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Abstract
Localizing regions of strong spectral emission in the edge of magnetically confined plasmas can
give information on where different atomic and molecular processes occur, as well as provide
bounds on plasma parameters in those regions. Measurements of 2D spectral emission distribu-
tions are available in tokamaks via tomographic inversions, but this is more challenging in stellar-
ators due to the lack of toroidal symmetry. Spectroscopy can provide an alternative way to infer the
location of the emission fronts by analyzing the effect of Zeeman splitting on the spectrum for a
known magnetic field geometry. As a proof of principle, multi-delay coherence imaging is used
to estimate the location of C III emission in the divertor region of the Wendelstein 7-X stellarator
for a variety of experimental conditions and magnetic geometries. This allows increased spatial
resolution in both poloidal and toroidal directions compared to conventional spectroscopy and
could enable reconstructions of the 3D emission distribution in the divertor. Although a signific-
ant uncertainty in the precise location is present, the technique is able to differentiate between con-
ditions with the emission close to the target and near the last closed flux surface. To improve the
accuracy for future measurements, a new set of crystals is optimized for simultaneous emission
location and ion temperature measurements.

1. Introduction

Power and particle exhaust is one of the areas that need addressing to make a fusion power plant viable.
Understanding and being able to model the behavior of the plasma in the scrape-off layer of current
machines is thus necessary to increase confidence in the extrapolations to reactor conditions. To this
end, imaging diagnostics have recently proven valuable in providing 2D information on the plasma
state, ranging from electron densities and temperatures [1], particle sources and sinks [2], impurity ion
velocities [3, 4] and ion temperatures in the core [5] and in the divertor [6].

Inferring the location of emission fronts, boundaries of regions with strong spectral line emission,
can also be useful in studying the behavior of fusion plasmas. They can give information on the elec-
tron temperature, as the emission of a spectral line can drop sharply below an electron temperature
threshold, or be used as proxies of physics processes happening in the plasma [7]. The emission local-
ization can also work synergistically with other spectroscopic measurements, such as impurity ion tem-
perature, allowing to localize these estimates of impurity parameters. Measurements of emission front
locations have also been used as sensors in real-time control applications [8, 9]. The C III emission front
is often used in carbon-walled machines as a simple proxy for the impurity radiation front [10], with a
C III emission being peaked at the target suggesting an attached plasma, which becomes progressively
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Figure 1. Example island flux surfaces of standard, low-iota, and high-mirror configurations for a toroidal angle of 133.5◦.
Compared to the standard configuration, the high-mirror and low-iota configurations increase the heat load on the vertical and
horizontal target, respectively.

more detached as the C III front moves away from the target. Tomographic inversions of filtered visible
cameras are often used in tokamaks to localize the carbon emission, relying on the assumption of tor-
oidal symmetry [11, 12]. This assumption is clearly broken in stellarators, inherently 3D machines, thus
requiring different localization techniques. Due to the low plasma current, the magnetic field geometry
is more accurately known in a stellarator like Wendelstein 7-X (W7-X) than in a tokamak [13]. This can
allow localizing the line emission of some spectral lines by modeling the effect of Zeeman splitting on
the spectrum, thus inferring the magnetic field at the location of emission and ultimately the location
itself. This was recently demonstrated using high spectral resolution spectrometers in W7-X [14], allow-
ing inference of the emission location along the lines of sight of the spectrometers, in one poloidal plane
of the device. In this work, the possibility to extend this approach to 2D using coherence imaging spec-
troscopy (CIS) will be investigated, with the goal of studying both poloidal and toroidal variations in
the emission location during the transition to detachment. After testing the performance of the current
system in sections 5 and 6, a diagnostic setup optimized for this kind of measurement is discussed in
section 7.

1.1. Wendelstein 7-X
W7-X [13, 15] is a quasi-isodynamic stellarator based in Greifswald, Germany. The plasma geometry has
a 5-fold symmetry, which can be further divided into 10 mirrored half-periods through stellarator sym-
metry, with a major radius of 5.5m and a minor radius of 0.5m. It can be operated in multiple mag-
netic geometries, allowing studies on the effect of the plasma shape on core and edge properties. It uses
an island divertor to manage the heat and particle exhaust from the core [16]. In this divertor concept,
resonant magnetic perturbations are induced in the plasma edge to create magnetic islands, which act as
a buffer between the hot core and the divertor tiles. These intersect 10 discrete divertor modules, each
with a vertical and a horizontal target, where the heat flux is deposited. Stable divertor detachment can
be induced through radiation of intrinsic impurities alone by increasing the upstream density [17]. It is
characterized by a high radiated power fraction, low target peak heat fluxes, and a rollover in the particle
flux to the target.

Flux surfaces obtained with field line tracing of the three magnetic configurations of interest for this
work are shown in figure 1, at a poloidal cross-section in the diagnostic field of view. Compared to the
standard magnetic configuration, the high-mirror configuration increases the heat load on the vertical
target [18], while the low-iota configuration increases the heat load on the horizontal target [19]. The
view of the multi-delay coherence imaging system covers the horizontal and vertical target on the third
module lower divertor, with good poloidal coverage for ∼ 20% of a half-period of the plasma config-
uration ([131,138]◦). The field of view of the diagnostic is highlighted in blue in figure 2, along with a
picture taken by the camera during a discharge in high-mirror configuration overlaid on a CAD view of
the in-vessel components.
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Figure 2. (a) Plasma last closed flux surface (in orange) of W7-X, including a CAD of the divertor module of interest and with
the field of view of the diagnostic highlighted in blue. (b) C III Brightness image measured by CIS in high-mirror configuration
overlaid on a CAD view of the in-vessel components. The poloidal slice at a toroidal angle of 133.5◦, used as reference for the
rest of the work, is shown in white while the toroidal angles at 131◦ and 138◦, delimiting the toroidal region with good poloidal
coverage, are shown in cyan. The pixel highlighted in green is studied as an example in figures 5 and 6.

