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Abstract
The motional stark effect (MSE) is an effective method to assess the rotational transform in mag-
netic confined plasmas by measuring the polarisation angle of the emitted light. It relies on the
Stark-splitting of the Balmer alpha emission, caused by the interaction between the injection of
neutral beams and the background plasma. A prototype MSE diagnostic system, which relies on
spectrum measurements taken using different linear polarising filters, has been installed on the
Wendelstein 7-X stellarator (W7-X), and its diagnostic capabilities have been demonstrated. In
this work we present an upgraded MSE diagnostic system and discuss the comparison between the
experimental data and the forward model originally developed for the beam emission spectroscopy
measurements at W7-X and modified to include the polarising optical elements. The experimen-
tal data and the model results show a good agreement for relative changes of the polarisation angle
for different plasma β. However, the evolution of the polarisation angle during electron cyclotron
current drive experiments could not yet be resolved due to limited signal-to-noise ratio. Possible
upgrades to improve diagnostic performance are outlined.

1. Introduction

The control of the rotational transform in a Stellarator is a key element for ensuring high plasma
performance [1]. Additionally, since Wendelstein 7-X (W7-X) is a low shear device [2, 3], even small
changes of the rotational transform profile can have significant effects, as it was seen during electron
cyclotron current drive [4] (ECCD) experiments. During these experiments the local rotational trans-
form changes made by localised currents made the plasma unstable, resulting in sawtooth-like crashes [5,
6]. Although the rotational transform is a crucial parameter, W7-X currently lacks a routine method for
its inference. Establishing such a capability would enhance experimental understanding and strengthen
code validation and equilibrium reconstruction.

The rotational transform can be assessed by a motional stark effect (MSE) diagnostic [7, 8], which
relies on the polarisation of the Stark split emission of neutral beam injected particles, created by an
electric field E = v × B, where v is the beam velocity and B the magnetic field. The spectrum con-
sists of σ (∆m± 1) and π (∆m= 0) components (with m being the magnetic quantum number), each
one composed of three transitions whose polarisation depends on E. If the line of sight (LOS) is purely
transverse to the electric field, the π and σ emission are linearly polarised parallel and perpendicular
to E, respectively. Instead, for a line of sight purely parallel to E, the π line emission is not observed,
whereas the σ line is characterised by an overlap of left and right circular polarisation, which cancels out
and results in unpolarised emission. The MSE diagnostic is therefore used to measure the light polari-
sation, from which the direction of E, and therefore B can be obtained. From the magnetic field direc-
tion, the rotational transform can in principle be inferred. Since, in a stellarator, the rotational transform
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exists even in vacuum, an MSE diagnostic in such a device offers the attractive feature of not requiring
an absolute measurement of the light polarisation; in principle, relative measurements with respect to
the vacuum should suffice to determine it. On the other hand, as a stellarator presents a fully 3D mag-
netic field and the minimisation of the toroidal current is one of the optimisation criteria of W7-X, a
high measurement sensitivity is required. A previously installed MSE prototype [9] demonstrated the
diagnostic capabilities of such a system at W7-X, however due to the low signal-to-noise ratio (SNR
which scales as

√
N, where N is the photon number) it was not suited for in-depth physics studies. An

upgraded diagnostic, with larger optical fibres and a higher throughput spectrometer was installed and
is discussed in this work. In chapter 2 we will discuss the diagnostic hardware, in chapter 3 the Stokes
notation, which is used to infer the light polarisation (chapter 4). In chapter 5 we discuss the expected
results obtained by a forward model for realistic plasma pressures and currents whereas in chapter 6 we
discuss the results for a representative experiment and compare them with the modelled data, demon-
strating a generally good match between the experimental observations and the model predictions.
Finally, in section 7 we discuss further hardware improvements and the perspective of the diagnostic
at W7-X. The scope of this paper is to present the upgraded system and demonstrate its capability to
measure relative changes in the polarisation angle that are broadly consistent with the predictions of the
forward model for a representative experiment. While overall agreement between model and experiment
is observed, some discrepancies remain and will require further investigation. An in-depth analysis, as
well as the demonstration of the system’s applicability to equilibrium reconstruction, is left for future
work.

