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Abstract

Experiments to reveal energetic-ion dynamics associated with magnetohydrodynamic (MHD)
activity are ongoing in the large helical device (LHD). Interactions between beam-driven
toroidal Alfvén eigenmodes (TAEs) and energetic ions have been investigated in LHD.
Energetic-ion losses induced by beam-driven bursts TAEs have been observed by using a
scintillator-based lost fast-ion probe (SLIP) in neutral beam-heated high £ plasmas. The loss
flux of co-going beam ions increases as the TAE amplitude increases. In addition to this,
expulsion of beam ions associated with edge localized modes (ELMs) has been also recognized
in LHD. The SLIP has indicated that beam ions having co-going and barely co-going orbits are
affected by ELMs. The relation between ELM amplitude and ELM-induced loss has a dispersed
structure. To understand the energetic-ion loss process, a numerical simulation based on an
orbit-following model, DELTASD that incorporates magnetic fluctuations is performed. The
calculation result shows that energetic ions confined in the interior region are lost due to the
TAE instability with a diffusive process characterizing their loss. For the ELM, energetic ions
existing near the confinement/loss boundary are lost through a convective process. We found
that the ELM-induced loss flux measured by SLIP changes with ELM phase. This relation
between the ELM amplitude and measured ELM-induced loss results in a more dispersed loss

structure.
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1. Introduction

To realize a self-sustained D-T burning plasma, fusion-born energetic alpha particles
(a’s) should be confined long enough to heat the bulk plasma [1]. In addition to this, loss of a’s
should be controlled since the localized loss might damage plasma facing components. Better
understanding of the transport and loss of these energetic ions is therefore essentially required to
realize a nuclear fusion reactor. The principal concern is that D-T produced a’s and
super-Alfvénic ions such as beam ions destabilize energetic-ion-driven magnetohydrodynamic
(MHD) instabilities such as Alfvén eigenmodes (AEs) [2] because those instabilities can
potentially cause losses of energetic ions through wave-particle resonance. Recently, the effect
of MHD mode non-resonant interactions with energetic ions such as edge localized mode
(ELM) [3] is also of great concern since the transport of energetic ion may be affected through
not only wave-particle resonance but also stochastization of energetic-ion orbits [4].

Energetic-ion losses due to MHD instabilities have been studied intensively in mid to
large-sized tokamaks [1]. Previously, detailed loss processes of energetic ions due to AEs were
studied in TFTR [5]. In those experiments, due to global AE, decreases of neutron emission rate,
and at the same time, increase of beam-ion losses were observed [6]. On the other hand,
energetic-ion losses induced by MHD activity that is non-resonant with the energetic ions, such
as sawteeth or tearing mode, were studied [7, 8]. Recently, ELM-induced beam-ion losses have
been measured in ASDEX-U, DIII-D, and KSTAR [9, 10]. These experiments reported that the
amplitude of energetic-ion loss increases towards the ELM crash while the density fluctuation
amplitude due to the ELM does not. So, the loss process of energetic ions due to the ELM is still
not clear yet.

It is also important for helical/stellarator plasmas understand the loss process of
energetic ions caused by MHD activities. It is not only for finding a way to realize a
helical/stellarator reactor but also to obtain a deeper understanding of the energetic-ion loss due
to MHD activity in toroidal devices. AE-induced energetic-ion loss has been studied in the
compact helical system (CHS) [11], Wendelstein 7-AS [12] and the large helical device (LHD)
[13]. Previously, in CHS, they reported that the energetic-ion flux would be dependent on the
mode structure and mode amplitude levels [11]. Observation of energetic-ion losses induced by
the resistive interchange mode, which was non-resonant with the energetic ions was reported in
LHD [13]. It was shown that the energetic ions would be lost through a convective process.

Recently, measurement of ELM structure and study on the characteristics of ELMs has been
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performed in LHD [14, 15]. However the effect of ELMs on energetic-ion loss in
three-dimensional magnetic field is not clear yet. In tokamaks, externally-applied
three-dimensional magnetic fields are intensively used to mitigate ELMs [16-19].
Understanding the fast-ion loss process due to ELM in the LHD will contribute the
understanding of ELM-induced fast-ion loss in tokamak plasmas with externally-applied
three-dimensional magnetic fields. In this paper, we present results on the characteristics of
energetic-ion losses due to both TAE and ELM instabilities. Comparison between the TAE and

ELM induced losses gives us a deeper understanding of the energetic-ion loss process.

