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ABSTRACT
In this paper, we present the design and commissioning results of the upgraded collective Thomson scattering diagnostic at the Wendelstein
7-X stellarator. The diagnostic has a new radiometer designed to operate between the second and third harmonics of the electron cyclotron
emission from the plasma at 171–177 GHz, where the emission background has a minimum and is of order 10–100 eV. It allows us to receive
the scattered electromagnetic field with a significantly improved signal-to-noise ratio and extends the set of possible scattering geometries
compared to the case of the original instrument operated at 140 GHz. The elements of the diagnostic are a narrowband notch filter and
a frequency stabilized probing gyrotron that will allow measuring scattered radiation spectra very close to the probing frequency. Here, we
characterize the microwave components applied to the radiometer and demonstrate the performance of the complete system that was achieved
during the latest experimental campaign, OP2.1.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0174444

I. INTRODUCTION

The principle of Collective Thomson Scattering (CTS) diag-
nostics is based on the scattering of electromagnetic radiation at
collective microscopic fluctuations in a fusion plasma. During the
measurements, a probing microwave beam is directed into the
plasma vessel, where a CTS receiver antenna picks up the scattered
radiation. Depending on the probing beam frequency, plasma para-
meters, and scattering geometry, the scattering can be either coher-
ent (collective) or incoherent. The distinction between these cases is
commonly defined by the parameter α introduced by Salpeter.1 Col-
lective scattering occurs when α > 1. In the case of the used scattering

configurations of the upgraded CTS diagnostic, the Salpeter para-
meter α > 3 for typical temperatures Te ≈ 2.3 keV and densities ne ≈
6 × 1019 of the viewed plasmas at the Wendelstein 7-X (W7-X) stel-
larator. When the plasma parameters are close to the goal operation
of the stellarator, such as ne = 2.4 × 1020 and Te = 2 keV, the criteria
is α = 6.5. The outcome of the measurements is a power spectral den-
sity (PSD) function of the scattered radiation. A dedicated scattering
model evaluates the corresponding plasma parameters based on this
function, such as ion temperature, plasma drift velocities, fast ion
velocity distribution function, or plasma composition.2–4 Such CTS
measurements have, for example, been shown at ASDEX Upgrade5,6

or LHD.7 A CTS diagnostic will also be installed at ITER.8,9
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The plasma fluctuations are resolved along the axis defined by
the difference vector kd = ks − ki, where ki is the incident wave vec-
tor and ks is the scattered wave vector. The scattering geometry is
defined by ki and ks, but also by the angle between the local mag-
netic field B and kd. In addition, the scattered radiation depends
on the radiation patterns of the probe and receiver antenna sys-
tems since the CTS signal originates from the volume at which
both microwave beams overlap. Moreover, electromagnetic waves
propagating in plasmas experience refraction, which can cause cer-
tain difficulties in defining the actual overlap volume, depending on
plasma parameters.2,10

At the W7-X stellarator, the CTS diagnostic utilizes the avail-
able infrastructure of the electron cyclotron resonance heating
(ECRH) facility.11,12 Particularly, one of the total twelve beamlines
of the quasi-optical ECRH transmission system and a corresponding
probing beam gyrotron are used for CTS purposes. The CTS mea-
surements are possible with one of two receiving antennas mounted
in the triangular and bean-shaped cross sections of module 1 of the
stellarator.11 The antennas are switched manually, depending on the
research program. The transmission line is optimized for low atten-
uation, which contributes to the high sensitivity of the CTS receiver.
The beamline joints of the antenna systems are located in the plasma
vessel, and a microwave radiometer is mounted outside of the torus
hall. In the future, the diagnostic will be equipped with its own trans-
mission line due to the upcoming upgrade of the ECRH plant.12 The
general architecture of the diagnostic can be found in the earlier
publications.13,14

The first experimental findings of the CTS diagnostic at
W7-X,13 operated at 140 GHz, demonstrated the capability of
ion temperature measurements. However, the assessment of other
plasma quantities was complicated, mainly because of the poor
signal-to-noise ratio (SNR), since the scattering occurred in the fre-
quency range of the electron cyclotron emission (ECE).13 A strong
ECE background in the order of several keV makes the detection
of fast ion signatures in the scattering spectra nearly impossible.10

Moreover, unattainable plasma regions located behind the reso-
nance layer and strong refraction at high plasma density restrict the
capabilities of the diagnostic when operated at 140 GHz.

