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Abstract: Collective Thomson scattering (CTS) diagnostic is being installed on the Wendelstein
7-X stellarator to measure the bulk ion temperature in the upcoming experimental campaign. In
order to prepare for the data analysis, a forward model of the diagnostic (eCTS) has been developed
and integrated into the Bayesian data analysis framework Minerva. Synthetic spectra have been
calculated with the forward model and inverted usingMinerva in order to demonstrate the feasibility
to measure the ion temperature in the presence of nuisance parameters that also influence CTS
spectra. In this paper we report on the results of this anlysis and discuss the main sources of
uncertainty in the CTS data analysis.
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1 Introduction

A Collective Thomson Scattering (CTS) diagnostic is being developed for the Wendelstein 7-X
stellarator. The diagnostic allows the measurement of the ion temperature, isotope ratio, fast ion
velocity distribution function, plasma rotation, andMHD activity. The diagnostic principle is based
on the microwave scattering off the collective fluctuations in the plasma. The scattering is collective
if the condition α ≥ 1 is satisfied, where α stands for the Salpeter parameter defined as α = 1

λdkδ ,
where kδ = | ®ks − ®ki | and λd is the Debye length. The wave vectors ®ki and ®ks correspond to
the incident and the scattered wave, respectively. This condition translates into constraints on the
probing frequency and the scattering geometry. The probing beam is scattered off the fluctuations in
the electron density, the current density, the electric field, and the magnetic field. The fluctuations
are resolved along the direction kδ . The diagnostics of this type are installed and successfully
exploited at other fusion experiments such as ASDEX Upgrade [1], LHD [2], and TEXTOR [3].
CTS will also be installed in ITER for alpha particle measurements [4].

The CTS measurements result in scattering spectra. The shape and width of the spectra are
influenced by a variety of plasma parameters. Therefore forward modelling in conjunction with the
Bayesian formalism is typically employed for the inference of parameter values from the spectra [1].
The forward model has to account for the plasma response to the probing beam, as well as for the
coupling of the probing beam to the collective fluctuations which gives rise to the scattered field.
Hence we can gain insight by studying the sensitivity of the forward model to the plasma parameters
and the scattering geometry. The sensitivity analysis entails the calculation of synthetic spectra
which can be inverted through the Bayesian framework. The purpose of this is to show that the
correct parameter values can be recovered from synthetic spectra by Bayesian inference.
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In this paper we report on the preparation for the data analysis for the first CTSmeasurements on
Wendelstein 7-X: the sensitivity of the developed forward model (eCTS) and the Bayesian inference
on plasma parameters and scattering geometry. The Bayesian inference is done within Minerva
— the data analysis framework used on Wendelstein 7-X. The two configurations available for the
CTS diagnostic are outlined in section 2. The method which will be used for the data analysis is
described in section 3. In section 4 we present the results of the sensitivity analysis of the forward
model and the Bayesian inversion of the synthetic spectra. The discussion of the results and the
conclusion are given in sections 5 and 6, respectively.

2 CTS on Wendelstein 7 - X

The CTS diagnostic on Wendelstein 7-X will use one of the 140GHz gyrotrons for electron
cyclotron resonance heating as the source of the probing beam. The measurements will be done at
two different locations in the plasma (see figure 1). The scattering geometry will be more flexible in
the bean shaped cross section (figure 1 right) allowing the observation angle, φ = ∠( ®B, ®kδ), in the
range of 75–115. Measurements in the center of the plasma will not be possible in this cross section
(figure 1 right) due to the absorption of the beam in the center of the plasma [5]. In the triangular
cross section the observation angle in the center will be φ = 110 (figure 1 left) [5]. Steering of
the probing radiation from one location to the other will be done using a remote steering launcher.
The spectral range covered by the receiver is 138–142GHz. The choice of the polarization of the
probing and received radiation depends on the presence of cut-offs and the spectral power density
of the electron cyclotron emission reaching the receiver. In figure 1 the probing and receiver beams
are indicated. The red colour indicates the absorption of the probing radiation. The overlap volume,
from which the CTS signal originates, is indicated by a blue circle at the intersection of the probing
and receiver beams. The position of the overlap volume is a source of uncertainty in the CTS
measurements and has to be accounted for by ray tracing after each shot.

3 Analysis of collective Thomson scattering data

3.1 Forward modelling

The forward model eCTS calculates the spectral power density in the observable spectral range.
The spectral power density is given by [6]:

∂Ps

∂ω
= PiOb

ωiωs

2πc2 r2
eneGS(®kδ, ω) (3.1)

where re is the classical electron radius, c is the speed of light in vacuum, ne is the electron density,
Ob is the beam overlap, G is the geometrical form factor, S(®kδ, ω) is the spectral density function,
and ω = ωs − ωi. The geometrical form factor, G , is calculated following the approach in [7]. It
accounts for the polarizations of the probing and scattered radiation. The spectral density function,
S(®kδ, ω), is calculated in the electrostatic approximation rather than with a full electromagnetic
treatment. To produce the synthetic spectra the forward model takes the following parameters as
input: incident radiation mode, scattered radiation mode, incident power Pi, probing frequency νi,
overlap volume Ob, electron density ne, ion density ni, electron temperature Te, ion temperature Ti,
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Figure 1. Block scheme of CTS on Wendelstein 7-X [5]. Showing two possible measurements locations:in
the triangular cross section (left) and in the bean cross section (right). Probing and receiver beams are
indicated for each cross section. The scattering volume (from which the CTS signal originates) is indicated
by the blues circle at the intersection of the beams. The red colouring indicates the absorption of the probing
radiation.

strength of the magnetic field B, projection angle φ = ∠( ®B, ®kδ), and the angle between the probing
and scattered waves θ = ∠(®k i, ®ks).

