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Abstract
Strongly radiating and detached high-power discharges in present-day full-metal tokamaks
have a characteristic radiation pattern involving condensation of radiation near the X-point,
with significant radiative losses above the X-point. In contrast, Demonstration Fusion Power
Plant (DEMO) divertor exhaust scoping studies using reduced physics models, including a
fluid description for the neutrals, place the strongest radiation fronts in the divertor legs, near
the separatrix. The present contribution studies sensitivity of the radiation pattern
corresponding to maximal divertor impurity radiation to those physics models that are
typically neglected in the simulations due to their computational expense: cross-field drifts,
complex impurity models and kinetic neutrals. Model benchmarking is carried out in
comparison to L-mode discharges, which are shown to feature both divertor and X-point
radiation. The simulated plasma conditions with maximal divertor radiation have in–out
asymmetries in the divertor legs and at the divertor entrance, and the asymmetries and the
radiation patterns are observed to be sensitive to both cross-field drift effects and the neutral
model. DEMO simulations, carried out using SOLPS-ITER, show an impact of cross-field
drifts on the divertor asymmetries, but the impact is not large enough to move the radiation
front from the divertor legs to regions above the X-point.
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1. Introduction

Scoping the possible operational regimes of a Demonstra-
tion Fusion Power Plant (DEMO) requires reliable models
of power exhaust processes. In the European DEMO design,
which is based on modest extrapolations from ITER [1],
the scrape-off layer (SOL) and divertor will need a higher
radiated power fraction than present-day tokamak devices.
Strong asymmetries in the SOL and divertor conditions may
reduce the operational window in which the targets can be pro-
tected from excessive power loading. DEMO predictions will
need to couple the transport of plasma particles and dissipation
of plasma power in the SOL with the various collisional pro-
cesses and reactions involving neutrals in the divertor, which
in practice requires using 2D plasma fluid codes. To overcome
the long convergence times, which present a bottleneck for the
predictions, various simplifications are applied to the physics
models used in the codes [2, 3]. The possible reductions in the
physics models include using a fluid model for the neutrals
instead of a kinetic model, bundling the charge states of the
impurities, and neglecting the effects of cross-field drifts [3].
Both cross-field drifts and kinetic neutrals have been shown
in past benchmarking efforts to be important for reproducing
various divertor regimes in present-day devices [4–8], but their
importance for DEMO divertor conditions is largely unknown.
Kinetic neutrals increase the credibility of modelling divertor
detachment, pumping and radiation due to the fuel neutrals,
but for modelling impurity radiation and the SOL power fluxes
that enter the divertor legs, the drifts and the level of detail
included in the impurity models could be equally or even more
significant.

To stay below the erosion and power handling limits of
the plasma-facing components, detached divertor conditions
will be required in DEMO. In recent years, several experi-
ments have been carried out in full-metal devices with DEMO-
relevant divertor geometry to characterize impurity-seeded
discharges, in which the strong impurity radiation can be con-
sidered as an essential ingredient in obtaining partial detach-
ment, in which the heat fluxes and pressure are significantly
reduced in the near vicinity of the strike point, or even com-
plete detachment, which extends over the entire divertor tar-
get [9–15]. When light impurities like N2 or Ne are used as
the seeding gas, the radiation pattern evolves at low seeding
levels asymmetrically between the two divertor legs, and at
high seeding levels a condensation of radiation near and above
the X-point is obtained, known in H-mode discharges as the
X-point radiator (XPR) [15]. Heavier impurities like Ar, Kr
and Xe tend to radiate more on closed flux surfaces, where at
least Kr has been observed to yield a strong radiating ring in

the pedestal region inside the separatrix [14]. Both the XPR
and the radiating ring in the pedestal lead to a reduction in the
power crossing the separatrix, Psep, which facilitates detach-
ment at the targets. In the case of dominant divertor radiation,
strong temperature gradients are established near the X-point
or further down in the divertor legs with smaller impact on
Psep and upstream pressure. As the ionization, transport and
radiative efficiency of the impurities have strong dependence
on the plasma conditions, particularly on the electron temper-
ature, the characteristic radiation patterns may differ signifi-
cantly between a DEMO reactor and present-day machines.
Such qualitative differences and their impact on the paramet-
ric dependencies need to be taken into account when building
predictions and extrapolation models.

