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An upgrade to the 3-D plasma boundary model EMC3-EIRENE for detached divertor plasmas is
introduced and evaluated. Stabilization of the iterative approximation of a self-consistent plasma
- neutral gas solution is required at low divertor plasma temperatures, and this has been achieved
by linearization of the energy loss term associated with electron - neutral gas interaction. An
implicit method for volumetric recombination has been implemented, which improves agreement
with SOLPS-ITER results for the pre-fusion power operation phase in ITER. Resonant magnetic
perturbations for control of edge localized modes are found to result in a partially detached divertor
plasma with a significantly broader reduction of particle loads in the traditional strike zone, which
is attributed to volumetric recombination. The additional non axisymmetric far scrape-off layer
strike points, on the other hand, remain attached at relatively high temperature so that volumetric

recombination is not effective there.

I. INTRODUCTION

Numerical models play a pivotal role in designing new
magnetic fusion experiments, and designing the ITER
divertor for efficient pumping and density control with-
out extreme heat loads is one particular application [1].
In particular, the design of the first ITER tungsten di-
vertor [2] is based on extensive 2-D modeling of the
plasma boundary with the SOLPS-4.3 and SOLPS-ITER
codes [3, 4], which exploit the traditional assumption of
toroidal symmetry in tokamaks. However, standard high
confinement (H-mode) operation implies edge localized
modes (ELMs) - a quasi-periodic MHD instability in the
plasma edge - which need to be controlled (suppressed
or significantly mitigated) in ITER because of the po-
tential damage to plasma-facing components (divertor
targets/plates). The leading method for ELM control to-
day is the application of resonant magnetic perturbations
(RMPs), a method pioneered at the DIII-D tokamak [5]
and successfully reproduced in many other experiments.
But while a dedicated set of ELM control coils has been
integrated into the ITER device [6], symmetry breaking
effects from RMP application cannot be accounted for
in 2-D models of the plasma boundary, and their im-
plications for a partially detached divertor plasma with
reduced heat loads remain to be evaluated.

The EMC3 fluid plasma model [7, 8] (coupled to
EIRENE [9, 10] for interaction with neutral particles) has
been initially developed for the intrinsically 3-D plasma
boundary in stellarators, but its flexible geometry rep-
resentation readily allows application to tokamaks with
RMPs [11]. On the physics side, however, development
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of EMC3 is still behind its 2-D counterparts (for exam-
ple the B2 and B2.5 fluid plasma codes in the SOLPS-4.3
and SOLPS-ITER packages respectively). In particular,
volumetric recombination - a process that becomes rel-
evant in the divertor once the temperature drops to a
few eV - has not been included so far. Furthermore, it
appears that modeling of plasma detachment in poloidal
divertor tokamaks is more challenging than in stellarators
[12] (perhaps because of the longer field line connection
lengths in the latter which result in a relatively higher im-
portance of cross-field transport effects over neutral gas
interactions). Numerical oscillations of divertor plasma
temperature and density appear, and a self-consistent so-
lution cannot be reached. Despite promising first results
from adaptive relaxation [13], robust stabilization has not
been achieved. Rather than healing the symptoms, a new
approach based on the linearization of energy losses has
been developed recently [14] which may be more closely
linked to the source of this numerical instability.

In this paper, we introduce and evaluate an upgrade
of EMC3-EIRENE for numerical access to detached di-
vertor plasmas. First, the EMC3-EIRENE model is pre-
sented in section II with a review of stabilization at low
temperatures in section ITA. Implementation of volu-
metric recombination is then described in section IIB.
Finally, convergence and particle balance control is ad-
dressed in section II C. Following the “staged approach”
of the ITER Research Plan [15], we take the first step
of evaluating the upgraded EMC3-EIRENE for the first
Pre-Fusion Power Operation phase (PFPO-I). After com-
paring results for the toroidally symmetric equilibrium
with results from SOLPS-ITER, we evaluate RMP effects
on divertor detachment in section III for one particular
case.
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FIG. 1. Overall particle balance in the coupled plasma
(EMC3) and neutral gas (EIRENE) system. External sources
from gas fueling (Pgas) and core fueling (Peore) are balanced
by pumping (Ppump). Surface (®s-) and volume recombina-
tion (®,,) are sources for the neutral gas, and (re-)ionization
(®ion) sustains the plasma.

