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Results on the 1 MW CW 170 GHz gyrotron TH1509UA for ITER and DTT at the
FALCON test stand
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Abstract. In this contribution, the tests of the pre-series gyrotron TH1509UA for the Divertor Tokamak Test
facility (DTT) at the FALCON test facility are presented. This versatile test bed proves useful for testing
continuous wave (CW) high-power gyrotrons, but also serves as a platform for testing components for the
transmission line or the Upper Launcher of ITER and DTT. The gyrotron has demonstrated a power level
of 1.02 MW at the gyrotron output window, corresponding to 980 kW at the output of the Matching Optics
Unit (MOU) with a power variation during the pulse of < 2% after a stabilisation period. Additionally, an
efficiency of 40% has been demonstrated during five consecutive 100 s pulses. Compared to the previous
version, TH1509U, this gyrotron demonstrates the successful prevention of parasitic mode excitation over a
wide range of parameters around the design operating point. The potential for even higher power performance
has been shown in short pulses but not explored in long pulses yet, which instead focused on demonstrating
compliance with the required specifications for the DTT project.

1 Introduction rently composed of the following institutions: the Ecole
Polytechnique Fédérale de Lausanne (SPC-EPFL) in Lau-
sanne, Switzerland, the Karlsruhe Institute of Technology
in Germany (KIT), the National and Kapodistrian Univer-
sity of Athens in Greece (NKUA) and the National Re-
search Council in Italy (ISTP-CNR). The collaboration is
completed by the Polytechnic of Torino (PoliTO) and the
Polytechnic of Milano (PoliMI, Italy) for contributions to
the cooling circuit development and cathode heating con-
trol, respectively. EGYC works in close collaboration with
the industrial partner THALES, who is responsible for the
industrial design and manufacturing.

The design of the THISO9UA gyrotron is based on the
design of the gyrotron TH1507 for the Stellarator Wendel-
stein 7-X [2], which led to the development of a 1| MW
gyrotron for ITER. The design of the EU 1 MW / 170GHz

The first THALES preseries gyrotron TH1509UA for the
Divertor Tokamak Test facility (DTT) is currently being
tested at the FALCON test stand established by Fusion for
Energy and hosted by the Swiss Plasma Center (SPC) of
the EPFL. DTT is under construction in Frascati, Italy, and
the DTT plasma heating will rely for Electron Cyclotron
Resonance Heating (ECRH) in the first stage on 16 gy-
rotrons [1] of this type from THALES, with the same de-
sign as the one of the European gyrotron for ITER.

The ECRH for ITER will be provided by 24 gyrotrons
in the first stage. In order to design and develop the Eu-
ropean contribution to the ITER ECRH sources, consist-
ing in 6 gyrotrons in the first stage, the European Gy-
rotron Consortium (EGYC) was formed. EGYC is cur-
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Figure 1. Gyrotron TH1509UA in the FALCON test facility.

gyrotron is based on a diode Magnetron Injection Gun
(MIG), a super-conducting magnet operated at a cavity
field of B.,, = 6.7 T and a single-stage depressed collec-
tor.

During the continuous development from the TH1509 to-
wards the TH1509UA [3, 4], minor design modifications
have been integrated in several steps since the first proto-
type [5], in the beam tunnel, the high-voltage feedthroughs
and insulation, the cathode structure and the cavity in order
to pursue the industrialisation, optimise the power output
and prevent the excitation of parasitic oscillations.

With these modifications, the gyrotron TH1509U for ITER
successfully passed the qualification criteria for the ITER
project [6] by demonstrating 0.95 MW over 100 seconds.
Additionally, it demonstrated the ITER-required pulse
length of 1000 seconds pulse with a power of 0.82 MW
and an efficiency of 40%. However, this performance was
limited by the appearance of parasitic oscillations in long
pulses. Therefore, the current model includes further mod-
ifications to avoid the excitation of parasitic oscillations.
The design of the THIS09UA was first validated with
a short-pulse modular gyrotron prototype at KIT, during
which the beam radius was varied between R, = 9.35 mm
and 9.65 mm and the velocity pitch factor @ = 1.0 — 1.6
and the gyrotron was tested beyond the nominal operating
parameters up to a beam current of [, < 66 A, resulting in
a maximum power of 1.6 MW and 33% efficiency without
depressed collector. In contrast to the previous version,
this was demonstrated without excitation of parasitic os-
cillation [7].