1.2. Coherence imaging spectroscopy
Coherence imaging spectroscopy is an imaging technique that encodes information about the shape of a
spectral emission line into a 2D plasma image, thus combining the ability of spectroscopy to infer phys-
ics parameters from a spectral line shape with the 2D information of imaging techniques. A polarization
interferometer is used to overlay a fringe pattern on the plasma image, which is completely characterized
by the complex degree of coherence γ. For a narrowband spectrum (∆ν ≪ ν0), γ is linked to the normal-
ized spectrum g(ν) by

γ (ϕ0)≈
ˆ

g(ν)exp

(
iϕ0

[
1+κ0

(
ν− ν0
ν0

)])
dν (1)

with ϕ0 the interferometric delay imparted by the crystals at the frequency ν0, a design parameter of the
instrument, and κ0 the first-order dispersion of the instrument, which can be measured experimentally
while calibrating the instrument [20, 21]. If the lineshape depends on multiple parameters, for example
in the presence of multiple spectral broadening mechanisms, measuring γ at a single value of ϕ0 may
be insufficient, as different combinations of multiple parameters may lead to the same γ value. If the
broadening mechanisms affect the lineshape differently, they may be distinguished by measuring γ at
multiple values of ϕ0, indexed by j and referred to as ϕj in the rest of the work. This can be performed
using a multi-delay coherence imaging instrument, which simultaneously overlays multiple interference
patterns on the image, which can then be separated in the Fourier domain. Such a system has been used
to infer electron densities on Magnum-PSI [22] and MAST-U [23], separating Doppler and Stark broad-
ening, as well as impurity ion temperatures on W7-X [6], where both Zeeman splitting and Doppler
broadening must be considered. These CIS systems can be obtained by using birefringent crystals placed
between polarizers to split the incoming light into multiple components with different polarizations and
apply a phase delay between them. The components then interfere at the camera sensor, creating the
measured interference pattern. By varying the number of birefringent crystals and their relative rotation,
multi-delay designs with a varying number of interference patterns can be created. Additional inform-
ation on the W7-X multi-delay CIS system can be found in [6]. In addition to the brightness informa-
tion, as can be obtained with any filtered camera, the experimentally measured quantities related to the
shape of the spectrum are the contrast ζ j and the phase Φj for each of the interference patterns, linked
to γ j by

ζj =
∣∣γj∣∣ Φj = arg

(
γj
)
. (2)

Most of the information on the spectral broadening of the line is contained in the four contrast val-
ues. The four contrast images corresponding to the same CIS image shown in figure 2(b) are shown in
figure 3. The possibility of using the current setup of the multi-delay CIS system for simultaneous infer-
ence of ion temperature and emission location will now be investigated.
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Figure 3. Contrast images measured at the four interferometric delays of the multi-delay CIS system for the same image shown in
figure 2(b). The pixel highlighted in green is studied as an example in figures 5 and 6. Different colorbars are used for each delay.

2. Spectral model

The C III line of interest is the multiplet at 465 nm (2s3p3P0 → 2s3s3S), which has 3 components cor-
responding to upper levels with total angular momentum J = 0, 1, 2. The lineshape is given by the con-
volution of the Doppler broadening component, which depends on the C2+ ion temperature Ti, and the
Zeeman splitting component, which is influenced by the magnetic field strength (B) and angle between
the field and the line of sight (θ). In the presence of impurity flows, the spectrum will also be Doppler
shifted and thus dependent on the C2+ flow velocity along the line of sight (v · l). An example of a typ-
ical C III spectrum measured in W7-X with the SOPRA high-resolution spectrometer looking at the ver-
tical target is given in figure 4 [14]. The effect of the Doppler broadening and the Doppler shift on the
measured phase and contrast is given by

ζD (ϕ0) = exp

(
− Ti

2mic2
ϕ2
0κ

2
0

)
∆ΦD

κ0Φ0
=
v · l
c

(3)

with mi the mass of the ion. The effect of Zeeman splitting and the multiplet structure of the line can be
accounted for simultaneously by

γZM =
∑
c

Ac exp

(
i
κ0ϕ0 (λ0 −λc)

λc

)
ζZM = |γZM| ∆ΦZM = arg(γZM) (4)

with Ac and λc the normalized amplitude and wavelength of each component of the Zeeman-split mul-
tiplet. When both effects are significant in the spectrum, the total contrast and phase will be given by

ζDZM = ζDζZM ∆ΦDZM =∆ΦD +∆ΦZM (5)

Additional details of the lineshape model are given in [6].
As the camera view is known and assuming no reflections on the carbon tiles, B and θ are coupled

by the requirement that the emission measured by a pixel must be located along its line of sight.
Assuming that the C III emission is strongly localized at a single position along the line of sight,
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Figure 4. C III spectrum measured and fit with the high-resolution spectrometer. The dark lines highlight the π (• ), σ+ (▲) and
σ− (▼) components of the Zeeman splitting. The emission is inferred to be at the target (i.e. zero distance from the plasma-
facing component along the line of sight, L= 0). The contribution from an O II oxygen line contaminating the spectrum is
indicated.

they can be joined in the model as a single parameter characterizing the Zeeman splitting (L), which
describes the distance from the target along the line of sight where the emission is located. In previous
investigations on W7-X, it was reported that an enhancement of ≈ 15% in the emission of the J = 0
and J = 1 states is observed compared to the equilibrium distribution when the divertor is attached [6].
Thus, a possible variation in the multiplet distribution has been added to the model as an additional
‘multiplet enhancement’ parameter (M), which is assumed to be the same for both the J = 0 and J = 1
states. As described in appendix B, this leads to better results than a fixed M = 1 model, which would
unrealistically infer the emission to always be detached from the target.