In order to mitigate the influence of the high ECE background
and to increase the sensitivity of the diagnostic, it was proposed
to shift the probing frequency to the range between the second
and third ECE harmonics, where the cyclotron emission is greatly
reduced.15 The CTS diagnostics at ASDEX Upgrade and LHD oper-
ate between the first and second harmonics, and the one at ITER
is below the first. The point-by-point considerations of the possi-
ble frequency range10 were performed by taking into account other
important aspects too, such as microwave reflections from the vac-
uum windows and the wave refraction in the plasma volume. Based
on this, a probing beam frequency of 174 GHz was selected for
future CTS measurements.16,17 With the 174 GHz gyrotron at W7-X,
operation between the second and third harmonics is now possi-
ble. The key features of the upgraded instrument are high SNR, the
application of a narrowband notch filter compared to the existing
140-GHz diagnostic, and the use of a frequency stabilized gyrotron
that makes such an approach feasible. Moreover, the new system
allows the measurements to be performed everywhere along the
minor radius in both cross-sections. In this paper, we present the
design of the upgraded 174 GHz CTS diagnostic at the W7-X

stellarator and discuss the commissioning results obtained during
the latest operational program. The performance of the upgraded
system is compared to that of its predecessor, which operated at
140 GHz.

The paper is organized as follows: In Sec. II, we present the
design of the 174 GHz heterodyne microwave radiometer and dis-
cuss the performance of the main components as well as the overall
noise characteristics of the receiver. Activities related to the com-
missioning of the diagnostic are discussed in Sec. III. In Sec. IV,
we summarize the results of test measurements of the ECE back-
ground performed with the help of the upgraded CTS radiometer at
171–177 GHz. The conclusions to this work are given in Sec. V.

II. DESIGN OF THE 174 GHz CTS RADIOMETER
The 174 GHz CTS diagnostic is built around a sensitive het-

erodyne radiometer with a single intermediate-frequency (IF) stage.
The schematics of the radiometer is shown in Fig. 1. The front-
end of the receiver uses the WR-6 (D-band) standard. Although we
plan for measurements beyond the recommended frequency limit
of the D-band waveguide, this can be performed without the risk
of exciting high-order modes in the waveguide. This is because the
next waveguide mode has a cutoff frequency close to 181.6 GHz.
The electromagnetic radiation propagates in the form of a Gaus-
sian beam from the receiver antenna to the radiometer input. The
conversion of the beam to the TE10 rectangular waveguide mode
occurs in a matching optics unit (MOU). The MOU consists of an
off-axis parabolic mirror, a flat mirror, and an antenna. The origi-
nal 140 GHz CTS diagnostic used a corrugated horn, which is not
suitable for 174 GHz due to distortions in the radiation pattern.18

Therefore, it is replaced by a new dual-band smooth-walled horn
antenna optimized for both 140 and 174 GHz. After the MOU,
the radiation can be guided with the help of a waveguide switch
(Hughes) either to the 140 GHz or to the 174 GHz receiver front-
end. There is no need to enable simultaneous operation of both
systems since a single probing gyrotron is used. Switching between
the operating frequencies requires a ramping of the magnetic field
of the gyrotron that takes up to one day. In order to reduce the
signal attenuation at 174 GHz, the waveguide switch connects the
antenna to the receiver front-end via a straight arm. The switch is
well-matched with the transmission line and has low insertion loss
(IL < 1.5 dB) in the frequency range from 137 to 180 GHz.

The transmission line between the MOU and the down con-
verter includes protection against gyrotron stray radiation, namely a
notch filter and a voltage-controlled variable attenuator. A cascade
of bandpass filters suppresses the image frequencies of the hetero-
dyne system and protects the receiver from the radiation of heating
gyrotrons. A full D-band Faraday isolator (Elva-1, https://elva-
1.com), which has high isolation (better than −25 dB) and low
insertion loss (IL = 3 dB), is used in the front-end to reduce the effect
of reflected waves. Before entering the mixer, the received scattered
radiation is amplified by a broadband monolithic microwave inte-
grated circuit (MMIC) amplifier.19 After the down conversion, the IF
signal is boosted by a low-noise amplifier and passes through the low
pass filter. Due to safety reasons, the radiometer is placed in a closed
metal case, shielding it from any stray radiation coming from the
quasi-optical transmission line. At the back-end of the radiometer,
a fast 8-bit analog-to-digital converter (ADC) (PXIe-5186, National
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FIG. 1. The schematics of 174 GHz CTS radiometer: MOU – matching optics unit, BPF – bandpass filter, VCVA – voltage-controlled variable attenuator, IS – microwave
isolator, MW AMP – broadband MMIC amplifier, LO – local oscillator, LNA – low noise amplifier, LPF – low pass filter, ADC – analog to digital converter.