2. Experimental setups

LHD is classified into heliotron device. It is the world-largest heliotron device; its major
radius and an average minor radius (a) are 3.90 m and 0.6 m, respectively. The direction of
toroidal magnetic field is changeable due to change of external helical coil current. In
experiments described in this paper, the toroidal magnetic field (B¢) is in the counterclockwise
direction, looking down from the top view. Three negative-source based neutral beam injectors
(NB1 to NB3) and two diagnostic neutral beam injectors (PNB) are equipped with LHD. In this
experiment, NB1 produces super Alfvénic beams injected in the co-direction. NB1 injects
hydrogen beams with injection energy of 180 keV. We use a scintillator-based lost-fast ion
probe (SLIP) to measure the lost-fast ions in this experiment. Figure 2 a) shows the model of
head section of SLIP. This instrument is essentially a magnetic spectrometer based on the LHD
magnetic field, and consists of a pair of apertures and a scintillator plate. We use 4x4
photomultipliers (PMTs) to measure the time evolution of scintillation light due to the
bombardment of energetic ions with fine time resolution (up to 5 ps). The detailed structure and
function of the SLIP are described in Refs. 20 and 21. Figure 2 shows the sight lines of fast-time
response Ho array (FHA). We used channel one of FHA to measure ELM. The poloidal
magnetic fluctuation amplitude of the TAE (borar) or ELM (beerm) is measured by a Mirnov
coil (MP) placed on the vacuum vessel. The toroidal mode number (n) and poloidal mode
number (m) of the MHD modes are identified using signals from the Mirnov coil arrays. The
electron temperature (7.) and the electron density (n.) profiles are provided by Thomson
scattering diagnostics [22]. The line-averaged density (<n.>) is measured with a multi-channel

far-infrared laser interferometer [23].

3. Experimental results
Study on TAE and ELM induced loss is performed in NB-heated LHD plasmas. Figure

3 shows the time evolution of absorbed power of NB (Pngabs), €lectron temperature at the center
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(Te0), <ne>, volume-averaged beta value <> and frequency spectrogram of MP signal of a
typical discharge in which TAEs and ELMs co-exist. The magnetic configuration are B=0.9T,
Rax=3. 90 m and y=1. 2. In this discharge, plasma is start up and sustained by NB1. The beams
injected by NB1 are super Alfvénic (the ratio of the initial energetic-ion velocity to the Alfvén
speed is ~1.5). Note that PNB having an injection energy of 40 keV is perpendicularly injected
for diagnostics. In this experiment, typical value of T, <ne> and <> are 0.6 keV, ~2.0x10"m™
and ~0.5 %, respectively. MP signal analysis shows that strongly-excited TAE having 20~40
kHz is existing at t~4.0 s to 4.7 s (Fig.3). The toroidal and poloidal mode numbers are n=1 and
m=1+2, respectively. The amplitude of the mode at the MP position is ~2.0x10° T at =4.2 s.
Figure 4a shows the time evolution of the magnetic fluctuations in the TAE range of frequency
measured by MP and the signal of lost-fast ion (/f.stion) having the energies (E) in the range of
40-160 keV and y in the range of 20-30 degrees. Note that increases in loss flux due to TAE
bursts are clearly observed only in this £ and y ranges. The increment of loss flux (A/fastion) as a
function of berae/Bt is shown in Fig. 4 b. It shows that A/t ion increases with TAE amplitude as
expected.

Also low-frequency fluctuations less than 20 kHz are seen in Fig. 3. The Mirnov array
reveals that this mode has a structure of m/n=1/1. The lower frequency mode is identified as an
ELM. Such instabilities are observed an LHD plasma having a steep pressure gradient [14].
Unlike tokamaks, the elms are the result of non-linear growth of the resistive interchange mode
[15]. The fluctuation amplitude of the ELM at MP position is 2x10* T. Time evolution of
magnetic fluctuations in the ELM frequency range measured by MP, Ha signal, and 7Fast ion
having the £ of 160-180 keV and y of 40-50 degrees are shown in Fig 5 a. Due to the ELM
burst, increases of Ho and lost-fast ion signal are seen. We choose this /s ion because large
increases of fast-ion loss are seen in this range of £ and y. Note that the increases of loss due to
ELM are seen on all £ and y ranges can be measured by SLIP. The A/%stion as a function of
beLm/Bt is shown in Fig. 5 b. Plots of energetic-ion loss as a function of ELM amplitude indicate

a dispersed structure.

