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ABSTRACT

The perpendicular line-of-sight compact neutron emission spectrometer (perpendicular CNES) was newly installed to understand the helically
trapped fast-ion behavior through deuterium-deuterium (D-D) neutron energy spectrum measurement in the Large Helical Device (LHD).
The energy calibration of the EJ-301 liquid scintillation detector system for perpendicular CNES was performed on an accelerator-based D-D
neutron source. We installed two EJ-301 liquid scintillation detectors, which view the LHD plasma vertically from the lower side through the
multichannel collimator. The D-D neutron energy spectrum was measured in a deuterium perpendicular-neutral-beam-heated deuterium
plasma. By the derivative unfolding technique, it was found that the D-D neutron energy spectrum had a double-humped shape with peaks
at ~2.33 and ~2.65 MeV. D-D neutron energy spectrum was calculated based on the fast ion distribution function using guiding center orbit-
following models considering the detector’s energy resolution. The calculated peak energies in the D-D neutron energy spectrum almost
match the experiment. In addition, a feasibility study toward the measurement of the energy distribution of ion-cyclotron-range-of-frequency-
wave-accelerated beam ions was performed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0100494

I. INTRODUCTION

In present-day fusion plasma experiments, plasmas are mainly
heated by fast ions generated by neutral beam injection (NBI) and/or
ion cyclotron range of frequency (ICRF) waves. Understanding
the fast-ion’s behavior is therefore crucial for achieving higher-
performance plasmas.’ At the same time, the pressure of fast ions
can be a free energy source to excite fast-ion-driven magnetohy-
drodynamic (MHD) instabilities, which might cause the enhanced
transport of fast ions.

The comprehensive set of neutron diagnostics providing fast-
ion information has been working in the Large Helical Device (LHD)
since March 2017.” Confinement of passing and helically trapped
beam ions in MHD quescient plasmas has been studied by the decay
time of total neutron emission rate S, in short pulse deuterium NBI
experiments using the neutron flux monitor (NFM).® It was reported

that the confinement of beam ions becomes better with an inward
shift of the magnetic axis.” For the fast-ion-driven MHD instabil-
ity study, radial transport of helically trapped beam ions due to
fast-ion-driven MHD instability has been visualized®’ using verti-
cal neutron cameras.'”'" For a deeper understanding of the classical
confinement of fast ions and the excitation mechanism of the fast-
ion-driven MHD instabilities, information on the fast ion energy
distribution is additionally required.

To understand the energy distribution of fast ions, we have
been developing neutron energy spectrometers in LHD.'” Since
2020, the tangential line-of-sight compact neutron emission spec-
trometer (tangential CNES) has been operating.!” Significant
Doppler shift in deuterium-deuterium (D-D) neutron energy
reflecting the energy distribution of passing beam ions injected
by negative-ion-source-based tangential NBI (N-NB) has been
reported."”"” In 2021, to understand helically trapped beam ion
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energy distribution, a new perpendicular line-of-sight CNES (per- 5 : : : : : :
pendicular CNES) was installed. In this paper, we report the details — Unfolded neutron energy spectrum
and initial operation of perpendicular CNES. The conventional —— Neutron flux at detector position
liquid organic scintillator is used for the perpendicular CNES due 4+ [(Eq)XR(Ep)
to its relatively fast decay time (~ns), thus, the perpendicular CNES —_
can operate during the high S,. Liquid organic scintillation detectors 3
have become important in fusion devices for fast neutron spec- S 30
troscopy due to their relatively high light output, good detection E
efficiency, fast decay time, and excellent n/y pulse shape discrimina- e
tion capabilities.''” Together with a suitable unfolding technique, e 2
the CNES based on a liquid scintillator can provide a high-resolution %
neutron spectrometer. =z
1t
Il. THE CHARACTERIZATION OF EJ-301 LIQUID
SCINTILLATION DETECTER SYSTEM QI.S 20 22 24 26 28 30 32
The energy calibration of the EJ-301 liquid scintillation detecter E,, [MeV]

system used for perpendicular CNES was performed using an
accelerator-based neutron source in the fast neutron laboratory
(FNL) of Tohoku University'® [Fig. 1(a)]. The system is composed
of an EJ-301 liquid scintillation detector and fast digital data acqui-
sition (DAQ). The EJ-301 scintillator,'” 1 in. in diameter and in
height, is directly coupled to a 1 in. photomultiplier tube (PMT)
(H10580-100-01, Hamamatsu Photonics K.K.).”” The anode signal
of the detector is fed into the fast DAQ (APV8102-14MWPSAGb,
Techno AP Corp.).”! The deuteron beam with 1.5, 2.0, and 3.0 MeV
was respectively injected into the D, gas target to obtain a rather
monoenergetic D-D neutron. The EJ-301 scintillation detector was
placed at 15.5°, 60.8°, and 85.9° from the beam axis [Fig. 1(b)],
where the D-D neutron energy peak at the detector position was
expected to be ~2.5 to ~5.5 MeV. Pulse shape discrimination PSD
= (Quotal = Qfast)/ Qrotal, Where Quorar is an integrated signal in foal
of 34 ns and Qg is an integrated signal in tge of 10 ns, is used
for discriminating fast-neutron and y-ray [Figs. 1(c) and 1(d)]. In
this neutron energy range, neutron-proton elastic scattering mainly
occurs with the EJ-301 scintillator. The relation between the recoiled
proton energy Ep and Qo Ep (MeV) = 0.22 x Qqora + 0.98 was

