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Abstract
Radiative losses from the plasma represent a key component of global power balance in a
magnetic confinement fusion device. Measurements of the plasma radiation and its spatial
distribution are essential for physical studies and to ensure safe machine operation. Here, an
imaging bolometer diagnostic is employed to characterize the plasma radiated power in the
island divertor of the large Wendelstein 7-X (W7-X) stellarator device. In attached plasmas, the
divertor radiation pattern exhibits magnetic field-aligned stripes and a toroidally non-uniform
character highly correlated with the target power load deposition pattern of the given magnetic
field configuration. Toroidal uniformity of the plasma emissivity is partly recovered in detached
discharges. Similar results are found in EMC3-EIRENE simulations of carbon impurity
radiation, which indicate that the steep toroidal emissivity gradients observed in the experiment
(factor ×2 change over 10 cm parallel distance) are supported by toroidally localized particle
sources.
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1. Introduction

Power exhaust is an ongoing challenge for magnetic confine-
ment fusion devices [1]. One possible solution is the estab-
lishment of a highly radiative, detached plasma regime [2].
Radiation detachment can be employed to safeguard the diver-
tor components from excessive heat/particle loads while main-
taining high fusion performance [3]. At W7-X, controlled
detached operation has been demonstrated both by means of
impurity seeding [4] and main gas density fueling [5]. A proxy
for the total plasma radiated power, here called Pcor

rad , is con-
ventionally extracted from a local measurement performed by
the Horizontal Bolometer Camera (HBCm) [6]. This consists
of an array of resistive metal foil bolometers measuring from
the outboard side of one triangular plane with a symmetrical
layout [7]. The extrapolation is based on the assumption of tor-
oidally uniform plasma emissivity, which might be partially
invalid in some scenarios [8].

To test the toroidal symmetry of the radiation distribution,
the bolometry system was extended by installing an InfraRed
Video Bolometer (IRVB) diagnostic in the divertor region of
W7-X. An overview of the diagnostic design and operating
principle at W7-X can be found in [9]. The IRVB concept was
developed and implemented at LHD [10–14]. Like traditional
resistive bolometers, it yields a measurement of the radiat-
ive power losses from the plasma, line-integrated within each
bolometer sightline [10]. However, the IRVBoffers a relatively
higher number of channels and a wider detection volume. The
W7-X IRVB diagnostic provides a direct view on the target
plates of one upper divertor unit [15] and allows for character-
ization of the plasma radiated power in the target interaction
region of the W7-X island divertor [16, 17].

First, the diagnostic design is introduced in section 2. Then,
the experimental observations are reported in section 3 with
the aid of tomographic reconstructions and wall thermography
data. Finally, section 4 reports some synthetic results simu-
lated using the EMC3-EIRENE code [18].

2. The IRVB diagnostic

The active detection volume offered by the IRVB diagnostic
at W7-X is visualized in orange color in figure 1(a). This
is represented by the area subtended by the pinhole towards
the bolometer detector foil. Relevant wall components (shield,
baffle, closure, targets) are also rendered for reference. The
resulting field-of-view (FoV) covers the upper portion of the
plasma cross section, with the pinhole located near the tor-
oidal angle φ = 14◦ (teal and black solid lines) of module
five. In the standard magnetic field configuration of W7-X,
most of the heat flux is deposited in the shape of two main
strike lines (see later figure 5(a)). These two are toroidally loc-
alized on the vertical target section (yellow) and on the low-
iota section (indigo) of the horizontal target plate respectively
[19, 20]. Hence, the IRVB images the area of the target plates
where most of the standard power load deposition takes place.

However, the IRVB coverage does not include the middle
(blue) and high-iota (green) portion of the divertor unit, where
the strike line is located in the high-iota configuration [21].

