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Abstract: State-of-the-art vacuum electron tubes such as
gyrotrons, deliver RF output powers up tomore than 2MW
at frequencies up to 170GHz. In terms of the very high
power levels, a proper verification of the gyrotron compo-
nents itself and measurements during gyrotron operation
are vital to prevent possible fatal errors. Several basic RF
measurement setups, which are used at IHM/KIT, are dis-
cussed. Currently, their upper frequency limit is 175 GHz.
In terms of future gyrotron operation above 200GHz, up-
grades of the measurement setups for operation up to
260–330GHz are prepared. The experimental devices dis-
cussed herein are a quasi-optical mode generator for the
verification of the quasi-optical gyrotron output system,
the window measurement test stand to verify the ceramic
gyrotron outputwindow and the frequency diagnostic sys-
tem to measure the operating frequency and thereby the
excited mode.

Keywords: Gyrotron, RF measurement setup, mode gener-
ator, high-order modes, RF windows, frequency diagnos-
tic.

Zusammenfassung: Hochmoderne Vakuum-Elektronen-
röhren wie Gyrotrons, liefern HF-Ausgangsleistungen bis
zu 2MWbei Frequenzenbis zu 170GHz. ImHinblick auf die
sehr hohen Ausgangsleistungen ist eine Überprüfung der
einzelnen Gyrotronkomponenten selbst und Messungen
während des Gyrotronbetriebs von entscheidender Bedeu-
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tung, um mögliche Fehler zu vermeiden. Mehrere grund-
legende HF Messaufbauten, die am IHM/KIT aufgebaut
sind, werden diskutiert. Derzeit liegt ihre obere Frequenz-
grenze bei 175 GHz. Im Hinblick auf den zukünftigen Gy-
rotronbetrieb oberhalb von 200GHz sind Erweiterungen
derMessaufbauten für denBetrieb bis zu 260–330GHzvor-
bereitet. Die hier besprochenen experimentellen Anlagen
sind ein quasi-optischer Modenerzeuger für die die Verifi-
zierung des quasi-optischen Gyrotron-Auskoppelsystems,
der Fenstermessstand zur Verifizierung des keramischen
Gyrotronausgangsfensters und das Frequenzdiagnosesys-
tem zur Messung der Betriebsfrequenz und damit der an-
geregten Betriebsode.

Schlagwörter: Gyrotron, HF Messsystem, Modenerzeuger,
Moden sehr hoher Ordnung, HF Fenster, Frequenzdia-
gnostik.

1 Introduction
A gyrotron is a vacuum electron tube providing RF out-
put power in the MW-range at frequencies above 100GHz.
A sketch and a photo of the KIT 170GHz 2MWTE34,19-mode
coaxial-cavitymodular short-pulse pre-prototype is shown
in Fig. 1. In principle, a gyrotron is an oscillator which is
based on the interaction of a weakly relativistic electron
beamanda transverse electric cavitymodeTEm,p. The elec-
tron beam is generated by a Magnetron Injection Gun. The
emitted electrons are accelerated by the applied voltages
and are guided by the magnetic field lines of the super-
conductingmagnet. Theoperating frequency is dependent
on the appliedmaximummagnet field strength. Oversized
waveguides are chosen for the cavity, where high-order
modes are excited to reduce the cavity wall loading. The
generated RF beam is coupled out of the gyrotron using a
quasi-optical output system. The energy of the spent elec-
tron beam is dissipated in the collector.

Megawatt-class gyrotrons are mainly applied in fu-
sion plasma machines for Electron Cyclotron Resonance
Heating and Current Drive (ECRH&CD) [3] and plasma sta-
bilization [4]. Two large plasma experiments are located
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(a) Sketch of the KIT 170GHz 2MW TE34,19-mode coaxial-cavity
modular short-pulse pre-prototype.

(b) Photo of the KIT 170GHz 2MW TE34,19-mode
coaxial-cavity modular short-pulse pre-prototype.

