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Abstract: At Wendelstein 7-X (W7-X), the world’s largest superconducting stellarator with a five-fold
symmetry and reduced neoclassical transport, a broad suite of microwave diagnostics is installed and
operated. Due to the robustness of in-vessel components and transmission lines against the harsh
environment in fusion devices, they are candidates for reactor plasma control.
This presentation will show an overview of microwave diagnostics at W7-X. After introducing the
governing equations for the propagation of microwaves in a fusion plasma e.g. the determination of
the local positions where the measurements are performed, the different diagnostics are presented.
The presentation will encompass the installed diagnostics, but also, the planned upgrades and show
important technical details and highlighting results obtained during the last campaigns. It will cover
passive microwave diagnostics for the estimation of the electron temperature profile by radiometry from
the 2nd and 3rd harmonic of the electron cyclotron emission (ECE) with a temporal resolution in the
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MHz-range. Furthermore, the 1st–3rd harmonic ECE radiation is measured with interferometry for both,
X- and O-mode polarization. Also, fluctuations of the electron temperature are measured by various
methods of correlation ECE. Active probing radar applications, so-called reflectometry, are installed to
measure density fluctuations and its propagation. They allow measuring the turbulence propagation for
a wide wavenumber range. Under certain assumptions the radial electric field, an important quantity
for the neoclassical transport is deduced from this propagation. To measure the electron density profile
in the edge, a frequency modulated continuous wave reflectometer is installed in the Ion Cyclotron
Resonance Heating (ICRH)-antenna. The purpose of the instrument is the measurement of the density
profile to improve the coupling of the ICRH-waves into the plasma. Besides this, the measurement
of the density profile in the edge with high spatial and temporal resolution is independent of the
ICRH-operation. Furthermore, a microwave scattering diagnostic, the collective Thomson Scattering
(CTS), uses a gyrotron as active probing beam yields direct information of the ion temperature of
hydrogen or in later campaigns deuterium species and does not rely on the impurity temperature.

Keywords: Interferometry; Microwave radiometers; Nuclear instruments and methods for hot plasma
diagnostics; Plasma diagnostics - interferometry, spectroscopy and imaging
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1 Introduction

Microwave radiation refers to a type of electromagnetic radiation with frequencies ranging from
approximately 0.3 GHz to 300 GHz. They occupy the portion of the electromagnetic spectrum between
radio waves and infrared radiation. Microwave based diagnostic in high temperature plasmas [1, 2]
are quite successful for two reasons: (i) they allow the measurement of important plasma quantities
e.g. electron temperature and electron density profiles across a major plasma part of the plasma
radius as well as fluctuations in both quantities due to the high spatial and temporal resolution and
(ii) as they have fewer demands on the optical path and optical components e.g. mirrors it makes
them an ideal diagnostic in the harsh environment of recent experiments as well as in future fusion
reactors. Microwave radiation, when not transmitted via quasi optical beam lines, can easily be
guided in wave guides, either oversized or fundamental ones, and they can be bent around corners
widening the application range.

There are two main applications in plasma physics, (i) passive measurement of microwave
radiation from the plasma and (ii) the active probing of microwave radiation using properties of
the plasma at reflection layers.

The range of microwave frequencies, applied in high temperature plasma diagnostic, depends
mainly on the parameters of the fusion device, for which they are designed and developed. An
important quantity is the magnetic field of the device, as it defines the gyration frequency. This
frequency plays an important role in the determination of resonances and cut-off layers, as outlined
in section 2. Also, the plasma density plays an important role for the determination of the cut-off
and resonance layers. The design of a microwave diagnostic has to be adjusted to these parameters.
In this paper, the microwave diagnostic for the stellarator Wendelstein 7-X (W7-X) are presented.
W7-X [3, 4] is the world’s largest stellarator of HELIAS-type with a mean major radius of 𝑅 = 5.5 m,
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and minor radius of 𝑎 = 0.52 m. The plasma volume is 𝑉 ≈ 30 m3, depending on the magnetic
configuration [5]. The device allows the operation in different magnetic configurations, characterized
by the edge iota (𝜄). W7-X has a five-fold symmetry, and the spatial structure of the magnetic field is
designed to keep the neoclassical transport at a minimum. Each of the five segments consist of 10
non-planar and 4 planar coils, generating a magnetic structure with an island chain outside the last
closed flux surface (LCFS) in the standard configuration having 𝜄 = 1. In addition, control coils are
included for the modulation of the island size and position. The toroidal magnetic field of W7-X
amounts to 𝐵𝑡 = 2.5 T on-axis, during the majority of programs in the last experiment campaigns.
However, the device is also operated at a lower magnetic field of 𝐵𝑡 = 1.8 T to achieve an enhanced
plasma beta. Due to the water cooled in vessel components, W7-X is capable to conduct plasma
pulses up to a duration of 30 min. Since W7-X is a stellarator it has no toroidal symmetry and the
plasma cross-section changes from a bean shaped cross-section to a triangular cross-section and
back. This makes the installation of those microwave diagnostics difficult, which need an increasing
magnetic field strength along their line of sight for the measurement. This condition is achieved for
cross-sections which are sufficiently close to the bean shaped plasma cross-section. W7-X is mainly
heated by electron cyclotron resonance heating (ECRH) [6] at a frequency of 𝑓 = 140 GHz. Beside
a nominal available ECRH power of 10 MW, neutral beam heating of 𝑃NBI = 7 MW for a duration
≤ 10 s is available. W7-X employs a range of advanced microwave diagnostics to investigate the
plasma, including density, temperature, and turbulence properties. These diagnostics utilize microwave
radiation to probe the plasma in a non-invasive and high-resolution way. They play a crucial role in
understanding plasma stability, transport, and confinement, supporting the optimization of W7-X’s
performance and advancing the development of stellarator-based fusion energy.

