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Abstract. A dual-frequency gyrotron has been developed within the context of the recent Tokamak a Config-
uration Variable (TCV) upgrade. The gyrotron is designed to generate a 1 MW, 2 seconds RF wave at 84 or
126 GHz. Before integrating the gyrotrons in the TCV tokamak ECRH system, an extensive characterization
of their behaviour has been performed. This paper focuses on presenting the results of these experiments at the
two operating frequencies. The power measurements are systematically compared with numerical simulations.
This comparison highlights the validation of numerical codes and the effect of After Cavity Interaction (ACI),
a crucial factor that must be considered for achieving a good agreement between theoretical predictions and

experimental results.

1 Introduction

The Tokamak a Configuration Variable (TCV) at the Swiss
Plasma Center (SPC) in Lausanne underwent a significant
upgrade of its heating system [1], involving the installation
of two 1 MW, 30keV D-beam injectors, and two 1 MW
dual frequency 84/126 GHz gyrotrons. This upgrade aims
to enhance both electron cyclotron heating but also direct
ion heating in plasma experiments.

Developped collaboratively by SPC, the Karlsruher
Institut fiir Technologie (KIT) and Thales Electron De-
vices, the dual-frequency gyrotron represents a remarkable
achievement [2]. SPC and KIT performed the gyrotron
design, while Thales ensured its manufacturing. Two
gyrotrons have already been successfully integrated into
the TCV tokamak Electron Cyclotron Resonance Heat-
ing (ECRH) system, and are efficiently exploited in the
physics program. Following the success of this project, a
third gyrotron has been recently ordered and will be oper-
ational in the first quarter of 2025.

2 Gyrotron design

The gyrotron is designed to generate 1 MW, 2 seconds
of RF waves at either 84 GHz or 126 GHz, corresponding
to the second (X2) or third cyclotron harmonics (X3) in
TCV. The pulse duration is limited by the TCV maximum
plasma duration.
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(https://creativecommons.org/licenses/by/4.0/).

A picture of the gyrotron is shown in Figure 1. The
three mirror Matching Optics Unit (MOU) is located in the
foreground of the photo, while the gyrotron is standing in
the background. The first MOU mirror after the gyrotron
window can be rotated to redirect the RF-beam either to
the south-side (bottom right of the photo), in case of op-
eration at 84 GHz or to the north side (left of the photo)
for operation at 126 GHz. Each frequency has its own pair
of focussing mirrors that couple the beam to the 63.5mm
diameter waveguide.

The gyrotron design is based on the first W7-X gy-
rotron design [3-5], with modifications mainly to accom-
modate the multi-frequency operation. The approach was
to optimize the design for the higher frequency, while
maximizing the performance at the lower frequency. The
main difference is the choice of a triode gun design, pro-
viding the necessary flexibility in the range of electron
beam parameters. The cavity constant radius is slightly
longer in order to increase the quality factor and efficiency
at lower frequencies. A hybrid-type launcher has been de-
signed to reach the highest Gaussian beam content. Since
the gyrotron pulse length is limited to 2 s, a non-depressed
collector enveloped by a longitudinal sweeping coil is used
for the beam recovery system [6].

3 Experimental measurements

Before integration into the TCV tokamak’s ECRH system,
a phase of commissioning and characterization of their be-
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Figure 1. Photo of the two dual-frequency gyrotrons installed in
the TCV building. One of the Matching Optics Units is shown in
the first plane of the picture.

haviour was performed. For this purpose, a load from the
National Research Council (CNR)[7] is connected to the
MOU output, through a set of transmission line ( 4 meters)
and two miter bends. Each sub-component of the gyrotron
has an independent cooling circuit equipped with input and
output temperature sensors and flow-meters, allowing pre-
cise calorimetry. These tests demonstrated nearly identical
performance of both gyrotrons. For the following discus-
sions, only the results from the first gyrotron (on the left
of the Figure 1) are presented.

