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Abstract
In order to broaden the range of the plasma parameters and provide experimental conditions for
physical research into high-performance plasma, the development of the electron cyclotron
resonance heating (ECRH) system for the J-TEXT tokamak was initiated in 2017. For the first
stage, the ECRH system operated successfully with one 105 GHz/500 kW /1 s gyrotron in 2019.
More than 400 kW electron cyclotron (EC) wave power has been injected into the plasma
successfully, raising the core electron temperature to 1.5 keV. In 2022, another 105 GHz/
500 kW/1 s gyrotron completed commissioning tests which signifies that the ECRH system
could generate an EC wave power of 1 MW in total. Under the support of the ECRH system,
various physical experiments have been carried out on J-TEXT. The electron thermal transport in
ECRH plasmas has been investigated. When ECRH is turned on, the electron thermal diffusivity
significantly increases. The runaway current is elevated when a disruption occurs during ECRH
heating. When the injected EC wave power is 400 kW, the conversion efficiency of runaway
current increases from 35% to 75%. Fast electron behavior is observed in electron cyclotron
current drive (ECCD) plasma by the fast electron bremsstrahlung diagnostic (FEB). The increase
in the FEB intensity implies that ECCD could generate fast electrons. A successful startup with a
200 kW ECW is achieved. With the upgrade of the ECRH system, the J-TEXT operational range
could be expanded and further relevant research could be conducted.

Keywords: ECRH, J-TEXT tokamak, electron thermal transport, runaway electron current,
assisted start-up

(Some figures may appear in colour only in the online journal)

1. Introduction research (e.g., DIII-D, W7-X, ASDEX-U, EAST, HL-2A)
[1-5], and will be developed for future fusion devices. Since
As one of the most promising methods for plasma heating and 2017, the development of a second-harmonic ECRH system
current profile control, electron cyclotron resonance heating  with X-mode injection for Joint-TEXT (J-TEXT) has been
(ECRH) has been widely applied in recent nuclear fusion inijtiated. J-TEXT is a conventional iron core tokamak
reconstructed from the Texas Experimental Tokamak
* Author to whom any correspondence should be addressed. Upgrade (TEXT-U).
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As a long-term research project, the J-TEXT physical
research aims to develop basic physics and control
mechanisms of high-performance tokamak plasma confine-
ment and stability in support of the effective operation of the
ITER and the design of the future Chinese fusion engineering
testing reactor (CFETR). This ECRH system is established in
order to provide experimental conditions for J-TEXT
research. There are some special auxiliary systems, e.g.,
massive gas injection (MGI), shattered pellet injection (SPI),
resonant magnetic perturbation (RMP) and abundant diag-
nostic systems on J-TEXT, which could be used in
combination with ECRH to conduct more advanced
experiments. ECRH has been used to study thermal transport
in plasmas [6-8] and for pre-ionization and startup assistance
in tokamaks [9, 10]. ECCD is an effective tool for controlling
the magnetohydrodynamic (MHD) modes at resonant
surfaces, particularly the m/n = 2/1 neoclassical tearing
mode, which will cause disruption [11-13]. In addition,
ECCD can also be used to modify the current profile which
can form a reversed magnetic shear [14, 15] and sawtooth
control in the vicinity of a ¢ = 1 surface [16]. The plasma
operation with the ECRH system will assist physical research
on plasma heating, current drive, fast electron-related physics,
the control of magnetic islands and sawtooth, plasma disruption
prevention or mitigation, plasma boundary physics, etc.