The rest of the paper discusses the installed and planned microwave diagnostics for W7-X. After
giving a short overview on the governing equations for microwaves propagation in a plasma in section 2,
the passive microwave diagnostics, such as Michelson interferometer and heterodyne radiometry both
measuring the emitted Electron-Cyclotron-Emission (ECE) from the plasma, are discussed. Also,
different flavours of radiometry diagnostics, such as correlation and imaging systems are discussed in
section 3. In section 4 microwave diagnostic probing plasma quantities at the cut-off positions e.g.
density and rotation are presented. It includes also a section on the CTS diagnostic delivering the ion
temperature of bulk ions is in the plasma core. The paper concludes with section 5.

2 Basic equations for microwave propagation in plasmas

In plasma physics, the Appleton equation [7, 8] is used to analyse phenomena such as wave-particle
interactions, wave propagation, and refraction in magnetized plasmas. It relates the refractive index 𝑁

with the probing frequency 𝜔 and the fundamental plasma- and electron cyclotron frequency.

𝑁2 = 1 − 𝐴 · (1 − 𝐴)
1 − 𝐴 − 1/2𝐵2 sin2 𝜃 ± 𝐶

(2.1)

𝐴 =
𝜔2

𝑝𝑒

𝜔2 ; 𝐵 =
𝜔𝑐𝑒

𝜔

𝐶 =

[(
1/2𝐵2 sin2 𝜃

)2
+ (1 − 𝐴)2 𝐵2 cos2 𝜃

]1/2

– 2 –
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Here 𝜔𝑝𝑒 denotes the plasma frequency and 𝜔𝑐𝑒 the cyclotron frequency:

𝜔𝑝𝑒 =

√︄
𝑛𝑒𝑒

2

𝜖0𝑚𝑒

; 𝜔𝑐𝑒 =
𝑒𝐵

𝑚𝑒𝛾
(2.2)

𝛾 takes into account relativistic effects, 𝑒 denotes the electron charge, 𝑚𝑒 the electron mass, 𝑛𝑒 is
the local electron density and 𝐵 the local magnetic field. The angle 𝜃 in eq. (2.1) denotes the angle
between the wave vector and the magnetic field. In the case, 𝜃 = 0 the propagation is parallel to the
magnetic field and for 𝜃 = 𝜋/2 perpendicular. In this case, two solutions for the refractive index are
possible, depending on whether the electric field vector of the wave E is parallel to the magnetic field
(O-Mode) or perpendicular (X-Mode). The refractive index for the latter case is given in eq. (2.3).

O-Mode 𝑁2
𝑂 = 1 −

𝜔2
𝑝𝑒

𝜔2 (2.3)

X-Mode 𝑁2
𝑋 = 1 −

𝜔2
𝑝𝑒

(
𝜔2 − 𝜔2

𝑝𝑒

)
𝜔2 (𝜔2 − 𝜔2

𝑝𝑒 − 𝜔2
𝑐𝑒

)
In case of a vanishing refractive index (𝑁 = 0) a cut-off condition is reached, and the wave is
reflected. Frequencies fulfilling the cut-off condition can be deduced from eq. (2.3), for O- and
X-mode propagation separately, by solving eq. (2.3) for 𝜔.

O-Mode 𝜔CO = 𝜔𝑝𝑒 (2.4)

X-Mode 𝜔CO1,2 =
©­­«
2𝜔2

𝑝𝑒 + 𝜔2
𝑐𝑒

2
±

√︄ (
2𝜔2

𝑝𝑒 + 𝜔2
𝑐𝑒

)2
4

− 𝜔4
𝑝𝑒

ª®®¬
1/2

The frequencies for cut-off conditions depend on the local magnetic field and on the local density of
the plasma. All active microwave diagnostics make use of eq. (2.4) to measure local plasma quantities
at the cut-off position, regardless of being applied in fusion plasmas, mobile communication, material
inspection or climate research. In the case 𝑁 = ∞ a resonance condition is achieved, and the power
carried by a wave at this frequency is absorbed as it is the case e.g. for ECRH-heating.

Having a spatially varying toroidal magnetic field which increases with the distance to the
observer, a relation between the emitted frequency of the plasma and the location within the plasma is
possible. This condition allows measuring electron temperature profiles in the plasma. In the case of a
Maxwellian energy distribution of the electrons, the intensity of the emitted radiation can be related
to the temperature. The ECE-spectrum can be described by Planck’s equation. In a fusion plasma
ℏ𝜔 ≪ 𝑘𝑇𝑒 is fulfilled and the Rayleigh-Jeans approximation can be used for optically thick emission.

𝐼 (𝜔) = 𝜔2 · 𝑇𝑒
8 · 𝜋3 · 𝑐2 (2.5)

where 𝐼 (𝜔) is the specific intensity. The measurement of the intensity of the emitted frequency
alone is not sufficient. Also, the transport of the radiation from its point of emission across the
plasma to the observing antenna has to be taken into account, including reflections from the wall.
The transport of the radiation is described by

𝑑𝐼

𝑑𝑠
= 𝑗 (𝜔) − 𝐼 · 𝛼(𝜔) (2.6)

– 3 –
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where 𝑠 is the ray path and 𝛼 the absorption coefficient and 𝑗 the emissivity, which are itself a function
of the frequency. The transport can be described by the optical depth (𝜏) defined by:

𝜏(𝜔) = 2
∫

𝛼(𝜔)𝑑𝑠 (2.7)

which adds a correction term (1 − 𝑒−𝜏). The absorption coefficient is itself a function of local
plasma parameters as 𝑛𝑒, 𝑇𝑒, the polarization of the wave and the harmonic number [7]. In addition,
reflection from the wall plays a role in case of small 𝜏 and the radiation temperature (𝑇 rad

𝑒 ) has to
be corrected by the reflectivity 𝜌, yielding:

𝑇 rad
𝑒 =

𝜔2 · 𝑇𝑒
8 · 𝜋3 · 𝑐2 · (1 − 𝑒−𝜏)

(1 − 𝜌𝑒−𝜏) (2.8)

To overcome the problem with reflections from the wall often tiles with a roof-top like structure
are positioned on the surface illuminated by the antenna pattern [9]. With respects to cut-off’s a
suitable measurement of the electron temperature is performed for X-mode perpendicular propagation
𝜃 = 90◦. For optical thick plasmas (𝜏 ≫ 1) the correction term in eq. (2.8) becomes small and
eq. (2.5) can be applied.

