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Abstract
By employing Bayesian inference techniques, the full electron density profile from the plasma
core to the edge of Wendelstein 7-X (W7-X) is inferred solely from neutral hydrogen beam and
halo Balmer-α (Hα) emission data. The halo is a cloud of neutrals forming in the vicinity of the
injected neutral beam due to multiple charge exchange reactions. W7-X is equipped with several
neutral hydrogen beam heating sources and an Hα spectroscopy system that views these sources
from different angles and penetration depths in the plasma. As the beam and halo emission form
complex spectra for each spatial point that are non-linearly dependent on the plasma density
profile and other parameters, a complete model from the neutral beam injection and halo
formation through to the spectroscopic measurements is required. The model is used here to
infer electron density profiles for a range of common W7-X plasma scenarios. The inferred
profiles show good agreement with profiles determined by the Thomson scattering and
interferometry diagnostics across a broad range of absolute densities without any changes to the
input or fitting parameters. The time evolution of the density profile in a discharge with
continuous core density peaking is successfully reconstructed, demonstrating sufficient spatial
resolution to infer strongly shaped profiles. Furthermore, it is shown as a proof of concept that
the model is also able to infer the main ion temperature profile using the same data set.
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1. Introduction

Wendelstein 7-X (W7-X), a magnetic confinement fusion
experiment of the stellarator type [1, 2], was successfully
optimized for reduced neoclassical energy transport [3]. As
manyW7-X plasmas are now dominated by turbulent transport
the analysis of such is critical to understand high performance
discharges and validate predictive models. Density and tem-
perature profiles across the flux surfaces for both electrons and
ions are the basis of any particle and heat transport analysis. In
dynamic situations, not only the radial gradients but also the
time derivatives of the profiles play a crucial role in the ana-
lysis, i.e. a profile diagnostic needs to capture both reliably.
Thomson scattering, which relies on laser beam scattering on
electrons, is the only diagnostic to measure the full electron
density profile including the plasma core at W7-X [4, 5]. The
absolute density calibration is obtained using the line integ-
rated density measurement of the interferometry system [6].
Due to the importance of plasma profiles in almost all detailed
physics analysis it is worthwhile to investigate alternative dia-
gnostic options. The presented technique can be used to cross
check and supplement Thomson scattering density profiles.
As it is entirely independent of the interferometry system it
can offer a valuable validation of electron density profiles
at W7-X.

Hydrogen injection in form of a neutral beam (NBI) into a
fusion plasma not only serves as a particle and heat source but
also enables active plasma diagnostics [7]. The Balmer-α light
emitted by excited neutral beam particles and subsequent gen-
erations of thermal charge-exchange (CX) neutrals, so-called
halo neutrals, contain a rich collection of information on local
plasma parameters and beam parameters. In detail, the data
contains information on the ion temperature profile, electron
density profile, the injected beam power, the beam energy
component composition and the alignment of the beam and
optical head systems. The local beam emission intensity IB
and halo emission intensity IH at a point x⃗ in the plasma reads

IB = n(3)B (⃗x)A3−>2 (1)

IH = n(3)H (⃗x)A3−>2 (2)

where n(3)B is the density of beam neutrals in the n= 3 excited

energy state, n(3)H the density of halo neutrals in the n= 3
state and A3−>2 is the Einstein coefficient of the Balmer-
α line. The beam and halo density in any excited state, and
thereby also the emission intensity, are linearly proportional
to the NBI power. The information on plasma density is con-
tained in both the halo and the beam emission, in two ways.
Firstly, the fraction of beam and halo particles in the n =
3 state at a certain point in the plasma is determined by a
balance of collisional excitation processes and radiative de-
excitation processes. The collision rates (electron impact, ion
impact, CX) are dependent on the surrounding plasma dens-
ity. Secondly, the attenuation of the neutral beam particle flux
up to the measurement point is determined by ionizing col-
lisions, where, again, the rates depend on the plasma density

along the beam path. Additionally, the spatial extent of the CX
diffusion, determining the shape of the halo particle cloud,
too, is dependent on the plasma density profile. With such a
strong dependence of the emission spectra on the plasma dens-
ity, it may be possible to infer plasma density profiles from
the Balmer-α data alone. To access the information on plasma
density a full collisional-radiative (ColRad) model of the beam
attenuation and the halo formation is needed. The beam and
halo model used for the following analysis is described in
detail in [8].

