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Abstract. We discuss the features of energetic-ion-driven MHD instabilities such as Alfvén eigenmodes (AEs) 
in three-dimensional magnetic configuration with low magnetic shear and low toroidal field period number (Np) 
that are characteristic of advanced helical plasmas. Comparison of experimental and numerical studies in 
Heliotron J with those in TJ-II indicates that the most unstable AE is global AE (GAE) in low magnetic shear 
configuration in spite of the iota and the helicity-induced AE (HAE) is also the most unstable AE in the high iota 
configuration. 

 

1. Introduction 

Energetic alpha particles in a fusion reactor such as ITER would resonantly couple with MHD 
modes related to the Alfvén and sound wave in the slowing down process of alpha particles, 
and excite these MHD modes. The MHD modes could enhance the transport and/or induce 
the loss of alpha particles before their thermalization. This leads to reduction of net gain of 
fusion burn and significant damage of first wall of a reactor. Therefore, energetic-ion-driven 
MHD instabilities such as Alfvén eigenmodes (AEs) are being studied in many tokamaks and 
helical devices for the purpose of clarification of the mechanism and minimization of the 
negative effect of AE [1-4]. Helical plasma having three-dimensional magnetic configuration 
has the potential to substantiate a steady-state reactor of nuclear fusion in principle because 
helical plasmas originally need not toroidal current to sustain plasma equilibrium. Most 
concepts of advanced helical plasma have a low magnetic shear in combination with a 
magnetic well for good stability against pressure-driven MHD instabilities, and low toroidal 
field period Np for both good particle confinement and MHD stability. The existence and 
stability of energetic-ion-driven MHD instabilities are characterized by the magnetic 
configuration. In order to clarify the energetic-ion-driven MHD instabilities in advanced 
helical plasmas having low magnetic shear and low toroidal field period, we have 
experimentally and numerically investigated the energetic-ion-driven MHD instabilities in 
helical-axis heliotron Heliotron J [5] and flexible heliac TJ-II [6] plasmas. Both have 
three-dimensional magnetic configuration, low magnetic shear and low Np = 4 to obtain  
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good MHD stability. In addition, 
both share similar parameters 
such as plasma major and minor 
radii, and energy and power of 
tangential NBI listed in table I. 
The rotational transform (iota), 
which is the main difference 
between both devices and a key 
parameter to characterize the 
shear Alfvén spectra, can be 
varied in the range 0.45 ~ 0.65 
and 0.9 ~ 2.0 in the Heliotron J 
and TJ-II, respectively. The 
studies utilizing the similarities 
and differences among two 
devices with low magnetic shear 
or high magnetic shear and high 
Np device such as CHS and LHD are an effective method to clarify the energetic-ion-
driven MHD instabilities in helical plasmas having three-dimensional magnetic 
configuration. Moreover, our studies can contribute to understanding of energetic-ion-
driven MHD instabilities in toroidal plasmas including tokamaks. In particular, this 
research can contribute to clarify the reversed shear AE (RSAE) in the reversed shear 
magnetic configuration of tokamaks such as ITER where RSAE will be localized at the 
low magnetic shear region. 
 

2. Observation of AE in low shear helical plasmas 

MHD instabilities 
destabilized by energetic 
ions are observed in NBI-
heated plasmas of 
Heliotron J [7] and TJ-II 
[8]. In Heliotron J, a 
typical discharge in 
which energetic-ion-
driven MHD instabilities 
were observed is shown 
in Fig. 1, where hydrogen 
beams with an energy of 
ENBI = 24 keV (for beam 
line1: BL1) and 27 keV 
(BL2) are tangentially co- 
(BL2) and counter-
injected (BL1) into the 
deuterium plasma in the 
standard configuration 
with ι/2π(0) = 0.56 at Bt 
= 1.25 T. After turning on 
of two NBIs at t = 0.175 s 

 Heliotron J TJ-II 
Major radius R 1.2 m 1.5 m 
Minor radius <a> < 0.25 m < 0.22 m 
Magnetic field on 
axis Bt(0) 1.25 T 0.95 T 

Toroidal field 
period Np 

4 4 

NBI specification Two tangential 
beam lines, H  

Two tangential 
beam lines, H 

NBI Energy < 27 keV < 40 keV 
Total NBI power 
(port-through) < 1.2 MW < 1.2 MW 

Working gas D H 
Iota ι/2π(0) 0.45 ~ 0.65 0.9 ~ 2.0 

TABLE I: Important parameters of Heliotron J and 
TJ-II for our study 

Fig.1. Typical time evolution of NBI-heated plasma in 
Heliotron J where the energetic-ion-driven MHD instabilities 
are observed. (a) Power spectrum of magnetic probe signals, 
(b) power spectrum of soft-X ray signal at center cord, (c) 
plasma stored energy (black) and timing of each heating 
system, and (d) line average electron density (blue) and 
plasma current (red). 

