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Abstract
This paper presents the first results from the analysis of Balmer-alpha spectra at Wendelstein
7-X which contain the broad charge exchange emission from fast-ions. The measured spectra
are compared to synthetic spectra predicted by the FIDASIM code, which has been supplied
with the 3D magnetic fields from VMEC, 5D fast-ion distribution functions from ASCOT, and a
realistic Neutral Beam Injection geometry including beam particle blocking elements. Detailed
modeling of the beam emission shows excellent agreement between measured beam emission
spectra and predictions. In contrast, modeling of beam halo radiation and Fast-Ion H-Alpha
signals (FIDA) is more challenging due to strong passive contributions. While about 50% of the
halo radiation can be attributed to passive signals from edge neutrals, the FIDA emission—in
particular for an edge-localized line of sights—is dominated by passive emission. This is in part
explained by high neutral densities in the plasma edge and in part by edge-born fast-ion
populations as demonstrated by detailed modeling of the edge fast-ion distribution.

Keywords: plasma physics, stellarator, forward modelling, fast-particle diagnostic
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1. Introduction

Balmer-alpha spectroscopy allows versatile investigations of
hydrogen plasmas [1–5]. In particular active spectroscopy
with lines of sight intersecting the paths of neutral beams
has become an important diagnostic technique since it car-
ries localized information on important plasma parameters
such as the fast-ion density, the radial electric field, plasma
rotation, and the main-ion temperature. However, the com-
plex shape of the measured spectra requires well-developed
models for its interpretation [6, 7]. The Balmer-alpha emis-
sion at 656.281 nm is formed by the n= 3→ 2 transition of
excited hydrogen particles and is in the visible spectrum. For
its detailed understanding often forward modeling is utilized.
Fast-Ion D-Alpha SIMulation code (FIDASIM) [7, 8] is such
a modeling tool, which was developed to predict the active
Balmer-alpha spectrum and neutral particle analyzer signals
[7] for tokamaks, assuming axi-symmetry. It has been used
extensively on tokamaks such as AUG, DIII-D or TCV [9–13],
but is novel to the world of stellarators [14].

Wendelstein 7-X [15] (W7-X) is a new stellarator, which
was recently upgraded with two Neutral Beam Injection
(NBI) sources [16–18] and active Balmer-alpha spectro-
scopy, installed as a subsystem of the Charge-Exchange
Recombination Spectroscopy (CXRS) system [19]. It was pos-
sible to characterize parameters of the beam injection sys-
tem, infer information on themain-plasma species temperature
and rotation, and explore FIDA7 emission, which provides an
important insight into the fast-ion population.

The paper is structured as follows: first, we discuss the
extension of the code FIDASIM into the full 3D geometry of
W7-X. After this, we introduce the spectroscopy system avail-
able at W7-X for Balmer alpha spectroscopy studies. Next,
we present the details of the modeling and compare the meas-
ured and modeled beam emission, halo emission, and fast-ion
Balmer alpha, FIDA emission. Finally, we conclude with a
summary and outlook.

2. Extension of FIDASIM to full 3D for W7-X

FIDASIM follows neutral super-particle markers and solves
rate equations to predict the neutral density from the n= 1
to n= 6 principal quantum states based on the local equilib-
rium plasma profiles. To map these quantities to a given spa-
tial location, the 3Dmagnetic equilibrium reconstruction from
variational moments equilibrium code (VMEC) [20] is used,
which provides ρ(R,Z,ϕ) flux surface coordinates and the
local magnetic field B⃗(R,Z,ϕ). An example of magnetic equi-
librium can be seen in figure 1, (a) in a poloidal cross-section
and (b) in a top–down view on the midplane. In addition,
figure 1 shows the two NBI sources of W7-X operated during
the 2018 experimental campaign in red and blue. Both sources

7 Fast-ion Balmer-alpha is being abbreviated FIDA following the convention
adapted from [7].

provide a nearly radial injection of fast neutral particles. A
fast-ion distribution function, as calculated by the accelerated
simulation of charged particle orbits in Tori (ASCOT) [21]
code for the later investigated plasma discharge, is shown in
figure 2. Pitch values (v||/v) close to 0.5 and −0.5 are being
populated and the fast-ion density peaks in the plasma core
region. FIDASIM has been upgraded to utilize the full 5D
(R,Z,ϕ,E,v||/v) fast-ion distribution function from ASCOT
to predict synthetic spectra.

