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ABSTRACT
Coherence Imaging Charge Exchange Recombination Spectroscopy (CICERS) is an imaging diagnostic installed in Wendelstein 7-X from
which 2D maps of ion temperature (Ti) and impurity density (nZ) are obtained. The improved spatial resolution and coverage, as com-
pared to standard Charge eXchange Recombination Spectroscopy (CXRS), with which these parameters can be assessed, come at the expense
of spectral resolution, requiring the development of new strategies to isolate the active charge exchange contribution from passive and
Bremsstrahlung radiation. In this work, a new approach based on the modeling of background radiation is presented and applied to the
derivation of 2D Ti maps. These are compared to the Ti profiles derived from standard CXRS, which found excellent agreement up to the
edge (ρ > 0.8). The CICERS view is implemented in the pyFIDAsim code, which is used to provide further insight into the spatial localization
of the radiation as measured by the diagnostic. Moreover, an absolute intensity calibration is carried out, and, coupled with pyFIDAsim, the
first 2D nC maps are obtained and validated against CXRS data.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0219483

I. INTRODUCTION
Coherence Imaging Spectroscopy (CIS) is a state-of-the-art

imaging and plasma diagnostic technique based on polarization
interferometry. Its working principle consists of the generation of
a 2D interference pattern via birefringent crystals from which 2D
maps of relevant plasma parameters such as ion temperature (Ti),
impurity density (nZ), or flow velocities (vZ) can be derived. As
an example, this technique has been used to measure flows in the
Scrape-Off Layer (SOL) of Wendelstein 7-X plasmas from CIII radi-
ation.1 In the spatial heterodyne configuration,2 the crystal(s) are
arranged such that the resulting interference pattern consists of a
set of parallel fringes. The diagnostic signal can be interpreted as

S(x, y) = I0(x, y)
2
[1 + ζ(x, y) cos Φ(x, y)], (1)

where I0 is the intensity of the measured radiation, ζ is the con-
trast of the fringe pattern, and Φ is the phase shift introduced by
the birefringent plates. Here, (x, y) refer to different pixel positions
of the sensor where the fringe pattern is recorded. I0, ζ, and Φ are
known as the interferogram parameters, which can be recovered
from the raw signal by the use of the 2DFFT.3 In that sense, the
only experimental information provided by the diagnostic itself is
these three parameters, which encode the spectral line shape of the
collected radiation. The lack of spectral resolution to discriminate
between different radiation components limits the CIS technique to
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simple or well-known spectra. For that reason, typical CIS diagnos-
tics include a narrow bandpass filter centered on the emission line
under study. An attempt to use the spatial heterodyne CIS technique
to infer ion temperatures in the SOL demonstrated the limitations
of the technique for this purpose, as for such temperatures (∼20 eV),
the Doppler broadening mechanism is comparable to the Zeeman
splitting broadening,4 and the spectral information is not sufficient
to separate the effects. For that matter, the multi-delay CIS system
has recently been developed.5

Unlike most CIS systems, which are used for measurements
of the Scrape-Off Layer (SOL), the CICERS6 (Coherence Imag-
ing Charge Exchange Recombination Spectroscopy) diagnostic per-
forms measurements of radiation in the core of Wendelstein 7-X
(W7-X) plasmas. It is focused and optimized to measure Charge
eXchange (CX) radiation, which is generated after neutral beam
injection (NBI) injected neutrals undergo a CX reaction with an ion
species present in the plasma and can be used to infer 2D maps of
the same plasma parameters as with standard CXRS. The availabil-
ity of these maps is inherently interesting because of the enhanced
spatial resolution with which these parameters can be determined.
In addition, having a toroidal view, it can directly image a large part
of the poloidal cross section of the plasma, enabling it to identify 2D
structures in the profiles, which, e.g., can be used to assess the effect
of core magnetic islands on these profiles.7

An overview of the CICERS diagnostic is introduced in Sec. II,
where the limitations of the diagnostic due to the presence of
background radiation are addressed. A new approach to deal with
background radiation based on the modeling of the different sources
is shown in Sec. III. In Sec. IV, the implementation of CICERS in the
pyFIDAsim code is introduced and used to further characterize the
spatial localization of the active CX radiation, and finally, in Sec. V,
the code is used to derive an experimental 2D impurity density
map.