 

(a) 

(b) 

(c) 

(d) 
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to sustain the plasma, the m = 2/n = 1 (m and n are the poloidal and toroidal mode number, 
respectively) coherent fluctuations whose frequencies scale with the electron density ne 
with the dependence of 1/(ne)1/2 are detected in a few diagnostics including magnetic 
probe array and soft-X ray diode array shown in Figs.1 (a) and (b). The parallel beam 
velocity vb does not exceed Alfvén velocity vA, which means the modes are excited by the 
side-band excitation in Heliotron J plasmas. The observed frequencies of m = 2/n = 1 mode 
are in the frequency range of fexp = 50 ~ 95 kHz at t ∼ 0.19 s. The expected frequency of the 
GAE (fGAE = k//vA, k// being the parallel wave number) with m = 2/n = 1 is also shown as the 
white curve in Fig. 1 (a) where the vacuum iota and ion mass of deuterium have been 
considered. These modes propagate in the diamagnetic drift direction of energetic ions. The 
Doppler shift of these modes can be neglected because the measured toroidal plasma rotation 
frequency fφ obtained from charge exchange recombination spectroscopy is fφ  < 1 kHz for n = 
1 mode. The magnetic fluctuation amplitude of modes is of the order of bθ/Bt ~ 10-6 at the 
magnetic probe position locating at the vacuum vessel and is one order smaller than that of 
pressure-driven MHD instabilities in Heliotron J. Figures 2 (a) and (b) show the spatial profile 
and phase differences of observed mode between base channel and each channel of soft-X ray 
signal shown in Fig.1 (b). The observed mode in soft-X ray signals has high coherence with 
the mode observed in magnetic probes. There are three peaks in the spatial profile, but the 
peak located at the plasma core is a pseudo peak caused by the line integration along soft-X 
ray line of sight. The real peaks locate at r/a ~ 0.5 shown by the downward pointing arrows in 
Fig. 2 (a). The phase differences in soft-X ray signals indicate that mode propagates in the 
diamagnetic drift direction of energetic ion and has even poloidal mode number because the 
phase differences between the positions where intensity peaks (downward arrow in sky blue) 
are in phase. This result is consistent with result of magnetic probe measurement. It is noted 
that we often observed energetic particle mode (EPM) whose frequency has weak or no 
dependence on electron density. The appearance of EPM is related to the magnetic shear 
because the damping rate of continuum damping, which is the main damping mechanism of 
EPM, is related to the magnetic shear [9]. 

In order to identify the observed mode shown in Fig.1, we have compared the 
experimental results and the numerical simulations using STELLGAP and AE3D code [10]. 
In a helical plasma, the strength of the magnetic field varies not only in the poloidal direction 

Fig.2. (a) Spatial profile of soft-X ray signal and (b) phase differences between each 
channel for the observed mode with fexp = 95 kHz in Heliotron J. 
 