1I. THE EMCS3-EIRENE MODEL

The EMC3 model follows the SOLPS approach in that
the plasma is described by a fluid model, and differs only
in that a steady state solution is obtained by iterative
approximation in EMC3 rather than by following a time
derivative. This requires that external fueling from gas
puffing (®gas), and pellets and neutral beam injection
into the core (Pcore) is balanced by pumping (i.e. global
particle balance, figure 1):

(I)fuel = (I)pump- (1)

= Pgas + Peore

A self-consistent solution requires iterative application
of EMC3 for the boundary plasma and EIRENE for the
neutral gas. Specifically, the plasma density n; is deter-
mined by the local particle balance
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where v is the plasma flow velocity along magnetic
field lines. Here, ey = B/|B| is the unit vector in di-
rection of the magnetic field and e;e; = 1 — eje| is
the dyadic product for the cross-field direction. Anoma-
lous cross-field transport is taken into account by a free
model parameter D, . The right hand side of (2) includes
sources from ionization of atoms and dissociative ioniza-
tion channels of molecules as computed by EIRENE, and
- following section IIB - sinks from volumetric recombi-
nation (see table I 'in [16] for list of processes included in

the present simulations). Quasi-neutrality is assumed in
EMCS3, which implies n, = n; for the main (hydrogen)
ion species.

The plasma flow velocity u) in (2) is determined by
momentum balance along field lines
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which includes the electron pressure gradient on the
right hand side (RHS) following an approximation for
the electric field along the field line direction. Cross-field
viscosity is implicitly set to n, = m; n; D) and viscosity
from transport along field lines 7 is classical. Momen-
tum loss (or gain) from charge exchange between ions and
neutral particles is included in S,,, as well as momentum
exchange from the volumetric recombination processes.
Temperatures T, and T; are separated between electrons
and ions, and are determined by the local energy balances
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which are coupled through the energy exchange term
on the RHS with £ = 3m./m; - n;/7.. Spitzer heat con-
ductivity s, and «; is applied along field lines (presently
without a flux limit in EMC3) while free model param-
eters y. and x; account for anomalous cross-field heat
transport. Energy losses from interaction with neutral
particles (excitation, ionization, molecular dissociation
and charge exchange) are included in S, and S¢;. Even
though a trace impurity model is available in EMC3 for
cooling of electrons through S, due to impurity radiation
[12], it is neglected here because impurity seeding is not
anticipated in PFPO-1 (unlike for the burning plasma
phase).

One particular challenge is the electron cooling term
(See) when it starts to play a significant role in the total
power balance, because rate coefficients for the associ-
ated processes are very sensitive to small changes at low
T. (they vary by several orders of magnitude over a range
of a few eV). Previously, simulations have been found to
become unstable when 7T, drops below 5—10¢eV, or rather
they appear to be attracted to a T.-n; cycle without con-
vergence to a self consistent solution [12-14]. In fact,
impurity radiation posed the same numerical problem,
which was overcome by linearizing the impurity cooling
rate [17]. However, the energy loss due to the hydrogen
isotope neutral particles has only been linearized recently
[14] after numerical instabilities emerged in tokamak ap-
plications under high density and low temperature con-
ditions (in the absence of impurity radiation).



This behavior is demonstrated in figure 2 (a-d) where
simulation results are characterized by average values T,
and 7; at the inner and outer targets. Simulation param-
eters in this section are set for an unperturbed configura-
tion after particle flux roll-over is expected from SOLPS-
ITER (IDS case 102298/3 in the IMAS ITER database):
anomalous cross-field transport is D; = 0.3m?s~! and
Xel = xiiL = 1m2s™!, parallel viscosity 7| is ne-
glected, gas fueling is @45 = 3.3 - 1022571 with core
fueling of ®core = 6 - 102°s™1 and pumping (sticking
fraction) of 7.2-1073 on the sub-divertor floor. Power
input into the simulation domain is Psor, = 20 MW.