Instruments) is used to process the detected scattered signals.14 Dur-
ing the measurements at 174 GHz, the acquisition system runs at a
maximal sample rate of 12.5 Gsps.

Below, in this section, the results of the measurements are pre-
sented, and the performance of the microwave components applied
to the upgraded CTS radiometer is discussed. The scattering para-
meters S11 and S21 were measured in dB with the help of a network
analyzer, PNA N5222B (Keysight), and the frequency extension
modules (VDI). The parameters S11 and S21 define the return loss
and insertion loss of a component as RL = −S11 and IL = −S21,
respectively.

A. Adjustment of the notch filter
A key element of the CTS radiometer is a notch filter used

to protect the receiver from the powerful stray radiation coming
from the probing gyrotron. The filter should have a rejection strong
enough to protect the microwave mixer and ensure that the total
microwave power seen by the mixer stays below 0 dBm. An ideal
notch filter should have a narrow rejection band for measuring a
scattering spectrum near the probing frequency. In practice, the
rejection bandwidth of the filter is constrained by the frequency
drifts of the probing gyrotron2 and is typically 200–500 MHz when
measured at the maximal attenuation level.2,20 The rejection band-
width must be significantly extended when the measurements occur
in the presence of many gyrotrons operated at similar frequen-
cies. That is the case for the 140 GHz CTS diagnostic at W7-X.
The ECRH gyrotrons at W7-X have a nominal frequency range
of 140 to 140.5 GHz. Therefore, the notch filters of the 140 GHz
CTS diagnostic are tuned to the center frequency of 140.14 GHz
and have a 3-dB rejection bandwidth of about 900 MHz. More-
over, the filters have an additional stopband at 137 GHz to damp
the parasitic radiation that can be generated by one of the 140 GHz
gyrotrons.

The CTS diagnostics operating between the second and third
harmonics of ECE are not affected by stray radiation coming from
the heating gyrotrons because of the use of two band-pass filters
with more than 40 dB damping each outside of the transmission
band, particularly at 140 GHz. This means that the frequency of
the probing gyrotron can be stabilized to make the application of
a narrowband notch filter feasible. Moreover, one can reduce the

requirement for maximal damping from 160 dB to around 50–60 dB,
which is enough for a single 500–800 kW tube.21 As a result, one
can potentially analyze CTS spectra very close to the probe fre-
quency. This is important for more accurate inference of the ion
temperature, detecting spectral features that appeared due to plasma
composition, and turbulence.22

The notch filter is tuned according to the operational charac-
teristics of the probing gyrotron at 174 GHz. A millisecond after the
startup, the frequency of the free-running gyrotron is 173.95 GHz,
but due to the thermal expansion of the cavity and electron beam
space charge neutralization, the frequency drifts further during the
pulse. Eventually, the shift is about 30 MHz at the end of a single
pulse lasting 10 ms. For this reason, the center frequency of the rejec-
tion band is adjusted to 173.92 GHz. The frequency response of the
tuned filter is shown in Fig. 2. The settings provide an attenuation of
up to −60 dB in the frequency range from 173.91 to 173.93 GHz and
a 3 dB rejection bandwidth of 460 MHz. The frequency of the prob-
ing gyrotron is stabilized using a Phase-Locked Loop (PLL), which
is discussed in Sec. III.

B. Bandpass filters and protection against stray
radiation

Usually, a microwave bandpass filter (BPF) is used in a hetero-
dyne system to suppress image frequencies and define the operating
frequency range. This is also the case for the 140 GHz radiome-
ter, which contains a BPF-06/135–145 filter from Elva-1. However,
in the case of the 174 GHz system, the BPF serves as an element
of passive protection against the stray radiation coming from the
heating gyrotrons operated at 140 GHz. The reason is the utiliza-
tion of D-band waveguides (the cutoff frequency of the TE10 mode
is 90.8 GHz) and the absolute transparency of the 174 GHz notch fil-
ter at 140 GHz (see Fig. 2). Therefore, a cascade of two BPFs is used
to satisfy this requirement.