r/a r/a 

(a) (b) 
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θ but also in the toroidal direction φ with 
toroidal field period Np. The variation of 
the magnetic field on the magnetic 
surface leads to the formation of shear 
Alfvén gaps at the intersection point of 
two continua with different parallel wave 
numbers k(m,n) and k(m+µ,n+ν) of the shear 
Alfvén continua. Here the µ and ν are the 
integers, respectively. The toroidicity-
induced AE (TAE) corresponds to the 
case of µ = 1, ν = 0. The variation of 
magnetic field strength in the toroidal 
direction corresponding to the case of ν ≠ 
0 introduces couplings of toroidal 
harmonics and the formation of helicity-
induce AE (HAE) gaps [11]. This 
coupling occurs among Fourier 
harmonics with different toroidal mode 
numbers belonging to the same mode 
family Nf. The total number of mode 
families of Heliotron J and TJ-II is three 
including Nf = 0, 1 and 2 because this is 
given by 1 + [Np/2] [12]. A family of 
modes with toroidal mode numbers n’ 
satisfying the relation n ± n’ = kNp (k 
= . . . − 2,−1, 0, 1, 2, . . .) can couple 
among themselves and with the mode having the toroidal mode number n. In the case of 
Heliotron J and TJ-II, the Nf = 1 mode family that couples with the n = 1 mode is composed 
of Fourier modes with n = ±1, ±3, ±5, . . ., etc. The calculated shear Alfvén spectra for Fig. 1, 
at t =2.1 s is shown in Fig. 3 where the finite beta effect, and impurity contents of C+6 and O+8 
are taken into account. Figures 3 (a) and (b) are the spatial profile of eigenfunction and shear 
Alfvén spectra in which each color denotes different Fourier component belonging to Nf = 1 
with 51 modes. It is noted that the plasma compressibility is not taken into account meaning 
adiabatic index γ = 0 and Alfvén wave is decoupled with sound wave in our analysis. We 
found the discrete mode, which is manifested as an eigenfunction, mainly composed by single 
Fourier component with m = 2/n = 1 and locates at just below the shear Alfven continuum of 
m = 2/n = 1 shown in blue solid line in Fig. 3(b). This means the eigenfunction is global AE 
(GAE). Black broken line in Fig. 3 (b) indicates the frequency of discrete eigenfunction 
shown in Fig. 3 (a). The frequency, mode number and radial profile of calculated GAE agree 
well with the experimental results obtained from magnetic probe of toroidal and poloidal 
array, and soft X-ray measurement. The observed modes are, thus, identified as GAE in the 
Heliotron J. It is presumed that the effect of toroidal mode coupling for GAE is fairly weak 
although Np is small because the GAE shown in Fig. 3 (a) does not suffer from the continuum 
damping by high-n continua belonging to Nf =1 although the frequency of eigenfunction 
intersects with high-n continua. The numerical simulations indicate that HAE is predicted 
above 500 kHz, but we have not observed HAE yet in Heliotron J plasmas. 

On the other hand, Fig. 4 shows a typical discharge in which energetic-ion-driven MHD 
instabilities were observed in TJ-II where hydrogen beams with an energy of ENBI = 30 
keV are tangentially injected in the co-direction into the hydrogen plasma in the standard 
configuration with ι/2π(0) = 1.55 at Bt = 0.95 T. In order to compare the results of 

Fig.3. (a) Displacement profile of 
eigenfunction with f = 94.6 kHz and (b) 
calculated shear Alfvén continua of mode 
family Nf = 1 for the t = 1.9 s in Figs. 1. 
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Heliotron J and TJ-II, 
the plasma is produced 
by ECH and sustained 
by NBI alone. This 
operation is a similar 
way as Heliotron J. 
After the ECH is 
switched off, electron 
density was gradually 
increased from 0.5x1019 
m-3 to 3 x1019 m-3 and 
coherent fluctuations in 
the frequency range of 
fexp = 130 ~ 400 kHz 
were observed in the 
NBI sustained plasma as 
shown in Fig. 4. The 
time evolution of 
observed mode has the 
dependence of 1/(ne)1/2 
shown in white solid line in Fig. 4. In the case of Heliotron J, we successfully identified 
the poloidal mode number of the observed mode by the comparison of phase differences 
between experimental result and ideal one because the observed GAE has a single Fourier 
component. However, phase differences of observed mode between each magnetic probe 
signal consisting of the poloidal array are found to have complex behaviour in the case of 
TJ-II. This might indicate that the observed mode consists of some Fourier components. 
The main poloidal mode number of the observed mode obtained from magnetic probe 
array was estimated by means of several methods in Ref. [8]. 
 

3. Iota scan experiment 

In the section 2, we showed that iota affects the structure of shear Alfvén spectra through the 
experimental and simulation results of Heliotron J and TJ-II. To make more clear the effect of 
iota on AEs, we have performed iota scan experiments in both devices where the iota at 
plasma core is scanned in the range of 0.47 ~ 0.63 in Heliotron J and 1.43 ~ 1.73 in TJ-II. The 
iota scan experiment has been performed shot by shot and the characteristic parameters of 
magnetic configuration such as magnetic axis position and plasma minor radius have been 
kept constant as much as possible in each magnetic configuration. In order to coordinate with 
each experimental condition, we used co-injected NBI only to sustain plasma in both devices. 
The NB current is the main component of plasma current in iota scan experiment. The plasma 
current could affect the MHD equilibrium and is taken into account in the numerical 
calculation of MHD equilibrium reconstruction. Figures 5 (a) and (b) respectively show the 
GAE frequency as a function of iota at plasma core in Heliotron J, obtained from numerical 
simulations and experiments, respectively. We have selected the condition of electron density 
as <ne> ~ 1.5 x 1019 m-3 where the GAEs have been seen clearly in almost all magnetic 
configuration. Experimental results show two trends that the GAE frequencies labelled as A, 
and B and C in Fig. 5(b) respectively decrease and increase with an increase of iota. This is 
the same tendency found in the numerical simulations. In numerical simulations, we found a 
few GAEs consisting of single and same Fourier components whose frequencies are slightly 