In addition to the fast-ion distribution function, FIDASIM
requires information on the kinetic plasma profiles. At W7-X
Thomson-scattering measurements are used for electron tem-
perature and density and charge-exchange spectroscopy on
carbon is used for the ion temperature as input to FIDASIM.
The main impurity is assumed to be carbon, while the plasma
rotation is neglected. A typical spectrum from FIDASIM can
be seen in figure 3.

3. The charge-exchange spectroscopy system at
W7-X

A highly flexible and extensive CXRS diagnostic was set up at
W7-X [19] to provide high-resolution local measurements of
different plasma parameters such as ion temperature, impur-
ity density and to monitor beam attenuation and power depos-
ition of the recently commissioned neutral beam heating sys-
tem. The observation system consists of three different ports,
looking from different angles at the plasma. The line-of-sight
geometries are shown in 3D in figure 4. A21 is a toroidal view
with roughly 0◦ inclination to the magnetic field at the beam
intersection, while M21 and T21 are 45◦ views. The toroidal
lines of sight and the T21 port views observe red-shifted beam
emission while M21 port views observe the beam emission at
blue-shifted wavelengths.

The measurements discussed here were made with an ITER
Prototype Spectrometer (ILS) which allows the simultan-
eous measurement of spectra from 54 channels at three dis-
tinct wavelength ranges. One of the ranges is between 648–
666 nm, which covers the Balmer-alpha emission line with
0.0125 nm spectral resolution. The measurement is absolute
intensity calibrated, thus it provides measurement in units of
(Photons sr−1 nm−1 m−2 s−1).

Fast-ion Balmer-alpha emission can be locally interpreted
as a weighted integral of the fast-ion distribution function with
the observation’s weight-function [22].Weight functions char-
acterize the observation’s sensitivity to different parts of the
fast-ion phase-space. They look similar for lines of sight from
the same port as they are characteristic of the observation dir-
ection. One can be seen in figure 4(b) for each of the observa-
tion directions examined in this work.

4. NBI parameters as implemented in FIDASIM

During this work, W7-X was equipped with 2 NBI sources
(referred to S7 and S8), with almost radial injection (see
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Figure 1. Equilibrium flux surfaces for W7-X (a) at ϕ = 88◦ poloidal cross-section, (b) horizontal cross-section at the midplane. Flux
surfaces marked with black line. The operated NBI sources (S7, S8) are marked with red and blue, shaded area indicating their designed
effective width.

Figure 2. (a) Fast-ion distribution function in the beam-injection plane, averaged over the injection poloidal cross-section, and (b) the
fast-ion density as predicted by ASCOT.

Figure 3. Typical Balmer-alpha spectrum predicted by FIDASIM for one of the observation lines of sight in discharge 20 180 823.037 at
5.2 s. Different colors mark different spectral components. Brown, orange and yellow colors are marking the different energy components of
the beam emission. With green the unshifted halo emission and with red the broad FIDA emission is shown.

3



Nucl. Fusion 64 (2024) 026008 P.Z. Poloskei et al

Figure 4. (a) Lines of sight 3D geometry of the three different observation systems, looking at two NBI sources S7 and S8: red A21
toroidal- and the orange T21 and blue M21 45◦. (b) FIDA weight-functions calculated for one line of sight for each port to characterize the
observation directions’ sensitivity to the fast-ion phase-space.

