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The behavior of energetic particles (EPs) associated with toroidal Alfvén eigenmode (TAE) activities during
the combined injection of hydrogen and deuterium beams was investigated in the Large Helical Device (LHD).
The enhanced transports of both proton and deuteron with TAE activities were simultaneously observed by a
tangentially viewing and mass and energy resolved neutral particle analyzer (E||B-NPA). At the timing of the TAE
bursts with the mode number n = 1, both proton and deuteron were transported to the outboard and observed with
the similar energies of 137 - 138 keV. At the peak amplitude of the magnetic fluctuations measured by the Mirnov
coils, the mixed frequencies of 64 kHz and 29 kHz were identified, and the observed frequencies did not chirp
down. The observed timings of the transported hydrogen and deuterium were just after the magnetic fluctuations
of 64 kHz and 29 kHz, respectively. By adapting the cross-correlation analysis, the delay times from the magnetic
fluctuation to the detection of EPs by E||B-NPA are estimated to 95 µs and 145 µs for hydrogen and deuterium,
respectively. These delays are considered to be the time of the radial transport, and the time delays depended on
the velocities of the transported EPs.
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1. Introduction
In the research for the magnetic confinement fusion

plasma, the study of the toroidal Alfvén eigenmode (TAE)
[1] is one of the important topic for the future fusion re-
actor. The TAE instability can be caused by the energetic
particles (EPs) generated by fusion reaction and/or by ex-
ternal source of heating/current-drive. The excited TAE
might deteriorate the confinement performance of the EPs
by transport of the resonant EPs, and cause the damage of
the first wall by the lost EPs. In order to understand the be-
havior of the TAE and its interaction with EPs, the particle
behavior caused by TAE has been studied in many exper-
imental devices [2–4]. Also in the Large Helical Device
(LHD), the TAE activities were observed and investigated
in the relatively low magnetic field experiment with the
tangentially injected neutral beams (NBs) [5–8].

In the recent study of the bursting TAE in LHD, the
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transported EPs due to the TAE activities were observed
using a mass and energy resolved E-parallel-B-type neutral
particle analyzer (E||B-NPA) [9,10], and investigated in de-
tail in the experimental condition of using pure hydrogen
for the injection beams and bulk plasma [8]. In the TAE
burst experiment with pure hydrogen, the frequency of the
magnetic fluctuations of the TAE burst with the toroidal
mode number n = 1 were chirping down from 75 kHz to
50 kHz. The observed particle energy which can be consid-
ered to be the energy of the resonant particles was 150 keV
to 90 keV. The relationship of the magnetic fluctuation fre-
quency chirping and the energy slowing down of the ob-
served transported EPs during TAE bursts were well ex-
plained.

On the other hand, in the future fusion reactor, TAE
might be induced by two different EP species, i.e., ener-
getic alpha particles produced by fusion reaction and en-
ergetic deuterons introduced as an external current drive
source. Therefore, it is also important to study the TAE
activities in the condition with existing the different EP
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species. Using the benefit of high energy NB injectors on
LHD, we can simulate the different EP species condition
by simultaneous hydrogen and deuterium NB injection.

2. Experimental Setup
The toroidal cross-section view of LHD and the di-

rections of the NBs are shown in Fig. 1. Three tangential
NBs were used for the bursting TAE experiment. In order
to simulate the condition of the different species of EPs,
NB #1 and NB #2 were used for injecting deuterium NB,
and NB #3 were used for injecting hydrogen NB in the
deuterium plasma. The NBs are also used for the plasma
start-up in the relatively low magnetic field experiments in
LHD [11].

In order to observe the transported EPs due to the
bursting TAE, E||B-NPA were used for observing the trans-
ported hydrogen and deuterium simultaneously. E||B-NPA
measures the EPs which are charge exchanged with the
neutral particles at the outer region. Therefore, the increase
of the EPs flux observed by E||B-NPA at the TAE burst can
be considered to be the transported EPs to the outer region.
E||B-NPA can measure the both hydrogen and deuterium
at a same time with the time resolution of 10 µs. As shown
the line of sight of the E||B-NPA in Fig. 1, E||B-NPA mea-
sures the EPs injected by NB #1 and #3. From the result
of the previous study [8], the transported energetic ions are
considered to be charge exchanged at around ρLOS = 0.98 -
1.02 at the TAE burst. Here, ρLOS is the measurement re-
gion along the line of sight of the E||B-NPA. The length
from the ρLOS to the micro channel plate (MCP) inside the
E||B-NPA is approximately 8.5 m.

