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A tangential Fast-Ion D Alpha (FIDA) diagnostic is applied to the Large Helical Device (LHD) in order to
observe energetic distribution of toroidal circulating energetic particles which are produced by tangential Negative
Neutral Beams (NNB). A perpendicular Positive NB (PNB) is used as the diagnostic probe beam of the tangential-
FIDA diagnostic in this observation geometry. In order to assess the appropriateness of the tangential-FIDA
diagnostic, the experimental result was compared with a Silicon-diode-based Fast Neutral Analyzer (Si-FNA)
which was installed on the same line of sight. As a result of the comparison, the tangential-FIDA and the Si-FNA
experimental data obtained good linearity in the energy region from 60keV to 180keV. In addition, an enhanced
FIDASIM was applied for analyzing the FIDA on the three-dimensional magnetic configuration fusion device.
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1. Introduction

A magnetic confinement fusion reactor requires the
combustion maintenance of plasma due to energetic alpha
particles produced by fusion reaction. Therefore, it is im-
portant to understand the behavior of energetic particles
in the magnetic confinement fusion device. To investigate
the behavior of energetic particles which were produced
by tangentially injected Negative Neutral Beams (NNB)
(< 200keV), a Fast-Ion D Alpha (FIDA) diagnostic system
was installed on the Large Helical Device (LHD) [1, 2].
In LHD, we have conducted only hydrogen experimental
campaigns for several years. The LHD deuterium experi-
mental campaign started in 2017.

In the FIDA diagnostic, the Doppler-shifted H alpha
and D alpha lights from fast neutrals are utilized as signals
of energetic particles, where these fast neutrals are pro-
duced by the charge exchange process between fast ions
in plasmas and injected NBs [3, 4]. The advantages of
this charge exchange spectroscopy based fast-ion diagnos-
tic are the locality of the measurement on its line of sight
(LOS) and the ease in utilizing the spatial measurements.
The interactions between co-going fast ions and Alfvén
eigenmode (AE) are reported on the LHD [5]. It is impor-
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tant to evaluate the spatial profile of a fast ion having its
kinetic energies largely parallel to the magnetic field lines
since the spatial profile of parallel fast-ion component is
strongly related to the Alfvénic phenomena. Moreover, it
is recognized that the transport of parallel fast ions might
suffer more seriously from the influences of turbulences in
plasmas than that of perpendicular fast ions.

In this paper, we obtained the data during the hy-
drogen campaign. On the LHD, we have installed the
tangential-FIDA diagnostic for tangential viewing geom-
etry to investigate the confinement property of parallel fast
ions. The major challenge of the tangential-FIDA diag-
nostic on the LHD is the small reaction rate of the charge
exchange process for passing fast ions since these fast ions
are produced by negative hydrogen-ion based high energy
NBs. Another challenge is developing the simulation pro-
gram of the FIDA diagnostic for the LHD, such as a three-
dimensional magnetic configuration fusion device.

2. Measurement Methods

Figure 1 shows the schematic toroidal cross-section
view of the LHD and the geometrical arrangement of the
tangential-FIDA diagnostic and the Si-FNA diagnostic on
the LHD. The LOSs are horizontally aligned and the radial
distributions of Doppler-shifted H alpha and D alpha emit-
ted from parallel energetic particles can be measured in this
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Fig. 1 The schematic toroidal cross-section view of the LHD
and the geometrical arrangement of the tangential-FIDA
diagnostic and the Si-FNA diagnostic on the LHD.

arrangement. The tangential NB #1 (co-NNB) and the NB
#2 (counter-NNB) are used as the main sources of ener-
getic particles in this experiment. The other tangential NB
#3 (co-NNB) and the NB #4 (perp-PNB) can be used as di-
agnostic probe beams for sources of active neutral particles
of the FIDA measurement. However, in this paper, we only
use the NB #4 as the diagnostic probe beam for the mea-
surement of passing energetic particles, because the NB #3
renders the measurement complicated. The measurement
region is located in horizontally elongated poloidal cross
section and covers from the magnetic axis to the inboard
edge of the LHD plasmas. This corresponds to the ma-
jor radius R ~2.8 m to ~3.9m. The NB #4 is required to
be modulated for separating the FIDA component from the
contribution of the neutral in the peripheral region or the
other unnecessary components caused by the injected NB.
The Doppler-shifted H alpha and D alpha lights are col-
lected and transferred by the bundled 50 channels optical
?bers which are 400 um in diameter to the spectrometer.
The FLP-200 spectrometer is designed and produced by
BUNKOKEIKI Co., Ltd. The spectrometer has a grating
number of 1200/mm, focal length of 200 mm, and the F =
2.8. A notch filter is placed in the optics to eliminate the
cold component of the H alpha emission. Finally, the col-
lected lights are recorded by the iXon 897 manufactured
by ANDOR. The exposure time of the measurement is set
to 10 us, while the sampling interval is set to 5 ms.