2.1. Limitations of the spectral model
In general, the measured spectral shape will be an emissivity-weighted average of the spectrum along the
line of sight and thus dependent on the parameters along the entire line of sight. In this work, a single
emission location will be assumed along the line of sight, and thus a single set of parameters describ-
ing the shape of the spectrum. This assumption is more likely to be appropriate in attached condi-
tions, where the C III emission is more localized close to the target, compared to detached conditions in
which the emission is expected to be more distributed through the island [24]. In the case of a distrib-
uted emission along the line of sight in a region with weakly changing parameters, the inference values
will tend towards their emissivity-weighted average values. Due to the non-linear dependence between
the measured contrast and the inferred parameters, the inference will not necessarily result exactly in
emissivity-weighted line-averaged parameters, and the results will depend on the crystals used, as well
as the specific emission and plasma parameters distributions along the line of sight. Similarly, the emis-
sion is assumed to be completely produced in the island near the target, and any contribution from out-
side of the island is neglected. The effects of these assumptions could be explored in future work using
synthetic data from EMC3-EIRENE simulations [25, 26] and compared in experiments to tomographic
reconstructions of the C III distribution.

The presence of additional impurity lines in the spectrum is neglected, although it can affect the
lineshape and thus the measured contrast and phase values. This highlights the complementarity of CIS
and dispersive spectroscopy techniques, which can be used to monitor the presence of unaccounted-
for spectral features in the CIS signal. The effect of this additional O II oxygen line on the contrast is
a multiplication factor for each of the 4 contrast values ξO,j[6]. Future work could focus on including
correction values obtained from the dispersive spectrometers to remove this undesired contribution.
Alternatively, if the emission location and impurity ion temperature are assumed to be the same between
the two emitting species, ξO,j only depends on the relative strength of the oxygen and carbon line emis-
sion, and it might be possible to infer it using CIS. A comparison of the results using a model which
includes an O II oxygen impurity line in the spectrum as a fifth parameter is given in appendix B. With
the current CIS setup, the emission is inferred to always be localized at the target when including the
oxygen emission fraction as a parameter, suggesting that not enough spectral information is encoded in
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the current 4 contrast values to infer the oxygen concentration, and thus a negligible oxygen contamina-
tion is assumed.

Corrections to the equilibrium, for example due to error fields [27, 28], finite β effects [29], or tor-
oidal currents [30] can affect the magnetic field, and thus the mapping between Zeeman splitting and
the location along the line of sight. While they can more strongly modify the shape of the island sur-
faces, the effect on the magnitude of the magnetic field is much smaller. Given how the contrast val-
ues are much more strongly dependent on the magnetic field strength than on the magnetic field angle
[6], and given the small toroidal currents (∼3 kA) and βs (< β >∼ 0.3%− 0.6%) of the discharges ana-
lyzed in this work, these effects have been neglected after verifying their small effect on the magnetic
field strength in the divertor. While their effect on the localization is negligible, they can modify the
interpretation of the movement of the emission with respect to the island surfaces by modifying their
geometry. As such, their effect would have to be considered if trying to map the location of the emission
with respect to the island geometry, particularly in future high-β scenarios.

These improvements to the spectral model, coupled to an optimized crystal set for Zeeman localiz-
ation measurements (discussed in section 7), could improve the localization performance and possibly
allow more quantitative studies on the emission location.

3. Bayesian parameter inference

The analysis is performed using a grid-based Bayesian approach on each pixel independently. The degree
of coherence γ is computed on a 4D grid of parameters (Ti,L,v,M) using equation (1) for each of the
4 delays ϕj, measured for each pixel during the calibration. The likelihood of each point on the grid is
then computed by comparing the experimentally measured contrasts ζ j and phases Φj to the modeled
values ζ⋆j (Ti,v,L,M) =

∣∣γj (Ti,v,L,M)
∣∣ and Φ⋆

j (Ti,v,L,M) = argγj (Ti,v,L,M), in the assumption of a
Gaussian uncertainty distribution

L(Ti,v,L,M) =
∏
j

exp

{
− 1

2σ2
ζ,j

[
ζj − ζ⋆j (Ti,v,L,M)

]2}
exp

{
− 1

2σ2
ϕ,j

[
ϕj −ϕ⋆

j (Ti,v,L,M)
]2}

. (6)

The posterior distribution can be computed according to Bayes’ theorem by multiplying
the likelihood distribution by the prior distribution p(Ti,v,L,M) and normalizing by p(ζ,ϕ) =´ ´ ´ ´

L(Ti,v,L,M)p(Ti,v,L,M)dTi dvdLdM:

p(Ti,v,L,M|ζ,ϕ) = L(Ti,v,L,M)p(Ti,v,L,M)

p(ζ,ϕ)
. (7)

The prior distribution is taken to be the product of 4 independent probability distributions on each
parameter, uniform in the following intervals and zero outside of them

Ti ∈ [0,30] eV L ∈ [0,LLCFS + 0.1] m

v ∈ [−10,10] kms−1 M ∈ [0.9,1.15]

with LLCFS the distance of the last closed flux surface (LCFS) from the target along the line of sight of
each pixel, thus restricting the emission location to be between the target and 10 cm inside of the LCFS.
Given the C III line emits mostly in the region of Te ∼ 3–10 eV, an upper bound of Ti = 30 eV is taken,
assuming that the electrons and ion temperatures are well equilibrated and given the focus here on
studying the transition to detachment. The bounds of v and M are consistent with previously observed
values [6]. The 10 cm bound inside the LCFS is on the order of the uncertainty in the inferred loca-
tion for a single pixel and is meant to cover conditions in which the emission location is at the LCFS.
These prior assumptions are then checked a posteriori by verifying that the inferred MAPs are not at the
boundaries of the allowed range. Cases in which the emission location is inside the LCFS are beyond the
scope of this work, as the assumption of the emission location being localized in a single location near
the targets can break down in these conditions, and a second emission location just in front of the cam-
era can appear. A different description of the problem might be more suitable in those cases and could
be investigated in future work, such as considering two emission regions along the LOS at the same nor-
malized flux coordinate in the core, and fitting for this flux value. The procedure for determining LLCFS
is laid out in appendix A.