The J-TEXT ECRH system was firstly put into formal
experiments in 2019. Up to now, more than 400 kW electron
cyclotron (EC) wave power injection has been achieved,
improving the core electron temperature from about 0.9 keV
to about 1.5keV [17, 18]. Simultaneously, physical
experiments related to electron thermal transport and
temperature fluctuations, elevation of runaway electron
current, fast electron behavior in ECCD plasma, and ECRH
assisted plasma startup have been carried out on J-TEXT with
the support of the ECRH system. To improve the performance
of the ECRH system, another GYCOM gyrotron of 105 GHz/
500 kW/1 s has finished its commissioning tests successfully
in 2022, making the ECRH system on J-TEXT capable of
providing up to 1 MW of EC wave power. Figure 1 gives the
layout diagram of the J-TEXT ECRH system and its main
parameters are shown in table 1.

In this paper, the recent progress of the J-TEXT ECRH
system and the related experimental results will be presented. In
section 2, the detailed composition of the ECRH system is
introduced. Section 3 shows the performance of the ECRH
system in the commissioning phase. Section 4 describes
experimental studies carried out on J-TEXT with the assistance
of the ECRH system. Finally, a summary is given in section 5.

2. J-TEXT ECRH system

In the initial design phase of the system, it is crucial to decide
the output parameters of the ECRH system. Considering that
J-TEXT 1is generally operated at the toroidal field of
1.4-2.2 T, mostly around 1.8 T, this system is considered to
work at the X2 mode and 105 GHz, which could realize
effective heating in the resonant layers. To generate a high-

J-TEXT tokamak

#1 Gyrotron
(Established in 2019)

Figure 1. Layout of J-TEXT ECRH system [19]. Reproduced from
[19]. CC BY 4.0.

Table 1. Main parameters of J-TEXT ECRH system.

Maximum or typical
value (#1 gyrotron)

Maximum or typical

ECRH parameters value (#2 gyrotron)

Wave frequency 105 GHz 105 GHz

Output power 500 kW 500 kW

Pulse duration ls ls

TEMgo mode purity  97% 98%
(after MOU)

Efficiency 45% 45%

power EC wave with the desired frequency, the gyrotron is
the core component. In the J-TEXT ECRH system, there are
two gyrotrons which are manufactured by GYCOM Ltd. Safe
and stable operation of the gyrotrons requires the participation
of several subsystems and devices. Besides, it is also crucial
that the high-power EC wave is effectively transmitted and
injected into the plasma, which is realized by the transmission
line and the launcher. Figure 2 shows the composition
diagram of the ECRH system. This section elaborates on the
components mentioned above.

2.1. Wave source and power supplies

As shown in figure 3, two GYCOM gyrotrons are already
installed on the experimental site. Their output parameters are
both 105 GHz/500kW/1 s, thus in total the ECRH system
could generate an EC wave of about 1 MW.

The stable operation of the ECRH system involves not
only the gyrotron but also other auxiliary subsystems and
devices. There are two main high-voltage power supplies,
three auxiliary power supplies and some circuit units working
together to meet the operation requirements.

The electrical parameters of the power supplies (PSs) are
listed in table 2. The cathode power is the main source of the
gyrotron beam current, therefore it must be capable of high
voltage and large current output [20]. The anode power
supply provides reverse voltage so that the beam current
could be absorbed by the collector, it does not need large
current output, the output voltage is around 30kV [21].
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Figure 2. Composition diagram of J-TEXT ECRH system.

Figure 3. #1 gyrotron (a) and #2 gyrotron (b) of the 105 GHz ECRH system.

Furthermore, the anode power supply should also be capable
of modulated output, so that the gyrotron could generate a
modulated EC wave, which is very beneficial for physical
experiments. At present, the anode power supply has a
modulation frequency range of 1 Hz to 1 kHz. The duty cycle
and modulation ratio could also be set flexibly.

2.2. Control system

The ECRH system requires a specialized control system to
coordinate the operation of those subsystems and devices in
the whole system. The control system designed for the
J-TEXT ECRH system can realize time sequence trigger,
protection [22], signal monitoring, communication, and data
acquisition. By applying National Instruments CompactRIO
devices and PXI devices in the control system hardware
design, and realizing the software by LabVIEW, we have
implemented a fully functional control system.

Table 2. Electrical parameters of power supplies for the gyrotron.

