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A fast sampling fast ion D-alpha (F-FIDA) measurement has been developed on the large helical device (LHD) in order
to investigate fast ions dynamics associated with helically trapped fast ions driven MHD bursts. The F-FIDA consists
of a multi-anode photomultiplier tube (PMT) and achieves sampling rate of 10kHz. During the deuterium experiment
campaign in 2022, the F-FIDA measured the spectrum of perpendicular fast ions using perpendicular lines of sight.
We compared the F-FIDA with conventional FIDA using EMCCD and confirmed that the time-averaged images were
generally consistent between the F-FIDA and the conventional FIDA. The statistical properties of the temporal evolution
associated with MHD bursts were analyzed using conditional sampling technique. The results showed that the PMT
signal varied differently in different spatial and wavelength channels. Although the signal-to-noise ratio is poor and
there is room for improvement, it could provide useful information for studies on the phase-space dynamics of fast ions.

I. INTRODUCTION

Understanding how fast ions behave in phase space (i.e.
a space consisting of velocity space and position space) is
an important issue for realization of efficient fusion burning
plasma. To measure the behavior of fast ions in phase space,
fast ion D-alpha (FIDA) measurements have been developed
in various devices'~’. FIDA is a kind of charge exchange re-
combination spectroscopy utilizing Doppler shifted Balmer-
alpha light of deuterium (also can be utilizing hydrogen®) to
estimate energy distribution of fast ions”. Various FIDA mea-
surements have been developed for different purposes, such as
imaging FIDA!? and tomographic FIDA!!

So far, the study of fast ions has been used for time-
averaged or slow phenomena, but we are now encountering
a phase for understanding faster phenomena related to colli-
sionless wave particle interactions, such as energetic particle
driven geodesic acoustic mode'? and fish-bone instability'?,
to investigate the alpha particle channeling for self-ignition.
For examples of recent progress of the fast ion measurements,
a time resolved neutral particle analyzer revealed the slowing
down process related to toroidal Alfén eigen mode!*. Lately,
helically trapped fast ions induced tongue deformation'>~!8
and subsequent MHD bursts have been studied in the larger
helical device (LHD)'®?°. The transport of fast ions asso-
ciated with the MHD burst was found by multi-code line-
integrated neutron measurements?-22, which is also a time
resolved fast particle diagnostic. The phase-space dynamics
of bulk ions has also been firstly observed by fast charge ex-
change spectroscopy'®. To comprehensively understand the
phase-space dynamics from bulk ions to fast ions during the
MHD bursts, a FIDA system with high spatial, energy, and
temporal resolution is required.

This paper presents a newly installed FIDA which has 100
times higher temporal resolution than a conventional FIDA
system,in the LHD. The new FIDA system utilizes a multi-

anode PMT aiming to improve temporal resolution at the ex-
pense of spatial and wavelength resolutions, hereinafter re-
ferred to fast sampling FIDA (F-FIDA). Section II describes
the F-FIDA system and the comparison with the conventional
FIDA. Section III shows experimental conditions with appear-
ance of helically trapped fast ions induced MHD bursts and
initial results of the F-FIDA in the experimental condition. Fi-
nally, we summarize the F-FIDA and the observation results
in Section IV.

Il. F-FIDA MEASUREMENT SYSTEM

Figure 1 (a) shows a simplified schematic views of F-FIDA
system. The LHD has three of tangential, and two of per-
pendicular neutral beam (NB) injection. In this study, we uti-
lized perpendicular NB injection NB #4, as a fast ion source
well the active neutral particles source for the F-FIDA mea-
surement. NB #4 is modulated to measure background of the
FIDA spectrum, To observe perpendicular fast ions, we used
perpendicular lines of sight reflected by a pair of upper and
lower curved mirrors®?324. The reflected light is collected
to optical fibers, and transmitted to a spectrometer system
(BUNKOKEIKI, FLP-200_VPH), as shown in Figure 1(b).
The center wavelength is set to 651.3 nm. The 30% of spectral
light transmitted through beam splitter to a electron multiply-
ing charged-coupled device (EMCCD) (iXon 897, ANDOR),
which was used for conventional FIDA images. The typical
exposure time of the measurement is 7 ms and the sampling
rate was set to 100 Hz. The number of pixels is set to 32 pix-
els in height and 512 pixels in width.

The 70% of spectral light image is redirected by a beam
splitter, and magnified by a lens by a factor of two. Then, it is
detected as current signal by a 8 x 8t channel multi-anode pho-
tomultiplier tube (H7546A-20) biased by high voltage mod-
ule (RPH-034, HAYASHIREPIC). The detected current sig-
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FIG. 1. (a) Simplified schematic views of the F-FIDA measurement.
(b) A photograph of an optical system of the F-FIDA

nal is amplified and converted to voltage signal by a current
amplifier unit (C7319, Hamamatsu Photonics). The 32 chan-
nels of current amplifiers was prepared in this experimental
campaign. The bandwidth of the current amplifier is set to
200 kHz and the gain is set to 10° for channels that detect cold
D-alpha components and 107 for all others. To reduce noise,
digital decimating is performed at a sampling rate of 10 kHz.
We note that since the size of one channel of the multi-anode
PMT element is larger than that of the EMCCD pixels (even
though the image is enlarged by a factor of two), the light
integrated over 64 channels in the horizontal direction and 4
channels in the vertical direction is detected by each PMT el-
ement.