Reduced physics modelling, like e.g. the fluid neutral treat-
ment mentioned above, may offer a feasible way to address
qualitative differences in the DEMO exhaust in comparison to
present-day devices. In this paper we study the applicability
of the reduced physics simulations to model the radiation pat-
tern in DEMO edge plasmas corresponding to detached target
conditions. Both the set-up of the simulations and the accep-
tance criteria of the edge solutions are kept similar to what
has been used in recent DEMO scoping studies [16, 17], to
understand the possibilities and limitations of fluid simulations
for performing fast parametric studies. Section 2 describes the
properties of the reduced physics solutions and compares these
with results obtained with either activated drift terms, kinetic
neutral treatment (referring to studies presented elsewhere),
or using a different impurity model. In section 3, we discuss
N2-seeded L-mode experiments in ASDEX Upgrade and JET,
which have been carried out to enable validation of simula-
tions against DEMO-relevant radiative divertor conditions. We
study the code solutions obtained for these experiments and
present the effects of varying the physics description in the
respective JET simulations. Conclusions from our studies are
presented and discussed in section 4.

2. Predictions of divertor power exhaust in DEMO

Exhaust modelling studies on the European DEMO are
concentrated on detailed modelling of the single-null (SN)
configuration [2, 18, 19] as well as on comparative assessments
of possible alternative divertor configurations (ADCs)
[16, 17, 20–22]. We have taken the setup of the latter [21] as
the basis of our simulation studies presented here, which use
the SOLPS-ITER code package and, by default, a reduced
physics model with bundled impurities [23], fluid neutrals
and no drifts. All DEMO solutions studied in this paper
correspond to the European SN DEMO-1 configuration using
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the 2018 variant derived for the ADC studies as presented in
[16, 21].

In the basic setup, it is assumed that 150 MW of the heat-
ing power enters through the core boundary of the simulation
domain, which is only 50% of the power assumed to arrive
to the pedestal region in DEMO. We call this the input power,
Pin, to differentiate it from the heating power, Pheat = 300 MW
[16]. This is a simplification made to reduce the computational
effort required to scope power exhaust in the divertor and SOL
regions; the implicit assumption is that the high-Z radiators,
foreseen to be Kr or Xe, will radiate primarily on closed flux
surfaces in the main chamber, and the impact on the divertor
conditions can be accounted for by simply reducing the power
fluxes crossing the separatrix, without explicitly including
these radiators in the simulations. From PROCESS [16] calcu-
lations, the core/pedestal radiation is estimated to be 150 MW,
which means that the power load challenge can be described
with the parameter Psep/R having a value of 16.7 (Psep being
just above the H-mode threshold level 110–135 MW for ion
B ×∇B drift pointing downwards into the divertor [16, 24]).
For the divertor radiation, it is assumed that the differences in
radiation characteristics of the low-Z impurities (N, Ne, Ar)
are not large and the influence of design choices (e.g. diver-
tor geometry) can be studied by simulating only one seeded
impurity, in our case Ar.

The fuel is simplified to consist of only D, and He is the
only intrinsic impurity included in the calculations. Erosion
of W from the plasma-facing components is not taken into
account, as the attached solutions do not aim to represent true
operating conditions, but are shown to explain the dependence
of Ar radiation and drift effects on the divertor conditions.
W is also not included in the simulations of JET and AUG
plasmas discussed in section 3, as the possible small level of
core radiation due to W is taken into account when fitting the
input parameters upstream, and the erosion yields in the diver-
tor are low [25]. Fuelling is specified as a fixed D ion flux
ΓD = 3.5 × 1022 s−1 through the core boundary to mimic pel-
lets and, additionally, as a variable gas puff distributed along
the SOL (north) boundary of the simulation grid to control
the upstream density level. Pumping is described by a leakage
of neutrals through the private flux boundary of the simula-
tion grid (1% of the local neutral sound-speed flux, nαcs,α).
The leakage level may influence the required D puffing level
to reach a requested upstream density level, as well as the
required impurity seeding level to reach a desired radiation
level. The seeding is specified only through the SOL bound-
ary (neutral Ar), although in earlier studies also core boundary
conditions for the Ar density have been used [20].

