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1. Introduction 

The current subjects of this research section are to 
study the properties of high-temperature plasmas in 
order to control and improve the plasma energy con-
finement from the physical viewpoint of nuclear fu-
sion research. The experimental and theoretical inves-
tigations for optimizing the helical-axis heliotron con-
figuration are in progress under collaboration with 
other groups of international/national institutes and 
groups of other universities under the auspices of the 
Collaboration Program of the Lab. Complex Energy 
Processes, IAE, and the Collaborative Research Pro-
gram of NIFS (National Institute for Fusion Science). 

In this report, a remarkable result obtained in the 
Heliotron J experimental study in FY2023 is reported 
focusing on transport characteristics regarding fast ion 
induced magnetohydrodynamics (MHD) instabilities, 
especially in response of energetic particle (EP) driven 
MHD instability to modulated ECH in Heliotron J. 
Several techniques have been demonstrated to miti-
gate EP-driven MHD instabilities. Electron cyclotron 
heating and current drive (ECH/ECCD) represent po-
tent methods for stabilizing these MHD instabilities. 
This study focuses on assessing the influence of ECH 
on suppressing EP-driven MHD modes in Heliotron J 
to reveal intricate interactions between ECH and EP-
driven modes. 
 
2. Response of energetic particle driven MHD in-
stability to modulated ECH in Heliotron J1  

In our preliminary modulation trial, the NBI power 

was set at a modest level of 90 kW for co-injection, 
whereas the modulation amplitude of the 2nd-harmonic 
ECH scanned systematically. The modulation fre-
quency is set at 50 Hz, with 10 ms duration for both 
the maximum and minimum power levels. The maxi-
mum power of the ECH modulation is 192 kW, while 
the minimum power varies from 158 kW to 113 kW. 
An EP-driven mode (EPM) is observed in the fre-
quency range 95-103 kHz with some delay after the 
modulated ECH power reaches its minimum ampli-
tude [1]. In subsequent trials, we raised the NBI power 
to roughly 100 kW for co-injection and 450 kW for 
counter-injection. In the case that the maximum power 
of the ECH modulation changed to 247 kW with its 
minimum power from 228 kW to 113 kW, an EPM of 
100 kHz is also observed at the lower power level. Ad-
ditional instability with f = 85 is excited when the NBI 
power is increased (see Fig. 1). Figure 1 illustrates the 
temporal evolution of EPM observed in modulated 
ECH plasmas.  

The electron cyclotron emission (ECE) data is 
depicted, serving as an indicator of the core electron 
temperature, given the optical thickness in the core re-
gion is approximately 2. A noticeable increase in the 
ECE signal accompanies the escalation of ECH power, 
contrasting with the decline in averaged electron den-
sity measured using a microwave interferometer. Ad-
ditionally, the onset of the mode occurs with a delay 
of 6.0 ms following the reduction in ECH power. Sub-
sequently, after a brief delay of 1.5 ms, the mode van-
ishes and is effectively suppressed upon the resump-
tion of ECH power increase. Analysis based on hybrid 
EP-MHD simulations conducted by MEGA [2] and 

 
Fig. 1. Time evolution of EP-driven mode in Helio-

tron J. 

 
Fig. 2. Dependence of mode amplitude on ECH 
power. 
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the shear Alfven continua derived from STELLGAP 
developed by D. Spong (2003), along with prior ex-
perimental findings in the same magnetic configura-
tion, suggest the observed mode is identified as an 
EPM with m/n=1/2, where m and n represent the po-
loidal and toroidal mode numbers, respectively. 

The amplitude of the observed mode exhibits a 
clear correlation with the ECH injection power. As the 
ECH power is increased, the suppression of the mode 
becomes evident, as depicted in the experiment. When 
the minimum ECH power level is set at 100 kW, the 
mode is clear. It is noteworthy that once the ECH 
power surpasses the threshold one, the mode experi-
ences effective suppression as shown in Fig. 2[1]. 