The result is a probability distribution function (PDF) for each pixel over the four-dimensional
parameter space, which can be marginalized to obtain probability distributions for a subset of
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Figure 5. PDF of Ti and L for a pixel looking at the strike line on the vertical target, highlighted in figure 2, in attached (a, t = 2 s)
and detached (b, t = 6 s ) conditions of discharge (#20230214.42) in the high-mirror configuration. The distance corresponding
to the LCFS is shown in magenta.

the parameters. 2D PDFs over Ti and L can be obtained by marginalizing over the velocity and
multiplet weight dimensions

p(Ti,L|ζ,ϕ) =
ˆ ˆ

p(Ti,v,L,M|ζ,ϕ)dvdM. (8)

Example 2D PDFs are shown in figure 5 for a pixel looking at the strike line on the vertical target
(indicated in green in figure 2(b)) in attached and detached conditions for the same discharge as in
figure 3.The correlation between the two variables can be noticed as a tilt in the region of high prob-
ability space and will be discussed further in section 4. 1D PDFs for each parameter can analogously be
obtained by integrating over all the other dimensions. The uncertainty on the inference of each para-
meter is then estimated as the symmetric 68% interval of the 1D PDF around the maximum a posteri-
ori (MAP) of the marginalized distribution7. Example marginalized PDFs for L for the same pixel as
in figure 5 are shown in figure 6, as the emission moves from the target to the LCFS, along with the
inferred uncertainty of the inferred location.

A large uncertainty is inferred on the location along the line of sight, especially once the emission
moves off the target, which can cover more than half of the allowed location range. Thus, precise infer-
ences of the location along the line of sight based on data from a single pixel appear beyond the capab-
ility of the current system. Nevertheless, inferences based on a single pixel may still be useful as a bin-
ary indicator of the emission being peaked at the target or in the island, thus a proxy for attached or
detached conditions. If the error on the measured contrast has no bias, improved inferences could also
be obtained by lowering the uncertainty through spatial and temporal averages. In sections 5 and 6, the
inference will be compared against other diagnostics in different operating conditions, mostly to qualify
it as a binary predictor of detached conditions, while an improved set of crystals optimized for Zeeman
localization will be described in section 7. The residuals of the analysis, expressed as a relative percent-
age deviation of the most likely modeled contrast from the measured values, are shown over the entire
image for the four delay values in figure 7. The presence of a bias in the residuals suggests that the devi-
ation from experimental values is not purely due to noise in the measurement but to either a systematic
error in the instrument calibration, interferogram demodulation error, or a deficiency in the spectral
model. Smaller residuals are found on the vertical target, where the best performance is expected, as
discussed in section 4. The residuals are also smallest for the ϕ2 +ϕ1 delay, which encodes most of the
information on the C III location, also discussed in section 4.

7 This choice is mostly driven by reducing the computational cost of the computation, which is performed for each pixel and each
frame of the discharges in the process of characterizing the behavior of the diagnostic. Future work focusing on the physics of the
emission location may focus on a reduced number of pixels and use more accurate uncertainty estimators, such as the highest density
interval.
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Figure 6.Marginalized PDF for the distance from the target along the line of sight for a pixel looking at the strike line on the
vertical target, highlighted in figure 2(b), ranging between when the emission is at the target t = 2 s and close to the LCFS t =
5 s in discharge #20230214.42. The area between the vertical bars shows the region of parameter space within a 68% uncertainty
interval.

4. Contrast sensitivity to Zeeman splitting

Given the known camera view and magnetic geometry of W7-X, it is instructive to study the expected
variation of the measured contrast due to Zeeman splitting for different emission locations between the
LCFS and the target, and compare it to the uncertainty in the measurements. The average gradient in
the magnetic field strength along the lines of sight between the LCFS and the target is shown for the
standard W7-X magnetic configuration in figure 8, along with the difference in magnetic field between
the LCFS and the target. The sign of the magnetic field gradient is different between the left and right
sides of the image, with |B| increasing toward either target on the right and decreasing on the left. In the
top left and bottom right of the image, the sign of the gradient switches again for the pixels looking at
the horizontal target, pointing to an alternating pattern in the structure of the field, possibly due to the
coil ripple. In some regions of the image, the magnetic field strength can be non-monotonic along the
line of sight of the pixel and these regions have been masked off.

The different signs of the gradient could be useful in suggesting the presence of systematic errors
in the inference, as they could shift the inferred emission in different directions along the line of sight
in the two halves of the image, with respect to the correct value. Furthermore, the correlation between
the variables in figure 5 can then be interpreted as a correct inference of the total amount of broaden-
ing, but an uncertainty on how much of this broadening can be attributed to Zeeman splitting versus
Doppler broadening, which propagates in the analysis from the initial uncertainty in the measured con-
trast. Both the magnetic field gradient and the absolute difference in magnetic field are larger on the left
part of the image compared to the right, suggesting that better inference performance is expected in the
former. Larger values are also seen for the pixels looking at the pumping gap, although little emission
would ordinarily be expected in that part of the image. Lastly, while the gradient is slightly larger on
the horizontal target, the absolute difference is much larger on the vertical one. This is due to the larger
distance between the LCFS and the divertor tiles for the pixels looking at the vertical target, and it is a
feature of the magnetic geometry and camera position. The best performance is then expected in the top
left of the image, corresponding to the vertical target.

