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Observation of Helicity-Induced Alfvén Eigenmodes in Large-Helical-Device Plasmas Heated
by Neutral-Beam Injection
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The helicity-induced Alfvén eigenmodes (HAEs) with the toroidal mode number n = 2 and 3 are
observed for the first time in the Large Helical Device plasmas heated by neutral beam injection. The
observed mode frequency is about 8 times higher than that of the observed toroidicity-induced Alfvén
eigenmodes, and is proportional to the Alfvén velocity. The modes are excited when the ratio of the
beam velocity to the Alfvén velocity exceeds about unity. The frequency lies just above the lower bound
of the HAE gap in the plasma edge region of p > 0.7 (p: normalized minor radius).
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In a deuterium-tritium (D-T) fusion reactor such as the
International Thermonuclear Experimental Reactor, the
Alfvén eigenmodes (AEs) destabilized by the alpha par-
ticles may quench the fusion burn and damage the first
wall of a reactor because of significant loss of alpha
particles from the confinement region before the thermal-
ization. Therefore, the AEs are extensively being studied
from various aspects in many tokamaks and helical
devices using the energetic ions produced by neutral-
beam injection (NBI), ion cyclotron resonance heating,
and D-T reaction [1]. Moreover, the AEs would give
important information about MHD spectra [2], and
have a connection with a direct energy channeling of
alpha particles to the bulk plasma [3]. For these reasons,
AEs are of great importance in basic plasma physics as
well as nuclear fusion research.

One of the most important AEs is toroidicity-induced
Alfvén eigenmodes (TAEs) [4], which are generally the
most unstable AEs in a tokamak plasma. The TAEs exist
in the lowest shear Alfvén spectrum gaps formed by
poloidal mode coupling between m and m + 1 Fourier
modes due to the toroidal effect. The other spectrum
gaps can be generated by higher order nonuniformity
in the poloidal direction on the magnetic surface such
as the ellipticity and noncircular triangularity [5].
They are ellipticity-induced AEs (EAEs) and noncircular
triangularity-induced AEs (NAEs). These AEs are ob-
served in many tokamaks [1]. In particular, TAEs do
enhance energetic ion transport [1]. Moreover, TAEs are
also detected in three-dimensional (3D) plasmas with the
finite magnetic shear of the Compact Helical System
(CHS) [6,7] and the Large Helical Device (LHD) [7,8].
In these cases, the TAE gap structure can be analyzed by
the two-dimensional (2D) configuration where the poloi-
dal mode coupling is essential. In the three-dimensional
configuration where the magnetic field strength varies in
both poloidal and toroidal directions on each magnetic
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surface, the toroidal mode coupling as well as poloidal
mode coupling plays an important role in generating a
new shear Alfvén spectrum gap. The helicity-induced
Alfvén eigenmodes (HAEs) [9-11] can be excited inside
the new gap generated by helical field components of the
confinement magnetic field.

For a general description of AEs, we introduce a model
confinement magnetic field with the field period number
N, of which strength is expressed as

B=Boh,  h=1+ &g () cos(ubd — vN,¢),
%%

(D

where ¢, 6, and ¢ are the toroidal magnetic flux, the
poloidal and toroidal angles, and u and v are integers.
The AE gap in this field is given by the following
equation:

XEV)(L) =|N,v — Ml’*';ﬁ‘ 2)
Here, v, = B,/(uop,,)"/? is the Alfvén velocity, B,
the magnetic field, p,, the ion mass density, and R the
plasma major radius. The rotational transform ¢, is ob-
tained from the intersection point of two Alfvén con-
tinua related to cos(uf — vN,¢) and cos[(m + u)f —
(n + vN,)¢] Fourier modes; that is,

L*=2n—i-1/N[J

2m+ u ®)

Moreover, the resonant condition for HAE is expressed as
_ 20, -1
wfon > (17522 @
PV Ml

where v,,| is energetic ion velocity.
In these equations, TAE, EAE, and NAE, respectively,
correspond to the case of (w = 1, » = 0), (u =2, v = 0),
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and (u = 3, v = 0), and are related to the variation of the
field strength as cosé, cos26, and cos36. The HAE for the
case of u =2 and v =1 is related to the variation of
the field strength as cos(26 — N, ¢). As seen from Eq. (2),
HAE with u = 2 and » = 1 has higher frequency by a
factor of about N,/t, compared with the TAE gap fre-
quency. In LHD, which is a heliotron- or torsatron-type
device with N, = 10 [12], the HAE gap frequency is
considerably higher than the TAE frequency. The spec-
trum gap is fairly large because the gap width is pro-
portional to the HAE gap frequency. It should be noted
that HAE may be crucial for an advanced stellarator
with small N, such as the Wendelstein 7-X (W7-X)
with N, = 5 [13], National Compact Stellarator Experi-
ment (NCSX) with N, = 3 [14], and Quasiaxisymmetric
CHS (CHS-QA) with N, = 2 [15], because the HAE gap
frequency in these configurations becomes comparable or
less than the TAE gap frequency [11]. The linear growth
rate of AE vy, is typically expressed as

W, 1
w, 2
when the energetic ion has a slowing-down energy dis-
tribution, where (B,), w.;, w,, and F(vy/v,) are the
averaged beta value of energetic ions, diamagnetic drift
frequency of energetic ions, mode frequency of AE, and
the fraction of resonant particles, respectively. As seen
from Eq. (5), AEs become unstable when the condition of
w, <2w,; is satisfied. The lower the mode frequency w,,
the larger the growth rate becomes. Therefore, AEs with
lower frequency are thought to be more dangerous.