Fig. 1 Chematic view of the LHD, the directions of the NBs, and
the line of sight of the E||B-NPA. E||B-NPA can measure
the EPs injected by NB #1 and NB #3.

3. Experimental Results
The TAE activities are successfully produced by the

mixed energetic ion species of hydrogen and deuterium.
Figure 2 shows the time evolutions of the parameters of the
TAE burst experiment. The injection energies and powers
of the NBs are shown in Figs. 2 (a) and (b). The injection
energies of NB #1 and NB #3 are 153 keV and 163 keV,
respectively. When the Alfvén velocity vA is 2,900 km/s
with the magnetic field of B = 0.6 T and the deuteron
density of ni = 1 × 1019 m−3, the beam velocity ratios
are vHbeam/vA = 1.7 and vDbeam/vA = 1.2. The timing of
the TAE activities was at approximately 4.2 - 4.8 s. In the
deuterium experiment, the neutron emission rate S n can be
measured by fission chamber [12] as shown in Fig. 2 (c).
Similar to the time evolutions of the stored energy Wp,
electron temperature Te and density ne, shown in Figs. 2 (d)
and (e), significant difference between with and without
TAE bursts does not be observed also on S n. These results
indicate that a small part of the EPs were transported due to
the TAE. The spatial distributions of the Te and the ne mea-
sured by Thomson scattering are shown in Fig. 3 (a). The
spatial distributions of the electron temperature and den-
sity is similar to the previous TAE burst experiment in the
hydrogen plasma [8]. Figure 3 (b) shows the shear Alfvén

(a)

(b)

(c)

(d)

(e)

Fig. 2 Time evolutions of the (a) injection energies and (b) in-
jection powers of NBs, (c) the stored energy and the
plasma current, (d) the neutron emission rate, (e) the elec-
tron density and the temperature at the magnetic axis.
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Fig. 3 (a) Spatial distributions of Te and ne during the TAE
bursts. (b) The shear Alfvén continua with n = 1 and
n = 2, calculated by STELLGAP code.

Fig. 4 Conditional averaged spectrogram of (a) the magnetic
fluctuation b̃ and (b), (c) the change of EP flux energy
spectra ΔΓ observed by E||B-NPA hydrogen and deu-
terium channels.

spectra with n = 1, calculated by STELLGAP code [13].
The TAE n = 1 mode gap is appeared at around ρ = 0.5 -
0.6 with the frequency of 30 - 50 kHz.

Figure 4 (a) shows the conditional averaged spectro-
gram of the magnetic fluctuation with the peak amplitude
of 60 kHz set to 3.0 ms for the conditional average. As
shown in Fig. 4 (a), during the TAE burst experiment, two

Fig. 5 Spectrograms of the magnetic fluctuations b̃ in the (a) hy-
drogen and deuterium mixed beam experiment and in the
(b) pure hydrogen experiment.

kinds of bursts were observed by Mirnov coils. One is
the n = 1 mode with the mixture of several frequencies,
and the other is the n = 2 mode with the frequency chirp-
ing. This paper focuses on the n = 1 mode because the
n = 1 mode was also observed in the previous study us-
ing the hydrogen NBs and the hydrogen bulk plasma [8].
Figures 4 (b), (c) show the energy spectra of the increase
of EP flux ΔΓ observed by E||B-NPA hydrogen and deu-
terium channels. At the timing of the TAE bursts with
the mode number n = 1, both proton and deuteron were
transported to the outboard and observed with the sim-
ilar energies of 137 - 138 keV. At the peak amplitude of
the magnetic fluctuations, the mixed frequencies of 64 kHz
and 29 kHz were identified, and the observed frequencies
did not chirp down. The observed timings of the trans-
ported hydrogen and deuterium were after the magnetic
fluctuations of 64 kHz and 29 kHz, respectively. How-
ever, by considering the resonance frequency fTAE given
by fTAE = v0 cos θ/(4πqTAER), frequency of 29 kHz is too
low as the resonance frequency with the 137 keV deuteron
by TAE. The reason for these relationships are under dis-
cussion. Here, v0 is the velocity of the resonance parti-
cle, θ is the pitch angle of the resonance particle, qTAE =

