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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 distributions are available in tokamaks via tomographic
inversions, but this is more challenging in stellarators 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 significant uncertainty in the precise location is present, the technique is
able to differentiate between conditions 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 electron
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][8][9]. The emission
localization can also work synergistically with other spectroscopic measurements, such as impurity
ion temperature, allowing to localize these estimates of impurity parameters. Measurements of
emission front locations have also been used as sensors in real-time control applications[10][11].
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The C III emission front is often used in carbon-walled machines as a simple proxy for the impurity
radiation front[12], with a C III emission being peaked at the target suggesting an attached
plasma, which becomes progressively 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 toroidal symmetry [13][14]. 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 precisely known in the Wendelstein 7-X (W7-
X) stellarator[15]. 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 [16], allowing 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 spectroscopy (CIS) will be investigated, with the goal
of studying both poloidal and toroidal variations in the emission location during the transition to
detachment.

1.1 Wendelstein 7-X

W7-X [15] [17] is a quasi-isodynamic stellarator based in Greifswald, Germany. The plasma
geometry has a 5-fold symmetry, that can be further divided into 10 mirrored half-periods through
stellarator symmetry, with a major radius of 5.5 m and a minor radius of 0.5 m. It can be operated
in multiple magnetic 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 [18].
In this divertor concept, resonant magnetic perturbation 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 an 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[19]. It is characterized by an 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, while the low-iota configuration increases the heat load on the horizontal target.
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 configuration ([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.

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 physics 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



Localizing C III emission using multi-delay Coherence Imaging Spectroscopy on W7-X 3

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.

(a) (b)

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 figure 5 and 6.
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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 2b. The pixel highlighted in green is studied as an example in
figure 5 and 6. Different colorbars are used for each delay.

(∆ν ≪ ν0), γ is linked to the normalized 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 broadening, as well as impurity ion temperatures
on W7-X[6], where both Zeeman splitting and Doppler broadening must be considered. In addition
to the brightness information, as can be obtained with any filtered camera, the experimentally
measured quantities related to the shape of the spectrum are the contrast ζj and the phase Φj for
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each of the interference patterns, linked to γj by

ζj =|γj | Φj = arg(γj) (2)

Most of the information on the spectral broadening of the line is contained in the four contrast
values. The four contrast images corresponding to the same CIS image shown in figure 2b are shown
in figure 3. The possibility of using the current setup of the multi-delay CIS system, described more
in detail in [6], for simultaneous inference of ion temperature and emission location will now be
investigated.

2 Spectral model

The C III line of interest is the multiplet at 465 nm (2s3p3P0 → 2s3s3S), which has 3 components
corresponding to upper levels with total angular momentum J = 0, 1, 2. The lineshape is given by
the convolution 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 typical C III spectrum measured in W7-X with the SOPRA high resolution
spectrometer looking at the vertical target is given in figure 4[16]. The effect of the Doppler

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 a O II oxygen line contaminating the spectrum is indicated.

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)
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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
multiplet. 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,
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
describing the shape of the spectrum. This assumption is more likely to be appropriate in attached
conditions, 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 distributed 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 emission is assumed to be completely produced in the island
near the target, and any contribution from outside of the island is neglected. The effects of these
assumptions could be explored in future work using synthetic data from EMC3-EIRENE simulations
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 effect 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 these additional O II oxygen
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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 emission and it might be possible to infer it using CIS. A comparison
of the results using with 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 the current 4 contrast values to
infer the oxygen concentration, and thus a negligible oxygen contamination is assumed. These
improvements to the spectral model, coupled to an optimized crystal set for Zeeman localization
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 ζj 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) = arg γj (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) dTidvdLdM :

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] km/s 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. 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 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)



Localizing C III emission using multi-delay Coherence Imaging Spectroscopy on W7-X 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 2b) 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

(a) (b)

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.

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 2b, 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.

high probability 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 parameter is then estimated as the symmetric 68 % interval of the 1D PDF around
the maximum a posteriori (MAP) of the marginalized distribution. 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.
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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
inferences of the location along the line of sight based on data from a single pixel appear beyond
the capability of the current system. Nevertheless, inferences based on a single pixel may still be
useful as a binary 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 section 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 percentage deviation of the most likely modelled
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 deviation from experimental

Figure 7: Residuals for the 4 contrast values at t = 2 s in discharge #20230214.42, expressed as a
percentage of the measured value. The pixel highlighted in green is studied as an example in figure
5 and 6.

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.
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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.

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

(a) (b)

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. The pumping
gap is masked off in gray and the region where the field is not monotonic is not plotted.

different between the left and right sides of the image, with |B| increasing toward the target on the
right and decreasing toward the target on the left. In some regions of the image, the magnetic field
strength can be non-mononotic along the line of sight of the pixel, possibly due to the coil ripple.
These regions have been masked-off.
The different sign 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 broadening, 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 contrast. Both the magnetic field gradient and the absolute difference in magnetic




