Bolometer channels are defined by partitioning the sur-
face of the 2.5µm-thick platinum foil into 33× 43= 1419
identical square pixels. Each identifies an individual line-of-
sight (LoS) of the bolometer measurement. A view of the com-
ponents from figure 1(a) projected onto the foil plane is repor-
ted in figure 1(b) to visualize the area covered by each bolo-
meter channel in theW7-Xmachine. As indicated by the mag-
netic axis (white solid line), the toroidal (poloidal) direction
is roughly aligned with the horizontal (vertical) dimension of
the foil. Channels in the middle of the view sample the plasma
volume in the direction of the vertical target plate, while the
horizontal target plate occupies the upper portion of the view.
The spatial resolution is measured as the distance between two
adjactent central LoSs. This value is about 1.0 cm at the scrape-
off layer (SOL) near the IRVB pinhole at the outboard side,
while it increases to 5.0 cm on the further (inboard) side at the
pumping gap due to the non-zero divergence of the LoSs.

3. Measurements

3.1. Resistive bolometers

All the following experimental analysis will be performed on
one example ECR-heated discharge performed in the stand-
ard magnetic field configuration (XP:20241119.89), of which
an overview is presented in figure 2. Following the startup
phase, the plasma enters an attached phase at input ECRH
power Pheat = 6.0MW (black upper panel). During the time
interval t= 1.0s–3.0s, the density ramp stops and the line-
integrated density remains constant at

´
ne dl= 10× 1019m−2

(blue lower panel). In this steady-state phase, the total radi-
ated power measured at the triangular plane is stable at Pcor

rad =
1.3 MW (red upper panel), giving a radiated power fraction
of frad = Pcor

rad/Pheat = 0.2. Then, over one second (t= 3.0 s–
4.0 s), the input heating power is stepped down to Pheat = 3.4
MW and the line-integrated density is ramped to

´
ne dl=

14× 1019m−2 by fueling from the main gas system. This
causes the diamagnetic energy to drop from Wdia = 720kJ
to Wdia = 600 kJ (black lower panel). Between t= 4.0 s–
6.0s (discharge termination), the plasma enters a steady-state
detached phase and the total plasma radiated power measured
by HBCm remains stable at Pcor

rad = 3.2MW (frad = 0.95).
Tomographic inversions can provide additional informa-

tion on the plasma radiation distribution in the 2D poloidal
plane. The tomographic solution is found employing a newly
developed Python routine based on Gaussian process tomo-
graphy (GPT) [22]. This is applied to line-integrated exper-
imental data acquired by a second bolometer diagnostic: the
resistive divertor bolometry system [8]. This consists of an
array of five resistive metal foil bolometer cameras (see later
figure 7(b)) for a total of 93 sightlines: two viewing the lower
divertor target plates (28+ 20 sightlines), and three viewing
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Figure 1. (a) Three-dimensional render of the IRVB detection volume (orange) and relevant W7-X wall components. Divertor closure,
baffle, and shield are displayed in semitransparent gray color. Different sections of the divertor unit are highlighted with different colors.
The standard magnetic geometry at φ = 14◦ is visualized with solid lines (teal separatrix, black islands). The magnetic axis is plotted as a
white solid line. (b) FoV of the diagnostic projected in the foil plane. Channel numbers are noted on the plot axes. The positive direction of
the magnetic field is indicated by white arrows on the magnetic axis. Black circles are diagnostic port holes.

Figure 2. Overview of the standard configuration discharge XP:20241119.89. Upper: input ECRH power (black) and total radiated power
measured at the triangular plane (red) and in the divertor region (blue). Lower: line-integrated density (blue) and diamagnetic energy (black).

the upper portion of the plasma and the high-iota tail of the
upper divertor unit (20+ 20+ 5 sightlines).

Two tomographic reconstructions are generated from res-
istive divertor bolometry experimental data for the attached
and detached phase of the discharge. The inversion plane
is located at toroidal angle φ = 58◦, which is stellarator-
equivalent to the φ = 14◦ plane (see figure 1) at the IRVB
measurement location. Then, assuming stellarator symmetry,
the two reconstructions can be flipped upside-down to obtain
the expected poloidal radiation distribution within the IRVB
FoV. The resulting tomograms are shown in figures 3(a)
and (b) for the attached and detached phase of the dis-
charge respectively. The chi-squared confidence factor χ2

and is noted in the bottom-left corner of the tomogram
plots [22].