3. Typical Observation of the
Tangential-FIDA

Figure 2 shows the typical discharge waveforms for
the tangential-FIDA measurement. The measurement was
performed by the injected NB #4 ~ 39 keV while the plas-
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Fig. 2 The waveforms of typical discharge for observation of the
FIDA measurement.

mas are sustained by the NB #1 ~185keV and the NB
#2 ~ 172 keV. In this observation geometry, H alpha light
shifts to the red side due to the NB #1, while H alpha
light shifts to the blue side due to the NB #2. In this
discharge, the typical magnetic configuration in the LHD
(Rax = 3.6m, y = 1.254) is used and the field strength
is set at 2.75T. The plasma was the pure hydrogen dis-
charge. As mentioned above, the NB #4 is required to be
modulated for separating the tangential-FIDA component.
However, because it is not preferable to change the plasma
condition during the measurement, the NB #4 and the NB
#5 are injected in alternation. This means that the NB #5 is
turned off while the NB #4 is turned on. We must remove
the background signal from the tangential-FIDA measure-
ment.

Figure 3 shows the observed tangential-FIDA spectra.
In this case, the measured spectral range was set between
643 nm and 671 nm on the spectrometer. The intensity of
each wavelength was calibrated, including the notch fil-
tered region. The red solid line in Fig. 3 shows the spectra
from ¢ = 3.50s to 3.55s which corresponds to the back-
ground measurement with the NB #5. On the other hand,
the blue solid line in Fig. 3 is the spectra from ¢ = 3.55 s to
3.60s. These are the spectra with the NB #4 and they cor-
respond to the foreground measurement. The tangential-
FIDA spectra are obtained by subtracting the background
spectra from the foreground and are shown by the green
solid line in Fig.3. The several impurity lines are ob-
served both in the foreground and in the background spec-
tra. Fortunately, most of the impurity lines were removed
by the background subtraction, as shown in Fig.3. The
bremsstrahlung radiation was also removed by the subtrac-
tion because the electron density is almost stationary dur-
ing the measurement, as shown in Fig. 2.
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Fig.3 Measured spectra for R=3.55m when the NB #4
(perp-PNB) injected (measurement signal) and the NB
#5 (perp-PNB) injected (background signal), and the
tangential-FIDA spectra that removed background signal
from measurement signal.

4. Comparison between the
Tangential-FIDA and the Si-FNA

In order to verify the validity of the tangential-FIDA
diagnostic, we used the Si-FNA installed on the same mea-
surement line of sight (R = 3.55 m) as the tangential-FIDA
[6]. The difference with the tangential-FIDA is that the Si-
FNA can directly detect energetic particles which are neu-
tralized by the injected NB #4 and escaped from the mag-
netic confinement. Also, the two measurements have dif-
ferent weightings in velocity space. The tangential-FIDA
measurement integrates over wavelengths that correspond
to Doppler shifts produced by energetic particles. For these
reasons, the two measurement results are assumed to be in
a non-linear relationship.

Figure 4 shows a comparison of the energetic particles
signal between the tangential-FIDA results and the Si-FNA
results in the experiment. At the FIDA measurement, the
FIDA component is produced by the charge exchange re-
action (Hf,, + Hng — Hpase (n = 3) + HYp). On the other
hand, Si-FNA measurement is produced by the charge ex-
change reaction (H;;st + Hng — Hpae (sumof n =1, 2,
3...) + Hgy). These are not the exact same reactions.
However, the ratio between the two cross sections is al-
most constant in the energy range of 50 ~ 200 keV/amu,
as shown in the ADAS database [7]. Therefore, the energy
dependence on the ratio of the cross section between the
two reactions is negligible. In Fig. 4, the vertical axis is the
emission intensity (a.u.) of the tangential-FIDA and the
horizontal axis is the count number of the Si-FNA. Mea-
surement was performed in the measuring range shown in
Fig.2. The plots in Fig. 4 are six points corresponding to
60 ~ 80keV, 80 ~ 100keV, 100 ~ 120keV, 120 ~ 140 keV,
140 ~ 160 keV, and 160 ~ 180 keV, respectively. As shown
in the figure, the two measurement signals show good lin-
earity. This seems to indicate the validity of the tangential-
FIDA diagnostic.
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Fig.4 Comparison of the energetic particles signal between the
tangential-FIDA results and the Si-FNA results in the ex-
periment.

5. FIDASIM Developed for the LHD

The FIDASIM is a famous FIDA analysis tool [8].
However, it was not possible to use the FIDASIM in a
three-dimensional magnetic configuration fusion device,
such as a helical type fusion device. This is because the
FIDASIM is a simulation code developed based on an
axisymmetric configuration, which is a two-dimensional
magnetic configuration fusion device such as a tokamak
type fusion device [9]. Recently, the FIDASIM enhanced
to calculate in three-dimensional geometry. The FIDASIM
requires the distribution function, plasma profiles, mag-
netic equilibrium, and diagnostic geometry to be in a spe-
cific format. A PREFIDA is IDL code that takes the re-
quired inputs, checks their validity, and transforms them
into a form the FIDASIM understands. In this work, a code
was developed that uses the PREFIDA to produce the in-
puts files needed to run the FIDASIM in three-dimensional
geometry. The most important analysis in the FIDA diag-
nostic is distinguishing the FIDA signal from other bright
sources of light in the same region. For such occasions, the
FIDASIM is able to calculate the light of various sources
and expect spectra profiles of the FIDA measurement for
each LOS by inputted plasma parameter, magnetic config-
uration, diagnostic beam information, LOS geometry, and
phase-space distribution of energetic particles.