A. Stabilization at low temperatures

The iterative approximation of a self-consistent solu-
tion between the plasma solver (EMC3) and the neu-
tral gas solver (EIRENE) implies that the left hand side
(LHS) of the energy balance (4) is solved for a given
RHS (the EMCS3 step), and that the RHS is calculated
(the EIRENE step) based on a given temperature. While
See 1s fed back to the next iteration of solving the LHS
of (4), its given value may be significantly different from
what it would be if it had been calculated based on the
new resulting T,. The strong non-linearity of the un-
derlying reactions may be responsible for the unstable
behavior[18] observed in figure 2. A contributing factor
appears to be the grid resolution: benchmarks for a 1-D
flux tube showed that oscillations arise at low resolution
in front of the target when changes in the temperature
differential between cells trigger a substantial increase of
radiation in one cell without a balanced decrease in the
adjacent cell. In particular, it can be seen in figure 2 (a,e)
that the divertor plasma oscillates between an attached
state (light blue with T, ~ 10eV) and a deeply detached
one (dark blue with T, ~ 1eV) at the inner target. The
deeply detached state is apparent in figure 2 (e) where T,
stays below 1eV up to 17cm from the separatrix strike
point, while the attached state has a peak T, of 25eV
with significant particle and heat loads. Furthermore, it
can be seen in figure 2 (b,f) that the divertor plasma at
the outer target oscillates similarly, but with the oppo-
site phase. The density may appear to counteract the
temperature oscillations, but actually shows some form
of hysteresis effect as discussed in a simplified model [13].

Stabilization of the iterative approximation can be
achieved with a linearization of S.. as has been recently
highlighted [14], and in the following we will elaborate
on those results. Following the same strategy as for the
treatment of impurity radiation, a predictive represen-
tation of S.. for the j-th iteration of (4) is based on a

(locally evaluated) Taylor expansion at TY=Y

ds, ee
dT.

S ~ S, (Te(j‘l)> + (Tem _ T@(j—l))

TG=D

(6)

where Téj -1 is known from the previous iteration.

The first term on the RHS is part of the traditional
coupling between EMC3 and EIRENE, while the second
term allows for an approximation of Se. that is consistent

with Te(J ) at the end of this iteration (see appendix A for
details on the implementation). One should note that
this does not change the physics model (2)-(5) since the
correction term vanishes once a self consistent solution
has been reached.

The green traces in figure 2 (a-d) show the develop-
ment of characteristic parameters once S, linearization
is switched on. It can be seen that the plasma state stops
oscillating within a couple iterations and then remains
stable for at least 100 iterations. After 24 iterations, lin-
ear regression shows that only a weak change of 0.1 %
and 2.3 % over the next 40 iterations is found for T, at
the inner and outer targets, respectively. Nevertheless, a
slowly drifting result with a change of 7.2% and —4.7%
is still found for 7m; during this phase. Afterwards, both
T. and 7; are at or below 2% for the next 96 iterations.
While it is impractical to keep the 3-D simulation re-
sults from each iteration for averaging at a later point,
an optional cumulative average has been implemented
which is updated and stored along with (but not affect-
ing) the simulation results. This cumulative average can
be restarted at any point, if a slow transient is found in
the results while monitoring the progress. The results in
section IIT are based on a cumulative average over 128
iterations for noise reduction.

The T, profiles in figure 2 (e-f) show that the resulting
state is a partially detached one in between the two ex-
treme states of attached and deeply detached which are
seen during oscillations. Comparison with SOLPS-ITER
results (black profiles) for the same model parameters
(and similar resulting upstream density of 2 - 1019 m=3
at the outboard midplane) show good agreement, at least
for the low T, detachment zone next to the separatrix
strike point (T in the far SOL tends to be lower in the
EMC3-EIRENE simulations, but these values are less
important because of the low particle and heat loads
there). The density profiles in figure 2 (g-h) show that
the peak density of 1.0 - 102! m™3 at the inner target is
located closer to the strike point and exceeds the value
of 0.64 - 102 m~3 found in the SOLPS-ITER simulation.
The trend is similar on the outer target. The density
profiles in the EMC3-EIRENE simulation are broader on
the left side into the private flux region (PFR), but re-
produce the ones in the SOLPS-ITER simulation well on
the right side into the scrape-off layer (SOL) from a dis-
tance of 3 cm outwards (the location of the peak density
in the SOLPS-ITER simulation).

