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Abstract— In this work, we present the achievements
obtained during the commissioning phase of the newly
developed 140-GHz continuous-wave tube TH1507U at the
gyrotron test stand of the electron-cyclotron resonance
heating facility of the Wendelstein 7-X stellarator. The
gyrotron is based on the successful 1-MW class indus-
trial TH1507 gyrotron, which operates in the TE28,8 mode,
and has been optimized for operation in the higher-order
TE28,10 mode. The 1-ms short-pulse tests confirmed the
nominal output power of 1.5 MW. In a long-pulse operating
regime, an output power of 1.3 MW with total efficiency
45.9% was demonstrated at pulse lengths of 3 minutes.
Different regimes where the beam current is above 50 A
demonstrated a saturation of output power at 1.3 MW,
that can be explained by the presence of parasitic modes.
A parasite-free operation with an output power of 1.2 MW
was achieved with pulses up to 580 s in length. The pulse
length was limited due to the existing capabilities of the
cooling system at the test stand, and is foreseen to be
extended in the future.

Index Terms— Gyrotrons, high-power microwave genera-
tion, electromagnetic heating, ECRH.
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I. INTRODUCTION

IN THE next years, the power available from the
electron-cyclotron resonance heating (ECRH) system of the

largest experimental stellarator Wendelstein 7-X (W7-X) shall
be increased from 8.6 MW to 18 MW to achieve the design
values and to demonstrate improved fast ion confinement
in the plasma [1], [2]. For this reason, the development of
a new 1.5-MW class continuous-wave (CW) gyrotron was
initiated within the German Helmholtz Innovation Pool project
HIPOWER and is continued in the EUROfusion project [3],
[4], [5], [6]. The manufacturing partner for the industrial
gyrotrons is Thales. According to the specification, the new
design must be compliant with the existing ECRH gyrotron
installations at W7-X. In order to retain the existing electron
optics and the profile of the magnetic focusing field, the new
gyrotron employs an enlarged cavity and nominally operates
in the higher-order TE28,10 mode in contrast to the TE28,8
mode, presently used in the 1-MW-class industrial TH1507
gyrotrons [7], [8]. The larger surface area combined with
improved uniform cavity cooling allows the output power
to be increased to 1.5 MW without exceeding the critical
surface power density of 2 kW/cm2 in the resonator. The diode
electron gun was adapted to run beam currents up to 60 A.
Improvements included a new mode converter designed to con-
vert the TE28,10 mode to the fundamental Gaussian mode with
over 98% efficiency. The last internal gyrotron mirror, M3, has
an externally movable suspension for precise Gaussian beam
centering at the output window. Furthermore, the beam tunnel
between the gun and the cavity contains new ceramic rings
that provide an optimized absorption profile of electromagnetic
radiation. This improved design TH1507U is a prototype of
the 1.5-MW class CW Thales gyrotrons.

II. TH1507U GYROTRON AT THE W7-X TEST STAND

In April 2024, the gyrotron was delivered to IPP Greifswald,
Germany, and installed in the position D5 of the ECRH facility
(Fig. 1). This position provides connection to a power supply
allowing CW operation at cathode currents, Ic, of up to 100 A.
The gyrotron is ran with a single-stage depressed collector.
The applied scheme involves negative cathode voltages, Uc,
a positive potential at the cavity (body voltage Ub), and the
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Fig. 1. Photograph of the novel 1.5-MW-class 140-GHz CW TH1507U
gyrotron on the test stand at IPP Greifswald.

collector at ground potential. The focusing magnetic field
is created by a 5.6-T cryogen-free superconducting magnet
(WO11660, Cryomagnetics, Inc.). The magnetic axis was
adjusted in advance to the geometric axis of the borehole with
a tolerance better than 0.1 mm.