3 Passive microwave diagnostics

This section discusses the passive microwave application at W7-X. They consist of the Michelson
Interferometer to measure the ECE spectrum up to the 4th harmonics and a heterodyne radiometer
diagnostic. The latter determines the electron temperature (𝑇𝑒)-profile across a major part of the
plasma radius and makes use of the 2nd- and sometimes the 3rd-harmonic in case the local density
increases the upper cut-off frequency for the 2nd-harmonic. A W-band radiometer is installed for
operation at 𝐵𝑡 = 1.8 T. Furthermore, the correlation ECE will be presented, which is installed for
the measurement of 𝑇𝑒-fluctuations. All diagnostics make use of the same sight line defined by a
Gaussian optics. Beside the presently active diagnostics, this section will end with thoughts on a
planned ECE-imaging diagnostic for W7-X.

3.1 Michelson interferometer

A Michelson interferometer of Martin-Puplett type is installed close to the bean-shaped plasma
cross-section at W7-X [10–12]. It shares the optical front end together with the heterodyne radiometers.
The front end of the instrument [17] is shown in figure 1 and consists of a Gaussian telescope consisting
of 4 mirrors, focussing the radiation from the plasma into a horn antenna. The Gaussian beam waist
for 𝑓 = 140 GHz is 𝑤0 ≤ 23 mm and varies only by 2 mm across the plasma diameter, to achieve
equal radiating volume size across the plasma diameter. The horn antenna is an extremely broad
band conical horn antenna [13], with a beam waist ∝

√︁
1/ 𝑓 . After a power splitter and a polarisation

tuner, the radiation passes the bio shield and a notch filter to exclude the 140 GHz stray radiation
from the gyrotrons sustaining the discharge. The total transmission line amounts to ≈ 24 m with
a total loss of 21 dB. The interferometer covers the frequency range of 50 GHz to 500 GHz where
the 1st to 4th harmonic at W7-X is expected. Due to the high aspect ratio, each single harmonic
is well resolved and with no overlap between harmonics. To measure the interferogram the mirror

– 4 –
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Figure 1. The schematic view of the front end of the Michelson interferometer at W7-X. Reproduced from [15].
CC BY 4.0.

peak-to-peak amplitude is 16 mm and has a spectral resolution of ≈ 5 GHz. The interferogram is
measured by an active cooled InSb-detector. It can be expressed by:

𝐼 (𝑥) =
∫ ∞

0
𝑊 (𝑘) cos(2𝜋𝑘𝑥)𝑑 𝑘 (3.1)

where 𝑘 denotes the wave number, 𝑥 the optical path difference in the arms of the interferometer and
𝑊 (𝑘) the radiation from the plasma. Applying the reversed Fourier Transform yields the spectrum
of the radiation. Mechanical constraints of the sweep time of the mirror determine the temporal
resolution of the instrument to ≈ 22 ms. For the purpose of a hot-cold calibration, two black body
sources at liquid Nitrogen temperature and at 600 deg Celsius are used. Due to the attenuation
on the long transmission line, the calibration of the instrument applying coherent averaging takes
40 min to improve the signal-to-noise ratio. Furthermore, the ECRH-injection at 𝑓 = 140 GHz needs
the installation of a notch filter to protect the instrument against stray radiation. Due to the large
attenuation, the Michelson is operated with a multimode input. A notch filter is therefore assembled
by multilayer dielectric structures. However, the width of the notch is approximately 10 GHz [14]
wide and perturbs the profile measurement. Reducing the number of transmitted modes will allow
the use of a standard, wave guide based notch filter on the expenses of reduced power. Furthermore,
the operation at high densities requires ECRH-heating at O2 and X3 heating. In this case, a single
path absorption of the ECRH-power is no longer possible and the stray radiation increases. This
must be effectively removed to allow a meaningful measurement.

The main purpose of the Michelson interferometer is the measurement of the radiation temperature
in cases where the local density overcomes the cut-off frequency for the 2nd harmonic ECE-radiation.
An example of the measured radiation temperature (𝑇rad) spectrum for different plasma density is
shown in figure 2a. It demonstrates clearly the effect of the increase of the cut-off frequency with
density, leading to a strong decrease in 𝑇rad for the X2-mode radiation. At the same time, the X3-mode
is increasing and becoming optical thick. Also, the comparison of the electron temperature (𝑇𝑒)
estimated by the Michelson interferometer with the ECE-radiometers is performed. In figure 2b
the comparison between the radiometer and the Michelson interferometer is shown within the flat
top phase for two discharge with similar plasma parameters. Since both instruments share the same
beam-line, propagation effect in the transmission line can be neglected and a good agreement for

– 5 –
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the frequency range 135 GHz to 150 GHz is achieved, corresponding to the plasma core and the
high field side. The less agreement for 𝑓 ≤ 134 GHz has its possible origin in the uncertainty of
calibration at lower frequencies of the Michelson. Within the upcoming campaign, the front end of

Figure 2. (a): measurement of 𝑇rad for 2nd- and 2nd-harmonic X-mode, demonstrating the cut-off effect for
increasing density in the 2nd-harmonic. (b): the comparison of 𝑇rad estimated from Michelson and ECE-
radiometers, showing a good agreement. Reproduced from [11]. The Author(s). CC BY 4.0.

the Michelson interferometer will be improved by a new designed quasi-optical polarization tuner
designed by the Stuttgart University [16] and the attenuation of the beam-line is going to be decreased
by separating the Michelson from the radiometers.