The typical time averaged conventional FIDA spectral im-
ages in the experiment for the shot #183661 are shown in
Figures 2 (a)-(c). The 32 pixels in height and the 512 pix-
els in width of EMCCD correspond to measurement points
of major radius (R = 3.817-4.8172 m, that is reg/ag9 = 0.19-
1.1) and A = 646.92-655.66 nm of wavelength of the spec-

trum. Here, reg is the effective minor radius of the plasma
and the agg is the minor radius where 99% of kinetic en-
ergy is confined. We note that spatial resolution is inhomo-
geneous at each radial position because the line of sight cross
many flux surfaces?*. The charge exchange driven perpen-
dicular fast hydrogen H-alpha spectra is simulated in Ref.?.
Based on this, the energy dependence of the perpendicular
fast D-alpha spectra is roughly estimated, such as A ~ 651 nm
for 80keV and A ~ 653 nm for 40keV. In this experiment,
the NBs #4 and #5 produce about 65 keV and 80 keV beam
ions, respectively and the beam ions are considered to be he-
lically trapped. Multiple peaks at R ~ 4.6 — 4.7 m (refr/agg ~
1.01 — 1.07) where is near X-point and almost outsides of the
last closed flux surface), indicate prompt loss fast ions for
three energy components of Exgy, Exg#a/2, Enp#a/3. Here,
ENBy4 is fast ions energy produced by NB#4. The spectrum
around A ~ 650.34-653.76 nm has the information for fast
ions while around A ~ 655 nm) indicates cold D-alpha com-
ponents. A sharp peak only observed at around A = 650 nm
in background (Fig. 2 (a)) indicates impurity oxygen ion line
(O°F, A = 650.024 nm). For more information of the interpre-
tation of perpendicular FIDA spectrum in LHD, see Ref.5.

Figures 2 (d)-(f) show the typical time averaged spectral
images obtained by F-FIDA. Each dashed squares indicates
multi-anode PMT channels. Here, the 32 channels of F-FIDA
chosen as five or six of wavenumber channels and six of posi-
tional channels. Compared to the conventional FIDA image,
we can see that the F-FIDA image is generally similar, espe-
cially in the channels showing cold ions (i.e. such as ch 5 and
ch 10) and prompt loss of fast ions (i.e. such as ch22-24).
We note that a previous attempt of F-FIDA using PMT was
made at NSTX? and DIII-D?, which appears to be similar to
this study. The previous studies used band-passed signal in
wavenumber domain to improve time resolution. While the
F-FIDA measurement is partially integrated in position and
wavenumber pixels. Therefore, the F-FIDA has advantage of
wavenumber resolution.

I1l. EXPERIMENTAL RESULTS

The F-FIDA measurements applied to high ion temperature
discharges during the 23rd LHD experimental campaign. In
the discharges, low density deuterium plasma is sustained by
fueling by deuterium NBs#1-3 in the discharge with wall con-
ditioning by ion cyclotron heating, and heated by the perpen-
dicular deuterium NBs#4-5. The typical time evolution for
the shot #183661 is shown in Figures 3. It is considered that,
the pressure gradient of helically trapped fast ions drives the
localized deformation (referred to Tongue deformation), then
the rotating MHD burst with tearing parity and the RF in-
tensity bursts are appeared'®, as shown in Figures 3 (b) and
(d). The phase space dynamics of the bulk ions were ob-
served as deviation of Maxwell distribution due to the Landau
damping!'8. On the other hands, the phase space dynamics of
fast ions could be related the RF bursts. Indeed, neutron emis-
sion rate, which is related to fusion reaction between fast ions
and thermal balk ions, changes corresponding to the bursts.
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FIG. 2. Comparison of time averaged spectral images of the conventional FIDA (a)-(c) and the F-FIDA (d)-(f) for the shot #183661. The left
column shows the background spectrum, the middle column shows the spectrum when NB #4 is injected. The right column shows the FIDA
spectrum obtained by subtracting the background spectrum from the spectrum with NB#4 .

The F-FIDA have potential to investigate more detailed phase
space dynamics because of wavelength- and space-resolved
local measurement. Multi-anode PMT signals of F-FIDA at
R = 3.88 m are shown in Figure 3 (e). It can be seen that
the PMT signals immediately decrease as NB #4 is turned off.
Unfortunately, it is difficult to see the changes corresponding
to the bursts from the raw PMT signal.