II. COHERENCE IMAGING CHARGE EXCHANGE
RECOMBINATION SPECTROSCOPY

CICERS6 employs the spatial heterodyne single delay
approach,2 and its crystals are optimized for the high temperatures
present in the core of W7-X plasmas (Ti ∼ 2 keV). It uses an α-BBO
2.5 mm delay plate and two α-BBO 10 mm displacer plates set
up as a Savart plate.6 CICERS was installed in the W7-X OP2.1
experimental campaign, during which a narrow bandpass filter (full
width half maximum ∼2 nm) centered around the CVI (C5+, n
= 8→ n = 7, λ = 529.05 nm) CX emission line was used. All the
results presented here are focused on this impurity species and
emission line. More information on the set-up and calibration
procedure used for the diagnostic can be found in Ref. 6.

The CIS technique provides limited information about the
spectral content of the measured radiation, so it is helpful to have a
proper understanding of the behavior of the CX radiation. The radi-
ation is well-localized along each diagnostic Line Of Sight (LOS),
with a narrow emissivity distribution around the neutral beam func-
tion along each.8,9 This is confirmed by the implementation of the
CICERS view in the pyFIDAsim code (see Sec. IV for details). The
high temperatures present in the core of W7-X plasmas make the
Doppler effect the dominant broadening mechanism, and the Zee-
man splitting becomes a minor correction factor for which the

relevant magnetic field information B is not needed with the same
precision as for SOL Ti measurements. A typical CX spectrum is
not only composed of the active CX component but also has some
additional contributions within the narrow bandpass filter range,
and these are also encoded in the interferogram, contaminating the
measurements. These are the passive and Bremsstrahlung radiation
components. The origin and effects of these on the total CICERS sig-
nal, as well as approaches on how to deal with them, are addressed
in the following section.

III. BACKGROUND RADIATION
One of the main factors limiting the use of charge exchange

radiation to infer relevant information about plasma parameters
is the presence of additional background components besides the
active CX contribution. For CICERS, those additional components
are passive and Bremsstrahlung radiation. The passive contribu-
tion consists of the same characteristic photons as the active CX
ones, generated by two main processes: Charge exchange with edge
neutrals and electron impact excitation.10 This type of radiation is
typically generated toward the edge of the plasma, where ion temper-
atures are lower and the edge neutral concentration is higher. Passive
radiation can be spread significantly along the lines of sight, espe-
cially those that graze the plasma edge. The visible Bremsstrahlung
contribution is a spectral continuum radiation source.

Figure 1 shows a schematic of a typical total CX spectrum for
the CVI emission line filtered by the narrow bandpass filter used for
CICERS. These three different sources are encoded in the interfer-
ence pattern. However, the FFT-demodulation treats it as a single
source signal with parameters (Ieff , ζeff , Φeff ). It can be shown that
the total signal Seff is linear with respect to each individual spectral
component,11

Seff = Sact + Spas + SB, (2)

where the subscript act refers to the active CX contribution, pas to
passive, and B to Bremsstrahlung. Each of the components has the
form Si = Ii

2 [1 + ζi cos Φi].

FIG. 1. Schematic of the total effective spectrum encoded in the CICERS signal.
All the different radiation components are affected by the narrow bandpass filter
transmission curve.
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As the CX radiation only appears during NBI injection, a pos-
sible approach to isolate the active component is the interpolation
of raw frames before and after the NBI injection. This approach
can be used when diagnostic NBI blips are available.6 However, it
was found that non-linear changes in the background components
were too significant during continuous NBI operation. This can be
mitigated to some extent with an ad-hoc method, the ROI (Region
Of Interest)-scaled interpolation,6 but it remains unsatisfactory. The
purpose of this work is to present a novel approach based on the
modeling of background radiation that can be used to derive reli-
able experimental data when diagnostic blips are not available, i.e.,
when continuous NBI injection is used. The results presented in
this section correspond to discharge No. 20230216.077, where con-
tinuous NBI was shot into an electron cyclotron resonance heating
(ECRH) plasma during 2 s (t = 3–5 s) with line-integrated densities
∫ nedl evolving from ∼2 to ∼3 m−2.