Table 1. Position and direction vectors of sources S7 and S8 in Cartesian coordinates, as used in FIDASIM.

x (cm) y (cm) z (cm) ux uy uz

S7 104.27 1317.11 90.67 −0.1085 −0.990 −0.085
S8 195.96 1300.37 90.67 −0.2486 −0.9648 −0.085

Table 2. Beamline parameters of sources S7 and S8, as used in FIDASIM. FIDASIM differentiates between horizontal and vertical
parameters (with respect to the specific injection line’s direction). D—size of the ion-source, where NBI markers are initialized; δ—beamlet
divergence; f—focal length; L—distance of the first- and second aperture (beam blocking element) from the source; ∆—offset of the
apertures’ middle from the beam line; d—physical size of the apertures.

D (cm) δ (◦) f (cm) L1,2 (cm) ∆1,2 (cm) d1,2 (cm)

S7
horizontal 22.8 0.8 650.0

626.9/708.4
1.7/1.9 34.1/34.1

vertical 50.6 0.8 700.0 −4.8/3.2 67.0/57.4

S8
horizontal 22.8 0.8 650.0

626.9/708.4
5.6/−5.9 34.1/34.1

vertical 50.6 0.8 700.0 −4.8/3.2 67.0/57.4

figure 1), operated with hydrogen. The nominal accelera-
tion voltage is 55 keV with 0.3/0.6/0.1—full/half/third energy
component density fractions. These parameters are measured
by a spectrometer with a line of sight viewing the beamline
inside the beam neutralizer [21]. S7 and S8 have a double pur-
pose, both providing the source of fast-ions and neutrals for the
CXRSmeasurements. The physical coordinates of the sources
and their direction vector are listed in table 1 and originate
from the design drawings.

To model NBI operation in FIDASIM, neutral markers are
randomly initialized at the ion-source location. Given the hori-
zontal and vertical focal points, a direction vector is assigned
and randomly altered using the δ beamlet divergence. If the
particle trajectory does not intersect the aperture provided
opening (see figure 5 red arrow), a new marker is initialized,
providing a fixed amount of NBI power to the plasma.

Tables 1 and 2 contains the beamline parameters used in
FIDASIM.

5. Validation of FIDASIM based on beam- and
halo-emission modelling

To validate FIDASIM, the predicted beam- and halo emission
has been compared to the absolutely intensity calibrated meas-
urements. Moreover, the predicted injected power has been
compared with beam power calorimetry measurements [16].
For this purpose, a discharge#20180823.037, with both NBI
sources operational was selected. This discharge was run in
the ‘high-mirror’ [23] iota configuration, with 5MW of con-
tinuous ECRH heating. Both NBI sources were turned on
at 4.5 s and were operated for 1 s continuously. The beam
injection power was 1.35MW per source and the accelera-
tion voltage was 48 keV with neutral particle flux fractions of
0.32/0.61/0.07 (full/half/third) identical for both sources. The
core plasma temperaturewas 2.5 keV for electrons and 1.5 keV
for ions, with a core-plasma electron density of 6.2 · 1019 m−3.
Measured kinetic profiles can be seen in figure 6 at 4.5 s.
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Figure 5. (a) Schematics of the neutral beam injection in a vertical cross-section used in FIDASIM. Markers are initialized at the
ion-source position. (b) CAD drawing of the NBI lines (red and blue) with the beam duct (in grey) which provides the apertures marked
with black and green lines.

Figure 6. Kinetic profiles for discharge#20180823.037 at 4.6 s. (a) Density profiles, (b) temperature profiles. Radial electric field and
toroidal rotation set to zero. The main impurity species is supposed to be carbon, as W7-X is a carbon wall device with assuming Zeff = 1.5.
Red curves are for ion- and blue curves are for electron parameters.

The edge kinetic profiles (ρ> 1) were neglected in the first
calculations.

