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A B S T R A C T

The 3D effects on divertor heat loads have been investigated for performance-optimized island divertor con-
figurations at Wendelstein 7-X with 3D modeling and IR camera measurements. A new high mirror configuration
optimized for more stable island divertor operation due to reduced bootstrap currents and a more even heat load
distribution between the main divertor targets has been investigated for the first time numerically and experi-
mentally.

Transport calculations with EMC3-EIRENE show a strong dependence of the heat flux distributions on the
configurations and the details of the 3D island geometry. IR camera measurements confirm the predictions
concerning the global heat load distributions for the standard configuration but show more even distributions
between the main wetted divertor plates in the high mirror configurations. The local heat load profiles show
offsets in their position of up to 5 cm to each other and averaged peak heat fluxes varying between 0.5 MWm 2

and 2.2 MWm 2 depending on the divertor module considered. These heat flux asymmetries complicate the local
matching of profiles between experiment and 3D modeling.

The 3D equilibrium of a high mirror high-performance scenario predicted by the HINT code has been in-
vestigated with EMC3-EIRENE for the first time to anticipate plasma response in higher performance scenarios.
The island divertor is preserved for = 3% despite enhanced stochasticity. However, the islands are increased in
size while the path lengths for parallel transport are reduced causing a substantial change in the divertor heat
flux patterns.

1. Introduction

Mitigation of heat and particle transport and exhaust in advanced
three-dimensional configurations is crucial on the way to high-perfor-
mance operation scenarios in next step fusion devices. Understanding
the effects of 3D edge geometries on the heat transport and deposited
heat fluxes is important in order to develop means for their control [1].
This is, in particular, true for inherently 3D stellarators. The strong
correlation between 3D magnetic field structure and heat fluxes onto
main plasma facing components has been demonstrated and in-
vestigated at LHD [2–4], at W7-AS [5,6], at HSX [7,8] and HIDRA [9].

The optimized, quasi-isodynamic stellarator W7-X [10,11] finished

its first operational phase recently in a limiter configuration (OP1.1)
[12,13] and now completed operation also for the first time in the is-
land divertor configuration in (OP1.2a) [14]. One important topic is the
investigation of changes to the edge magnetic geometry on the heat
fluxes. During the first two operational campaigns at W7-X, several
adjustments to the baseline magnetic configurations [14] have been
tested to optimize divertor and first wall plasma flux distributions [15].
Former edge transport studies have been shown the feasibility of heat
flux control by slight changes of the geometrical properties of the W7-X
limiter SOL [16,17].

In the present and future scenarios, the island divertor concept is
under investigation. Predictive modeling showed that the edge
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geometry could change significantly as the internal currents in a plasma
discharge evolve towards steady-state [18]. The change of edge geo-
metry can result in a significant change of the scrape-off layer (SOL)
heat and particle transport and the plasma surface interactions. The
device has therefore been optimized to minimize such internal currents,
in particular, the bootstrap current.

The island divertor configuration space is relatively large [19] and
allows to counteract equilibrium states of the plasma which may cause
an overload of unprotected and less cooled divertor components. The
issue of possible overloading of the edges of the divertor pumping gaps
is currently under investigation through the use of mimic configura-
tions which are designed to simulate the impact of bootstrap current
effects on the edge topology [20].

One possible solution is to use and optimize configurations which
feature inherently low bootstrap currents. The high mirror configura-
tion (HM, configuration ID: KJM) features reduced bootstrap currents
when compared to the standard divertor configuration (SD, configura-
tion IDs: EIM) and hence has the advantage of stable island geometry
[19]. An attempt was made to optimize the high mirror configuration
concerning its MHD properties and moreover concerning its SOL geo-
metry [21]. The new, so-called ‘narrow high mirror’ configuration
(NHM, configuration IDs: KJM001), features a narrower toroidal mirror
field and has the advantages of minimal bootstrap current compared to
the standard high mirror configuration. The normalized toroidal mag-
netic mirror fields Bax/B0 are shown in Fig. 1 for three high mirror
configurations. It is shown for various scenarios that the bootstrap
current reduces with decreasing widths of Bax/B0 [21].