Since detachment is achieved without impurity seeding,
the (intrinsic) radiation pattern should be dominated by line
radiation emitted by the carbon impurities released by the

Plasma-Facing Components (PFCs) [6, 23]. Due to the large
noise levels experienced by the resistive divertor bolometry
system in the early phase of its deployment, the tomographic
reconstructions presented here suffer from a number of arti-
facts and poorly localized radiation sources. This is especially
true for the detached case (reflected in the lower χ2 value).
Still, the gross features and temporal behavior of the measured
radiation are reliable and can be used for a qualitative analysis.

The reconstructed emissivity reveals two emission peaks
located in the SOL above the surface of the upper divertor tar-
get plates in the attached phase (see figure 3(a)). Core radiation
yields a comparatively minor contribution. At detachment, the
resistive divertor bolometry system detects an intensification
of the horizontal target radiation front relative to the vertical
target radiation front and a movement towards the X-point
above the pumping gap. However, the overall intensity of the
radiation appears to reduce, which is in contrast with the total
radiated power measurement presented in figure 2 (red).

3
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Figure 3. Tomographic reconstruction of the 2D poloidal radiation
distribution in the (a) attached and (b) detached phase. The poloidal
projection of the IRVB FoV is overlaid (gray), together with an
outline of the standard magnetic islands (white dotted).

To quantify the decrease in the peak plasma emissivity
measured by the resistive divertor bolometry system follow-
ing detachment, the radiated power reconstructed by the bolo-
metry system is integrated throughout the volume, obtaining
the tomographic estimate Pdiv

tomo [24]. This represents a second
independent proxy for the total radiated power extracted from
the local measurement in the divertor region, to be compared
with the (traditional) geometrical proxy Pcor

rad extracted from
the triangular plane. The tomographic estimate is noted on the
bottom-left corner of each tomogram, and a time trace of Pdiv

tomo
for the whole discharge is plotted as blue scatter points in the
upper panel of figure 2.

In the attached phase, the two proxies deviate from each
other as a significantly higher radiated power level Pdiv

rad =
3.7MW is found in the divertor region than at the triangu-
lar plane. During the transition phase, the divertor radiated
power lowers to Pdiv

tomo = 3.2MW and Pcor
rad rises until the two

Figure 4. Synthetic IRVB measurement of the plasma emissivity
obtained by projecting the radiation distribution reconstructed in
figures 3(a) and (b) onto the diagnostic FoV (assuming toroidally
uniform emissivity). Discharge numbers and time intervals are
noted on the upper and lower side of the frame.

estimates converge. This phenomenon is currently understood
to be a consequence of toroidal redistribution of the plasma
radiation that accompanies the increase in toroidal symmetry
observed in the transition to detachment. The two proxies Pcor

rad
(traditional) and Pdiv

tomo (novel) are considered as two independ-
ent and equally valid total radiated power values for two sep-
arate toroidal locations in the W7-X device. Combining them
to obtain a more comprehensive assessment of global power
balance will be the scope of future work.

Using the assumption of constant parallel emissivity, the
radiation tomogram can be extended along the field lines and
projected onto the FoV of the IRVB diagnostic [22]. The so-
obtained synthetic data is shown in figures 4(a) and (b), over-
laid with the island geometry of the original tomogram plane
φ = 14◦ (as in figure 1(b)). This represents the expected IRVB
measurement from tomography (in ideally toroidally uniform
radiation conditions), which will be compared with the exper-
imental data later in section 3.3.

In this case, the line-integrated power incident on each
IRVB channel is normalized to the individual channel
geometry [9]. This is done to extract the line-averaged

4
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Figure 5. Heat flux deposited on the divertor target surface from the wall thermography system in the (a) attached and (b) detached phase.
The heat flux data is projected on the IRVB FoV.

emissivity information, also referred to as chord brightness εch
[Wm−3] in the literature, which better represents the plasma
emissivity features [6, 8]. To avoid saturating the signal, chan-
nels that do not intersect the plasma and channels withminimal
etendue value are set to transparent in the plot (e.g. upper right
corner of figures 4(a) and (b)). To better understand the mag-
netic field geometry in the SOL, a 3D trace of the magnetic
island (black in figure 1(a)) X-points and O-points is projec-
ted onto the foil plane and plotted as dashed and solid white
lines respectively.