2. Diagnostic hardware

The MSE diagnostic is composed of an optical head with optical elements, transfer fibres, a spectrometer
and a sCMOS camera. The MSE optical head is mounted on the charge exchange recombination spec-
troscopy (CXRS) system [10] (see figure 1) and consists in a 2D grid (13× 4) of optical fibres (400 µm,
40 µm cladding, NA= 0.22). In the reference CXRS publication ([10]) the interested reader can find
more details and information regarding the hardware components and optics. The head is covered by
linear polarisers, placed in such a way that each row of fibres is covered by a different polariser element
(figure 2).

The first row (i.e. the row closest the CXRS fibres) is covered by a linear polariser with a 90◦ axis,
the second row by a polariser with a 0◦ axis, the third one by a polariser with a 135◦ and the fourth by
the overlap of the 135◦ polariser and a quarter-wave plate (QWP), where the angles are defined with
respect to the fibre array axis. Four vertically arranged LOSs form a group, with group 1 being the
innermost group (i.e. the closest to the plasma axis) and group 13 the outermost. The linear polaris-
ers have a width of about 1 mm and the QWP of 0.3 mm. Due to the limited space at our disposal,
only a low order crystal QWP could be installed, resulting in a wavelength dependence of the retar-
dation κ, with κ= 2π/N(λ), N(653 nm) = 3.7 and N(660 nm) = 4.8. The MSE lines of sight collect
the emission of the interaction between plasma and the atoms accelerated by two neutral beam injec-
tors (NBI), called source 7 (S7) and source 8 (S8). A sketch is shown in figure 3. The LOSs intersect
the neutral beams, accelerated at 55 kev, with an angle of about 69 ◦ almost parallel to the magnetic
field (about 6 ◦), with S8 being slightly more tangential than S7 and thus yielding a stronger Doppler
shift. Originally, the optical head was designed such that the LOSs of the same group measure on the
same flux surface, as can be seen in figure 4(a), where the dots indicate the positions defined by the
points of closest approach between the LOSs and the beam axis. Each colour corresponds to a differ-
ent polariser. However, it was found during the last experimental campaign (OP2.3, February–May 2025)
the optical head to be misaligned with respect to the designed position, leading to a different slightly dif-
ferent measurement position, assessed by Bayesian Inference of the CXRS beam emission spectroscopy
(BES) [11] (see figure 4(b)). For this work we will use the latter for the modelling, in order to validate it
with the experimental data. Due to hardware limitation, only 11 groups instead of 13 have been used.
In total 44 fibres, one for each polariser element, are arranged vertically in front of the spectrometer
slit (60 µm width). The spectrometer consists of a commercial NIKON collimating lens (focal length
fL = 300 mm, f/2.8), a diffraction grating (2160 gmm−1, 130× 150mm2 ruled area) and a NIKON imag-
ing lens (focal length fL = 200 mm, f/2.). A sCMOS camera (pco.edge 5.5 [12], 2560× 2160 pixels, pixel
area of 6.5× 6.5 µm2, quantum efficiency at the wavelenght of interest around 55%) is placed at the exit
image. For the geometry used (angle of incidence 21◦ and angle of diffraction 71◦), the spectrometer has
a wavelength range covering 652 nm to 663 nm and a wavelength resolution of 0.13 nm, calculated by
measuring the FWHM of the emission peak of a Neon lamp at 659.892 nm. The presented MSE system
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Figure 1. Photo of the MSE and CXRS optical heads.

Figure 2. Photo of polarisers and quarter waveplate installed onto the MSE head. The photo on the right was taken placing a
polariser foil between the observer and the optical head, in order to highlight the polariser width. It is also possible to notice that
the polariser does not cover the light cone of fibres belonging to different rows.

Figure 3. Sketch showing the MSE lines of sight and the intersection with the S7 (purple) and S8 (red) neutral beams.
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Figure 4. Position of the closest point between the lines of sight and the neutral beam (the shaded area represents the neutral
beam density, whereas the dashed line the beam axis of beam 8 with respect to the flux surfaces. (a) As designed lines of sight; (b)
position determined with Bayesian inference. Each colour corresponds to a different polariser. Four LOSs with different polaris-
ers constitute a fibre group. Relevant groups for this work (1, 7, 13) are indicated in the plot. The beam density is calculated
using the forward model described in [11].

represents an upgrade with respect to a previously installed prototype (focal length fL = 750mm, f/6.4,
grating 2400 gmm−1 with a ruled area of 110× 100mm2, fibres with 200µm diameter). The first pro-
totype, described in [9], was characterised by a low signal-to-ratio, due to the low light throughput. The
more suited components, as well as newer equipment manufactured with higher precision standard than
for the prototype, was seen to improve the light photon flux by roughly 70 times.