It can be shown from Eqs. (1) and (2) that the active CX contrast
ζact can be written in terms of the other interferogram parameters as

ζact =
ζeff Ieff − ζpasIpas

Ieff − (Ipas + IB)
, (3)

where the parameters and subscripts have the same meaning as pre-
viously introduced. Here, it was assumed that Φact −Φpas ∼ 0. This
assumption is justified by the reduced sensitivity of CICERS to flow
velocity,6 the small CVI flows at W7-X,12 and the small central wave-
length shift due to the Zeeman effect,13 which makes the Doppler
and multiplet phase shift terms6,14 approximately equal for passive
and active radiation sources, respectively. It has also been assumed
that IBζB/Iactζact ≪ 1, which was further confirmed with simulations
showing that ζB ∼ 0.0003. This approximation may not hold any-
more at high ne plasmas (ne ∼ 1020 m−3), where Iactζact ∼ IBζB as
the Bremsstrahlung local emissivity scales as εB ∝ n2

e . The goal of
the modeling approach is to model (IB, Ipas, ζpas) so that the active
CX contrast can be inferred via Eq. (3).

Since both Bremsstrahlung and passive radiation are not local-
ized, the line-integration effects of each of the components need
to be taken into account. For this reason, the pyFIDAsim code15

is used. The code generates a 3D grid and loads a local value of
the normalized magnetic flux surface coordinate ρ, from a precom-
puted equilibrium with the variational moments equilibrium code
(VMEC),16,17 in each individual cell. The code is able to extend
the VMEC equilibrium to the SOL, up to ρ ∼ 1.2. Once the view
of CICERS is implemented in the code (see Sec. IV), it can com-
pute the intersection between CICERS LOS and grid cells. The local
Bremsstrahlung emissivity εB can be inferred using the electron den-
sity ne, electron temperature Te, and effective charge Zeff profiles via
the equation18

dεB

dλ
= 7.57 × 10−9g

n2
e Zeff

λT1/2
e

ehc/λTe, (4)

where λ is the wavelength in Å, ne is the electron density in cm−3,
Zeff is the effective charge, Te is the electron temperature in eV, dεB

dλ
has units photons/(m−3 Å s sr), and g is the Gaunt factor.19 Te and
ne profiles are taken from Thomson scattering,20 while Zeff is com-
puted from ne and carbon density profiles derived from CICERS (see
Sec. V), assuming carbon as the predominant impurity.

An integral is performed both in wavelength, taking into
account the narrow bandpass filter transmission curve (see Fig. 1
for reference), and along each individual CICERS LOS. An example
of the resulting Bremsstrahlung intensity IB overlaid on a computer
aided design (CAD) vessel model of the CICERS view is shown in
Fig. 2.

By comparing the modeled IB with experimental measurements
of background frames, it is found that modeling is able to predict the
IB contribution within an ∼20% accuracy. It is thought that such lev-
els of uncertainty arise due to the quality of the profiles and neutral
bremsstrahlung at the edge.