With these inputs, the beam emission spectra were pre-
dicted for all of the available lines of sight. Representative
measured and predicted beam emission spectra of a LOS from
the 45◦ view are shown in figure 7. The blue line represents the
FIDASIM prediction of the beam emission and the black line
shows the measured active spectrum after background sub-
traction and the removal of the fitted Bremsstrahlung emis-
sion. This is being performed by first taking the difference
of two spectra, one 100 ms after, and a reference right before
the NBIs are turned on. Then in the second step, any residual
Bremsstrahlung is removed by fitting a constant background at
the resulting difference spectra. As the measurement is abso-
lutely calibrated, a direct comparison without scaling factor
can be performed with simulations. We can see that the blue
beam emission prediction is in good agreement with the meas-
urement. Both the spectral shape and intensity are well repro-
duced by the FIDASIM prediction.

For further analysis, the FIDASIM-predicted total BES
spectral shape (sum of all energy components) was fitted to
the active measurement to obtain a measure of any global dis-
crepancy between the experiment and simulation, as shown in
figure 8. We can see in figure 8 that the FIDASIM-predicted
total beam emission is in good agreement with the measure-
ment, observing no significant trend over the whole plasma
cross-section from the low-field side to the high-field side,
staying within a ±25% error. This suggests that with the
assumed profiles, the beam attenuation is calculated accurately
by FIDASIM and that the 1.35MW power per source to the
torus is an accurate assumption. Thus, this method provides
robust information on the NBI injection power to the torus
value by scaling the BES intensity to best fit themeasurements.

Though minor discrepancies are seen between the meas-
urement and the simulation, which provide insight into the
shape of the beam. For example, we can see in figure 8 that
the scaling factor for port A21 (red dots) is systematically
lower than one. Thus, the measured intensity is lower than

5
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Figure 7. A typical active CXRS Balmer-alpha spectrum in discharge#20 180 823.037 for an M21 port observation (M21S7:12) at the low
field side, with solid black line as the measured spectra, grey as the cold-Balmer alpha and carbon emission affected area, not included in the
fitting, and blue as the FIDASIM predicted beam emission.

Figure 8. BES scaling factors obtained by fitting the FIDASIM predicted beam emission to the measured intensities. Different colors mark
different observation ports.

what FIDASIM would suggest. As port A21 is looking toroid-
ally at the beams it means that the vertical width of the beam
could be wider, implying slightly higher divergence in this
direction.

After predicting the beam emission, FIDASIM calculates
the beam halo contribution. The halo emission originates from
charge exchange reactions between beam neutrals and thermal
ions (DCX), followed by a series of subsequent charge-
exchange reactions (marked with . . . in the equation) between
thermal neutrals and thermal ions:

H+
th +HNBI

DCX−−→ H∗
halo +H+

NBI

H+
th +Hhalo

CX−→ H∗
halo +H+

th

H+
th +Hhalo

CX−→ H∗
halo +H+

th

. . . .

(1)

The spectral width, intensity, and Doppler-shift of the halo
emission carries information on the main-ion temperature,
density, and velocity respectively. A comparison for the pre-
dicted halo and beam neutral densities is shown in figure 9.
The beam density of the n= 3 state is on the same order of
magnitude as that of the halo neutrals. Moreover, its spatial

distribution follows the beam shape such that the inferredmain
ion temperature and rotation will have a similar spatial local-
ization as e.g. the carbon temperature from CXRS. Figure 10
shows a comparison of the predicted and measured halo emis-
sion for the reference experiment.

The predicted halo spectral shape matches well with the
measured one which has a couple of implications. One is that
the input ion temperature profile used, inferred from the CVI+
line width does explain the halo shape well, thus their spatial
information must come from the same region. This is due to
the high collisionality andmoderate ion temperature of the ref-
erence plasma, which limits the size of the halo neutral popu-
lation, overlapping with the CX carbon population. Second, it
further confirms the reliability of the input beam parameters,
and the beams’ shape themselves.

Following a similar approach as for the investigation of the
beam emission, figure 11 compares the ratio of the observed
and FIDASIM-predicted halo emission total intensities.