Fig.4. Typical time evolution of NBI-heated plasma in TJ-II 
where the energetic-ion-driven MHD instabilities are 
observed. 
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different and whose radial structures are different. The wave number in the radial direction is 
changed in each GAE. On the other hand, a few GAEs were simultaneously observed in each 
magnetic configuration in the experiments. However, the frequency gap between each GAE 
of the highest frequency and lowest frequency is 25 ~ 50 kHz and cannot be explained by 
numerical simulation. The GAE whose frequency lies below 50 kHz is not observed in the 
low iota magnetic configuration e.g. ι/2π = 0.5 ~ 0.57 in the experiments where we found 
GAE with the frequency below 50 kHz in numerical simulations. In our study, we ignore the 
plasma compressibility and cannot take into account the coupling of shear Alfvén wave with 
sound wave. The coupling of shear Alfvén wave and sound wave will induce the formation of 
new frequency gap named as beta-induced AE (BAE) in the low frequency region (e.g. below 
50 kHz) and tend to increase the AE gap frequency formed by shear Alfvén wave. HAEs 
should exist in high frequency region above 500 kHz in our experimental condition of 
Heliotron J. 

 Figures 6 (a) and (b) show the dependence of AE on iota obtained from numerical 
simulation and experiment in TJ-II. We plotted all observed mode frequencies without the 
classification of mode number in Fig. 6 (a) because we cannot correctly identify both toroidal 
and poloidal mode numbers in our study. We found many AEs including TAE, GAE and 
HAE in the frequency gap without the intersection of shear Alfvén spectra, as shown in Fig. 6 
(b). It is clearly seen that GAE frequency corresponding to close (Nf = 1) and open (Nf = 2) 
circle symbols in Fig. 6 (b) has dependence on iota. However, the dependence of HAE 
frequency (square symbol) on iota is not clear because the HAE gap structure is gradually 
changed when we change the magnetic configuration. We also found TAEs with high toroidal 
mode number n in many magnetic configurations. It seems that high-n TAE cannot destabilize 
because eigenfunction tends to localize their gap position and will suffer from strong 
continuum damping of which rate is related to the not only magnetic shear but also toroidal 
mode number. We concluded that observed modes are both GAEs and HAEs although we 
could not explain all experimental results by using numerical simulations. 

 

Fig. 5. Dependence of GAE frequency on iota obtained from (a) numerical simulation 
and (b) experiment in Heliotron J. 



7  EX/5-2 

4. Summary 

For the purpose of clarification of the energetic-ion-driven MHD instabilities in advanced 
helical plasmas with low magnetic shear and low toroidal field period, we have 
experimentally and numerically investigated the energetic-ion-driven MHD instabilities in 
Heliotron J and TJ-II plasmas having the characteristic of magnetic configuration of advanced 
helical plasma. Moreover, we utilized the high flexibility of magnetic configuration in both 
devices to investigate the effect of iota on energetic-ion-driven MHD instabilities. The 
comparison between experimental observations of energetic-ion-driven MHD instabilities and 
shear Alfven spectra in Heliotron J and TJ-II indicates that the observed mode is GAE in 
Heliotron J and the observed modes are thought to be both GAE and HAE in TJ-II. The effect 
of high-n continuum dose not strongly affect the GAE with low-n in both devices. This imply 
the toroidal mode coupling is weak in the case of Np = 4. We conclude that GAE is a key AE 
in low shear magnetic configuration. Additionally, HAE is also a key AE in the high iota 
configuration with low magnetic shear. 
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Fig.6 Dependence of AE frequency on iota obtained from (a) experiment (b) 
numerical simulation. Here the circle, square, diamond symbol respectively indicate 
GAE, HAE and high-n TAE, and closed and open symbol indicate Nf = 1 and 2. 
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