3.2. Thermography

To complement the bolometric measurements, the plasma
load on the divertor targets can be retrieved from the W7-
X wall thermography system [25]. This involves using the
THEODOR code to infer the heat flux deposited on the tar-
get surface from the infrared emission measured on the upper
divertor unit imaged by IRVB [26, 27]. The heat flux calcu-
lated in the attached and detached plasma phase defined in
figure 2 is presented figures 5(a) and (b) respectively. For bet-
ter comparability, the heat flux data is visualized directly as
it would be seen by the IRVB diagnostic. This mapping of the

heat flux data is achieved by projecting the coordinates of each
target element through the pinhole onto the foil plane, simu-
lating the pinhole camera effect.

In attached conditions, the standard configuration power
deposition pattern is characterized by two main strike lines:
one on the vertical target plate and one on the low-iota section
of the horizontal target plate [20]. During radiation detachment
(figure 5(b)), the heat flux to the targets drops significantly. A
faint band of power load (< 0.5MWm−2) remains visible on
the target. Excluding artifacts, this could be a result of the radi-
ated power fraction being non-unitary (frad = 0.95), or direct
radiation loads on the target surface [28]. Its presence might
indicate that a small amount of recycling is still present at the
target.

3.3. IRVB

The IRVB measurement averaged during the attached
and detached phase of the plasma discharge is shown in
figures 6(a) and (b) respectively. The coefficients utilized
for the conversion from foil temperature to incident power
were absolutely calibrated via laser radiation experiments [9]:
heat conductivity κ= 1.648× 10−6 m2s−1, heat sensitivity

5
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Figure 6. Plasma emissivity measured by IRVB during the (a)
attached and (b) detached phase of the plasma discharge indicated in
figure 2. The 3D traces of the island X-points (dashed) and O-points
(solid) crossing the IRVB FoV are projected onto the foil plane as
white lines.

S= 1.457× 104 KW−1, emissivity ε= 0.9. The data is repor-
ted in units of chord brightness εch as in figure 4.

In attached conditions, the radiation pattern measured by
IRVB (figure 6(a)) is characterized by two main field-aligned
radiation stripes. The stripe location with respect to the pump-
ing gap and their width is well recovered in the synthetic pat-
tern presented in figure 4(a). However, each radiation stripe
imaged in the experiment exhibits significant toroidal emissiv-
ity gradients within the IRVB FoV. Since the synthetic data
represents the case of ideal toroidal symmetry, the deviation
between the mapped andmeasured image highlights the asym-
metric character of the experimental measurements. In par-
ticular, the chord brightness measured by IRVB on the lower
radiation band in a toroidally symmetric case should increase
when moving from φ = 14◦ (right) to φ = 0◦ (left) due to
the different plasma volume covered by the diagnostic. On
the contrary, the experimentally measured chord brightness is
found to decrease in the same region, indicating a toroidal radi-
ated power gradient.

When compared to the distribution shown in figure 5(a), it
can be noticed how the attached radiated power distribution
is highly correlated with the power deposition pattern on
the targets. This supports the idea that IRVB is imaging

a three-dimensional radiation structure originating on the
open field lines of the SOL near the region of plasma-target
interaction [22, 29], which is in agreement with the tomo-
graphic data (see figure 3). Alternatively, the observed correla-
tion could be a result of direct IR emission from the hot diver-
tor surface. However, power deposition from thermal emis-
sion of a 300◦C target element is expected to be of the order
of 10µW per bolometer channel. This is more than a factor
×10 lower than the observed signal level at the strike line, and
therefore negligible. At the same time, no significant shine-
through of IR radiation was observed when placing the foil
in front of a precision black-body source heated up to tem-
peratures of 300◦C [9]. These considerations indicate that
the observed IRVB radiation pattern is indeed a feature of
plasma volume emission and not of a thermal radiation source
from the divertor target. A similar correlation between radiated
power and heat flux distribution during the attached phase is
found consistently in all W7-X magnetic field configurations
observed so far.More examples in non-standardmagnetic field
configurations can be found in the appendix A.1.