The ratio is close to one in the core of the plasma (5.5m<
R< 5.9m), while the measured halo emission becomes higher
than the FIDASIM prediction (with a factor of 2) towards
the edge region. Our hypothesis for this observation is, that
passive thermal radiation contributes to the measurement,
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Figure 9. Neutral particle density of the n= 3 state as predicted by FIDASIM in discharge#20180823.037, integrated along the z-axis
(i.e. top–down), (a) for the neutral beam density, (b) the halo density, (c) along the horizontal cut at y= 585 cm, marked with white dashed
line. The beamlines are depicted with grey dashed lines.

Figure 10. A typical measured active CXRS Balmer-alpha spectrum in discharge#20 180 823.037 with solid black line for an M21 port
observation (M21S7:12) at the low field side. The cold-Balmer alpha and the carbon emission affected area is marked in grey and the
FIDASIM predicted halo emission is plotted in green.

Figure 11. Beam halo scaling factors obtained from fitting the FIDASIM-predicted halo emission to the measured intensities. Different
colors mark different ports for observation.

despite subtracting background radiation observed during
phases without NBI. This is possible because NBI might not
only generate fast neutrals but also act as a significant source
of cold neutrals via wall sputtering. These cold neutrals can

have similar charge exchange reactions as in equation (1) and
through numerous reactions can lead to further thermal halo
emission in the edge region increasing the passive halo-like
emission in the edge.

7
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Figure 12. In black is shown a representative active CXRS Balmer-alpha spectrum, observed in discharge#20180823.037 by an M21 port
view (M21S7:16), located at the low field side. With grey, the cold Balmer-alpha and carbon emission affected area is marked. These
regions are not included in any subsequent comparison. With red, the area used for fitting the predicted FIDA emission is marked. With red
the FIDASIM predicted FIDA emission is plotted fitted to the measurement. Blue and green lines plot the previously fitted predicted BES
and halo emission.

Figure 13. Active FIDA emission scaling factors obtained from matching the FIDASIM-predicted FIDA emission to the CXRS system
measured absolute intensities. Different colors mark different ports for observation.

6. Confined fast-ions in W7-X and the observed
spectra

With the beam and halo densities calculated, FIDASIM can
calculate the FIDA emission based on an ASCOT predicted
fast-ion distribution functions.

Figure 12 compares the measured active spectrum for a port
M21-port observation (black) with the FIDASIM-predicted
active FIDA emission (red) scaled to the measurement. The
predicted active FIDA emission is fairly symmetrical around
the non-Doppler-shifted line and matches well the shape of
the measurement. Note here that the symmetrical shape of the
emission is expected as the corresponding fast-ion distribu-
tion function, shown in figure 2, populates positive and neg-
ative pitch values. Apart from that, it should be noted that
the blue-shifted side shows a larger discrepancy than the red-
shited counterpart. The scaling factors, required to best-fit
the measured spectra of all available channels are given in
figure 13.

Significant discrepancies are observed in the absolute
intensities for all observation directions with an increasing
ratio towards the edge of the plasma. Up to 60 times more
radiation is observed close to the plasma edge than is pre-
dicted by FIDASIM. This suggests, once again, that the
observed radiation originates from the edge region and is
passive in nature, which has not yet been considered in our
simulations. Partially because ASCOT predicted fast-ion dis-
tribution function only originates from the confined region,
ignoring fast-particles getting ionized in the plasma edge
(ρ> 1.0), partially because the cold, recycled neutrals are not
yet included in the simulation. Apart from this scaling, several
general statements can be made regarding the observed FIDA
emission:

• The beam emission affected wavelength side has very lim-
ited use for FIDA analysis, as the FIDA signal is lower than
the BES signal’s uncertainty, it cannot be analyzed after its
removal.

8
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Figure 14. KN1D predicted recycled H0 neutral density based on extrapolated kinetic profiles.