Figure 5 shows the schematic 3D mesh view of the
calculation region for the FIDASIM on the LHD and the
magnetic configuration view on the typical experimental
case. For the developed code, the input data must be based
on the Cartesian coordinates. We located the origin of the
Cartesian coordinates system, and x axis was an opposite
direction of the perp-NB #4, y axis was perpendicular di-
rection to x axis on the equational plain, and z axis was
in the vertical direction. In the case of Fig.5, we deter-
mined the calculation region to be from 2.7 m to 4.7 m on
x axis, from —0.5 m to 0.5 m on y axis, and from —0.6 m to
0.6 m on z axis. Also, we made 40 grids for x axis, 21 grids
for y axis, and 25 grids for z axis with 5 cm increments in
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Fig. 5 The schematic 3D mesh view of the calculation region for
the FIDASIM on the LHD and the magnetic configuration
view on the typical experimental case.
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Fig. 6 Various sources of light in the H alpha spectral band were
calculated by the FIDASIM on the typical experimental
case.

between. In this paper, we calculated the phase-space dis-
tribution of energetic particles on the calculating region by
the GNET for the typical experimental case. The GNET
considers the equilibrium, and uses plasma and beam pa-
rameters to calculate the phase-space distribution of ener-
getic particles.

Figure 6 shows various sources of light in the H al-
pha spectral band calculated by the FIDASIM in the typ-
ical experimental case. The black solid line is the sig-
nal FIDA component. The red solid line is the direct
charge exchange (DCX) component signal which comes
from the charge exchange reaction between beam neutrals
and thermal ions. The green solid line is the HALO sig-
nal which comes from the newly created thermal neutrals
which travel ballistically and charge exchange with other
thermal ions creating more neutrals after neutralization.
The blue solid line is the beam emission signal. This FI-
DASIM analysis result requires attention because the cal-
culation of FIDASIM in Fig. 6 considers only the phase-
space distribution of energetic particles from NB #2 as
input data, thus only the blue shift FIDA component is
shown. To be mentioned, the FIDA measurement result
contained energetic particles injected from NB #1 and NB

#2, as shown in Fig. 2.

As aresult of comparison with the FIDA experimental
data and the FIDASIM analysis results, the experimental
spectra around 659 nm seems to be dominated by the beam
emission component. In the measured spectra between
655 nm and 658 nm shown in Fig. 3, there are two peaks
that may refer to the DCX component and the beam emis-
sion component, respectively. Regarding these points, it
seems that the FIDA experimental data and the FIDASIM
analysis results are consistent. However, in the FIDA com-
ponent, the analysis results are not consistent. The FIDA
component of FIDASIM is about ten times larger than the
FIDA experimental result. This analysis data of the FI-
DASIM is an initial calculation result. In order to verify
with experimental results, it is necessary to optimize the
conditions necessary for calculating the FIDASIM. For ex-
ample, we must set the area to be calculated, set the size of
the mesh, and set the number of particles to be used for cal-
culations. Also, we must consider the validity of the input
phase-space distribution. We will conduct further research
to make the FIDASIM analysis succeed.

6. Conclusion

In order to measure the tangential-FIDA diagnostic,
we experimented with patterns that alternately injected the
NB #4 (perp-PNB) and the NB #5 (perp-PNB). We suc-
ceeded in removing the background spectra from the mea-
surement spectra to obtain the tangential-FIDA spectra.
In order to assess the appropriateness of the tangential-
FIDA diagnostic, the experimental result was compared
with the Si-FNA which was installed on the same line of
sight. As a result of the comparison, the energetic par-
ticle flux calculated by the tangential-FIDA was consis-
tent with the measurement with the Si-FNA as shown in
Fig.4. The enhanced FIDASIM was applied for analyz-
ing the FIDA diagnostic on the three-dimensional mag-
netic configuration fusion device. The initial calculation
result of the FIDASIM for the LHD was successfully ob-
tained as shown in Fig. 6. We inputted data of the phase-
space distribution of energetic particles, which was calcu-
lated by the GNET. The energy distribution was consis-
tent with the Si-FNA. The two peaks in the wavelength
range 655 ~ 658 nm shown in Fig. 3 can be reproduced by
the FIDASIM, which means the emissions from the bulk
plasma collisions (DCX, HALO, Beam Emission) in the
FIDASIM seem to be consistent with the FIDA measure-
ment results. However, the FIDASIM analysis results are
not in good agreement with the FIDA experimental data.
We will study further in order to correlate between the
tangential-FIDA spectra and the FIDASIM calculation re-
sults.
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