The applied cascade consists of the filters BPF-06/170-180
(Elva-1) and BPF-02E/171-177 (Elmika). The measured scattering
parameters S11 and S21 of the components are shown in Fig. 3. Both
filters have similar insertion losses of 2 to 3 dB. The full damping of
the cascade is about 6 dB at 171–177 GHz. At the same time, the
cascade attenuates signals by more than 120 dB in the frequency
range below 165 GHz. The total reflections S11 are less than −10
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FIG. 2. The scattering parameters S11, S21 of the notch filters measured in the corresponding frequency ranges of the 140 and 174 GHz CTS diagnostics. The transmission
characteristics of the 174-GHz notch filter are also measured at 137–145 GHz.

dB at 170–176.8 GHz, thus contributing to a good matching of the
transmission line.

The CTS receiver contains a voltage-controlled variable atten-
uator (VCVA), which prevents excessive microwave power from
reaching the mixer during the switching on/off of the gyrotron due
to the frequency shift of its oscillation. Moreover, a narrowband
notch filter requires additional protection for the microwave mixer
before the emission frequency is stabilized at a value covered by
the rejection band of the notch filter. Consequently, the oscillation
frequency chirps are compared to the “cold” state by hundreds of
MHz.2,23

In the 174 GHz radiometer, a voltage-controlled variable atten-
uator VCVA-06/170-180 (Elva-1) is used. Its parameters are sum-
marized in Fig. 4. The attenuator is controlled by a bias current and
can be closed in less than 0.1 ms after receiving a control signal. The
attenuator stays closed during the gyrotron switching on/off. Dur-
ing the CTS acquisition intervals, the VCVA is set in a state that
is selected for each particular discharge to prevent damage to the
receiver. The VCVA has an almost flat frequency response and a
minimum attenuation of 2 dB in the range from 137 to 176 GHz.

FIG. 3. Scattering coefficients S11 and S21 measured for the bandpass filters
applied in the 174 GHz CTS receiver.

The low reflection S11 < −10 dB is provided by the device in the open
state at 171.3–177.12 GHz, which corresponds to the planned oper-
ating band of the upgraded CTS diagnostic. The maximum damping
of the attenuator exceeds 60 dB.

C. Downconverter unit and the IF stage
The converter unit of the 174-GHz CTS radiometer is built

around a single-IF architecture and uses a high-side injection. In
order to boost the CTS signal and reduce the total noise figure of
the system, a D-band broadband MMIC amplifier (Elva-1) is placed
before the downconverter. In addition, the amplifier serves as a
buffer, providing auxiliary isolation between the downconverter and
the waveguide components. The device operates in linear mode with
a gain of 14 dB in the D-band up to 180 GHz. The Y-factor method is
used to define the noise figure of the amplifier. Therefore, a value of
8 dB is obtained from the measurements carried out with the help of
a noise source, ISSN-06 (Elva-1). The noise source is pre-calibrated
in the frequency range from 172 to 180 GHz and has an excess noise
ratio of 15 dB. The results of these measurements are shown in Fig. 5.

The IF-stage contains a fixed-frequency local oscillator, FOM-
06/178/172-184 (Elva-1), which pumps a balanced mixer, BM-
06/172/172-184 (Elva-1), at 177.69 GHz. The conversion losses
(CL) of the diode are examined with the help of a signal genera-
tor MG3694C (Anritsu) and the 12th harmonic frequency exten-
der WR5.1140–220 GHz (VDI) that delivers about 0 dBm at
170–180 GHz. The strength of the IF signal is measured by using the
spectrum analyzer FSP (Rohde & Schwarz). The conversion losses
of the mixer are measured in the range of 7–9 dB. At the same time,
the level of IF harmonics does not exceed −35 dB in the considered
frequency range.

At the next step, the IF signal is amplified by a 24-dB low-noise
amplifier (Kuhne electronics) placed after the mixer to maximize the
dynamic range of the digitizer. The LNA has a flat gain response
and a noise figure of 2.3 dB in the IF frequency range from 1 to
8 GHz. In the IF range from 1.5 to 4.5 GHz, the input port of
the amplifier is well matched (RL > 14 dB) with the transmission
line, while the same condition is valid for the output port when the
IF < 6 GHz. However, the wave reflections appear at the input port
in the range from 5 to 6.5 GHz, where RL is up to 6 dB. After the
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FIG. 4. The scattering parameters S11 and S21 demonstrated by the VCVA at different control currents.