B. Volumetric recombination

With stabilization at low divertor 7., we can now turn
to the implementation of volumetric electron-ion recom-
bination (EIR, e + D™ — D) into EMC3-EIRENE. Con-
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FIG. 2. (a-d) Simulation history of the pressure weighted average temperature T and density 7; at the inner and outer targets,
respectively. (e-h) Profiles along the inner and outer targets during oscillations (shades of blue) as indicated by the coloured
symbols in (a-d), converged results after Se. linearization (green) and implementation of volume recombination (red), and

results from SOLPS-ITER (black dotted).

tributions to the RHSs of (2)-(3) from EIR are:
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where (o, v) is the rate coefficient H.4 2.1.8 taken from
the AMJUEL database[19], E; is the ionization potential,
and H.10 is the associated radiation loss coefficient that is
to be applied in combination with E; (o, v) for the total
electron cooling rate[20]. The kinetic energy term in (10)
is neglected in the following, because the corresponding
term is already neglected on the LFS of the model equa-
tion (5). Numerical solution of (2)-(5) in EMC3 is split
into two steps: the two energy balances are solved in one
step (ENERGY), and the particle and momentum bal-
ances are solved in another step (STREAMING). The
latter step is based on the linear combinations

1 1

1
5 |eL) £
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m; Cs

[(2.3) + (3.R)

(11)

of the left hand right hand sides of (2) and (3). One can
interpret the linear combinations (11) as balance equa-
tions for virtual fluid parcels traveling at sound speed c;
in forward (+) or backward (-) direction along a field

m; Cs

line. Implementation of volumetric recombination re-
quires evaluation of the corresponding sink term in (11).
Plugging (7) and (8) into (11)’s RHS, we find

Uz

St or = (1 £ M) ne{opyv) (12)
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where n4 are the dummy densities associated with the
virtual fluid parcels. These are related to the plasma
density and Mach number M = wu/cs:

ny —n—

ng = ny + n_ and M = (13)

ny +n_ '
We consider the recombination rate per ion R as fixed

during one iteration, and recognize the generic, linearized
form of (12) and (10)

S’u'r =

—aF, a = {R7 SEns (14)

for application in the STREAMING and ENERGY
steps (for the purpose of implementing (7)-(10), we con-
sider See - to be already included in See in (4), because
it is mostly a source term).

Even though the system (2)-(5) is steady state, a nu-
merical time step 7 is required for the Monte Carlo
method that EMC3 is based upon[21]. A solution for (2)-
(5) is approximated by sampling (and assigning weight
to) Monte Carlo fluid parcels from a source distribution,



and steady state is implied by scoring their entire trajec-
tory within a mesh until they reach a sink. The advan-
tage of (14) is that it is naturally suited for an implicit,
residual-free method: as S, represents the change of F
with time, one can account for it in its linearized form
simply by reducing the weight w — w exp (—a7) of the
Monte Carlo parcels during each time step 7. L.e. the im-
plicit method guarantees that the right amount of losses
are accounted for, unlike in an explicit method which
requires “enough” Monte Carlo parcels to reach a given
sink. The same approach is suitable for the linearized en-
ergy sink from electron impact ionization and molecular
dissociative ionization channels discussed above.

Profiles of T, and n; on the divertor targets are shown
in figure 2 (e-h) from a simulation with volume recom-
bination included (red). Here we find only a minor im-
pact on T, but the peak n; is reduced as expected from
(plasma) particle losses due to recombination. While
profiles from SOLPS (black) are not exactly reproduced,
better agreement is found than for the simulation with-
out volume recombination (green). Further validation is
motivated by good agreement with experimental obser-
vations under detached conditions in small-ELM upper
single null discharges at ASDEX-U [22] achieved with
a preview version of the EMC3-EIRENE upgrade pre-
sented here.

C. Particle balance control

While gas puffing ®z.s and core fueling ®core are fixed
model parameters, the pumped flux ®,,mp is a result of
the sticking fraction at the pump surface and the num-
ber of neutral particles that reach this surface. On the
plasma side, particle sources from core fuelling and from
ionization are balanced by recombination (see figure 1),
either on the divertor target surfaces (®,) or in the di-
vertor volume (®,,.):

Deore + Pion = P + Doy (15)

Note that ®;,, represents the entire ionization source
including ionization of neutral particles in the core (which
is taken into account in EMC3 by a corresponding plasma
source on the core boundary of the EMC3 domain along
with ®core). On the neutral gas side, particle sources
from recombination and gas puffing are balanced by ion-
ization and pumping:

q)sr —+ (bmn =+ (I)gas = (bion + (I)pump~ (16)

Depending on the control parameters selected in the
simulation, equation (1) may not be fulfilled after an in-
dividual iteration of EMC3 or EIRENE. In order to reach
a steady state, one can either a) leave the internal bal-
ances (15) and (16) untouched (i.e. stiff balance) and
monitor the error
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FIG. 3. (a-d) Simulation history of characteristic parameters
for evaluation of convergence. A stiff particle balance (red)
is compared to rescaling (blue) for convergence acceleration.
The Simulation is started from a self-consistent solution for
lower density and throughput.