4. Setups for orbit following models

To understand the TAE or ELM induced loss, orbit following simulation including TAE
or ELM fluctuation is performed. DELTASD code [24] is used to follow the fast ion orbit inside
the LCFS based on equilibrium reconstructed by VMEC2000 code [25] including time and
frequency varying magnetic fluctuation (detail of fluctuations is described in next paragraph).
Birth profile of beam ions are calculated by the HFREYA code [26] (Fig. 6 a). We use the
Lorentz orbit code to follow the fast-ion orbit outside the LCFS because DELTASD calculate
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the orbit by means of equilibrium reconstructed by VMEC2000 code which reconstructs the
equilibrium inside the LCFS.

In DELTASD, the magnetic fluctuation is modeled as b= Vx(aB). Here, « represents a
general function of the position, frequency, and amplitude of the magnetic fluctuation.
According to the magnetic fluctuation amplitude measured by an MP, the amplitude of « is
obtained [27, 28]. In the TAE case, the shear Alfvén continuum is calculated by the STELGAP
code [29] (Fig. 6 b). The radial structure of « is obtained from the eigenfunction of a stable
TAE mode calculated by AE3D model [30], as shown in Fig. 6 c. The TAEs have a mode
structure of m/n=1+2/1 and have a peak at /a~0.6. Note that the profile of 7. fluctuations due to
the TAE (evaluated from AE3D) eigenfunction agrees well with that measured in previous
experiments [13]. The frequency of « and frequency down-chirping rate are set to be 20 kHz
and 20 kHz/ms, respectively as seen in the experimentally observed TAE burst. Figure 6 d
shows the radial structure of « for an ELM. It is given based on effective region of ELM
measured by TSD (Fig. 6 e and f). The ELM has a mode structure of m=1 and n=1 and is

characterized by a relatively narrow radial profile.

5. Result of orbit calculation

Figure 7 shows the increment of energy-ion loss as a function of TAE amplitude from
the calculation. It shows that A/ ion increases quadratically with brag/Bt; the tendency agrees
with experimental results. The quadratic dependence shows that energetic ions in interior region
are lost from the plasma with a diffusive process [28, 31]. The increment of energetic-ion loss
as a function of ELM amplitude is shown in Fig. 8. Energetic-ion loss increases almost linearly
with beam/but when we fix an initial phase of ELM. This tendency shows that energetic ions
near the confinement/loss boundary are mainly lost through a convective process [28, 31]. We
found that ELM-induced energetic-ion loss depends on the mode phase of the ELM. In
experiments, the ELM could take on any initial phases; therefore, this is roughly consistent with
the dispersed structure observed experimentally. However, the phase effect shown in Fig. 9
seems to be small compared with the observed scattering of the data shown in Fig. 8. Large
magnetic fluctuations related to ELMs may modify the MHD equilibrium structure near the
edge appreciably. Such an effect might be an additional candidate to get a better agreement
between experimental and calculated results.

Let us discuss the reason why an ELM phase affects the energetic-ion loss. Figure 9
shows the exit point of energetic ion on the LCFS due to the TAE and ELM as a function of
poloidal angle. It shows that in ELM case, the poloidal distribution of energetic ion is largely

changed due to the initial phase of the mode compared with TAE case. In this experiment, the
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frequency of the ELM is much lower than the orbital frequency of the energetic ions. Then loss
points of energetic ions can be largely changed toroidally or poloidally due to ELM phases
because the shape of fluctuation does not change during the toroidal or poloidal transit time of
the fast ions. In Fig. 9, the detectable region of the SLIP on the LCFS is overlaid. Because of the
choice y = 1.20, the SLIP only can cover from -180 degrees to -60 degrees and 60 degrees to
180 degrees in poloidal angle on the LCFS. Due to this fact, the energetic-ion loss depends on
the phase of the ELM fluctuations.