The direct modeling of passive radiation is a more complex pro-
cess, as it relies on the precise knowledge of different parameters
such as the edge neutral density and C6+ and C5+ densities, as well as
the reaction rates for the different processes.10 For this reason, a dif-
ferent approach is used. In W7-X, a dedicated spectrometer is able to
routinely measure the passive CVI radiation intensity.21 The method
proposed here is to use the CVI intensity provided by the diagnos-
tic to obtain a CVI emissivity profile, which is approximated to be
a flux function. Although the flux-function approximation does not
consider aspects such as the edge neutral asymmetries, the recon-
struction of the CVI emissivity via CXRS data reported in Ref. 22
demonstrates the validity of this approximation. The CVI intensity
I can be related to the emissivity ε as

Ii =Wα
i εα, (5)

where W is the so-called diagnostic weight function and describes
how sensitive each diagnostic LOS is to a portion of the phase space,
which in this particular case is simply the normalized flux surface
coordinate ρ.

Obtaining such emissivity constitutes an ill-posed inverse prob-
lem, which is solved in this case with the use of the zeroth Tikhonov
regularization technique,23 in which the following cost function is
defined:

𝒞(ε∣α) = ∥Wε − I∥2
2 + α∥I∥2

2, (6)

where ∥ ⋅ ∥2 denotes the L2 norm and α is a hyper-parameter of
the regression. The emissivity is finally obtained by minimization of
the cost function, constraining ε to positive values to prevent non-
physical solutions. Figure 3 shows (a) the CVI passive intensities as
measured by the passive spectrometer as well as the reconstructed

FIG. 2. Bremsshtralung line-integrated intensity IB for discharge No.
20230216.077, t = 4.462 s. The intensity has been calibrated to CICERS
intensity counts using the absolute intensity calibration presented in Sec. V. The
white line represents the position in which the 2D T i data (Fig. 6) were taken for
the CICERS profile shown in Fig. 7.
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FIG. 3. (a) Intensity of the passive CVI radiation as measured by the passive
spectrometer for each of the available LOS and (b) resulting emissivity ε(ρ)
obtained after tomographic inversion. Results from each time stamp are plotted
in black, while red lines represent the averaged ones. Red error bars represent
the associated ±σ standard deviation.

intensities with the emissivities shown in (b). The modeled passive
intensity can then be inferred by performing the LOS integral of the
emissivity along each individual LOS as

Imod
pas = ∫

LOS
ε(ρ)dl. (7)

The passive contrast can be approximated as the emissivity-weighted
mean of the local contrast contribution,

ζpas = ∫LOS ε(ρ)ζ(Ti, B)dl

∫LOS ε(ρ)dl
, (8)

where

ζ(Ti, B) = ζD(Ti)ζM(B). (9)

ζD(Ti) is the Doppler contribution to the contrast term and depends
mainly on the ion temperature Ti and ζM(B) is the Zeeman contri-
bution to the contrast, which depends on the magnetic field absolute
value ∣B∣ and on the angle between the magnetic field direction and
the LOS direction θ.6 Each of these terms is computed locally in
every individual grid cell and then averaged as shown in Eq. (8).

The reconstructed passive intensity as computed by Eq. (7)
is arbitrarily calibrated to the emissivity counts resulting from the
tomographic inversion, which depends on the hyper-parameter α
used for the inversion [see Eq. (6)]. A consistent cross-calibration
to CICERS intensity counts can be carried out by comparing the
simulated intensity to the experimental one obtained from back-
ground frames. The passive intensity can be decoupled from the
Bremsstrahlung intensity for frames with no active CX contribution
using

ICICERS
pas = ζeff

ζpas
Ieff . (10)

Note that while ζpas need to be previously evaluated as in
Eq. (8), it does not require calibration as it only depends on
the normalized distribution of ε(ρ). A calibration factor can then
be determined by direct comparison of κcal = ICICERS

pas /Imod
pas , which

is then used to scale the modeled passive intensity during NBI
injection.

The results of the modeled and cross-calibrated Ipas are shown
in Figs. 4(a) and 4(b), respectively. The quantitative difference in
shape between both figures comes from the defocusing of the imag-
ing lens, which is not taken into account in the geometric calibration
of the CICERS view and is probably due to the presence of edge neu-
tral asymmetries not taken into account in the model. Therefore, the
cross-calibration of Ipas with experimental CICERS frames is useful
to alleviate the asymmetry effects previously mentioned.