Parameters Parameters
Power supply (#1 gyrotron) (#2 gyrotron)
Cathode power supply —44kV/25 A —45kV/24 A
Anode power supply 30kV/150 mA 32kV/200 mA
Magnet power supply 100 A 100 A
Ion pump power supply 5kV/10 mA 5kV/10 mA
Filament power supply 1500 VA 2500 VA

Figure 4 shows the diagram of the control system
structure. Control personal computers (PCs) are installed in
J-TEXT main control room. The control program is running on
one control PC, experimenters can set parameters and check
the status of subsystems on the control panel. CompactRIO
devices are used for time sequence trigger, protection, signal
monitoring, and communication, while PXI series devices are
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Figure 4. Diagram of ECRH control system structure.

used for data acquisition. Especially for fast protection of the
control system, the action time could be limited within 2 ps.
Until now, the control system has remained in a very stable
condition and the failure rate is close to 0.05%.

2.3. Transmission line and launcher

The parts mentioned above can guarantee the basic normal
operation of the ECRH system. Still, we need the
transmission line and launcher to effectively transmit the
high-power EC wave and inject it into the plasma.

The transmission line is based on corrugated waveguides
with a diameter of 63.5 mm and is additionally composed of a
switch, several miter bends, a directional coupler, a set of
polarizers, a DC break and two bellows. Figure 5 shows some
parts of this transmission line. The most concerned parameter
of the transmission line is the transmission efficiency, which
is closely linked with its transmission loss. The transmission
loss is mainly caused at mitre bends. There is either flat mirror
or polarizer on each bend. The amount of the transmission
loss caused by those components is 7%—12%. Thus when
1 MW EC power is generated by the gyrotrons, more than
800 kW EC wave could be injected into the plasma.

To inject the high-power EC wave into the plasma, in 2019,
a quasi-optical launcher was designed for the first ECRH system
containing just one gyrotron [18]. In 2022, a dual-launcher has
been designed for the present ECRH system. A drawing of the
dual-launcher is shown in figure 6. This design is based on
quasi-optical approximation and Gaussian optics, aiming to
obtain an optimized localized power deposition in the center of
the plasma. Considering the limitation of the port resource on the

J-TEXT tokamak, for the dual-launcher, the toroidal injection
angle can vary from —10° to +15°, while the poloidal injection
angle can vary from —15° to +15°. As for the launcher focusing
mirror, its focal length is chosen as 320 mm and hence the beam
radius in the plasma center could reach a minimum value of
19.14 mm.

3. Performance of J-TEXT ECRH system

Before the ECRH system was put into experiments, some
tests were carried out to confirm the performance of the
system. In the commissioning tests, the optimal status of the
gyrotron has been obtained and the alignment of the
transmission line has been completed. After that, high-power
commissioning tests have been carried out utilizing a dummy
load to absorb the high-power microwave. Finally, the
performance of the ECRH system has been tested by injecting
the microwave into the plasma.

3.1. Beam patterns

Before the EC waves are injected into the plasma, it is necessary
to carry out commissioning tests to guarantee the stable
operation of the system. After the installation of the gyrotron,
the matching optical unit (MOU) was connected to the output
window to convert the output wave to Gaussian-like distribution.
On this basis, the operating characteristics of the gyrotron could
be explored to obtain the optimal status. Finally, the transmission
line has been installed to transmit the EC wave from the wave
source to the tokamak. The alignment of the transmission line is
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Figure 6. Drawing of the dual-launcher for J-TEXT ECRH system.

of great significance in transmitting the EC wave effectively and
avoiding arc in it.

Figures 7(a) and (b) show the beam patterns generated by
#1 gyrotron at the output of MOU and the end of the
transmission line. Since the installation of the transmission
line for #2 gyrotron has not yet been accomplished, its beam
pattern was only measured at the output of MOU, which is
given in figure 7(c). Each beam pattern has a Gaussian
distribution and its center coincides with the center of output,
which indicates that a good alignment has been obtained.