LNA, the IF signal passes through the low-pass filter (M.E.L., IL
< 0.5 dB, RL > 12 dB) and enters the fast ADC (RL > 10 dB). The LPF
has a cutoff frequency of 6.2 GHz. Therefore, the ADC can process
the converted signal with a sampling rate of 12.5 GSps. In prac-
tice, the CTS radiation is extremely weak, and the expected input
microwave power of the radiometer is under the limit at which the
gain compression or the digital saturation effects can be observed.
The main interferer of the CTS signal is the gyrotron stray radiation,
which can cause both of these problems when the gyrotron fre-
quency appears outside of the maximal rejection region of the notch
filter. Therefore, in the upgraded system, the PLL circuit is used to
stabilize the gyrotron frequency in the range of maximal attenuation
and to support the linear operation of the receiver. According to the
transmission characteristics of the notch filter (Fig. 2) and the noise
figure of the IF-stage components (Fig. 5), a significant decrease
in the signal-to-noise ratio of the radiometer is expected above
176.5 GHz. However, this is not a significant concern since these fre-
quencies are far from the center frequency of the predicted scattering
spectrum.10

FIG. 5. The noise figures (NF) of the amplifiers and the conversion losses (CL) of
the mixer applied in the IF-stage of the 174 GHz CTS radiometer.

D. Noise figure characterization
The total noise factor Ft of the radiometer is estimated with the

help of the Friis formula for cascaded two-port devices24 from the
known parameters of each component placed in between the MOU
antenna and the digitizer. In the case of a 174 GHz radiometer, the
total noise factor (disregarding the impact of the ADC) is defined as
follows:

Ft = FRFFPA + FRF(FmixFLNA − 1)
/GPA + FRFFmix(FLPF − 1)/GPAGLNA, (1)

where FRF , FPA, Fmix, FLNA, and FLPF are the noise factors of the main
elements, namely the transmission line, the MMIC amplifier, the
mixer, the IF low-noise amplifier, and the low pass filter. The trans-
mission line includes the waveguide components placed in between
the MOU and the microwave amplifier. The coefficients Gn define
the power amplification of the corresponding element n. The noise
factor of a passive element n equals its own insertion loss and also
defines the gain factor Gn = 1/Fn. All the parameters in the noise fac-
tor formula are on a linear scale. The first term, FRFFPA, provides the
main contribution to the radiometer’s intrinsic noise and depends
on the transmission losses in the waveguide components and the
noise factor of the MMIC amplifier. Therefore, there is room for
improvement in the total noise factor by using another advanced
amplifier with a better noise figure. The total attenuation of the
transmission line from the distributed measurements for the para-
meter S21 of each component is defined. Note that the parameter
SC

21 of a cascade C, which consists of the two 2-port elements A and
B, is defined on the linear scale as SC

21 = SB
21SA

21/(1 − SB
11SA

22).
The parameter Sn

22 = Sn
11 is for a passive 2-port element n. How-

ever, when the product SA
22SB

11 is negligible, the total transmission
coefficient SC

21 can be defined in dB as a simple sum of 20 log10SA
21

and 20 log10SB
21. The expected error of the total transmission does

not exceed 3 dB when the product S22S11 is less than 0.3.
In Fig. 6, the characteristics of both the new 174 GHz receiver

and the existing 140 GHz system are compared in terms of the total
transmission coefficient S21 as well as the total noise figure. The noise
figure of the used ADC NFADC takes values from 24 to 30 dB, and its
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FIG. 6. (Left) The total insertion losses are calculated for the transmission lines of both 140- and 174 GHz receivers from the results of distributed measurements: dashed
lines represent the frequencies of the corresponding LO, and shaded areas represent the operating frequency ranges of the receivers. (Right) The noise figure of the two
CTS receivers (disregarding the impact of the ADC). The frequency axis is normalized by the center frequency of the corresponding notch filters, f0 = 140.1 GHz and
f0 = 173.92 GHz.

contribution to the overall noise performance of the 174-GHz sys-
tem reduces to about 1 dB due to the presence of both amplifiers. The
available −3 dB band of the transmission line lies within the range
of 170.38–176.93 GHz. Except at frequencies within the stopband
of the notch filters, both receivers have comparable insertion loss.
However, in the 174 GHz system, the use of the MMIC amplifier
before the down-converting circuit allows for mitigating the effect
of the noise from the subsequent components. The equivalent noise
temperature Te of the receiver calculated from the noise factor as
Te = 293 K(Ft − 1) is 2–3 eV for the upgraded system and 4–7 eV
for the 140-GHz radiometer. The upgraded radiometer has almost
flat noise characteristics in the frequency ranges located below and
above (up to 176.53 GHz) the rejection band. This feature allows use-
ful data to be obtained on both the red- and blue-shifted sides the of
scattering spectra. However, the most important point is the reduc-
tion in noise figure in the region close to the probing frequency,
which is achieved by using the narrow band notch filter.