By comparison, the absolute magnetic field difference for the low-iota and high-mirror magnetic
configurations is also shown in figure 9. The field difference is seen to be the lowest in the low-iota con-
figuration and increasingly larger in the standard configuration and in the high-mirror configuration,
suggesting that the best inference performance will be obtained in the latter. Assuming a representative
ion temperature of 10 eV and no enhancement in the multiplet emission (M = 1), the relative contrast
variation between the emission at the LCFS and at the target is shown for the two most sensitive con-
trast terms in figure 10 for the high-mirror configuration.

Typical uncertainties in the contrast measurements are of 2 %, thus suggesting that most of the
information on the location of the emission is contained in the sum term ϕ2 +ϕ1, while the other terms
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Figure 7. Residuals for the 4 contrast values at t=2 s in discharge #20 230 214.42, expressed as a percentage of the measured
value. The pixel highlighted in green is studied as an example in figures 5 and 6.

will mostly be used to constrain the other lineshape parameters. Once again, larger values are present in
the pumping gap region due to the large distance between the LCFS and the walls of the pumping gap
(see figure 1), although in experiment no C III emission is expected within the pumping gap.

5. Proof of principle: detecting the C III front movement in a discharge with strong
line-averaged density oscillations

To test the emission localization, the inference was applied to a discharge in the standard configura-
tion with a strongly oscillating line-averaged density (#20221206.46), cropping the image to the region
with good signal. In this discharge, the divertor starts in attached conditions and then oscillates strongly
between the detached and attached state along with the line-averaged density. The C III brightness
images observed by a single-delay CIS system with a toroidal view at the minimum and maximum of
the oscillation are shown in figure 11, where the emission can be seen to move inward in the detached
phase. While the toroidal CIS diagnostic can be used to measure C2+ ion flows [3], it is used here
purely as a filtered camera measuring the C III brightness to qualitatively track the movement of the
radiation inward towards the core as the divertor detaches.

The C III image brightness and the MAP of the distance from the target are shown before the start
of the oscillation in line-averaged density and during a peak in line-averaged density in figure 12. The
emission on the vertical target is inferred to initially be closer to the target, and then move away from it
in the detached phase, as it would be expected. On the horizontal target, instead, the emission is always
inferred to be away from the target for most of the left part of the image, and always is attached on the
right. While there is a small band on the horizontal target for which the emission is inferred to be at the
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Figure 8. (a) Average magnetic field strength gradient and (b) difference in magnetic field between the LCFS and the target along
the lines of sight in standard magnetic configuration. Regions where the field is not monotonic are not plotted.

Figure 9. Variation of the magnetic field strength between the LCFS and the target in low-iota (a) and high-mirror (b). Regions
where the field is not monotonic are not plotted.

target in the attached phase and away from it in the detached phase, the transition only involves a small
area, it does not correspond to the brightest emission band, and it is not considered a reliable indicator
for the detachment state of the horizontal target. This suggests that the analysis is not accurate enough
to infer the location of the emission on the horizontal target, at least in the standard configuration,
probably due to the smaller variation in the magnetic field compared to the vertical target. The stark
difference between the left and right part of the horizontal target might also be indicative of a spectral
feature unaccounted for in the model, as it would appear that the inference tries to push the inferred
location to region of higher magnetic field, which points in the opposite direction in the two halves of
the image (figure 8(a)). Some possibilities could be the presence of oxygen impurities in the spectrum,
further discussed in appendix B, or the lower magnetic field variation on the right part of the image, as
discussed in section 4.

10
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Figure 10. Absolute variation of the contrast between the emission at the LCFS and the target in the high-mirror configuration,
plotted using different colorbar ranges for the two most sensitive contrast terms.

Figure 11. C III brightness images measured by the toroidal CIS view in the attached (a) and detached (b) oscillation phase of
discharge #20 221 206.46, where the C III emission has moved inward towards the core. The dashed white lines are projections of
the island X-points (regions between different islands) and the solid lines are projections of the O-points (center of the islands).
Movement of the emission along the red line is used for qualitative comparisons to the CIS inferred location in section 6.

The movement of one of the emission bands in a poloidal plane can be followed by using a polygon
mask shown in red in figure 13 to select the emission band of interest, applying a filter on the toroidal
angle of the inferred emission, and then plotting the average position of the brightest pixels(⩾ 75% of
the maximum emission in the red mask).

The average MAP distance from the target for these filtered pixels with inferred emission location in
the toroidal range [133.3, 133.8]◦ is shown in figure 13, along with the line-averaged density trace from
the interferometer and the radiated power trace from the bolometers [31]. The PDF for this quantity is
obtained as the sum of the PDFs of the individual pixels. The mostly radial change in distance from the
target along the line of sight can be compared qualitatively to:

• The mostly poloidal movement of the peak brightness across the camera rows, rescaled to have the
minimum in 0 and the maximum to the maximum distance inferred by the multi-delay CIS. If
the C III emission is well localized and, as expected from EMC3-EIRENE simulations in standard
configuration [24], the movement is predominantly along the separatrix of the magnetic island, the
emission would be expected to move away from its initial position at similar times in both the pol-
oidal and radial directions. The two directions of movement are compared in figure 14.

• The movement of the peak emission observed by the toroidal CIS system along the selected line in
figure 11. As the divertor detaches, the C III emission moves inward towards the core and the time
of this movement, which is mostly radial,can be qualitatively compared to the multi-delay inference.
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Figure 12. Brightness and MAP of the distance from the target along the line of sight in the attached (1.8 s and detached (3.1 s
phase of the plasma (#20221206.46). Contour lines at 25 % and 50 % of the maximum brightness are shown as white lines in the
attached and detached case, respectively.