The requirements for power mitigation can be expected
to depend on the SOL width, which is characterized by the
power decay length, λq. We assume that there is no poloidal
variation in the cross-field transport. When also no depen-
dence on puffing or seeding levels is assumed for the transport
coefficients, λq is observed to vary depending on the plasma
conditions. The low values of heat and particle diffusion
(0.1–0.3 m2 s−1) specified as in [17] yield λq largely in the
range of projections made from present-day devices to DEMO
(1–5 mm [16, 26]).

The operational space has been defined in recent studies by
the following criteria [17]: the outer midplane separatrix den-
sity is limited to nsep < 0.6nGW, where nGW is the Greenwald
density, to allow for good plasma confinement. The extrapo-
lation of the density limit, at which the confinement begins
to reduce, is not yet thoroughly understood, therefore a frac-
tion of nGW not much larger than that observed in H-mode
plasmas in ASDEX Upgrade and JET (nsep < 0.4–0.5nGW)
is chosen as the limit, the level being reduced in comparison
to earlier modelling studies (0.7nGW was used in [2]). At the
targets, the maximum electron temperature, Tmax

e,t , should be
less than 5 eV to avoid excessive W sputtering by the low-
Z impurities that are abundant in the divertor [16], and the
perpendicular heat flux to the target should be kept below
10 MW m−2 to ensure sufficient heat removal assuming an
axisymmetric target (3D effects may result in higher local peak
heat fluxes). In the present paper, only the evolution of the peak
target temperature is studied in detail. The detached cases pre-
sented in the 2D plots all have Tmax

e,t < 2 eV, at which level the
power loads have not been observed to exceed the specified
limit [19, 21, 22].

2.1. Power exhaust characteristics in reduced physics
simulations

Figure 1 shows, in (a), the computational grid coloured by spe-
cific regions, and (b), the evolution of the radiation pattern,
and (c), the evolution of the target conditions when the impu-
rity seeding is gradually increased and the DEMO solution
with the basic, reduced physics setup evolves into the oper-
ating space. These results are obtained at a constant upstream
density, nsep = 4.0 × 1019 m−3 (0.57nGW). The evolution of
the radiation pattern is observed to follow similar trends as
present-day experiments: radiation increases first in the inner
divertor, which also detaches first, followed by a radiation
increase in the outer divertor at higher seeding levels. Max-
imum radiated power is obtained as both divertor legs have
approximately equally strong radiation level, and this coin-
cides with the cooling of the outer target to Tmax

e,t < 5 eV.
The outer target ion fluxes are observed to drop as the seed-
ing level is further increased, with a simultaneous saturation
of the radiated power fraction in the SOL and divertor, frad,
which is defined here as the modelled total radiated power
divided by the input power used in the simulation (thus includ-
ing also a small fraction of radiation modelled for the closed
field line region). Further increase of the seeding level leads to
an increase in core radiated power and a simultaneous decrease
of the divertor radiated power. Despite the deep detachment of
the outer divertor plasma, characterized in figure 1(c) by a drop
in the total ion fluxes by a factor of 100 and cooling of Tmax

e,t to
0.6 eV, the strongest Ar radiation front stays in the divertor and
does not move to closed field lines, and frad does not increase
much above 70%. Note that frad defined here is smaller than
a radiated power fraction calculated over the whole plasma
region which, depending on the definition, includes also
150-300 MW of radiation losses on closed field lines due to
line radiation, synchrotron radiation and Bremmstrahlung.

The radiation patterns corresponding to the different levels
of Ar seeding are shown in figure 2. In figure 2(a), the outer
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Figure 1. Evolution of the radiation pattern and target conditions in
the DEMO SN configuration, modelled using the reduced physics
setup. The upstream density is kept fixed at nsep = 4.0 × 1019 m−3

and the Ar puffing level is varied.

target is still attached and the radiation front is primarily in
the inner divertor leg, whereas in figure 2(b) the outer tar-
get has just detached and strong radiation is obtained near
both target plates. In figure 2(c), the strongest level of Ar
seeding is used and the radiation front has moved away from

the targets, closer to (but not to the direct vicinity or above)
the X-point. The divertor temperature distribution correspond-
ing to the strongest Ar puffing rate (5.0 × 1021 at/s) is also
shown in figure 2. The temperature in the cells directly above
the X-point is above 170 eV on the closed field lines and above
130 eV on the open field lines right next to the separatrix.
Below the X-point, there is a strong temperature gradient and
Te is reduced to ∼ 3 eV in the cells directly below the X-point,
in the private flux region.