Experimentally, the measured Hα-spectrum consists of
several components. There are three thermally Doppler
broadened components, centered around the Hα wavelength
of 656.28 nm. The so-called cold Hα emission with a very
low temperature originating from neutral hydrogen close to
the divertor or wall, the passive emission from recycling CX
neutrals dominantly from the plasma edge and lastly the emis-
sion from the CX halo particles. The light emitted by the beam
particles is Doppler shifted depending on the angle between
the line of sight and the beam velocity vector. Due to the three
distinct neutral beam injection energies and the motional Stark
effect (MSE) [9] splitting, the beam emission part of the spec-
trum is a complex sumofmany subcomponents at slightly shif-
ted wavelengths. The Hα-emission of neutralized fast-ions is
underlying the spectrum but is much weaker then the beam or
halo emission. It is not considered and modeled in this ana-
lysis. At a wavelength of around 658 nm two carbon emission
lines are seen in the spectra.

The main goal of this paper is to study to which extent elec-
tron density and ion temperature profiles can be fitted from
spectroscopic beam and halo Balmer-α emission data. This is
done here using the Minerva Bayesian inference framework
[10]. Beam emission spectroscopy using differing elements is
a commonly used diagnostic at several fusion experiments. At
JET, a lithium beam diagnostic was used in conjunction with
Minerva to infer plasma edge density profiles [11]. To meas-
ure edge electron temperature and density profiles the emis-
sion of a helium beam was used at TEXTOR [12] and at W7-
X [13]. The propagation of uncertainties of the helium atomic
rate coefficients on the inferred plasma parameters was studied
using theMinerva framework in [14]. Using the Balmer-α line
and the electron density profile, the deuteron density profile
could be reconstructed at JET [15]. Bayesian inference using
the Minerva framework has been used successfully at W7X to
infer impurity density profiles and the main ion temperature
profile using data from a x-ray imaging crystal spectrometer
[16]. Active main ion CX spectroscopy was used at DIII-D to
measure the deuterium temperature fromDα emission [17]. At
ASDEX Upgrade a tomographic inversion of five Dα spectra
was used to measure the ion velocity distribution function in
the plasma center [18]. By taking moments of it the parallel
and perpendicular deuterium temperatures in non Maxwellian
plasmas could be determined.

In section 2 of this paper the detailed and W7-X specific
experimental and modeling setup is explained. In section 3
the results of the electron density and ion temperature profile
inference are shown and interpreted.
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2. Experimental and modeling setup

The NBI system at W7X was built to operate up to eight
individual sources injecting neutral hydrogen, deuterium or
helium into the plasma with an accelerating voltage of up to
55 keV. In the 2018 operational phase (‘OP1.2b’), onwhich the
analysis focuses in this paper, sources S7 and S8were operated
[19, 20].

The spectroscopic system measuring the active hydrogen
Balmer-α emission consists of up to 54 lines of sights view-
ing the neutral beams S5, S6, S7, S8 from three different ports
(AEA21, AEM21, AET21), i.e. from three different viewing
angles. In this analysis only data from the AEM21 and AEA21
port are used. The line of sight intersections with the beam
axes are evenly spaced (≈5 cm) along the axes. The system
is described in detail in [21]. Each line of sight is absolutely
intensity calibrated. An overview of the neutral beam injec-
tion and beam emission spectroscopy geometry is shown in
figure 1. In the left plot a slice in the Rz-plane along the beam
axis of source 8 is plotted. The modeled neutral beam density
is shown in a red color scale and the flux surfaces are drawn
as blue contour lines. The beam emission measuring locations
of the A port lines of sight are shown as blue dots and fol-
low the neutral beam axis from the low field side plasma edge
to mid plasma radius on the high field side. The M port lines
of sight are shown as green dots and cover a slightly smal-
ler range along the beam. A top down view and a beam cross
section view of the line of sight geometry viewing the neutral
beams is shown on the right side of figure 1.