Once (IB, Ipas, ζpas) are known, ζact is computed using Eq. (3),
and finally, Ti can be derived using the diagnostic calibrations.6,24

Since a Ti profile is needed to account for ζpas [see Eq. (9)], a first
computation of the 2D Ti map is carried out using the CICERS Ti
profile from the previous time point, and the whole process is iter-
ated until the resulting Ti profile derived from the Ti map in the
nominal beam axis injection direction6 converges. Convergence is
typically found after ∼3 − 4 iterations. A schematic overview of the
whole modeling process is shown in Fig. 5.

The resulting 2D Ti map is shown in Fig. 6(a), where the
same Ti map obtained with the ROI-scaled method6 is plotted for
comparison in Fig. 6(b). Ti aligns much better with the overplotted

FIG. 4. (a) Modeled passive intensity and (b) same modeled intensity after cross-
calibration with CICERS experimental passive intensity as obtained from frames
with background radiation. The white line represents the position in which the 2D
T i data (Fig. 6) were taken for the CICERS profile shown in Fig. 7.
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FIG. 5. Workflow overview used for the background modeling approach.

flux surfaces in the case of the modeling background subtraction,
suggesting a better estimation of Ti by this method.

An additional validation of the Ti maps obtained by the back-
ground modeling method is shown in Fig. 7, where a CICERS Ti
profile derived from the 2D Ti map shown in Fig. 6(a) is com-
pared to the profile obtained by the toroidal view of the standard
CXRS diagnostic at W7-X.8 As shown, excellent agreement is found
between both diagnostics up to the edge (ρ > 0.8), where CICERS
predicts slightly higher temperatures. This effect was also observed
using the ROI-scaled method,6 and while the reason is not clear yet,
a possible explanation may be due to an imprecise determination
of the background radiation toward the edges of the plasma. Since
the active CX radiation intensity is reduced in this region, it is more

FIG. 6. (a) 2D T i map obtained from the modeling background subtraction method,
and (b) same 2D T i map obtained with the ROI-scaled background subtraction.6
Note how the adjustment of T i to the overplotted flux surface contours is much bet-
ter for the background modeling case. The white line in (a) represents the position
in which the data were taken for the CICERS profile shown in Fig. 7.

sensitive to uncertainties in the modeled parameters, such as, e.g.,
the uncertainty in the Bremsstrahlung intensity IB.

As mentioned earlier, the uncertainty on IB was assessed to be
ΔIB ∼ 20%. This level of uncertainty renders the method introduced
here only useful for low-ne plasmas (up to ∫ nedl ∼ 6–7 m−2), since
for high-ne, the errors on the Bremsstrahlung contribution are com-
parable to the active CX signal as εB ∝ n2

e [see Eq. (4)]. As of now, the
only method to infer reliable measurements with CICERS at high-
ne plasmas is to interpolate the background radiation during NBI
blips.

IV. PYFIDASIM IMPLEMENTATION
The view of CICERS was implemented in the pyFIDAsim code

and was reliably used for the modeling background subtraction

FIG. 7. Ion temperature profile obtained from the 2D map shown in Fig. 6(a) and
comparison with the CXRS toroidal view (port AEA21) profile. The blue area corre-
sponds to the ±3σ confidence interval accounting for CICERS systematic errors.
CICERS T i data are taken in the positions along the white line shown in Figs. 2, 4,
and 6. The two CICERS profiles correspond to inboard/outboard data.
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method introduced in the previous section. However, the main pur-
pose of the code is to model the NBI injected neutrals. It implements
a Monte Carlo approach and uses a collisional-radiative model to
predict the neutral density for each energy component (E/1, E/2,
E/3, Halo) and different main quantum numbers (n = 1, 2). The
code has already been tested and validated in W7-X for impu-
rity density measurements from standard CXRS9 and fast-ion Hα
emission characterization.25