6. Summary

To understand the loss processes of energetic ion caused by MHD activities that are
both resonant and non-resonant with energetic ion orbits, energetic-ion losses are measured with
a SLIP on a discharge in which TAEs and ELMs co-exist. The £ and y resolved measurements
of energetic ion losses indicate that TAE induces co-going energetic ion losses whereas the
ELM induces a loss of energetic ions having co-going and barely co-going orbits. In the TAE
case, the energetic-ion loss flux increases with an increase of the magnetic fluctuation amplitude.
On the other hand, in the ELM case, a plot of the loss flux of energetic ions as a function of
magnetic fluctuation amplitude has a more dispersed structure. To understand the difference
between TAE-induced energetic-ion loss and ELM-induced energetic ion loss, orbit following
simulations including magnetic fluctuations is performed. In this calculation, a radial profile of
a TAE mode is given based on the stable eigenfunction whereas a radial profile of an ELM is
constructed based on experimental observation. The result shows that the TAE-induced loss
increases quadratically with the magnetic fluctuation amplitude of the TAE. This qualitatively
agrees with experimental results. The dependence of ELM-induced energetic-ion losses as a
function of the ELM amplitude used in the calculation shows that it has a linear dependence.
We found that the effect of the ELM phase on the energetic-ion loss gives the dependence of the
loss vs. the amplitude a more dispersed structure, because the initial phase of an ELM changes

poloidal distribution of fast-ion loss.
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Fig. 1 Toroidal magnetic field direction can be changed by changing of helical coil current
direction. Three tangential NBs (NB1, NB2 and NB3) and two perpendicular NBs (PNB) are
equipped with LHD. Injection energy of NB1 to NB3 and PNBs are 180 keV and 40 keV,
respectively. Fast-time-response Ha detector array (FHA) and scintillator-based lost-fast ion

probe (SLIP) are installed outboard side of the torus.
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Fig. 2 a) Model of head section of scintillator-based lost-fast ion probe (SLIP). It can
discriminate the energy of fast ions entering through the double aperture. b) Sight lines of

fast-time-response Ha detector array (FHA). We use channel one in this paper.
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Fig. 3 Time trace of absorbed power of neutral beam injection (Pngabs) of NB1 and diagnostic
beams, line averaged density, volume averaged beta and power spectrogram of Mirnov signal

on typical discharge with TAEs and ELMs.
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Fig. 4 a) Typical time traces of magnetic fluctuation of a TAE range of frequency and signal of
lost-fast ion (brag). b) Increment of fast-ion loss as a function of TAE amplitude measured at
magnetic probe position normalized by toroidal magnetic field strength. Increment of fast-ion

loss increase with TAE amplitude.
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Fig. 5 a) Typical time traces of magnetic fluctuation of ELM range of frequency, Ha signal, and
signal of lost-fast ion. b) Increment of Ha signal as a function of ELM amplitude measured at
magnetic probe position (brm) normalized by toroidal magnetic field strength. There are no
clear dependence. ¢) Increment of fast-ion loss as a function of brm/Bt. It has a dispersed

structure.

10



1Y
—
(=3
—

250 . ; ’ ; 250 : : :
200} 4 2001 %

100 1

-

[T}

=]
T

-

(=]

=]
T

Frequency [kHz]

Number of fast ions

[3,]
=
T

S0

=]

[
-]

0.2 0.4 0.6 0.8 1.0
Ha

¢ [au]
¢la.wul]

1.0

o _ ] v
E sl @ Foter, o oF o] _
@ 5 iy 2
o 33 @ : 2 R [=]
= o7 A = 0.6 % o L
& 2+ © #111514 . 5 oo ©
0.4F b
O t=4533s O
1k + =4.566s + 0_25 (% & o 4
[} 1 1 1 1 0.0l 1 1 e O
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
LE] rla

Fig. 6 a) Birth profile of beam ions calculated by HFREYA code. b) Shear Alfvén spectra
calculated by the STELGAP code at +=4.0 s. c¢) Eigenfunction of TAE as a function of
normalized minor radius. The profile is calculated using AE3D code. d) Eigenfunction of ELM
as a function of normalized minor radius. The profile is given according to experimental
observation. e) Electron density profile measured by TSD before (=4.533 s) and after the ELM
(+=4.566 s). Here, negative r/a means the inboard side of a plasma whereas positive »/a means
outboard side of the plasma. f) Radial profile of decrement of electron density due to an ELM

burst. We refer this profile as a radial ELM profile in calculation.
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Fig. 7 Increment of fast-ion loss as a function of TAE amplitude at the magnetic probe position

from the calculation. The incremental loss of fast-ions increases quadratically with the TAE
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Fig. 8 Increment of energetic-ion loss as a function of ELM amplitude at the magnetic probe
position from the calculation. The incremental loss of energetic-ions increases almost linearly

with ELM amplitude in each case. Energetic ion loss is dependent on the initial phase of ELM.
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Fig. 9 histograms of the poloidal distribution of exit points of fast ions on the LCFS due to a)
TAE or b) ELM together with the detectable region of SLIP.
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