(I)fuel - (I)pump (17)

Estiff =
(I)fuel

over a number of iterations during which ®;,, slowly
builds up until it sustains the plasma in a way that the
right amount of recycled neutral particles can be ex-
hausted, or b) one can rescale ®;,, after an EIRENE
iteration so that (1) is implicitly fulfilled. More precisely,
only the contributions from &, and ®,, to ®;,, should
be rescaled since the external sources ®4,; remain fixed.
The scaling factor

(I)ion(q)gas) + q)core

F =
(I)pump(q)sr) + (I)pump ((I)'ur)

(18)

is computed by tracking the individual contributions
Dion (S) and Ppymp(S) from each source of neutral par-
ticles S = @, @y, Pgas. Convergence can be signifi-
cantly accelerated if (18) is applied after each EIRENE
step. This is demonstrated in figure 3 by comparing
the two approaches for a simulation that has been initi-
ated from a self-consistent solution at lower density and
throughput (IDS case number 102297/3 in the IMAS
ITER database). Figure 3 (a) shows the volume aver-
aged relative change of the density An which is initially
large for the rescaling approach but saturates at a level
of 5% (due to noise related to the Monte Carlo methods



in EMC3 and EIRENE) after only 16 iterations. After-
wards, a slow change of —2.6 % over the next 48 iterations
is still found for @, in figure 3 (b), and this reduces to
—0.1% for the next 64 iterations after that. The error

Erescale =F -1 (19)

for the rescaling approach remains within +1.6% of
a self-consistent particle balance after 16 iterations, as
can be seen in figure 3 (d). For the stiff particle balance
(red profiles), on the other hand, it can be seen that @4,
and @, slowly build up over 128 iterations (resulting
in an initially smaller An). Eventually, the same ®;,,
and ®,, is reached, and the error Eggs remains within
+1.8% for the next 128 iterations at a similar level as
Erescale. The stiff particle balance is clearly less efficient
than the rescaled particle balance, but it can be seen in
figure 3 (a) that it allows for a somewhat lower noise level
An. Even though the noise can be reduced by updating
a cumulative average over iterations (or increasing the
number of Monte Carlo particles used in each step), this
may become useful if further stabilization is required.

III. RMP EFFECTS ON DIVERTOR
DETACHMENT

We now exploit the extended application range of
EMC3-EIRENE and evaluate RMP effects on divertor
detachment (still for pre-fusion power operation, but at
higher input power of Psor, = 30 MW, accounting for an
upgrade of an additional 10 MW ECRH heating which is
currently under consideration). The RMP field includ-
ing a linearized, resistive single fluld MHD plasma re-
sponse, is provided by MARS-F [23]. RMPs are applied
with toroidal mode number n = 3 at a phasing that has
been optimized for ELM control based on maximizing the
resulting X-point displacement as discussed in reference
24. The RMPs are produced with a current of 30kAt
(= 5kA - 6turns) in the ELM control coils, i.e. the low
field / low current equivalent of maximum strength avail-
able for the burning plasma phase. It should be noted
that this does not take into account beneficial effects from
optimizing the phase, which may result in lower required
RMP currents for ELM suppression.

Initial results from a gas puff scan have been high-
lighted in reference 25, and we elaborate on these results
here with a focus on the particle balance. First, we es-
tablish a foundation for comparing simulations with and
without RMPs. While the upstream density is typically
evaluated at the outboard midplane in axisymmetric
tokamak configurations, this approach is not a suitable
for RMP configurations. Because perturbed field lines
can connect from the nominally confined plasma to the
divertor targets guided by the helical oscillations of the
perturbed separatrix, helical perturbations of the plasma
density appear. This can be seen in the poloidal profiles
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FIG. 4. Density profiles taken at the last radial cell index of
the core zone (i.e. just inside the separatrix of the equilib-
rium configuration): (a) with RMPs, (b) axisymmetric refer-
ence without RMPs. The average value (black) and standard
variation (gray) are taken after excluding 1/8 of the domain
on either side of the X-point.

in figure 4 (a) taken just inside the equilibrium separa-
trix (evaluated at the last radial cell index of the core
zone of the grid): the density varies quite significantly
between 2.2 - 1013 cm™2 and 4.1 - 1013 em™3. Without
RMPs, on the other hand, the density remains largely flat
except near the X-points, as can be seen in figure 4 (b).
In the following we take the “flux surface averaged” nyp
(in toroidal and poloidal direction, but with 1/8 of the
poloidal circumference excluded on either side of the X-
point)[26] as characteristic parameter. Both simulations
in figure 4 have comparable Ty, ~ 2.8 — 2.9 - 1019 m~3
despite requiring a factor 2 higher ®,,; when RMPs are
present.