3. Stokes vectors notation

In this work we will express emission polarisation in terms of Stokes vectors S= [S0,S1,S2,S3], composed
of four parameters. Considering the polarisation ellipse, the Stokes vectors can be written as:

S=


S0
S1
S2
S3

= I


1

cos(2γ)cos(2θ)

sin(2γ)cos(2θ)

sin(2θ)

 . (1)

S0 represents the intensity of polarised and unpolarised light I. S1 and S2 describe the linear polari-
sation and direction and S3 the circular polarisation, giving γ and θ the orientation of the major axis of
the polarisation ellipse with respect to the horizontal axis and shape of the polarisation ellipse, respec-
tively. In contrast to a polarimetry MSE, a ‘spectrum’ MSE relies on several intensity measurements with
linear polarisers [13, 14] in order to reconstruct the Stokes parameters. The measured Stokes parameters
Smi (indicated by the apex m) of the incident light on the optical head can be written as:

Sm0 = I0 + I90 = I45 + I135 (2)

Sm1 = I0 − I90 (3)

and

Sm2 = I45 − I135 = I0 + I90 − 2I135 (4)

Sm3 = (2IQWP − Sm0 + Sm2 cos κ(λ))/sin κ(λ) (5)
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where Iα is the intensity measured from a fibre LOS with a linear polariser with axis α, IQWP the inten-
sity measured with the QWP and the polariser at 135◦ and κ= 2π/N(λ) is the phase delay introduced
by the QWP as a function of wavelength. Concerning the measurements at W7-X, the emitted polar-
isation is influenced by the presence of the special aluminium alloy RSA-905 mirror(described by the
Müller matrix M), therefore the polarisation of the measured light is expected to differ from the polari-
sation of the emitted light. Considering that:

Sm =M · S (6)

one can invert the relation and retrieve the Stokes vector of the emitted light

S=M−1 · Sm. (7)

The mirror characterisation follows the same procedure as described in section 3.1 of [9]. Finally, know-
ing the mirror matrix components, the polarisation angle of the emitted light can be taken as the ratio
S2/S1 (equation (1)) and calculated as:

γ = 0.5tan

(
S2
S1

)
= 0.5tan


3∑

i=0
M−1

i2 Smi

3∑
i=0

M−1
i1 Smi

 (8)

4. Polarisationmeasurements and polarisation angle

Four intensity measurements, obtained with different linear polarisers and a QWP are used to recon-
struct the polarisation angle. The position of the four lines of sight belonging to the same group was set
in such a way to intersect the beam at the same flux surfaces, therefore on isobaric plasma regions. The
expected positions of the lines of sight with respect to the flux surfaces are shown in figure 4(b), where
the closest points between each LOS and the beam axis are plotted. As shown in section 5, the map-
ping from Cartesian to flux coordinates depends strongly on the magnetic equilibrium. For each fibre
group, we use the major radius R of the 90◦ polariser fibre LOS as a proxy for the radial coordinate.
The Doppler shifted spectra are given by an overlap of several components: for every energy component
(55 keV, 55/2 keV, 55/3 keV, with a particle fraction of 0.5, 0.37, 0.13, respectively) the Stark effects
split the emission into three components (σ, π−, π+) each composed of three transitions (π 2,π 3,π 4

and σ0 and σ1), for a total of 27 components. An additional splitting is given by the Zeeman effect,
which is however negligible with respect to the Stark effect. In fact, considering a beam energy of 55 keV
and an angle α≈ 55◦ between the beam direction and the magnetic field lines, the ratio between the
energy splitting due to the Zeeman effect (∆EZ) and the MSE (∆ESt) can be written as:

∆EZ
∆ESt

=
µB

ea0n2v sin(α)
, (9)

where µB, a0, e, and v denote the Bohr magneton, the Bohr radius, the elementary charge, and the beam
velocity, respectively. For the principal quantum numbers n= 2 and n= 3, the ratio ∆EZ