Cases with lower upstream density yield similar radiation
patterns and radiated power fractions. A scan of operating
points corresponding to different levels of D and Ar puffing
(nsep = 2.5–3.9 × 1019 m−3) was shown in figure 8 in [21],
and the radiated power fraction on open field lines in all of the
detached cases varied between 65% and 80%. The fraction of
power radiated on closed field lines was observed to increase
with reducing upstream density, reflecting the fact that more
Ar needs to be puffed to obtain detached conditions at lower
densities. However, also in all of these cases, no significant
X-point radiation was observed, but the strongest radiation
fronts were obtained along the divertor legs.

2.2. Role of the simplified physics models

As a first improvement of the physics model, we have inves-
tigated the role of cross-field drifts. Figure 3 shows a com-
parison between the reference Ar seeding scan and a similar
scan with full drift effects included at the same upstream den-
sity level, nsep = 4.0 × 1019 m−3. As in present-day devices,
activation of cross-field drifts increases the peak outer target
temperature in DEMO, when the directions of the magnetic
field and plasma current are assumed to be similar to ITER
(ion B × ∇B drift points downwards into the divertor, co-
directed current). To cool down the target to acceptable level, a
higher Ar seeding level is needed in the simulations compared
to simulations without drifts. This increases the Ar concentra-
tion, cAr, and the radiated power fraction required to obtain
Tmax

e,out < 5 eV, as shown in figure 3. The radiation increase is
observed primarily in the inner divertor, in which higher den-
sities and broader distribution of the power fluxes is obtained
in the radial direction (also typical for drift effects in present-
day devices). The in–out asymmetry is largest when the outer
divertor is still attached and reduces, but does not vanish, for
the detached solutions.

Figure 4 shows the same SN case as discussed in figure 2(b),
but with cross-field drifts activated and Ar seeding level read-
justed to obtain detached conditions at the targets. The radia-
tion pattern is largely similar to that shown in figure 2(b), and
there is no significant radiation in the SOL regions close to
the X-point. The largest difference is in frad, which increases
to a level close to 80%, being higher than in the solution
without drifts. Although a full matrix scan (ΓD, ΓAr) of the
solutions with drifts included is not yet available, the results
indicate a reduction rather than an increase of possible operat-
ing points (in terms of the range of possible combinations of
upstream densities and impurity concentrations) with the acti-
vation of drift terms, due to the higher levels of cAr required
with drifts.
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Figure 2. Divertor radiation ((a)–(c) panels) and temperature (d) in the SN reference case. The extent of the full computational mesh is
shown in figure 1(a). Tmax,LI and Tmax,LO refer to the maximum electron temperatures at the lower inner target and lower outer target,
respectively.

The role of neutrals for the radiation pattern can be derived
from figure 5, which shows the D ionization pattern in the
fluid neutral [27] simulation case of deepest detachment shown
in figure 2(c). The ionization fronts are located close to the
radiation fronts, and the neutral densities and all processes
related to the neutrals, e.g. CX reactions, reduce rapidly when
moving across these ionization zones towards the closed field
lines. On the SOL flux ring directly outboard the separatrix,
the maximum D neutral concentration is only 0.03%, although
increasing to 10 times this level in the cells directly below the
X-point. The neutrals radiate less than 10% of Pin, and most
of this radiation comes from regions outside of the ionization
zones, closer to the targets. Recombination is also strongest
in the region between the ionization fronts and the targets, as
expected. Despite the strong cooling of the divertor legs, high
level of radiation, and relatively low level of Psep, the direct
impact of neutrals to the conditions in the region immediately
surrounding the X-point is minimal.

The radiation pattern is seen to remain largely similar when
moving to fully kinetic neutral simulations [19], with simula-
tion parameters otherwise close to the simplified case studied
here. The strongest radiation fronts are along the divertor legs,
and the high temperatures at the divertor entrance prevent the
neutrals from having a significant contribution to the condi-
tions at the X-point or on closed field lines. It seems there-
fore unlikely, that the neutral model would play a large direct
role in the radiation pattern on either closed field lines, at the
X-point, or in the divertor legs (this last region confirmed in
[19]) in DEMO. Similar to drifts, indirect effects may be pos-
sible with an improved neutral model, if the required impu-
rity radiation levels for detachment change. According to [19],
however, the change in frad is not large but at most of the
same order as observed with the activation of drifts. Effects
of including more advanced physics models, like the recently
discussed CX reactions between the fuel and the impurity ions
[28], will need to be studied separately in the future.
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Figure 3. Radiated power fractions and Ar concentrations as a
function of the peak electron temperature along the outer target.
Results with activated drift terms are drawn with the solid lines,
results without drifts are drawn with the dashed lines.