Figure 1: Sketch [1] and photo [2] of the KIT 170GHz 2MW TE34,19-mode coaxial-cavity modular short-pulse pre-prototype gyrotron.

in Germany, namely ASDEX Upgrade [5] in Garching and
Wendelstein 7-X [6] in Greifswald. The stellarator Wendel-
stein 7-X is equipped with ten continuous wave (CW) gy-
rotrons, each producing 1MWRFoutput power at 140GHz.
The ECRH&CD system at ASDEX Upgrade employs 8 two-
frequency 1MW gyrotrons with 10 s pulse length, oper-
ating at 105GHz or 140GHz. Current project under con-
struction is the international tokamak ITER in Caderache,
France [7]. This fusion machine will be equipped with up
to 24 gyrotrons operating at 170GHz and delivering 1MW
CW RF output power per tube. ITER is a scientific project
to demonstrate the suitability of the tokamak concept
and will be the basis for a Demonstration Fusion Power
Plant (DEMO) [8]. The European DEMO baselines foresee
multi-frequency andmulti-purpose gyrotrons operating at
170/204GHz and probably 136GHz in future, with a fre-
quency step-tunability of± 10GHz in 2–3GHz steps around
each center frequency. The RF output power is defined by
2MW per tube.

For R&D of the required DEMOgyrotrons, the IHM/KIT
is constructing a Fusion Long Pulse Gyrotron Laboratory
(FULGOR) [9], which is equipped with a 10MW CW high-
voltage power supply and a 10.5 T super-conducting mag-
net. The first gyrotron experiments are planned to be done
in 2022. The FULGOR test facility exceeds the current gy-

rotron frequency limitation of 170GHz. In terms of the cur-
rent limited operating frequency, all available measure-
ment systems are also limited to 175 GHz. Therefore, the
existingmeasurement setups are upgraded towards an op-
eration up to 330GHz, which is the limit of the available
frequency extension modules at IHM/KIT.

The measurement devices used for the gyrotron veri-
fication can be separated into two categories. The first in-
cludes low power measurement systems that are used to
validate gyrotron key components before installation into
the gyrotron. Those measurement systems are the mode
generator for the validation of the quasi-optical gyrotron
output system and the test stand for measuring the trans-
parency and/or reflection of the gyrotron ceramic out-
put window. These setups are operating in the low power
regimewhere no electron beam, super-conductingmagnet
and high-voltage power supply are required (“cold mea-
surements”). Nevertheless, these measurements are vital
because the components do not allow any design failures
and accept manufacturing tolerances of only few microm-
eters for proper operation. These setups excite the desired
input modes (e. g. the transverse electric TEm,p gyrotron
cavity mode and the linearly polarized fundamental Gaus-
sian outputmode) to verify the given gyrotron component.
The second category of measurement systems is used for
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(a)Main components of mode generator setup. An astigmatic
Gaussian-like beam is formed by the horn antenna and the
Teflon lenses. This beam is focused on the perforated wall of
the cavity using a quasi-parabolic mirror.

(b)Mode generator setup with assembled non-linear up-taper.
The measurement plane is at the end of the non-linear up-taper.

Figure 2: Photos of the quasi-optical mode generator setup.

the validation of the gyrotron operation (“hot measure-
ments”). Examples for this category are the frequency di-
agnostic system and the power measurement equipment
[10]. This paper focuses only on the frequency dependent
parts of the measurement setups. Therefore, the power
measurement is not discussed further. The frequency di-
agnostic system records the operating frequency of the gy-
rotron where e. g. mode stability, mode jumps and para-
sitic RF oscillations can be detected.

In the following, the basic principle of each measure-
ment setup is presented and the relevant upgrades that
are required to verify the gyrotron performance are dis-
cussed.

2 Verification of the quasi-optical
output system

In a fusion device, the RF power generated by the gyrotron
has to be transmitted from the gyrotron location to the
plasma vessel. Typical lengths of the transmission lines
range from40m tomore than 100m. Themillimeter (mm)-
waves are guidedbywaveguides or quasi-optical transmis-
sion lines either evacuated or under atmospheric pressure.
The high-order rotating TEm,p gyrotron cavity modes, like
the TE28,10 mode [11], suffer from high transmission losses.
Therefore, a mode conversion of the gyrotron mode is re-
quired. The so-called quasi-optical (q.-o.) output system,
consisting of a specific waveguide antenna (launcher) and
several mirrors, converts the operating cavity mode into a
linearly polarized fundamental Gaussian-beam. The q.-o.

output system does not allow any design failures and ac-
cept manufacturing tolerances of only a few micrometers
for a proper operation. Therefore, low power tests of these
key gyrotron components are vital before the installation
into the gyrotron. For a proper verification of the q.-o. out-
put system, the operating high-order cavity mode has to
be excited in a circular waveguide cavity with a geome-
try similar to the high-power gyrotron cavity at low power,
without a gyrotron. The excited gyrotron mode has to be
provided at the input of the q.-o. output system. Such a
rotating high-order mode in the low power regime can
be excited using a so-called quasi-optical mode genera-
tor [12].

