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Abstract: The effective charge Zeff indicates the overall impurity contamination of a plasma. Zeff
can be derived experimentally from the intensity of the plasma bremsstrahlung emission. We
describe here the diagnostic set-ups and the Bayesian modeling allowing the inference of Zeff at
W7-X. First results from the operational campaigns in 2017 and 2018 are shown. Measurements
of the visible plasma radiation along a single line-of-sight traversing the core plasma has been
carried out using a compact USB-spectrometer with a time resolution of 100 ms. A spectral region
(627 - 641 nm) that is free from line emission is selected for the analysis of the bremsstrahlung
emission, which also depends on electron temperature and density profiles. Electron temperature
profiles are derived from either the electron cyclotron emission or the Thomson scattering diagnostic.
Electron density profiles, however, have their shape information derived from Thomson scattering
measurements and absolute values from single line-of-sight interferometry measurements. The
Minerva framework is used to infer the profiles with Gaussian processes and develop a Bayesian
model of the bremsstrahlung emission to infer line averaged Zeff . The sensitivity of the diagnostic
enables Zeff measurements down to the lowest core electron densities observed in the last campaign
of 0.75 × 1019 m−3 with a statistical relative error of ≈50% (Zeff = 3.2, 100 ms integration time).
The analysis is automated to routinely compute Zeff after every plasma discharges.
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1

Introduction

In magnetically confined fusion plasmas, the study of impurity behavior is important for the
assessment of plasma performance and the investigation of impurity transport [1]. The effective
Í
Í
charge Zeff = i ni Zi2 / i ni Zi is related to the concentration of impurities and indicates the overall
contamination of the plasma with mainly low-Z impurities, e.g. Carbon. It is usually derived
experimentally from the plasma ion-electron bremsstrahlung emission in the visible, IR or X-Ray
spectral region [2–4], using an independent measurement of the electron density ne and temperature
Te . In this work, we illustrate the diagnostic set-ups and the Bayesian modeling that allowed
the inference of Zeff at W7-X and we will show results from the OP1.2 experimental campaign,
obtained from measurements performed with a compact USB-spectrometer. Also, we will describe
the diagnostic set-up of other diagnostic systems which were routinely observing bremsstrahlung
emission as well.

2

The single line-of-sight USB-spectrometer diagnostic

A compact USB-spectrometer (Red Tide USB650, Ocean Optics) collects light along a single
line-of-sight that goes through the plasma core of W7-X, as shown in figure 1a. The system collects
light in the visible and near infrared wavelength region, approximately from 350 to 1000 nm, as
shown in figure 1b, with a time resolution of 100 ms. Due to the low light level of the calibration
source only the spectral range above 450 nm can be used for the analysis. The figure also shows the
bremsstrahlung emission predicted with Zeff ≈ 1.5. Details about the predictive forward model are
given in the following sections. In order to infer Zeff from the measured spectrum, we have selected
and used a fixed wavelength window that is free of line radiation, marked with two red vertical lines
in the figure, in the range of ≈ 627 − 641 nm. The system was absolutely calibrated by measuring
the diagnostic response to an Ulbricht sphere of known emissivity. The calibration has been carried
out prior (pre), during (mid) and after (post) both the experimental campaigns OP1.2a and OP1.2b.
The sensitivity of the diagnostic system as a function of wavelength, in units of W / (m2 Å sr count),
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Figure 1: Figure (a) shows the single line of sight of the USB-spectrometer, the triangular W7-X
plasma cross section and the magnetic axis in red. The line of sight ends in an opposite port (left
hand side) thus eliminating the problem of plasma light reflections at the vessel walls. Figure (b)
shows the measured spectrum of the photon flux of the plasma bremsstrahlung and line radiation
(blue) as well as the predicted bremsstrahlung level with a Zeff ≈ 1.5 (dashed line). The two red
vertical lines indicate the wavelength range selected and used in the analysis ≈ 627 − 641 nm. Figure
(c) shows the sensitivity spectrum of the diagnostic in the wavelength range of between 500 nm and
700 nm. Three different measurements were carried out, prior (pre), during (mid) and after (post)
the experimental campaign OP1.2.
is shown in figure 1c. Multiplication by this quantity converts the measured raw data to spectral
power density in absolute units (see also 1/C(λ) in equation 3.1). According to the time interval
in which the data were collected, the corresponding calibration curve is applied to the data. The
relative variation between the different curves is always < 10% in the wavelength range shown in the
figure, indicating that the calibration remained fairly constant during the course of the campaign.
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Bayesian modeling and inference

A model to calculate the bremsstrahlung emission is implemented in the Minerva framework [5].
The Minerva framework allows to carry out Bayesian modeling and inference in complex systems.
The expected measured signal S(λ) can be calculated from the bremsstrahlung emission at a given
wavelength V(λ) collected along the line of sight, according to equation 3.1:
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Figure 2: The electron temperature and density profiles measured by the Thomson scattering
diagnostic (TS) are fitted with a Gaussian process (GP) model within the Minerva framework. The
blue lines are samples from the posterior distribution found with Bayesian inference. The dots
represent the measured data points together with their respective error bars.