Upon entering detachment (figure 6(b)), the radiation pat-
tern becomes more toroidally uniform, and the correlation
with the power deposition pattern is lost. The upper radi-
ation stripe broadens and appears to intensify relative to the
lower stripe [30]. Furthermore, two additional radiation bands
appear inside the view in correspondence with the upper
and lower X-point. The peak intensity measured by IRVB is
reduced compared to the attached case as the radiation distri-
bution becomes more diffused within the IRVB view, which
is consistent with the toroidal redistribution effect observed
in section 3.1. In this case, the synthetic data forward calcu-
lated under the assumption of constant parallel emissivity (see
figure 4(b)) is more similar to the experimental measurement.
The better agreement in terms of toroidal distribution indicates
a reduction of the toroidal emissivity gradients in the detached
phase of the experiment. For another example of improved tor-
oidal symmetry, the reader is directed to the appendix A.2.

In the synthetic image of figure 4(b), a bright region appears
on the upper side which is not present in the experiment. This
originates from the SOL on the outboard side of the plasma
(right-hand side of figure 3(b)). This is likely due to tomo-
graphic errors such as artifacts caused by noise or an incorrect
prior model. Even a small amount of radiation placed here
due to artifacts could lead to a large signal due to the long
integration length. It must be pointed out that the tomographic
solution is found assuming a constant parallel plasma emissiv-
ity within the toroidal range ∆φ = 8◦ covered by the resist-
ive divertor bolometry system [8]. This assumption could be
invalid given the toroidal gradients observed by IRVB. In addi-
tion, the assumption of stellarator symmetry between the lower
(tomography) and upper (IRVB) divertor unit might not hold
(e.g. due to drift effects) [31, 32].

To support the qualitative observations drawn from the
comparison between figures 4 and 6, a quantitative metric for
estimating the degree of toroidal uniformity within an IRVB
image is defined. First, a reference synthetic IRVB meas-
urement pref is generated from a forward calculation on an

6
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Figure 7. (a) Poloidal radiated power distribution of carbon impurity emission computed by EMC3-EIRENE at toroidal angle φ = 14◦. (b)
3D emissivity distribution inside one W7-X module. The size of each scatter point is proportional to the local emissivity value. A render of
the divertor target surfaces is included in gray color with the standard magnetic island geometry at angles φ = 0◦, 36◦, 72◦ (teal separatrix,
black islands). The IRVB (orange) and resistive divertor bolometry (blue and red) sightlines are overlaid.

ideally uniform radiation distribution. Then, the toroidal sym-
metry within each IRVB image can be quantified by com-
puting the correlation between the experimentally measured
radiated power pattern p and pref (over the whole image, both
normalized). This exercise yields corr(p, pref) = 2.2% for the
attached case and corr(p, pref) = 4.8% for the detached case,
indicating again improved toroidal symmetry of the radiation
during detachment.

4. Simulations

EMC3-EIRENE [18] simulations with carbon impurity radi-
ation can provide a precious insight into the physical mechan-
isms that determine the radiated power distribution observed
in the experiment. Here is presented an EMC3-EIRENE
solution computed in the standard magnetic field configur-
ation. The electron density at the separatrix is set to nsep =
3.0× 1019m−3. Input heating power is Pheat = 5.0MW, while
the content of carbon impurities is regulated to maintain a
total radiated power of Pcor

rad = 1.5MW (attached frad = 0.3).
Anomalous transport is governed by the perpendicular particle
diffusion coefficient D⊥ = 0.2m2s−1 and heat diffusion coef-
ficientχ⊥ = 3D⊥ = 0.6m2s−1. The low diffusion coefficients
were shown to offer a better match to the experimental down-
stream plasma parameters [33].