3.2. Power measurement and modulation

In the high-power tests of the ECRH system, the EC wave
power has been injected into the water-cooled dummy load by
switching the switch in the transmission line. There are
generally two ways to measure the wave power in the ECRH

system, which are the calorimetric method and the directional
coupler method. The calorimetric method utilizes the thermal
effect of the microwave on water, the average power of the
microwave could be calculated by measuring temperature rise
of the cooling water flowing in the dummy load or the MOU
[23]. The directional coupler method couples a little part of the
microwave power, which is measured by matched detectors,
enabling real-time power monitoring of the ECRH system.
Multi-hole directional couplers have been designed and
fabricated for the J-TEXT ECRH system, and their reliability
and sensitivity have been verified by the high-power test [24].
In the J-TEXT ECRH system, these two methods are
combined to measure the power of EC waves, as shown in
figure 8. The calorimetric method is used to measure the
average EC power of one pulse, whereas the directional
coupler method is used to measure the real-time power.
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Figure 7. Beam patterns generated by #1 gyrotron at the output of MOU (a), at the end of the transmission line (b), and by #2 gyrotron at the

output of MOU (c).
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Figure 8. Schematic of EC wave power measurement in the J-TEXT
ECRH system. Reproduced from [24]. © 2022 Hefei Institutes of
Physical Science, Chinese Academy of Sciences and IOP Publish-
ing. All rights reserved.

The output power of the gyrotron is affected by many
parameters, such as the magnet field, the filament power, the
cathode voltage and anode voltage. In the high-power operation,
the EC wave power is normally controlled by adjusting the
anode voltage. Figure 9 shows the temperature rise signal of one
pulse for the two gyrotrons. In figure 9(a), the cathode and anode
voltage were set to —40kV and 24.5kV for #1 gyrotron, and
the pulse width were set to 500 ms. Before the high-power
operation, the calibration was done to obtain the coefficient
between the temperature signal integration and the EC wave
power, which would be influenced by environmental factors
such as temperature and flow rate [23]. Based on this, the
average power of EC wave was calculated using the temperature
rise signal, which was about 417 kW [25]. For the shot in figure

9(b), the cathode and anode voltages were —42 kV and 24 kV
for #2 gyrotron, the pulse width was 400 ms, and an EC wave
power of about 468 kW was obtained.

Due to the requirements of the experiments, sometimes
the EC wave power injected into the plasma needs to be
modulated, which could be achieved by the modulation of the
anode voltage. Tests about the power modulation of the EC
wave have been carried out based on #1 gyrotron. Figure 10
shows a typical waveform of the power modulation. In this
shot, the cathode voltage was about —40kV, the anode
voltage was about 16.5 kV and was switched on and off at a
frequency of 100 Hz. The radio frequency signal was detected
utilizing the directional coupler method, which indicates that
the output power of the gyrotron changed rapidly with the
anode voltage and was modulated successfully.

3.3. Plasma heating with the EC wave

After the commissioning tests and high-power tests were
finished, in May 2019 the EC wave was injected to heat the
plasma for the first time on J-TEXT in order to test the
performance of the ECRH system. Figure 11 shows a typical
shot of EC wave injection. In this shot, about 350 kW EC
wave power has been injected into the plasma perpendicularly
[18]. The electron density and plasma current were about
3 x 10 m™ and 140 kA respectively. After the EC wave
was injected, a large increase in the electron temperature
measured by the x-ray imaging crystal spectrometer was
observed and the soft x-ray signal raised to around 0.6 a.u.
from 0.2 a.u. The soft x-ray profile of this shot is shown in
figure 12, demonstrating that well localized heating effect on
J-TEXT has been achieved with ECRH injection.