The intensity of the CVI CX radiation can be modeled via

Iact =
1

4π∫LOS
nC6+∑

E,i
nE,i

H ⟨σv⟩CX
E,i dl, (11)

where nC6+ is the density of the C6+ species, nE,i
H is the density of

the NBI injected neutrals, and ⟨σv⟩CX
E,i represents the reaction rate of

the CX cross section. The subscript E refers to the different energy
components E = [E/1, E/2, E/3, Halo] and i to the main quantum
numbers i = [1, 2]. Figure 8 shows a comparison of the modeled and
experimental Iact contours. Here, a set of precomputed reaction rates
compiled for the ASDEX Upgrade tokamak9,26 is used. The impurity
density profile used for the simulations is the one derived and shown
in Sec. V.

Figure 8(a) plots the results of the simulation using the nom-
inal NBI S4 parameters, where an offset between the simulation
and experimental contours is observed. A good agreement is found
between modeled and experimental contours when a 4.6 cm upward
shift is introduced in the NBI source position, as shown in Fig. 8(b).
A discrepancy can be observed on the right side of the innermost
contours, which is related to imprecisions in the neutral model-
ing carried out by pyFIDAsim. The shift in the source position is
thought to be due to the effects of the W7-X magnetic fields on the

FIG. 8. Contours of the experimental (red) and simulated (blue) CICERS Iact using
(a) nominal beam parameters and (b) introducing a 4.6 cm upward shift in the
beam source position.

NBI, as reported by NBI calorimeter loads.27 A ∼5 cm upward shift
has been previously reported by Bayesian BES modeling for sources
S7 and S8 in W7-X.28

A. Spatial localization of the active CX radiation
The NBI injected neutrals provided by the pyFIDAsim code can

be further used to assess how well the active CX radiation is localized
in the plasma and, thus, to investigate line-integration effects. The
typical approach to localize the CX radiation is the closest approach
(CA) method, where the radiation is assumed to originate at the
point of closest approach along each individual LOS to the beam
axis. An alternate approach based on evaluating the center of mass
(COM) of the active CX radiation can be used.9 Here, the spa-
tial location of each individual LOS is evaluated by performing the
following LOS integral:

sCOM = ∫LOS swdl

∫LOS wdl
, (12)

where s = ρ2 and w are the weights of the emissions along the LOS
computed as

w =∑
E,i

nE,i
H ⟨σν⟩E,i

CX. (13)

The difference between the spatial location as obtained both by
CA and COM is shown in Fig. 9. While some spatial variations can
be observed due to the complex 3D geometry of W7-X, the differ-
ences found are of the order of ∼1%–3% overall. This is consistent
with previous similar studies carried out for the W7-X standard
CXRS.9

The weights computed can be further used for the assessment
of the spread of active CX radiation along the LOS for the whole 2D
map. The full width at half maximum (FWHM) of the distribution of
w is shown in Fig. 10. It can be seen that values toward the edge of the
plasma have a higher FWHM (and, thus, line-integration effects),
while those closer to the core of the plasma are smaller, showing a
reduction in the line-integration effects in this region. In addition,
these line-integration effects are different on the inboard (right) and
outboard (left) sides of the plasma.

FIG. 9. Difference between the closest approach (CA) and center of mass (COM)
methods. Both methods provide a consistent evaluation of the origin of the CX
radiation, with negligible differences (∼1%–3%) throughout the CICERS typical
2D map.
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FIG. 10. Full Width at Half Maximum (FWHM) of weights [computed as Eq. (13)]
along each LOS.