This study focuses on a comparison of configuration effects on the
divertor heat fluxes. Namely, the standard island divertor configuration
will be compared with the old and new (narrow) high mirror config-
urations. The conventional high mirror configuration is revisited after
having been predicted to be the attractive scenario for high-perfor-
mance operation from the geometric point of view (small changes of the
edge topology because Shafranov shift and bootstrap currents remain
small) [22]. Here, a scenario predicted by the 3D magnetohy-
drodynamic (MHD) equilibrium HINT code is considered to assess how
the heat transport and resulting heat fluxes are affected by exemplary
equilibrium effects for = 3% [23].

2. 3D Modeling of plasma transport and equilibrium effects

The standard and the high mirror island divertor configurations
have been implemented into EMC3-EIRENE to study the main features
of plasma transport and plasma-surface interactions in current and fu-
ture high-performance scenarios. EMC3-EIRENE is a fully 3D coupled
plasma fluid and kinetic edge transport Monte Carlo code. EMC3 solves
a set of reduced Braginskii fluid equations for particles, parallel mo-
mentum, and energies for electrons and ions [24,25]. EIRENE solves the
kinetic transport equations for neutral atoms and molecules including

collisional processes [26].
The parallel electron and ion heat conductivity are assumed to be

classical. The ionization source, momentum source/loss, and energy
source/loss via atomic/molecular processes, e.g., charge exchange and
ionization, are calculated by EIRENE. The impurity transport is mod-
eled based on a fluid approach within EMC3 and causes energy losses to
the main plasma by excitation and ionization. The perpendicular
transport is determined by coefficients for anomalous particle transport
D⊥ and anomalous electron and ion heat transport χ⊥, e, i which are free
model parameters. The electron and ion heating power are defined at
the inner simulation boundary, and the upstream density is set near the
separatrix. HINT is a 3D MHD equilibrium calculation code which does
not assume nested flux surfaces [27]. It uses a relaxation method based
on the dynamic equations of the magnetic field and pressure. The first
step consists of a relaxation process of the plasma pressure satisfying
the condition =B p· 0 for a fixed B. The second step is a relaxation
process of the magnetic field for a fixed p, where an equation of motion
(neglecting the non-linear convective term) and the induction law are
solved towards steady state. The final equilibrium state corresponds
almost to a stable steady-state satisfying force balance. One high-per-
formance scenario based on a HINT calculation is implemented and
discussed in this study.

Transport simulations have been performed for upstream densities
=n 0.5 2·10up

19 m 3 and input powers between 3.0 MW and 8.0 MW
in this study. Carbon is assumed as the main impurity responsible for
total radiative power losses of =Prad 0.5 MW. Values of

= =D
i e, ,

0.5 m2 s 1 are typically used as anomalous transport coef-
ficients for heat and particles based on W7-AS experience [28]. These
results are compared with dedicated experiments while the equilibrium
case anticipates plasma response effects in future higher performance
scenarios.

3. Geometric properties of the island divertor

The scenarios considered in this study were conducted in =5/5 is-
land divertor configurations [14]. This means that five independent
helical island bands establish the equivalent of the SOL in tokamaks and
hence render the extension of the core confinement domain. Ten gra-
phite divertor units represent the main plasma facing components.

The target-to-target connection lengths LC have been calculated for
the island divertor configurations considered to evaluate the geometry
effects relevant for the plasma transport and the plasma surface inter-
actions. Three configurations extended by one higher pressure scenario
are assessed in this study. The LC profiles of the experimentally realized
standard divertor configuration, the (new) narrow high mirror config-
uration and the (old) high mirror are shown in Fig. 2(a–c) at a toroidal
cross section = 12. 3 distant from the bean-shaped symmetry cross-
section. Poincaré plots of the vacuum field are superimposed (black
dots). The connection lengths are of O(100 m) within the islands (blue,
purple, red domains) and may obey lengths of O(1 km) (yellow) at the
separatrix. The outermost layer consists of short LC of O(1–10 m).

The connection length calculations reveal that the island SOL geo-
metry of SD and NHM are very similar at first glance (Fig. 2(a) and (b)).
Both show separatrix legs connecting to the horizontal and vertical
divertor target plates (shown as solid red lines) almost at the same lo-
cations. The interior of the islands consists of LC ≈ 300 m. In case of SD
and NHM, parts of the island O-points are present as small sub con-
finement domains not intersected by target plates. In the old high
mirror configuration the islands are cut deeper featuring no closed field
lines around the island O-points (Fig. 2(c)). There is stronger shadowing
effect by the vertical targets. These results show, that the large degree
of freedom in configuration space allows for an optimization of both,
core transport (high mirror and low bootstrap currents) and edge
magnetic topology with respect to a target deposition pattern.

