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ABSTRACT
Power exhaust is one of the central challenges in magnetically confined fusion plasmas. Radiative detachment can be employed to reduce
particle and heat fluxes to the divertor target, mitigating divertor damage and erosion. However, accomplishing this for a non-axisymmetric
machine such as Wendelstein 7-X is a non-trivial task because of the complex role of transport and plasma-wall interaction in a three-
dimensional magnetic field topology. We introduce a new bolometer camera design that can be easily installed in multiple toroidal locations
and adapted to the required geometry, providing additional spatial coverage. This can be used to locally enhance tomographic capabilities or
to resolve spatial variations of the plasma emissivity. By including these non-uniformities in the total radiated power estimate, global power
balance measurements can be improved. We model each bolometer camera using ray tracing. We then analyze the forward-modeled detector
response to several physically motivated synthetic emission phantoms with respect to its capability to quantify the local average emissivity.
The results prove this concept as a promising asset for the investigation of poloidal and toroidal radiated power asymmetries in Wendelstein
7-X. The first CBC prototypes have undergone development and installation for the next experimental campaign.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0207762

I. INTRODUCTION

When compared to tokamaks, stellarator reactors promise a
more stable, steady-state plasma operation, which is ideal for appli-
cations in a fusion power plant. On the other hand, this increased
reliability requires a more complicated, three-dimensional magnetic
field topology. This makes stellarators more challenging to design
and study when compared to the axially symmetric tokamaks.1

The Wendelstein 7-X (W7-X) magnetic field geometry presents
a five-fold stellarator symmetry, meaning that the machine is com-
prised of five identical modules with radial extent Δφ = 72○. In the
W7-X naming convention, magnetic modules are assigned a number
M from 1 to 5, as demarked with black lines in Fig. 1. Each magnetic
module M can be further divided into two stellarator-symmetric
half-modules, referred to as M0 and M1. Here 0(1) identifies the
first (second) half of the module when moving anticlockwise in the
top-down view of the machine.

Power and particle exhaust within each magnetic module is
achieved by employing two stellarator-symmetric divertor units:2
one upper divertor and one lower divertor [see Fig. 2(a)]. This gives
a total of ten discontinuous divertor units, as visible in Fig. 1. Since
the target structures do not extend over the entirety of the mag-
netic module, two toroidally separated zones can be distinguished:
a divertor region where most of the plasma-wall interaction takes
place, and a core region in between the divertor targets (left-hand side
and right-hand side of Fig. 3, respectively). The former extends over
the bean-shaped symmetry plane at φ = 0○, which separates the two
half-modules, while the latter is centered on the triangular symmetry
plane at φ = 36○.

A large power flux density deposited on the target plates—
above the material limits of 10 MW m−2—endangers the target
integrity.3,4 High target temperatures enhance erosion, shortening
the target lifetime, diluting the plasma, and cooling the plasma core.
Establishing a detached and highly radiative regime can provide
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FIG. 1. Current and envisaged bolometer cameras in Wendelstein 7-X: core bolom-
etry (green), divertor bolometry (blue), infrared imaging video bolometry (orange),
and CBCs (red, numbered Nos. 1–4). Modules one to five are separated with black
solid lines. The divertor targets are included, as are the non-planar coils and ves-
sel structure of module one. One triangular and one bean-shaped symmetry plane
are highlighted in teal color.

a power exhaust solution since the radiation emission is an effi-
cient power dissipation mechanism.5,6 The radiated power fraction
frad = Prad

Pheat
is defined as the ratio of the total plasma radiated power

Prad over the total heating power absorbed by the plasma Pheat . In
a fusion reactor, accurate control of frad will be required to ensure
compatibility of the power exhaust with target material limits. For
instance, safe operation of the high fusion gain scenario at ITER
will demand a radiated power fraction of at least frad = 0.8.7 In this
case, Pheat is the sum of alpha heating and additional external heating
applied to the plasma. At the Demonstration Power Plant (DEMO),
an even greater frad = 0.95 will be necessary to optimize the life-
time of the plasma-facing components (65% radiatively dissipated

FIG. 3. Coordinates of a divertor unit as a function of toroidal angle φ and vertical
coordinate z (derived from Ref. 16). An outline of the island geometry in the stan-
dard magnetic field configuration for various toroidal angles is included at the top:
0○ corresponds to the bean-shaped cross-section, while 36○ corresponds to the
triangular plane. The magnetic axis is overlaid in teal color.

within the confined volume and an additional 30% in the plasma
boundary).8,9 To achieve this level of performance, reliably measur-
ing the emissivity profile and the total radiated power, as well as
accurate (<5%) control of the plasma radiated power fraction, are
of paramount importance.

In the field of high-temperature plasmas, metal foil bolometers
are a consolidated diagnostic device for radiated power measure-
ments. More precisely, bolometer detectors measure the absolutely
calibrated plasma radiated power, integrated along the detector
line-of-sight (LoS).10,11 Radiated power measurements at W7-X
are currently performed by a combination of resistive and imag-
ing bolometer diagnostics. Figure 2 reports the LoS geometry of
all the resistive bolometer cameras, using the same color-coding
introduced in Fig. 1. The more consolidated bolometer diagnostic
at W7-X consists of a pair of resistive bolometer cameras view-
ing the triangular symmetry plane between half-modules 21 and
30 (second half of module two and first half of module three).

FIG. 2. LoS geometry of the current W7-X resistive bolometer cameras and of the finalized CBC designs. Red cameras are of the CBC type, following the same numbering
and color coding as Figs. 1 and 9. (a) CBC No. 1, (c) CBC No. 3, and (d) CBC No. 4 fully cover the plasma poloidal cross-section, while CBC No. 2 complements the
(b) divertor bolometry system. The LoS geometry of CBC No. 4 is almost equivalent to HBCm in the (e) core bolometry system. A poloidal cut of the W7-X vessel wall is
schematized with black lines, with the half-module-equivalent toroidal angle noted on top. Solid lines identify the central LoS of each channel. For each CBC, the pinhole axis
is plotted as a black dashed line, and the 2D projection of the extent of each LoS cone is represented with a colored fan. Areas of darker color indicate regions of overlap
between neighboring channels.
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This is located in the core region of the plasma, hence the name
core bolometry system12 [green, Fig. 2(e)]. The core bolometry sys-
tem is designed to perform radiation tomography in an up–down
symmetric configuration.13,14

More recently, the setup has been upgraded by installing two
additional bolometer diagnostics: a divertor bolometry system [blue,
Fig. 2(b)] and an infrared imaging video bolometer camera, or IRVB
(orange). These two are set in the divertor region at the quasi-
bean-shaped cross-section in half-modules 40 and 51, respectively
(at φ = 13○ in Fig. 3). Due to the stellarator geometry, the latter
two locations are equivalent, but they are flipped upside down with
respect to each other in real space. The divertor bolometry system is
a set of four resistive cameras offering a higher LoS density on the
lower divertor for a more highly resolved radiation front localiza-
tion in the target interaction region. In addition, the LoS coverage
should be sufficient to perform tomographic inversions of the diver-
tor radiation. The IRVB is instead a bolometer of the imaging type.15

This diagnostic provides a 2D view of the plasma, allowing it to
discriminate the emissivity in the toroidal direction.

In a toroidally symmetric machine, a correct estimation of
Prad requires a measurement of the average poloidal emissivity.
This can be performed without the need to perform tomographic
inversions of the radiation distribution. Instead, a proxy for the
average emissivity within a bolometer camera field-of-view (FoV)
can be obtained by averaging the line-integrated signals with proper
geometrical weighting factors [see Eq. (B6)].14 Still, for this measure-
ment to be possible, the full plasma cross-section in the poloidal
plane must be covered by the detection volume of one or more
bolometer detectors. This can be achieved with a single fan-shaped
array of resistive bolometer foils, such as the horizontal bolome-
ter camera (HBCm)14 indicated on the right-hand side of Fig. 2(e).
However, one implication of the stellarator geometry is the asym-
metric distribution of plasma parameters (most notably electron
density ne, electron temperature Te, and impurity density nimp).
As a consequence, radiation emission in a stellarator is expected
to follow a 3D pattern.17 This assumption is supported by experi-
mental and modeling results in W7-X, suggesting the presence of
toroidal and up–down poloidal radiation asymmetries, especially in
the plasma edge.14,18,19 These can be due to volumetric effects, edge
asymmetries, and recycling in the target interaction region.5,18,20

In stellarators like W7-X, two main forms of toroidal asymme-
tries can complicate the task of estimating the total radiated power
from a bolometer measurement localized in one poloidal plane. The
first kind is an asymmetry within the same half-module, causing a
toroidal gradient of the radiated power density along a flux tube.
Assuming that stellarator symmetry between different half-modules
still holds, this effect can be taken into account by measuring the
plasma emissivity at several poloidal cross-sections.21 Hence, good
LoS coverage of at least one half-module is required to obtain a com-
plete assessment of the 3D structures of the radiative losses. The
second kind is an asymmetry between different half-modules or a
violation of the stellarator symmetry principle. This symmetry can
be broken, for example, by drift effects,14 error fields,22 or localized
seeding of impurities.23 Experimentally, multiple observations from
equivalent diagnostic ports situated in different half-modules can
provide validation of the stellarator symmetry principle.