3.2 Heterodyne radiometry

The heterodyne radiometry at W7-X is designed for an operation at a magnetic field of 𝐵𝑡 = 2.5 T [17]. It
makes use of the 2nd harmonic X-mode and covers the frequency range 126 GHz to 162 GHz with a total
of 32 channels. It shares the Gaussian telescope and the transmission line in vacuum with the Michelson
interferometer. The radiation from the plasma passes a vacuum window consisting of a 100 µm mica
window sealed by a Viton ring. The copper wave guide has a circular cross-section with a diameter
of d=28 mm. Before the notch filter, the wave guide is tapered down to a diameter d=4 mm. Due to
the restricted frequency range of 126 GHz to 162 GHz, a Bragg reflection notch filter [20] is applied,
yielding a notch depth of 40 dB for the ECRH stray radiation window from 139.9 GHz to 140.4 GHz.
The total transmission line losses sum up from 8 dB to 10 dB along the path length of 23.7 m.

The radiometer (see figure 3) consists of a PLL stabilized local oscillator at f=122 GHz and an
ultra-wideband mixer with an integrated diplexer. The intermediate frequency range (IF) of 2 GHz
to 40 GHz is split over two filter banks of 2 GHz to 18 GHz and 18 GHz to 40 GHz width. Each
individual filter is designed to keep the radial resolution in the range of 0.5 cm to 1 cm. The bandwidth
of the individual filters ranges from a minimum of 0.25 GHz for the low field side ECE channels to up
to 1.4 GHz for the high field side ECE-channels. This is necessary because the HFS channels are less
sensitive. Each of these channels after detection by a diode and preamplification is adapted by remote
controlled backend amplifiers and digitized at a sampling rate 2 MS/s. This sampling rate allows
studying fast events, e.g. sawtooth crashes and pellet-injection, in detail. In addition to the two standard
filter banks, a third one is operated in parallel. This so-called “ZOOM”-device [18, 19] consists of
a second down conversion step with a tuneable local oscillator and yields a range of intermediate
frequencies (IF) of 20 GHz to 24 GHz. The tuneable oscillator allows shifting the investigated region

– 6 –
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across the plasma diameter. Each filter has a bandwidth of 150 MHz. The “ZOOM”-device provides
additional 16 channels, which correspond to a radial range of Δ𝑟 = 6 cm on the high field (HFS)
and Δ𝑟 = 14 cm on the low field side (LFS). For the estimation of a 𝑇𝑒-profile from the measured
calibrated radiometer spectra, the plasma equilibrium using VMEC [21] along the ECE sight line
and the density profile from Thomson scattering are needed to run radiation transport calculations
via the TRAVIS code [22]. A result is shown in figure 4, where each data point corresponds to one
radiometer channel. As can be seen, the emission in the plasma centre is close to blackbody radiation
with a high degree of localization. Channels at the LFS, displayed by negative values of 𝜌 in this
figure, are affected strongly by red shifted radiation from the hot plasma core. It causes an inward
shift and a large error in the radial localization in figure 4.

Figure 3. Schematic view of the 32-channel
radiometer as it is used at W7-X. Note the 16-channel
“ZOOM”-device at the bottom. Reproduced from [17].
CC BY 4.0.

Figure 4. Electron temperature profile as function of
𝜌 as calculated from the ECE diagnostic with TRAVIS-
and VMEC-calculations. Reproduced from [17]. CC
BY 4.0.

As mentioned in section 1, W7-X is a device for high density operation, since there is no driven
current related Greenwald density limit. In the first campaigns, beside the Thomson Scattering
diagnostic, only the Michelson interferometer was able to provide 𝑇𝑒-profiles in case the X2-radiation
was in cut-off. Such conditions often happen, when high-𝛽-plasmas are achieved by increasing the
plasma density. However, due to the coarse time resolution, an X3-radiometer is necessary to monitor
the fast evolution of the electron temperature in the core and on the LFS, as it happens e.g. in pellet
injection events. For this purpose, a 16 channel radiometer operating in G-band was designed and
constructed. The schematic view of the instrument is shown in figure 5. The radiometer is connected
to the same Gaussian telescope where the X2-radiomter is installed. A power divider is used to split
the input power towards the X2- and X3-radiometer. The frequency range covers 200 GHz to 232 GHz
covering the whole 3rd-harmonic as can be seen in figure 2. The local oscillator at 𝑓 = 96 GHz after a
multiplying the frequency by a factor 2 is feeding a mixer together with the radiation from the plasma.
It delivers an IF in the range of 1 GHz to 35 GHz. A part of the IF-signal from the mixer is down
converted in a second step and feeding a filter bank with 8 channels. This down conversion step is
necessary, because the efficiency of detector diodes is reduced for 𝑓 ≥ 18 GHz. The other half of the

– 7 –



2
0
2
5
 
J
I
N
S
T
 
2
0
 
C
1
2
0
0
8

IF-signal is separated via a two-way and four-way power divider. Each part feeds a filter bank. The
range of the filter width is increasing, yielding an increase of the radial resolution of the HFS. As for
the X2-radiometer, the signal after the video amplifier chain is sampled with up to 2 MS/s.

Figure 5. Schematic view of the 16-channel radiometer
for the measurement of 3rd-radiation as it is used at
W7-X.
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Figure 6. Comparison of X3 radiation temperature
versus 𝑇𝑒 from TS, demonstrating the influence of the
optical depth on the measurement. Reproduced with
permission from [23].

Within the last campaign, a comparison between 𝑇𝑒-signal from Thomson scattering (TS) with
the X3-radiometer is performed. Whereas, the temporal evolution of the core temperature is well
described, the absolute temperature deviates from the one obtained by TS (see figure 6). The
correction factor reduces significantly in case of high 𝑇rad, indicating the large impact of the electron
temperature on the optical depth.