3.2 Bayesian inversion

The forward model alone is not enough for the data analysis process. In order to infer the parameter
values from the measured spectra, we solve the inverse problem by performing Bayesian inversion.
For this purpose the eCTS forward model has been integrated into Minerva which is a completely
Bayesian data analysis framework used on Wendelstein 7-X. The input parameters of the forward
model are redefined withinMinerva in a way which allows putting a prior probability distribution on
each parameter. Forward models of different diagnostics in Minerva can be interconnected through
defined dependencies. This block structure allows decoupling between the data sources, forward
models of the diagnostics, and the physics models implemented in the framework [8]. The inversion
is done by the MAP algorithm which maximizes the posterior distribution of the free parameters
given the data [8].

4 Results

4.1 Sensitivity to the plasma parameters and the scattering geometry

Sensitivity of the forward model to a selection of nuisance parameters is investigated. Synthetic
spectra have been calculated varying one input parameter at a time while keeping all others fixed.
The default configuration which was varied had the following values of nuisance parameters:
electron density ne = 6× 1019 m−3, ion density ni = 6× 1019 m−3, electron temperature Te = 3 keV,
ion temperature Ti = 3 keV, projection angle φ = 110◦, and the angle between the probing and
scattered waves θ = 100◦. In figure 2 the results are shown for varying the ion density (left),
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Figure 2. Sensitivity of the spectra to the changes in the ion density (left), ni , and the ion temperature (right)
Ti . The parameter indicated in the legend has been varied while the others were kept fixed.

Figure 3. Sensitivity of the spectra to the changes in angles characterizing the scattering geometry:φ =
∠( ®B, ®kδ) (left), and θ = ∠(®k i, ®ks) (right). The parameter indicated in the legend has been varied while the
others were kept fixed.

ni, and ion temperature Ti (right) for a hydrogen plasma. Figure 3 shows the sensitivity of the
forward model to the two angles characterizing the scattering geometry. Notice that the width of the
spectrum is sensitive to the change in the angle θ (figure 3 right) and the change in ion temperature
Ti (figure 2 right).

4.2 Bayesian inference from synthetic spectra

The synthetic spectra produced by the forward model have been fed into the Minerva framework as
observed data. The parameter which was varied in the sensitivity analysis (see previous section 4.1)
has been assigned a normal prior probability distribution with a width which corresponds to the
expected measurement error. The results of the Bayesian inference of the ion temperature, Ti, and
the scattering angle, θ, are given in figure 4. Since no noise has been added to the synthetic spectra,
and the only parameter with a prior distribution is the one whose value is inferred, the inversion
results in spectra which overlap with the original synthetic spectra. The input and inferred values
of the ion temperature, Ti, and the scattering angle, θ, are given in table 1.

– 4 –
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Figure 4. Spectra obtained by inversion of the synthetic spectra given in figures 2 and 3 for varying Ti (left),
and θ (right).

Table 1. The ion temperatures and scattering angles inferred from the synthetic data.

Input Ti [keV] Inferred Ti [keV] Input θ [◦] Inferred θ [◦]
1.5 1.49 90 91.57
3 2.99 100 100.34
4.5 4.49 110 110.09

5 Discussion

The results obtained in section 4 demonstrate that the width of the CTS spectra is affected by the
changes in the ion temperature Ti, and the scattering angle θ (see figure 3 right). It is therefore
necessary to obtain the values of the scattering angles from ray tracing prior to Bayesian inference
in order to minimize the uncertainty on the inferred value of the ion temperature. Notice that a
change in the angle θ results in a change in the length of the scattering wave vector ®kδ . This is
directly related to the position of the overlap volume. Another source of uncertainty in the CTS
data analysis is the size of the overlap volume. The finite size of the overlap volume is not taken into
account in the forward model. It is implicit that the error introduced by assuming one ®kδ is small.
In section 4.2 we have inferred the correct values of the ion temperature, Ti, and the scattering
angle, θ, by performing Bayesian inversion of the synthetic spectra from section 4.1. The found
differences between the input and inferred parameter values were found smaller than the assigned
prior distribution widths, as expected for spectra without any noise. However, inference from real
measurements will be more challenging due to the high noise levels and uncertainties in several
parameters necessary for the calculation of the spectral power density (see equation (3.1)). Within
Minerva we can obtain the values of other parameters by linking the corresponding nodes of our
model to the data signals of diagnostics measuring the necessary parameters. A typical example is
the electron temperature, Te, from electron cyclotron emission diagnostic or incoherent Thomson
scattering measurements. In addition we can introduce a scaling factor as a free node in the model
accounting for the uncertainty in the absolute scaling according to equation (3.1).

Our forward model has been developed based on the electrostatic approximation [7]. The
applicability of this approximation is limited by the coupling of the longitudinal and the transverse
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modes in a magnetized plasma [9]. The electromagnetic effects in the bulk ion region have not
been fully investigated. Comparison of our electrostatic forward model with a fully electromagnetic
model withinMinerva can lead to a better understanding of the limitations of the electrostatic model
in this region.

6 Conclusions

Forward modelling and synthetic spectra analysis have been done in preparation for the analysis of
real data from the CTS diagnostic on Wendelstein 7-X. We have demonstrated the sensitivity of the
synthetic CTS spectra to the changes in the ion density, ion temperature and the scattering angles.
The sensitivity of the synthetic spectra to the changes in a selection of nuisance parameters is in
agreement with the theoretical predictions [1].
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