S(λ) = C(λ)V(λ) = C(λ)

∫



ne2 Zeff
hc
1
gff (Zeff ,Te, λ) √
exp
dl
2
λk
T
k b Te
b e λ

(3.1)

where the integration is done along the line of sight path, gff (Zeff ,Te, λ) is the free-free Gaunt factor
modeled in Minerva according to [6], C(λ) is an absolute calibration factor (figure 1c), and the
remaining symbols are used in the conventional way referring to the respective physics constants
in SI units. The single line of sight diagnostic does not allow to resolve the spatial profile of Zeff ,
therefore, when Zeff is used in the calculation of the emission along the line-of-sight, it is assumed
to be constant.
According to equation 3.1, ne and Te are quantities required to calculate the expected emission.
They are provided by a spatially resolved Thomson scattering [7] measurement and a line-integrated
ne measurement by the dispersion interferometer diagnostic [8], which constrains the ne absolute
values. Both profiles are first inferred within the Minerva framework with a Gaussian processes
(GP) Bayesian model [9], where the covariance of the normal prior distributions of the profiles
is modeled with a covariance function, parametrised in terms of the profile length scale. The
posterior solution found is "smooth" and it is affected by the number of observed data points and
their respective uncertainties, which in this case do not include systematic errors. An example case
of such procedure is shown in figure 2, where the samples from the posterior distribution are shown
in blue and the measured data points are labeled as TS. The coordinate on the x-axis is the effective
p
radius ρ = ψ/ψLCFS , where ψ is the magnetic flux and ψLCFS is the magnetic flux at the last closed
flux surface.
Since the Bayesian analysis is meant to be carried automatically after every plasma discharge, a
fallback solution is provided for those cases in which Thomson scattering measurements are not
available. The ne profile is assumed to be parabolic, and absolute values are scaled accordingly
using interferometer measurements, as previously mentioned; the Te profile, on the other hand, is
obtained from measurements by the electron cyclotron emission (ECE) diagnostic using the cold
resonance approximation [10, 11].
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Results

Zeff can be inferred by comparing predicted and measured bremsstrahlung emission signals. Two
example cases from experiments 20180920.042 and 20181016.023 are depicted in figure 3a and
3b, showing discharges in which the plasma was seeded by Ne and N2 , respectively [12]. Ne was
injected at 5, 7, 9 and 11 s for 200 ms, whereas N2 was injected at 2 s for 50 ms and continuously at
3-7 s; a second valve was open at 5-7 s, increasing the gas flow rate by a factor of ≈ 2. Corresponding
to the injection times, we observe an increase in the Zeff values and in the total plasma radiation
measured with a bolometer [13]. The Zeff error bars are obtained taking into account signal statistics,
the absolute calibration and the uncertainties in the ne and Te profiles. In the figures, the time
evolution of other relevant parameter is also shown: the power from the electron cyclotron resonance
heating (ECRH), the line integrated density ne measured with the interferometer, and the value of
the electron temperature in the core Te as measured with the ECE diagnostic.
In figure 3c we show the case of a very low density discharge demonstrating the lower sensitivity
limit of the diagnostic at 100 ms integration time. A line-of-sight averaged density ne of 0.75
×1019 m−3 as measured with the interferometer at ≈ 0.5 s allowed to measure a Zeff ≈ 3.2 with a
statistical error of ≈ 50%. In the second plot from the top, the measured signal for each pixel in the
considered wavelength range is show at every time point; the large noise level is clearly visible.
The Zeff values inferred with the USB-spectrometer were also compared to those found with
the charge exchange recombination spectroscopy (CXRS) system [14, 15] for two discharges
20180927.042 and 046 in which He was injected during the experiments and the neutral beam
injection (NBI) system was active. According to a preliminary analysis, the CXRS system allowed
to measure a H/He ratio of 0.3/0.7 and 0.85/0.15 in the first and second discharge respectively, and
a 2% concentration of C6+ in the core in both experiments. From these values, the lower limit of
Zeff was then estimated as ≈ 2.1 and 1.7, compared to 1.9 ± 0.4 and 1.5 ± 0.3 as found with the
USB-spectrometer.

5

Conclusions and future works

A compact, single line-of-sight USB-spectrometer allows to measure bremsstrahlung emission
and infer Zeff at the Wendelstein 7-X stellarator. The diagnostic was operating during the OP1.2
routinely providing the line-of-sight averaged Zeff . A Bayesian model was implemented in the
Minerva framework, allowing to infer Zeff and to provide Gaussian process fits of ne and Te profiles
combining measurements of the Thomson scattering and dispersion interferometer measurements.
In the context of future works, we want to mention that more systems dedicated for the Zeff
measurement are also available and collected data during the experiments, but they are not yet
modeled and inference was not carried out on such measurements. Specifically, two additional
detectors share the same line of sight of the USB-spectrometer. One collects light emitted in the
near infrared range of 750-950 nm, with spectral resolution of ≈ 1 nm and typical time resolution of
50 ms. A second one collects visible light at 523 nm and 630 nm using interference filters with
a bandwith of 2 nm, and time resolution of 100 kHz. A third system is equipped with 27 lines of
sight and operate in the range 750-950 nm, and can therefore provide information to infer spatially
resolved Zeff . In future works we aim at modeling all these systems and adding other diagnostics
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Figure 3: The time evolution of Zeff with respective error bars and other relevant parameters for
three example cases. Figures (a) and (b) show the case of two seeding experiments, with Ne and
N2 respectively. A discrete increase in Zeff and total radiated power Prad is observed after each
injection of seeding gas. The low density discharge in figure (c) allowed to assess the sensitivity of
the diagnostic: a line-of-sight averaged density of 0.75 ×1019 m−3 at 0.5 s allowed to measure a
Zeff ≈ 3.2 with a statistical error of ≈ 50%
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containing information on Zeff (as CXRS, X-ray spectrometers) within the Minerva framework, so
to exploit all available information for the inference of Zeff profiles.
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