Comparing 𝑇𝑒 from TS with X2- and X3-radiometer shows, across campaigns, a 10 % to 15 %
smaller𝑇𝑒 from X2 compared to TS. Further analysis is ongoing, including an intermachine comparison
with the hypothesis that non-thermal particles will perturb the Maxwellian distribution [24].

The X3-radiation is also used as an interlock for the density control [23]. The control circuit
detects if the 𝑇𝑒 falls below a certain threshold. In case this condition is fulfilled, the gas valve is closed.
This control was already tested for X2-radiation but, is available since OP2.3 for X3-radiation, too.

3.3 Correlation ECE

The purpose of correlation ECE (CECE) is the measurement of coherent and broadband turbulence
across the minor radius of W7-X. In the first campaigns at W7-X the 16-channel “ZOOM”-device
was used to measure 𝑇𝑒-fluctuations. With the 150 MHz bandwidth of each individual channel, the
system is used to measuring radial correlations in a wave number (𝑘𝑟 ) range of 0.3 cm−1 to 5 cm−1.
The “ZOOM”-device is capable to measure temperature fluctuation down to 0.3 % [25]. In the first
campaigns, a coherent mode ranging from 7 kHz to 10 kHz was observed near the location of the
4/5 non-resonant surface in the standard configuration.

Beginning with the campaign OP2.1, a radial correlation ECE (CECE) has started its operation [28].
It is located near to symmetric planes with a bean shaped polidal plasma cross-section. The sophisticated
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Figure 7. Schematic view of the first mixing stage of
the CECE-system at W7-X, showing the splitting of the
signals in an LFS and HFS branch. Reproduced with
permission from [28].

Figure 8. (a) Cross spectrum for two ECE-channels
and (b) Coherence spectrum, showing the broad
structure at 𝑓 ≈ 250 kHz.

system has its own dedicated and optimized antennae, followed by an oversized transmission line.
The radiation is filtered for LFS- and HFS-frequencies separately and feeds two receiver boxes (see
figure 7), with a first mixing stage. In a further down conversion step, a radial scanning comb is
generated. For this down conversion step a remotely controlled synthesizer as local oscillator is used
similar to the “ZOOM”-device described in section 3.2. It allows shifting the investigated frequency
interval along the minor radius. After passing a filter bank, 16 frequency channels are provided on the
LFS and HFS, separately, each having a bandwidth of 150 MHz. As an example of the CECE, the
cross- and coherence-spectra are shown in figure 8. The spectra are obtained from two ECE-channels
at 𝑓 = 130.4 GHz and 𝑓 = 130.8 GHz. They are located at a radial position of 𝑟/𝑎 = 0.7. The dashed
line in each spectrum displays the sensitivity of the diagnostic. A clear indication for a broad mode
structure, centred at 𝑓 ≈ 250 kHz is found. This broad structure has been observed by a poloidal
correlation reflectometer (see section 4.2) and is identified as ∇𝑇𝑒-driven trapped electron mode.

Instead of correlating nearby frequencies, it is also possible to correlate the same frequency
interval with itself, but, adding a delay [26]. The delay must fulfil the following requirements, (i)
it should be long enough to suppress thermal noise and (ii) short enough to catch 𝑇𝑒-fluctuations.
The thermal noise depends on the bandwidth of the video amplifier (𝐵vid) and the half width can be
described by 𝑡1/2 =

√︁
𝑙𝑛 2/𝜋/𝐵vid. The schematic view of a time delay CECE is shown in figure 9. For

this application, the intermediate frequency of the frequency CECE-system is used. This signal passes
a power divider and one half of the IF-power is passing an additional delay line before being detected
in the same way and, as demonstrated in the last campaign, with a delay of 160 ns corresponding to
5 𝑡1/2 some first measurements are obtained and the analysis has been started.

3.4 Imaging ECE

A correlation ECE-Imaging system (cECEI) is envisaged for the OP2.6 campaign of W7-X starting
early summer 2028. It is planned to have an overlap with the Heavy Ion Beam Probe (HIBP) which is
proposed for turbulent electron heat flux studies. As for every ECEI system, the installation needs
large port access for the optical components. Three different optical systems have been proposed [27].
At the moment, tests are ongoing to develop a compact focusing optical system at W7-X [28].
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Figure 9. The set-up of the delay time CECE-system. The delay is added after the first mixing stage. In total, 8
fixed frequency channels are realized. Reproduced with permission from [28].

4 Active microwave diagnostics

This section will describe active microwave diagnostic, making use of eqs. (2.2) and (2.4). The
active diagnostics consists of several Doppler reflectomter (DR), a poloidal correlation reflectometer
(PCR) and a density profile reflectometer (DPR). The first two (DR and PCR) provide profiles of
the poloidal rotation of the main plasma and the turbulence. Once the rotation is estimated, the
radial electric field (𝐸𝑟 ) can be deduced, an important quantity for the radial neoclassical transport.
With different injection angles, the DR can also investigate turbulence at different wave numbers.
Furthermore, PCR can deliver poloidal correlation length and turbulence spectra. The DPR is mainly
installed for measuring the electron density profile in front of the ICRH antenna to improve the
coupling of the ICRH power to the plasma. A Collective Thomson Scattering (CTS) diagnostic
is installed to measure the ion temperature (𝑇𝑖) of hydrogen in the plasma. Furthermore, it allows
getting information on fast particles in the plasma

4.1 Doppler reflectometry

A Doppler reflectometer is an instrument that measures the frequency shift (Doppler shift) of reflected
waves from a moving target rough surface. A DR-system which measures the backscattered power
of a launched microwave at an oblique angle at the −1st order of reflection is a monostatic system
and is called a Doppler backscattering system (DBS). Already in the first campaign of W7-X, a DBS
has been installed for the measurement of the poloidal plasma flow and the related radial electric
field (𝐸𝑟 ) [29, 30]. Such a set-up is sensitive to different wave number (𝑘⊥) values depending on the
poloidal tilt angle. Selecting the tilt angle (𝜃tilt) of the antenna allows measuring structures of a certain
𝑘⊥. The relation between the measured wave number and the tilt angle is given by 𝑘⊥ = 2𝑘0 sin(𝜃tilt),
where 𝑘0 denotes the wave number of the probing frequency.