In order to increase the signal-to-noise ratio of the F-FIDA
measurement, conditional sampling technique are applied.
Conditional sampling is a great tool for improve signal to
noise ratio to analyze bursty quasi-periodic phenomena. This
analysis uses the RF intensity signal as the reference signal.
When the RF signal exceeds a threshold value, it is detected
as the time when the burst is excited. Then, many ensembles
of time series are re-sampled from original time series at each
time lag from the burst exited timing, and averaged (or other
statistical processing), represented as (x) (7) = %Zix(t,- +1).
Here x(¢) is the original time series signal, N is number of
ensembles of the bursts, ¢; is i-th burst excited timing, and T
is time delay from the burst excited timing. Finally, we ob-
tain the statistical time evolution corresponding to the burst.
An ensemble of 736 bursts from 13 discharges was used to
calculate the conditional mean in this study.

The conditional averaged results are shown in Figures 4.
Concerning the time evolution of the magnetic fluctuation

(Fig. 4 (b)), single pulse like waveforms is seen, which indi-
cates the localized tongue deformation. While the MHD burst
signal after the tongue deformation is suppressed by the condi-
tional averaging, because the burst signals are sinusoidal-like
waveform and have different phases for each ensemble.

Figures 4 (c)-(h) show the conditional averaged PMT signal
of the F-FIDA at R = 4.24 m. It can be seen that all channels
of the PMT signal statistically changes with the RF burst, al-
though signal to noise ratio is still large after conditional av-
eraging. For clarity, the low-pass filtered signal (<5kHz) is
also plotted together in Figures 4 (c)-(h). The PMT signal
of high energy side, corresponding to the fast D-alpha energy
of 40-80keV, shows a about 10-15% decreases after the burst
onset, as shown in Figures 4 (d)-(f). In other words, the fast
ion beam component at the core plasma was reduced with the
burst. The decreases of the lowest energy one of three PMT
signal (represented in Figure 4 (f)) is lagged by 2 ms com-
pared with others. After the burst ends, the PMT signal on
the high-energy side begins to recover. The PMT signal on
the low energy side, estimated to be below 20 keV, increases
at about 15% after the burst onset, represented in Figure 4 (g).
In addition, the increase seems to have two phase of rapid and
gradual phases. Then, the PMT signal on the low energy side
decreases after the bursts.

Here, we discuss other signals than fast D-alpha. Fig-
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FIG. 3. Time evolution for the shot #183661 of (a) neutral beam
injection power, (b) magnetic field fluctuation, (c) neutron neutron
emission rate, (d) RF intensity, and (e) multi-anode PMT signal in a
discharge with the MHD burst. Dashed vertical line in each figure
indicates the bursts reference timing

ure 4 (c) represent the PMT signal of the impurity oxygen
line O°*. It seems to increases gradually at, which is different
from the behavior of other PMT signals on the high energy
side. Concerning with the cold D-alpha component shown in
Figure 4 (h), the signal was observed to increase slightly and
quickly by about 5%. This behavior does not resemble the be-
havior on the low energy side, which suggests that it is not a
fast ion but rather the bulk cold D-alpha behavior.

Figures 5 (a)-(d) show the conditional averaged PMT signal
of the F-FIDA at R = 4.60 m where is near the last closed flux
surface and X-point (regr/ag9 = 1.02). Faster increases of the
PMT signals are observed than that at R = 4.24 m (Figs. 4(e)-
(h)). This indicates that the prompt loss ions rapidly increases,
because he peaks of prompt loss signal should be detected at
A = 651.84-654.02 nm, as shown in Figures 2. These results
suggest that the RF bursts associated with this phenomenon
are due to prompt loss ions. The PMT signal at wavelengths
where there would be no prompt loss certainly behaves dif-
ferently from other signals, and is assumed to be the signal
change related to cold D-alpha. Another interesting result is
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FIG. 4. Conditional averaged waveforms of (a) RF intensity, (b)
magnetic fluctuation, and (c)-(h) PMT signals of F-FIDA at around
R =4.24m (refr/agg = 0.72) where fast ions are helically trapped.
The A in (c)-(h) denotes the wavelength at which each PMT channel
is measured.
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FIG. 5. Conditional averaged waveforms of PMT signals of F-FIDA
at around R = 4.60 m (reer/agg = 1.02). The A in (a)-(d) denotes the
wavelength at which each PMT channel is measured.

that the decay time after the increase varies with wavelength
for prompt loss.



IV. SUMMARY

We have developed a fast sampling fast ion D-alpha mea-
surement on the LHD. The F-FIDA consists of a multi-anode
PMT and has 8x8 wavelength and spatial channels and the
200 kHz of bandwidth. Comparison of time-averaged spec-
trum confirms that the F-FIDA obtained a signal that is gen-
erally agree with a conventional FIDA. Initial results associ-
ated with the MHD bursts induced by helically trapped fast
deuterium were obtained in the LHD deuterium experiment
campaign in 2022. We observed the behavior of the PMT sig-
nal at different wavelengths would be indicating for impurity
ions, cold ions, and fast ions. Our results suggests that: the
fast ion beam at the core was decreased while the prompt loss
fast of ions was increased ,with the burst. Signal to noise ratio
is reduced by using the conditional sampling but it found that
the signal to noise ratio still large. Further improvement of
the signal-to-noise ratio, for example, by bundling the fiber to
collect more light, remains a future work. In order to interpret
the changes of the F-FIDA signal, comparison and validation
studies with simulations will be conducted.
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