∆ESt
is approxi-

mately 0.09 and 0.04, respectively. The intensity of the radial electric Er [15] is about three orders of
magnitude smaller than the Lorenz electric field generated by the interaction between the plasma and
will be neglected for this work. Additional contributions to the spectra are given by the cold Hα emis-
sion (656.28 nm), by Halo emission and carbon lines (657.5 nm, 658 nm) and fast ion emission. The
latter is expected to contribute to the signal in the spectral region of the π+ to less than 1% [16] and
cancels out when calculating the Stokes components as for equations (2)–(5). Finally, the MSE LOSs
intersects two NBIs, therefore the measured spectra is given by the overlap of two beam-emitted spectra.
The Stark components as a function of the wavelength are plotted in figure 5. The Stark split is calcu-
lated using the equation below:

λij =
1

1/λD,j +∆Ei
(10)

where the subscript i denotes the atomic transition, ∆Ei the corresponding energy shift (taken from
[17], Chapter 17, table 17.3), j labels the individual energy component and λD,j represents the wave-
length of the Doppler-shifted component. It is possible to observe that only the π2+,π3+,π4+ and σ1
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Figure 5. Expected Stark-split components for group 7. In red and blue the components given by the S7 and S8 beams, respec-
tively. The π are indicated by triangles and the σ by circles. The contributions given by the first, second and third energy compo-
nents are represented by solid, dashed and dot-dashed lines, respectively. The relative intensities refer to the transition probabili-
ties. The beam attenuation and the plasma density have not been taken into account.

Figure 6. Example of the typical spectra measured with 90◦, 0◦, 135◦ polarisers and a 135◦ polariser covered by a QWP. All
spectra are background subtracted, averaged over 6 frames (90 ms) and measured with fibres belonging to group 7. The plot is
obtained by averaging 6 frames with an exposure time of 15ms.

lines of the first energy component for S8 are well separated from the other lines. The component over-
lap is even stronger for measured spectra, in which the line broadening due to the beam divergence
and the broadening given by the instrument function are present. An example of measured spectra of
group 7 for a representative experiment (20250312.112), which will be introduced more in details in
section 6, is given in figure 6, where different colours correspond to spectra measured with different
polarising elements. The overlap of different components has a direct effect on the amount of polarisa-
tion information it is possible to retrieve from the measurements, as displayed in figure 7. In this figure
the Stokes components as function of the wavelength of the emitted light (equations (7) and (8)), are
displayed in the second plot. By defining the polarisation degree of the beam emitted radiation as p=√

S21 + S22 + S23/S0, it is possible to observe that the spectra exhibit clear (p> 0.9) polarised components
only for the whole π+ and parts of the σ and π− of the first energy components. For this reason we
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Figure 7. Top plot: BES spectra measured with different polarisers. Bottom plot: polarisation degree (black dashed line) and
Stokes components of the BES as a function of the wavelength. The plot is obtained averaging 6 frames with an exposure time of
15ms.