Figure 1 shows the THI509UA gyrotron in the present cur-
rent configuration at the FALCON test facility with the
final version of the Matching Optics Unit (MOU) at the
gyrotron, followed by a 10 m transmission line (TL) con-
nected to a calorimetric RF load which was initially devel-
oped by CNR and manufactured by CURTI Costruzioni
Meccaniche SpA. The transmission line and RF-load were

supplied by US-ITER.

In the following section 2, first the setup and role of FAL-
CON will be explained, followed by section 3 describing
the current test results of the gyrotron, and finally section
4 presents the conclusions and outlook.

2 The FALCON test facility

The FALCON test facility is a European Technology Hub
hosted by SPC at EPFL, mostly funded by F4E, with the
purpose of testing both ECRH components and gyrotrons
for ITER and other experimental devices [8]. It includes
two gyrotron test stands, one hosting the TH1509UA gy-
rotron and the other hosting a ITER-type gyrotron man-
ufactured by GYCOM. The two test beds are fed by the
same high-voltage power supply and a cooling system
which were dimensioned for an operation at 2 MW con-
tinuous output power at min. 40% efficiency. The current
data acquisition and control system is supplied by F4E, in
line with the one that is being developed for ITER.
Thanks to the strong collaboration between SPC, F4E,
THALES, US ITER and DTT, all parties benefit from ex-
tended testing within the FALCON test bed. In general,
transmission line components can be used for gyrotron
testing and vice versa.

Since the creation of the FALCON test facility, the test bed
has been used for gyrotron testing and commissioning in
order to test different configurations of the EU 170 GHz /
1 MW prototype and the DTT pre-series gyrotron.

At the same time, FALCON has played a major role for
testing ECRH components, namely components of both
the ITER ECRH transmission line supplied by US ITER
and of the ITER ECRH Upper Launcher developed by
F4E. The tested components include evacuated corrugated
waveguides, three different matched 170 GHz /1 MW RF
loads, a transmission line switch for switching between
different waveguide outputs, a DC break, a pumpout unit,
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expansion units, an MOU-adapter and miter bends (in-
cluding one with embedded thermocouples) at 90° and at
140° angle, which all have been tested with Megawatt-
level power long RF pulses (tens of seconds) [8—11].

The future planning at FALCON consists in first the com-
pletion of the THIS09UA acceptance tests, after which
the gyrotron will remain at FALCON in order to sup-
port further component testing. Beside the test of trans-
mission line and ex-vessel waveguide components for US
ITER, F4E and DTT, the planned component tests include
a stray radiation test for the ITER Upper Launcher. A full-
size thin-walled, unevacuated mock-up of the ITER Upper
Launcher will be tested for stray radiation distribution by
transmitting a pulse train of short (~1 s) Megawatt-level
pulses through each of the input transmission lines, in se-
quence. The stray radiation will be measured using in-
frared cameras as well as bolometers and will be compared
to calculations of the simulated total stray radiation [12].

3 Long-pulse test results of the TH1509UA
gyrotron

At FALCON, the DTT pre-series gyrotron TH1509UA
is currently undergoing long-pulse tests for commission-
ing. While the short-pulse tests at KIT included, amongst
other things, a maximisation of the output power, the cur-
rent tests at FALCON are only focused on demonstrat-
ing the operating parameters specified for DTT. Thus, the
pulse length was limited to 100 seconds according to the
DTT specifications. As reported in [13], the gyrotron suc-
cessfully passed the pre-acceptance test with 100 seconds
pulses. These tests were performed with a non-final setup
using the MOU and super-conducting magnet which were
available at FALCON. As an acceptance criteria, the gy-
rotron achieved five consecutive pulses with an average of
1.02 MW at the window and with a gyrotron efficiency
of 40%. The inter-pulse standard deviation of 0.01 MW
between the pulses illustrates the pulse-to-pulse repeata-
bility.

Thus, while the previous gyrotron’s power was limited by
parasitic oscillations to 0.95 MW over 100 seconds at an
efficiency of 35% (or 0.82 MW / 1000 s), the current gy-
rotron reached the Megawatt threshold with no detection
of parasitic oscillations over a large range of operating
parameters. The improved performance is illustrated by
the increase of efficiency to 40% without being fully opti-
mized. With respect to ITER specifications, it is foreseen
that operation at IMW / 1000 s can be achieved without
any obstacle as successful long pulses showed stable oper-
ation, and further optimisation will be necessary in order
to comply with the ITER requirement of 50% efficiency.
The operating point for these pulses was a cavity mag-
netic field of B, = 6.69 T, an accelerating voltage of
Vaee = 79.5 kV with a depressed collector voltage of
Viboay = 24.5 kV, an average beam current of I, = 48 A,
an electron guiding center radius of R, = 9.55 mm in the
cavity and an electron velocity pitch factor of @ = 1.29
(from simulations with ARIADNE [14]).