As the timing of the movement is the main point of comparison, the location along the selected line
is rescaled to have the minimum corresponding to 0 and the maximum to the maximum distance
inferred by the multi-delay CIS.

The inferred distance from the vertical target is seen to oscillate following the radiated power trace and
in qualitative agreement with the emission movement across the camera rows and the one observed by
the toroidal CIS system. A quantitative comparison against the location along the lines of sight of the
pixels inferred via high-resolution dispersive spectroscopy is not possible for either this discharge or the
discharges in section 6, as the C III signal strongly increases with the line-averaged density and the spec-
trometer signal saturates before the detachment of the emission from the target. Future work may try to
compare measurements from the improved crystal setup described in section 7 with dispersive spectro-
meter measurements in dedicated discharges.

6. C III emission localization in density ramps to detachment

The inference can then be applied to slow core density ramps in the three magnetic configurations
shown in section 1.1 to study the C III emission front location with increasing depth of detachment.
Langmuir probes were unavailable during these discharges, thus, a comparison with the ion flux roll-
over is not possible. The results can instead be compared to the increasing radiated power measured by
the bolometers and the movement of the emission across the multi-delay CIS camera rows and along the
specified line of the toroidal CIS view in figure 11, as done in section 5.

6.1. Highmirror configuration
The inferred movement of the brightest emission band in the same region of interest as in figure 13(a) is
shown for a line-averaged density ramp in high-mirror configuration (#20 230 214.42) in the poloidal
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Figure 13. (a) Example region of interest for the vertical target (red polygon) in discharge #20221206.46 at time t = 4.5 s
(attached conditions). The 25% brightest pixels in the region of interest with inferred location in the toroidal range [133.3,
133.8]◦ are highlighted in black. (b) Evolution of the average MAP of the distance from the target along lines of sight for the
black pixels, with uncertainty shaded in black. Also shown are the line-averaged density, the radiated power, the movement of the
peak brightness across the CIS image rows figure 14, and the movement of the emission peak along the reference line in figure 11
of the toroidal CIS system, both normalized with a minimum in 0 and a maximum corresponding to the maximum value of the
average MAP.

Figure 14. Field of view of the CIS diagnostic for a poloidal cross section at ϕ= 133.5◦, with arrows highlighting the directions
along the CIS lines of sight and across the CIS rows. The island flux surfaces in the standard configuration are shown in green.
The black structure represents the projection of the target in the (R), (Z) plane. The expected movement of the C III emission if it
were to move off the target along the field lines is pictured in yellow.

plane and as a 1D trace in figure 15. The C III emission is inferred by CIS to be initially at the tar-
get, then slowly move away with increasing line-averaged density. The movement of the emission away
from its initial position across the CIS camera rows and by the toroidal CIS system appears to coincide
in time with the CIS inference of the emission movement away from the target, within the uncertainty
bounds. This qualitative agreement seems to suggest that the current CIS setup is able to qualitatively
distinguish between the emission being localized at the target or not. Interestingly, the upper part of
the vertical target shows a secondary emission band. Its inferred location is shown using a dedicated red
polygon mask and in the same toroidal interval as before in figure 16. Due to the uncertainty in the loc-
alization, it is difficult to determine if the emission is inferred to be at the target or near the O-point of

13



Plasma Phys. Control. Fusion 68 (2026) 015013 N Lonigro et al

Figure 15.Movement of the 25 % brightest pixels in the vertical target ROI for discharge #20230214.42 (high-mirror) and with
inferred toroidal location in the interval [133.3, 133.8]◦(a) projected in the (R), (Z) plane and (b) as a trace. The target is shown
in black, and the island flux surfaces in green. Also shown are the line-averaged density, the radiated power, the movement of the
peak brightness across the CIS image rows figure 14, and the movement of the emission peak along the reference line in figure 11
of the toroidal CIS system, both normalized with a minimum in 0 and a maximum corresponding to the maximum value of the
average MAP.

Figure 16. (a) Region of interest for the emission band at the top of the vertical target(red). The 25% brightest pixels in the region
of interest with inferred location in the toroidal range [133.3, 133.8]◦ are highlighted in black. (b) Movement of the 2nd emission
band on the vertical target projected in the (R), (Z) plane in discharge #20 230 214.42.

the magnetic island at the start of the discharge, but with increasing line-averaged density, it is observed
to slowly move away through the island and towards the separatrix in later stages of the discharge. More
accurate inference of the movement of these bands may be obtained in the future with a more optimized
CIS system.

6.2. Standard configuration
The behaviour in a line-averaged density ramp in the standard configuration (#20230209.30) is similar,
and it is shown for the main emission band on the vertical target in figure 17.

In this case, the radial movement (along the lines of sight) inferred by multi-delay CIS appears to
happen with a time delay with respect to the poloidal movement (along the camera rows), as within the
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Figure 17.Movement of the brightest region in the vertical target ROI for discharge #20 230 209.30 (a) projected in the (R), (Z)
plane and (b) as a trace for a core density ramp in standard configuration. Also shown are the line-averaged density, the radiated
power, the movement of the peak brightness across the CIS image rows figure 14, and the movement of the emission peak along
the reference line in figure 11 of the toroidal CIS system, both normalized with a minimum in 0 and a maximum corresponding
to the maximum value of the average MAP.

uncertainty bounds the emission could be at the target up to 8 s into the discharge. This could be attrib-
uted to the lower C III emission near the vertical target, leading to a worse signal-to-noise ratio com-
pared to the high-mirror case, or that a worse CIS performance is expected from the standard configur-
ation due to the smaller variation in magnetic field figure 8. While the average distance from the target
is already larger than 0 at the start of the discharge, the measurement is comparable with an attached
divertor within uncertainty.