The ECRH installation at W7-X includes a microwave
quasi-optical transmission line (TL) operating under atmo-
spheric pressure [9], [10]. The quasi-optical beams from the
12 gyrotron positions are guided in an underground beam
duct to the W7-X experiment hall through large multi-beam
mirrors in the form of two bundles of 6 beams each. During
the commissioning phase, a gyrotron beam can be directed
either to a short-pulse (<100 ms) load (SPL) or to a long-pulse
calorimetric load (LPL), designed to operate with microwave
beams of up to 2 MW. Both loads operate on the same
principle. The focused beam is radiated through a small
aperture and then fanned out by a conical reflector. The power
is then absorbed by water flowing through Teflon pipes on
the walls of the loads. For long-pulse operation, the beam
polarization is set to circular in order to get isotropic power
deposition on the load surface. The absorbed power readings,
PLPL or PSPL, are determined calorimetrically by measuring
the flow rate and temperature increase of the cooling water.

To search for the nominal mode, we conducted pulse tests
with a length of τ = 0.5 ms and cathode currents Ic ≤ 40 A,
monitoring the shape of the gyrotron radiation at the output
window and measuring its frequency. Thermal footprints of
the microwave radiation were captured by using an infrared
camera (FLIR BosonTM) at a thin PVC target placed on the
window flange. The frequency measurements are performed
by using a highly sensitive heterodyne receiver from the
collective Thomson scattering (CTS) diagnostic [11]. The CTS
receiver shares the TL with the ECRH gyrotrons and collects
stray radiation appearing in the duct due to diffraction of the

Fig. 2. Power PSPL of the operating TE28,10 mode measured in the
short-pulse load (left, solid) and the corresponding frequency f (right)
vs. accelerating voltage Uacc at various cathode currents Ic. The 1-ms
body voltage Ub pulse is positioned in the middle of the 3-ms cathode
voltage Uc pulse. The power radiated by the gyrotron at times outside
the duration of the Ub pulse (left, dashed): 15 kW (Ic = 40 A), 60 kW
(Ic = 50 A), 150 kW (Ic = 60 A).

TABLE I
LOW-CURRENT (LC) OPERATION IN THE TE28,10 MODE

gyrotron beam at the edges of the mirrors. The adjustment
of the generated beam to the center of the diamond disk was
performed after the nominal mode was detected. In addition,
the pulse length was extended to 3 ms. The TE28,10 mode is
excited at accelerating voltages Uacc ranging from 66 kV to
80 kV and magnetic field configurations determined by the
currents of the main coils Im and gun coils Ig, which vary
from 85 A to 86 A and from 2.5 A to 3.6 A, respectively.
The corresponding magnetic field in the resonator ranges from
5.49 T to 5.53 T, while the pitch factor lies between 1.1 and
1.35. At Ic = 60 A, the gyrotron achieves 1.41 MW in the
SPL load (Fig. 2) and up to 1.48 MW output power on the
window.

Further commissioning of the tube enabled switching to
the long-pulse operation and increased the pulse length τ to
360 s. The optimal operating parameters defined for Ic =

40 A are summarized in Table I. The gyrotron demonstrated an
acceptable frequency shift δ f < 350 MHz that was determined
from the difference of frequencies measured at the end of
the 360-s pulse and at t = t0 from the beginning of the
body voltage Ub pulse. The initial part of the time-frequency
responses (t < 20 ms) is characterized by rapid frequency
changes, related to neutralization processes in the tube. For
instance, by operating the gyrotron at Uacc = 77 kV and Ic =

40 A (PLPL = 737 kW), the frequency is f = 140.346 GHz
at t0 = 20 ms. Thus, the shift δ f occurring due to the thermal
expansion of the cavity is significantly lower. The indicated
values were confirmed by separate measurements using a
Frequency-Time Analyzer (FTA), which counts the 200 MHz
clock cycles between the positive edges of a signal. The FTA
is a part of the forward beam monitoring system, which is
used to track the gyrotron power and frequency during plasma
experiments. A small amount of gyrotron radiation is directed
to the horn antenna of the analyzer by a fine grid placed on
the first mirror of the TL.
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Fig. 3. Operation at the high-power regimes: (solid) a high-voltage,
low-current regime (Uacc = 83.5 kV, Ic = 53 A, Im = 85.8 A Ig = 3.5 A);
(dashed) a low-voltage, high-current regime (Uacc = 75 kV, Ic = 62.4 A,
Im = 84.65 A Ig = 2.5 A). Narrow negative spikes in the accelerating
voltage and cathode current time traces indicate the activation of the
mode recovery system [14], which triggers when the nominal mode is
lost. The system ramps down the Uacc voltage to excite the nominal
mode at lower power and then increases the voltage to the operating
value. The mode typically recovers within 1 ms.