2.1 Quasi-optical mode generator setup

The setup of a quasi-optical mode generator can be seen
in Fig. 2a. The device consists of a rectangular-to-circular
waveguide transition and a step-tapered horn antenna
to transform the TE1,0 mode from the rectangular mono-
modewaveguide to a Gaussian-beam, TEM00mode, which
is launched as a sphericalwave to Teflon lenses. The Teflon
lenses produce an astigmatic Gaussian-like beam (TEM00
mode) which is focused onto a quasi-parabolic (q.-p.) mir-
ror,where the astigmatismhelps to reduce spillover losses.
The q.-p. mirror can be adjusted by linear drivers. The fo-
cused beam couples through the thin cavity wall, which
is perforated with small cutoff-holes and excites the res-
onant cavity mode. The cavity is specially designed for
the low-power tests using a scattering matrix code [13]. An
additional non-linear up-taper is assembled to the mode
generator cavity, as can be seen in Fig. 2b, to increase the



88 | T. Ruess et al., Frequency and mode measurement techniques for gyrotrons

(a) Field intensity pattern. (b) Phase pattern.

Figure 3: Field intensity and phase pattern of TE40,23 mode at 204.074GHz of the Ey polarization.

spatial resolution of the measurement. The field pattern
is measured at the end of the non-linear up-taper using a
rectangular standard waveguide pick-up antenna, which
is mounted on a 3Dmeasurement arm. The received signal
is evaluated using a vector network analyzer (VNA) of the
PNA series.

2.2 Measurements of high-order modes
In highly oversized circular waveguides, besides the fun-
damental mode, a large number of eigenmodes can prop-
agate. In general,N modes can be excited, whereN ≈ 2.55 ⋅
( 2Rλ0 ) with the waveguide radius R and λ0 the free-space
wavelength. This implies, that more than 1000 modes
could be excited in cavities used for MW-class gyrotrons.
The number of propagating modes increases with increas-
ing frequency. Therefore, a precise adjustment of the q.-p.
mirror of the mode generator setup is mandatory for a
correct excitation with high mode purity at very high fre-
quencies. At IHM/KIT, the q.-p. mirror adjustment has
been upgraded from the manual adjustment to computer-
controlled high-precision linear drivers. Starting from this
point, all relevant components of the measurement are
controlled by a PC, which was the start of an automated
mode generator process. The flow chart of the automated
measurement procedure is presented in [14]. The current
system can evaluate the azimuthal m and radial p mode
index, the operating frequency, the quality factor of the
cavity and the scalar mode content. The modified test
stand can operate from 90–330GHz using three different
frequency extension modules working in the frequency
ranges from 90–140, 140–220 and 220–330GHz.

A measurement of the TE40,23 mode pattern at
204.074GHz is shown in amplitude and phase in Fig. 3. Its
radial mode index can be determined by the number of
rings (p = 23) and the azimuthalmode index of thenumber

of phase jumps plus one (m = 40). The calculated scalar
mode content is higher than 92% with a counter-rotating
amount of 0.8%. Only one polarization can be measured
in terms of using a standard pick-up antenna as the re-
ceivingantenna. Therefore, themeasurement is performed
in Cartesian coordinates instead of Polar. This can be ex-
pressed by a coordinate transformation and results in:

Ex = Er ⋅ cos(φ) − Eφ ⋅ sin(φ), (1)

Ey = Er ⋅ sin(φ) + Eφ ⋅ cos(φ), (2)

where Er ∼ Jm(
χm,p ⋅r
R ) and Eφ ∼ J

�
m(

χm,p ⋅r
R ). In Fig. 3, the mea-

surement of the y-polarization of a mode is shown. Re-
garding φ = 0° and φ = 180° the first term of Ey is zero,
where only the field component inφ-direction can bemea-
sured and in φ = 90° and φ = 270° the second term is
zero. This concludes that there is a J�m(

χm,p ⋅r
R ) dependency

in φ = 0° and φ = 180° direction and a Jm(
χm,p ⋅r
R ) depen-

dency in φ = 90° and φ = 270° direction, following that
the graph is not rotational symmetric. The full mode pat-
tern can be calculated if both polarization are measured
separately. However, for component validation this calcu-
lation is not required.