The threshold range lies within 110 to 138 kW. 
These findings underscore the pivotal significance of 
ECH power in regulating and alleviating the identified 
mode. Defining this range for mode suppression offers 
valuable perspectives for enhancing the operational 
efficiency of the Heliotron J device and addressing the 
MHD instabilities induced by energetic particles. 

A delay of the mode appearance is noted in the 
response of mode amplitude to the modulation of ECH. 
This trend is depicted in Fig. 3, showcasing the pro-
gression of mode intensity <I> against the product of 
line-averaged electron density <ne> and ECE intensity, 
reflecting core plasma pressure. At high amplitudes of 
ECH modulation, the mode intensity remains low. 
Nevertheless, upon reduction of ECH power, the mode 
strength swiftly escalates, as highlighted by the red 
circle in Fig. 3. The intensity of the mode persists at 
high levels even as plasma pressure begins to rise, 
with eventual suppression occurring at elevated pres-
sure levels. To decipher the primary factors governing 
this response, we investigated by plotting mode inten-
sity against either <ne> or ECE intensity. Analysis re-
veals that, in comparison to electron density, electron 
temperature exerts a more significant influence on 
mode strength. This finding suggests that the delay re-
sponse effect is closely associated with fluctuations in 
electron temperature. Furthermore, disparities in the 
product of <ne> and ECE intensity indicate that the 
suppression of mode excitation is linked not only to 
bulk plasma pressure but also to fast ion confinement. 

The impact of ECH on EP-driven modes is 

intricate. Nearly all factors associated with MHD sta-
bility can be influenced by ECH, encompassing both 
the driving and dissipative aspects. ECH has the po-
tential to alter ion and electron Landau damping, radi-
ation damping, and even continuous spectrum damp-
ing (via electron temperature Te modification). Con-
versely, the variation in Te also influences electron-
drag collisions, thereby affecting the slowing down 
time.  

In order to better determine the influencing fac-
tors of the mode instability, we conducted the follow-
ing experiments. We initially stabilized the electron 
density and subsequently ramped up the ECH injec-
tion from 113 kW to 247 kW. During this phase, three 
instability frequency ranges emerged within the 70 
kHz to 120 kHz spectrum. However, with the increase 
in ECH power, these instabilities were effectively sup-
pressed. This clearly demonstrates the inhibitory ef-
fect of ECH on MHD instability as we mentioned 
above. Then, we kept the ECH constant and increased 
the electron density. When the ECH injection is held 
constant at 247 kW, the instabilities within the three 
frequency ranges are partially suppressed as the elec-
tron density increases. However, when the ECH injec-
tion is held constant at 113 kW, the instability is not 
suppressed; instead, it is further excited (see Fig. 4). 
When we increase ne, the absorption rate of ECH and 
NBI also increases. NBI absorption increases which 
can destabilized the modes. But ECH absorption rate 
increases which will enhance the bulk electron pres-
sure and the slowing-down time of energetic ions to 
suppress the mode. The effect of ECH depends on the 
electron density and the excited modes, which are 
linked to the equilibrium between stabilizing and de-
stabilizing influences. ECH amplifies stabilizing ef-
fects such as continuum damping, finite Larmor radius 
(FLR) effects, and electron-ion Landau damping. Ad-
ditionally, ECH intensifies destabilizing effects such 
as pressure and temperature gradients, slowing down 
time of EP, and EP beta through the reduction of ne and 
the increase in Te.  

 
[1] Y. Zhong, et al., Plasma Fusion Res. 19, 1202008 
(2024). 
[2] P. Adulsiriswad, et al., Nucl. Fusion (2021) 60 
096005 

 
Fig.4 The evolution of the normalized intensity I 
with the electron density <ne>. 

 
Fig.3 The evolution of the normalized mode in-
tensity with product of <ne> and ECE intensity. 
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