The power is obtained by a calorimetric measurement us-
ing the cooling flows and temperature differences from

the matched millimeter wave load, the transmission line
and the MOU. The power measurement of the FALCON
test stand has been confirmed by comparing three dif-
ferent 170 GHz loads. As an example, the time evolu-
tion of the measured power is shown in Fig. 2 for the
last of these pulses, showing the calorimetric measure-
ments of different components of the gyrotron as well as
transmission line and load. One observes that towards
the end of the 100 second pulse all components except
the MOU approach a temperature equilibrium. The long
time constant of the calorimetric measurement is due to a
non-instantaneous heat dissipation and due to water transit
times up to the point of temperature measurement.

The pulse-averaged powers of the 100 s pulse shown in
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Figure 2. Evolution of the power measurement for the load and
transmission line, the MOU and different parts of the gyrotron.
The pink line in the lower plot ("Rest gyrotr.") corresponds to the
sum of the power absorbed in several gyrotron sub-components
such as a mirror and the relief load.

table 1 are calculated by integrating the energy of the en-
tire pulse. The losses in the two-miter-bend transmission
line were measured to be 2.4%, but in the experiments
presented here they are measured together with the load
calorimetry. In the five pulses of the pre-acceptance test,
the power of the pulse-integrated calorimetry corresponds
to the input electrical power to within 0.2-3%.

Fig. 3 shows the frequency temporal evolution within a
100 s pulse. In order to illustrate the initial frequency shift,
the small insertion shows a zoom into the first second of a
gyrotron pulse on a similar operating point.On the figure,
the spectrogam of the measured frequency is shown, using
250 short acquisitions of 1us (every 400 ms), of the fre-
quency, which is down-converted via a heterodyne mixer
and recorded with a sampling rate of 40 GS/s. The aver-
age frequency is 169.946 GHz for the 1.03 MW pulse. As
shown in the zoomed insert from a similar pulse, the gy-
rotron frequency decreases over the first 0.5 seconds due
to the thermal expansion of the cavity heated by the ohmic
losses in the cavity wall. Thus, the output frequency is
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Table 1. Calorimetric power balance over 100 s gyrotron pulse,
calculated by integrating the energy over the pulse. Mirl - Mir2
are the gyrotron internal mirrors. "Rest gyrotron" corresponds
to the sum of the power absorbed in several gyrotron
sub-components such as a mirror and the relief load.

Power type Measurem. Percentage
Electrical input: 2596.2kW  100.00%
Collector: 1550.2kW  59.71%
Load+Preload+TL: 990.4 kW 38.15%
MOU: 42.1 kW 1.62%
Cavity+Beam Tunnel+Mirl: 45.3 kW 1.74%
Launcher+Mirl+Mir2: 16.4 kW 0.63%

Rest gyrotron: 9.9 kW 0.39%
Total Cooling Circuits: 26543 kW 102.24%

directly linked to the gyrotron power, and frequency varia-
tions can be interpreted as power variations. In the present
case, the measured dependency using a fit of experimen-
tal data over many pulses is AP [kW] « 3.0 - Af [MHz].
For the time interval 20 - 100 s the maximum deviation of
the measured frequency is only +/- 6 MHz. Although this
variation may as well be linked to voltage variations, we
can conclude from the maximum frequency variation that
the variation in power is < +/- 20 kW or < 2%.

The observed change in frequency between 2 and 20 sec-
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Figure 3. Spectrogram showing the instantaneous gyrotron fre-
quency during 100 s long gyrotron pulse. The variation of the
measured spectral maximum in frequency is of max. +/- 6 MHz
after a stabilisation time of 20 seconds.

onds is caused by the variation of the beam current emitted
from the cathode. Due to the thermionic emission cooling
effect, the cathode temperature is reduced by the emitted
electrons carrying away thermal energy from the cathode
when emitting the beam current. The lower cathode tem-
perature reduces the beam current. In order to reduce this
effect, both the acceleration voltage and the filament heat-
ing current are changed in two predefined steps. As shown
in figure 4, this scheme of current stabilisation limits the
drop in beam current to 8§ A. The current scheme includes
an increase in voltage in two steps in the first 2 seconds,
combined with an increase of the cathode heating filament

current in order to stabilize the beam current. The cur-
rent stabilisation is being further improved and a feedback
current controller is being developed in order to further
minimise the beam current variation during long-pulse op-
eration.