Figure 4. Radiation pattern, ΓAr = 2.3 × 1021 s−1, drifts activated.

The choice of the seeding impurity impacts the radiation
distribution in the divertor and SOL, due to the differing effi-
ciency of each impurity species to radiate at a given back-
ground plasma temperature, and the resulting differences in the
local cooling of the plasma. Heavier impurities will also travel

Figure 5. D ionization pattern, ΓAr = 5 × 1021 s−1, no drifts.

further towards the core plasma before being fully ionized. In
present-day devices, both N and Ne have been observed to
create divertor and X-point radiation when injected at high lev-
els. The steady-state radiation patterns of the higher-Z impu-
rities Ar, Kr, and Xe, are not as well-characterized, but they
are associated with a larger radiated fraction at the pedestal,
and in some cases a poloidally radiating ring is formed at this
location. In DEMO, the lighter impurities N, Ne and Ar all
are modelled to radiate primarily in the divertor, although the
fraction of radiation on closed field lines increases when the
upstream density is reduced [21] or when Psep is reduced [2].
De-bundling of the Ar impurities does not have a significant
effect on the radiation pattern.

An attempt was made to use the reduced physics model
to simulate higher-Z impurities, which are expected to radi-
ate more in the pedestal relative to the divertor. For this pur-
pose, the input power was raised to almost the full 300 MW
expected to arrive to the pedestal region (Pin = 260 MW),
and Xe impurities were added to the solution in a similar
way as Ar, with simultaneous seeding of both impurities. In
the few cases that converged within our limited investigations
(comprising several dozen cases with varying impurity levels),
Xe was found to radiate almost exactly in the same regions as
Ar, see figure 6(b). Together with a strong Ar seeding rate,
the solutions allow for Psep = 230 MW with detached diver-
tor conditions, although the small level of pedestal radiation
was not a goal of our study. Notably, in all of our detached
solutions, ∼15% of the input power is lost through the north
boundary as ion/neutral heat flux, so that less power reaches
the divertor entrance. The maximum temperature at the diver-
tor entrance is above 200 eV, at which level the radiation effi-
ciency of both species is reduced. It is possible that with a dif-
ferent seeding location, higher Xe radiation would be obtained
in the closed field line region [18]. Furthermore, the bundled
impurity description may play a more important role in the
case of the heavy impurity Xe but, due to the large number of
charge states involved, de-bundling in this scenario was left for
future investigations.
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Figure 6. Simulated radiation patterns of extrinsic impurities, when both Ar and Xe are seeded simultaneously: Pin = 260 MW, nsep = 3.7 ×
1019 m−3, ΓAr = 1 × 1022 s−1 and ΓXe = 3 × 1020 s−1.

3. Benchmarking of the reduced physics models
against L-mode experiments

The influence of the various physics models is further studied
in comparison to present-day experiments. For this purpose,
experiments featuring strong in–out asymmetries and impu-
rity seeding to cool down both targets are discussed. To avoid
additional physics ingredients arising from ELMs, confine-
ment changes, strong fluctuations, or significant W radiation,
the studies focus on a series of well-diagnosed L-mode dis-
charges carried out in ASDEX Upgrade and JET, part of which
have been extensively studied in past code-experiment valida-
tion works. Details of the transport barrier are expected to have
a smaller impact on the results discussed in the present work
than processes taking place in the divertor and in the SOL, jus-
tifying the use of low-confinement mode plasmas for model
benchmarking. Furthermore, the low density used in the stud-
ied discharges reduces the collisionality of the plasma at the
divertor entrance, leading to stronger gradients in the divertor
compared to discharges with higher density, which makes our
studies more relevant in view of DEMO. In section 3.1, we
describe the radiative regimes obtained in these experiments,
while in section 3.2 application of reduced physics modelling
is demonstrated.