focus the analysis of this work on the π+ intensity measurements, being well separated from the other
components. An enlargement of the spectral region is provided in figure 8. In this figure the measured
data are plotted in red and fit results in blue. The π+ are fitted with three Gaussian curves (dashed
green lines), representing three transitions, and, for the 0◦,135◦,135◦ +QWP, the tail of the neigh-
bouring σ was added as a single Gaussian curve. The distance between the π2 and π3 (and between the
π2 and π4) was constrained to be around 0.20 ± 0.02 nm, consistent with the Stark splitting at W7-X,
whereas the initial guess for the ratio between the transitions was set to π2/π3 = 0.32 and π4/π3 = 0.73,
corresponding to the values expected for a statistical population, however the values are allowed to range
between 0.1 and 0.4 for the first and 0.5 and 0.95 for the latter, in order to include possible deviations
due to non-statistical populations [18, 19]. Additionally the same ratios were constrained for lines of
sight belonging to the same fibre group. Within a same group, the peak centre positions were found
to differ between different lines of sight. Since a small deviation was also found in other parts of the
spectra, likely caused by a slightly different Doppler shift between the lines and wavelength calibration
uncertainty, the spectra are shifted in such a way for the position of the π3+ peaks to coincide. Finally
from the measured intensities I0, I90, I135, IQWP the polarisation angle γ as for equation (8) is calculated,
as shown in the top plot of figure 9. For future implementation of the MSE at W7-X it is foreseen to
measure the changes of γ with respect to a reference measurement (generally the first available MSE
measurement of the experiment, black curve in the top plot) since in a stellarator the flux surfaces exist
in vacuum and in such a way it is possible to neglect offsets introduced by the Faraday rotation in the
optical elements. An example of δγ = γ− γref is shown in the bottom plot of figure 9. For the analy-
sis shown in the rest of the paper, we take the γ values calculated from the fitted curves in figure 8 and
average over a wavelength interval 0.15 mm interval around the maximum value of the π+, in order
to use for the analysis the δγ portion of the spectra with the smallest noise and to avoid overlap with
the σ peak tail. Uncertainties using a Monte Carlo approach: the fit parameters are sampled from their
covariance matrix, and for each sample the full analysis, from the fits to the calculation of γ is recom-
puted. The error bars correspond to the standard deviation of the resulting δγ values across all Monte
Carlo realisations. It should be noted that the π+ position may shift within the experiment, particu-
larly at higher plasma pressures due to diamagnetic effects. To ensure that δγ reflects changes in the
polarisation angle, we calculate γ over a fixed spectral window relative to the fitted peak. This approach
avoids misinterpretation of δγ as artefacts from subtracting different spectral regions caused by π+ drift.
Additionally, it is inherently assumed that γ is a local measurement but in reality it comes from slightly
different locations within the same flux surface, since it is derived from four distinct lines of sight, each
intersecting the plasma at different beam height position and sampling different regions. Nevertheless,
since the primary objective of this work is to demonstrate the upgraded MSE system’s capability to

7
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Figure 8. Example of multi Gaussian fits for the π+ components and σ tail. Each plot highlights the spectral region of the π+
peak from figure 6 and refers to fibre LOSs with different polarisers. Measured data are displayed in blue and are fitted using a
multi Gaussian fit. Each Gaussian component is shown in dashed green curves for the π lines and in purple for the σ tail. The
sum is plotted in red.

Figure 9. Top plot: γ and γref profiles as a function of the wavelength. The spectral range is restricted to the π+ component.
Bottom plot: relative changes of δγ. In blue the δγ for the measured data, in red from fitting the π+ components and the stan-
dard deviation across all Monte Carlo realisations.

detect changes in the measured signals in response to varying plasma parameters, while maintaining
agreement with the theoretical model, this spatial averaging does not compromise the validity of the
results, since the modelling is also performed using the real LOSs geometry.

5. Modelling

The model used in this work consists of a modified version of the BES forward model [20], which was
successfully used for inferring beam, optical system and plasma parameters (electron density and ion
temperature profile) from active H-alpha spectroscopy measurements. The beam attenuation and the

8
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Figure 10. Polarisation angle as a function of the toroidal current. The relative changes are calculated with respect to the equilib-
rium with Itor = 0 kA.