V. IMPURITY DENSITIES
The impurity density can be related to the intensity of the CX

radiation as26

nC6+ = 4π
Iact

∑E,i ∫LOS nE,i
H ⟨σν⟩CX

E,i dl
, (14)

where all the parameters have the same meaning as in Eq. (11).
To derive carbon impurity density nC maps from the diagnostic
signal, an absolute calibration of the CICERS signal has been per-
formed by using an absolutely calibrated Ulbricht sphere. The sphere
was placed in front of the fiber bundle that collects light for the
CICERS and SOL CIS diagnostics in the laboratory. The resulting
absolute calibration has been additionally corrected by the calibrated
transmission factors of the window and mirror components of the
immersion tube used to recollect light from the plasma and redi-
rect it to the fiber bundle. The results of the impurity density map
obtained after absolute calibration are shown in Fig. 11, overlaid
with flux-surface contours. Again, a good adjustment of nC to the
contours is found. While overall smooth, a fringe-like behavior is
observed in the bottom center part of the map. It is believed to be
due to line-integration effects and the finite size grid used for the
simulations (dR, dZ = 1 cm). A slight increase in nC can be observed
as a white spot between ρ = 0.6 and ρ = 0.4 on the outboard (left)

FIG. 11. 2D nC map obtained from the CICERS experimental signal and
pyFIDAsim neutral beam simulations.

FIG. 12. CICERS nC profile (red line) derived from the flux-surface average of the
CICERS data points (black dots) and CXRS nC data. CICERS errors correspond
to the ±1σ standard deviation resulting from flux-surface averaging.

side of the map. While not clear, this increase in nC is thought to
be due to an underestimation/overestimation of the injected neu-
trals modeled by pyFIDAsim, as already reported in Refs. 9 and 25.
This effect is also the reason for the discrepancies in the contours in
Fig. 8. The flux-surface asymmetries are assessed and found to be on
the order of nC/⟨nC⟩ ∼ 10%, which are higher than the neoclassical
predictions for C6+.29 This topic will be further investigated in the
upcoming W7-X experimental campaign.

Figure 12 plots a 1D profile showing all the CICERS nC dat-
apoints in black. The red profile corresponds to the flux-surface
averaged values, with error bars corresponding to the ±1σ standard
deviation evaluated in the flux-surface averaging. The nominal NBI
power (1.8 MW) is downscaled by a factor of 0.6 to match the CXRS
nC profile. This factor accounts for beam scrapping by the NBI port
and beam attenuation in the SOL.9 A similar factor was used for
standard CXRS9 (0.7), and the need for a smaller factor is thought
to be due to the introduction of the shift in source position. While
still unclear, an additional possible reason for the discrepancy might
be the quality of the absolute calibration. This point will be fur-
ther addressed in future work by performing a similar analysis with
BES-modeling-inferred NBI injected neutrals.28

In general, good agreement is found between CXRS and
CICERS data, as well as for nC. Again, a systematic overestima-
tion of nC is predicted by CICERS toward the edge, as observed
in the Ti profiles (see Fig. 7), reaffirming the hypothesis of an
underestimation of background contribution toward the edge of the
plasma.

VI. CONCLUSIONS
CICERS is a powerful diagnostic from which 2D maps of

relevant plasma parameters can be obtained with enhanced spa-
tial resolution by the analysis of the active CX radiation. In this
work, a novel approach to overcome the diagnostic limitations in
terms of subtracting the background radiation components during
continuous NBI injection to derive reliable Ti measurements is pre-
sented. For this purpose, the different contributions to the active
contrast ζact as shown in Eq. (3) are modeled: the Bremsstrahlung
line-integrated intensity IB is assessed via an analytic expression
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depending on ne, Te, and Zeff , and the passive intensity Ipas and pas-
sive contrast ζpas are determined via a tomographic inversion on the
passive intensity measured by a dedicated spectrometer. The method
is shown to provide excellent results for Ti measurements with con-
tinuous NBI injection in low-ne plasmas up to the edge (ρ > 0.8), but
the errors on the Bremsstrahlung contribution (ΔIB ∼ 20%) limit its
use for high-ne plasmas as εB ∝ n2

e . As of now, the best approach for
reliable measurements at high ne is the use of diagnostic NBI blips.
Finally, CICERS was successfully implemented in the pyFIDAsim
code. The modeled NBI neutrals, along with an absolute calibration,
were exploited to reconstruct, for the first time, a 2D nC map. These
results were validated against standard CXRS, and good agreement
was found.
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