This work introduces a new Compact Bolometer Camera
(CBC) concept as a cost-effective solution to assess both the afore-

mentioned kinds of radiated power asymmetries. A CBC is a small-
size resistive bolometer diagnostic whose aim is to complement
the existing W7-X bolometry setup, which is optimized to provide
tomographic capabilities in one specific poloidal cross-section. The
CBCs will allow to investigate asymmetries on a large scale, at the
expense of spatial resolution. Multiple CBCs can be installed in
various toroidal locations to test the assumption of stellarator sym-
metry and check for the toroidal distribution of radiated power. At
the same time, CBCs that are set in a symmetry plane can iden-
tify poloidal up–down or in–out asymmetries, depending on their
vantage point.

The paper opens with an introduction to the CBC design in
Sec. II. An analysis of a set of EMC3-EIRENE24 computed radiation
data follows in Sec. III. The simulated data are used to assess the 3D
aspects of the plasma radiation distribution. Based on these expected
features, the CBC sightline geometry is optimized in Sec. IV. Here,
the camera performance results and the improvements in the total
radiated power estimate are summarized.

II. THE COMPACT BOLOMETER CAMERA (CBC)
The CBC is a concept for small-size pinhole bolometer cam-

eras with resistive metal foil detectors. A CBC measures the local
average poloidal emissivity with just five or six broad LoS while tak-
ing advantage of as many diagnostic ports as possible, distributed
toroidally throughout the W7-X machine. Furthermore, a CBC can
be used to complement an already existing bolometer system by
introducing more bolometer sightlines in plasma regions lacking
sufficient coverage. For this purpose, the camera design has to be
inexpensive, easily applicable to many of the port viewing geome-
tries, and compact to require minimal port space. This is achieved
by reducing the camera concept to its essential components, high-
lighted in Fig. 4: detectors, protective housing, and electrical connec-
tion to deliver the acquired signal to the measurement units. More
details regarding the engineering of the CBC design can be found in
Appendix A.

We propose four new CBCs for four different diagnostic ports
in half-module 40, whose locations are numbered 1 to 4 in Fig. 1.
Their respective sightline geometries are visualized in red color in
Fig. 2. CBCs Nos. 1, 3, and 4 will be used to estimate the local
average poloidal plasma emissivity. All these CBCs will cover the
full plasma poloidal cross-section, each at their respective toroidal
location. CBC No. 1 [Fig. 2(a)] and CBC No. 3 [Fig. 2(c)] mea-
sure near the bean-shaped symmetry plane and the tear-shaped
cross-section, respectively. CBC No. 4 [Fig. 2(d)] provides a LoS cov-
erage of the triangular symmetry plane that is almost equivalent to
HBCm [Fig. 2(e)]. These three cameras together will yield toroidally
resolved measurements of the average poloidal plasma emissivity
over the larger portion of a half-module. On the other hand, CBC
No. 2 [Fig. 2(b)] will complement the divertor bolometry system.
The five new sightlines will provide additional coverage in the upper
divertor area where the LoS density is the lowest and a secondary
vantage point to better separate the local emissivities. This translates
to lower inversion errors and improved tomographic capabilities
(quantifying this improvement will be the scope of future work and
is not discussed here).

Each CBC consists of a protective box, housing five or six
resistive bolometer foils, temperature sensors, and the necessary
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FIG. 4. (Left) Central lines-of-sight of CBC No. 1 superimposed to a Poincaré plot of the W7-X standard magnetic configuration and a cut of the vessel walls (φ = 5○).
(Center) Main components of the CBC housing and (right) exploded view of the one-channel bolometer head. The inexpensive and flexible design facilitates installation in
multiple diagnostic ports.

cabling. In the CBC design, each bolometer LoS is implemented
as a newly designed one-channel head, improving the flexibility
of the LoS geometry. A rendered image of the one-channel head
design is reported in Fig. 4 right-hand side and Fig. 15. The detec-
tor elements themselves are identical and directly comparable to
the already established resistive bolometer chips.10,14 However, the
detection solid angle as well as the signal-to-noise ratio are increased
by widening the pinhole and reducing its distance to the detectors.
This way, a very large FoV angle can be achieved to provide full cov-
erage of the plasma poloidal cross-section with just a few channels
(see Fig. 2 and the left-hand side of Fig. 4). For example, in the core
bolometry system [see Fig. 2(e)], the triangular cross-section is fully
covered by HBCm with a total of 32 sightlines. An equivalent full
coverage can be obtained by a single compact camera—CBC No. 4
[see Fig. 2(d)]—mounting only five channels. At the same time, the
lower LoS collimation causes poorer spatial resolution.

The housing box containing the CBC detectors is installed in
the W7-X cryostat through one of the available diagnostic ports.25

In the core and divertor bolometry systems, this is performed by
mounting the detector heads on the far end of a ∼2 m long immer-
sion tube, which provides shielding and support. The immersion
tube also carries all the necessary cabling for signal acquisition, as
well as the pipes for the pneumatic shutter actuation and the water
cooling. Once assembled, it is slid into the cryostat from the outside,
plugging the port.12 For example, the set of four cameras composing
the divertor bolometry system [blue lines in Fig. 2(b)] are mounted
on two separate immersion tubes. Using the W7X port names, every
port is identified by a specific three-letter acronym followed by the
half-module number. One of the two immersion tubes plugs the
AEJ40 port (AEJ port of half-module 40) and mounts the two out-
board cameras AEJCOR and AEJDIV. The second one plugs into
the inboard port AEL40, hence the names of the two cameras, AEL-
BOT and AELTOP. A Computer-Assisted Design (CAD) drawing
of the latter immersion tube is reported in the lower panel of Fig. 5.
The electronic cables (for the temperature sensors and the bolometer
detectors) are missing from this picture.

Contrarily to the core and divertor bolometry systems, a CBC
includes no pinhole shutter mechanism and no active cooling sys-
tem, as shown in the upper panel of Fig. 5. This, together with
the reduced number of channels, allows for a more simplified and
lightweight design of the detector housing box and cable feed-
through pipe. By fixing these directly on the water-cooled diagnostic
port liner, the necessary mechanical stability and heat sink can be
achieved without the need for an immersion tube. Foregoing, the
diagnostic immersion tube considerably reduces the needed port
space, design cost, and complexity. At the same time, the dimen-
sion of the housing box (10–20 cm, as shown in the central panel

FIG. 5. Comparison between the design of (upper) CBC and (lower) one immersion
tube of the divertor bolometry system. Their sightline geometries are reported in
Fig. 2(b) as CBC No. 2 and AELBOT/AELTOP, respectively. Dotted lines set the
boundaries of the three different zones, from outermost to innermost: torus hall,
cryostat, and plasma vessel.
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of Fig. 4) is typically considerably larger than the W7-X diagnostic
ports—hence the name “compact.” Since the port is not plugged by
an immersion tube, and given the contained size of the housing and
feed-through components, a CBC can be installed alongside other
diagnostics and share the port space.

For reference, CBC Nos. 1–4 are assigned to the four ports
AEE40, AEK40, AEM40, and AEU40, respectively. Both the CBC
housing and cable feed-through are modular and can, therefore, be
manufactured in series and efficiently adapted to any of the W7-
X diagnostic ports. For each port geometry, the camera design can
be adapted by studying its synthetic response to plasma radiation,
which in this study is modeled using a ray tracing routine. This
step can be repeated for many different iterations of the CBC design
to determine the optimal camera geometry, as will be discussed in
Sec. IV A.