The impact of changes of the magnetic SOL topology on the divertor
heat fluxes will be discussed in the following. It will be demonstrated

Fig. 1. Toroidal magnetic mirror field for Narrow High Mirror (NHM, blue),
High Mirror (HM, red) and Broad Mirror (cyan). (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)
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with both, the plasma fluid and kinetic 3D modeling and experimental
measurements the configuration optimization can strongly modify,
even reverse major features of the divertor heat flux distributions even
within 5/5 configurations. Adding equilibrium effects may result in
more significant changes with respect to the vacuum approximations.

4. Impact of island topology on divertor heat fluxes

The three configurations of interest are compared concerning the
impact of their edge magnetic topology on the divertor heat load

distributions. The results from predictive modeling are compared with
dedicated measurements performed during the first island divertor
operational phase (OP12a).

During this first campaign, the hydrogen plasmas realized were at
lower performance. A lot of newly installed diagnostics were still under
commissioning. Dedicated experiments were chosen for which at least
line integrated densities measurements (interferometer), bolometer
measurements or some SOL measurements with the Helium beam in
order to constrain the modeling.

The IR cameras are the most suitable diagnostics providing heat
fluxes deposited on most of the divertor modules [29]. Their almost
complete toroidal coverage allows for the best local and global com-
parison between the modeled and measured heat flux distributions.

Typical scenarios with electron-cyclotron-resonance heating
(ECRH) of 3 MW are considered and ∫ nedl≈ 2 · 1019 m 2. A SOL elec-
tron and density profile measurement based on state of the art colli-
sional-radiative modeling [30] is shown in Fig. 4(a,b) for the SD sce-
nario analysed in the following. It shows typically SOL temperatures of
T 50 100e eV and densities in the range of n 0.2 0.5·10e

19 m 3.
The radiated power was estimated from Bolometer measurements
available and varies for these plasma conditions typically between

=P 0.5 1.0rad MW.
The results from 3D modeling show a strong impact of the island

SOL geometry on heat and particle transport. The electron temperature
distribution in the island divertor volume in Fig. 2(d–f). The compar-
ison with the LC in Fig. 2(a–c) shows a clear pattern in the heat trans-
port induced by the island geometry. The hottest parts are found in the
flux tubes around the separatrix while the island center remains cold.
The reason is that the long flux tubes within and close to the separatrix
receive most of the heat and particles diffusing out of the hot con-
finement. The fast parallel convective and conductive heat transport

Fig. 2. Connection lengths profiles and superimposed Poincaré plots of the (a)
island standard divertor configuration (SD), (b) the narrow high mirror con-
figuration (NHM) and (c) the high mirror configuration (HM). Te profiles and
superimposed Poincaré plots of the (d) SD, (e) NHM and (f) HM.

Fig. 3. Comparison of modeled divertor heat fluxes (a–c) and heat fluxes from IR measurements for (d–f) for standard divertor, narrow high mirror and high mirror
configuration.
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guides the heat around the islands and deposits it mostly on the hor-
izontal or on the vertical divertor target. The hot separatrix legs are
touching the horizontal and vertical divertor plates following the LC
structure in SD and NHM (compare Fig. 2(d, e) and (a, b)). In the HM
configuration the hot separatrix leg is detached from the horizontal
target plate and stronger connected to the vertical target in correlation
to the shadowing of the top separatrix leg in the LC profile (compare
Fig. 2(f) and (c)). These effects are in the following recovered in the
heat flux mapping.

A comparison of modeled and measured divertor heat fluxes onto
the divertors qdiv is shown in Fig. 3(a–f) for the same heat flux scale. The
experimental data shown (d–f) correspond to the heat fluxes on a top
divertor (module 5, AEF51) at t t1 0.99 s and are taken from the
experiments #20171114.052 (SD), #20170926.071 (NHM) and
#20171122.033 (HM).