FIG. 2. Comparison of unfolded neutron energy spectrum, neutron flux at detec-
tor position, and calculated neutron energy spectrum when the detector's energy
resolution is taken into account when a deuteron beam with an energy of 1.5 MeV
was injected into the D, gas target and the detector was placed at 85.9° from the
beam axis.

obtained using maximum Qo and expected D-D neutron energy
peak at the detector position.

The unfolding of the D-D neutron energy spectrum ¢(Ex)
from E, distribution was performed using the experimental results
in the 1.5 MeV deuteron beam and 85.9° detector posi-

tion case. The derivative unfolding”> using ¢(E,) = WE&P)

[y'(x){gL'(Ep)}2 +y(x)gL"(Ep)] was conducted. Here, T, n, V,

o, y(x), g L(Ep), " and " represent the time duration, the den-
sity of hydrogen atom, the detector volume, the neutron-proton
elastic scattering cross section, Qo histogram, the PMT gain
6.6 x 10°, light output as a function of the recoil particle energy,”’ the
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FIG. 1. (a) Arrangement of FNL experiment. (b) Schematic top view of the FNL D-D experiment where the detector is placed at 85.9° from the beam axis. (c) The typical
neutron and y-ray induced signal measured by the EJ-301 scintillation detector. (d) Two-dimensional PSD plot.
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first derivative, and the second derivative, respectively. Note that the
detection efficiency is not considered in this calculation. The black
line in Fig. 2 shows the unfolded ¢(E,). Due to the derivative unfold-
ing technique based on the data of the density of hydrogen atom,
the detector volume, the neutron-proton elastic scattering cross-
section, the PMT gain, and light output as a function of the recoil
particle energy, the error bar of unfolded ¢(E,) is neglectable in
this work. The energy resolution of the EJ-301 liquid scintillation
detecter system R(E,) was evaluated by comparing experimentally
obtained ¢(E;) and the calculated neutron flux I'(E,) at the detec-
tor position. Here, the deuteron beam’s energy spectrum in the D,
gas target and the neutron transport in the FNL experiment hall was
estimated by TRIM code’* and Monte Carlo N-Particle transport
(MCNP) code,” respectively. Here, R(E,) = \/a? + b*/E, + c2/E3
was assumed according to Ref. 26. Coefficients a = 0.046, b = 0.069,
and c = 0.009 were determined through iterations that I'(E,) x R(Ex)
matched experimentally obtained ¢(En) (Fig. 2). It is worth noting
that R(E,) was gradually changed from 7% to 6% in E, from 1.8 to
3.2 MeV. The discrepancy in neutron energy spectrum at E, below
~2.4 MeV might be caused by the scattered neutron effect.

lll. MEASUREMENT OF D-D NEUTRON ENERGY
SPECTRUM IN P-NB HEATED DEUTERIUM
PLASMA IN LHD

We installed the EJ-301 liquid scintillation detector system in
LHD. Two EJ-301 scintillation detectors are placed below the mul-
tichannel collimator and view the plasma vertically from the lower
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FIG. 4. Time evolution of deuterium plasma discharge No. 173908 performed in
LHD. (a) Line-averaged electron density ne_avg. (b) Central electron temperature
Teo- (c) P-NB#4 is injected during the selected time. (d) S, measured by NFM. (e)
Neutron counting rate measured with a perpendicular CNES at R of 3.275 m. The
time interval between 4.93 and 5.75 s is selected (green-shaded).
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FIG. 3. (a) A schematic top view of LHD, P-NB#4, and CNESs. (b) A schematic drawing of the LHD cut view at the 1.5-L port and the perpendicular CNES. (c) EJ-301 liquid

scintillation detector. (d) Electronics schematic of perpendicular CNES.

Rev. Sci. Instrum. 93, 093504 (2022); doi: 10.1063/5.0100494
Published under an exclusive license by AIP Publishing

93, 093504-3


https://scitation.org/journal/rsi

Review of
Scientific Instruments

ARTICLE scitation.orgljournal/rsi

#173908,t=4.93st05.75 s

FIG. 5. (a) Histogram of the Q and
(b) unfolded D-D neutron energy spec-
trum measured by perpendicular CNES,
when the detector is at R = 3.725 m,
performed in P-NB heated deuterium
plasma discharge No. 173908.
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side at the 1.5-L port (Fig. 3). The radial positions (R) of the detectors
are 3.725 and 3.875 m, respectively. The detectors are biased with
a high voltage (APV3304, Techno AP Corp.).” The digitized data
obtained by DAQ is transferred to the LHD experiment database via
1 Gbps ethernet.