III. EMISSIVITY DISTRIBUTION
This section identifies a set of radiation phantoms that we can

employ in Sec. IV A to optimize the CBC design based on the syn-
thetic camera response. These have to reflect the most commonly
observed radiation features in W7-X. We begin with some simplified
mock-ups in Sec. III A, while Sec. III B treats phantoms from simu-
lations. Only the standard magnetic field configuration is discussed
here.26

A. Mock-up radiation phantoms
Recent experimental studies on the 2D radiation profile at W7-

X have uncovered consistent plasma behavior depending on the
electron density ne and the radiated power fraction frad.14 Most
notably, at relatively low density and low frad, the plasma radiation
profile tends to be hollow, peaked at the plasma edge, and with an
almost uniform poloidal distribution (so-called “ring” pattern).14 On
top of this, a broader and low-intensity cloud of radiation can some-
times be observed in the confined region around the magnetic field
axis. This is associated with the penetration of impurities and neu-
tral hydrogen.14,27,28 At higher density and frad, the island structure
starts to emerge, with radiation peaking close to the X-point loca-
tions.14 An overall up–down asymmetry in the radiation intensity
appears as well, with the lower X-points radiating more (less) than
the upper ones in forward (reversed) field polarity.14 Furthermore,
during radiation collapse events, the plasma can shrink to approxi-
mately half of its original volume. This phenomenon—often referred
to as “small plasma”—is accompanied by a significant amount of
core emission and the movement of the radiation front radially
inside the Last Closed Flux Surface (LCFS).27,29

Based on these findings, a set of six representative mock-
up phantoms is defined. As reported in Fig. 6, these represent,
respectively,

(a) constant emissivity ring,
(b) up–down asymmetric ring,
(c) up–down asymmetric ring,
(d) core emission,
(e) small plasma and,
(f) up–down asymmetric ring with core emission.

FIG. 6. Mock-up phantoms of the plasma emissivity employed in the optimiza-
tion process. The magnetic island structure is indicated with a dashed green line.
These phantoms represent the most common broad features observed experi-
mentally: poloidally (a) symmetric and [(b), (c), and (f)] asymmetric rings, (d) core
emission, and (e) small plasmas. Each phantom is given the same weight in the
procedure.

The mock-up radiation distributions in the poloidal plane are
generated using functions of the radial and poloidal coordinates of
the magnetic equilibrium obtained from the Variational Moments
Equilibrium Code (VMEC).30 The functions used are Gaussian func-
tions with different characteristic radial/poloidal lengths to control
the smoothness and symmetry of the radiation rings. The associated
total Prad of each mock-up phantom is ∼1 MW.

B. EMC3-EIRENE radiation phantoms
Carbon radiation is the main contributor to radiative power

losses in W7-X.28 This is especially true after wall boronization,
which suppresses oxygen and other impurities.28 In order to apply
radiation phantoms that are as realistic as possible, we employ
EMC3-EIRENE24 simulations of the plasma radiation from the
dominant low-Z carbon impurity.24,27,31 Each simulation is set in
standard magnetic field configuration, with varying set values for the
particle diffusion coefficient D (m2 s−1), heat diffusion coefficient χ
(m2 s−1), radiated power Prad, applied heating power Pheat , and sep-
aratrix electron density nsep (m−3). For all the following cases, the
latter two are set to Pheat = 5 MW and nsep = 3 × 1019 m−3. The heat
diffusion coefficient is scaled with the particle diffusion coefficient
so that χ = 3D.32,33

The emissivity per voxel due to each impurity species Zimp is
calculated from the computed impurity ion density nimp, electron
density ne, and temperature Te local information using
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FIG. 7. Poloidal distribution of the radiated power density from carbon impurities
in the symmetrical triangular plane, simulated by the EMC3-EIRENE code. The
core bolometry system is located at this toroidal angle [see Fig. 2(e)]. Each island
is numbered one to five following the VMEC poloidal coordinate. Emission from
the inboard island is enlarged on the left-hand side with the island O-point and
X-points highlighted.

ε(ne, Te) = ne

Zimp−1

∑
z=0

nimp, zLz(ne, Te). (1)

Impurity atomic data are also required in the form of a radiation
loss function Lz , taken from the Atomic Data and Analysis Structure
(ADAS) system.34,35

Across all the studied simulations, some consistent features are
identified: the overall distribution of the plasma emissivity near the
separatrix is flux surface aligned, with stronger gradients in the radial
direction compared to the poloidal one. Figure 7 reports a typical
EMC3-EIRENE emissivity distribution in the triangular plane (note
the logarithmic scale of the color map). Due to the relatively large
temperatures inside the confined region, the carbon impurity radia-
tion is predominantly located in the cooler edge and islands. Most of
the radial heat flux entering the Scrape-Off Layer (SOL) is diverted
by the parallel transport, causing the radiation front in the SOL to
follow a radially extended separatrix (white dashed line on the left-
hand side of Fig. 7). The intensity of the radiation front peaks in
between each island O-point and the two X-points. Approaching the

X-point, the magnetic field pitch angle decreases, and the orientation
of the radiation front changes from predominantly parallel to the
extended separatrix to predominantly perpendicular to it (pointing
radially outward).36,37

In this study, we utilize a regular EMC3-EIRENE that extends
over one stellarator half-module (Δφ = 36○). The 3D structure of the
grid is aligned with the magnetic field direction and with the con-
fined flux surfaces (separatrix), allowing the definition of a radial,
poloidal, and toroidal index for each voxel based on the magnetic
coordinates. The grid radial and poloidal direction is aligned with
the “unperturbed” flux surfaces; hence, the magnetic island flux sur-
faces are missing. However, the parallel structure is respected by the
alignment with the magnetic field. In this case, the grid presents 139
sections in the radial direction, 512 sections in the poloidal direc-
tion, and 36 sections in the toroidal direction. By taking advantage of
this indexing, we can average the emissivity in different directions,
generating profiles of the radiation distribution. Since the radiated
power contribution of each voxel is given by the product of its radi-
ated power density and associated volume, this average is weighted
using the individual voxel volumes as weights.

We begin by averaging together all the voxels in the poloidal
and toroidal directions, collapsing the distribution on the effective
minor radius coordinate. The obtained 139 points that define our
average radial profile of the carbon radiation are plotted in Fig. 8(a).
As D and χ increase in the simulations (dashed lines), the radial and
poloidal gradients of the emissivity spatial distribution tend to be
smaller. At the same time as the emissivity profiles are smoothed out,
the radiation front peaking location is shifted inwards toward the
separatrix. A similar smoothing applies to the poloidal and toroidal
profiles, which are discussed later [Figs. 8(b) and 9]. However, for
D = 0.2–0.5 m2 s−1, the finest peak structures are still below the
average spatial resolution of bolometer LoS of ∼3 cm. Focusing on
the radiated power fraction dependence, at lower (higher) D, the
radial width of the averaged radiation peak is reduced (increased)
at larger frad. As frad approaches unity, the low-temperature region
with conditions for efficient low-Z radiation moves toward the sep-
aratrix. These effects are consistent with detachment physics and
simulations from previous publications.36,37

FIG. 8. (a) Radial profile of the EMC3-EIRENE emissivity distribution of carbon radiation. The radial position of the plasma separatrix is indicated with a dotted vertical line,
and the divertor target intersection area (at φ = 0○) is grayed out. (b) Poloidal profiles of the EMC3-EIRENE emissivity distribution of carbon radiation at (left) lower and (right)
higher diffusivity. The location of the five island X- and O-points in the poloidal direction is represented with teal dashed and solid lines, respectively. The island numbering is
consistent with Fig. 7. The radiation front movement with increasing frad toward the separatrix and toward the X-points is accentuated at higher diffusivity.
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FIG. 9. Toroidal profiles of the EMC3-EIRENE emissivity distribution of carbon radi-
ation at (upper panel) high and (lower panel) low diffusivity. The coverage provided
by each bolometer camera is indicated by color bands, using the same color-
coding as in Fig. 1: green for core bolometry (Core), blue for divertor bolometry
(Div), red for the CBCs (numbered 1–4 in the upper panel), and orange for the
IRVB. The degree of toroidal asymmetry over a half-module is enhanced in the
lower diffusivity cases.