3.1. Radiative regimes in low-density L-mode experiments

Unseeded low-density L-mode plasmas in the full-metal
devices ASDEX Upgrade and JET have been described in
[5, 6]. When the ion B × ∇B drift is pointing downwards
in a lower-SN configuration, the outer divertor is typically in
a low-recycling regime, whereas the conditions in the inner
divertor may vary from detached to high-recycling depending
on the machine, divertor and magnetic geometry, and the exact
density level used in the experiment. The in–out asymmetry
has been shown to be influenced by a combination of poloidal
and radial drifts and further enhanced by thermoelectric

currents in these machines [6, 30, 31]. When N is seeded into
these plasmas, but the upstream conditions are kept unchanged
via feedback control on the line-averaged density, radiation is
first observed to increase in the cooler inner divertor, and at
higher seeding levels in the outer divertor [29, 32]. Figure 7
shows radiated power fractions, defined as frad = Prad/Pheat in
the total plasma volume, obtained in the two very similar L-
mode experiments carried out in ASDEX Upgrade and JET.
In the unseeded discharges, both devices have low-recycling
conditions and maximum target temperature over 30 eV in the
outer divertor. Maximum divertor radiation level and a total
frad ∼ 60% is obtained when the radiation front extends over
both divertor legs, similar to the DEMO predictions. Increas-
ing the impurity seeding level further leads to a reduction in
the integrated ion fluxes at both targets [29], which is also
consistent with the DEMO simulations.

Existence of an X-point radiating regime in L-mode has
not been thoroughly investigated in the past. For this pur-
pose, we discuss previously unpublished results from a series
of N-seeded discharges carried out at ASDEX Upgrade to
complement the above observations at higher levels of frad.
The toroidal magnetic field was kept unchanged (2.5 T) with
respect to the earlier experiment series discussed in figure 7(a),
but the plasma current was reduced to 0.8 MA (compared to
1.0 MA). Normal field direction (ion B × ∇B drift pointing
downwards into the divertor) was used. In figure 8, time traces
of some of the most representative discharges in this series are
shown.

In the unseeded reference discharge, #30286, and in the first
discharge with N-seeding, #30287, the line-averaged density
(H-1) is kept at 3.8 ×1019 m−3 by a feedback D gas puff, and
0.2 MW ECRH heating is used. N-seeding applied at a con-
stant rate of 2×1021 s−1 leads to a modest increase in radiation,
and the radiation front is mainly in the divertor. The Tdiv signal,
which is the main signal used to indicate changes in the detach-
ment level [10], is reduced from 10 eV to 2 eV. The conditions
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Figure 7. Radiated power fractions in ASDEX Upgrade and JET
N-seeded L-mode discharges at low density.

resemble the conditions of the earlier experiment discussed in
figure 7(a).

A higher N-seeding level applied in #30800 leads at 2.1 s to
a sudden drop of Tdiv to values below 1 eV, and a simultaneous
increase in the radiated power is observed. At this moment,
a transition in the radiative regime from divertor-dominated
radiation to X-point radiation (more precisely, radiation above
the X-point) is observed, see figure 9(b). The regime is not
stable, as the radiation front continues to move upwards in
the confined plasma region, and the discharge ends with a
disruption at 3.4 s.

In the following two discharges, #30801 and #30802, the
ECRH power was increased to either 0.9 MW (#30801) or to
1.5 MW (#30802) at 2.5 s, shortly after the transition to the
X-point radiating phase. The radiation front, which is observed
to move upwards above the X-point in the period of 2.1 s to
2.5 s, moves back down towards the X-point at 2.5 s when
the higher heating power is applied, see figure 9(c). The total
radiated power also increases significantly as more plasma
power arrives to the radiating zone, and frad ∼ 90% is esti-
mated based on simplified tomography of the bolometer mea-
surements [33]. The radiation front is not completely stable,
but the evolution is significantly slower compared to the lower
heating power and the discharge ends as planned. Increase
in the line-averaged density is observed first at the on-set of
the X-point radiating phase and later with the application of
the stronger ECRH power. These two stepwise increases are
likely due to changes in the fuelling efficiency caused by the

modified conditions near the X-point. In discharge #30802, a
further stepwise increase in the density is observed at 2.8 s
together with the appearance of ELMs, indicating a change in
the confinement regime to H-mode.