In total, 4 DBS-systems at two distinct toroidal locations are in operation at W7-X, three of them
at one of the bean shaped poloidal cross-section. The V-band (50 GHz to 75 GHz) and the E-band
(60 GHz to 90 GHz) DBS-systems are operated in O-mode polarization and at a fixed steering angle
of 𝜃tilt = 18◦, corresponding to wave numbers of 7 cm−1 to 14 cm−1, see figure 10 AEA21-B. The set
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of DBS-systems at this position is completed by a W-band DR in the frequency range of 75 GHz to
110 GHz. It has a steerable mirror from −20◦ to 5◦ which allows measuring a wave numbers in a range
of −20 cm−1 to 5 cm−1 (figure 10 AEA21-U). The two O-mode DBS-systems are connected two a
Gaussian telescope with 3 focusing mirrors. The X-mode system is connected to a similar Gaussian
telescope, where the last mirror is steerable. A fourth DBS-system is installed at 𝜙 = 229◦ for V-band
(50 GHz to 75 GHz) covering a density range of 2.8× 1019 m−3 to 6.3× 1019 m−3. It is equipped with
a steerable mirror in the range −20◦ to 5◦ covering a wave number range of −10 cm−1 ≤ 𝑘⊥ ≤ 10 cm−1.
Together with the DBS-system at 𝜙 = 72◦ it is mainly used to measure toroidal long range correlations
as needed for the verification of zonal flows in W7-X. Due to the partial frequency overlap of the

Figure 10. The DBS installation in the AEA21-port, viewing the bean-shaped plasma cross-section with the
two Gaussian telescopes for the O-mode and X-mode DBS systems. Reproduced with permission from [31].

V-band and E-band DBS, the measurement of radial correlation in a 15 GHz broad frequency range
is possible. All DBS systems are hopping reflectometers with heterodyne IQ-detection, utilizing a
frequency step of 0.5 GHz and a plateau interval of 30 ms in general, I/Q-signals are measured at a
rate of 20 MHz. From the measured Doppler spectrum, the frequency shift is determined. The four
DBS-systems can be combined in a way that either long range correlations are measured between the
V-band systems or radial correlations between the V-band and the E-band system are measured due
to the frequency overlap in the two bands. Radial correlations are measured at one toroidal position
and also by using the V-band DBS at the 2nd toroidal position.

The measurements of the DBS-systems have contributed to the understanding of the impact of
the 5/5-island at the vicinity of the last close flux surface [32]. It could be shown that the 𝐸 × 𝐵-flow
achieves a maximum at the island boundaries and is close to zero at the island O-point. Also, the
reduction of density fluctuations in the post-pellet phase with improved confinement properties was
shown [33]. Cross different magnetic configurations, 𝐸𝑟 and the velocity shear was studied as function
of heating power and density. A good agreement between the experimental results and neoclassical
predictions is achieved [34]. In the scrape-off layer (SOL), the relation between the 𝐸𝑟 in the SOL and
the divertor heat flux is studied, showing that the 𝐸𝑟 depends on parameters of the divertor [35].
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In a paper on microwave diagnostic at W7-X another W-band DR-system should not be missed.
It was operated during the first two campaigns. As mentioned above, 𝑘⊥ depends on the tilt angle
of the launched microwave beam. Tilting the microwave beam can be done by a motor as for the
W-band DBS described above or by using a phased array antenna (PAA). A PAA allows beam shaping
and side lope suppression [36] and consist of a helical delay in fundamental wave guide. It has one
coupling element on each of the turns (see figure 11a,b). This feed network is combined with a sectoral
horn antenna. However, the coupled power to the antenna array is quite small (−15 dB). Sweeping

Figure 11. (a) CAD figure of the PAA and (b) the electroformed feed array. (c) CAD model of the bistatic DR
set-up. Reprinted from [37], with the permission of AIP Publishing.

the frequency slowly, will change the tilt angle and the measured 𝑘⊥. Such an PAA was designed
and developed [38] and installed at W7-X at a toroidal position of 𝜙 = 71◦ and 140 mm above the
midplane. The DR-system is a bistatic system, using two PAAs, one for the launching part and one for
the receiving part. In figure 12a the dependence of the tilt angle from the frequency is shown for the
transmitting and receiving PAA. For a narrow frequency interval of Δ 𝑓 ≈ 1 GHz a tilt angle range
from −40◦ to 20◦ is achieved. The corresponding pattern for a sweep at 𝑓𝑐 = 104.23 GHz is shown in
figure 12b. It demonstrates that a reasonable signal strength can be realized for −20◦ ≤ 𝜃 ≤ 20 degree.

Figure 12. (a) Relation between frequency and tilt angle. (b) Strength of the antenna pattern as function of the
used frequency. The frequency is colour coded. Reprinted from [37], with the permission of AIP Publishing.

4.2 Poloidal Correlation Reflectometry

Poloidal Correlation Reflectometry (PCR) is a diagnostic technique used to measure turbulence and
plasma fluctuations in the poloidal direction. It works by analysing the correlation between signals
from two or more antennas located at two poloidally shifted locations. The signals are generated by the
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reflection of a launched microwave at the cut-off layer. By studying the temporal and spatial coherence
of these signals, PCR provides insights into the structure and dynamics of plasma turbulence, which is
crucial for understanding transport processes in tokamaks and stellarators. This method is particularly
useful for investigating low-frequency, long-wavelength fluctuations that affect plasma confinement.