(m + 1/2)/n = 3/2, and R is the major radius.
As shown with green dashed circles in the Fig. 5 in

both TAE burst experiment with mixed NB case and pure
hydrogen NB case, the frequency chirping down of the
magnetic fluctuations were observed before the peak am-
plitude of the magnetic fluctuations. The frequencies were
58 kHz to 43 kHz in the mixed NB and deuterium bulk
plasma case, and 76 kHz to 56 kHz in the hydrogen NB
and hydrogen bulk plasma case. Because the Alfvén ve-
locity vA is inversely proportional to the ion mass mi with
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Fig. 6 The cross-correlation function CΔΓb̃ of 137 keV ΔΓD and
b̃ 20 - 30 kHz (red), and the CΔΓb̃ of 138 keV ΔΓH and b̃
59 - 64 kHz (blue).

1/
√

mi, this difference among the frequencies is reason-
able. On the other hand, in the mixed NB case, the main
fluctuation appeared at approximately 30 kHz and 60 kHz,
and the frequencies do not chirp down.

In the mixed NB case, the main bursts are not chirped
down. Therefore, the time delay from the magnetic fluctua-
tions of b̃ to observe the transported EPs can be estimated.
In order to estimate the time delay Δt, cross-correlation
analysis is adapted. The cross-correlation for the observed
transported EP flux ΔΓ and magnetic fluctuation b̃ can be
expressed with the time delay Δt as

CΔΓb̃(Δt) =
∑

t
ΔΓ(t + Δt)b̃(t) − μΔΓμb̃, (1)

where μΔΓ and μb̃ are the average of ΔΓ and b̃. As shown
in Fig. 6, the cross-correlation function of ΔΓD (137 keV)
and b̃ (20 - 30 kHz) is maximized with Δt = 145 µs, and
the cross-correlation function of ΔΓH (138 keV) and b̃ (59 -
64 kHz) is maximized with Δt = 95 µs. These delays can
be considered to be the time of the radial transport after the
resonant with the TAE. Because the delay of the ΔΓ from
b̃ depends on the particle mass, the radial transport is re-
lated to the velocity of the transported EPs. The distances
traveled during the delay time of 145 µs for 137 keV pro-
ton and 95 µs for 138 keV deuteron are approximately 500
meters in both cases.

4. Summary
The behavior of EPs associated with TAE activities is

investigated in detail by a mass and energy resolved E||B-
NPA in LHD. During the combined injection of hydrogen
and deuterium NBs, the enhanced transport of both pro-
ton and deuteron with TAE activities were simultaneously
observed for the first time. Two different mode activities
with the toroidal numbers of n = 1 and n = 2 were ob-
served. Before the peak amplitude of the magnetic fluctu-
ations of n = 1 mode, the frequency chirping down from
58 kHz to 43 kHz was observed without the detection of
EPs by E||B-NPA. This initial burst seems to be similar
to the TAE burst experiment with pure hydrogen case of
76 kHz to 56 kHz. The peak amplitudes of the n = 1 mode
bursts were observed at around 30 kHz and 60 kHz at the
similar timing. During the mode activities, the clear inter-
action of EPs with these modes are observed by the E||B-
NPA both at the hydrogen and the deuterium channels at
the similar energies of 137 - 138 keV, simultaneously. The
transported hydrogen was observed during the magnetic
fluctuation of 60 kHz, and the transported deuterium was
observed during the magnetic fluctuation of 30 kHz. By
the cross-correlation analysis, the delays from the mag-
netic fluctuations b̃ to the detection of the EPs by E||B-NPA
are estimated to be 95 µs and 145 µs, respectively.
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