Figure 15. Typical measured Balmer-alpha spectrum with black, and with orange line the sum of the active FIDA and the scaled passive
FIDA emission for an M21 view (M21S7:44) in the plasma core. Blue and green lines show the predicted BES and halo emission of the
spectrum. With grey, the cold Balmer-alpha and carbon emission affected area is marked. These regions are not included in any subsequent
comparison. With red, the area used for fitting the predicted FIDA emission is marked.

• Both sides of the spectrum are only usable for the FIDA
analysis where the Doppler shifts of the beam emission are
small.

• For the W7-X CXRS observation, this is in the plasma core
for the M21 port, and in the plasma edge for A21 and T21
ports.

• Anywhere else, only one side of the spectrum can be utilized
for detailed analysis.

6.1. Passive FIDA and halo emission modeling

Given the evident dominance of the passive FIDA signal, it is
necessary to include the edge neutral density in order to cor-
rectly interpret the FIDA spectrum. To achieve this, the kinetic
transport code for atomic andmolecular hydrogen, KN1D [24]
was used to predict a 1D neutral density profiles. For this, a
couple of assumptions are made. Radial extensions of the kin-
etic profiles were made by 5 cm (which roughly corresponds to
the SOL width [25]) and the wall temperature was set to 3 eV.

The predicted neutral profiles can be seen in figure 14. As all
these parameters are not well defined our analysis focuses on
the qualitative behavior of the neutral density and not at its
absolute numbers.

With the neutral density, the passive FIDA emission can
be simulated in FIDASIM, as previously done e.g. in [11].
The resulting emission is localized in the plasma edge and
contributes most to lines of sight that are tangential to this
region (the edge-localized LOS). Figure 15 shows an example
FIDA spectrum where the passive contribution was included,
and while keeping the active FIDA emission as predicted, the
passive tracewas scaled to best fit the spectra in the highlighted
region. As can be seen, the spectral shape is very similar to that
of the active spectrum seen before in figure 12.

Figure 16 shows results of the scaling analysis based on
the predicted passive FIDA emission. Here, we assumed that
the predicted active FIDA contribution is correct, and only
the passive emission has been scaled to find the best match
between measurement and simulation.

9
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Figure 16. Passive FIDA emission scaling factors obtained from matching the FIDASIM predicted passive FIDA emission to the CXRS
system measured absolute intensities minus the assumed active contribution. Different colors mark different ports for observation.

Figure 17. Experimental active CXRS spectrum measured in discharge #2180 823.037 for one of the T21 port observations (T21:14). With
grey, the cold Balmer-alpha and carbon emission affected area is marked. These regions are not included in any subsequent comparison.
With red, the area used for fitting the predicted FIDA emission is marked. The fixed active FIDA spectrum to the shaded area is plotted with
a red line. Previously discussed halo and BES prediction is plotted with green and blue line. The shoulder like spectral feature can be
observed in the 650–653 nm range.

We can see that the inclusion of the neutral density profile
removes the majority of the spatial dependency of the intensity
discrepancy, suggesting the remaining dependence of global
scaling such as the edge neutral density. With the given neutral
profile FIDASIM ends up underestimating the passive emis-
sion with an average of 103 ± 84 for M21, 101 ± 50 for T21
and 241± 182 for A21. In the case of the toroidal observation
(A21 port), the estimated ratios are consistently higher as their
integration length in the plasma is much higher than for the
other two ports (M21 and T21), and as such we expect higher
neutral densities. This observation promotes the assumption
that W7-X edge density can reach fairly high values in the
order of O(1013) cm−3, but its detailed analysis is out of the
scope of this paper.