6.3. Low iota configuration
In the low-iota configuration (#20 230 125.018), most of the emission is on the horizontal target, com-
plicating the inference on the vertical target. Even still, the emission is inferred to be initially attached
at the target and then quickly move in two discrete steps at 6 and 8 s, as shown in figure 18. While
before 6 s the inference is localized at the target and with smaller uncertainty, after 6 s there is a sharp
transition and the uncertainty bounds cover most of the island width. This is indicative of the detached
state and consistent with a more distributed emission throughout the island. It could also be consist-
ent with the camera averaging the signal over a fast oscillation of the emission location in the SOL
in this configuration [19]. After 8 s, the emission is inferred to be more localized near the LCFS. The
sharp movement is in qualitative agreement with the toroidal CIS view and consistent with the idea
that detachment is highly sensitive in the low-iota configuration, as previously shown in modeling and
experiments [19].

6.4. Toridal variation in detachment threshold
The toroidal variation of the time at which the C III front detaches from the divertor can be studied
by comparing 1D traces with different toroidal angle filters. The selected pixels and the respective 1D
traces for toroidal intervals of 0.5◦ width centered at different toroidal angles are shown in figure 19.
The inferred detachment time of the emission along the line of sight is seen to vary significantly with tor-
oidal angle. The emission movement off the target is inferred to happen earliest for ϕ ∼ 136◦ and latest
for a toroidal angle of ϕ ∼ 134◦. Given the large uncertainties, these results should be taken as qual-
itative, although more quantitative physics studies may be possible with a crystal setup optimized for
these measurements. Future work could try to the project this movement to infer the increasing paral-
lel distance along the fieldlines. Larger toroidal angles are not considered as the magnetic field gradient
becomes small on the right part of the image (figure 9).

6.5. Spatial distribution of emission
As an example of other possible applications of the technique, the spatial distribution of the inferred
emission for the vertical target ROI in attached and detached conditions for the main emission band on
the vertical target is shown in figure 20 for the three magnetic configurations considered in this work.
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Figure 18.Movement of the brightest pixels in the vertical target ROI for discharge #20230125.018 in low-iota configuration (a)
projected in the (R), (Z) plane and (b) as a trace. Also shown are the line-averaged density, the radiated power, the movement
of the peak brightness across the CIS image rows figure 14, and the movement of the emission peak along the reference line in
figure 11 of the toroidal CIS system, both normalized with a minimum in 0 and a maximum corresponding to the maximum
value of the average MAP.

Figure 19. (a) Selected pixels for different toroidal angle intervals and (b) corresponding 1D distance traces during the line-
averaged density ramp in the high-mirror configuration #20230214.42..

The C III emissivity spatial distributions are obtained as the sum of 2D gaussian distributions in the
(R,Z) plane with standard deviation of 0.75 cm centered in the inferred location of all the filtered pixels
(i.e. 25 % brightest pixels in the band with inferred location in [133.3, 133.8]◦, such as the black pixels
in figure 13). This process combines the (mostly poloidal) 2D information on the brightness measured
by the different pixels with the (mostly radial) localization information along the line of sight of each
pixel. In the presence of more accurate localization information across the entire image, 3D emissivity
reconstructions in the entire observed toroidal interval could be possible with this approach.

In all three configurations, a significant difference is evident between attached and detached condi-
tions. Generally, the emission is inferred to be more strongly localized at the target in attached condi-
tions and more distributed throughout the SOL in strongly detached conditions.

7. Optimizing CIS for Zeeman localization

The current W7-X multi-delay system has 2 retarder crystals: a displacer plate (ϕ1) and a delay plate
(ϕ2). The former was designed to minimize the effect of Zeeman splitting on its contrast [6] and the
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Figure 20. 2D spatial distribution of the C III emission for the main emission band on the vertical target in the toroidal range
[133.3, 133.8]◦ in attached (left) and detached (right) conditions in the high-mirror, standard, and low-iota configurations.

latter was chosen among the crystals already available on site. Better localization performance can be
obtained by choosing a delay plate that is optimized to maximize the dependence on Zeeman split-
ting. This can be performed by studying the variation of the second derivative of the log-likelihood with
respect to the parameters characterizing the lineshape. The relation between plasma parameters and the
likelihood depends on the group delay of the crystal, which is the parameter to be optimized [6]. Higher
second derivatives will lead to more peaked probability distributions and thus lower uncertainty on the
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Figure 21. Ratio of the second derivative of the log likelihood with respect to (a) temperature and (b)M over the second derivat-
ive with respect to magnetic field strength. The vertical black lines show the current delay values and the red lines the values for
the optimized ϕ2 delay of 820 waves. The blue line shows the ϕ1 delay, already optimized for sensitivity to Ti.

measurements. Furthermore, optimizing the derivatives of the log-likelihood, instead of the contrast dir-
ectly, allows accounting for the assumptions made on the contrast uncertainty when considering mul-
tiple measurements simultaneously, as in a multi-delay design. In particular, minimizing the ratio of the
second derivative with respect to temperature and the second derivative with respect to magnetic field
strength

min

{
d2 logL
dT2

/
d2 logL
dB2

}
(9)

can increase the relative sensitivity to Zeeman splitting. This ratio, obtained as an average in a repres-
entative parameter region for W7-X (B ∈ [2,3] T, Ti ∈ [0,50] eV, M ∈ [0.9, 1.15]) is shown as a function
of group delay in figure 21(a). Minimizing the sum of the logarithms of this ratio for the ϕ2,ϕ2 +ϕ1

and ϕ2 −ϕ1 delays leads to a design interferometric delay of ϕ2 = 820 waves, compared to the current
value of 1080 waves. This would lead to an increase in relative sensitivity to the magnetic field compared
to the ion temperature of a factor 2.6x for ϕ2 +ϕ1 and 1.5x for ϕ2 −ϕ1. The relative sensitivity of the
new crystals to varying multiplet enhancement factor (M) can also be explored, as these effects can alter
the inferred values of interest. The ratio between the second derivative of the log-likelihood with respect
to M and the second derivative with respect to B is shown as a function of group delay in figure 21(b).
With the new crystal set ϕ2 would become significantly more sensitive to M (50x) compared to the mag-
netic field, while ϕ1 +ϕ2 and ϕ2 −ϕ1 become 2.3x and 1.15x more sensitive to the magnetic field with
respect to M. To quantify the expected improvement with the new crystal, the 1D distance PDF res-
ulting from synthetic measurements of an ideal instrument with the current crystal ϕC

