent of the SOLPS-ITER plasma mesh,
here again observed) come with in-kind challenges, in addi-
tion to those reported by [55], to be determined and resolved.

Understanding the different models and approximations used
in edge plasma codes is paramount for the interpretation of
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their predictions, and to understand their limitations—yet to be
fully characterised and, crucially, to be compared with experi-
mental data, as per our separate publication focused on Alcator
C-Mod [19].

The outcomes of this work and of [18] can be used both in
re-assessment of past work utilising these codes, as well as for
informing the use and development of edge codes in the future.
Immediate examples, meritorious of further investigations,
are the SOLPS-ITER full-vessel mode under development
[62, 63] (caveated by, at least, the known challenges above),
emphasising and correcting for disparities resulting from
advanced fluid vs. kinetic neutral models [31, 37, 65], and
comparing the additional physical models (e.g. Zhdanov clos-
ure, separate ion energy equations in SOLEDGE2D, full
impurity momentum equations in UEDGE), with currents and
drifts [66, 67].
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