A forward model computing the beam attenuation and the
halo formation was implemented 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 interactionwith the plasma is calculated solving a stepwise
ColRad model along the beam axis. The MSE and the effect
of elements in the optical path from the plasma to the spectro-
meter are included in the spectra prediction. The halo forma-
tion and its Hα emission are computed by solving a coupled,
ColRad CX diffusion equation with the beam–plasma CX
reaction rate being the initial source term. A detailed descrip-
tion of the model and its verification can be found in [8]. A
simplified graph diagram of the implemented beam and halo
emission forward model described in [8] is shown in figure 2.
The free parameters which can be inferred by the model from
the beam and halo emission data are drawn as blue ellipsoids.

The plasma ion composition enters the model in two places
as an over the plasma radius averaged Zeff value. Firstly in the
beam attenuation calculation where currently a pure hydrogen
plasma is assumed. Secondly in the halo calculation where
Zeff = 1.2 is assumed which is a typical value for W7-X
plasmas [22]. It was quantitatively shown that varying Zeff in
the full range of expected values (1.0< Zeff < 1.5) in both, the
halo and the beam calculation, introduces an uncertainty of the
inferred profiles of up to 6%. Since Zeff enters the model, it is
theoretically possible to perform inference on this parameter,
as explored previously [15]. However, in this case the depend-
ence is too weak to provide a useful constraint on Zeff.

To deal with the complexity of the multivariate dependen-
cies of the measured Hα spectra all models are implemented
in the Bayesian analysis framework Minerva [10]. The frame-
work allows for a consistent set up of the models in a Bayesian
network structure and facilitates the inference process of any
declared free parameter while including the data of all avail-
able lines of sight. The free parameters of the model can be
divided into three groups and are shown in table 1.

The optical head alignment (expressed as rotations: pitch,
yaw, roll) determines at which flux surfaces the lines of sight
intersect the beam and this is not expected to change signific-
antly over the course of a measurement campaign. Equally,
the beam divergence and the beam alignment are assumed
to remain constant. To save computing time, they are only
inferred on a small number of discharges, using plasma pro-
files provided by other diagnostics and then kept constant at
these values for the following inference process of profiles
on other discharges. The Thomson scattering system [4] com-
bined with interferometry [6] was used to get electron dens-
ity profiles in these cases and the CX recombination system
(CXRS) [21] measuring carbon impurity radiation was used to
get ion temperature profiles. It was assumed that the main ions
(protons) have the same temperature as the impurities. The
Balmer-α emission of beam and halo is only weakly depend-
ent on the electron temperature profile. Therefore, the profile
can not be inferred by the model but is set using the Thomson
scattering diagnostic data.

To give an impression of the used data and the fit quality
of the model, the measured and fitted spectra of four example
lines of sight are shown in figure 3. The free parameters in
the fitting process were the electron density profile and the
total beam power. The lines of sight plotted on the left (right)
side are both viewing the beam close to the plasma edge (core)
but from different angles, which leads to an opposite Doppler
shift of the beam emission spectroscopy (BES) components
(shown as filled, gray graph). Due to the viewing geometry on
the beam and the magnetic surfaces the lines of sight with a
horizontal view have a better radial resolution in terms of the
effective radius reff. At a wavelength slightly higher than the
Balmer-α line there is a carbon impurity line which is estim-
ated from the spectra before the NBI is active. The thermally
Doppler broadened emission of the halo particles is shown
in orange. As the halo particles are at a higher temperature
than the recycling hydrogen particles, the emission line is
broadened more strongly. No model of the cold passive Hα
emission (shown in blue) is implemented and this peak is
freely fitted for each channel at a time point before the NBI
was activated and is assumed to be constant over the course of
the discharge. In purely NBI heated discharges this assump-
tion of a constant passive signal over the course of a few
seconds becomes questionable as the additional NBI power
and fueling influences the hydrogen recycling in the machine.
In these cases the wavelength intervals containing the cold Hα
and carbon emission are excluded entirely during the inver-
sion making a fit of the passive signal obsolete. The informa-
tion of the BES emission which is Doppler shifted into these
excluded ranges is then lost. The level of Bremsstrahlung is
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Figure 1. Neutral beam injection and beam emission spectroscopy geometry at W7-X. Left: represents a cut in the Rz-plane along the beam
axis of source 8. The modeled neutral beam density is shown in a red color scale, visualizing the beam attenuation on its way through the
plasma. The flux surfaces are drawn as a contour plot with blue colors. The beam emission measuring locations of the lines of sight of
AEA21 (A) and AEM21 (M) port are shown as blue and green dots. Right: top down and beam cross section view of the lines of sight
geometry on the neutral beams S7 and S8. The A port lines of sight have a nearly horizontal view on the beam while the M port lines of
sight have a more tilted view from above the beams.