A similar behavior is observed in the poloidal profile of the car-
bon radiation, shown in Fig. 8(b). Here it is possible to identify ten
local emission maxima, or two per one of the five islands. In this
case, the ten emissivity peaks shift away from the island O-points
toward the island X-points at higher D or frad, while their FWHM is
reduced. This movement is accentuated at higher diffusivity, to the
point where each two neighboring maxima nearly merge at the X-
point. Although condensation of the radiation around the X-point at
high radiated power fraction has been consistently observed during
experiments, its details are still to be understood.14,27

Notably, since drifts are not included in the EMC3-EIRENE
code, significant deviations from the experiment are expected. For
example, the poloidal profile of the plasma emissivity is exactly
up–down symmetric in the two symmetrical cross-sections: the tri-
angular plane and the bean-shaped plane. As the poloidal profile
presented in Fig. 8(b) is averaged over a half magnetic period,
an apparent asymmetry arises such that plasma radiation from
the upper—1, 2—and lower—4, 5—islands is not identical. This

is purely caused by the asymmetric nature of one individual half-
module and is not to be confused with the experimentally observed
up–down asymmetry,14 which is not captured by EMC3-EIRENE.

Finally, we observe a non-uniform toroidal distribution of
the SOL carbon radiation inside a 3D flux tube. As reported in
Fig. 9, the consequence is a considerable gradient of the average
poloidal emissivity in the toroidal direction. The toroidal asymme-
try is accentuated for low radiated power fraction (darker colored
lines) and low diffusivity (lower panel). In the D = 0.2 m2 s−1, the
value most commonly used at W7-X,32 the variation is up to ±30%.
The radiated power density is found to be the highest in the diver-
tor region, where the main plasma-wall interaction happens. The
poloidal average emissivity peaks within φ = 0○–18○, consistent with
the location of peak heat deposition on the target.38 In the higher
diffusion cases (higher panel), the maximum variation is a much
lower ±5%. Notably, the plasma volume in each poloidal cross-
section, including the magnetic islands, varies by only ±1% as a
function of the toroidal angle. This means that the change in radi-
ated power density is not a volumetric effect but is rather driven by
a non-uniformity in the plasma parameters such as electron density,
temperature, and concentration of a given impurity charge state. All
the aforementioned parameters vary along the toroidal direction.

Such a prominent toroidal asymmetry means that the total
plasma radiated power can be significantly under or overestimated
when it is—toroidally—extrapolated from a local bolometer mea-
surement [see Eq. (B6)]. This extrapolation error would in turn
lead to large global power balance errors. Attempts to correct for
it have so far been limited to the inclusion of a fixed re-scaling
factor assessed through modeling, which depends on magnetic
field geometry and plasma conditions.39 Alternatively, a trained
weighted average of the individual line-integrated emissivities could
be applied.40

Based on the EMC3-EIRENE predictions, experimentally we
should observe large deviations when comparing the average emis-
sivity measured by several toroidally separated bolometer diag-
nostics. With the current setup, this variation is expected to be
significant across the IRVB view, in the toroidal direction (φ = 5○

to φ = 18○ in Fig. 9). Moreover, a comparison between CBC No. 1
(φ = 5○) and CBC No. 4 (φ = 35○) measurements should exhibit a
large discrepancy in this sense. This information would be crucial
not only to understand the behavior of 3D radiation asymmetries
as a function of plasma parameters but also to improve our current
estimation of the global radiated power. The improved coverage,
depicted in Fig. 9, will provide new information on the degree of
toroidal variation of the emissivity.

It can be noticed from Fig. 9 right-hand side that the CBC No.
4 sightlines overlap with the core bolometry system, making its mea-
surement of the average plasma emissivity redundant. However, as
mentioned at the end of Sec. II, the LoS coverage from CBC No. 4
is almost equivalent to the one of HBCm [compare CBC No. 4 in
Fig. 2(d) with HBCm in Fig. 2(e)]. This provides an equivalent mea-
surement from a different magnetic module that can be directly used
to validate the stellarator symmetry principle.

In order to include these radiation features predicted by
the EMC3-EIRENE code, three simulated radiation phantoms are
selected for the geometry optimization procedure described in
Sec. IV A. Following the numbering reported in Fig. 10, they
correspond to
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FIG. 10. EMC3-EIRENE phantoms of the plasma emissivity employed in the
optimization process, mapped on the regular ray tracing grid. These phantoms
complement the set of mock-ups reported in Fig. 6 and represent the three cases:
(g) low D and low frad , (h) low D and high frad , and (i) high D and low frad . Notice
the logarithmic color bar scale.

(g) D = 0.2 m2 s−1, frad = 0.5,
(h) D = 0.2 m2 s−1, frad = 0.9 and,
(i) D = 1.0 m2 s−1, frad = 0.5.

A value of D = 0.2 m2 s−1 is chosen for the diffusion coefficient,
with an intermediate and a high radiated power fraction case. The
choice of D is based on previous studies and comparisons between
experiments and modeling.32 A third D = 1.0 m2 s−1 simulation is
used as a comparison at high diffusivity. The calculated emissivity
values are interpolated from the EMC3-EIRENE simulation grid to
the same 3D mesh used for the mock-up radiation phantoms shown
in Fig. 6, the latter presenting a much coarser voxel size. This differ-
ence in spatial resolution is evident when comparing the emissivity
distributions reported in Figs. 7 and 10.

IV. RESULTS AND DISCUSSION
This section details the modeling of the CBC response and the

expected performance of each camera. Section IV A describes the
main parameters determining the LoS geometry and how they are
optimized. In Sec. IV B, the final CBC designs are tested in terms of
their capability to identify poloidal and toroidal asymmetries.

A. CBC geometry optimization
By taking advantage of a fast ray tracing routine, we can scan

over many LoS geometries and assess the camera response. To sim-
plify camera design and construction, we set a constant focal length
for all detectors and a symmetric placement of the detector fan rel-
ative to the pinhole axis, or the vector normal to the slit surface and
centered on its centroid (black dashed lines in Fig. 2). We optimize
the four CBC designs in terms of their location, pinhole size, focal
length d, and aperture angle of the camera FoV θ. The latter two
quantities, respectively, correspond to the distance between detec-
tors and pinholes and the angle between the two outermost LoS.
These variables are schematized in Fig. 11 for a detector fan and in
Fig. 15 for a single detector. See Appendix B for more details on the
detector-to-pinhole geometry.

First, the camera location and orientation are set so as to cen-
ter the view on the magnetic axis, as much as allowed by the port
geometry. Second, the toroidal and poloidal extent of the viewing

FIG. 11. Schematic representation of the variables taken into account during the
CBC geometry optimization: housing box location in the diagnostic port, pinhole
size, orientation of the pinhole axis, focal length d, aperture angle of the detec-
tor fan θ, overlap of sightlines. This is a closeup on CBC No. 3, whose full
cross-sectional view can be seen in Fig. 2(c). Different LoS are represented with
alternating pink and blue colors.

cone is regulated by acting on the slit width and height (see Fig. 15),
while the orientation of the LoS fan is dictated by the port axis (the
CBC is fixed on the port liner wall and, therefore, aligned with the
port direction). Then, an upper limit θmax and a lower limit θmin are
manually determined to avoid either cropping of the LoS from the
machine walls (θ > θmax) or partial coverage of the poloidal cross-
section (θ < θmin). Once the range of accepted θ values is fixed, a
maximum allowable distance dmax is singled out such that for d <
dmax, each configuration in the chosen θ range has non-zero over-
laps of the LoS cones (see sightline highlighted in Fig. 11). Because
of the finite physical size of each detector head, a minimum achiev-
able distance dmin is also defined based on engineering constraints.
Finally, an automatic configuration scan is performed over every
combination between the two ranges [θmin, θmax] and [dmin, dmax].

For a specific CBC configuration (i.e., detector and pinhole
coordinates), the geometry matrix G is traced using Cherab,41 and
the length dLoS and volume VLoS of the LoS intersection with the
plasma is computed. In this case, a lower number of 104 random
rays is used for the tracing to improve speed (order of 1 s of run-
time per detector on a local machine) at the cost of geometry matrix
accuracy.

To further speed up the optimization process, the plasma emis-
sivity is assumed to be constant along the magnetic field lines,
which reduces the forward model from a 3D problem to 2D. In
practice, this requires interpolating the 3D geometry matrix on a
field-aligned three-dimensional grid. By summing up all the val-
ues along the toroidal direction, the geometry matrix is collapsed
to a 2D grid in the poloidal plane. This is the grid on which phan-
toms and geometric factors are displayed in Figs. 1, 6, and 16(b).
Ignoring toroidal variations is justified since each CBC considered
in this study presents a FoV that is mostly aligned with the poloidal
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plane and, therefore, provides no toroidal resolution in the individ-
ual CBC measurement. The reader can find more information on the
geometry matrix and the ray tracing routine in Appendix C.