Figure 7(a) reports the output spatial distribution of the
plasma radiated power in the poloidal plane at φ = 14◦. The
simulated features are strongly localized (note the logarithmic
color bar) and peak in the SOL between the island X-points
and O-points [8, 29, 34]. The code respects stellarator sym-
metrywithin the simulation volume (φ = 0◦ − 36◦). However,
the plasma parameters are not necessarily conserved in the par-
allel direction, causing the emissivity to vary along the field
line. The complete three-dimensional spatial distribution of
radiated power inside one W7-X stellarator module is visu-
alized in figure 7(b), alongside the sightlines of the IRVB
diagnostic (orange) and the resistive divertor bolometry sys-
tem (blue and red). The 3D render illustrates how the SOL
radiation features shown in figure 7(a) connect other toroidal

Figure 8. (a) Synthetic image of the IRVB chord brightness
corresponding to the radiation distribution of figure 7(b). (b)
Computed heat flux data projected on the IRVB FoV.

locations with varying intensity. In this case, the IRVB FoV at
the upper divertor unit covers a region of peak intensity and
steep spatial gradients.

Using a forward model for the IRVB diagnostic, a syn-
thetic IRVB measurement is generated by projecting the
3D radiation distribution computed by EMC3-EIRENE onto
each bolometer channel [8]. Figure 8(a) reports the associ-
ated line-averaged emissivity. Both toroidal peaking location

7
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Figure 9. (b) Toroidal emissivity variation δε within the simulation
domain (normalized). (c) Particle sources summed up inside each
flux tube. A red ROI identifies the flux tubes where δε > 75%.

of the emissivity (left-hand side) and toroidal gradients are
comparable to experimental observations (see figure 6(a)).
The correlation with the toroidal coordinate in this case is
corr(p, pref) = 2.0%. Similarly to the experiment, the syn-
thetic emissivity measurement is reminiscent of the target heat
flux pattern computed by EMC3-EIRENE, which is projec-
ted on the IRVB FoV in figure 8(b). However, the connection
between the two is less evident.

The largest toroidal variation takes place inside the flux
tubes intersecting the target at a close (order of one meter)
parallel distance to the target plates. The emissivity deviation
∆ε=max(ε)−min(ε) is normalized to the average value
inside the half-module δε=∆ε/⟨ε⟩ and expressed as a per-
centage. δε reaches its peak near the horizontal target plate,
as shown in figure 9(a). This pattern of δε coincides with the
region fed by the highest particle sources, whose poloidal dis-
tribution is summed toroidally and plotted in figure 9(b).

In this figure, a slight mismatch between the toroidal angle
of the wall cut (φ = 14◦) and of the EMC3-EIRENE mesh
(φ = 14.6◦) gives the impression that non-zero values of the
emissivity and particle source are found inside the divertor

Figure 10. Toroidal profile of the plasma parameters computed by
EMC3-EIRENE, poloidally averaged in the region of highest
toroidal emissivity variation. (a) The plasma emissivity (teal fill)
and the density of carbon impurity charge states (colored lines) vary
considerably with toroidal angle. (b) The radiation peak is
associated with a region of high electron density (blue) and low
electron temperature (red).

material. In reality, all the cells visualized fall inside the
plasma volume. Cells that belong to flux tubes that lie mostly
or entirely inside materials are automatically discarded from
the analysis.

A region of interest (ROI) is defined to focus the analysis on
the plasma volume that exhibits the largest toroidal emissivity
variation. This is done by selecting the flux tubes for which
δε > 75% (red in figure 9). At each toroidal angle, the plasma
parameters inside this selected area are averaged poloidally.
The toroidal profile of these poloidally averaged quantities is
visualized below in figure 10.