III. COMMISSIONING THE CTS RADIOMETER
The commissioning of the 174 GHz CTS radiometer includes

an alignment of the quasi-optical transmission line, a calibration of
the receiver, and a frequency tuning of the probing gyrotron. The
correct alignment prevents the loss of the beam on the way from
the gyrotron to the plasma vessel and back to the receiver.13 Fur-
thermore, it is important for allowing accurate identification of the
spatial origin of the detected CTS signal. The tuning of the probing
frequency is critical in the case of using a narrow band notch filter.
Therefore, it is necessary to use a stabilization system for locking the
gyrotron operation at the frequency that guarantees the strongest
damping at the rejection band of the filter.

A. Microwave alignment of the quasi-optical
transmission line

The alignment procedure of the CTS diagnostic entails an
adjustment of the quasi-optical transmission lines for both the

probing and the receiving beams. Infrared-thermography is used to
detect the pattern of the Gaussian beam propagating in the quasi-
optical transmission line.13 An infrared camera is used to capture the
thermal footprint of the beam on a thin microwave absorber fixed to
a certain mirror or window. If the footprint appears away from the
intended central position, the preceding movable mirror is adjusted.
First, the beam pattern of the probing beam, which propagates in the
transmission line B1,13,14 is aligned in order to hit the center of the
entrance vacuum window of the plasma vessel. The gyrotron itself
serves as a source of the test radiation in this case. The quasi-optical
transmission line F113,14 between the vessel and the CTS receiver is
examined in the same manner at the second step. However, a com-
pact low-power source is used instead of the gyrotron. In the case
of thermographic measurements, it is important to supply enough
microwave power to heat the target in a short period. This allows
us to mitigate distortions in the footprint due to the heat diffu-
sion effect. According to estimations, a microwave power of 1 W is
required to make the measurements for the F1 line. Unfortunately,
in the given frequency range, such a magnitude is excessive for mod-
ern solid-state electronics. Therefore, a watt-level compact clinotron
oscillator developed by IRE NASU (Ukraine) is used. The oscillator
allows measurements at frequencies up to 175 GHz.25 The clinotron
is connected to a dual-band horn antenna to feed the receiving line.
Therefore, all necessary radiation footprints are collected, and the
quasi-optical transmission line is aligned for operation at 174 GHz.
An example footprint of the aligned receiver beam propagating
through the torus window is shown in Fig. 7.

B. Calibration of the CTS radiometer
A hot/cold source procedure is used to calibrate the CTS

radiometer. Losses in the quasi-optical transmission line B1 between
the MOU and the plasma vessel are not incorporated in the calibra-
tion for practical reasons. Despite that, the performed calibration is
assumed to be absolute since the total damping in the excluded line
does not exceed 3%.11,26 The black-body source is a piece of Eccosorb
placed at room temperature Tamb and at the temperature of liquid
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FIG. 7. Thermal footprint of the microwave beam captured at the vacuum window
of the plasma vessel in the receiver beamline F1.

nitrogen TLN2. The field of view of the receiver antenna is switched
to calibration mode by changing the position of the steerable flat
mirror, which is located in the MOU in front of the horn antenna.
The calibration setup is demonstrated in Fig. 8. The antenna views
the cold body, placed in an isolated chamber, through a circular
aperture. The shutter with the hot body attached above moves hori-
zontally and periodically closes the aperture, thus changing the view
from one source to the other. The pairs of spectra are collected dur-
ing 20 ms time intervals and in immediate succession to minimize

random observation error. Finally, a function is received that is aver-
aged over the total calibration time. This function maps the obtained
power spectral density to the source temperature across the consid-
ered frequency range. In practice, the measurements are obtained
for a total duration of several hours in order to achieve sufficient
statistics.

In addition to obtaining a calibration curve, the results can
be used to define the equivalent noise temperature Trec of the
receiver. According to the Y-factor method,27 the temperature
Trec is found as Trec = Tamb−YTLN2

Y−1 , where Y = Pamb
PLN2

is the ratio of
power levels detected by the receiver during the hot/cold source
measurements. The radiometer noise temperature derived from
the calibration data is shown in Fig. 8. The instrument response
exhibits small ripples, which could appear due to the imperfect
isolation of the receiver transmission line and cables. Neverthe-
less, the upgraded CTS receiver has a reduced noise level com-
pared to its 140 GHz predecessor. Moreover, the experimental data
also confirms the calculations for the noise temperature discussed
in Sec. II D.