4. ECRH-related experiments on J-TEXT

EC waves have been proven to be a useful tool for current drive,
controlling of MHD instabilities especially m/n =2/1 NTM,
thermal transport studies and assisted startup. The main tasks
assigned to the J-TEXT ECRH system are plasma heating,
plasma disruption, assisted startup, MHD stability control and
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Figure 9. Temperature rise signal and its integration of gyrotron
operation pulses. 417 kW, 500 ms operation pulse for #1 gyrotron
(a). Reproduced from [25]. © 2022 Hefei Institutes of Physical
Science, Chinese Academy of Sciences and IOP Publishing. All
rights reserved. 468 kW, 400 ms operation pulse for #2 gyrotron (b).

noninductive current drive. The ECRH system works at the
frequency of 105 GHz, thus when the toroidal field B; of the
J-TEXT tokamak is 1.875 T, the EC wave power could deposit
at the center of the plasma. The electron cyclotron emission
(ECE) diagnostic on J-TEXT has 24 channels and covers a wide
frequency range of 80—125GHz. The ECE diagnostic can
provide almost the whole electron temperature profile with
highly efficient relative calibration. This is also an advantage of
choosing the ECRH system working frequency at 105 GHz. In
this section, we summarized the up-to-date ECRH related
experimental studies on J-TEXT. The first dedicated experi-
ments on the electron thermal transport and thermal fluctuations
in ECRH plasma have been carried out [26], the elevation of
runaway electron current by ECRH during disruption is
presented [27], the fast electron behavior in ECCD plasma
was studied by the fast electron bremsstrahlung (FEB)
diagnostic [28], and ECRH assisted startup experiments were
carried out on J-TEXT [29].

4.1. Study of electron thermal transport and temperature
fluctuations

Relevant experimental results on DIII-D implies that long-
wavelength electron temperature fluctuations play a vital role
in affecting electron thermal transport [30, 31]. Furthermore,
it was concluded that the high-k density fluctuation level
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Figure 11. Typical shot of ECRH injection on J-TEXT. I, is the
plasma current (a), T, is the electron temperature (b), n, is the
electron density (c), and Isxr is the soft x-ray signal (d). © 2020
IEEE. Reprinted, with permission, from [18].

could also influence the electron thermal transport [32].
Recently, the first specialized experiments have been
conducted on J-TEXT to investigate electron thermal
transport and temperature fluctuations in EC wave heated
plasma. The change in temperature fluctuations is presented in
figure 13(c). The broadband fluctuations width in electron
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temperature increases from 50kHz to 150kHz in the
spectrum. A sawtooth collapse might generate the heat pulse.
Figure 13(e) shows that the different heat pulse peak moments
(8t,) and different relative positions Ar? have a linear
relation. The electron thermal diffusivities are represented by
the inverse slope of the fits in figure 13(e). The electron
thermal diffusivities and temperature fluctuations are
calculated before and after ECRH is applied, which is similar
to previous findings in other devices [31]. The electron
thermal transport diffusivities and temperature fluctuations
have a simultaneous increase which could explain that long-
wavelength electron temperature fluctuations do have an
obvious effect on electron thermal transport [26].

4.2. Elevation of runaway electron current by ECRH during
disruption

The high-energy runaway electrons (REs) during disruption
will threaten the safe operation of a fusion reactor [33, 34]. It
is of great importance to study the mechanisms of suppression
of REs. Runaway electrons can be suppressed by ECRH in
current flat-top phase. If a disruption occurs during ECRH,
the runaway electron production may increase due to the
generation of a suprathermal population. Recently, runaway
current during disruption has been elevated by ECRH on the
J-TEXT tokamak. The runaway current generation with/
without ECRH is shown in figure 14. The massive gas
injection (MGI) is used to trigger the disruption to generate a
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post-disruption runaway current plateau. The runaway current
during disruption is elevated by ECRH. The ratio of runaway
current and plasma current is up to 75% when 400 kW ECRH
is applied. The slowing down time of the suprathermal
electrons becomes large during disruption and acts as the hot
tail, which leads to the elevation of runaway current [27].