2.3 Verification of the quasi-optical output
system

The successfully excited mode is used for the verification
of the quasi-optical output system. In this measurement,
the mode generator setup is rotated by 90° and the non-
linear up-taper is replaced by the launcher and mirrors.
A verification of the q.-o. output systemof the TE28,10mode
at 140.006GHz [11] using a similar mode generator setup
with a correspondingly modified cavity is shown in Fig. 4.
The amplitude and phase are measured using a VNA. The
measurement results are presented in Fig. 5, where the
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measurement plane is in a distance of 350mm to the gy-
rotron axis, according to Fig. 1. The calculated vectorial
mode content (amplitude and phase are considered) is cal-
culated to be higher than 97% using the mode matching
method,which is integrated in TWLDO [15]. The calculated
Gaussianmode content is in very good agreement with the
simulations.

3 Quasi-optical measurement on
gyrotron output windows

A highly transparent window is required to couple the
mm-wave output beam converted by the q.-o. output sys-

Figure 4: Photo of the quasi-optical output system with launcher
and three mirrors for the TE28,10 mode at 140GHz [11].

tem out of the evacuated gyrotron into free space. There
are different possible window materials, which are sum-
marized with their specifications in Tab. 1. Important ma-
terial parameters are the failure resistance R’ defined by
the Youngs’ Modulus E and the thermal expansion α to
R� ∼ k/Eα and the RF-power transmission capacity defined
by PT =

R� ⋅ρ⋅cp
(1+ϵ�r) tan δ

[16], where ρ is the density, cp is the spe-
cific heat capacity, ϵ�r the relative permittivity and the loss
tangent tan δ. BeO and SiC are in terms of low RF-power
transmission capacity not suitable for long pulse opera-
tion. In contrast, Silicon andDiamond showagoodRFper-
formance. However, the thermal conductivity of Silicon is
too low to be a candidate for windows in long pulse gy-
rotrons. Therefore, chemical-vapor deposition (CVD) dia-
mond is used for long-pulse megawatt-class gyrotrons due
to its best properties for this application. However, CVD-
diamond is the most expensive material discussed. CVD-
diamond has a relative permittivity of ϵ�r = 5.67, a very low
loss tangent of ≈ 2 ⋅ 10−5 and a very high thermal conduc-
tivity which allows the application of edge cooling tech-
nology.

A gyrotron window is almost transparent at specific
frequencies, only. These specific frequencies are the so-
called natural resonances, given by [17]

fop = n ⋅
λM
2
=

n ⋅ c0
2 ⋅ dwindow ⋅√ϵ�r

. (3)

A natural resonance occurs when the thickness dwindow is
a multiple n of half a wavelength in the medium λM .

Figure 5:Measured amplitude (left) and phase (right) of the quasi-optical output system for the TE28,10 mode at 140GHz [11] in a distance of
350mm to the gyrotron axis.
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Table 1: Summary of ceramic gyrotron output window materials and its properties [16].

Material BeO Silicon SiC CVD-Diamond

Thermal conductivity k [W/mK] 260 150 330 2000
Failure resistance R’ [ Wmm ] 10.3 284 40 772

RF-power transmission capacity PT =
R� ⋅ρ⋅cp
(1+ϵ�r ) tan δ

0.06 106 0.63 106
Cost medium low medium very high

(a) Schematic of window measurement test stand. (b) Assembly of CVD-diamond window, where the
metallic parts are covered by microwave absorber.

Figure 6:Measurement setup for the verification of ceramic gyrotron window disks.

3.1 Measurement setup

A low-power measurement of the gyrotron window is per-
formed before the installation into the gyrotron. This mea-
surement setup has been upgraded using a VNA and
extension modules covering the frequency band from
90–220GHz. There are two possible methods for the ver-
ification of the gyrotron window, namely measuring the
transmission or the reflection. A reflection measurement
is a more compact setup, but no statement regarding ab-
sorption can be made. The operating gyrotron frequency
should fit as best as possible to the natural resonance of
the gyrotron output window because the reflected signal
is guided towards the cavity and influences the interac-
tion mechanism. Therefore, in the following the measure-
ment setup for the determination of the reflection is dis-
cussed.