Figure 2. A simplified graph diagram of the beam and halo emission forward model implemented in the Bayesian analysis framework
Minerva. The input parameters which can be inferred from the data are shown in blue.

estimated in each spectrum from the data at the edges of the
measuredwavelength interval as there is no beam or halo emis-
sion present. It can be seen that it is significantly smaller than
the measured Hα emission.

The free parameters are inferred from data of 54 lines
of sight using the maximum a-posteriori (MAP) estimator
of the Minerva framework which yields the most probable
state of the model parameters to explain the measured data.

In Bayesian statistics the MAP result can be seen as the
equivalent to the maximum-likelihood estimate. Detailed
equations can be found e.g. in [11]. The statistical error on
the fitted parameters introduced by statistical uncertainties of
the data and the model input parameters (represented as prior
probability distributions in the Bayesian model) is computed
using the Laplace approximation. Systematic errors in the data
and the used forwardmodel are not straightforward to take into
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Table 1. Parameters of beam and halo forward model. Bold parameters are used as free parameters in the following analysis. The other
parameters are inferred on other discharges and then held fixed at the stated values. As data is used from two optical heads (called A and M
[21]) there are two values given. The beam component fractions pi describe the fraction of beam power injected with a particle energy of E

i .

Beam Optical head (A/M) Plasma profiles

Power Pitch = (0.5◦/−1.1◦) Electron density
Divergence = 0.75◦ Yaw = (−0.1◦/−1.9◦) Ion temperature
Alignment: 5 cm beam upward shift Roll = (0.◦/0.◦) Electron temperature
Component fractions ( p1, p2, p3)

Figure 3. Comparison of measured (black dots) and fitted (red line) full Balmer-α emission spectra for 4 different lines of sight in a
discharge with a single active NBI source (#20180920.017). The fitted spectra are composed of the beam emission (gray), halo emission
(orange), cold Hα emission (blue) and two carbon impurity lines (green). The shown lines of sight intersect the beam at different positions
in the plasma and under different viewing angles. Upper (lower) left: horizontal (vertical) view of the beam and the active signal comes from
the plasma edge. Upper (lower) right: horizontal (vertical) view and the active signal comes from the plasma core.

account as the sources are not known. To get an estimate of the
systematic uncertainty of the fitted plasma profiles seven indi-
vidual profiles are inferred for each time point. In four cases
exclusive subsets of data are used which all in itself contain
the full information on the electron density and ion temperat-
ure profile. The subsets are defined by using data solely from
either one of the two used optical heads (AEA21-A, AEM21-
S7/8) or restricting the used part of the measured spectra to
infer exclusively from beam or halo emission data. The other
three cases use all data available but Zeff is varied between
1.0 and 1.5. Finally, the standard deviation of the fitted val-
ues in all cases is used as the systematic error estimation. It
was found that the systematic errors computed in this way
strongly dominate by an order ofmagnitude over any statistical
errors computed with the Laplace approximation. The reason

for this finding is the negligible statistical error on the meas-
ured Balmer-α data.