C. Frequency stabilization of the probing gyrotron
A gyrotron is a vacuum electron device that operates using

the effects of electron cyclotron radiation.28 In the gyrotron, elec-
trons interact with a high-order transverse electric TE mode of
an overmoded cylindrical cavity. The oscillating frequency f and
the interaction efficiency depend on the chosen TE mode and the
static axial magnetic field B in the cylindrical cavity. The frequency
f roughly scales with the magnetic field as f [GHz] = 28⋅B/γ [T],
where γ is the relativistic Lorentz factor.

At W7-X, the CTS diagnostic uses one of the ECRH gyrotrons
(Thales TH1507 preprototype “Maquette” at place B1). The gyrotron
was designed for nominal operation in the TE28,8 mode, deliver-
ing an output power of about 1 MW at 140.1 GHz. For the CTS
diagnostic, theoretical investigations were carried out to operate the
140-GHz W7-X gyrotron in the 170–180 GHz frequency range.16

The most suitable operating mode is the TE34,10 mode at 173.9 GHz,

FIG. 8. (Left) A view at the calibration setup installed in the receiver box. Inset: the propagation of a Gaussian beam in the MOU box. (Right) The equivalent noise temperature
of both receivers operated at 174 and 140 GHz. The frequency axis is normalized by the corresponding center frequency of the notch filters, namely f0 = 140.1 GHz and
f0 = 173.92 GHz.
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which requires a static magnetic field B of 7 T. For the experi-
ments, the gyrotron is installed in a cryogen-free 7.1 T magnet.29

The tube demonstrates stable performance in the TE34,10 mode for
pulse lengths up to 10 ms. An output power of about 300 kW is mea-
sured. Moreover, an additional operation region can be observed at
171 GHz in TE33,10 mode, where an output power of 500 kW was
measured. Nevertheless, this mode is less preferable for operation
because of the higher reflectivity of the gyrotron output window at
this frequency.

The gyrotron cavity experiences a certain thermal expansion
during the start of operation because of the ohmic heating of the
cavity. Additionally, the neutralization of the electron beam dur-
ing the start of the gyrotron must be considered. Consequently, the
frequency of a free-running gyrotron drifts.2,13,23 In the case of the
probing gyrotron operating at 174 GHz, the frequency drifts more
than 30 MHz during a pulse of 10 ms length [Fig. 9(a)]. The radi-
ation propagating in the plasma has a very small absorption in this
frequency range. Therefore, a strong probing signal reflected from
the walls and picked up by the CTS antenna can appear outside of
the rejection band of the notch filter. This will saturate or even dam-
age the receiver. To mitigate the effect of thermal expansion and to
keep the probing radiation close to the frequency of maximal rejec-
tion, a frequency stabilization system for the probing gyrotron was
developed.30 The system uses the PLL and controls the accelerating
voltage Uacc of the gyrotron with a diode-type Magnetron Injection
Gun (MIG) to compensate for the frequency drift. The accelerating
voltage is changed via the body power supply. With the PLL system,
the gyrotron frequency is stabilized within 3 ms after the gyrotron
startup. In particular, it implies that the VCVA has to be fully closed
during the first 5 ms of a gyrotron pulse to protect the receiver
from the strong stray radiation in the frequency range outside the
rejection band. This measure also discards any oscillations of other
parasitic TE modes that could be excited during the startup phase.
The accurate tuning of the gyrotron parameters, such as the static
magnetic field in the cavity and the accelerating voltage Uacc, along

with the proper adjustment of the stabilization circuit, allows us to
run the gyrotron at 173.928 GHz, the frequency that corresponds
to the maximal attenuation in the notch filter [see Fig. 9(d)]. The
exact frequency is defined from the experiment [Fig. 9(b)], where
the oscillating frequency shifts through the rejection region. Finally,
the PLL control is configured to hold the desired frequency during a
pulse sequence required for the CTS measurements. Both Figs. 9(c)
and 9(d) demonstrate that the gyrotron frequency locks at two dif-
ferent values during the acquisition pulses that lasted 3 ms and that
are repeated every 140 ms. The spectrograms shown in Fig. 9 are
composed of the mean spectra averaged over the acquisition.