halo formation was implemented in the forward model, in which each source is described as the sum
of several Gaussian pencil (Gausscil) beams. For each Gausscil the attenuation and emission due to the
interaction with the plasma is calculated solving a step wise collisional radiative model along the beam
axis. The halo formation and its H-α emission are computed by solving a coupled, collisional radiative
charge exchange (CX) diffusion equation with the beam–plasma CX reaction rate being the initial source
term. A detailed description of the model and its verification can be found in [11]. A modified version,
which takes into account the MSE lines of sight (LOS) geometry, the linear polarisers and the QWP is
employed to calculate the spectra of the beam emission. The spectra are obtained using a VMEC [21]
equilibrium and electron temperature, ion temperature and density profiles as inputs. Finally, the polar-
isation angle γ is calculated from the relation between the spectra corresponding to different polaris-
ers, using the formalism used in section 3 (equations (2)–(5) and (8)). Let us start by considering the
polarisation angle changes induced by a finite toroidal current. Three different toroidal current values,
representing the full range of typical currents expected for present operational parameter, (−20 kA,
0 kA, 20 kA) were used to create the VMEC equilibria and, for the sake of simplicity, we considered flat
plasma pressure profile p(r) = 0 Pa and a flat current density profile. The results are plotted in figure 10,
in which δγ is plotted as a function of Itor for three fibre groups, where δγ = γ− γref (figure 9) and γref
corresponds to the case Itor = 0 kA. We observe that for a change of 20 kA, a change of less than 0.1◦ is
expected. Importantly, δγ is expected to be larger for experiments with localised currents (e.g. ECCD).
Nevertheless, figure 10 confirms the expected order of magnitude, which approaches the current experi-
mental sensitivity limit. We also investigated the effects of different pressure profiles on the polarisation
angle (while keeping jtor = 0). The profiles used to calculate the magnetic equilibrium with VMEC are
plotted in figure 11(a) as a function of the effective radius, along with the positions of the fibre groups.
Notably, due to the Shafranov shift, the fibre position relative to the effective radius changes as the pres-
sure increase and the innermost groups shift from the inboard side to the outboard side. The depen-
dence of δγ as a function of ⟨β⟩ is depicted in figure 11(b). For all considered fibre groups, δγ varies
up to 5◦ and presents a non-monotonic trend, which can be also explained by the fact that, as shown
in figure 11(a), the relative measurement positions change within the ⟨β⟩ scan. A conservative estimate
of the model accuracy was obtained by varying the plasma pressure within a range of 10%, consistent
with the experimental uncertainty. Such variations were found to induce changes in δγ of the order of
0.1◦–0.2◦, depending on the fibre group, which can be considered as the accuracy limit of our model.
In contrast to the Itor scan, δγ is expected to give changes that can be experimentally detected with the
MSE diagnostic and a validation of the model is shown in the next section. Improvement in the BES
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Figure 11. (a) Mapping of three selected fibre groups for different pressure profiles. The solid lines represent the pressure profiles
as a function of the effective radius. Negative and positive radii values correspond to the inboard and outboard side, respectively.
The white shapes show the radial position of three selected fibre groups. (b) Modelled polarisation angle γ calculated by the
model as a function of the plasma pressure for selected fibre groups. All data are offset relative to the vacuum (β = 0) values.

model are foreseen, for instance, by including the radial electric field and the Zeeman effect, which
are neglected here since they are expected to result in changes significantly smaller than the δγ mea-
sured in this work. These corrections will be incorporated in future versions of this work. Regarding
the Zeeman effect, the possible polarisation contribution still needs to be taken into account; however
it is not expected to play a relevant role for the data presented in this work, since the focus is on rela-
tive changes of γ. A comparison between model results and experimental data is discussed in the next
section.

6. Experimental data

We present in this section δγ measurements and comparison with the above introduced model. As dis-
cussed in the previous section, the present toroidal currents are too small to be measured as the typical
values for Itor/B at W7-X are about 5kAT−1, whereas for a stellarator of comparable size, such as the
Large Helical Device (LHD) [14] the typical values lie between 50–70kAT−1, thus leading to changes in
γ on the order of 1◦, at least a order of magnitude higher than the expected values at W7-X. Therefore,
we focus in this chapter on a so-called ‘high performance’ experiment [22, 23], featuring high core β,
and therefore a relatively strong Shafranov shift. An overview of the relevant parameters for experiment
20250312.112 is depicted in figure 12, whereas selected pressure profiles are shown in figure 13. A pure
electron cyclotron resonance heating (ECRH) phase with pellet injection is present for the first 5.65 s of
the experiment, after which NBI is operated for 4 s (top panel) and the ECRH power is raised from 2
to 4MW. This phase is characterised by an increase in diamagnetic energy (middle panel) and ion tem-
perature, reaching its maximum at around 6.5 s, followed by a relatively stable phase. The evolution of
γ is shown in the bottom panel, in which significant changes are measured, especially between t= 5.65
and t= 6.6 s, in which Wdia increases by a factor of three. In fact a β change, for which Wdia is taken
as a proxy, will result in changes in |B| due to the plasma diamagnetism and a change in the intensity
of the Pfirsch–Schlüter currents, which, by creating a vertical component of B is expected to change the
pitch angle, and therefore the polarisation angle γ. Additional contributions, which are however expected
to be negligible in a first approximation (see discussion in section 5), are given by the toroidal currents
such as the neutral beam current drive (NBCD) and the bootstrap current and the radial electric field.
Whereas the most external fibre group shows a monotonic trend, which stabilises between t= 6.5 s and
t= 10 s, groups 3 and 7 are characterised by a non-monotonic trend, in which γ decreases for the first
0.5 s and then increases again. We emphasise again that the relative position of the fibre groups with
respect to the flux surfaces strongly changes due to the Shafranov shift, therefore a proper mapping to
reff needs to be included in future works. Finally, the measured δγ(t) = γ(t)− γ(t0) is compared with
predictions given by our model for selected times, where γ(t0) corresponds to the value of the first avail-
able measurement (t0 = 5.65s). For each time step of interest, a VMEC equilibrium is calculated from
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Figure 12. Selected plasma parameters for experiment 20250312.112. First panel: NBI and ERCH heating power. Second panel:
core electron and ion temperature .Third panel: diamagnetic energy. Fourth panel: evolution of δγ for selected fibre groups. Data
are taken by averaging 6 frames, each with an exposure time of 15 ms.