TABLE II
OPERATING REGIMES OF TH1507U GYROTRON

IN THE TE28,10 MODE

The consistent increase of the Ic and optimization of the
transverse field sweeping system [12], [13] by monitoring the
temperature distribution in the collector brought the gyrotron
into operation at currents Ic from 50 A to 65 A. The tests for
maximum power defined two possible regimes (Fig. 3): the
nominal regime with high accelerating voltage and low current
(HVLC) and the low-voltage, high-current regime (LVHC).

Table II summarizes the parameters of the gyrotron for
the related pulses. The output power Pout of the gyrotron
is derived from the measurements and the power lost in the
TL. There are 5 mirrors and 2 polarizers between the LPL
and the gyrotron. The accounted transmission losses include
ohmic losses in the mirrors, truncation of the Gaussian beam,
power reflected by the load and atmospheric absorption of
microwaves. Both high-power operating regimes demonstrated
a saturation of power Pout at 1.2-1.3 MW that is accompanied
by an increase in the dissipated power on the internal gyrotron
components. This power is monitored calorimetrically through
the corresponding cooling circuits. The losses in the mirror
box PMB and in the relief load PRL prevail (Fig. 4), which at
Ic > 50 A are double with respect to the low-current (LC)
regime. The search for possible parasitic modes in the range

Fig. 4. (a) Optimal output power and corresponding dissipated power
(b) in the collector Pcoll., (c) in the cavity Pcav., (d) in the mirror box
and relief load PMB + PRL vs. the cathode current. Dissipated power is
normalized by the input beam power P0.

Fig. 5. Spectrograms recorded by the fast ADC of the CTS receiver
when the gyrotron power PLPL is modulation between 600 kW and
1100 kW at 50 Hz (Uacc = 76.5 - 85 kV, Ic = 52 - 58 A, Im = 86 A,
Ig = 3.6 A). The parasitic modes (middle, right) were detected only at the
high-power sections. The receiver contains a notch filter that attenuates
signals by more than 100 dB in the range from 140.0 GHz to 140.3 GHz.

from 120.9 GHz to 142.1 GHz demonstrated excitation at
134.9 GHz and at 122.6 GHz (Fig. 5). Both parasitic modes
show pronounced spectral lines at Ic > 55 A. However, the
power spectral density of the 134.9-GHz mode is rather weak
compared to the second one, which, in the relief load, has the
same order of magnitude as the nominal TE28,10 mode.

III. CONCLUSION

The first long-pulse experiments with the 1.5-MW 140-GHz
CW TH1507U prototype gyrotron demonstrated efficient oper-
ation at the nominal cavity mode. The maximal output power
of up to 1.3 MW was achieved in the HVLC regime with a
total efficiency of 45.9% with depressed collector. The CW
operation was demonstrated for a pulse length of up to 580 s
and an output power of 1.2 MW (Uacc = 83 kV, Ic = 46.5 A,
Im = 86 A Ig = 3.6 A). Output power saturation was noticed
at 1.3 MW, which can be explained by the rise of parasitic
waves in the cavity and/or the beam tunnel, as was already
observed in earlier series of the TH1507 gyrotron [15]. This
effect will be investigated further. Nevertheless, the developed
oscillator has already demonstrated outstanding experimental
performance compared to existing gyrotrons operating with
pulse durations exceeding 100 seconds [16], [17], [18].
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