A schematic view of the reflection measurement is
shown in Fig. 6a. The mm-waves are launched using a cor-
rugatedhorn antenna. Thewave is focused on the gyrotron
window using two mirrors. In terms of measuring the re-
flection, the transmitting (Tx) and receiving (Rx) signal
have to be separated. For this reason, aMylar foil is used at
a 45° angle for dividing the mm-wave. The incident wave

on the Mylar foil in the Tx path is split into a reflected
wave, which is attenuated by an absorber, and the trans-
mitted wave, which is propagated to the gyrotron window.
In the Rx path, the wave transmitted through the Mylar
foil is forwarded to the transmitter. Therefore, an isola-
tor is assembled between the extension module and the
corrugated horn antenna to attenuate these field compo-
nents. The reflected wave in the Rx path is focused with
a third mirror to the corrugated receiving horn antenna.
The evaluation of the measurement is performed using
a VNA. A photo of the assembled CVD-disk is shown in
Fig. 6b.

3.2 Measurement results on a CVD-diamond
output window

A key aspect of the reflectionmeasurement is a proper cal-
ibration. Only the amplitude information is important for
this verification, which simplifies the calibration. Theoret-
ically, a calibration with a highly conducting metal plate
as reference measurement would be sufficient. However,
multi-reflection reduces the quality of the measurements.
Therefore, time gating is applied to eliminate the multi-
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Figure 7: Reflection measurement result of a CVD-diamond disk.

reflection path. The propagation length between the trans-
mitter and the gyrotron window is 1.5m in one way, which
allows the multi-reflections to be cut off with the correct
span parameters. A span of ± 10 ns around the gate center,
which corresponds to ≈ 3m in free space, is applied. Both
calibrationmethods are combined and result in a satisfac-
tory calibration of the VNA.

In Fig. 7, a result of the verification of a CVD-disk
is shown. The resonance frequency is determined to be
139.746±0.02GHz (4⋅λM/2) and 174.662±0.05GHz (5⋅λM/2).
From this, the window thickness of 1.8019 ± 0.0005mm
has been calculated using Eq. (3) and the nominal rela-
tive permittivity. The measurement result is in good agree-
ment with the thickness retrieved from mechanical mea-
surements.

4 Frequency diagnostic
measurements on
megawatt-class gyrotrons

In this section, a frequency diagnostic system is dis-
cussed for the verification of the gyrotron operation. Each
operating gyrotron mode has a specific operating fre-
quency. Therefore, the operating frequency gives an in-
dication of the operating mode in the gyrotron. Two dif-
ferent frequency diagnostic systems have been developed
at IHM/KIT, namely the Frequency Measurement System
(FMS) [18] and Pulse SpectrumAnalyzer (PSA) [19]. The re-
quirements for a frequency diagnostic system for the gy-
rotron operation are high dynamic range, frequency band-
width of up to 18GHz and real-time capability. A system

which covers all of the requirements is extremely expen-
sive. Therefore, different solutions are proposed using dif-
ferent technologies to satisfy the requirements. The ini-
tial frequency diagnostic systems are limited to 175 GHz,
however, future applications call for frequencies up to
240GHz. Therefore, the current frequency diagnostic sys-
tems have been upgraded, which is discussed in the fol-
lowing sections.

4.1 Frequency Measurement System (FMS)

The electromagnetic wave couples out through the relief
window of the gyrotron. The wave is guided to the FMS
for evaluation via a waveguide that is several meters long.
This relief window is positioned off-axis. It allows to cou-
ple out the stray radiation of the mirror box of the gy-
rotron. Depending on the electromagnetic field insidemir-
ror box, the stray radiation level can be different. It is not
possible to predict the maximum power level at FMS. For
safety reasons, several variable attenuators with a maxi-
mumattenuation of 40 dB each are installed in front of the
subharmonic mixers. That mixers allow amaximum input
power of +10 dBm. In addition, an isolator is installed in
front of the down-mixing stage to prevent reflected signals
from propagating back to the gyrotron. A schematic view
of the upgraded real-time capable FMS system is shown
in Fig. 8. The existing system consists of only one mixer
covering a frequency bandwidth of only 110–175GHz. For
the upgraded system, the FMS should continuously oper-
ate from 110–260GHz, which covers two waveguide fre-
quency bands. Therefore, the down-conversion is sepa-
rated into two paths from 110–170GHz and 170–260GHz,
as depicted in Fig. 8. The required frequency band is cho-
sen by the operator using electronically controlled atten-
uators. The new mixers are sub-harmonic mixers operat-
ing at the second harmonic, which reduces the conversion
losses compared to mixers operating at higher harmonics
and thus resulting in a higher dynamic range. The inter-
mediate frequency (IF) bandwidth of the mixers is 18GHz.
The IF signals are amplified and divided by a power di-
vider into two different paths, one evaluated by a filter-
bank [20] and the second by a Modulation Domain Ana-
lyzer.