6.2. Collision-less edge fast-ions and their FIDA spectra

An unexpected radiance plateau is observed only in spec-
tra of the T21 views that is not explained by the modelling
based on the ASCOT fast-ion distribution. Figure 17 shows an
example case with a clear shoulder between 651.5–653.3 nm.
The observed fall-off wavelength corresponds to the maximal
Doppler-shift of the half energy (24 keV) component:

∆λmax = λ0

√
2Einj

mpc2
≈ 4.7nm. (2)

To help explain this observation a local fast-ion distribution
function was needed in the plasma edge, in front of the T21
port. Full-orbit particle tracing was applied in the plasma edge,
to predict the local pitch and energy distribution of fast ions
particles born there. Using FIDASIM we predicted the birth
location of fast-ions, from where they were traced using Boris
integration scheme, including the slowing down as in [26].
It was found that a significant portion of these fast-particles
(initialized between 0.9< ρ < 1.1) end up within 3 cm of the
T21 port lines of sight in less than a µs. Compared to this,
the local collision time is three orders of magnitude larger, in
the 10ms range. Assuming a local 1013 cm−3 neutral density,
the charge-exchange time is in the same µs order. At this min-
imal distance, their pitch distribution was calculated, which is
visualized in figure 18. As the full energy component particles
have deeper penetration depth (smaller ionization rate in the
SOL region), the main contributors of these edge-born fast-
ions are the half and third energy component ones. Moreover,
it should be noted that there is no significant difference in
the pitch distribution between different energies as the pitch
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Figure 18. Pitch distribution of fast particles at their minimum distance from the T21 port observation. Bars show the binning of the tracked
particles, continuous line shows the fitted kernel density function. The two distinguishable peaks are corresponding to the S7 and S8 slightly
different injection respectively.

Figure 19. Passive FIDA spectrum with the assumed collision-less fast-ion pitch distribution as predicted by FIDASIM scaled to the
measurement.

is the characteristic of the source itself. Using this as input
for FIDASIM, passive FIDA spectra have been predicted, as
e.g. shown in figure 19.

We can see that the predicted light coincides extremely
well with the observation, proving that its source is indeed
collision-less particles born in the plasma edge, ending up
in the proximity of the observation, while having high neut-
ral densities simultaneously. It should be noted that this fea-
ture has not been contained in the passive FIDA spectra using
ASCOT distribution functions since ASCOT neglects the ion-
ization of fast ions in the SOL region. This shows that the care-
ful inclusion of the SOL beam attenuation, charge-exchange
processes, and fast ion birth in ASCOT would be needed for a
more complete modelling of W7-X plasmas.

7. Conclusions

FIDASIM has been adapted successfully at Wendelstein 7-X,
exploiting the code’s novel full 3D modeling capabilities.
The device’s NBI geometry has been implemented, includ-
ing beam scraping elements and the beam attenuation model
of FIDASIM has been validated successfully against beam
emission measurements and calorimetry. Furthermore, the
halo neutral density and its emission were predicted, showing

good agreement with measurements allowing for some con-
tribution due to edge recycling neutrals. These steps provide
confirmation of the proper, state-resolved modelling of active
neutral hydrogen sources (beam and halo neutrals) and their
corresponding spectral contribution to the Balmer-alpha spec-
trum. However, it was initially not possible to find a good
match between the active FIDA emission and the FIDASIM
prediction, in particular for lines of sight close to the plasma
edgewhere themeasured FIDA signals aremore than ten times
larger than what is expected based on ASCOT-predicted fast-
ion distribution functions. This leads to the conclusion that
the observed light in the plasma edge is dominantly passive,
coming from the charge-exchange recombination of fast-ions
and recycled cold neutrals. For heuristic modelling of this,
KN1D provided 1D neutral profiles and a full-orbit model-
ling code has been applied to predict the passive FIDA radi-
ation from the edge. With this approach, an excellent agree-
ment has been observed between the observed spectral shapes
of the FIDA emission and the measurements. This shows that
proper modelling of the scrape-off layer plasma is critical to
interpret the FIDA emission.Moreover, it opens the possibility
that passive FIDA measurements could be used, with the aid
of FIDASIM, to probe the SOL fast-ion distribution function
in future experiments—given the neutral density is sufficiently
well known. Finally, it needs to be noted that the installation
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and commissioning of further NBI sources, which do not cross
the lines of sight of the CXRS system, will enable the exper-
imental separation of the active and passive FIDA emissions,
allowing us to further investigate their properties, separately.
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