For each of the nine phantoms—letters (a)–(i)—selected in
Sec. III, we use Eq. (B8) to forward calculate the synthetic measure-
ments p of the radiated power line-integrated on the CBC channels.
The absorbed power p on a given channel can be normalized to the
LoS geometry with B4, obtaining the chord brightness measurement
εchord (W m−3).14 The chord brightness is essentially a measure of
the plasma emissivity, averaged within the FoV of a detector. When
multiple LoSs are employed to estimate the average plasma emissiv-
ity in the FoV, all the chord brightness values are averaged together
with their respective LoS volumes VLoS as weights [Eq. (B5)]. When
this procedure is applied to a detector fan aligned with the poloidal
plane such as CBC Nos. 1, 3, or 4 (shown in Fig. 2), it yields an esti-
mate for the local average poloidal emissivity ⟨ε⟩ of each phantom.
These can be extrapolated to the whole plasma volume with Eq. (B6)
to obtain the total radiated power Prad.14 As mentioned in Sec. I,
this method for estimating a Prad proxy solely relies on averaging the
line-integrated data with adequate weighting factors.

A reference forward measurement is then performed for a
larger 32-channel bolometer camera that resembles the LoS setup of
HBCm from the core bolometry system [depicted in Fig. 2(e)]. We
choose HBCm as a reference since it is currently the source of the
Prad proxy signal in W7-X.27 The reference (HBCm-like) camera has
the same LoS etendue and geometry as HBCm, but the camera axis is
translated and rotated to have the same pinhole axis and location and
camera orientation as the CBC (indicated in Figs. 2 and 11). This ref-
erence represents the most favorable coverage of the diagnostic port
under consideration. An example of the two modeled responses for
CBC No. 1 and its reference is shown in Fig. 13.

It is found that both the CBC and the reference camera Prad
proxy misrepresent the real radiated power by a significant amount.
The discrepancy depends on the camera and on the phantom under
investigation, but it is usually in the order of 10% for the phan-
toms introduced in Sec. III. Symmetric mock-up phantoms are often
assessed with higher accuracy. Conversely, asymmetric mock-up
phantoms and EMC3-EIRENE phantoms yield the largest errors,
which can be as high as 20%–25% in the worst cases. Since the
toroidal variations of the plasma emissivity are not included, the dis-
crepancy is caused by imprecisions in the estimation of the average
poloidal emissivity ⟨ε⟩. Including the toroidal variation reported in
Fig. 9 would introduce an additional source of error with respect
to the true Prad value due to the localized nature of the camera
measurement.

The relevant information here is how far the lower spatial reso-
lution of the CBC leads to a degeneration of the Prad proxy compared
to a high-resolution reference system. Therefore, a comparison is
made with the full 32-channel reference camera and not with the
true total radiated power value. We express the overall discrepancy
between a CBC and its reference as a percentage error averaged
over all nine radiation phantom cases with equal weights. This case-
averaged error is the quantity to be minimized to achieve geometry
optimization, as shown in the geometry scan in Fig. 12.

While the case-averaged error between the camera proxy and
the exact total Prad value can be of the order of 10%–20%, we find
that the CBC estimate and the reference estimate can be in much
better agreement. The average mismatch between the two is, in

FIG. 12. Geometry scan for CBC No. 1 over different camera aperture angles θ and
focal lengths d. The color map represents the Prad proxy discrepancy compared
to an equivalent 32-ch. camera reference, averaged over all nine phantom cases.
Red crosses indicate the configurations that are impossible to build. With the right
configuration, a difference <5 % can be achieved. The optimal configuration is
circled in orange, and the final one in green.

some instances, smaller than 5%. This means that with the right LoS
geometry, a CBC can provide a relatively reliable proxy for the total
radiated power measurement.

The case-averaged percentage error as a function of camera
aperture angle and focal length is often distributed in regions of
maxima and minima. As shown by Fig. 12, the optimal configura-
tion of LoS geometries sometimes falls in the bottom-left corner at
very low d and θ. Depending on the engineering constraints on the
minimum head-to-head distance, some designs with these charac-
teristics cannot be realized (red crosses in Fig. 12). This requirement
is somewhat relaxed at larger θ values because a wider opening of the
detector fan makes more space for placing the one-channel heads
side by side.

Moving to geometries with large d and θ, corresponding to the
top-right end in Fig. 12, the overlap between the LoS cones tends to
reduce. This deteriorates the proxy Prad calculation, giving rise to the
high error band crossing Fig. 12 diagonally from the bottom right to
the upper left. In some cases, at even larger θ angles, the inner lines
of sight might compensate for the edge channels moving out of the
plasma volume. The compensation creates then a second band of
configurations with a slightly better match, visible on the right-hand
side of Fig. 12. These geometries are however prone to blind spots
due to the very localized and spaced-out LoSs, offering a less robust
performance. For this reason, after the optimal CBC design is iden-
tified by picking a LoS geometry within the optimal and buildable
region, it must be manually checked for good LoS overlap. For the
case of CBC No. 1, the optimal configuration (orange circle) leads to
some blind spots with no overlap between the edge channels. A finite
overlap is ensured by reducing the focal length d, which at the same
time requires increasing the aperture angle θ to relax the manufac-
turing constraints. This places the final configuration in the region
encircled in green in Fig. 12.
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TABLE I. Geometrical parameters of the compact bolometer cameras and their reference (HBCm). These parameters are
visualized in Fig. 11. The LoS spatial resolution in the poloidal plane varies depending on the distance to the pinhole.

Camera
Pinhole
(mm)

Focal length
d (mm)

Aperture
angle θ (deg)

Etendue
(m2 sr)

Spatial
resolution (cm)

CBC no. 1 12 × 5 27 95 8.6 × 10−8 10–40
CBC no. 2 8 × 5 48 40 2.0 × 10−8 5–12
CBC no. 3 12 × 5 32 80 6.3 × 10−8 10–35
CBC no. 4 8 × 5 48 40 2.0 × 10−8 5–30
HBCm 5 × 10 176 52 1.9 × 10−9 1–5

The final CBC LoS geometries resulting from the optimiza-
tion are displayed in Fig. 2, next to the pre-existing cameras from
the divertor and core bolometer systems. CBCs Nos. 1, 3, and 4
were optimized through geometry scans such as the one reported
in Fig. 12. CBC No. 2 is not meant to provide a Prad proxy but is
instead complementary to the divertor system. Its housing is a clone
from CBC No. 4, adapted to the different port geometry and rotated
to cover the region with the lowest LoS density. We find that, for
the chosen camera locations of CBCs Nos. 1 and 3, coverage of the
whole plasma cross-section requires a wide aperture angle and LoS
width. The resulting LoS overlaps (darker shaded regions in Fig. 2)
are significant, especially for channels close to the camera axis. This
could be solved by increasing the focal length of the middle channels,
which would make their sightlines more collimated (but complicate
construction).

Table I lists the final geometrical parameters of the four CBCs
and HBCm. The pinhole size (first column) of the CBC cameras is
generally larger, and the focal length d (second column) is shorter
compared to the HBCm reference. This amounts to approximately
a 10- to 20-fold increase in the detector etendue [see Eq. (B3)] and,
therefore, a much larger signal-to-noise ratio on the CBC channels.
For a 1 MW radiation phantom, the incident line-integrated power
on an HBCm detector is of the order of p = 0.02 mW, while it is
p = 0.2 mW for the equivalent CBC No. 4. CBCs Nos. 2 and 3 have
the largest etendue, and their measured incident power is, respec-
tively, of the order of 0.3–0.4 mW per MW of total plasma radiated
power.

Table I also reports the spatial resolution of the CBCs in the
poloidal plane (fifth column), which here is taken as the distance
between the central sightline of adjacent bolometer channels at a
given point in space. The first listed number is the spatial resolu-
tion at the crossing point to the plasma volume close to the pinhole
[e.g., right-hand side of Fig. 2(a)]. The second listed number corre-
sponds to the second crossing point, further away from the pinhole
[e.g., left-hand side of Fig. 2(a)].

B. CBC performance
Once the optimal geometry of each CBC is established, its

design can be finalized and its performance can be predicted in more
detail. We start with the capability of the CBC concept to sort out
poloidally symmetric patterns from asymmetric ones.