For a typical operation at high-power, table 1 lists the
gyrotron parameters for the two frequencies. For a good
precision in the calorimetric measurement, a 500 ms pulse-
length was considered. The corresponding calorimetric
measurements are reported in table 2. The total losses in
the MOU, in the two miter bends and in the transmission
line has been considered to be 6%. With this value, the
estimated power at the gyrotron window is 0.98 MW at
84 GHz and 1 MW at 126 GHz. The two operating points
presented in this paper have been selected from a scan
study in the frame of the comparison between experiments
and simulations presented in the next section. They do not
represent the tube’s best performance. The gyrotron has
demonstrated power in excess of 1 MW at both frequen-
cies [2, 8]. The larger losses in the mirror box at 84 GHz
are due to the larger diffraction losses on the internal mir-
rors at the lowest frequency. It is worth to note that no
parasitic frequencies have been observed.

The power balance is achieved by comparing the
power injected into the beam (Vj, - I;) with the total power,
which is the sum of the calorimetry measurement from
each cooling circuit. Throughout the experimental cam-
paign, the maximum error did not exceed 3%, underlining
the reliability and precision of the test stand diagnostics.

Following the characterization of the gyrotrons’ be-
haviour, the operating points for their operation on TCV
have been selected. Additionally, since both gyrotrons
are connected to the same Regulated High Voltage Power
Supply (RHVPS), achieving similar performance at the
same applied cathode voltage is convenient from the per-
spective of the ECH operator [9]. This was achieved by
slightly tuning the magnetic field of both gyrotrons. In this
way, operating points with power ranging from 400 kW to
950 kW were selected by varying, at each frequency, the
cathode voltage only. The anode voltage power supply be-
ing very slow (20 ms rise-time), for fast modulation of the
rf power (1 kHz), the cathode voltage is modulated.

Table 1. Experimental measurements.

Parameters X2 X3
Mode TE17‘5 TE26,7
Magpnetic field 328T 4.94T
Cathode voltage V; -79kV -77kV
Anode voltage V, —44kV -56kV
Beam current I 437 A 45 A
Frequency 83.8GHz | 125.9GHz
Pulse length 500 ms 500 ms
Prr at window 1MW 0.98 MW
Electronic efficiency 32% 30%

Table 2. Calorimetric measurements.

Parameters Power [kW]
X2 X3
Pcavity 20 29
P launcher 8 10
Pmim)rbox 87 57
Pcollector 2366 2462
1:)load 945 920
Pinjected 3452 3430
Ptotal 3483 3533
Power balance error | 0.9% | 3%

4 Numerical calculations with TWANG

The gyrotron cavity interaction codes TWANG [10] or
EURIDICE [11] have been used for the cavity design.
Recently, it has been decided to compare TWANG sim-
ulations with the experimental measurements presented
above. The numerical code TWANG [10], developed at
SPC, is a non-linear code describing the wave-particle in-
teraction for a single transverse TE mode. It has been used
in combination with the code ARIADNE [12], a 3D self-
consistent trajectory code utilized to calculate the beam
parameters.
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Figure 2. Cavity and launcher wall radius along the longitudi-
nal direction z. The black dotted line indicates the separation
between the "cavity only" interaction region and the launcher re-
gion. The "extended region" includes both the cavity and the
launcher region (see text).

TWANG simulations were performed with the exper-
imental parameters of eigh 500 ms pulses between V; =
70kV and V;, = 77kV for the X3 operating point. The
beam parameters at the entry of the cavity have been cal-
culated accounting for a 50% beam space-charge neutral-
isation factor. The simulated RF powers generated in the
cavity are shown with dashed lines in Figure 3.