the plasma pressure p= kB(Te ne +Ti ne/Zeff)(figure 13), where kB is the Boltzmann constant, Te and ne
the electron temperature and density, obtained by the Thomson Scattering diagnostic [24], respectively,
Ti is the ion temperature measured by the CXRS diagnostic [10] and Zeff ≈ 1.2 the effective atomic
number. The comparison between the temporal evolution of the relative polarisation angle obtained
from the model (δγmodel) and from the experimental data (δγexp) is plotted in figure 14 for three fibre
groups, spanning from the core to mid-plasma and showing that the modelled data (solid red line)
generally agree within the error (1σ) bars with the experimental data (black dots). Notably the model
follows the same trend as the experimental data and as for figure 12, we also observe in figures 14(a)
and (b) an initial decrease in γ. In figure 14(c) it is possible to observe a good match between the first
and the last points, whereas the model shows a larger δγ between the t= 6s and t= 7s, which corre-
sponds to the phase of strong Wdia increase.

Despite the fact that for each fibre group the 4 LOSs do not intersect the beam in the same posi-
tion, but rather on the same flux surface, the good agreement with the model confirms the diagnostic
capabilities of the MSE at W7-X. The match between the modelled and experimental data is the first
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Figure 13. Plasma pressure profiles at different instants. The profiles are used as a input for VMEC to calculate a corresponding
equilibrium.

Figure 14. Comparison between the polarisation angles δγ obtained by the experimental data (black dots) and the model (solid
red line) for the innermost, middle and outermost MSE fibre groups.

step toward the assessment of the Lorentz field and therefore the magnetic field pitch angle and the rota-
tional transform. Since the dependence of the measured polarisation on the plasma parameters (beta,
Shafranov shift etc) is very complex, inference of these from the measured data requires advanced analy-
sis tools, e.g. using the described forward model in a Bayesian inference framework [25].

7. Summary and discussion

In this work we discussed the results obtained with an improved MSE system. A new spectrometer, with
new optical fibres and a new optical head was installed, resulting in an increase in the SNR from 10 to
around 80. The overlap of the several energy components results in a limited wavelength region with
a defined polarisation, namely the region in which the π+ can be identified, therefore the polarisation
analysis was limited to this well-separated component. The polarisation angle was obtained using four
intensity measurements (3 linear polarisers and a linear polariser with a quarter wave-plate) and was
compared to the evolution of toroidal current and plasma pressure in a selected experiment. Even if the
SNR was highly improved, no clear measurements of the toroidal current was available, mainly due to
small currents present at W7-X (about 10 kA), which are orders of magnitude smaller than currents
in machines of comparable size, such as LHD [14]. Significant changes in γ were instead detected for
experiments with large β changes. A comparison between experimental and modelled data show a good
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agreement in δγ indicating the reliability of our emission model to measure changes of the plasma pres-
sure. At present, the toroidal current assessment seems out of reach and would require further improve-
ment of the SNR. The possibility however to use the MSE diagnostic, in particular when integrated in a
Bayesian framework with the CXRS system [11] might offer the possibility to constraint the plasma pres-
sure, thus yielding an improved equilibrium reconstruction , from which the rotational transform can
be obtained. Future improvements of the model such as by including Faraday rotation, Er and Zeeman
effect are ongoing, in order to improve the δγ estimation even further.
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