The helical oscillations of the perturbed separatrix
bring field lines from the bulk plasma to the divertor tar-
gets. The resulting geometry is shown in figures 5 (a) and
(b) for the inner and outer targets, respectively, where
the radial connection C, of field lines is represented by
the minimum of the normalized poloidal flux ¥y along a
given field line. White and blue colors indicate scrape-off
layer (SOL) -like field lines as known from the unper-
turbed configuration, and red colors indicate field lines
connecting from the bulk plasma. The latter introduce a
new type of exhaust channel with RMPs (that does not
rely as much on cross-field transport through the sep-
aratrix and further into the SOL), and it can be seen
in figure 5 (c-f) that it is those areas that dominate in
terms of particle and heat loads. At this 7,p, however,
particle and heat loads are already reduced in the near
SOL (s ~ 0 — 10cm) but not in the far SOL. This may
be considered a partially detached state, but it should
be noted that it is significantly different from a partially
detached state of an axisymmetric configuration in that
substantial particle and heat loads remain in the far SOL
(see e.g. red profiles in figure 5 (c¢,d) and figure 2 (c) in
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reference 25). This is because of the direct field line con-
nection from the bulk plasma (i.e. without the cross-field
transport which would occur into the upstream far SOL
in the axisymmetric configuration). Detachment at the
traditional strike zone is consistent with the relatively
high n; and low T, there, as can be seen in figure 5 (g-j).

For further evaluation of the divertor state, we inte-
grate the local particle balance (2) along field lines from
the target to the divertor entrance. For this we consider
cross-field transport to be a source/sink on the field line

S, =-V.-T,, ') =-Dieje; -Vn; (20)

so that the particle balance can be cast as an ordinary
differential equation

B

‘|d3 :Sp"'spvr"'*%-

(21)

for the particle flux I = n;u) and after splitting
off contributions from volumetric recombination from S,,.
The left hand side follows from divB = 0 and introduc-
ing £ = e - V. Now we can link downstream (d) and
upstream (u) locations on the same field line:

Bq

B,

Iy

d
B
r, + /dsij' (S, + Spur + 51)  (22)

=Tav =Tan +Tavr+Tar

A post-processing tool has been implemented into
EMC3-EIRENE which evaluates the upstream particle
flux I', and the integrals along magnetic field lines in
(22) from simulation results [27]. For this, the cross-field
transport term is approximated from
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FIG. 6. Particle flux onto divertor targets with RMPs (upper
row) evaluated at ¢ = 70 deg as indicated in figure 5 (c-d).
This is compared to the reference case without RMPs (lower
row). Contributions to I'y are resolved according to (24).
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in each computational cell from the fluxes ® ,c. as-
sociated with cross-field transport across the cell bound-
aries (the “toroidal” grid direction is aligned with field
lines and does not contribute here). The downstream flux
contributions identified in (22) are then mapped onto the
target surface along with I'y for an augmented analysis
of the target load

Ft = FU + FN + er + FJ_ (24)

in terms of contributions from particles enter-
ing/leaving the divertor upstream (I'y), ionization of
neutral particles in the divertor (I'y), recombination in
the divertor volume (T',,.) and from cross-field transport
(T'1). These contributions to T'; are evaluated in fig-
ure 6. It can be seen that a large number of recycled
neutral particles (blue profiles) are lost through cross-
field transport (green profiles) from the traditional strike
zone (i.e. spread into the private flux region and further
into the SOL) in both RMP and reference cases. This
is supplemented by volumetric recombination (cyan pro-
files) which becomes the dominant sink for particles in
the RMP case in the near SOL for 1.5cm < s < 10cm.
It has been highlighted in reference 25 that the onset of
(partial) detachment occurs at lower upstream density
due to reduced upstream heat flux with RMPs (evalu-
ated in more detail in a separate study [28]), and this
is supported here by the significantly broader reduction
of T'y (red profiles) in the traditional SOL at comparable

upstream densities with and without RMPs. The non-
axisymmetric far SOL strike points, on the other hand,
remain attached at relatively high 7, and low n;, and
neither cross-field transport nor volume recombination
can act to reduce the particle load there from recycling
neutral particles.