The LHD [12] is the [ = 2 heliotron- or torsatron-type
device with N, = 10, of which typical major and aver-
aged minor radii are R ~ 3.6 m and {a) ~ 0.6 m, respec-
tively. In LHD, the magnetic axis position R,, defined in
the vacuum magnetic field, net plasma current, and the
averaged plasma beta considerably modify the shear
Alfvén spectrum due to the change of the rotational
transform profile. The rotational transform in a low beta
plasma decreases toward the plasma edge in contrast with
a standard tokamak configuration. The shear Alfvén
spectrum in LHD exhibits different characters for those
in tokamaks.

MHD fluctuations are measured by magnetic probe
arrays that have frequency response up to 600 kHz. The
toroidal mode number # and poloidal mode number m are
determined by a toroidal array of six probes and a helical
array of 12 probes, which are arranged inside the vacuum
vessel along the helical coil of LHD. The toroidal and
poloidal mode numbers are successfully determined in
the range of |n| =5 and |m| = 7 by using these probe
arrays. The magnetic probe signals are acquired with
500 kHz sampling rate in most cases, and are filtered
with a low pass filter of 250 kHz cutoff frequency to avoid
an alias effect.

The MHD instabilities with » = 2 and 3, of which
frequencies are about 8 times higher than that of the
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observed TAE, are newly observed in NBI-heated plas-
mas of LHD at low magnetic field (B, < 0.7 T). A typical
discharge where the high frequency mode with n = 2 is
observed is shown in Fig. 1. In this shot, hydrogen beams
with the energy of Eng; ~ 150 keV and the power of
Pnpr ~ 3 MW are tangentially coinjected and counter-
injected into a hydrogen plasma in the configuration of
R, =3.6m at B, = 0.5 T. Bursting n = 2 TAEs with
m ~ 3 and n = 0 global Alfvén eigenmodes (GAEs) are
excited when a plasma is successfully produced by NBI
alone. The energetic ion transport is appreciably affected
by the bursting TAEs with large amplitude. In this phase,
the velocity of beam ion exceeds the Alfvén velocity, and
the excitation conditions for TAE and GAE are already
satisfied. The high frequency mode with n = 2, of which
frequency is in the range of 180 < f., <230 kHz, is
excited after t ~ 1 s. The high frequency mode propa-
gates in the diamagnetic drift direction of energetic ions.
The magnetic fluctuation amplitude of the high frequency
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FIG. 1. (a) Time evolution of the magnetic fluctuations in an

NBI-heated hydrogen plasma at low magnetic field B, = 0.5 T
in R,, = 3.6 m configuration where the high frequency mode
with n = 2 is destabilized by energetic ions, (b) bandpass
filtered (180 < f <230 kHz) magnetic fluctuation including
high frequency modes, (c) bandpass filtered (25 < f <
50 kHz) magnetic fluctuation including TAEs. (d) Time evolu-
tion of the plasma stored energy W, and absorbed NBI power
Pyg1, where Pygp ~ 3.8 MW. (e) Time evolution of the line
averaged electron density (n,) and electron temperature at the
plasma center 7,(0), and (f) the ratio of v, /v, and averaged
beam beta (B,) estimated on the assumption of classical
slowing down.
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mode is on the order of by/B, ~ 10~ at the probe posi-
tion, which is 2 orders of magnitude smaller than that of
TAE:s. It should be noted that the high frequency modes
are interrupted by the bursting TAEs shown in Figs. 1(b)
and 1(c).

The frequencies of high frequency modes with n = 2
and 3 are proportional to the Alfvén velocity as shown in
Fig. 2, so that the high frequency mode is not be a beam
mode such as energetic particle mode, of which frequency
is determined by energetic ion velocity. The frequency of
high frequency modes with n = 3, which are observed in
a few shots, is by about 20% higher than that of high
frequency modes with n = 2. Note that the Doppler shift
for these n = 2 and n = 3 modes can be neglected be-
cause of very low toroidal plasma rotation.