At W7-X the PCR [39, 40] is operated in O-mode polarization and uses heterodyne I/Q-detection.
It is located in the same plasma cross-section as the DBS-systems. The antenna head is located below
the midplane and looking upwards to a common focal point at 𝑅 = 6.0 m and 𝑧 = −0.104 m. The PCR
consists of a single antenna to launch the microwave beam and a set of four receiving ones viewing four
different poloidally separated reflection areas. All antennae are aligned perpendicular to the magnetic
field line. In figure 13b the antenna head of the PCR-system is shown. The single lines of sight are
displayed by red lines. The antenna head is embedded in a copper structure, which is water cooled to
withstand the temperature increase during long pulse operation. The launching antenna is the middle
one in the left row. The antennae are connected via waveguides (WR28) with the reflectometer, which
is located in the torus hall. The system is operated in two frequency bands, (i) the Ka-band, 23 GHz to
40 GHz available with the beginning of the operation of W7-X and (ii) the U-band 40 GHz to 60 GHz
which became available with the start of the campaign OP2.1. It allows measuring reflected signals up
to a cut-off layer density of 𝑛𝑒 = 4.5 × 1019 m−3. With respect to wave-numbers, the PCR system is

Figure 13. (a) Electronic scheme of the Ka-band PCR. (b) CAD-view of the PCR plugin with the 5 horn
antennae, surrounded by a copper cooling block.

sensitive to a 𝑘⊥ ≤ 3.0 cm−1 [41, 42], due to its nearly perpendicular incidence. The electronic scheme
of the PCR is shown in figure 13a. From the 4 receiving antenna, the I/Q-signals from 6 combinations
are measured at a sampling rate of 5 Ms/s. The cross correlation of the complex time series from each
antenna combination, yields the delay time resulting from the poloidal propagation of the turbulent
structures and with the knowledge of the poloidal separation on the probed flux surface, the velocity of
the turbulence at the cut-off layer for 6 different poloidal distances is estimated. The PCR is operated
in a frequency hopping regime. Frequency steps and duration are variable and programmable, but, in
the most cases, a frequency step of 0.5 GHz for a duration of 10 ms is used in poloidal correlation
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measurements. The flexible programming of the PCR allows the measurement of radial correlations at
the frequency limits ( 𝑓 ≈ 40 GHz) of both bands. In this case, the frequency separation between the
Ka- and U-band system is Δ 𝑓 ≈ 100 MHz due to the small radial correlation length of the turbulence.

Due to the high density operation in the majority of plasma in OP2.2 and OP2.3, a further upgrade
by an extension to the E-band, 60 GHz to 90 GHz, is planned for the next campaign, allowing the
measurement of turbulence properties up to 𝑛𝑒 ≈ 1.0 × 1020 m−3.

The PCR-system complements the DBS-systems towards the low wave-number turbulence, The
system is capable to measure the time delay for a given combination for different frequency intervals
and allows separating the time delay of the main 𝐸 × 𝐵 plasma flow from the one generated by broad
band quasi coherent modes. From the estimated time delay and the turbulence velocity is deduced
by applying the elliptical model [43, 44]. Modes are observed across a large frequency range and
magnetic configurations. Broad quasi coherent (QC) modes are observed with a central frequency of
𝑓 ≥ 100 kHz in the plasma core, having a scale of, 𝑘⊥𝜌𝑠 ≥ 1.0. They are identified as ∇𝑇𝑒 driven
trapped electron modes [45]. Also in the SOL, a narrow quasi coherent mode is investigated with
decreasing frequency from 25 kHz to 10 kHz when the cut-off layer is moving towards the plasma
core [46], having a normalized mode scale of 𝑘⊥𝜌𝑠 ≤ 0.1. Another low frequency mode in the range
1 kHz to 2 kHz modulating the plasm flow is observed in the SOL [47]. The influence of the magnetic
topology in the plasma edge on the shear layer is investigated, and it could be demonstrated that
broad band turbulence is suppressed in the shear layer [48].

4.3 Density-profile reflectomery at the ICRH-antenna

For the determination of the electron density in front of the ICRH-antenna [49] a frequency modulated
continuous wave (FMCW) reflectometer [50–52] is installed in the ICRH-antenna at a toroidal angle
of 153◦. The long term goal is the determination and control of the local electron density in front of
the antenna. The reflectometer can be operated independently of the ICRH operation, allowing to
measure edge density profiles in all plasma scenarios. Due to its localization in the ICRH antenna,
a measurement in the core plasma is not possible, but the gradient region is fully covered. The
reflectometer is mounted on the same movable trolley as the ICRH antenna, allowing for a radial
propagation of 0.3 m. The installation on the trolley keeps the transmission line short and avoids the
use of flexible wave guides. Within the ICRH antenna, two pairs of sectoral Ka-band antenna are
mounted as shown in figure 14a in blue colour, allowing for X-mode launch. The transmission line
consist of WR28 wave guides in the vacuum section. Outside the vacuum section, the transmission
line is made of fundamental wave guides (WR10 and WR12) for W- and E-band. The reflectometer
consist of two bands, the E-band and the W-band. The linearity of the output frequency for both
frequency ramps as function of the VCO-voltage is shown in figure 14c before multiplying by a factor
6 and 8, respectively. With both bands, a density range from 0.2 × 1019 m−3 to 6.4 × 1019 m−3 is
accessible. An outline of the microwave circuit is shown in figure 14b. The output signal of a voltage
tuneable oscillator (VCO) is modulated, multiplied in frequency and launched into the plasma. The
reflected signal is mixed with a reference signal which, for better comparison, is delayed by the same
time the reflected signal needs to propagate to the antenna and back. The principle of a density profile
reflectometer is to sweep the microwave frequency over a full band in a time equivalent or faster
than the lifetime of turbulence structures in the plasma, to keep the density profile as frozen with
respect to turbulence. This asks for a high sampling rate of ≥ 10 MHz. From the spectrogram of
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Figure 14. Schematic view of the installation of the reflectometer within the ICRH antenna. Clearly see are the
two pairs of antennae, the long transmission line in the vacuum and density profile reflectometer back end.