The main heat stripes or strike lines occur where the long open field
lines of the separatrix connect to the divertor targets (compare with LC
vs. Te Fig. 2(a–f)). The modeling predicts that the main fraction of in-
tegrated heat fluxes are deposited on the horizontal target in the SD (a)
while the loads are distributed more evenly between the horizontal and
vertical target in the NHM configuration (b). For the HM configuration,
the heat fluxes are mostly directed onto the vertical target (c). These
predictions are qualitatively in good agreement with the measured heat
fluxes depicted in Fig. 3(d–f).

The heat flux profiles across the divertor targets have been averaged
over the main wetted area in the toroidal direction in both modeling
and experiment and are shown in Fig. 5(a–c). The comparison reveals a
significant scattering of the experimental profile data (squares). In the
SD configuration, the average peak maxima vary between 0.5 and
2.25 MWm 2 depending on the divertor considered. Moreover, the peak
maxima positions have relative offsets of up to 5 cm with respect to

each other. The average peak widths may vary between 8–12 cm. Local
peak maxima remain for these lower performance scenarios mostly
below 4–6 MWm 2. The deviations between modeling and experiments
may first of all be due to error fields [31]. Drift effects may cause ad-
ditional asymmetries, but the implementation of those in the 3D model
is a matter of ongoing development. A first overview of experimental
heat flux data and analysis of the scaling behaviour will be reported
elsewhere.

The measurements confirm the main features predicted by mod-
eling. The heat load is centered around the separatrix. The shape of the
heat flux profile is in particular determined by the competition of
parallel and perpendicular transport in the divertor volume. A con-
volution of an exponential profile with a Gaussian function according to
the heuristic drift-based model [32] may not hold anymore in the
complex 3D geometry introduced above.

Consider the total distribution on the three main wetted divertor
parts in Fig. 5(d–f). The small red circles represent the loads on in-
dividual divertors at =t t1 0.99 s. The big red circles represent the
total loads onto the respective components. The black squares represent
the loads obtained from 3D modeling assuming the same upstream and
heating conditions for all configurations. The high iota part of the di-
vertor receives the smallest load (but still more than the remaining
components not depicted). The horizontal target receives most load in
the SD (3.5 times more than the vertical target). The NHM configura-
tion shows experimentally an almost equal distribution between hor-
izontal and vertical target compared to the modeling which instead
predicts a reversed ratio with most loads on the horizontal target. The
vertical target receives most heat load in the high mirror configuration
(2 times more than the horizontal target).

Uncertainty analysis within the modeling was mostly done based on
density scans showing that in SD the ratio between loads onto hor-
izontal and onto vertical target may reduce from 3.5 to 2 for densities
increased from 2 8·10

19 m 3 while this ratio varies between 1.1 and
1.3 in the NHM configuration. However, this scattering is marginal
compared to the scattering observed experimentally. The magnetic
fields of these initial low-performance plasmas can be sufficiently ap-
proximated based on vacuum fields. Deviations in the edge magnetic
structure are mostly suspected to be due to error fields. The potential
impact of equilibrium effects in high-performance scenarios is discussed
in the following.

5. Predicted impact of equilibrium effects

The high mirror configuration was considered to be favorable due to
the reduced bootstrap currents potentially degenerating the regular
island geometry. Therefore, a first prediction is made for a high mirror
equilibrium scenario assuming = 3% obtained from the 3D MHD code
HINT [23]. Significant equilibrium changes are due to the build-up of a
substantial plasma pressure which causes a Shafranov shift.

The effects on the island geometry are shown in the LC profile and
superimposed Poincaré plots in Fig. 6(a) for the main island divertor
volume = 12. 3 distant from the bean-shaped symmetry cross-sec-
tion. The magnetic field of the high mirror equilibrium scenario in
Fig. 6(a) shows an enhanced stochastization of the boundary magnetic
field, in particular of the island separatrix. These are major changes
compared to the vacuum topology of this configuration (Fig. 2(c)). The
open field line domain features patterns with poloidal modulation of LC
within the islands. The geometrical effects most relevant for plasma
edge transport and plasma surface interactions are increased island
sizes and reduced LC, which means a change of the path lengths for
perpendicular and parallel transport.

The separatrix legs in the equilibrium case are shifted compared to
their locations in the vacuum case. As a result, the top right separatrix
leg connects to the horizontal divertor plate in this cross-section.