2 = 1080 waves
and with the optimized value ϕO

2 = 820 can be compared, as done in figure 22. The synthetic measure-
ments are generated by assuming that the inferred MAP values in experiment for a single pixel of the
camera view at different times during the discharge are correct, in order to use experimentally relevant
parameters. The optimized crystals lead to significantly more peaked probability distributions, and thus
a reduction in the expected uncertainty, as well as a more accurate estimate of the original value from
the marginalized probability distribution. The optimized crystal has been procured and will be tested in
future experiments.

8. Conclusions

Multi-delay CIS has been used to infer the location of the C III emission along the line of sight of each
pixel over the 2D field of view of the camera. This can allow tracking the movement of the C III emis-
sion front away from the target during detachment with improved spatial resolution in both poloidal
and toroidal directions compared to dispersive spectroscopy. The measurements, based on the effect of
Zeeman splitting on the measured contrast, show the emission moves away from the target as the diver-
tor detaches in line-averaged density ramp discharges in standard, high-mirror, and low-iota configura-
tions in W7-X. The inference has been found to give reasonable results as a binary indicator for attached
or detached conditions, in qualitative agreement with other diagnostics, although the inference of the
precise location has large uncertainty in detached conditions. Reasonable performance is only found for
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Figure 22. 1D Likelihoods for the distance inferred by an ideal instrument with the current setup (solid) and with the improved
crystals (dashed) looking at the example pixel on the vertical target shown in green in figure 2. The vertical dotted lines show the
correct values, which are experimental MAP values from the discharge in the high-mirror configuration (#20230214.42).

the part of the image looking at the vertical target, possibly as the field variation between the LCFS and
the target is larger than for the pixels looking at the horizontal target. The time at which the emission is
inferred to move away from the target can vary toroidally, highlighting the importance of imaging dia-
gnostics in the study of non-axisymmetric machines. To improve the performance of the instrument,
the optical properties of a set of crystals have been determined to optimize the W7-X diagnostic for this
type of measurement. The new setup is expected to lead to at least a doubling of the relative magnetic
field sensitivity compared to the current system and a significant reduction in the localization uncer-
tainty , from the current ∼ +/− 10 cm to ∼+/− 5 cm along the line of sight of the camera pixels, with
the specifics depending on the pixel and the divertor configuration. The improved localization measure-
ments could allow 3D reconstructions of the C III emission distribution in the divertor and good localiz-
ation performance on the horizontal target as well. In turn, this could enable more detailed comparisons
with modeling and a more in-depth study of the physics driving the C III radiation movement.
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Appendix A. Last closed flux surface—target distance constraint

The magnetic field strength along the line of sight of the camera is non-monotonic. For example, it
increases toward the core and then decreases toward the target. As most of the emission is expected near
the target, the solution space can be constrained to only consider emission locations between the tar-
get and 10 cm inside the last closed flux surface (LCFS). This requires determining the location along
the line of sight where the LCFS is intersected. Field line tracing is used to determine a set of points on
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Figure A1. Target—LCFS distance along the line of sight of each pixel in standard configuration.

the separatrix, which is then fitted with a 2D Fourier surface. The equation for the intersection of the
2D surface with the line of sight of each pixel is then solved numerically. The resulting distance between
the target and the LCFS intersection is shown across the field of view for the standard configuration in
figure A1.

Appendix B. Spectral model comparisons

Figure B1. Comparison of the emission movement inferred by the 3D (M = 1), 4D (Inferred (M) and 5D (Ox. Frac.) Bayesian
models for the brightest emission band on the vertical target in high-mirror density ramp #20 230 214.42 and with inferred tor-
oidal location in the interval [133.3, 133.8]◦.

The results of the inference for the high-mirror density ramp in the reference image slice are com-
pared in figure B1 against two alternative spectral models:

• A model which assumes the expected statistical population distribution for the 3 components of the C
III multiplet, thus with a three-dimensional parameter grid (v,Ti,L) and where M has been fixed to 1

• A model which includes a small fraction of emission coming from the oxygen OII spectral line at
465 nm, which also falls within the bandpass filter of the C III line. Here, a five-dimensional grid is
used with variables (v,Ti,L,M,O) and the oxygen fraction is assumed to be between 0% and 10% of
the total emission. The ion temperature is assumed to be the same for the C III and O II lines.

In the M = 1 model the emission is inferred to be always detached from the target, while in the model
including oxygen the emission is inferred to detach later on in the discharge. More in general, enforcing
M= 1 leads to the inferred magnetic field to be larger as Zeeman splitting must account for more of the
reduction in contrast compared to the non-broadened case, and thus a larger distance from the target,
while including the effect of oxygen leads to some of the reduction in contrast being due to the oxygen
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lines and thus a lower inferred magnetic field and more attached conditions inferred. The 4 dimensional
grid (v,Ti,L,M) is used as the standard analysis routine for the discharges studied in the case as it is the
model that agrees better with the movement of the C III emission in the poloidal direction and with the
toroidal CIS system, both moving away from their initial positions at t≈ 3 s, as shown in figure 15. This
suggests that the 4 contrast measurements do not contain enough spectral information to also infer the
presence of small concentrations of oxygen impurities, as otherwise an improvement in the agreement
with the other diagnostics would be expected.
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