Figure 15. Spectrogram of the beat fre-
quency, showing the change of the beat
frequency with probing frequency.

Figure 16. Density profiles for three dif-
ferent time stamps. The profile at 𝑡 = 3 s
is obtained during ICRH operation. The
dashed line indicates the LCFS.

the complex signal the beat frequency 𝑓beat, defined as

𝑓beat(𝑡) = 𝜏𝑑 (𝑡)
𝑑𝐹

𝑑𝑡
(4.1)

is calculated, with 𝜏𝑔 being the group delay and 𝑑𝐹/𝑑𝑡 the sweep rate. An example of the beat
frequency spectrogram is shown in figure 15, which shows clearly the change of the beat frequency
with the probing frequency. The group delay is a measure of the distance travelled by the probing
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frequency and yields a density profile. Recent measurements of density profiles during the ICRH
operation are shown in figure 16, where the profiles at 𝑡 = 1 s and 𝑡 = 2 s are measured without
ICRH operation and the profile at 𝑡 = 3 s is obtained for an ICRH pulse of 𝑃ICRH = 500 kW. A clear
change in the profile is observed outside the LCFS in the SOL.

4.4 Collective Thomson scattering

Instead of measuring the scattering from individual free electrons, CTS measures the scattered signal
from correlated density fluctuations. Therefore, the wave vector 𝑘 must fulfil the condition 𝑘 ≲ 1/𝜆𝐷 ,
where 𝜆𝐷 denotes the Debye-length. Instead of using a laser, a microwave beam is used as probing
radiation. Microwave based CTS has proven its capability in many fusion devices to determine
the bulk ion temperature (𝑇𝑖), ion composition and flow velocity from the analysis of the scattered

Figure 17. (a) Schematic view of the scatter geometry at W7-X. (b) Influence of the ion temperature on the
spectral shape of the scattered radiation. Reprinted from [53], with the permission of AIP Publishing.

radiation. The principle of a CTS-system is shown in figure 17a with the probing and receiving beam.
Fluctuations are measure along 𝑘 𝛿 = 𝑘𝑟 − 𝑘 𝑝 with 𝑘𝑃 and 𝑘𝑅 denoting the probing and receiving
wave vectors. The spectral shape depends on the scatter geometry (known) and plasma parameters. In
figure 17b the influence of 𝑇𝑖 on the spectral shape is shown, calculated by the developed forward
model (eCTS). It calculates the spectral power density of the scattered radiation. The spectral analysis
is performed with function parametrization or with an artificial neural network. At W7-X a neural
network analysis is applied for a fast determination of the 𝑇𝑖 [53]. The CTS-system at W7-X [54]
uses 2 gyrotrons from the ECRH-system at two different nearby toroidal positions with frequency of
𝑓 = 140 GHz. One spare ECRH-launcher is used as front-end receiver antenna. Two different toroidal
positions are investigated, (i) in the bean shaped plasma cross-section, where a set of steerable mirrors
allows scanning the range of 𝑘 𝛿 angles from 85◦ to 120◦ and (ii) the triangular cross-section, which
allows for a scatter volume in the plasma centre. Due to the topology of the magnetic field, better
resolution of 𝑇𝑖 measurements in the magnetic flux co-ordinates can be achieved in the triangular
cross-section. Also, the cold resonance at 140 GHz does not allow a placement of the scatter volume in
the very core. The CTS receiver consists of a heterodyne radiometer equipped with a 16 channel filter
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bank in the range 135 GHz to 145 GHz. First measurements with the CTS-system at both positions
show a good agreement of the measured 𝑇𝑖 with the one from X-ray spectroscopy.

Due to the gyrotron operation at 140 GHz the measurement of 𝑇𝑖 needs long averaging times to
deal with the poor signal-to-noise ratio coming from the strong electron cyclotron emission. This
can be avoided by using another gyrotron frequency which is not for plasma heating. Constraints
in the vacuum window for the ECRH as well as decoupling a reasonable amount of power from
the existing gyrotrons asks for a probing frequency of 175 GHz [55, 56]. The selection of this
frequency comes along with the potential risk that microwave diagnostics are not equipped with
notch filters for this frequency. This has to be changed in the upcoming campaigns. A change of
the probing frequency comes along with an upgrade of the CTS receiver for the new frequency.
Because the CTS should be operated at both probing frequencies 140 GHz and, 175 GHz a dual
frequency horn is installed followed by a waveguide switch to direct the scattered radiation to the
appropriate radiometer. The 174 GHz CTS-system is in operation since the campaign OP2.1. Due to
the reduced width of the notch filter and improved signal-to-noise ratio, the time for one normalized
spectrum from which 𝑇𝑖 is estimated is reduced to 3 ms. With this good temporal resolution it is
possible to follow even fast events in the plasma.

Beside the measurement of the ion temperature, CTS is used to detect fast ions, as they are
generated by the neutral beam injectors (NBI) at W7-X. When comparing the power spectral density
at time intervals with and without NBI. The spectra consist of three components, the ECE, the
thermal NBI and the fast ion component [57].

5 Summary

The paper aims in giving an overview of the installed and foreseen microwave diagnostic at W7-X. It
describes the important frequencies in the propagation of microwaves in plasmas in terms of resonances
and cut-offs, and shows how they are used in the estimation of physical quantities as temperatures
of plasma species profiles, plasma rotation profiles and turbulence properties. Beside the technical
outline of the discussed microwave diagnostic, also an overview of recently achieved results is included.
Active and passive microwave diagnostics are discussed, as reflectometry, collective scattering and
electron cyclotron emission. The deployment of microwave diagnostic is important due to reduced
requirements on mirrors and calibration compared to other optical diagnostics. This advantage makes
microwave diagnostic interesting for application in the harsh environment of future fusion devices.

Microwave diagnostics are valuable tools in fusion research because they provide accurate,
non-intrusive measurements of essential plasma parameters, enabling researchers to better understand
and control the fusion process.
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