4.3. Study of fast electron behavior in ECCD plasma

When the resonant condition is satisfied, the EC wave can
interact with the plasma to generate fast electrons [35]. The
FEB diagnostic is an efficient tool for investigating ECCD
plasma physics. Recently, fast electron behavior has been
observed in J-TEXT ECCD experiments [28] by the FEB
diagnostic which has nine chords. Figure 15 shows a typical
ECCD discharge with a number of fast electrons. With the EC
wave injection at 250 ms, the line integrated intensity signal
from the central chord of FEB Irgg begins to rise (figure
15(c)). The 80.5GHz ECE signal was measured at
+31.96 cm, which is outside the plasma. The amplitude of
this ECE signal is dominated by the relativistically down-
shifted emission of fast electrons. So in figure 15(e), the ECE
signal at +31.96cm can be employed to diagnose the
population of fast electrons [36]. In the spectrum of FEB,
as shown in figure 15(h), Irgp increases significantly at all
energies after ECCD is applied. The maximum energy of
photons increases from 150keV to 250keV. In the electron
velocity distribution, the fast electron tail is obvious, which
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Figure 16. Evolutions of different signals (a) when discharging with ionization capacitor of 1600 V (red), 800 V (cyan) and 1 V (blue). The
last one is assisted with 300 kW ECH power while the two others are purely Ohmic heating. (b) Different ECH pulse-width. Reproduced

from [29]. CC BY 4.0.

indicates that fast electrons are generated when ECCD is
applied.

4.4. ECRH assisted startup

Plasma can be formed by toroidal electric field acceleration
in tokamaks. But the high toroidal electric field will cause
quenching of superconducting coils, for example, ITER.
ECRH pre-ionization makes low loop voltage startup
possible. Recently, ECRH-assisted startup experiments
have been conducted on J-TEXT, aiming to summarize
the minimum experimental requirements and develop a
better physical comprehension for the breakdown pro-
cess [29].

Traditional Ohmic heating startup will cause a high
breakdown voltage of about 34 V on J-TEXT. An extremely
low breakdown voltage of 3.7 V was achieved by injecting
300 kW ECRH power into a vacuum vessel with a poloidal
injection angle of 3°, as shown in figure 16(a). Further
research reveals that ECRH pulse-width also has a significant
effect on startup. Adjusting ECRH injection time, a successful
startup with a low average ECRH power of 200kW was
achieved, as shown in figure 16(b). It suggests that injected
time affects the required ECRH power for the startup.

5. Summary

A 105 GHz ECRH system has been designed and developed for
the J-TEXT tokamak to improve the core electron temperature
and broaden the operation regime. The performance of the
ECRH system was tested, which showed that a well-localized
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heating effect could be achieved on J-TEXT with ECRH
injection. The ECRH system was firstly put into an experiment
in the spring of 2019 with one 105 GHz/500kW/1 s gyrotron.
Up to now, the core electron temperature has been raised to
1.5keV successfully with a 400kW ECRH injection. A new
105 GHz/500kW/1s gyrotron has been commissioned suc-
cessfully on site in 2022, which indicates that the ECRH system
is capable of providing 1 MW EC wave power in the future.

Many physical experiments related to ECRH/ECCD
have been carried out with the assistance of the first ECRH
system on J-TEXT. The electron thermal diffusivities in the
ECRH phase are improved compared to that in the OH phase.
The elevation of runaway current during plasma disruptions
by ECRH has been investigated. When 400 kW EC power is
applied, the conversion efficiency of runaway current
increases to 75%. The fast electron behavior is observed in
ECCD plasma by FEB diagnostic. The fast electron tail in the
electron velocity distribution and the increase of the FEB
intensity signal indicates that ECCD could produce fast
electrons. A successful startup with a 200kW ECW was
achieved. ECRH pulse-width has a significant effect on the
required ECRH power for the startup.
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