This study considered three different interaction re-
gions. Firstly the "cavity" interaction region, including the
constant radius section, where the main interaction takes
place, and the up-taper and down-taper as indicated in Fig-
ure 2. The numerical results with this interaction region
are shown with the green dashed lines in Figures 3 and
4. They are to be compared with experimental powers
shown as blue circles. Notably, the code underestimates
the RF power for low cathode voltages and overestimates
it at high values.

Subsequently, an "extended region" was considered,
including both the cavity and the launcher in the simula-
tion, as illustrated by the entire blue line in Figure 2. Sim-
ulated RF powers from this configuration, represented by
the yellow dashed line in Figure 3, are in better agreement
with the experimental measurements, particularly at low
voltages. The overall shape of the curve is also in better
agreement. The After Cavity Interaction (ACI)[13] is the
physical mechanism leading to such an effect on the gener-
ated RF power. It is remarkable to note that this effect can
have a positive or negative impact on the total RF power
generation, as will be discussed in the following section.

Eventually, in order to include a more realistic geom-
etry, the effect of thermal expansion of the cavity due to
the wall loading was integrated in the geometry. The pro-
file deformation is the result of a multi-physics simula-
tion study involving gyrotron-interaction codes, but also
thermal-hydraulic and thermo-mecanic models. Details of
such studies have been reported in a recent publication
[14]. In the following simulations, the deformation re-
sulting from a high-power operating point at 1 MW was
used. TWANG simulation results using the deformed cav-

ity, along with the extended interaction region, are repre-
sented by the purple dashed line in Figure 3. The best
agreement with experimental measurements is achieved
with the deformed cavity configuration.
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Figure 3. RF power at the output of the interaction region (or
launcher) for the TEy¢ 7 mode at 126 GHz, measured by calorime-
try (blue circles) or simulated with TWANG (dashed lines).
Three different interaction regions are considered and described
in the text. The pitch factor @ value is indicated with the orange
line.

A similar comparison has also been performed for the
operating points at 84 GHz and the results are shown in
Figure 4. For the deformed and extended interaction re-
gion, the result of a multi-physics simulations with the
mode at 84 GHz has been used. The best agreement be-
tween experiments and simulations is found for an inter-
mediate case in between the extended simulation region
and the deformed and extended cavity simulation. How-
ever, it is noteworthy that below 75 kV, the TWANG code
predicts a non-stationary operation, contrary to experi-
mental observations. At these low voltages, the calcu-
lated pitch factor a(illustrated by the continuous orange
line in Figures 3 and 4) exceeds 1.9, a significantly high-
value where non-stationary oscillations could be antici-
pated. The discrepancy between experimental measure-
ments and simulations for the low voltage operation at
84 GHz is currently being investigated.

5 After Cavity Interaction

As previously mentioned, the physical mechanism having
an effect on the generated power in the launcher is the Af-
ter Cavity Interaction. This effect is well known in the
gyrotron community [13] and has already been the subject
of numerical and experimental studies [15, 16]. This effect
can either enhance or diminish the RF power generation.
To illustrate this, it is worth focusing on the power bal-
ance between electron beam energy and EM wave energy,
simulated along the extended interaction region.

Firstly, in Figure 5 c) the power balance is depicted for
a simulation considering only the cavity region. It shows
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Figure 4. RF power at the output of the interaction region (or
launcher) for the TE;7 s mode at 84 GHz, measured by calorime-
try (blue circles) or simulated with TWANG (dashed lines).
Three different interaction regions are considered and described
in the text. The pitch factor @ value is indicated with the orange
line.

the electric field profile of mode TEys7, the RF power
(Pgrr) and the variation in the electron beam power (Ppeam)-
The interaction occurs mainly in the constant radius sec-
tion, where the resonant interaction leads to a net transfer
of energy from the electron beam to the RF beam.