Inside the ROI, a significant toroidal variation of the plasma
parameters is observed. As shown in figure 10(a), the carbon
impurity density (colored lines) is toroidally asymmetric. The
non-uniform impurity concentration is sustained by particle
sources originating from recycling [29]. Hence, the maximum
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Figure 11. (a) Synthetic image of the IRVB chord brightness corresponding to the radiation distribution of figure 7(b). (b) Computed heat
flux data projected on the IRVB FoV.

impurity density is localized in the toroidal range φ = 0◦ −
18◦, where most of the plasma-target interaction takes place.
This is accompanied by a local build-up of main ion density, as
noticeable from the ne profile shown in figure 10(b) (blue). In
particular, the distribution of the lower impurity charge states
(C1+ and C2+, darker colors in figure 10(a)) is particularly
localized. This indicates that the ionization mean free path of
the carbon neutrals is short enough for them to start being ion-
ized within the ROI and produce an ion source localized near
the neutral particle source. At the same time, transport of the
impurity ions is fast enough compared to their ionization rate,
so carbon ions can penetrate relatively deeply into the plasma
before being ionized further. This causes lowly ionized car-
bon ions to be found at higher temperatures than coronal equi-
librium would allow. For example, coronal equilibrium pre-
dicts the abundance of the C1+ and C2+ charge states to peak
at about Te = 1.0 eV and Te = 5.0 eV respectively, whereas in
the EMC3-EIRENE solution their highest density is found at
Te = 7.0–10.0eV [35]. Under these conditions, their emissiv-
ity is strongly increased [36].

The three-fold contribution of higher impurity density,
electron density, and non-coronal effects gives rise to a loc-
alized enhancement of the plasma radiative efficiency in the
recycling region. This is reflected in the toroidal profile of radi-
ated power (teal fill in figure 10(a)): its intensity varies by up to
a factor×10 across the half-module and peaks giving rise to a
peak in the radiated power atφ = 5◦. The resulting volumetric
cooling effect leads to a drop in the local temperature Te (red

in figure 10(b)) and a further build-up of density supported by
pressure conservation along the field line.

The simulated behavior is consistent with the radiation fea-
tures observed in the experiment and reported in figures 6
and 12. The combination of IRVB, thermography, and tomo-
graphy data indicates that radiative power losses in the island
divertor are characterized by a fully three-dimensional distri-
bution. The consequence is a non-uniform power dissipation
inside the stellarator module, with significant implications for
the exhaust capability of the machine and global power bal-
ance assessments [24]. In the poloidal plane, the emissivity of
the 3D attached radiating structure peaks near the target plates,
slightly lifted from the target surface. This is currently under-
stood to be due to the dominant role of particle source effects
to the radiative efficiency on the open field lines [29]: sputter-
ing and recycling at the strike point lead to a localized buildup
of impurity and main gas ions, dictating the observed toroidal
gradients. Hence, the radiation peak is toroidally localized to
the region of highest power/particle flux, as evident from the
similarity between radiated power measured by IRVB and heat
flux measured by thermography (see figure 6).

Finally, figure 11(a) reports the synthetic IRVB measure-
ment of a detached EMC3-EIRENE solution. In this case,
the same mesh and all plasma parameters as in figure 7(b)
are employed, but the radiated power fraction is increased to
frad = 0.8 by adjusting the impurity content. Compared to the
attached case of figure 8(a), the detached data exhibits higher
toroidal symmetry of the radiated power pattern, consistently
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with the experiment (see figures 6(a) and (b)). Again, the
emissivity near the upper and lower X-points is enhanced. The
correlation factor with the reference uniform pattern in this
detached simulation is only slightly higher, at corr(p, pref) =
2.4%.

According to the higher radiated power fraction, the heat
flux to the target is reduced on both target plates. However,
two fainter bands of power deposition < 0.6MWm−2 remain
visible, as shown in figure 11(b). During detachment, there
is again a lower correlation between radiated power and tar-
get heat flux, which is in agreement with experimental results.
However, the radiation intensity computed by EMC3-EIRENE
is expected to increase at detachment (notice the different
color bar between figures 8(a) and 11(a)), while the oppos-
ite behavior is observed in the experiment. Investigating this
toroidal radiation redistribution effect and its modeling will be
the scope of future work.