IV. ECE MEASUREMENTS AT 174 GHz
The verification of the CTS radiometer was carried out during

plasma operation at W7-X. The practical goal was to measure the
radiation temperature of the ECE at 170–180 GHz and to compare
the results with the available measurements from the ECE Michelson
interferometer (MI)31,32 and the ECE radiometers.33,34

The CTS radiometer collected ECE signals within intervals last-
ing 5 ms, which had a period of 200 ms. The first sample was
measured before the onset of plasma heating, i.e., without plasma,
to evaluate the background response. Therefore, the useful signal is
the difference between subsequent pulses and the background. The
typical ECE spectrum averaged over an acquisition interval is shown
in Fig. 10 for a representative discharge No. 20230314.52. The mea-
sured values of power spectral density were converted to eV by using
the absolute calibration data discussed in Sec. III B. The measured
ECE level gradually increases with frequency and reaches almost
75 eV at 175 GHz. The data from MI show a similar value at the same
frequency and confirm a small increase in the ECE level between the
second and third ECE harmonics. Note that the MI is not absolutely
calibrated due to high attenuation in the transmission line. There-
fore, a calibration obtained by the response of the interferometer to

FIG. 9. (a) An example of a frequency shift, which occurs during a single pulse of the free-running probing gyrotron. (b) Attenuation of electromagnetic radiation from
the partially stabilized gyrotron when the signal frequency shifts through the dip of the notch filter (between the third and fifth ms). Spectrograms of the probing gyrotron
stabilized by the PLL system at: (c) 173.958 GHz (Uacc = 79 kV, Im = 86.25 A), which corresponds to the high cutoff frequency edge of the rejection band; (d) 173.928 GHz
(Uacc = 81.7 kV, Im = 86.1 A), where the maximal rejection is provided. The current Im of the gyrotron magnet system controls the field B in the cavity.
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FIG. 10. (Left) An example of the ECE spectrum collected by the CTS diagnostic (thin curve) and the ECE Michelson interferometer (thick curve) during shot No. 20230314.52.
(Right) Time traces of the ECE level measured during the same representative discharge by the ECE radiometers (thin curves) and the CTS diagnostic (thick curves) at
different frequencies. The data from ECE radiometer channel No. 17 (141.06 GHz) have been scaled down by a factor 10.

a black body and numerically accounting for the losses in the trans-
mission line is used. The similar signal levels demonstrated by these
two diagnostics support the validity of this calibration procedure for
the MI.

Time traces of the ECE signal measured at several frequen-
cies are shown in Fig. 10. It is limited to a 300 MHz band for
better SNR. The ECE level changes during the discharge because
of radiation cooling caused by impurities injected by the laser
blow-off system.35,36 The changes correlate well with the data from
ECE radiometers. Therefore, one can conclude that the upgraded
CTS receiver definitely detected the ECE. The highest available fre-
quency of the ECE radiometers is 161.66 GHz, which corresponds to
radiometer channel No. 32. Therefore, it provides the most suitable
data to use as a reference to verify our measurements. The relevant
data have significant uncertainties, but even so, the mean values are
in the range of 75–100 eV. Consequently, in the operation frequency
range of the upgraded CTS diagnostic, the level of background emis-
sion is lower by a factor of 20–50 compared to the 1.5–1.8 keV seen
at 140 GHz.

V. CONCLUSIONS
The CTS diagnostic at W7-X has been upgraded to a higher

frequency for better SNR, which will allow, among others, measure-
ments of the fast ion velocity distribution function in contrast to the
pre-existing diagnostic working at 140 GHz. The improvements are
achieved by changing the operating band to 171–177 GHz, a fre-
quency range between the second and third harmonics of ECE where
the emission background is almost two orders of magnitude lower.

Changes were made to a megawatt-class 140 GHz W7-X
gyrotron (Thales TH1507 preprototype “Maquette”) so that it can
operate in the new frequency range. The modernization of the
gyrotron magnet focusing system allowed gyrotron operation at
174 GHz in accordance with theoretical predictions. The frequency
stabilization of the probing gyrotron using the PLL system allows
us to use a very narrowband notch filter for radiometer protec-
tion. Both elements are essential features of the upgraded diagnostic,
which will allow measuring scattered radiation spectra close to the

probing frequency and ensure a low ECE background for fast ion
measurements.

During the commissioning phase, the quasi-optical transmis-
sion line was aligned to the new frequency band with the help of
microwave thermography. The absolute calibration of the radiome-
ter confirmed a low equivalent noise temperature of 2–3 eV, which
is half that of the original 140 GHz receiver. The radiometer was
tested using measurements of the ECE background at 171–177 GHz,
indicating ECE levels of about 100 eV. These results are in good
agreement with the data available from the ECE radiometer and
Michelson interferometer. The spectra averaged over a period of
3 ms already demonstrate a better signal-to-noise ratio compared
to measurements at 140 GHz, which are significantly affected by the
ECE background.
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