IV. DISCUSSION AND CONCLUSIONS

An upgrade to EMC3-EIRENE for detached diver-
tor plasmas provides stabilization at low temperatures
through linearization of the energy sink of the electron -
neutral gas interactions. The implementation of an im-
plicit method for volumetric electron - ion recombination
has also been presented. Verification of the extended
applicability range is indicated by good agreement with
SOLPS-ITER results for the pre-fusion power operation
phase in ITER for the same model parameters. A self-
consistent particle balance in the plasma - neutral gas
system has been verified down to the intrinsic noise level,
and convergence acceleration by internal rescaling has
been demonstrated. Dissipation from injected impurities
has not been included here (because it is not necessary at
relatively low heating power), but will be investigated in
the future for the burning plasma operation phase where
it is required.

A post-processing tool is included in the upgraded
EMC3-EIRENE for an augmented analysis of divertor
loads with spatially resolved contributions from ioniza-
tion of neutral particles, recombination in the divertor
volume, and from cross-field transport from and to adja-
cent field lines. Application of resonant magnetic pertur-
bations for control of edge localized modes results in a
partially detached divertor plasma with a significantly
broader reduction of particle loads in the traditional
strike zone than without RMPs,; which is attributed to
volumetric recombination. The additional non axisym-
metric far scrape-off layer strike points, however, remain
attached at relatively high temperature with significant
particle and heat loads. This trade-off between near SOL
and far SOL strike locations may initially be beneficial
for minimizing divertor loads if it occurs at a moderate
level, but can ultimately be more challenging if dissipa-
tion at the far SOL strike points cannot be achieved in
burning plasmas.

Development and validation of plasma boundary mod-
els is an ongoing effort, and the present upgrade of
EMC3-EIRENE is one step along the road. Yet to come
are implementations of cross-field drifts and heat flux lim-
its in EMC3, which remain the subject of further investi-
gation. One particular challenge for 3-D plasma bound-
ary models for RMPs is that a representation of the RMP
field is required (in addition to the axisymmetric equilib-
rium field that is sufficient for 2-D models). We note
that the results presented here depend considerably on
the magnetic connection between bulk plasma and diver-
tor targets, and plasma response effects play a pivotal



role for this. They have been included here based on
MARS-F simulations, but this is only one of many dif-
ferent MHD models for plasma response to RMP appli-
cation. Validation and benchmark of those models with
a particular focus on the plasma boundary is required
in order to allow reliable predictions for ITER, but this
is far beyond the scope of this manuscript. For now,
we content ourselves with taking a major step towards
closing the gap in detachment physics between EMC3-
EIRENE and state-of-the-art 2-D models, to be followed
by cross-device benchmarks.
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Appendix A: Implementation of S.. linearization

Implementation of this correction term requires evalu-
ation of the temperature derivative of S,.. Beside ioniza-
tion (e + D — 2e + D7), several processes contribute
to

See = =ne+ Y. np- Yy (AE,o.v) (Al)

P:D7D2,D; e+P—x

were (AE, o, v) is the energy loss rate coefficient for
the reaction e + P — x. Double polynomial fits

N M
m(Acv) = Y > anm (Inn)™ (InT.)"  (A2)
n=0m=0

are available from the AMJUEL and HYDHEL
databases which supply EIRENE, and from this it is
straightforward to evaluate the T,-derivative (for given
ne). The new implementation of the coupling between
EIRENE and EMCS3 is based on the source decomposi-
tion form

See = So + T, - 51 (A3)

where S accounts for the linearized T, dependence of

See- Such a linearization can be stabilizing as long as
S1 < 0[29], and we set

] . dSee
S${ = min <0, i, Te“U) (A4)
= See (TI™V) =TIV 8 (A5)

Energy loss rate coefficients increase with 7¢, and so it
follows from (A1) that S{ < 0 can indeed be achieved.
Once S} and Sy are passed to EMC3, the same explicit
method as before is applied for the former. For the lin-
earized term S7, on the other hand, an implicit method is
applied which is similar to that for volume recombination
described in section IIB in the main text.
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