The plasma edge transport has been calculated with EMC3-EIRENE
assuming upstream densities nup ≈6 · 1019 m 3 and =P 10 MW for both

Fig. 4. SOL electron temperature (a) and density (b) measured with the He
beam in the standard divertor configuration.

Fig. 5. Top: comparison of modeled (solid line) and measured (squares) aver-
aged divertor heat flux profiles across the horizontal target for (a) the standard,
(b) the narrow high mirror and (c) the high mirror configuration. Bottom: (d–f)
comparison of individual and total heat loads onto the main wetted divertor
targets (high iota, horizontal and vertical target).
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cases. The divertor heat loads for this higher performance scenario are
shown in Fig. 6(b). The changes of the magnetic field geometry shown
in Fig. 6(a) cause correlated changes in the divertor heat flux patterns.
In the vacuum case in Fig. 2(c) significant fractions of the heat loads
(60–70%) are deposited onto the vertical target, and only 15% reach
the horizontal target. In the equilibrium case, the fraction of integral
heat fluxes onto the vertical target is reduced, and the heat stripes are
more narrow. Heat stripes close to the pumping gap might become a
concern due to overloading of more sensitive components. Also, a
second primary heat stripe occurs on the opposite side of the horizontal
target remote from the pumping gap. The fraction of heat fluxes onto
the vertical target reduces to 50% while total fractions from both heat
stripes onto the horizontal plate account for 30–35%.

The heat fluxes onto the divertors turn out to reduce in widths de-
spite to the fixed anomalous cross field coefficients. In this case, the
change of heat fluxes is purely induced by the geometry. The re-
sponsible parameter narrowing the main heat flux channels around the
island separatrices are the parallel transport lengths:
< > < >=L L0.5C C vac3% ..

In a simplified SOL flux tube picture the parallel energy transport is
enhanced according to E

L

V

C reducing the heat flux channel widths

according to Lq C [33].
This first implementation of HINT into EMC3-EIRENE shows that

the equilibrium response may induce changes to the island divertor
geometry resulting into strong redistributions of divertor heat fluxes. At
the same time, a significant fraction of the recycling is redirected away
from the pump location which may affect the exhaust of neutrals. Once
accessible, such scenarios will also be implemented into EMC3-EIRENE
based on 3D equilibrium reconstruction with V3FIT [34,35].

6. Conclusions

An analysis of the effects of the 3D island geometry of standard
divertor and high mirror configurations on the heat load distributions
has been performed based on 3D modeling and IR data. The new
narrow high mirror configuration has been implemented and in-
vestigated for the first time to demonstrate the success of its core-edge
optimization.

The global analysis of the load distribution shows a good qualitative
agreement between measurement and modeling and confirm the role of
the island geometry for the divertor heat flux patterns. The island se-
paratrix is the main heat flux channel, and its position determines the
position of the strike lines on the divertor targets.

The change of island geometry between the configurations leads to a
substantial re-distribution of heat loads between the main wetted tar-
gets. The narrow high mirror configuration is confirmed to feature a
more even heat load distribution on horizontal and vertical divertor
target. This may be desired to spread the heat loads and allows for
better characterization of the plasma-surface interactions with diag-
nostics optimized for the standard configuration.

The detailed comparison of the measured and modeled divertor heat
flux profiles reveals the difficulty of accurate profile matching due to
toroidal and poloidal asymmetries mostly induced by error fields. The
experimental profiles show typical poloidal offsets of several cms and
significant differences in the averaged peak height. This needs to be
further investigated, a strategy to allow for better profile matching
between experiment and 3D modeling in case of given asymmetries is
under development.

Extrapolation towards high-performance scenarios was done for the
first time based on an implementation of 3D MHD HINT equilibrium
calculations for = 3% with EMC3-EIRENE. The analysis of the SOL
geometry shows an increase of the island sizes, a shift of the separatrix
legs and a decrease of LC resulting in narrower heat flux channel widths
and redistribution of the heat fluxes.

The local deviations between modeled and measured heat fluxes
and moreover the 3D MHD effects predicted for higher performance
scenarios will motivate a coupling of EMC3-EIRENE to 3D equilibrium
reconstruction once developed.
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