Measurement of D-D neutron energy spectrum by perpen-
dicular CNES was conducted in P-NB heated deuterium plasma
discharge No. 173908 (Fig. 4). In the experiment, the magnetic axis
position in vacuum Rax_vac was 3.60 m, and the toroidal magnetic
field strength Br was set to be 2.65 T with clockwise (CW) direc-
tions viewed from the top. P-NB#4 was injected continuously with
energy of ~50 keV and power of ~5 MW. The neutron counting
rate measured by the perpendicular CNES (R = 3.725 m) shows the
same trend as Sp. Here, neutron pulses are discriminated using the
PSD method. A time interval from 4.93 to 5.75 s was selected for
D-D neutron energy spectrum analysis, where the bulk plasma para-
meters were almost unchanged. We unfolded ¢(E,) from the Qiotal
histogram measured by the perpendicular CNES [Fig. 5(a)] using the
derivative unfolding method. It was shown that the unfolded ¢(E,)
has a double-humped shape, with peaks at ~2.33 and ~2.65 MeV
[Fig. 5(b)]. Two peaks might correspond to the Larmor motion of
perpendicular beam ion.**

IV. COMPARISON OF D-D NEUTRON ENERGY
SPECTRUM IN EXPERIMENT AND CALCULATION

The numerical simulation based on the orbit following model
was performed to understand the D-D neutron energy spectrum
measured in the P-NB heated plasma. The three-dimensional MHD
equilibrium was reconstructed by VMEC2000 code” using the pres-
sure profile given by real-time magnetic coordinate mapping system
(TSMAP).” The beam deposition calculation HFREYA code’"””
was utilized to calculate the birth position of the beam ions gener-
ated by P-NB. The guiding-center orbits of the 10° P-NB ions in
the Boozer coordinates were followed within 1 s by the DELTA5D
code.’* D-D neutron energy spectrum expected to be obtained
by perpendicular CNES is calculated by considering the beam ion
energy distribution, Larmor phase, and detector’s energy resolution
(Fig. 6).

Beam ion energy distribution of deuterium plasma discharge
No. 173908 at time ¢ = 5.3 s integrated over perpendicular CNES
sightline obtained by DELTAS5D code is shown in Fig. 7(a).
Figure 7(b) shows the calculated D-D neutron energy spectrum

22

24 26
Ep [MeV]

2.8 3.2

obtained by perpendicular CNES. The calculated ¢(E,) has a double
humped shape with the peaks at ~2.33 and ~2.65 MeV. Although the
relative height of the two peaks shows different characteristics, the
peak energies agree with the experiment. The discrepancy in the rel-
ative height of two peaks and the understanding of a peak at 1.9 MeV
obtained in the experiment are our future work. Furthermore, the
effects of two sightlines of perpendicular CNES on the D-D neutron
energy spectra will be discussed in future work.

TSMAP
Density and temperature profiles

VMEC2000
Three-dimensional equilibrium

HFREYA
Beam ion deposition

DELTASD
Guiding center orbit following

Neutron spectrum calculation

FIG. 6. Flowchart of the setup for D-D neutron energy spectrum calculations.
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V. FEASIBILITY STUDY TOWARD D-D NEUTRON
ENERGCY SPECTRUM MEASUREMENT IN ICRF
WAVE AND NBI HEATED PLASMA

A feasibility study toward D-D neutron energy spectrum mea-
surement in ICRF-wave- and NBI-heated deuterium plasmas was
performed. In such experiments, beam ions can be accelerated by
the ICRF wave. The measurement of the energy distribution of the
ions through the D-D neutron energy spectrum could contribute
to understanding the acceleration process. In this study, we used
a simple model where the test particles were assumed to have the
beam ion slowing down distribution, and we changed the initial
test particle energy from 80 to 1000 keV. Test particle energy dis-
tributions integrated over perpendicular CNES sightline calculated
by DELTA5D code for each case are shown in Fig. 8(a). Figure 8(b)
shows the D-D neutron energy spectrum obtained by perpendic-
ular CNES. The neutron energy spectrum expected to be obtained
by perpendicular CNES shows that the peak locations shifted
according to the test particle energy. The perpendicular CNES can
be a candidate diagnostic for studying beam ion acceleration by
ICRF wave.

VI. SUMMARY

Perpendicular line-of-sight CNES was newly installed to under-
stand the behavior of helically trapped fast ions in the LHD. The
energy calibration of the EJ-301 liquid scintillation detector system
used for the perpendicular CNES was performed at an accelerator-
based neutron source. We measured the D-D neutron energy

spectrum by the perpendicular CNES in a deuterium P-NB heated
LHD plasma. It was shown that the D-D neutron energy spectrum
has a double-humped shape with peaks at ~2.33 and ~2.65 MeV
using the derivative unfolding method. A neutron energy spectrum
calculation based on the orbit following model was performed. The
peak positions of the calculated neutron energy spectrum agree with
the experiment. A feasibility study toward an understanding of beam
ion acceleration by ICRF wave was performed. The perpendicular
CNES might contribute to understanding the beam ion acceleration
process.
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