In the case of a symmetric bolometer camera setup like HBCm
[see Fig. 2(e)], the profile of the camera measurement is expected

to be precisely symmetrical when viewing a uniform radiation
ring—e.g., Phantom (a) in Fig. 6. Depending on the camera van-
tage point, the profile can become asymmetric when the radiation
distribution is either up–down or in–out (inboard–outboard) asym-
metric.14 Despite CBC No. 1 not being exactly oriented with the
midplane in the bean-shaped cross-section [see Fig. 2(a)], its LoS
geometry is sufficiently symmetrical to provide a good example for
this principle. The asymmetry of LoS volume and geometry of a
CBC can be partly addressed with correction factors, which are not
applied here.

Figure 13 upper panel shows the forward calculated response
of CBC No. 1 to Phantom (a), expressed as chord brightness εchord.
The ratio of upper to lower channels gets skewed when moving to a
top-down asymmetrical ring like Phantom (b), as shown in Fig. 13
lower panel. The conclusion is that CBC is able to identify poloidal
asymmetries. Due to its particular vantage point from the outboard
side, CBC No. 1 is only capable of discerning an up–down asymme-
try of the radiation pattern. To identify in–out poloidal asymmetries,
a CBC measuring from an upper port or a lower port [e.g., Vertical
Bolometer Camera (VBC) in Fig. 2(e)] would be necessary.

The second criterion that is relevant for evaluating the CBC
performance is its ability to reliably estimate the poloidally aver-
aged local emissivity. This can be assessed by comparing the radiated
power proxy based on the camera measurement [Eq. (B6)] to the
voxel sum of the plasma emissivities. The scope of this test is to eval-
uate to what extent multiple CBCs in several toroidal locations can
trace the toroidal emissivity profile and how this information can be
used to improve the Prad proxy. We consider CBCs Nos. 1, 3, and 4
for this test.

The synthetic response to three of the EMC3-EIRENE radiated
power phantoms introduced in Sec. III is analyzed. We choose the
three cases at frad = [0.5, 0.7, 0.9] and D = 0.2 (m2 s−1) shown in the
lower panel of Fig. 9. The synthetic line-integrated measurement is
forward calculated based on the three-dimensional EMC3-EIRENE
radiation distribution, so that each camera response derives from
the toroidally resolved plasma radiated power. Again, we use the
camera measurements to estimate the local average poloidal emis-
sivity, which is calculated as the VLoS-weighted average of the chord
brightness [Eq. (B5)]. Figure 14 compares the toroidal distribution of
the average poloidal emissivity (dashed lines) with the CBC estimate
(solid lines) for the three cases. The toroidal profiles of the phantoms
are calculated following the same method as in Fig. 9.

The results show significant differences between the three CBC
responses, with a trend that roughly resembles the toroidal profiles
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FIG. 13. Synthetic chord brightness measurement calculated for optimal CBC No.
1 geometry and the associated 32-ch. reference, corresponding to two different
mock-up phantoms: (upper) a symmetric ring and (lower) an up–down asymmet-
ric ring. The two phantoms are labeled (a) and (b), respectively, in Fig. 6. Lower
channel numbers cover the lower part of the plasma.

introduced in Fig. 9. The CBC-estimated average poloidal emis-
sivity presents a lower asymmetry degree for the highest frad case,
which is in agreement with the behavior described in Sec. III.
For these three phantoms, CBC No. 1 appears to consistently

FIG. 14. Predicted response of the final CBCs and HBCm to three different EMC3-
EIRENE radiation phantoms (a subset of Fig. 9). The measured chord brightness
as a function of the camera toroidal angle (solid line) is compared to the underlying
toroidal emissivity profile (dashed line). A reference measurement (circle markers)
is performed on a smoothed version of the phantoms, where the toroidal emissivity
profile is flattened (dotted line).

underestimate this quantity, while CBC No. 4 overestimates it.
The horizontal bolometer camera (HBCm) value in comparison
is slightly closer to the local average poloidal emissivity (HBCm,
φ = 36○). In addition, it must be noted that the volume-weighted
average of the chord brightness measurements εchord does not pro-
vide an absolutely accurate estimate of the average plasma emissivity.
The error between the estimated ⟨ε⟩ and the real plasma emissivity
averaged within the camera FoV—which is not addressed here—will
in general depend on the specific plasma distribution and LoS geom-
etry.39 A characterization of the error of this method will follow in
the future work.

In order to single out any effects that may arise from the
mesh choice or the procedure, a second set of three phantoms is
investigated. These are a modified version of the same three EMC3-
EIRENE emissivity distributions with smoothed toroidal gradients
to remove the toroidal asymmetry. For smoothing, it is intended
that the emissivity of every individual poloidal slice is rescaled
so that the average poloidal emissivity is constant in the toroidal
direction. The toroidal emissivity gradient is flattened while keep-
ing the total radiated power value and the poloidal emissivity
distribution unchanged. Accordingly, the CBC chord brightness
measurements corresponding to these three “smoothed” phantoms
show negligible toroidal dependence (see empty circles in Fig. 14).
This demonstrates that the optimized CBCs are able to identify
the toroidal trends of the averaged poloidal emissivity, despite the
low number of bolometer channels. When compared to CBC No.
4, the HBCm response to the smoothed phantoms is considerably
lower, which suggests that the HBCm proxy might be intrinsically
underestimating the local plasma emissivity.

These findings show the impact of the local emissivity dis-
tribution and the viewing geometry on the final Prad output from
the camera. Assuming an asymmetric distribution similar to Fig. 9,
a single localized radiated power measurement at the W7-X tri-
angular plane (φ = 36○) will consistently underestimate the total
Prad when extrapolated to the full torus. This is because the Prad
proxy is based on a quantification of the plasma emissivity averaged
within the camera FoV [Eqs. (B4) and (B5)], which is then multi-
plied by the whole plasma volume [Eq. (B6)]. Conversely, a localized
measurement at the bean-shaped plane (φ = 0○)will overestimate it.

To quantify an overall error associated with our Prad proxy
method, we apply it to the HBCm synthetic measurements of the
six synthetic cases presented here (three EMC3-EIRENE phantoms
+ three corresponding “smoothed” versions). We express the devi-
ation of each of the six estimates to the nominal total Prad as a
percentage error (negative is underestimation, positive is overes-
timation). When we calculate the mean value and the standard
deviation over this set of six percentage errors, we get a discrepancy
δHBCm = (−12.2 ± 4.6)%. As expected, the proxy based on HBCm
considerably underestimates the total Prad by more than 10% on
average.

Solutions to overcome this inaccuracy might involve employing
a wide toroidal view bolometer camera or re-scaling the poloidally
averaged local emissivity based on the profile information provided
by the CBCs. We find that the most accurate proxy for the total
Prad is represented by a simple average of the three CBC emissiv-
ity estimates. The simple average is possible since the three con-
sidered cameras provide three equally spaced, toroidally localized
measurements. Furthermore, all three CBCs cover roughly the
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same amount of plasma volume with similar numbers of chan-
nels. This yields a fairly uniform toroidal coverage of the stellarator
half-module.

When this CBC-averaged Prad proxy is employed, the average
percentage error is reduced to δCBCs = (0.7 ± 2.8)%. Not only the
intrinsic underestimation is corrected, but also the standard devi-
ation of the method is improved in the averaging process. A further
test performed on a large dataset of 50 000 mock-up radiation phan-
toms yielded similar results in terms of improved accuracy and
precision. The larger dataset contained both edge and core radia-
tion phantoms, X-/O-point localized emission, and poloidal as well
as toroidal asymmetries.

Four CBCs are proposed in this study, all four within the same
half-module. This choice is limited by time and space requirements
for diagnostic installation before the next experimental campaign.
In the future, including more CBCs will further refine the total Prad
proxy and help move toward 3D radiation tomography capability.
EMC3-EIRENE modeling (e.g., Fig. 9) and divertor bolometry mea-
surements from the last experimental campaign42 suggest that better
coverage of the divertor region would be especially beneficial.

Three out of the four CBC prototypes have successfully passed
the design, manufacturing, and assembly phases and are currently
installed in W7-X. These first CBC prototypes are, namely, CBCs
Nos. 2, 3, and 4. CBC No. 1 was initially given a lower priority
due to tighter diagnostic port constraints. Without CBC No. 1,
the performance of the CBC-average proxy is worsened, causing
the average percentage error on the six cases to increase to δCBCs
= (−3.7 ± 6.0)%. Investigating an upgrade with the inclusion of CBC
No. 1 and other CBC iterations will be the scope of future work.