3. Results

3.1. Electron density profile inference

The inference of electron density profiles from beam and halo
emission data is tested on four different discharges. No fixed
model parameters are changed in between and the same set
of lines of sights is used. The time points analyzed in three
of the discharges (20180920.009/.011/.017) represent electron
cyclotron resonance (ECR) heated plasmas in steady state con-
ditions at different line integrated density levels. To obtain
beam emission data, NBI blips of 20ms are injected into
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Figure 4. Inference of the electron density profile solely from beam and halo Hα emission data. The inferred profiles (blue line + squares)
are compared to the raw data points of the Thomson scattering system (black dots) normalized against the line integrated density measured
by the interferometer. The squares with the linear interpolation in between represent the parameterization of the density profile in the model.
The discharges 20180920.009/.011/.017 are ECR heated and 20ms NBI blips were applied. These discharges were in a steady state at the
shown time points. The discharge 20181009.034 has a long, purely NBI heated phase and exhibits a peaked density profile which
continuously changes over the course of the NBI phase.

the plasma. The time point analyzed in the fourth discharge
(20181009.034) lies in a purely NBI heated plasma phase with
a continuously peaking, so non steady state, density profile.
These shots span almost the complete range of conditions in
the experimental campaign, with the exception of very high
density O2-ECR heated discharges, where no shots with NBI
blips were available.

In figure 4 the results are shown (blue squares + line) and
compared to data from the Thomson scattering system (black
dots) which are normalized against the line integrated dens-
ity measurement from the dispersion interferometer system
[6]. In the model the electron density profile is represented as
a piecewise linear curve with the plotted squares as the free
parameters. In all cases, so for flat density profiles at different
magnitudes and for the peaked profile, a good agreement is
achieved. To get a stable fit, the radial resolution was set to six
points over a range from r/a= 0.0 to 1.2. These points can
be freely chosen and do not represent the measurement loc-
ations which are all simultaneously taken into account. The
number of points must be chosen high enough to capture the
desired length scales in the profile, but low enough not to intro-
duce too much noise where insufficient information is avail-
able in the data. Typically this is significantly lower than the
∼50 measurement points included in the data. All data was
averaged over 20ms which is the NBI blip time window. In
the current state the model is not able to infer the profiles on a

much finer scale than the used coarse grid of six points ran-
ging from r/a= 0 to r/a= 1.2. It was found that a higher
number of points does not increase the inferred information
but yields noisy profiles with non-physical gradients. Future
work starting from these results could investigate the possib-
ility of Gaussian process fitting of the profiles and training its
hyper parameters from the BES data, thereby increasing the
number of radial grid points while enforcing a certain profile
smoothness. In a physical sensible profile in flux coordinates
the radial gradient at r/a= 0.0 has to be 0 for it to be continu-
ous. However, there is not enough data to reliably infer the pro-
file gradient around r/a= 0.0, i.e. a vanishing gradient at the
very core has to be enforced if these profiles are used in further
analysis.

In some discharges at W7-X with pure NBI heating phases,
a gradual, dynamic peaking of the density profile in the plasma
core can be observed. To study the sensitivity of the dens-
ity profile inference to temporal changes in the plasma core,
the discharge 20181009.034 is analyzed at four time points
between 1.2 s and 3 s. In this phase of the discharge the NBI is
the only heating source and a peaked density profile is meas-
ured by the Thomson scattering system.

In the top plot of figure 5, the inferred density profiles
are shown and compared to the Thomson scattering data at
each time point. The profiles evolve only in the plasma core
at radii r/a< 0.5 and this evolution is well captured by the
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Figure 5. Left: inference of the electron density profile from beam and halo Hα emission data (BES, colored squares + line) for a series of
time points each 600ms apart. The shown Thomson data points (TS, black dots) are normalized using the interferometer data. Right: the
simultaneously inferred beam power and power component fractions for each time point. The squares are indicating the values inferred from
the BES data. The plotted lines show the nominal values from other diagnostics. The fraction of beam power injected in form of particles
with energy E, E2 or E

3 is denoted p1, p2 and p3.