Around the operating point illustrated above, the gyrotron
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Figure 4. Beam current evolution and feed-forward control of
the beam current in the initial phase of gyrotron pulse. The accel-
eration voltage is increased in two steps and the cathode filament
heating current is varied in two steps as well.

operates in the design transverse mode without the pres-
ence of parasitic modes in a wide range of parameters.
This is illustrated in Figure 5, which shows the power at
the gyrotron window for a scan over the accelerating volt-
age (Veathode + Viody), measured using 30 s pulses. As can
be seen, the power is more than doubled over a range of
6.5 kV.

During this scan, the gyrotron body voltage was increased
from V4, = 20 to 26 kV, the beam current increases from
Ipean = 40 to 46 A and the velocity pitch angle changes
from @ = 1.13 to 1.27. As the current is lower compared to
the 100 second pulses shown above, the maximum power
of the voltage scan does not reach 1 MW. Because the var-
ied body voltage corresponds to the depression potential,
the efficiency strongly varies during this scan, from 22 to
40%.

In order to couple the maximum power into the transmis-
sion line, the gyrotron has been designed for maximizing
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Figure 5. Gyrotron power at the window (in blue) and efficiency
(in red) as a function of the accelerating voltage (Veamode + Viody)
for an operating point of B.,, = 6.69 T, V_umoae = 51 — 52.5 kV,
Viody = 20 =26 KV, Ipeqn =40 —46 A, @ = 1.29

the coupling to the HE;; waveguide mode. The gyrotron
output beam pattern at the window is shown in Fig. 6. This
beam pattern has been obtained by a an iterative phase re-
construction method [15] from infrared measurements at
several distances and subsequent propagation of the com-
plex field pattern onto the plane of the window. It can be
seen that the beam pattern is highly Gaussian and with a
close to flat phase profile over a wide area. According
to this measurement, the beam exits the gyrotron window
with a small offset of 7 mm to the lower left of the cen-
ter of the window, combined with a small angle of 0.6°
to the lower left. The measured waist in horizontal and
vertical direction is wp, = 21.1 mm / wy, = 20.8 mm,
compared to the waist obtained from simulations which is
wox = 19.4 mm / wg, = 19.6 mm. The MOU allows for an
optimized coupling of this beam into the waveguide and
transmission line. The calculated maximum coupling ef-
ficiency of this output beam via the MOU into the HE;
mode of the 50 mm corrugated waveguide is 95.4 - >96%.
In the experiments presented here, two different versions
of the MOU have been used. The first version includes 5
mirrors and corresponds to a MOU which has been repur-
posed from the EU 2 MW coaxial gyrotron project. It has
been pre-aligned according to the measured gyrotron beam
pattern with the help of a low-power microwave source
at 170 GHz. With only the pre-alignment and no adjust-
ment of the mirrors at high power, the measured losses
in MOU and transmission line were close to those ob-
tained from the classical alignment method - mirror by
mirror while using burn-patterns on the MOU mirrors.
The calorimetrically-measured losses in the first version
of the MOU amount to approximately 4.2%. The sec-
ond, recently installed MOU has been specially designed
for DTT and ITER purposes, i.e. without polarizability
requirements, and uses only two curved mirrors. In this

MOU, seen in Fig.1, the measured losses were approxi-
mately 2.2% in a preliminary alignment.

4 Conclusion and Outlook

For the first time, the EU 170 GHz gyrotron manufactured
by THALES has reached the threshold of 1 Megawatt for
100 second pulses at the FALCON test facility. In the pre-
acceptance tests a power of 1.02 MW was achieved and
an efficiency of 40% without a full optimisation of the ef-
ficiency. The gyrotron shows stable and repeatable opera-
tion over a wide range of parameters without being limited
by parasitic oscillations.

For these 100 s pulses, it is deduced from the frequency
variations that the power varies by less than 2% for the
last 80 seconds of the pulse. This is supported by a feed-
forward current stabilisation, which is being further im-
proved. The tests of the TH1509UA gyrotron are still on-
going and its performance is expected to be further en-
hanced. As a next step, the acceptance tests of the DTT
pre-series gyrotron will continue in a modified configura-
tion with its final MOU and super-conducting magnet. At
the same time the tube’s performance will be further opti-
mised, such as its efficiency. Its final acceptance is planned
for summer 2024.

In addition to the tests of the DTT pre-series gyrotron,
FALCON is proving its versatility for high-power com-
ponent testing especially for components of the ITER
transmission line, ex-vessel waveguide and ECRH Upper
Launcher.
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