V. CONCLUSIONS
An analysis of EMC3-EIRENE simulated results in the Wen-

delstein 7-X (W7-X) standard magnetic field configuration revealed
significant variations in the toroidal distribution of the plasma radi-
ated power density. The expected asymmetry amounts to up to
±30% for typical plasma parameters, reducing at higher diffusiv-
ities and radiated power fractions. In all investigated conditions,
the poloidally averaged plasma emissivity is found to peak in the
divertor region. The Compact Bolometer Camera (CBC) design is
introduced with the purpose of assessing the toroidal and poloidal
asymmetries. The sightline geometry is optimized in terms of the
synthetic camera response to a set of radiation phantoms. All
the optimized CBCs exhibit sufficient spatial resolution to identify
poloidal radiation asymmetries. Additionally, the CBCs are capable
of providing a proxy for the local plasma radiated power with <5 %
discrepancy compared to a higher resolution 32-channel reference.
A further test confirmed the capability of the CBCs to reconstruct
the toroidal trend of the average poloidal plasma emissivity. Includ-
ing the toroidal profile information from three toroidally separated
CBCs results in a significantly improved total radiated power proxy.
Three out of the four designed CBC cameras have been installed at
W7-X. The first results on their performance are foreseen for the
next experimental campaign.
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APPENDIX A: CBC DESIGN

Many aspects of the CBC design can be seen as a simplification
of the pre-existing core and divertor bolometry systems,12 with the
aim of reducing engineering cost and required port space. The CBC
detectors follow the standard design, which is also implemented in
the core and divertor bolometry systems: the absorber element is a
C-coated 1.5 × 4 mm Au foil of 5 μm thickness, and the meander is
Pt on a silicon nitride Si3N4 substrate.10,12,14

To provide protection from the plasma heat load, the detectors
are housed inside a plain steel box (central panel of Fig. 4). The box
is copper-coated (2 mm) on the inside to more efficiently distribute
the impinging heat within the material (inertial cooling concept).
An additional aluminum casing blocks infrared radiation from the
warm housing to the temperature-sensitive detectors. The detectors
are fixed to an aluminum plate that is thermally insulated from the
housing via PEEK insulation washers, ensuring a stable operating
temperature for the detectors.

A cutout with fitted metallic mesh defines the camera pinhole
while shielding the detectors from the high-power microwaves. As
in the core bolometry and divertor bolometry systems, the mesh
wires have a diameter (thickness) of 90 μm and 0.24 mm spac-
ing (microwave transmission factor of 5%, optic throughput of
53%).12,43 All the box closure gaps are tight against microwaves,
screening the inside of the detector housing from stray radiation. An
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outlet piece at the back shields the signal cables and carries the bun-
dle up to the diagnostic port flange in a steel guide tube, as reported
in Fig. 5.

Thanks to its lightweight design, the CBC can be directly fas-
tened to the port liner, the dedicated system of cooling pipes that
protects the diagnostic port walls in W7-X.25 Mounting on the
cooled port liner provides a heatsink to the inertially cooled diag-
nostic between experiments. The heatsink is optimized by adding
a SIGRAFLEX (graphite) interlayer that improves the thermal con-
tact to the camera box steel base plate and provides a better fitting
of the strongly shaped port liner cooling pipes. A study on the ther-
mal connection between the port liner cooling pipes and the base
plate was carried out to identify the optimal contact geometry and
validate the heat transfer.44 Although the two materials in contact
(pipes and CBC base plate) are both steel, the tests are performed
on aluminum parts. Using aluminum ensures smaller temperature
gradients (higher conductivity), simplifying the analysis. We assume
the thermal contact conductance (which quantifies the imperfect
touch between two surfaces) of the steel-SIGRAFLEX contact to be
comparable to the one of SIGRAFLEX with an aluminum piece of
equivalent geometry. This assumption is possible since the graphite-
metal conductance mostly depends on the topology of the two
surfaces in contact rather than the material of choice.45 In addition,
the dominant effect in lab experiments was the reduced conductivity
of the SIGRAFLEX and the contact area, not the material selec-
tion. What remains to be determined is the thermal conductivity of
the SIGRAFLEX layer in the direction perpendicular to its surface
and the dependence of the thermal contact on other experimental
conditions such as surface pressure and geometry.

A series of lab experiments investigated the thermal contact
conductance between different aluminum surfaces and a vary-
ing number of 1 mm-thick SIGRAFLEX foils at different applied
torques.44 The thermal contact conductance across the aluminum-
SIGRAFLEX surface was found to increase proportionally to the
thickness of the SIGRAFLEX layer. However, a single 1 mm foil
was chosen for the design to simplify the installation procedure. The
findings show that the 1 mm SIGRAFLEX interlayer improves the
thermal contact resistance from R = 0.35 kW−1 to R = 0.10 kW−1 for
an Al/Al interface, or a 70% reduction of the temperature increase at
the same applied power. Increasing the torque applied to clamp the
interface material (in the range 5.2–6 N m−1) seemed to produce a
less significant effect on the thermal contact. Torque values above
the minimal requirement caused a slight, but visible, bending of the
aluminum parts, possibly reducing the contact surface area.44

Assuming a maximum expected heat load of 120 kW m−2 for
5 min of experiment time, a set of heat transfer simulations was
performed for the steel/SIGRAFLEX contact. A conservative value
of k = 2.5 W m−1 K−1 for the SIGRAFLEX thermal conductivity
was applied to simulate the imperfect thermal contact between the
two surfaces, estimated from the experiments on the aluminum
components.46 The simulation results satisfied all the installation
requirements, showing functional heat separation between the cover
and detectors with only minimal thermal drifts at the detectors. The
temperature difference is ΔT < 1 ○C, far from the safety limit of 200
○C to prevent detector damage.11 In comparison, the typical tem-
perature increase following radiation absorption is a fraction of a
degree, while that due to the excitation of the bridge can be signifi-
cant (a few degrees).47 The maximum temperature rise on the CBC

cover for long (5 min) plasma discharges remained well below the
recrystallization point of steel (400–700 ○C), considered to be the
safety level.44 In the future, the inertially cooled housing is intended
to be replaced with an actively cooled, 3D-printed structure to allow
for compatibility with the steady-state operation of W7-X.

The CBC was designed to satisfy the standard requirements
of passive diagnostics at W7-X, which are not discussed here. An
overview of the design criteria for the resistive bolometer cameras at
W7-X can be found in Ref. 12.

APPENDIX B: GEOMETRY MATRIX

Resistive bolometer foils measure the power radiated by the
plasma integrated along their LoS. The spatial distribution of the
plasma radiated power density—often named emissivity distribu-
tion in tomography work—is denoted with ε(r⃗) (W m−3). Here, r is
the 3D coordinate inside the plasma volume. The photon absorption
efficiency of common C-coated gold absorbers is effectively close to
unity in the relevant range of 1.5 eV–25 keV.48 Fusion plasmas in
current-day devices emit only a negligible amount of energy out-
side this energy range. Therefore, the wavelength dependence of
the plasma emissivity and of the photon absorption coefficient in
the absorber medium are usually disregarded. The statistical process
of photon absorption can be favored with a thicker absorber,48 at
the expense of a lower sensitivity and longer cooling time (due to
the higher thermal mass).47 Due to the high absorption efficiency
across the majority of the plasma radiation spectrum in W7-X,12

here we assume that 100% of the radiation power integrated inside
the detector FoV is collected.

Assuming negligible opacity and reflections, the power pi (W)
absorbed by the ith bolometer foil can be calculated through14

pi = ∫ ε(r⃗) ei

4π
ds, (B1)

where ds is an element of infinitesimal length along the LoS, and ei
(m2 sr) is the etendue or light acceptance of the optical system (line
approximation).14 The etendue is defined as

e = ΩADcos (β), (B2)

= APcos (α)
d2 ADcos (β), (B3)

when Ω (sr) is the solid angle subtended by the detector to the pin-
hole, AD is the detection area of the bolometer foil, and β is the
angle subtended from the foil normal vector to d⃗, the vector connect-
ing detector and pinhole center points (see Fig. 15). In the explicit
expression of the solid angle, AP is the pinhole surface area, d = ∣d⃗∣ is
the foil-to-pinhole distance, and α is the angle between the foil axis
and the pinhole axis.