4.1.1 Filterbank

The filterbank divides the 18GHz input spectrum into 9
adjacent sub-channels with 2GHz bandwidth each. Af-
terwards, diodes produce DC voltages, which are propor-
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Figure 8: Schematic of the modified FMS system covering a frequency bandwidth from 110–260GHz.

tional to the input RF power of the individual channel
and are displayed on an oscilloscope. A signal on the dis-
play of an individual channel indicates that a mode in
the corresponding frequency band is being excited. This
setup is used to have a fast overview of the excited modes.
The filterbank has a very large evaluating real-time band-
width of 18GHz, but suffers from a frequency resolution
of only 2 GHz. However, a resolution of 2 GHz is suffi-
cient for this study, because the frequency separation of
the neighboring modes is 2.1 GHz and thus, each of the
9 channels corresponds to a specific mode. The calcu-
lated dynamic range of the filterbank diagnostic system is
24 dB.

4.1.2 Modulation-Domain Analyzer (MDA)

The second evaluation method of the FMS system uses
an HP MDA to detect the transient response in a given
frequency band. The bandwidth of the MDA is specified
to be 2.5 GHz, which implies that a more precise mea-
surement of one of the 9 filterbank channels can be per-
formed. Therefore, a further mixer stage with a low-pass
filter is used to convert the IF signal into the desired fre-
quency band below 2.5 GHz. The MDA has a minimum fre-
quency resolution of 100 kHz and an improved dynamic
range from initial 20 dB to 23 dB with the upgraded sys-
tem.

4.2 Pulse Spectrum Analysis (PSA) system

The disadvantages of the FMS system are a trade-off be-
tween frequency resolution and bandwidth, possible mix-
ing effects (ambiguity ofmixers) and a low dynamic range.
Therefore, an alternative diagnostic has been developed
in [19]. The goal of the PSA system was: (i) unambigu-
ous reconstruction of the RF spectrum from the IF signals,
(ii) high dynamic range for parasitic oscillation detection,
(iii) high bandwidth for mode competition investigation
(e. g. mode switching), (iv) high frequency resolution for
the diagnosis of frequency instabilities or modulation and
(v) detection of transient behavior. However, the real-time
capability is not given, because a post-processing of the
data is required.

The schematic view of the PSA system is shown in
Fig. 9a. The mixers have an IF bandwidth of ΔfIF =
3.5 GHz each. An unambiguous down-conversion can be
performed with 2 channels, each equipped with a mixer
to which different local oscillator (LO) frequencies are ap-
plied. In addition, the operating harmonic of the mixers
are different to reduce false positives, as can be seen in
Fig. 10. The signals in the IF-band are sampled using an os-
cilloscope. The sampled signals are transformed from the
time domain to the frequency domain using a short-time
frequency transformation. The reconstruction is done in
the post-processing using a minimum search on numeri-
cally shifted and mirrored terms of the spectra S1(f , ti) of
channel 1 and S2(f ± fd, ti) of channel 2, where fd is the dif-
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(a) Schematic of PSA. (b) Spectrogram.