The details of the discharges likely deserve a separate study,
but from the point of view of the present study, the impor-
tant information is that the physics mechanisms responsible
for the movement of the radiation front from the divertor to the
regions above the X-point are present in L-mode, although less
studied than in H-mode. The creation of the X-point radiative
regime is, therefore, connected to the divertor conditions, and
does not require such transport properties, which are specific to
H-mode plasmas. The higher power fluxes are observed to sta-
bilize the radiation on closed field lines in ASDEX Upgrade,
but it is possible that larger devices with higher power lev-
els always satisfy this condition, regardless of the confinement
regime.

Comparing the DEMO predictions with these experimen-
tally characterized radiative regimes, we see a close resem-
blance to the regime with radiation dominantly in the divertor,
whereas the XPR is completely missing in our predictions
for DEMO. This contradicts the regular observations of
XPR in fully detached high-power discharges in the full-
metal devices. As discussed above, a prerequisite for the XPR
appears to be the strong radiation in the divertor at lower
seeding levels, which modifies the local plasma conditions
near the X-point and allows for the radiation front to move to
closed field lines. Therefore, in the following we focus on the
regime of strong divertor radiation when performing our model
variations, to better understand the physics that is needed
to accurately describe the divertor radiation, which forms the
basis for the possible regime transition. Simulations includ-
ing XPR are not presented here, but they have been discussed
in [32] (L-mode) and [11, 34] (H-mode), with [34] providing
the most advanced discussion on the associated numerical
efforts.

3.2. Comparing complex and reduced physics simulations

A comparison between the reduced-physics simulations and
more complex simulations is performed for the low-density
L-mode radiative scenario described in figure 7. For this
purpose, we use previously reported SOLPS5.0 simulations
[6, 29, 32] of these experiments, which include all the main
physics ingredients, which were available in the code package
at that time. More specifically, cross-field drifts are activated,
kinetic neutral model (Eirene) is used and all charge states of
N are simulated. Although the code version is different from
what was used in the DEMO predictions, the SOLPS5.0 sim-
ulations can be reduced to study the same physics ingredients
as in the SOLPS-ITER simulations in section 2, the main dif-
ference being the N impurity species compared to Ar impurity
species (for the differences in the numerical implementation of
the drifts, see [35]). In figures 10(a)–( f ), we show the mod-
elled 2D distributions of divertor radiation, temperature and
density in the solutions corresponding to the conditions, in
which the divertor radiated power saturates. The conditions
in the two devices are very similar: both show a significant

8



Nucl. Fusion 62 (2022) 056015 L. Aho-Mantila et al

Figure 8. Time traces in the L-mode N-seeding experiments in ASDEX Upgrade. After 3.0 seconds, all discharges have diagnostic
measurements involving variations in the plasma position, reciprocating probe plunges and neutral beam blips, which cause perturbation in
some of the measured signals presented here. H-1 and H-5 refer to the core and edge locations, and the signal used for Prad shows the
qualitative evolution of total radiation with high time resolution, but the absolute value of the signal may not be accurate ( frad evaluations in
this paper are based on more reliable tomography).

cooling of the inner divertor leg, also in locations above the
X-point, in which the cells adjacent to the separatrix have tem-
peratures around 20–40 eV. The in–out asymmetry is visible
in the density as well, and the highest densities are modelled
for the inner divertor leg, also in regions close to the X-point.
The strongest radiation is obtained in the near vicinity of the
X-point and along the outer divertor leg.

The reduced physics SOLPS5.0 simulations corresponding
to the setup used in the DEMO modelling, i.e. without cross-
field drifts and using fluid neutrals and N impurities bundled
into three charge groups, are shown in figures 10(g)–(i) for the
JET plasma. The JET plasma is chosen for this model varia-
tion, as it may allow better for a regime transition, which could
be observed at higher seeding levels when using the com-
plex simulation set-up [32]. When using the reduced-physics
setup, the impurity seeding level is re-adjusted to obtain outer
target temperatures � 5 eV, but the required frad is observed
to be very similar to the complex simulation. Although
the results are visibly different from the results obtained
with the complex simulation, some key similarities remain.
The strong asymmetry in the plasma temperature between
the two divertor legs is present also in the reduced physics

simulations, and it is observed to have a large impact on the
radiation pattern, which also is asymmetric. There is conden-
sation of radiation close to the X-point in both divertor legs.
The density asymmetry observed in the complex simula-
tions is, however, not reproduced by the reduced physics
simulations.