Next, Figure 6 portrays two simulations involving the
extended region (cavity and launcher). The solid lines rep-
resent the simulation results from Figure 3 for for V;, =
75.9kV while the dashed lines correspond to the simula-
tion results for Vi, = 70.9kV. The two contrasting effects
of ACI are evident. For the higher voltage case, a sec-
ond interaction occurs at z = 0.16 m, inside the launcher.
This ACI is detrimental for the RF power generation, as
it converts some of the electromagnetic wave power back
into the electron beam power. Conversely, in the lower
voltage scenario, the ACI is beneficial for the electromag-
netic wave, by converting more of the electron beam power
to the RF beam power. The interaction occurs over a
more extended region in the launcher, from z = 0.1 m to
z=0.15m.

The ACI arises from a cyclotron resonance mechanism
similar to that occuring in the main interaction region of
the gyrotron. This resonance takes place when the rel-
ativistic cyclotron frequency of electrons is close to the
frequency of the electromagnetic wave. Unlike the cavity
region, the launcher area exhibits a lower magnetic am-
plitude but also a lower electron beam energy, resulting
in potential resonant interactions. Figure 7 b) illustrates
this phenomenon for the V;, = 75.9kV case of Figure
3. Both the cutoff frequency w,, for the mode TE;¢; (in
blue) and the relativistic cyclotron frequency €. (in or-
ange) are shown with solid lines. The local average value
of the electrons’ energy has been used to calculate the rel-
ativistic cyclotron frequency. The crossing points of these
curves indicate potential resonance locations. Two possi-
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Figure 5. a) Schematic of the cavity radius along z. b) and c)
Results from TWANG for the case V;, = 75.9kV. b) Amplitude
of the electric field profile along z. ¢) RF power (orange) and

beam power (blue) along z.
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Figure 6. a) Schematic of the cavity radius along z. b) and c)
Results from TWANG for the case V;, = 75.9kV (continuous
line) and V, = 70.9kV (dashed-dotted line). b) Amplitude of
the electric field profile along z. c) RF power (orange) and beam
power (blue) along z.

ble z position for the resonance are found. The first one at
z = 0.04 mm, where the main interaction takes place and
the second at z = 0.145 mm, close to the ACI region. It is
noteworthy that this discussion relies on a first-order ap-
proximation, as the cutoff frequency represents the wave
frequency only when k, = 0, while ACI could involve
waves with &, # 0.

As a thought experiment, an additional simulation has
been performed assuming a constant magnetic field after
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the constant radius section of the cavity. The results of
this simulation are depicted by dashed lines in Figure 7.
For this special case, there is no resonance condition for
ACI to develop according to Figure 7 b). Consequently,
the power balance shown in Figure 7 c) demonstrates that
RF power generated in the cavity remains unaffected in the
launcher region. The RF power difference between these
two cases is approximatively 200 kW.

This study underscores the effect of ACI on the RF
power generation. A comprehensive analysis addressing
the problem of ACI requires a more intricate study, involv-
ing in particular the consideration of magnetic field profile
constraints to ensure both the safety and effective beam
recovery in the collector region.
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Figure 7. a) Schematic of the cavity radius along z. b) and c)
Results from TWANG for the case V, = 75.9kV with nomi-
nal magnetic field profile (continuous line) and with an uniform
profile after the cavity (dashed line). b) Amplitude of the elec-
tric field profile along z. ¢) RF power (orange) and beam power
(blue) along z.

6 Conclusion

The development of two state-of-the-art dual frequency
gyrotrons, each capable of delivering 1 MW of RF power,
represents a successful collaboration between SPC, KIT
and THALES Electron Devices. The two gyrotrons have
been conditioned and extensively tested and their opera-
tion is a success for the electron cyclotron heating at TCV.
This paper presents some of the experimental measure-
ments, revealing calorimetric results with a power balance
error lower than 3%. Moreover, simulations using the code
TWANG have been compared with these measurements,
showing a good qualitative agreement, allowing not only
to validate the numerical tools employed at SPC but also to
offer insights into the impact of after cavity interactions; in
particular, it has been shown that ACI can either enhance
or impede RF power generation.
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