MAP inferred profiles. The inference is very stable over time,
yielding the same profiles at different time points in the outer
half of the plasma. The Thomson data and the BES inferred
profiles agree on the position in the plasma where the strongest
gradients can be seen (ρ≈ 0.4). The magnitude of the peaking
agrees very well with the interferometer scaled Thomson pro-
files for the last two time points. For the first two time points
a 10% higher core density is inferred from the BES data than
seen in the Thomson data. This still lies within the estimated
uncertainties of both systems. At each time step the total into
the plasma injected beam power as well as the power com-
ponent fractions were free parameters during the inversion. In
the bottom plot of figure 5 the inferred parameters (squares)
are compared to the nominal values (drawn as lines) supplied
by other diagnostics. The total beam power is drawn in black
and the fractions in different colors. The nominal values stay
almost constant over the course of the discharge. The inferred
values from the BES data not only agree with the nominal val-
ues but as well show only little variation over time. Inferring
the same beam parameters at different phases of the discharge
with strongly differing density profiles underlines the consist-
ency of the model and the data.

Recalling from figure 3 that the beam and halo emission
can mostly be separated in the measured spectra and that both
depend on the electron density, it is interesting to study if the
density profile can be inferred from the beam or halo emission
exclusively. To infer the profile only from the beam emission
the central wavelength interval containing the halo emission is
cut from the spectra before the fitting process. Contrary, when
only using the halo emission all measured data at smaller or
higher wavelengths than the halo emission is cut from the spec-
tra before fitting.

In figure 6 the results are shown for two discharges. The
reference lines are the fitted profiles using the full spectrum
(red line+ stars) which were already shown in figure 4. It can
be seen that the density profile can also be inferred exclus-
ively from beam (blue dotted line) or halo (blue dashed dotted
line) emission. They both agree in shape and magnitude with
the profiles fitted from the full spectra. It has to be emphas-
ized that the only free parameters in these fits were the density
profile, the total beam power and the beam component frac-
tions. The necessary inference of the alignment of the optical
heads and beams, the beam power and the beam shapewas per-
formed onmultiple discharges in the same campaignwhere the
full spectra were used. After fitting and fixing these paramet-
ers, inferring the density profile from just the beam emission
part of the spectra speeds up the inference significantly as the
forward model does not need to solve the halo CX diffusion
equation. A profile for a single time point can then be com-
puted on six CPU cores in about 2min instead of 20min. It is
currently under investigation if it is possible to get an estimate
of the core electron density from just a few core channels by
comparing beam and halo emission between these. This could
again reduce the computation time by an order of magnitude.

3.2. Main ion temperature profile inference

There is only little information on the main ion temperature
profile contained in the beam emission part of the spectra as the
light emitted by excited neutral beam particles is not thermally
Doppler broadened. The intensity of the beam emission at any
point in the plasma is dominantly determined by the beam and
plasma density and the emission rate coefficient is not strongly
affected by the ion temperature as the beam particles are a

7
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Figure 6. Inference of the electron density profile using only a part of the Hα spectra. The profile inferred from beam (halo) emission only
is shown as a dotted blue line (dotted dashed blue line). The profile inferred from the full spectra is shown in red as a reference.

Figure 7. Main ion and electron radial temperature profiles in a single beam discharge. The inferred ion temperature profile (blue line +
stars) from beam and halo Hα emission is compared to data from the charge exchange recombination system (black dots) system measuring
carbon emission and a fit of x-ray imaging crystal spectrometer (XICS) data (orange) corrected by subtracting 200 eV. The electron
temperature profile (purple dashed line) is a lowess fit of data from the Thomson scattering system.

factor of ≈8/5/4 (corresponding to the three injection ener-
gies) faster than the average plasma ion at a temperature of
1 keV. The halo, on the other hand, consists of CX neutrals
which have the same temperature as the surrounding plasma.
Consequently, the halo emission at a point in the plasma is
Doppler broadened proportionally to the local main ion tem-
perature. The total halo emission along a line of sight is a func-
tion of the integrated halo density distribution at different tem-
peratures. The shape of the halo cloud surrounding the beam
is determined by CX diffusion processes which are in itself
dependent on the ion temperature profile. All of these effects
are included in the implemented forward model.