In figure 10(j)–(l), similar reduced physics simulation
results are shown, with the exception that drift terms are fully
activated. Activation of the drift terms is observed to yield
a strong density asymmetry similar to the complex simula-
tions. The drifts have a smaller role in the radiation pattern,
which largely follows the temperature distribution. Both the
temperature and the radiation asymmetry is larger in this case
than in the complex simulation, but the difference is small.
Particularly in regions close to the X-point, there is a good
agreement between the reduced physics simulation with drifts
activated and the complex simulation. The strongest radiation
is obtained immediately next to the X-point, although not on
closed field lines. The required radiated power fraction to cool
down the targets varies depending on the physics included, and
the highest frad is obtained in the reduced physics simulations
with drifts activated.
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Figure 9. Movement of the radiation front in the disruptive discharge #30800 and in the more stable discharge #30801, in which stronger
ECRH power is applied at 2.5 s. Change from divertor radiation to X-point radiation happens in both discharges at 2.1 s.

4. Discussion and conclusions

In the present contribution, we have focused on charac-
terizing the divertor radiation pattern in DEMO using the
SOLPS-ITER code, and investigated its sensitivity to the vari-
ous physics ingredients, which typically are neglected when
scoping studies are made. The inclusion of more detailed
physics, such as the drifts studied in the present paper or the
kinetic neutral model studied in [19], may alter the radiated
power fraction, change the required impurity seeding levels to
reach detachment and modify the in–out asymmetries in the
DEMO-scale simulations. However, the primary regions in
which the radiation is strongest are not significantly changed
by any of these ingredients acting alone in the solutions.
The presently predicted divertor radiation patterns in detached
regime in DEMO include strong radiation along both divertor
legs and no significant concentration of radiation near the X-
point, when Psep = 150 MW is assumed. The radiation pattern
is similar to those predicted for ITER using kinetic neutrals
and activated drifts and Psep = 100 MW [36].

When similar model variations are performed in SOLPS5.0
simulations of present-day L-mode experiments with similar
level of divertor radiation, larger variations in the modelled
radiation pattern are observed. In–out asymmetries in the posi-
tion of the radiation front relative to the X-point height appear
stronger in the smaller devices than in DEMO, and asym-
metries are observed even when using the reduced physics

modelling, suggesting that geometry may play a significant
role. Drifts have a larger role in modifying the divertor density
asymmetry in these low-density, strongly seeded discharges,
than the neutral and impurity models. Strong radiation in the
SOL close to the X-point is obtained in both complex and
reduced physics simulations.

From the results obtained one can conclude that it is impor-
tant to include more detailed physics, like the drifts, when
estimating absolute levels of particle and power fluxes reach-
ing the DEMO divertor targets. Consequently, reduced physics
modelling should be used with great caution if the purpose is
to provide quantitative estimates of the operating space for
a detailed engineering design. Further to this, uncertainties
in the cross-field transport levels and the upstream density
limit are a challenge for all predictions, which aim for quan-
titative results, and more studies are required in this area to
strengthen our predictive capabilities in view of power exhaust
in DEMO.

Reduced physics modelling can, however, help to iden-
tify qualitative features and guide future analyses of power
exhaust in DEMO. An example of this is the persistently low
level of radiation at the X-point height in our simulations,
which does not appear to be an artefact of missing physics
in the calculations, although combined effects of the possible
physics improvements are not yet explored. It is possible that,
with a carefully adjusted impurity source location, higher-Z
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Figure 10. Radiation patterns in ASDEX Upgrade and JET simulations. On the two uppermost rows, results from simulations using complex
physics models (drifts, kinetic neutrals, unbundled N impurities) are shown [32]. The bottom two rows show the effects of reducing the physics
description.
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impurities (Kr, Xe) needed to radiate the remaining 150 MW
of Pheat, which was not accounted for in this work, will form
an XPR. However, as long as Psep = 150 MW, a significant
radiation in the divertor legs can be expected by the lower-Z
impurities (e.g. Ar) in this scenario as well, which differs from
some of the highly radiating regimes encountered in present-
day devices. Future work will be needed to address the role of
high-Z impurities in DEMO as well as the possible deviations
of Psep from the presently used assumption of 150 MW.
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