As shown in Fig. 15, the FoV of each detector can be subdivided
into two domains in 3D space: the full region and the shadowed
region. Point sources radiating within the full region are observed
by the full surface of the foil. Emitters in the shadowed region see
the foil only partially, and their contribution to the overall signal is
weaker. Direct and shadowed regions make up the entirety of the
detection volume.
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FIG. 15. Simplified model of the detector-pinhole geometry. The normal vectors are
indicated with dashed–dotted lines. The detector LoS is indicated with color bands
at different shades to visualize the fully covered (direct) and partially covered
(shadowed) regions.

If the length dLoS of the LoS inside the plasma volume is known,
it is possible to calculate the average emissivity εchord (W m−3)—or
chord brightness—measured within the single LoS using14

εchord, i =
4π

eidLoS, i
pi. (B4)

When multiple active bolometer channels m are available, the
individual chord brightness measurements can be combined in a
weighted average to estimate the average plasma emissivity ⟨ε⟩,14

⟨ε⟩ = 1
∑VLoS

m

∑
i=0

εchord, i VLoS, i, (B5)

where the weights VLoS are the intersection volume between each
LoS and the plasma.

A proxy for the total plasma radiated power can now be extrap-
olated from this measured average emissivity by multiplying it by the
total plasma volume Vplasma inside the whole machine (including the
SOL),

Prad = ⟨ε⟩Vplasma. (B6)

In standard magnetic field configuration Vplasma ∼ 43.5 m3. When
modeling the detector response to a given spatial distribution of
plasma emissivity, it is convenient to discretize said emission vol-
ume using a finite grid of size n with emissivity per voxel values
εn = [ε1, . . . , εn] = [ε(r⃗1), . . . , ε(r⃗n)]. For a given emissivity distribu-
tion, each detector signal is solely dependent on the optical charac-
teristics of the viewing geometry. In this case, the integral in Eq. (B1)
can be approximated by matrix multiplication. This expression uses
the so-called geometry—or transfer—matrix G (m3). For a set of m
detector channels, the geometry matrix takes the shape m × n, and

the measurement dm = [p1, . . . , pm] can be calculated through the
linear equation

dm = Gm×n ⋅ εn + δm, (B7)

having defined δm the error/uncertainty of the measurement. In par-
ticular, in the case of zero-opacity plasma, the power incident on
each foil is

pi =
n

∑
j=0

Gijεj + δi. (B8)

Here, the element Gij fully describes the contribution of the emission
εj from the jth voxel onto the ith channel and encloses all the neces-
sary information for the forward calculation of bolometry synthetic
data. From Eq. (B1), we can then deduce that the geometric factor is
equivalent to

Gij =
ei

4π
⟨ds⟩ij , (B9)

when ⟨ds⟩ij is a measure of the coverage of the jth voxel offered by
the ith LoS. This measure is related to the average LoS path length
within that voxel, which can be quantified via ray tracing.

APPENDIX C: RAY TRACING

In a ray-tracing environment, each detector can be modeled
as a two-dimensional target (foil) enclosed within a camera box
and viewing the plasma through a rectangular aperture (pinhole).
The housing box is here assumed to be composed of a perfectly
absorbing material. Using Cherab’s dedicated diagnostic package,
the geometry matrix can be computed for the W7-X machine geom-
etry, taking into account realistic occlusion effects from the vessel
walls.41 Although reflections can be included as well, they have not
been implemented here as their relevance for the bolometry system
is negligible (in particular in the C-environment of W7-X).

A three-dimensional geometry matrix is traced for each detec-
tor according to the machine coordinates of the bolometer cameras.
The coordinates are metrologically calibrated in the vented vessel
(1 mm accuracy), but some deviations in geometry can be expected
as the plasma vessel deforms during evacuation. So far, these errors
are not accounted for in the analysis. Ray tracing is performed on a
72○ slice of a regular hollow cylindrical mesh (4.2 m minor radius,
6.4 m major radius, 2.2 m height). The mesh is sectioned with 288
steps in the toroidal direction, 77 steps in the vertical direction z,
and 70 steps in the major radius direction R. The resulting voxel
size on this (288 × 77 × 70) mesh amounts to 28.5 × 28.5 mm in
the poloidal plane, and Δφ = 0.25○ spacing in the toroidal direction.
The toroidal spacing corresponds to ∼20 mm at the inboard side up
to ∼28 mm at the outboard side of the cylinder. This resolution is
comparable to the average spatial resolution of the core and diver-
tor bolometry systems [Figs. 2(b) and 2(e)] as characterized by the
distance between neighboring central LoS axes.14 Realistic occlusion
and cropping of the LoS cones and LoS intersection points are com-
puted by using a triangle mesh of the W7-X machine walls. A total
number of 105 random rays is traced from each channel, which was
found to ensure good statistics for a reasonable computational cost
(a few minutes of run-time per detector on a local machine).
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The bolometer LoS is traced in three-dimensional space. In
tokamaks, however, the assumption of toroidal symmetry is often
applied. In this simplified case, emissivity studies and tomographic
inversions can be reduced from a 3D problem to a 2D problem
in the poloidal plane. Accordingly, the geometry matrix can be
collapsed to 2D by summing up all voxel values in the toroidal
direction. An example of this geometry matrix collapsed to (R,
z) coordinates is reported in Fig. 16(a) for CBC No. 1 [the geo-
metric factor information is the result of ray tracing the LoS
geometry schematized in Fig. 4 left-hand side and Fig. 2(a)]. The
same toroidal symmetry assumption is, however, not applicable to
stellarator machines. At W7-X, a similar approximation is often
applied: constant plasma emissivity along the magnetic field lines.
This assumption is expected to hold on partially.20 As addressed
in Sec. III B, the average poloidal emissivity distribution resulting
from EMC3-EIRENE simulations of SOL carbon radiation is not
toroidally uniform. This implies that the plasma emissivity within a
flux tube is not uniform either. Developing methods aimed at taking
into account the asymmetry effect will be the scope of future work.

Applying the assumption of constant ε along the field requires
interpolating the geometry matrix values from the regular cylin-
drical mesh to a field-aligned mesh. The latter is here generated
starting from one poloidal slice of the cylindrical grid. Figure 17
shows an example when the initial slice of the field-aligned mesh
is selected at φ = 36○. First, the cells belonging to the poloidal slice of
the cylindrical grid (gray) are masked using a line contour obtained
by extending the LCFS radially outward to include the edge island
domain (blue). This contour can be generated from a VMEC equi-
librium specific to the magnetic field configuration of interest30 (only
the standard magnetic field configuration is taken into consideration
in this study). All cylindrical grid cells whose center point falls out-
side this contour are discarded since they are not part of the plasma
volume and often lead to field-line tracing errors. As a result of the
masking, we obtain a 2D irregular mesh (red) of 28.5 × 28.5 mm2

pixels that partly coincides with the cylindrical mesh. To generate a

FIG. 16. Collapsed two-dimensional geometry matrix of the CBC No. 1 on (a)
the original ray tracing cylinder and (b) interpolated to the field-aligned grid (stan-
dard magnetic field configuration). A projected contour of the five magnetic islands
contour is visualized with a dashed lime line.

FIG. 17. Grid structure of the field-aligned mesh in the (R, z) poloidal plane. The
initial slice (red) is obtained by masking the cylindrical grid (gray) with an extended
LCFS (blue). This is then traced along the magnetic field lines to other toroidal
angles (black).

3D field-aligned grid, we trace the trajectory of each cell corner point
following the magnetic field lines in the backward and forward direc-
tions.30 We do this with Δφ = 0.25○ incremental steps until a full
magnetic module is covered from φ = 0○ to φ = 72○. Due to the trac-
ing, every poloidal cross-section of the final field-aligned grid other
than the starting point will present distorted pixel geometry (black)
according to magnetic flux conservation.

The interpolation of geometry matrix values from voxels in the
regular cylindrical to voxels in the irregular field-aligned mesh is
performed with a volume-weighted sum. The geometric factor on
each irregular voxel is calculated as a weighted average over the over-
lapping regular voxels, with the overlap factors counting as weights.
Using a volume-overlap weighted sum ensures that the total LoS
volume—and, therefore, the geometric factor—is conserved during
this step. Finally, the mesh can be condensed by summing up all the
magnetically connected voxels in the toroidal direction. Figure 16(b)
shows the result of the interpolation procedure applied to the CBC
No. 1 geometry matrix.
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