Figure 9: (a) Schematic view of one channel pair and (b) example of a spectrogram using the PSA system [19].

ference of the LO frequencies. The high RHSI and low side
band reconstructed RF spectrum RLSI is calculated with
[19]:

RLSI = Min(S1(f , ti), S2(f − Δfd, ti)) ∀i (4)
RHSI = Min(S

↔
1 (f − Δfd, ti), S

↔
2 (f , ti)) ∀i (5)

The IF spectrum calculation between 0 and ΔfD is not in-
cluded in the formulas mentioned before. This remaining
part of the spectrum Rx can be reconstructed using:

Rx = Min(S
↔
1 (f + Δfd, ti), S2(f , ti)) ∀i (6)

The combination of RHSI, Rx and RLSI forms the fully
reconstructed spectrum. The effective bandwidth of the re-
constructedRF spectrum is 2⋅ΔfIF−Δfd. Inpractice the effec-
tive bandwidth is 6GHzper channel pair. In the implemen-
tation two independent channel pairs are build, where the
effective bandwidth is increased to 12 GHz. As a result, a
spectrogram can be produced. A spectrogram shows the
frequency spectrum over time where the transient behav-
ior can be investigated. There is always a trade-off between
frequency resolution δf and time resolution in the spectro-
gram, defined by the time segment Tseg, which is inverse
proportional to each other δf = 1/Tseg. A common used
frequency resolution of the PSA is 1MHz. The acquisition
time is limited to 14ms (one channel pair) and 7ms (two
channel pairs) at the maximum sampling rate. The calcu-
lated dynamic range is given by 60dB [19]. An example
of a spectrogram is shown in Fig. 9b. It shows the start-
up of the gyrotron during which the frequency is tuned to
the nominal operation frequency reaching flat-top of the
power supplies at 260 μs. At 320 μs, another oscillation is
generated and competes with the nominal mode where a
strong modulation occurs. This competing mode becomes
dominant from 355 μs, where a mode switch takes place.
The gyrotron pulse ends at 370 μs.

Figure 10: Calculated false positives in the frequency band from
170–260GHz according to the mixer harmonics h of mixer 1 h1,d and
mixer 2 h2,d.

The current PSA system can easily be upgraded from
its limit at 175 GHz, by replacing the mixers. The most
important part is the choice of the harmonic hn,d of the
mixer 1 h1,d and of mixer 2 h2,d to reduce false positives.
A calculation is shown in Fig. 10. It is obvious, that mix-
ers working on similar harmonics have the highest num-
ber of false positives. Therefore, the harmonics of the mix-
ers in a channel pair are not equal. A prime number end
up with the lowest number of false positives. However,
these mixers are custom made products and are expen-
sive. The mixers on the market that operate in the fre-
quency range of 170–260GHz typically operate at harmon-
ics h = 14, 16 or 18. Regarding Fig. 10, all of these combina-
tions lead to two false positives. A combination of 14 and 16
has been chosen, because a lower harmonic leads to lower
conversion losses. The assembly and test of all of the com-
ponents will be performed in mid of 2021.
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5 Conclusion
Different mm-wave measurement setups for MW-class gy-
rotrons are discussed for cold and hot measurements. All
of the relevant frequency dependent measurement sys-
tems have been upgraded for R&D of DEMO relevant gy-
rotrons operating above 200GHz. The verification of the
quasi-optical output system is upgraded with frequency
extension modules to cover a frequency bandwidth from
90–330GHz. In addition, high-precision linear-drivers are
installed to achieve higher position accuracy and thus ex-
cite rotating high-order gyrotron modes with a high pu-
rity. As an example, the excitation of the TE40,23 mode
operating at 204.074GHz and the verification of a quasi-
optical output system at 140GHz is presented. The win-
dow measurement teststand includes the verification of
the CVD-diamond gyrotron output window. This measure-
ment system is equippedwith the similar frequency exten-
sion modules mentioned before, where a frequency band-
width from90–330GHz is covered. In addition, in hotmea-
surements the frequency diagnostic systems of the gy-
rotron are important. At IHM/KIT, two independent fre-
quency diagnostic systems, namely FMS and PSA, have
beendeveloped in thepast. Theyhavebeenupgraded from
their limit at 175 GHz to measurement setups in the range
of 110–260GHz. Sub-harmonic mixers, working at the sec-
ond harmonic, are considered for the FMS system, where
an increase of the dynamic range of 3 dB is achieved. The
desired frequency band (110–170GHz or 170–260GHz) can
be chosenby electronically controlled attenuators. The ob-
serving frequency range is given by the IF range of 18GHz.
The second system, the PSA,will be equippedwith two ad-
ditional channel pairs to cover the frequency band from
110–260GHz. Calculations have been performed to deter-
mine the combination of the mixer harmonics having the
lowest possible number of false positives. This setup is
planned to be build up in 2021.
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