In figure 7 the inferred ion temperature profiles (blue
lines + stars) are shown for two discharges (#20181009.034,
#20180920.011) which were already described and used to

fit density profiles in the previous section. The fitted pro-
files are compared to data from the CXRS system [21] (black
dots) measuring carbon emission and a fit of x-ray imaging
crystal spectrometer (XICS) data [16, 23] (orange line). The
XICS data is corrected by subtracting 200 eV at every radial
point. It is assumed that the carbon impurity ion temperat-
ure is the same as the plasma ion temperature as the colli-
sion cross sections between impurity ions and plasma ions
(protons in these cases) are much larger than between those
impurities and any hotter species (electrons in ECR heated
plasmas and/or fast-ions in NBI plasmas). It was also verified
that the argon and carbon impurity ion temperatures meas-
ured with the CXRS system are the same, which indicates
that the different ion species are in equilibrium. The fast
ion content in the presented discharges is too small to cause
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significant deviations from a Maxwellian distribution of the
plasma ions. CX of the beam and recycling neutrals with fast
ions in the plasma produce a contribution to the H-alpha spec-
trum. However, the signal is at least two orders of magnitude
smaller than the main ion halo feature [24] and does not sig-
nificantly bias the density or temperature determined from the
halo component.

A local regression fit of the Thomson data for the elec-
tron temperature is shown in purple (dashed line). In the ECR
heated discharge (#20180920.011), plotted on the right side,
all three Ti diagnostics agree very well around mid radius from
r/a= 0.3 to 0.7. The XICS systemmeasures a higher ion tem-
perature in the plasma core at radii ρ< 0.2 than the CXRS sys-
tem or the BES system, however, the uncertainty of the XICS
value increases in the core and at the very edge. Except for
two outliers the CXRS system seems to agree with the inferred
profile in the plasma core. At the plasma edge (r/a> 0.8) the
BES inferred profile is almost equal to the electron temper-
ature measured by the Thomson system. In the purely NBI
heated discharge (#20181009.034) the ion temperature pro-
files of the three independent diagnostics agree verywell. Only
in the plasma core at r/a< 0.2 the XICS system measures a
≈10% lower temperature. At radii further to the plasma edge
the ion and electron temperature are expected to equalize due
to the high collisionality and the large plasma volume. As
expected, the inferred ion temperature and the electron tem-
perature are almost equal at radii ρ> 0.7 in both discharges.

4. Conclusion

In the presented analysis the Bayesian inference framework
Minerva was used to infer electron density profiles and ion
temperature profiles from neutral beam (hydrogen) and halo
Balmer-α emission data.

It has been shown that the Balmer-α spectra contain suffi-
cient information to independently reconstruct complete pro-
files of both the electron density and ion temperature that
compare well with other diagnostics. Since this information
is non-trivially contained in a combination of the BES and
halo intensities as well as the beam attenuation, a complete
and detailed forward model is required to access it.

As the exact shape and magnitude of the measured Balmer-
α spectra depend on the beam parameters (power, species frac-
tions, divergence) and the alignment of the optical head, fitting
plasma profiles from the data of the multiple lines of sight is
not straight forward. The Minerva software framework, spe-
cifically designed for forward modeling and inference, signi-
ficantly eased the implementation of this complex problem.
The Bayesian ansatz of this framework also allows the uncer-
tainties of the total beam power and neutral beam fractions to
be included consistently.

The density and ion temperature profile inference was suc-
cessfully performed on a range of plasmas with differing
conditions regarding heating and absolute plasma density.
The time evolution of the electron density profile in a non
steady-state discharge was captured well. It could be shown
that even from a subset of the data, including only the halo or

beam emission part of the spectra respectively, the full elec-
tron density profile could be inferred. Having only to evaluate
the beam part of the forward model speeds up the inference
significantly.

As the whole optical system is absolutely calibrated the
inferred profiles do not only fit the shape but also the mag-
nitude of the real profile. No rescaling using interferometer
data was performed as is usually done for the Thomson elec-
tron density data atW7-X. Thereby the fitted profiles represent
a fully independent measurement.
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