In order to identify these observed modes, we compare
the observed frequency at t = 1.4 s in the plasma shown
in Fig. 1 with the shear Alfvén spectrum calculated for
three-dimensional magnetic configuration, where poloi-
dal and toroidal mode coupling are taken into account.
The number of mode family is given by 1 + (N, /2) [16],
so that six mode families for LHD of N, = 10 should be
taken into account in the calculation of the shear Alfvén
spectra. A family of modes with toroidal mode number n’
satisfying the relation n' + n = kN, (k=...,=2,—1,
0,1,2,...) can couple with the mode having the toroidal
mode number n [17]. In LHD, for instance, the N, = 2
mode family which can couple with n = 2 mode is com-
posed by Fourier modes with n’ = *2, =8, +12, =18,
etc. Thus calculated spectra are shown in Fig. 3. The gap
structures are produced through poloidal and toroidal
mode coupling for all Fourier modes with different to-
roidal mode number in the same mode family, where 919
Fourier modes with n = 2-52 are taken into account. In
the calculation of this shear Alfvén spectrum, the plasma
equilibrium is calculated by the VMEC code using
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FIG. 2. Dependence of the observed frequency of high fre-
quency modes with n =2 and 3 on the Alfvén velocity (v,)
estimated using the line averaged density (n,).
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Thomson scattering and far-infrared—interferometer
data. The pressure profile of energetic ions Py (p) is
assumed to be Py (p) = P, (0)(1 — p®)%. The Shafranov
shift of the plasma equilibrium calculated including
Py (p) is consistent with the experimental data obtained
from Thomson scattering and soft x-ray array data. The
lowest spectrum gap is TAE gap having the good align-
ment from the plasma core towards the edge because of
large Shafranov shift and the reduced magnetic shear in
such high beta case of (Byu) ~ 1.5% ({Bpux): averaged
toroidal beta of the bulk plasma). The HAE gap at the
plasma center is in the higher frequency range of 350 to
600 kHz, and in the range of ~100 to ~700 kHz in the
edge region. The continua with high-n mode (n = 52)
remain inside the HAE gap because only a finite number
of Fourier modes are taken into account. Moreover, new
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FIG. 3. (a) Calculated shear Alfvén spectra at t = 1.4 s of the

plasma shown in Fig. 1, where 919 Fourier modes n =
2,8,...,48,52 are taken into account. The profiles of electron
density and rotational transform in the lower trace are em-
ployed for the calculation. (b) Expanded view of Fig. 3(a). The
solid lines in Figs. 3(a) and 3(b) indicate the observed frequen-
cies (fexp = 203 kHz).
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FIG. 4. Data points of the observed HAEs with n = 2 and 3
plotted on the parameter space defined by the ratio of vy /va
and the beam beta (8,). The gray hatched region indicates the
range scanned experimentally in the plasma condition of B, <
0.7 T and R,, = 3.6 m.

continua inside HAE gap are generated by the lack of
helical symmetry of helical field components and are
thought to be related to discrete modes. The gray solid
line in Fig. 3 indicates the measured frequency of the high
frequency mode. The frequency lies in the HAE gap in the
plasma edge (p > 0.7) and intersects with the lower
bound of HAE more inside the region. Moreover, the
frequency intersects with above-mentioned continua in-
side the HAE gap in the edge region. The profile of
energetic ion pressure is thought to be fairly broad be-
cause the Larmor radius of passing energetic ions reaches
up to 10% of plasma minor radius. Therefore, the gradient
of energetic ion pressure has a peak near the plasma edge
and energetic ion drive of the mode may be significantly
large enough to overcome the continuum damping in the
edge region. It is speculated that the observed high fre-
quency modes are related to the HAE localized in the
edge gap region. This seems to be consistent with the
fact that the HAE fluctuations are interrupted by m ~
3/n = 2 bursting TAE excited in the edge region around
p ~0.7.

The excitation condition of AEs would depend on the
average beam beta (B,) and the resonance condition
between energetic ions and Alfvén waves expressed by
Eq. (4). The (B, is estimated as (B;) = 7 Bour)/7e
on the assumption of the classical energy slowing
down, where 7, and 7 are, respectively, the classical en-
ergy slowing-down time and global energy confinement
time. In this estimation, energetic ion loss such as orbit
loss, charge exchange loss, and MHD instability-induced
losses are ignored. Therefore, (By) is the upper bound of
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an actual value. The excitation condition of n = 2 HAEs
is investigated on the parameter space shown in Fig. 4.
The n = 2 HAE: are destabilized in the range of (B,) =
1% and 1.5 =< v;,/v, = 2.4. This range of v, /v, is
consistent with the fundamental excitation of HAE with
n=2and4<m<13 (1.4 > ¢, > 0.5).

In summary, the n = 2 and 3 high frequency modes,
of which frequencies are about 8 times higher than that
of the observed TAEs with m ~ 3/n = 2, are observed
in NBI-heated LHD plasmas in the condition of R, =
3.6 m and B, = 0.7 T. The frequencies of the high fre-
quency modes are proportional to the Alfvén velocity.
The magnetic fluctuations propagate in the diamagnetic
direction of energetic ions. The comparison between
the observed frequencies and shear Alfvén spectra cal-
culated including the poloidal and toroidal mode cou-
plings indicates that the high frequency modes exist
inside the HAE gap near the plasma edge. In conclu-
sion, the observed high frequency modes are related
to the HAE localized near the edge and are destabilized
via fundamental excitation. Detailed investigation of in-
ternal structure of these modes is left as an important
future work.
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