5. Conclusions

Recent experimental data from the newly installed IRVB dia-
gnostic was used to characterize the plasma radiated power
distribution in the island divertor. In particular, the IRVB
is able to resolve toroidal gradients thanks to its wide FoV.
A clear correlation between target heat flux and radiated
power was consistently found in attached plasma conditions.
The SOL divertor radiation features were found to be tor-
oidally localized near the region of peak power load depos-
ition. This is consistent with tomographic reconstructions per-
formed on an independent (resistive) divertor bolometry sys-
tem. The toroidal uniformity of the SOL plasma emissiv-
ity imaged by IRVB was found to increase during radiation
detachment, as indicated by both qualitative and quantitative
assessments using toroidal mapping and a toroidal correlation
factor. Similar results were obtained from EMC3-EIRENE
simulations of carbon impurity radiation. A factor ×10 vari-
ation in the parallel plasma emissivity was calculated for the
flux tubes magnetically connected to the divertor target plate at
a short parallel distance. The emissivity peak was justified by
a significant density buildup of main ions and impurities and
non-coronal enhancement of the carbon radiative efficiency.
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Appendix

A.1. Non-standard configurations

Figure 12 shows a comparison between the line-averaged
emissivity from IRVB (upper) and the power load deposition
pattern (lower) for three configurations of the W7-X mag-
netic field configurations: low-iota (left), high-mirror (center),
and low-mirror (right). These refer to field geometries respect-
ively with a lower iota (i.e. rotational transform, inverse of
the safety factor), or higher/lower mirror ratio with respect
to the W7-X standard configuration [21]. They are chosen for
their markedly different pattern of power deposition inside the
IRVB FoV. Respectively, this is mostly limited to the hori-
zontal target, the vertical target, and the horizontal target at
a closer distance to the pumping gap. Due to a lack of ther-
mography data, the heat flux for figure 12(c) is currently not
available. Instead, the heat flux shown in figure 12(f ) is com-
puted for another discharge with comparable plasma paramet-
ers (input power, line-integrated density, radiated power, mag-
netic configuration).

A.2. Small plasmas

Small plasma scenarios provide a good example of improved
toroidal symmetry since they offer a steady-state radiation
pattern that is entirely limited to the confined volume [22,
37]. As shown in figure 13(a), the poloidal radiation distri-
bution of a small plasma presents a geometrically simple,
flux-surface aligned hollow radiation ring. Being a radiation-
limited regime, the heat flux reaching the target is approxim-
ately null (<0.2MWm2 everywhere) since the radiated power
fraction is unitary and the radiation is more uniformly dis-
tributed. The toroidal uniformity of line-averaged emissiv-
ity measured by IRVB is remarkable, as noticeable from
figure 13(b). For comparison, a toroidally symmetric synthetic
IRVB measurement is generated from the tomographic recon-
struction following the same logic as before. The result is
plotted in figure 13(c). Measured and mapped image show
good agreement both in terms of location of the radiation front
and toroidal radiation distribution, demonstrating the toroid-
ally symmetric character of the small plasma radiation. This
is proven by the correlation between the measured power and
the uniform reference corr(p, pref) = 6.3%, which is higher
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Figure 12. Line-averaged emissivity measured by IRVB during a steady-state attached phase in the (a) low-iota, (b) high-mirror, and (c)
low-mirror magnetic field configuration. The associated total radiated power in all cases is about P cor

rad = 1.0MW. (d)–(f ) Corresponding
divertor heat flux computed using THEODOR. (f ) Is computed for a plasma discharge at comparable plasma parameters due to the lack of
more recent thermography data.

Figure 13. (a) A tomographic reconstruction of the poloidal radiation distribution during a small plasma event. The (b) line-averaged
emissivity measured by IRVB is compared to the one (c) mapped to the IRVB FoV from the tomogram. The standard magnetic island
geometry at φ = 14◦ is overlaid for reference as in figure 1(b).
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than both the attached and the detached phase of the plasma
discharge analyzed in section 3. The magnitude of the plasma
emissivity differs by±10%, which could be due to calibration
errors.
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